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Abstract: To quickly and accurately estimate the parameters of the fundamental positive- and
negative-sequence under the unbalanced and distorted grid voltage, a synchronization method is
presented in this paper. The proposed method is based on both a harmonic decoupling network consisting
of multiple dual second-order generalized integrators (MDSOGIs) and an improved frequency locked
loop (IFLL), so it is called the MDSOGI-IFLL. Due to the IFLL, the system has the feature that the
dynamic performance of estimating the fundamental frequency is independent of the variation of both
the fundamental positive- and negative-sequence voltage. In this paper, a first-order linear frequency
adaption model is established for the design of the IFLL. Finally, the good performance of the proposed
MDSOGI-IFLL is validated by the simulation and experiment.

Keywords: frequency locked loop (FLL); synchronization method; unbalanced and distorted grid voltage;
grid-connected inverter

1. Introduction

The grid voltage parameters, such as frequency, phase angle, and amplitude, are important
information for ensuring the stable operation of grid-connected inverters [1,2]. The most widely used
synchronization technique is the synchronous rotating frame PLL (SRF-PLL) [3–5]. The SRF-PLL, designed
with a high bandwidth, can detect information from the grid voltage quickly and accurately in ideal
cases. Under the conditions that there are low order harmonics on the grid voltage, the bandwidth of
the SRF-PLL needs to be reduced to maintain a high detection accuracy. Nevertheless, the reduction
in the bandwidth will result in a reduction in its response speed. A method like this will not be an
acceptable solution under the unbalanced grid. So some advanced methods have been proposed to
solve this problem. A decoupled double synchronous reference-frame PLL (DDSRF-PLL) is proposed
by Rodriguez et al. [6], which can estimate the fundamental positive- and negative-sequence accurately
by means of the double synchronous rotation transformation. The main drawback of the DDSRF-PLL is
that its transient response is highly influenced by the phase-angle jumps of the input signal [7]. In 2002,
a positive sequence filter is designed by Yuan et al. to detect the fundamental positive sequence from
the unbalanced and distorted grid voltage [8]. Several synchronization methods, such as the software
PLL-based fast PLL [9], the inverse park transformation-based PLL [10,11], the second order generalized

Energies 2019, 12, 1023; doi:10.3390/en12061023 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-7109-8135
http://www.mdpi.com/1996-1073/12/6/1023?type=check_update&version=1
http://dx.doi.org/10.3390/en12061023
http://www.mdpi.com/journal/energies


Energies 2019, 12, 1023 2 of 18

integrator based PLL (SOGI-PLL) [11–13] and the SOGI-based frequency locked loop (SOGI-FLL) [14–16],
have been proposed for the similar purpose. Because of the second-order low-pass or band-pass filtering
characteristics, these aforementioned methods can work well when there are little low-order harmonics on
the distorted grid voltage. However, just like the studies proven in [14,17], the influence caused by the
low-order harmonics cannot be completely eliminated through the second-order filter.

Therefore, to improve the immunity to the low-order harmonics, the adaptive or notch filtering
algorithm-based synchronization methods have been presented in [18,19]; the repetitive and multi-resonant
controllers based schemes were proposed in [20]; and solutions based on moving average filters were
suggested in [21,22]. As demonstrated in [23], for the methods based on the moving average filters, the
introduction of filtering algorithm will increase the system delay, thus reducing the dynamic response
speed. Thanks to the use of an FLL, an interesting synchronization technique with frequency adaptive
capability is shown in [24]. Unlike the way of reducing the bandwidth, the scheme is based on a
cross-feedback network consisting of multiple dual second-order generalized integrators. So it can
accurately extract the fundamental positive- and negative-sequence while maintaining a satisfactory
dynamic response speed even when the low-order harmonics are relatively large. However, the major
drawback of the scheme is that the transient performance of detecting the grid voltage fundamental
frequency is susceptible to influence by the fundamental negative sequence.

