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Abstract—Grid synchronization algorithms are of great impor-
tance in the control of grid-connected power converters, as fast and
accurate detection of the grid voltage parameters is crucial in order
to implement stable control strategies under generic grid condi-
tions. This paper presents a new grid synchronization method for
three-phase three-wire networks, namely dual second-order gen-
eralized integrator (SOGI) frequency-locked loop. The method is
based on two adaptive filters, implemented by using a SOGI on
the stationary αβ reference frame, and it is able to perform an ex-
cellent estimation of the instantaneous symmetrical components of
the grid voltage under unbalanced and distorted grid conditions.
This paper analyzes the performance of the proposed synchro-
nization method including different design issues. Moreover, the
behavior of the method for synchronizing with highly unbalanced
grid is proven by means of simulation and experimental results,
demonstrating its excellent performance.

Index Terms—Adaptive filters (AFs), electric variables
measurements, frequency-locked loops (FLLs), monitoring, power
converters, renewables, smart grid, synchronization.

I. INTRODUCTION

NOWADAYS, the use of power electronics and information
and communication technology (ICT) applications are key

issues in the development of future electrical networks. The high
penetration of renewable energy sources [1], such as wind power
and photovoltaics [2], experienced in the last decades is a good
example, as both generation systems are connected to the grid
by means of power electronics-based power processors [3], that
should not only control the power delivered to the network, but
also contribute to the grid stability, supporting the grid services
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Fig. 1. Generic grid synchronization application for the control of a grid-
connected three-phase power converter.

(voltage/frequency) under generic conditions, even under grid
faults [4]–[8].

One of the most important issues in the connection of power
converters to the grid is the synchronization with the grid voltage
at the point of common coupling (PCC) [9], [10]. Although the
grid voltage waveforms are sinusoidal and balanced under reg-
ular operating conditions, they can easily become unbalanced
and distorted due to the effect of grid faults and nonlinear loads.
Under these conditions, grid-connected converters should be
properly synchronized with the grid in order to stay actively
connected, supporting the grid services and keeping the gen-
eration up and running [11]–[15]. Actually, these are currently
former requirements in all grid codes (GCs) for the connection
of distributed generation systems to the network, where the cri-
teria for the injection of active and reactive power during either
balanced or unbalanced grid fault conditions are also provided.
Despite the fact that the dynamics of grid synchronization are
not established in the GC, requirements are needed in order
to achieve a certain dynamical response in the synchronization
[16].

Algorithms based on the implementation of phase-locked
loops (PLL) have traditionally been used for synchronizing the
control system of power converters with the grid voltage. In
Fig. 1, the layout of a generic control structure for a three-
phase power converter connected to the grid is shown. As de-
picted in Fig. 1, the grid synchronization block is responsible
for estimating the magnitude frequency and phase angle of the
positive- and the negative-sequence components of the grid volt-
age, v±, ω, and θ±, respectively. These estimated values are later
used at the current controller block, which settles finally the
voltage waveform to be modulated v∗

c as well as at the reference
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generator, responsible of determining the current reference to
be tracked. This last block will vary if the power converter is
acting as an active filter, a STATCOM, or a power processor
belonging to a power generation plant.

In three-phase systems, a PLL based on a synchronous ref-
erence frame (SRF-PLL) [17] has become a conventional grid
synchronization technique. Nevertheless, the response of the
SRF-PLL is unacceptably deficient when the grid voltage is
unbalanced due to the appearance of a negative-sequence com-
ponent that the SRF-PLL is unable to process properly. In order
to solve this problem, different advanced grid synchronization
systems have recently been proposed.

This is the case of the decoupled double SRF PLL (DDSRF-
PLL) [18], an extension of the SRF-PLL, which uses two SRFs
and a decoupling network to isolate the effects of the positive-
and the negative-sequence voltage components. Another inter-
esting synchronization technique was presented in [19], where
three single-phase enhanced PLLs are combined with a positive-
sequence calculator to synchronize with unbalanced and dis-
torted three-phase networks without using any SRF.

Considering the same structure, other single-phase PLL ap-
proaches, like those presented in [20]–[23], can be used to pro-
vide the input signals to the positive-sequence calculation al-
gorithm. Likewise, other synchronization structures have been
proposed for three-phase systems based on PLL, as those pub-
lished in [24]–[26]. However, the dynamical response of these
algorithms is very sensitive to phase angle jumps in the volt-
age at the PCC due the fact that the PLL is synchronizing with
this variable. This is a serious drawback, as sudden phase angle
changes are prone to happen when a fault occurs, due to the
change in the network impedance.

In this paper, a new approach using frequency locking in-
stead of conventional phase locking will be presented as an
effective solution for grid synchronization under adverse grid
conditions. The proposed synchronization system is based on
the basic operation principle presented in [27] and [28], on an
adaptive filter (AF), implemented by means of a second-order
generalized integrator (SOGI), which is self-tuned to the grid
frequency thanks to the action of a frequency-locked loop (FLL).
Therefore, the proposed synchronization system has been called
SOGI-FLL.

