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ABSTRACT. Successful vector control for grid connection of renewable power generation relies on accurate and fast tracking of the
voltage phase at the point of common coupling using a phase-locked loop (PLL). In this study, we propose a method to evaluate the
effect of power system dynamics on the PLL performance. Simulation results demonstrate that the PLL performance is considerably
affected by the power system dynamics, which is not observable under conventional test conditions considering a PLL connected to a
three-phase voltage source. Therefore, we proposed an improved evaluation method considering the same source but integrating the
system dynamics during evaluation. We expect that the proposed method will assist in the design of PLLs to improve the phase track-

ing of the voltage at the point of common coupling.
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1. Introduction

Driven by environmental concerns, the development of
renewable power generation has rapidly increased over the
last two decades. Moreover, renewable energy is expected to
become the major generation source in future power systems.
Currently, grid connection of large-scale renewable power
generation relies on vector control of voltage source conver-
ters (VSCs). To implement vector control, the voltage phase at
the point of common coupling (PCC) must be tracked using
phase-locked loop (PLL) (Pena et al., 1996; Peng and Lai,
1997; Cole et al., 2010; Li et al., 2012;). Hence, the PLL is an
essential component for grid connection of large-scale renew-
able energy and supports environmental benefits including
clean power generation and reduction in the use of fossil fuels
(Huang and Chang, 2003).

Several PLL design schemes have been proposed. Among
them, the most widely used scheme is the synchronous refer-
ence frame PLL (SRF-PLL) (Kaura and Blasko, 1997; Chung,
2000; Timbus et al., 2005; Shi and Crow, 2008; Kesler and
Ozdemir, 2011), which provides a simple structure and fast
response under normal operation of three-phase power
systems. However, the performance of the SRF-PLL is com-
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promised when operating under unbalanced conditions, and it
can even fail to track the phase of a positive-sequence voltage
under severe unbalance.

To overcome this problem, the decoupled double SRF-
PLL (DDSRF-PLL) has been proposed for operation under
unbalanced conditions (Rodriguez et al., 2005; Rodriguez et
al., 2007; Hadjidemetriou et al., 2013). In fact, the DDSRF-
PLL tracks the phase of both positive- and negative-sequence
voltages and can be used to improve VSC vector control
(Song and Nam, 1999; Xu et al., 2005; Sinsukthavorn et al.,
2012). However, like the SRF-PLL, the DDSRF-PLL relies on
a proportional-integral (PI) feedback control, which may limit
the tracking speed. In contrast, a PLL design scheme based on
the fast Fourier transform (FFT-PLL) has been recently pro-
posed (Da Silva et al., 2010; Lee et al., 2011, 2014). The FFT-
PLL tracks the voltage phase in a three-phase system by app-
lying the FFT instead of PI feedback control. However, the
tracked phase-A voltage is only equal to that of the positive-
sequence three-phase voltage when the system is balanced.

Overall, the development of PLLs should be thoroughly
evaluated in terms of performance to improve and validate the
proposed designs. This evaluation is usually performed throu-
gh either simulation or laboratory experiments by connecting
the PLL to a three-phase voltage source. Then, the PLL per-
formance for voltage phase tracking at the PCC is determined
from the response to step changes in the voltage. In some
cases, this PLL tracking performance evaluation retrieves
similar results to those in a real PLL connected to a power
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system. For instance, the PCC can be assumed as an infinite
bus in distri- buted generation, whose voltage can be modeled
as an ideal three-phase voltage source. However, when the
power system dynamics considerably alters the PCC voltage
phase, these effects should be also considered. In fact, low-
frequency oscillation may occur during transients in power
systems (Du et al., 2015, 2016). In addition, large disturban-
ces can drastically change the power angle among synch-
ronous generators (SGs) (Wu et al., 2014). This type of power
system dynamics might affect the PLL tracking performance
as unexpected variations in the voltage phase can occur. The-
refore, the PLL performance evaluation should consider the
operation in a power system, rather than in a three-phase
voltage source, to suitably assess the PLL capabilities under
dynamic variations and different faults. To the best of our know-
ledge, this is the first work that considers the power system
dynamics to evaluate the PLL performance.