This paper aims to address the aforementioned issue of the synchronization method presented
in [24]. Thus, an improved FLL is proposed to improve the dynamic performance of estimating the grid
fundamental frequency under the unbalanced grid voltage. Due to the fundamental negative sequence
voltage being taken into account in the design of the FLL unit, the IFLL has the feature that its dynamic
performance is independent of the variation of both the fundamental positive and negative sequence
voltage. Accordingly, a new synchronization technique based on the MDSOGI-IFLL is proposed for
three-phase grid-connected inverter under unbalanced and distorted grid conditions in this paper.

This paper is organized as follows. According to [24], Section 2 presents a brief introduction of the
small-signal modeling of the SOGI-FLL. In Section 3, the dynamic characteristics of the DSOGI-FLL are
analyzed in detail, which is not carried out in [24]. Based on the analysis, the DSOGI-IFLL is proposed and a
first-order linear frequency adaption model is established for the design of the IFLL. Then, the application of
the DSOGI-IFLL for the three-phase system under unbalanced and distorted grid voltage is demonstrated
in Section 4. Finally, the detailed simulation and experiment dynamic performance comparison between
the proposed MDSOGI-IFLL and other synchronization methods is shown in Section 5. Finally, this paper
concludes in Section 6.

2. Modeling Analysis of the SOGI-FLL

The structure of the SOGI-FLL is shown in Figure 1 [24], including the SOGI and a standard FLL,
where ω′ is the resonance frequency and the two output signals of the SOGI-FLL are v′ and qv′.

Figure 1. Block diagram of the SOGI-FLL.
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From Figure 1, the space-state equations of the SOGI-FLL are given by

ẋ =

[
ẋ1

ẋ2

]
= Ax + Bv =

[
−kω′ −ω′2

1 0

] [
x1

x2

]
+

[
kω′

0

]
v (1)

y =

[
v′

qv′

]
= Cx =

[
1 0
0 ω′

] [
x1

x2

]
(2)

where x in (1) is the state vector, and y in (2) is the output vector. In addition, the dynamic response of the
FLL is described by

ω̇′ = −Γx2ω′ (v− x1) (3)

As it can be appreciated from (3), the dynamical response of the SOGI-FLL depends on four
parameters, namely: the amplitude and frequency of the input signal and the values of k and Γ.

Considering the steady-state, there is {
ω̇′ = 0
ω′ = ω0

(4)

Then (1) gives rise to

˙̄x|ω̇′=0 =

[
˙̄x1
˙̄x2

]
= A′

[
x̄1

x̄2

]
=

[
0 −ω′2

1 0

] [
x̄1

x̄2

]
(5)

in which the steady-state variables are written with a bar over them.
The eigenvalues of the matrix A′ in (5) have a null real part, so the steady-state outputs of the

system response in a periodic orbit at the ω′ frequency. Therefore, for a given sinusoidal input signal
v = V sin(ω0t + ϕ), the output vector will be given by

y|v=V sin(ω0t+ϕ) =

[
v′

qv′

]
= V

[
sin (ω0t + ϕ)

− cos (ω0t + ϕ)

]
(6)

When the resonant frequency ω′of SOGI-FLL is set to a constant which is not equal to the input signal
frequency, then the output vector would still keep in a stable orbit defined by

y =

[
v′

qv′

]
= V |D (jω0)|

[
sin (ω0t + ϕ + 6 D (jω0))

− ω′
ω0

cos (ω0t + ϕ + 6 D (jω0))

]
(7)

where 
|D (jω0)| = kω0ω′√

(kω0ω′)2+(ω0
2−ω′2)

2

6 D (jω0) = arctan ω′2−ω0
2

kω0ω′

(8)

It is possible to appreciate from (7) that the SOGI states keep the following steady-state relationship
when a sinusoidal input signal at the frequency ω0 is applied to its input, even if ω′ 6= ω0

ẋ1 = −ω0
2x2 (9)

Therefore, the error signal ev in Figure 1 can be obtained from (1) as
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ev = (v− x1) =
1

kω′

(
ẋ1 + ω′

2x2

)
(10)