First, special attention is paid to the description of the main
building blocks of the synchronization system, the SOGI and
the FLL. The single-phase SOGI-FLL is analyzed in deep,
where the FLL performance is linearized and the tuning of
the system parameters is discussed. The application of the
SOGI-FLL to three-phase three-wire systems is presented, giv-
ing rise to a new structure called dual SOGI-FLL (DSOGI-
FLL). Finally, the method is simulated and tested under dif-
ferent conditions. Considering that the applications of power
converters may be diverse, the application used for illustrat-
ing the performance of the synchronization system in this pa-
per has been mainly focused in those where the power con-
verter is responsible for delivering power into the network,
as part of a distributed generation power plant, as well as
in those related to applications devoted to improving grid
stability.

Fig. 2. Single-frequency adaptive noise canceller.

II. AF WITH AN FLL (SOGI-FLL)

The synchronization system proposed in this paper is based
on an AF whose tuning frequency is set by an FLL. The operat-
ing principle of the SOGI-FLL proposed in this paper is similar
to the adaptive noise canceling technique [29], [30]. A modified
version in the continuous time domain of the single-frequency
adaptive noise canceller in [29] is shown in Fig. 2. In this case,
it can be noticed how the auxiliary signal ω′ is responsible for
setting the frequency of the sinusoidal interference to be can-
celed from the primary input signal v. These sinusoidal signals
are internally generated by the sine and cosine blocks. Consid-
ering v′ and kεv as the output and input signals, respectively,
the transfer function of the AF in Fig. 2 is given by

AF(s) =
v′

kεv
(s) =

s

s2 + ω′2 (1)

where ω′ is the frequency value of the signals to be canceled in
rad/s and k is the gain of the canceller.

From (1), it can be seen that the AF in Fig. 2 acts as a
sinusoidal integrator at the frequency ω′. In fact, the transfer
function shown in (1) matches a generalized integrator (GI) for
sinusoidal signals [31]. The GI is a mathematical concept that
originates from the principle that the time-domain convolution
product of a sinusoidal function by itself gives rise to a sinusoidal
term multiplied by the time variable [31]. As a consequence, a
processing block whose transfer function is equal to a sinusoidal
function of the frequency ω′, which is the case of (1), will act
as an “amplitude integrator” for any sinusoid with the same
frequency applied to its input.

The GI is the base of proportional-resonant controllers [32]–
[35], and it can be applied both to AF and PLL implementations
[36]. Fig. 3(a) shows the filtering structure described in [36].

It is worth pointing out that the transfer function of the GI
implemented in [36] matches perfectly the transfer function of
the AF shown in (1), i.e., AF(s) = GI(s). Hence, the filtering
structures in Figs. 2 and 3(a) are equivalent and both will exhibit
the same dynamic performance when acting as adaptive noise
cancellers.

A. AF Based on an SOGI

An interesting feature of the GI, when it is used in power con-
verter synchronization applications, is its ability to generate a set
of in-quadrature output signals. In the control of grid-connected
power converters, these in-quadrature signals are used to
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Fig. 3. Different structures of AFs based on GIs. (a) GI Structure. (b) GI with a bandwidth independent of the frequency ω ′. (c) GI with a bandwidth independent
of the frequency ω ′ and normalized output amplitude. (d) SOGI structure.

estimate the rms value of the grid voltage and current, to calcu-
late the active and reactive power references for the power con-
verter, to generate a leaded/lagged version of the power signal,
and to compute the positive- and negative-sequence components
in three-phase systems. The two in-quadrature output signals of
the AF in Fig. 3(a) are given by the following transfer functions

D(s) =
v′

v
(s) =

ks

s2 + ks + ω′2 (2a)

Q(s) =
qv′

v
(s) =

kω′2

s2 + ks + ω′2 (2b)

where ω′ and k are the tuning frequency and the damping factor
of the filter, respectively, while v′ and qv′ are the in-phase and
in-quadrature signals of the input v. Even though the v′ and qv′

signals are in-quadrature, the transfer functions of (2a) and (2b)
are not the most suitable choices for implementing a frequency-
variable AF, as the bandwidth of (2a) and the steady-state gain of
(2b) are not only a function of the gain k, but also depend on the
center frequency of the filter ω′ which indeed is the resonance
frequency of the GI.

A solution to overcome this problem was addressed in [37],
where the input signal v was scaled by ω′2 and the feedback
signal v′ was multiplied by ω′, as shown in Fig. 3(b). As a result,
the two in-quadrature output signals of the AF in Fig. 3(b) are
given by,

D(s) =
v′

v
(s) =

kω′2s

s2 + kω′s + ω′2 (3a)

Q(s) =
qv′

v
(s) =

kω′4

s2 + kω′s + ω′2 . (3b)

The bandwidths of (3a) and (3b) are independent of the center
frequency ω′, being exclusively set by the gain k. However, the
amplitudes of both components do not match the amplitudes of

the input signals when the centre frequency ω′ is equal to the
input frequency ω.