The main contributions of this study can be summarized
as follows. We compare the PLL performance when con-
nected to a three-phase voltage source and to a power system
considering its dynamics. The abovementioned PLL design
schemes are evaluated to determine their tracking perfor-
mance. The evaluation results highlight the importance of
considering the power system dynamics on the PLL perfor-
mance. As a result, we propose a new method for PLL perfor-
mance evaluation that integrates the power system dynamics
to the method based on the three-phase voltage source.
Therefore, the proposed evaluation method is fast, efficient,
and simple to implement on any PLL structure.

This paper is organized as follows. In Section 2, the
conventional test results obtained by connecting the PLL to a
theoretical infinite bus are presented. Section 3 presents the
simulation results when the power system dynamics are consi-
dered. The comparison of the results from Sections 2 and 3
indicates that the evaluation method considering the infinite
bus is not suitable for an accurate PLL assessment, and hence
we propose and verify an improved evaluation method incur-
porating the power system dynamics in Section 4. Finally, we
draw conclusions in Section 5.

2. Performance Evaluation of PLL Connected to
Ideal Three-phase Voltage Source

In this section, we briefly discuss three representative
PLL designs, namely, the SRF-, DDSRF-, and FFT-PLL and
evaluate their performance using the method based on an ideal
three-phase voltage source to determine the limitations of this
approach.

2.1. Evaluated PLL Designs

The structure of the SRF-PLL is shown in Figure 1 (Shi
and Crow, 2008). This PLL is based on the abc-dq trans-
formation to obtain V1. Under unbalanced condition, V;1 may
be polluted by the negative-sequence component of voltage
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source Vane, which varies at double of the nominal frequency.
Usually, a lowpass filter is used to eliminate this high-fre-
quency component and obtain V.
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Figure 1. Structure of SRF-PLL (LPF, lowpass filter).

Next, the structure of the DDSRF-PLL is shown in Fig-
ure 2 (Rodriguez et al., 2007). This PLL is characterized by
double reference frames, which enable calculation of the
d-g-axis components of both the positive- and negative-
sequence voltages. By using a specialized algorithm (Rodrig-
uez et al., 2007), the accurate value of Vg+ for the positive-
sequence voltage can be obtained.
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Figure 2. Structure of DDSRF-PLL.

Finally, the structure of the FFT-PLL is shown in Figure
3 (Lee et al., 2014). Unlike the SRF- and DDSRF-PPL, the
FFT-PLL does not include a PI feedback controller. In addi-
tion, the FFT-PLL aims only to lock the phase of phase A,
rather than that of the three-phase voltage.
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Figure 3. Structure of FFT-PLL.
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2.2. Performance of PLL Connected to Ideal Three-phase
Voltage Source

Vector control satisfying V, = 0 allows to realize decoup-
led control of the active and reactive power. Therefore, any
deviation of V,; from zero indicates the inability of the PLL to
track the PCC voltage phase. The usual evaluation of PLL
performance considers its connection to a three-phase voltage
source. Then, the ¥, deviation caused by the PLL can be ass-
essed through simulations or laboratory experiments.

We evaluated the performance of the three representative
PLL designs presented in Section 2.1 through simulation by
applying the following three-phase voltage:

V, =V, cos(a,t +A0o)
V, =V, cos(wt —27 /3+A0) (1)
V.=V, cos(w,t+2m/3+A0)

Then, we applied the following step decrease in the phase
of the three-phase voltage at 0.4 s:

0 ¢<0.4 second

A = 2
—% t > 0.4 second )

Figure 4 shows the evaluation results, where both the
SRF- and DDSRF-PLL produce similar deviations in V,. In
fact, in approximately 0.15 s, both provide accurate tracking
of the voltage phase, i.e., V; = 0. Still, the performance of the
FFT-PLL is better because it tracks the voltage phase in app-
roximately 0.1 s.
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Figure 4. Performance of different PLLs after a step phase
decrease of the three-phase voltage.