According to (9) and (10), the steady-state frequency error signal e f in Figure 1 is given by

e f = x2ω′ev =
x2

2

k

(
ω′

2 −ω0
2
)

(11)

When the system approaches steady-state, it can be assumed that ω′ ≈ ω0. In such a case, ω′2 −ω0
2

can be approximated as

ω′2 −ω0
2 ≈ 2

(
ω′ −ω0

)
ω′ (12)

Then the dynamics of the whole system can be described as

ω̇′ = −Γe f = −
Γ
k

x2
2
(

ω′
2 −ω2

)
≈ −2

Γ
k

x2
2 (ω′ −ω0

)
ω′ (13)

For an input signal v = V sin (ω0t + ϕ), the square of x2 will be given by

x2
2 =

V2

2ω02 |D (jω0)|2 [1 + cos (2 (ωt + ϕ + 6 D (jω0)))] (14)

In steady-state, D(jω0) is approximated to 1 in (14). Ignoring the AC component in x2, then (13) can
be simplified to

ω̇′ = −ΓV2

kω′
(
ω′ −ω0

)
(15)

3. Dynamics Analysis of the DSOGI-FLL and Its Improved Design

The structure of the DSOGI-FLL discussed in [24] is shown in Figure 2, which is used for three-phase
grid-connected inverter system.

In the system of Figure 2, two SOGIs working on the αβ stationary reference frame provide the input
signals to a positive-/negative-sequence calculation block (PNSC), which is able to detect the positive- and
negative-sequence components of a three-phase input vector at a certain frequency ω0. The two signals,
vα

+ and vβ
+, are the fundamental positive-sequence in the αβ coordinate. According to the analysis in

Section 2, the two steady-state signals in Figure 2, i.e., eα and eβ, are given by{
eα = ω′x2α(vα − v′α)
eβ = ω′x2β(vβ − v′β)

(16)

Thus, the steady-state frequency error signal e f in DSOGI-FLL can be calculated by

e f = eα + eβ =
x2α

2 + x2β
2

k
(ω′2 −ω0

2) (17)

Then, according to the design of FLL shown in Figure 2, the dynamics of the DSOGI-FLL can be
described as

ω̇′ ≈
−Γω′(x2α

2 + x2β
2)
(

ω′2 −ω0
2
)

2[(vα
+)2 + (vβ

+)2]
(18)
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Considering ω′2 − ω0
2 can be approximated as 2 (ω′ −ω0)ω′ in the steady-state, then (18) gives

rise to

ω̇′ ≈
−Γω′2(x2α

2 + x2β
2) (ω′ −ω0)

(vα
+)2 + (vβ

+)2 (19)

Under the unbalanced and distorted grid voltage conditions, the input signals, vα and vβ, contain
not only the fundamental positive-sequence voltage but also fundamental negative-sequence voltage and
harmonic components. The harmonic components can be eliminated by the method described in the next
section, so only the negative-sequence is considered in the following analysis in this section. Therefore, the
input signals can be described as{

vα = V+ cos(ω0t) + V− cos(ω0t− ϕ−)

vβ = V+ sin(ω0t)−V− sin(ω0t− ϕ−)
(20)

where V+ and V− are the amplitude of the positive-and negative-sequence voltage, respectively, and ϕ− is
the phase angle of the negative-sequence.

From (20), the square of x2α and x2β in the steady-state will be given by{
x2α

2= 1
ω′2

(V+
2sin2θ+ + V−2sin2θ− + 2V+V− sin θ+ sin θ−)

x2β
2= 1

ω′2
(V+

2cos2θ+ + V−2cos2θ− − 2V+V− cos θ+ cos θ−)
(21)

in which θ+ = ω0t, θ− = ω0t− ϕ−. From (19) and (21), it can be concluded

ω̇′ ≈ −Γ

(vα
+)

2
+ (vβ

+)
2︸ ︷︷ ︸

V+
2

(
ω′ −ω0

) [
V+

2 + V−2 − 2V+V− cos(θ+ + θ−)
]