An alternative to the AF in Fig. 3(a) is shown in Fig. 3(c) [38].
In this case, the in-quadrature transfer functions are given by

D(s) =
v′

v
(s) =

kω′s

s2 + kω′s + ω′2 (4a)

Q(s) =
qv′

v
(s) =

kω′2

s2 + kω′s + ω′2 . (4b)

The AF in Fig. 3(c) can be considered as a proper solution to
synchronize grid-connected power converters, since the band-
width of the AF depends only on the gain k, and the amplitude
of the in-quadrature signals v′ and qv′ matches the amplitude of
the signal v when the input frequency ω is equal to the center
frequency of the filter ω′.

Finally, instead of modifying the structure of the AF, an al-
ternative structure for the GI is proposed in order to achieve the
transfer functions written in (4). The new sinusoidal integrator,
which is shown in Fig. 3(d), is called the SOGI [39], [40]. The
SOGI transfer function is given by

SOGI(s) =
v′

kεv
(s) =

ω′s

s2 + ω′2 . (5)

The AFs shown in Fig. 3(c) and (d) are equivalent and have
the same dynamic response. However, the AF based on the
SOGI is simpler than the one shown in Fig. 3(c), since the
detected frequency ω′ does not have to be squared and one less
multiplication is necessary.

B. FLL

The center frequency of the structures in Fig. 3(c) and (d)
should be adapted to the frequency of the input signal in order to
achieve a balanced set of in-quadrature outputs with the correct
amplitudes. In fact, the frequency adaptation mechanisms for
these structures share a common philosophy. The FLL for the
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Fig. 4. Single-phase grid-synchronization system. (a) SOGI-FLL. (b) ANF based with an FLL.

Fig. 5. Bode diagram of the FLL input variables.

AF based on the SOGI in Fig. 3(d), which was presented in [35],
is shown in Fig. 4(a).

Considering that the transfer function from the input signal
v to the error signal εv is given by E(s), as written in (6), and
plotting both E(s) and Q(s) together in the Bode diagram shown
in Fig. 5, it can be seen that the signals qv′ and εv are in phase
when the input frequency is lower than the SOGI resonance
frequency ω<ω′ and they are in counterphase when ω> ω′

E(s) =
εv

v
(s) =

s2 + ω′2

s2 + kω′s + ω′2 . (6)

If a frequency error variable εf is defined as the product
of qv′ by εv , the average value of εf will be positive when
ω < ω′, zero when ω = ω′, and negative when ω > ω′, as is
shown in Fig. 5. Hence, as illustrated in Fig. 4(a), an integral
controller with a negative gain −γ can be used to cancel the dc
component of εf by shifting the SOGI resonance frequency ω′

until matching the input frequency ω. As shown in Fig. 4(a), the
nominal value of the grid frequency can be added to the FLL

output as a feedforward variable ωf f w to accelerate the initial
synchronization process. The frequency adaptation mechanism
of the SOGI structure in Fig. 3(d), an adaptive notch filter (ANF),
is shown in Fig. 4(b). Since the transfer functions of the SOGI-
FLL and the ANF are identical, it seems reasonable that both
filters share the same FLL mechanism. However, as shown in
Fig. 4, the interconnection between the FLL and the SOGI is
simpler in the SOGI-FLL than in the ANF.

The combination of the SOGI and the FLL building blocks,
as shown in Fig. 4(a), gives rise to a single-phase grid synchro-
nization system known as SOGI-FLL. In the SOGI-FLL, the
input frequency is directly detected by the FLL, while the esti-
mation of the phase angle and the amplitude of the input “virtual
vector” v′ can be indirectly calculated as written in

|v′| =
√

(v′)2 + (qv′)2 ; |v′ = arctan
qv′

v′ (7)

where v′ and qv′ are the in-phase and in-quadrature signals of
the input signal v. The performance and dynamical response of
the SOGI-FLL depend mainly on the appropriate selection of
the control parameters k and γ.

III. TUNING OF THE SOGI-FLL

The space-state equations of the SOGI-FLL, written in
(8 (a)–(c)), can be obtained from the diagram shown in Fig. 4(a),
where x in (8a) is the state vector of the SOGI and y in (8b) is the
output vector, while the state equation describing the behavior
of the FLL is shown in (8c)

ẋ =
[

ẋ1
ẋ2

]
=Ax + Bv =

[
−kω′ −ω′2

1 0

] [
x1
x2

]
+

[
kω′

0

]
v

(8a)

y =
[

v′

qv′

]
= Cx =

[
1 0
0 ω′

] [
x1
x2

]
(8b)

ω̇′ = −γx2ω
′ (v − x1) . (8c)

Considering the stable operating conditions that implies ω̇′ =
0 and ω = ω′, (8a) can be written as shown in (9), in which the
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Fig. 6. Time response of the SOGI when an 80% voltage drop occurs. (a) Positive-sequence magnitude estimation and v ′ and qv ′ signals. (b) Frequency estimation
with k = 2.5. (c) Positive-sequence magnitude estimation and v ′ and qv ′ signals. (d) Frequency estimation with k =

√
2. (e) Positive-sequence magnitude estimation

and v ′ and qv ′ signals. (f) Frequency estimation with k = 0.6.

steady-state variables are indicated with a bar over.