The performance of the SRF- and DDSRF-PLL is highly
affected by the parameters of the PI controller. In the above-
mentioned tests, where the PLL operates in a balanced
three-phase condition, the PI parameters were tuned to re-
trieve a similar performance among the PLLs and kept con-
stant throughout the simulations in this study.

To evaluate unbalanced three-phase conditions, we app-
lied a step change to both the amplitude and phase of the vol-
tage Va in Equation (1). This change was defined as a 50%
drop in the amplitude and phase increase of 60° at 0.4 s.

Figure 5 shows the corresponding evaluation results, where
only the DDSRF-PLL successfully tracks the phase of the
positive- sequence voltage in approximately 0.05 s. In con-
trast, the SRF-PLL shows an oscillation in the tracking error
despite its lowpass filter, and the FFT-PLL fails to track the
phase of the positive-sequence voltage under unbalanced ope-
ration, because it is designed to track the phase of the phase-A
voltage, where the unbalance was applied.
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Figure 5. Performance of different PLLs after a step change
in amplitude and phase of the phase-A voltage.

3. Performance Evaluation of PLL Based on Power
System Simulation

To investigate in more detail the PLL performance in a
power system, we simulated the power system shown in Fig-
ure 6, which is a typical structure including thermal power
gene-ration bundled with a wind farm to supply power to a
very large power network through high-voltage transmission
lines. The power network is modeled as an infinite bus at
point A, thermal generation is modeled as an SG, and the
wind farm is repre-sented by a permanent-magnet SG. We
applied different faults to assess the performance of the three
PLL designs in Section 2.1. The steady-state load is repre-
sented by the SG supplying 160 MW of active power and the
permanent-magnet SG wind turbine generator providing 10
MW of active power.
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Figure 6. Structure of a power system to evaluate PLL perfor-
mance (PMSG, permanent-magnet SG).
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3.1. Load Shedding

Our first evaluation consisted in shedding the load con-
nected at point B in Figure 6 by 50 MW at 0.3 s of simu-
lation, thus generating a low-frequency power system oscil-
lation of 1.4 Hz. The simulation results are shown in Figure
7(a), where V, using the SRF- and DDSRF-PLL oscillates arou-
nd zero at the same frequency of 1.4 Hz, whereas V; using the
FFT-PLL is notably polluted by high-frequency noise. To cle-
arly illustrate the behavior of the three PLL designs, Figure
7(b) shows the frequency-domain transformation of the gra-
phs shown in Figure 7(a). The FFT-PLL shows the best per-
formance with the smallest tracking error, whereas the SRF-
PLL shows the worst performance.

(a) Time domains
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(b) Frequency domains
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Figure 7. Performance of different PLLs in the power system
under load shedding. (a) Time domains; (b) Frequency domains.

3.2. Single-phase Line Break

To evaluate the line break effect on the PLL performance,
we applied a single-phase line break at the end of a 100-km
transmission line at 0.3 s, resulting in a low-frequency power
system oscillation of 1.2 Hz. The performance of the SRF-
and DDSRF-PLL designs under this fault is shown in the time
and frequency domains in Figures 8(a) and (b), respectively.
The FFT-PLL under this fault does not correctly operate, and
hence we did not evaluate it. In the figures, V; varies around
zero at 1.2 Hz, and the DDSRF-PLL shows a higher per-
formance than the SRF-PLL. Moreover, ¥, when using the
SRF-PLL exhibits a high-frequency component given the
inability of this design to adapt to unbalanced operation, as
reported in the previous section.