(22)

According to the average theory introduced in [25,26], (22) can be simplified to

ω̇′ ≈ −Γ
V+

2

(
ω′ −ω0

)
(V+

2 + V−2) = −Γ
(
ω′ −ω0

) [
1 +

(
V−
V+

)2
]

(23)

The value of V−/V+ in (23) is commonly defined as the voltage unbalance factor. From (23), it can
be concluded that the design of FLL shown in Figure 2 cannot make the dynamics of the DSOGI-FLL
independent of the voltage fluctuation under the unbalanced grid condition (V−2 6= 0). To address the
issue, an improved FLL is proposed in this paper, as shown in Figure 3.
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Figure 2. Block diagram of the DSOGI-FLL in [24].

Figure 3. The structure of the IFLL.

In this way, the dynamics of the DSOGI-IFLL gives rise to

ω̇′ ≈ −Γ
V+

2 + V−2

(
ω′ −ω0

)
(V+

2 + V−2) ≈ −Γ
(
ω′ −ω0

)
(24)

From (24), it can be concluded that the dynamics of the DSOGI-IFLL is neither nondependent on the
fundamental positive sequence nor the fundamental negative sequence. Then, the whole system can be
described as the first-order linear system shown in Figure 4.

The transfer function of the system in Figure 4 is given by

ω′

ω0
(s) =

Γ
s + Γ

(25)

Therefore, the settle time is exclusively dependent on the parameter Γ and can be approximated by
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ts ≈
4.6
Γ

(26)

It should be pointed out that the establishment of (26) needs to consider the settle time relationship
between the IFLL and the SOGI. When the gain k is set to

√
2, the settle time of SOGI, defined as tsogi,

should meet the inequality that ts ≥ 2tsogi. According to Figure 1, the transfer functions of the SOGI are
given by

D (s) =
v′

v
(s) =

kω′s
s2 + kω′s + ω′2

(27)

Q (s) =
qv′

v
(s) =

kω′2

s2 + kω′s + ω′2
(28)

For a given input signal v = V sin ω0t, it can be concluded from (27) and (28) that
v′ = − 1√

1− (k
/

2)2
sin(

√
1− (k

/
2)2

ω0t)e−kω0t/2 + V sin ω0t

qv′ = − 1√
1− (k

/
2)2

cos(
√

1− (k
/

2)2
ω0t− ϕ)e−kω0t/2 −V cos ω0t

(29)

then, the settle time tsogi can be estimated by

tsogi =
9.2
kω0

(30)

Figure 4. Simplified first-order linear frequency adaption system of the DSOGI-IFLL.

4. Synchronization Method Based on Multiple DSOGI-IFLL

The DSOGI-IFLL can perfectly reject the high-order harmonics due to its second-order filtering
characteristics. However, the detection error will not be acceptable when the low-order grid voltage
harmonics, such as the third and fifth harmonics, are relatively large. To address this issue, a cross-feedback
network, proposed in [24], consisting of multiple DSOGIs, like the one shown in Figure 2, tuned at different
frequencies, is presented as an effective solution to accurately detect the information of the fundamental
sequence, even under the extremely distorted grid voltage. From now on, this new system will be referred
as multiple DSOGI-IFLL (MDSOGI-IFLL). The main building block of the MDSOGI-IFLL consisted of n
DSOGIs is shown in Figure 5.
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From Figure 5, the transfer function of the fundamental sequence for the output is given by

v′1
v

(s) = D1 (s)
n

∏
j=2

(
1− Di (s)

1− D1 (s) Di (s)

)
(31)

where i is the harmonic order for the DSOGI-i block, and Di (s) is the general expression for the output v′i,
which is given by

Di (s) =
ikiω

′s

s2 + ikiω′s + (iω′)2 (32)

As an example, Figure 6 shows the bode diagram of an MDSOGI-IFLL with three DSOGIs tuned at
first, third, and fifth harmonics.