˙̄x| ˙̄ω ′=0 =
[

˙̄x1
˙̄x2

]
=

[
0 −ω′2

1 0

] [
x̄1
x̄2

]
. (9)

The eigenvalues of the Jacobian that can be obtained from
(9) have a null real part, something that confirms the resonant
behavior of the system, as the steady-state response remains
in a periodic orbit at the ω′ frequency [41]. Therefore, for a
given sinusoidal input signal v = V sin (ωt + φ) , the steady-
state output vector will be given by

ȳ =
[

v′

qv′

]
= V

[
sin (ωt + φ)

− cos (ωt + φ)

]
. (10)

If the FLL was intentionally frozen at a frequency different
from the input-signal frequency ω �= ω′, e.g., by making γ = 0,
the output vector would still keep in a stable orbit defined by

ȳ′ = V |D(jω)|

⎡
⎣

sin (ωt + φ + � D(jω))

−ω′

ω
cos (ωt + φ + � D(jω))

⎤
⎦ (11)

where |D (jω)| and � D (jω) can be written as shown in

|D(jω)| =
kωω′

√
(kωω′)2 + (ω2 − ω′2)2

,

� D(jω) = arctan
ω′2 − ω2

kωω′ . (12)

A. SOGI Tuning

From the transfer functions of (4), and considering the input
frequency ω as a constant, the time response of the SOGI in
Fig. 4(a) for a given sinusoidal input signal v = V sin (ωt + φ)

is written as

v′ = −V

λ
sin (λωt) · e−(kω ′/2)t + V sin (ωt) (13a)

qv′ = V

[
cos (λωt) +

k

2λ
· sin (λωt)

]
e−(kω ′/2)t − V cos (ωt)

(13b)

where λ =
√

4 − k2
/
2 and k < 2.

According to (13(a), (b)), the settling time in the SOGI re-
sponse can be approximated to

ts(AF) =
10
kω′ . (14)

As it can be concluded from (14), the higher the value of k, the
faster the response of the SOGI. However, the gain k affects also
the bandwidth of the SOGI, a very high value for k would reduce
the immunity of the SOGI in front of harmonics in the input,
but, on the other hand, a very low value for k gives rise to a very
long undamped transient response of the SOGI. Fig. 6 shows
the response of the SOGI considering different values of k. In all
cases, the amplitude of the sinusoidal input signal drops down
to 20% of its rated value while its frequency keeps constant
at 50 Hz. In Fig. 6(a) and (b), the estimation of the positive-
sequence voltage and the grid frequency is shown when k = 2.5.
In Fig. 6(c) and (d), the response of the SOGI-FLL is presented
when k =

√
2. Finally, Fig. 6(e) and (f) shows the behavior of

the positive sequence and the frequency estimation, respectively,
when k is reduced to 0.6.

As it can be concluded from Fig. 6(c) and (d), the better
tradeoff between dynamical response and overshooting can be
achieved with k =

√
2. Moreover, even though the frequency

detected by the FLL shows some transient oscillations when the
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Fig. 7. Simplified frequency adaptation system of the FLL.

input-voltage level varies, the settle time in response of the SOGI
matches the 22.5 ms obtained from (14).

B. FLL Tuning

Linear control analysis techniques cannot directly be applied
to determine the value of the FLL gain γ, since the frequency-
adaptation loop is highly nonlinear. Hence, some assumptions
should be made to determine the performance of the FLL.

Considering a sinusoidal signal v = V sin (ωt + φ) as the
input signal for the SOGI and assuming nonstable FLL operating
point, with ω′ �= ω, the square of the state x̄2 can be written from
(11) as

x̄2
2 =

V 2

2ω2 |D(jω)|2 [1 + cos (2 (ωt + φ + � D(jω)))] . (15)

The terms |D(jω)| and � D(jω) in (15) tend toward 1 and 0,
respectively, as the frequency detected by the FLL locks the
input frequency ω′ → ω. Hence, in the vicinity of the steady-
state operation of the FLL, x̄2

2 will present a dc component
equal to V 2

/
2ω2 plus an ac term oscillating at twice the input

frequency. As was shown in [43], the averaged dynamics of
the FLL with ω′ ≈ ω can be described by (16), where the ac
component of x̄2

2 has been neglected

˙̄ω′ = −γV 2

kω′ (ω̄′ − ω) . (16)

The state equation of (16) is very interesting because it discloses
the relationship between the dynamic response of the FLL, the
grid variables, and the SOGI gain. From (16), the value of γ can
be normalized according to

γ =
kω′

V 2 Γ (17)

where V is the magnitude of the input voltage, k is the gain of the
SOGI, ω′ is the estimated frequency, and Γ is the parameter that
permits regulating the settling time of the grid-synchronization
loop. The linear control loop that can be built by means of (16)
and (17) is graphically presented in Fig. 7.