58

3.3. Three-phase Ground Fault

A three-phase-to-ground short circuit is the worst type of
fault as far as the power system first-swing stability is con-
cerned. At 0.3 s in the simulation, a three-phase-to- ground
fault is applied at the point in the transmission line very close
to the infinite bus bar, and the fault is cleared in 0.2 s. The
simulation results when the performance of the three repre-
sentative PLL design schemes is assessed are shown in Figure 11.

(a) Time domains
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Figure 8. Performance of different PLLs in the power system
under single-phase break. (a) Time domains; (b) Frequency
domains.

During the fault-transient time (0.3 ~0.5 s), Figure 11 sh-
ows the following: (1) the average value of V; more obviously
deviates from zero in both the SRF-PLL and DDSRF-PLL; (2)
V; estimated by the SRF-PLL deviates more; and (3) the
tracking error of the FFT-PLL is the smallest. Hence, as far as
the first-swing stability of the power system is concerned, the
performance of the FFT-PLL is the best and that of the
SRF-PLL is the worst.

3.4. Line-to-line Ground Fault

We then evaluated a line-to-line-to-ground short circuit
occurring in 0.3 ~ 0.5 s when the power system operated un-
der an unbalanced condition, and hence the FFT-PLL was not
evaluated. The performance of the other PLL designs is
shown in Figure 10(a), where ¥, using the SRF-PLL is pol-
luted by high-frequency components given its weak adapta-
bility to unbalanced operation. To better visualize V;, we app-
lied a mean filter, whose outcome is shown in Figure 10(b).



W. J. Du et al. / Journal of Environmental Informatics 32(1) 55-62 (2018)

Voltage V; using the SRF- and DDSRF-PLL deviates from
zero during the fault, but the latter PLL slightly outperforms
the former because the average V; is less dev- iated from zero.
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Figure 9. Performance of different PLLs in the power system
under three-phase-to-ground short circuit.
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Figure 10. Performance of different PLLs in the power sys-
tem under line-to-line ground short circuit. (a) Raw results; (b)
Filtered results.

3.5. Discussions

The results shown in Figures 7 ~ 10 demonstrate the influ-
ence of power system dynamics on the PLL performance.
These results cannot be observed under conventional tests
considering only connection to a three-phase voltage source,
as presented in Section 2.2. In addition, Figure 7 and Figure 8
show that during the dynamic transient of the power system
(normally 0.5 ~ 5 s after a fault), V; oscillates around zero at

the low-frequency of the power system. Likewise, Figure 9
and Figure 10 show that during the fault transient (0 ~ 0.2 s
after a fault), the deviation of ¥, from zero increases. Overall,
these results indicate that the PLL performance requires fur-
ther investigation. Furthermore, improved PLL designs may
be developed by considering the power system dynamics.

The dynamics of a power system reflects electromecha-
nical transients under faults. During the transient, SGs exchan-
ge active power with the system by varying the rotor speed to
maintain a dynamic balance of active power supply and con-
sumption. The two main concerns during transient are low-
frequency oscillations and first-swing stability. Moreover, the
PLL performance under an electromechanical transient may
determine the behavior of the VSCs and their effective damp-
ing of low-frequency oscillations and preservation of first-
swing stability.

For instance, during the dynamic transient of the power
system shown in Figure 6, if the PLL of the permanent-
magnet SG fails to track the PCC voltage phase, an extra
phase difference will exist between the voltage at the con-
verter terminal and the PCC on the network side. This differ-
rence will result in an additional exchange of active power
between the wind generator and the power system, thus
affecting the system angular stability. To prevent such scena-
rio, the PLL perfor-mance to track the voltage phase by
considering the power system dynamics should be determined.
Unfortunately, as demonstrated by the results in Figures 4, 5,
and 7 ~ 10, considering the PLL connected to a three-phase
voltage source is not sufficient for a realistic performance
evaluation.