As shown in Figure 6, the designed cross-feedback network exhibits notch characteristics at third
and fifth harmonics. Consequently, the synchronization method based on an MDSOGI-IFLL, tuned at the
interesting harmonics, can accurately detect the information of the fundamental sequence, even under the
extremely distorted grid voltage.

Figure 5. Structure of the MDSOGI-IFLL.
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Figure 6. Bode diagram of the MDSOGI-IFLL.

5. Simulations and Experiments

5.1. Harmonic Detection Simulation Test

Simulations have been carried out to demonstrate the good performance of the MDSOGI-IFLL. In the
simulations, the gain for the fundamental sequence, i.e., DSOGI-1, was set to

√
2. To maintain the same

bandwidth, the gain for the other DSOGIs was divided by the harmonic order (k1 =
√

2). In addition, the
gain for the IFLL was set to Γ = 100. Both the MDSOGI-FLL and the MDSOGI-IFLL consisted of four
DSOGIs tuned at first, fifth, seventh, eleventh harmonics.

Initial parameters are as follows: the amplitude and frequency of the ideal grid voltage were
set to 100 V and 50 Hz respectively. At 0.2 s, the values of the fundamental positive-sequence and
negative-sequence were set to 0.6 and 0.5 p.u. As for harmonics, the fifth, seventh, and eleventh harmonics
were set to 0.15, 0.2, and 0.1 p.u., respectively. Furthermore, the fundamental frequency was changed to
50.5 Hz. The grid voltage considered in the simulation is shown in Figure 7.

The simulation results are shown in Figures 8 and 9. It should be noticed that the plots in Figure 9, from top
to bottom, are for the fundamental positive- and negative-sequence, fifth, seventh, and eleventh harmonics.

As shown in Figure 8, during the transient process, the two FLLs show almost the same time
response in 0.2 s to 0.21 s. However, after that stage, the maximum dynamic frequency detection error
for MDSOGI-FLL is 16.68 rad/s, and for MDSOGI-IFLL, that is 9.78 rad/s, almost half of the former. So
it can be appreciated from Figure 8 that the MDSOGI-IFLL has better dynamic performance. It can be
concluded from Figure 8 that both the MDSOGI-FLL and the MDSOGI-IFLL can accurately detect the
fundamental grid frequency in the steady state. However, the estimated frequency of the MDSOGI-IFLL
has a smaller ripple.
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Figure 7. The grid voltage considered in the simulation.

Figure 8. Estimated frequency.

Figure 9 shows the excellent performance of the MDSOGI-IFLL of detecting the instantaneous
components for the fundamental sequence and those harmonics even under the extremely unbalanced and
distorted grid voltage. In view of the converging speed of the tracking error, the MDSOGI-IFLL behaves
as good as the MDSOGI-FLL, even better.
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(a) (b) (c)

Figure 9. Simulation results. (a) Harmonics estimated by MDSOGI-FLL. (b) The estimated error in phase A
of each harmonic component (for example, the estimated error in phase A of 5th harmonic is obtained by
subtracting the estimated value with reference). (c) Harmonics estimated by MDSOGI-IFLL.

5.2. Experimental Verification

Experiments have been carried out to further validate the effectiveness of the proposed
synchronization method. An uninterruptible power supply device based on the floating-point 150 MHz
TMS320F28335 DSP is used to generate the required grid voltage. In addition, the programs of the
synchronization methods mentioned in this part, such as the DDSRF-PLL and the MDSOGI-FLL, were
implemented in the same type DSP. All important data were stored in the DSP. In addition, the data used
for graphing were derived through the XDS510 emulator. The input signals, i.e., the grid voltage, are
obtained by sampling.

The second order integrator [27] is used for the digital implementation of the synchronization
algorithms. In this way, the integrator is approximated by
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Ts

2
3z−1 − z−2

1− z−1 (33)

where Ts is the sample period (100 µs in this paper).