The transfer function of the first-order frequency-adaptation
loop in Fig. 7 is given by

ω̄′

ω
=

Γ
s + Γ

. (18)

Therefore, the settling time is exclusively dependent on the
design parameter Γ and can be approximated by [42]

ts(FLL) ≈
5
Γ

. (19)

A practical implementation of the feedback-based linearized
FLL is shown in Fig. 8.

In this system, the FLL gain is online adjusted by feeding
back the estimated grid-operating conditions, which guarantees

Fig. 8. SOGI-FLL with FLL-gain normalization.

a constant settle time in the grid-frequency estimation indepen-
dently of the input signal characteristics.

It is worth noting that the output of the FLL-gain normaliza-
tion block in Fig. 8 has been limited to a maximum value in that
case in which the grid voltage drops to zero.

Fig. 9 shows the time response of an SOGI-FLL with k =
√

2
and different values of Γ when the frequency of the input signal
suddenly varies from 50 to 60 Hz. In Fig. 9(a), the estimation
of the positive-sequence magnitude and the v′ and qv′ signals
are shown, while in Fig. 9(b) the estimation of the frequency
performed by the FLL, as well as its approximated first-order
response, is shown when Γ = 100.

As shown in Fig. 9(b), this value of Γ gives rise to a settling
time of ts (FLL) = 50 ms according to (19).

Analogous results can be found in Fig. 9(c) and (d) where the
same variables are shown when using Γ = 50, reaching a settling
time of ts (FLL) = 100 ms. Likewise, a slower dynamic response
is reported also in Fig. 9(e) and (f) when using Γ = 33.3. From
the results shown in Fig. 9, it can be stated that, in all cases, the
detected frequency fits well a first-order exponential response
matching to that calculated by (19).

At this point, it is worth mentioning that the SOGI and the FLL
have been studied by considering separated variations in both
the amplitude and the frequency of the input signal. However,
both systems are independent, which means that the global time
response of the SOGI-FLL will differ from the one obtained
whether the input signal experiments simultaneous variations in
frequency and amplitude. However, from an analysis based on
simulation, it could be considered that the settling times of SOGI
and FLL will continue matching to those calculated by (14) and
(19) if the settle times are in the range of tS (FLL) ≥ 2 · tS (SOGI)

for k =
√

2, where ts (FLL) and ts (SOGI) are the settling times of
the FLL and the SOGI, respectively, while k is the SOGI gain.
From now on, a value of k =

√
2 and Γ = 50 will be considered

for the following simulations and experiments.
As has been demonstrated with these parameters, the fre-

quency is estimated by the FLL with no error after 100 ms,
while the error is within 5% just after 20 ms. This response is
even faster for the SOGI. This dynamical response would permit
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Fig. 9. Time response of the FLL in the presence of a frequency step (from 50 to 60 Hz). (a) Positive-sequence magnitude estimation and v ′ and qv ′ signals.
(b) Frequency estimation with Γ = 100 (ts (FLL) = 50 ms). (c) Positive-sequence magnitude estimation and v ′ and qv ′ signals. (d) Frequency estimation with
Γ = 50 (ts (FLL) = 100 ms). (e) Positive-sequence magnitude estimation and v ′ and qv ′ signals. (f) Frequency estimation with Γ = 33.3 (ts (FLL) = 150 ms).

us to fulfill the implicit time response required by the Spanish
and German GCs, regarding the injection of reactive currents
20 ms after the detection of a grid fault.

Although a faster response could be achieved, both k =
√

2
and Γ = 50 offer a good tradeoff between the bandwidth of the
SOGI-FLL and its sensitivity in front of harmonics and noisy
signals affecting the synchronization system.

IV. SOGI-FLL APPLIED TO THREE-PHASE SYSTEMS

Nowadays, a high proportion of the three-phase power con-
verters are connected to three-phase three-wire networks. In this
section, an extension of the SOGI-FLL single-phase algorithm
will be proposed for three-phase applications. This synchroniza-
tion algorithm allows estimating of the instantaneous symmet-
rical components of the grid voltage in the αβ domain, as well
as the frequency value, with no need of using any SRF.

A. Instantaneous Symmetrical Components

According to Lyon’s method [44], a voltage vector vabc
consisting of three unbalanced sinusoidal waveforms can be
split into its instantaneous positive-, negative-, and zero-
sequence components vabc = v+

abc + v−
abc + v0

abc . These com-
ponents can be found through Lyon’s tranformations [T+], [T−],
and [T0 ].

Most of the three-phase grid-connected power converters em-
ploy a three-wire connection. Therefore, the current injected into
the network is exclusively synchronized with the positive- and
negative-sequence components of the grid voltage. As a direct
consequence, the three-phase voltage vector can be represented
in an orthogonal reference frame by means of two independent
variables αβ thanks to the Clarke transformation. Moreover,
taking advantage of Lyon’s transformations, the instantaneous
positive- and negative-sequence voltage components on the αβ
reference frame can be calculated as written in

v+
αβ = [Tαβ ] v+

abc = [Tαβ ] [T+]vabc

= [Tαβ ] [T+] [Tαβ ]T vαβ =
1
2

[
1 −q
q 1

]
vαβ (20)

v−
αβ = [Tαβ ] v−

abc = [Tαβ ] [T−]vabc

= [Tαβ ] [T−] [Tαβ ]T vαβ =
1
2

[
1 q
−q 1

]
vαβ (21)

where q = e−j (π/2) is a 90◦ lagging phase-shifting operator
applied in the time domain to obtain an in-quadrature version of
the input waveforms.