On the other hand, evaluating the PLL performance th-
rough simulations considering a power system can be time-
consuming. In addition, the PLL performance can vary depen-
ding on the configuration, size, and parameters of the simulated
power system and the VSCs at different PCCs. In the next
section, we propose an efficient method considering different
test conditions and the power system dynamics to evaluate the
PLL performance. The proposed method includes the system
dynamics and different test conditions while considering the
PLL connected to a three-phase voltage source for evaluation
efficiency.

4. PLL Performance Evaluation Considering Power
System Dynamics

4.1. Proposed Evaluation Method

During electromechanical transient, the power angle wi-
thin SGs may oscillate, and such low-frequency oscillation in
the power system can lead to a weakly or negatively damped
oscillation, which can in turn compromise the overall system
stability. Let us denote Ao as the deviation in the power angle
of an SG. The dynamic variation of Ad during low-frequency
oscillations of the power system can be expressed as

A6 = A, sin(27 f) 3)
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where Aris the magnitude and /s is the frequency of the oscil-
lation, which normally ranges between 0.2 and 2 Hz.

In addition, the SG power angle may also increase during
a transient and cause system instability during the first swing
of the power angle. Let us denote the inertia and magnitude of
power unbalance of the SG due to a fault as M and AP, res-
pecttively. The rotor motion of the SG is given by (Kundur et
al., 1994; Bergen and Vittal, 2000)

d’AS _ o, AP @
dr’ M

where wo is the nominal angular frequency of the power sys-

tems. By assuming that AP is almost constant during a fast

first-swing transient, we obtain

_ AP ,

AS t 5
o ®)

Hence, the deviation in the power angle can be appro-
ximately expressed by a quadratic function of time.

Furthermore, the variation in the phase of the PCC vol-
tage mainly follows the change in the SG power angle, espe-
cially when the PCC is close to the generator terminal during
an electromechanical transient. Therefore, the PLL perfor-
mance considering the power system dynamics can be deter-
mined from Equations (3) and (5) acting on the voltage phase
when the PLL is connected to three-phase voltage source, wh-
ose expression is given by Equation (1).

4.2. Evaluation on Balanced Three-phase System

To verify the effectiveness of the proposed method, we
first evaluated the three PLL designs presented in Section 2.1
considering the power system dynamics corresponding to low-
frequency oscillations. To this end, we set the three-phase
voltage source in Equation (1) and dynamic variation in equa-
tion (3) according to

0 ¢<0.4second
= (6)

0.5sin[2.87 (¢ —0.4)] ¢ > 0.4 second

which corresponds to the usually known oscillation parame-
ters. The performance of the PLLs is shown in Figure 11,
where V; oscillates around zero at the specified frequency of
1.4 Hz. These results are similar to those in Figures 7(a) and
(b) obtained from the power system simulation. Hence, the
proposed method suitably reflects the behavior of the PLLs
under low-frequency oscillations.

Then, we evaluated the PLL performance considering the
power system dynamics on first-swing stability by using
Equations (1) and (5) with
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0 ¢<0.4second
= (M

29.4524(t-0.4)> t> 0.4 second

which corresponds to the usually known parameters of the SG
close to the PCC of the VSCs. The performance of the PLLs
is shown in Figure 12, which is similar to that shown in Fig-
ure 9 obtained from the power system simulation. Therefore,
the continuous increase in the tracking error of the PLL during
power system fault transient becomes observable using the
proposed method.

DDSRF FFT
PLL \J -PLL
0.5 1 15 2 25 3 35 4
Time (s)

Figure 11. Performance of different PLLs considering power
system dynamics under low-frequency oscillation.
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Figure 12. Performance of different PLLs considering power
system dynamics and first-swing stability.