5.2.1. Performance Comparison of Frequency Detection between MDSOGI-FLL and MDSOGI-IFLL

In this paper, the transient frequency detection performance comparison between the MDSOGI-FLL and
the proposed MDSOGI-IFLL under unbalanced grid voltage is mainly concerned. So the inter-harmonics
discussed in [24] were not in consideration. Three cases, shown in Table 1, were set to make an all-around
comparison of the two synchronization methods. The nominal amplitude and frequency of the grid voltage
were set to 100 V (1 p.u.) and 50 Hz respectively. During the grid fault, the fundamental frequency was
changed to 55 Hz.

Table 1. Parameters of the grid voltage during the fault.

Voltage Component Value [p.u.]

Case 1 Case 2 Case 3

Fundamental positive sequence 0.6 0.6 0.6
Fundamental negative sequence 0.2 0.4 0.6

5th harmonic 0.2 0.2 0.2
7th harmonic 0.15 0.15 0.15

11th harmonic 0.1 0.1 0.1

The waveforms of grid voltage considered in the experiment and the fundamental frequency estimated
by the MDSOGI-FLL and the MDSOGI-IFLL are shown in Figure 10.

From Figure 10, it’s obvious that the overshoot of the MDSOGI-FLL is getting bigger and bigger
as the increasing of the value of the fundamental negative sequence, which confirms the theoretical
analysis in Section 3. However, the MDSOGI-IFLL can accurately detect the grid frequency nearly without
overshooting in each case. Moreover, the MDSOGI-IFLL has a smaller ripple in the steady state. According
to these experiment results, it can be concluded that the MDSOGI-IFLL has a better transient performance
than the MDSOGI-FLL while having high detection accuracy.

5.2.2. Performance Comparison between MDSOGI-IFLL and Other Synchronization Methods

In this part, experiments are carried out for performance comparison between MDSOGI-IFLL
and other synchronization methods, including the SRF-PLL, the DDSRF-PLL [6], and the MCCF-PLL,
synchronization technique proposed in [25] for three-phase grid-interfaced converters under unbalanced
and distorted grid voltage. For the three PLLs, the parameters in the control loop, kp and ki, are set to
2 and 3, respectively. In addition, for the DDSRF-PLL, the cut-off frequency of the low-pass filter in the
decoupling network is set to ω f = 222 rad/s. As for the MCCF-PLL, the cutoff frequency of ωc is the same
as that in [25], with the value of 222 rad/s.
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(a) Waveform in case 1.

(b) Waveform in case 2.

(c) Waveform in case 3.

Figure 10. Waveforms of the grid voltage and frequency estimated by the MDSOGI-FLL (green line) and
the MDSOGI-IFLL (red line).
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A. Unbalanced Voltage

In this test, the amplitude of the fundamental positive sequence is changed from 100 V to 70 V, and
that of the fundamental negative sequence is increased to 30 V.

Figure 11 shows that the SRF-PLL is very sensitive to unbalance, and the estimated frequency has a
ripple with the amplitude of 20 Hz in the steady state. All the others can precisely extract the phase and
amplitude of the positive sequence with a settle time of 0.02 s. However, the frequency detection transient
response of the MDSOGI-IFLL is superior to that of the DDSRF-PLL or the MCCF-PLL.

(a) The grid voltage. (b) The estimated fundamental frequency.

(c) The estimated phase. (d) The estimated amplitude.

Figure 11. Waveforms of the grid voltage and estimated parameters by SRF-PLL (black line), DDSRF-PLL
(green line), MCCF-PLL (blue line) and MDSOGI-IFLL (red line).

B. Distorted Voltage

The following test is carried out under the distorted grid voltage. At 0.3 s, the amplitude of the
fundamental positive sequence is changed from 100 V (1 p.u.) to 70 V, and the fifth, seventh, and eleventh
harmonic components are added on the grid voltage with the values of 0.15, 0.2, and 0.1 p.u., respectively.

From Figure 12, it can be seen that the performance of the SRF-PLL degrades further under the
distorted voltage. In addition, the frequency estimated by DDSRF-PLL also has a larger ripple. Due to the
use of the cross-feedback network, the MCCF-PLL and the MDSOGI-IFLL can still accurately extract the
frequency and amplitude of the fundamental positive sequence.
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(a) The grid voltage. (b) The estimated fundamental frequency.