B. DSOGI-FLL Structure

Working in the αβ domain, an optimal application of the
SOGI-FLL concept for three-phase grid synchronization ap-
plications can be found, giving rise to what is known as the
DSOGI-FLL, which is graphically presented in Fig. 10. As can
be seen, just two SOGIs are necessary to compute the symmet-
rical components in a three-phase application, one for α and
another for β (AF(α),AF(β). In the DSOGI-FLL in Fig. 10, the
two SOGIs are arranged in parallel to provide the input signals to
a positive/negative-sequence calculation block (PNSC), which
implements the transformations indicated in (20).

Considering that the αβ components of a balanced positive-
sequence voltage vector at frequency ω keep the following
steady-state relationship on the frequency domain

vβ (jω) = −jvα (jω) (22)

the positive sequence of the voltage vector detected by the
DSOGI-FLL, according to (20), can be written as shown in (23),
where D(jω) and Q(jω) are the steady-state transfer functions of
the SOGI on the frequency domain as detailed in (4)

[
v+

α

v+
β

]
=

1
2

[
1 −q

q 1

] [
v′

α

v′
β

]
=

1
2

[
D(jω) −Q(jω)
Q(jω) D(jω)

] [
vα

vβ

]

=
1
2

(D(jω) + jQ(jω))
[

vα

vβ

]

=
1
2

kω′ (ω + ω′)
kω′ω + j (ω2 − ω′2)

[
vα

vβ

]
. (23)
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Fig. 10. Block diagram of the DSOGI-FLL.

Fig. 11. P(jω) is the frequency response of the DSOGI-FLL for the
positive-sequence components. N(jω) is the response to the negative-sequence
components.

The relationship between the amplitude of the positive-sequence
component detected by the SOGI-FLL and the actual amplitude
of a given positive-sequence voltage vector applied to its input,
P (jω) = |v+ ′

αβ |/|v
+
αβ |, as well as the relationship between the

detected amplitude for the positive-sequence component and
the actual amplitude of a given negative-sequence input voltage,
N(jω) = |v+ ′

αβ |/|v−
αβ |, is plotted in the Bode diagram in Fig. 11

As the Bode plot in Fig. 11 shows, the DSOGI-FLL acts either
as a low-pass filter or as a notch filter in the detection of the
positive-sequence component depending on whether the input
voltage shows either positive or negative sequence, respectively.

As stated in Section II, each SOGI of the DSOGI-FLL would
have an independent FLL. However, although mathematically
correct, the use of two independent FLLs might seem concep-
tually wrong since the frequency of both vα and vβ signals are
always the same. For this reason, the frequency error signals
from both SOGIs of the DSOGI-FLL in Fig. 10 have been com-
bined in a single FLL block. The FLL gain of the system in
Fig. 10 is normalized by using the square of the amplitude of
the positive-sequence component (v+

α )2 + (v+
β )2 , which results

in a first-order exponential linearized response with the same
settling time than the one calculated by (19).

V. SIMULATION RESULTS

In order to test the response of the DSOGI-FLL, an unbal-
anced grid voltage sag, affected by jumps in the grid-voltage
amplitude, phase angle, and frequency, was applied to its in-
put. In this case, the positive- and the negative-sequence volt-
age phasors of the grid voltage were 
V + = 0.5� − 30◦ (p.u)
and 
V − = 0.25� + 60◦(p.u) under fault conditions, being the
prefault grid voltage equal to 
Vpf = 1� 0◦ (p.u). In addition,
in the simulated case, the input frequency experienced a sud-
den jump from 50 to 45 Hz as well when the fault occurred.
From Fig. 12(a)–(g), some representative waveforms show the
estimation of the symmetrical components performed by the
DSOGI-FLL. The tuning parameters of the DSOGI-FLL were
set to k =

√
2 and Γ = 50, as justified in Section III.

In Fig. 12(a), the waveforms of the unbalanced grid voltage
are depicted. Fig. 12(b) and (c) shows, respectively, the instan-
taneous positive- and negative-sequence components detected
by the DSOGI-FLL. Likewise, the detected grid-voltage am-
plitude and phase angle for the symmetrical components are
drawn in Fig. 12(d)–(f), respectively. All these values have been
calculated according to

∣∣∣v±′
∣∣∣ =

√
(v±

α )2 +
(
v±

β

)2
; θ±′ = tan−1 v±

β

v±
α

. (24)

Finally, the estimation of the grid frequency is shown in
Fig. 12(g). As can be noted, the postfault frequency is detected
in about 100 ms, matching, hence, the theoretical value that can
be calculated through (19). It is worth pointing out from the
simulation results shown in Fig. 12(g) that the settling time of
the DSOGI-FLL in the frequency estimation almost does not
depend on the grid voltage phase-angle jump.
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Fig. 12. Response of the DSOGI-FLL with voltage amplitude, phase angle,
and frequency changes.

To improve the evaluation of the DSOGI-FLL performance,
the voltage sag in Fig. 12(a) was also applied to the input of
the SRF-PLL and the DDSRF-PLL. In both cases, the tuning of
the control parameters has been set in order to achieve the same
time constant of the DSOGI-FLL.

Regarding the SRF-PLL performance, it can be clearly seen
in Fig. 13(a)–(d) that this synchronization method is not ro-
bust enough under such unbalanced conditions. As shown in
Fig. 13(a) and (b), the estimation of the instantaneous positive-
and negative-sequence components of the grid voltage is not cor-
rect. This is due to the oscillations in both the voltage amplitude
and the phase angle estimated by the SRF-PLL under unbal-
anced conditions as a consequence of the coupling between the
positive- and negative-sequence components.

The simulation results depicted in Fig. 13(e)–(h) show the per-
formance of the DDSRF-PLL when the voltage sag in Fig. 12(a)
is applied to its input. As is proven in Fig. 13(e) and (f), the
positive- and negative-sequence components estimated by the
DDSRF-PLL are close to the ones obtained with the DSOGI-
FLL. However, as can be noticed in Fig. 13(h), the detection
of the grid frequency in the DDSRF-PLL is not as good as
the one achieved with the DSOGI-FLL. The DDSRF-PLL is
highly influenced by the phase-angle jump of the grid voltage,
something that gives rise to a large error in the estimation of
such phase angle and, consequently, a large overshoot in the
estimated frequency.

From the results presented in this example, it can be concluded
that the DSOGI-FLL is a very precise and fast synchronization
system which is able to detect without any error the instanta-
neous positive- and negative-sequence components of the faulty
grid voltage in about one grid cycle. This performance cannot be
achieved by using a classic SRF-PLL and it is even better than
the one achieved with a more advanced grid synchronization
system, such as the DDSRF-PLL.

VI. EXPERIMENTAL RESULTS

The DSOGI-FLL was evaluated with an experimental setup in
which a faulty grid was emulated by means of a programmable
three-phase ac-power source connected to a Δy transformer.
The DSOGI-FLL algorithm was implemented in a control board
based on a TMS320F28335 DSP that controls a power converter
which is connected to the secondary winding of the transformer.
The layout of the experimental setup is shown in Fig. 14. The
tuning parameters and the sampling period of the DSOGI-FLL
were the same as in simulation, i.e., k =

√
2, Γ = 50,and Ts =

100 μs, respectively.
In the first experiment, the capability of the DSOGI-FLL on-

line detecting the positive- and negative-sequence components
during a transient grid fault was tested. In this experiment, a
single-phase-to-ground fault is generated at the primary winding
of the Δy transformer through an impedance Zsc that has been
calculated for decreasing the faulty phase from 220 to 110 V
rms. The layout of this experiment is described in Fig. 15.

This single-phase-to-ground fault, that constitutes 93–95% of
voltage sags in distribution and transmission networks [4], [16],
was propagated to the y winding of the figure as a dip type
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Fig. 13. Transient response of (a)–(d) the SRF-PLL and (e)–(h) the DDSRF-PLL with grid voltage and frequency variations.

Fig. 14. Layout of the experimental setup.

C [45] at the measurement point, with a set of positive- and
negative-sequence components given by 
V + = 0.818 |0◦ p.u.

and 
V − = 0.182 |0◦ p.u., which gave rise to the voltage wave-
forms depicted in Fig. 16(a). Some plots depicting the online
estimation performed by the DSOGI-FLL in this test are shown
in Fig. 16(b)–(d), where the magnitude and phase of the esti-
mated positive- and negative-sequence components as well as
the instantaneous symmetrical components on the abc reference
frame have been presented.

As can be noted in Fig. 16(b), the DSOGI-FLL was able to
perform a precise estimation of the magnitude and the phase
of the symmetrical components in about 50 ms, although after
22.5 ms the fault appearance the error is beyond a narrow 5%

Fig. 15. Generation of a Type C unbalanced voltage sag at the voltage mea-
surement point.

margin, as shown in Fig. 16(b). This settling time is equal to the
one expected according to (18).

In the second experiment, the capability of the FLL for ac-
curately detecting variations in the grid frequency was tested.
In this case, a frequency jump was programed in the ac-power
source, giving rise to a sudden step in the grid frequency from
50 to 60 Hz. This 10 Hz jump was selected as a matter of the
oscilloscope’s resolution that did not permit us to see clearly the
performance of the system for lower frequency steps.

In Fig. 17(a), the measured input waveforms are displayed,
while the detection of the symmetrical components is shown
in Fig. 17(b). In turn, the estimation of the positive sequence
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Fig. 16. Experimental evaluation of the DSOGI-FLL in the presence of voltage
sags type C. (a) Unbalanced grid voltage. (b) Detected amplitudes and phase
angles. (c) Detected positive-sequence signals.(d) Detected negative-sequence
signals (Time scale = 20 ms/div).