(c) The estimated phase. (d) The estimated amplitude.

Figure 12. Waveforms of the grid voltage and estimated parameters by SRF-PLL (black line), DDSRF-PLL
(green line), MCCF-PLL (blue line) and MDSOGI-IFLL (red line).

C. Phase Jump

Figure 13 shows the experimental results when a 60◦ phase jump occurs at 0.3 s. It is obvious that
each of three PLLs, i.e., the SRF-PLL, the DDSRF-PLL, and the MCCF-PLL, shows larger overshoot and
longer settle time than MDSOGI-IFLL. As stated in [5], PLLs synchronize with the phase of the input
signal, and hence, the accuracy and dynamical response of its estimation under transient conditions are
highly influenced by phase angle jumps.

D. Brief Comparison

According to the experiments, Table 2 gives a brief comparison of the four synchronization methods
to highlight their features.
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(a) The grid voltage. (b) The estimated fundamental frequency.

(c) The estimated phase. (d) The estimated amplitude.

Figure 13. Waveforms of the grid voltage and estimated parameters by SRF-PLL (black line), DDSRF-PLL
(green line), MCCF-PLL (blue line) and MDSOGI-IFLL (red line).

Table 2. Brief comparison of the four synchronization methods.

Synchronization Methods

Pros and Cons
Advantages Disadvantages

SRF-PLL

The structure of SRF-PLL is simple. It is
easy to design and it can effectively

detect the amplitude, phase, and
frequency of the grid voltage with
perfect steady-state and dynamic

response under the idea grid voltage.

It is sensitive to unbalance and
harmonics.

DDSRF-PLL

It can accurately extract the positive and
negative sequence components of the

voltage with good dynamic performance
and good frequency adaptability even
when the grid voltage is unbalanced.

Its ability to attenuate low-order
harmonics is insufficient. In

addition, its transient response
is highly influenced by the

phase-angle jumps of the input
signal.

MCCF-PLL

The structure of MCCF is flexible.
Through the cross-feedback network, it
can accurately detect the information of

grid voltage in the steady state even
under the unbalanced and distorted

grid voltage.

To obtain good performance under the
distorted grid voltage, its structure will

be more complex, thereby, requiring
more DSP resource compared to

SRF-PLL or DDSRF-PLL. Since its
frequency-adaptive depends on the

cascaded PLL, its transient response is
highly influenced by the phase-angle

jumps of the input signal.

MDSOGI-IFLL

It shows perfect performance under the
unbalanced and distorted grid voltage.

Due to the FLL, the performance of
frequency detection is the best. Hence, it
is relatively insensitive to phase jump.

With the number of the DSOGI used in
the cross-feedback network increasing, it
requires more DSP resource compared to

SRF-PLL or DDSRF-PLL.
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6. Conclusions

To realize the fast and accurate acquisition of the information of the fundamental sequence under
the unbalanced and distorted grid voltage, a synchronization method based on the MDSOGI-IFLL for the
three-phase system is proposed in this paper. Through theoretical analysis, simulation, and experimental
tests, several conclusions can be reached as follows:

1. According to the modeling analysis of the DSOGI-FLL, the drawback of the design method for the
FLL unit proposed in [24] is pointed out. Based on the analysis, an improved design (referred as IFLL)
that takes the fundamental negative sequence voltage into consideration in the design is proposed.
The dynamic performance of the DSOGI-IFLL is independent of the variation of both the fundamental
positive and the negative sequence voltage.

2. Under unbalanced grid voltage, the proposed MDSOGI-IFLL has a better transient performance than
the MDSOGI-FLL in frequency detection when the grid frequency changes.

3. The MDSOGI-IFLL shows the outstanding performance of the estimation of the positive- and
negative-sequence components even under the extremely unbalanced and distorted grid voltage.
In addition, the MDSOGI-IFLL also could be used for selective harmonic compensation, islanding
detection, and so on.
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