Fig. 17. Experimental evaluation of the DSOGI-FLL in the presence of fre-
quency variation (from 50 to 60 Hz). (a) Unbalanced grid voltage. (b) Detected
amplitudes and phase angles. (c) Detected positive-sequence signals. (d) De-
tected frequency (Time scale = 20 ms/div).

in the abc is plotted in Fig. 17(c) where can be noted an ex-
pected cross coupling between the frequency and the magnitude
detection loops. However, the most interesting information can
be extracted from Fig. 17(d), where the detected frequency is
shown. Fig. 17(d) validates the frequency-adaptive characteris-
tic of the DSOGI-FLL, which is able to overcome this large jump

Fig. 18. Experimental evaluation of the DSOGI-FLL in the presence of har-
monics (THD = 5%). (a) Harmonic-distorted grid voltage. (b) Amplitudes and
phase angles detected. (c) Detected positive-sequence signals. (d) Ripple in the
detected frequency (magnified 0.35 Hz/div).

in the grid frequency without oscillations in about 100 ms after
following a first-order exponential function, which matches the
calculations in (23) and the simulation results in Section V.

Finally, a third experiment was conducted to evaluate the
immunity of the DSOGI-FLL in front of distortion in the grid
voltage. A distorted waveform with a total harmonic distortion
(THD) of 5%, which is shown in Fig. 18(a), was programed in
the ac-power source.

In this experiment, it is worth noting the high quality of the
detected positive sequence of the voltage, as can be noticed in
Fig. 18(b) and (c). Regarding the high level of distortion in the
detection of the negative-sequence phase angle θ− ′, displayed in
Fig. 18(b), it can be seen that the negative-sequence component
in the measured signal, as fast as the amplitude of the negative-
sequence component would rise to higher levels the phase-angle
distortion would decrease drastically. It is also necessary to
highlight the high precision in the detected frequency under
the considered distorted grid conditions, showing a very small
ripple of about ±0.2 Hz over the actual value (50 Hz).

The computational burden time of the DSOGI-FLL has been
measured in these tests reaching 5.8 μs in one cycle of instruc-
tions of the TMS320F28335 DSP. The result obtained in this test
is similar to the ones that can be found with other applications,
such as the DSOGI-PLL with 5.91 μs or the DDSRF-PLL with
5.41 μs.

Considering a control step of 100 μs, the burden time of the
DSOGI-FLL constitutes no more than 6% of the computational
cost of the algorithm; hence, it can be concluded that the DSOGI-
FLL can be easily integrated in digital control systems devoted
to control power converters without reducing significantly its
computational capability.
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VII. CONCLUSION

A new concept in grid synchronization of power converters
under unbalanced and faulty operating conditions, the DSOGI-
FLL, has been introduced.

The DSOGI-FLL consists of three fundamental blocks: 1) the
DSOGI, which uses the SOGI as a building block; 2) an FLL that
accurately achieves grid-frequency adaptation without involving
phase-angle operations; and 3) the PNSC, which implements the
instantaneous symmetrical component (ISC) method on the αβ
reference frame.

The proposed synchronization method exploits the ISC
method on the stationary and orthogonal αβ reference
frame, permitting elimination of the zero-sequence compo-
nent, which cannot be controlled in three-phase three-wire
power converters. Moreover, working on the αβ reference
frame permits reduction of the computational cost of the
DSOGI-FLL, since no trigonometric transformations should be
performed.

As shown in this paper, the presented DSOGI-FLL is a
frequency adaptive system that permits synchronizing to the
fundamental-frequency component by means of an FLL instead
of a PLL. In this paper, it was shown by simulation that volt-
age phase-angle detection is not a trivial issue under grid fault
conditions. Thus, the DSOGI-FLL is less influenced by sudden
changes in the voltage phase angle compared with classical or
advanced PLLs.

Although a mathematical analysis has demonstrated the
nonlinear behavior of the DSOGI-FLL, the application of a
feedback-based linearization has permitted us to demonstrate
that it is possible to achieve a controllable response of the
frequency-adaptation loop as a function of the magnitude
and frequency of the input signal. A detailed analysis of the
proposed synchronization method has led to expressions that
permit setting the tuning parameters in order to achieve a given
settle time in the estimation of the amplitude and the frequency
of the grid voltage.

The experimental results shown in this paper also demonstrate
that the DSOGI-FLL is a very suitable synchronization system
for detecting the fundamental-frequency positive- and negative-
sequence components of unbalanced three-phase grid voltages.

It can be concluded that the DSOGI-FLL is a very suitable
solution when resonant controllers are used to regulate the cur-
rents injected into the grid by a power converter. In three-phase
three-wire systems, both the tuning frequency and the reference
currents for the resonant controller can be properly computed
under generic grid operating conditions from the output signals
provided by the DSOGI-FLL.
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