4.3. Evaluation on Unbalanced Three-phase System

To further verify the effectiveness of the proposed me-
thod, we evaluated unbalanced three-phase operating con-
ditions, where the three-phase voltage source in Equation (1)
is modified as

V, =, +AV,)cos(w,t + Ad + Ap)
V, =V, cos(awt —27 /3+AJ) ®)
V. =V, cos(w,t+27/3+A0)

where

0 ¢<0.4second
= ©

0.5sin[2.87(¢ —0.4)] ¢ > 0.4 second
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0 ¢<0.4 second
v, =

-0.5V, t>0.4 second

0 ¢<0.4 second (10)
Ap =

—% t < 0.4 second

to include the power system dynamics associated with the
system low-frequency oscillations to resemble unbalanced
operation. The performance of the PLLs is shown in Figure 13,
where V;, using the SRF-PLL is considerably polluted by
high-frequency components given its weak adaptability to un-
balanced operation. In addition, ¥; when using both the SRF-
and DDSRF-PLL oscillates around zero with a frequency of
1.4 Hz. This evaluation is consistent with that shown in
Figures 8(a) and (b), whose results were obtained from the
power system simulation, thus verifying the ability of the
proposed method to reflect the effect of low-frequency oscil-
lations on the PLL performance.

(a) Time domains

(b) Frequency domains

—SRF-PLL
—— DDSRF-PLL

0o 0.5 1 1.5 2 25 3 3.5 4
Frequency (Hz)

Figure 13. Performance of different PLLs considering power
system dynamics under low-frequency oscillation and unbal-
anced operation. (a) Time domains; (b) Frequency domains.

Finally, to simulate the first swing of the SG under unba-
lanced operation, we set the three-phase voltage source
according to Equations (8) and (10) with

an

¢t > 0.4 second

0 ¢<0.4second
129.4524(1 - 0.4)°

The corresponding performance of the PLLs is shown in
Figure 14, which is consistent with Figures 10(a) and (b), thus
suggesting that the proposed method suitably models the
power system dynamics associated with first-swing stability
under unbalanced operation. In fact, the increasing trend in
the tracking error of the PLLs is observed when using the pro-
posed method. Overall, the proposed method provides similar
results to those obtained from power system simulation but
using a more simple and efficient setup.

1
x 10
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0.8 ——DDSRF-PLL
067
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021
0.0
0.2

_0'40.3 0.35 0.4 0.45 0.5 0.55 0.6
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Figure 14. Performance of different PLLs considering power
system dynamics and first-swing stability under unbalanced
operation.

5. Conclusions

PLL design schemes are usually evaluated using simu-
lations or experimental tests with the PLL connected to a
three-phase voltage source. Then, test conditions such as step
change in the voltage amplitude or phase are applied to verify
the PLL performance. However, in a real power system, the
dynamic response of the system presents more complex
behaviors than these conditions. Hence, the PLL tracking per-
formance under these conditions does not reliably reflect the
outcomes from a real power system. To improve PLL eva-
luation, we considered the power system dynamics instead of
the three-phase voltage source. We found that during the dy-
namic transient of the power system, the tracking error of the
PLL varies around zero at the low-frequency power system
oscillation. In addition, during the transient of the first swing
of the voltage phase, the tracking error of the PLL conti-
nuously increases.

These effects on the PLL performance cannot be obser-
ved under common test conditions considering the PLL con-
nected to a three-phase voltage source, but they certainly aff-
ect the correct implementation of vector control for VSCs and
the power system stability. To overcome the limitations of
current evaluation methods, we propose an improved method
to verify the PLL tracking performance considering power sy-
stem dynamics. Given that power system simulation is time-
consuming, the proposed method relies on simulations consi-
dering the power system dynamics using a single three-phase
voltage source. The proposed testing conditions are the fol-
lowing:
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1) Low-frequency oscillation of the voltage phase mea-
sured at the PLL to simulate electromechanical oscilla- tions
of the power system.

2) Quadratic increase in the voltage phase measured at the
PLL to simulate the effects of first swing of the power angle.

In this paper, we verify the limitations of conventional
testing conditions to evaluate the PLL performance by con-
necting it to an infinite busbar and propose the improved eva-
luation method considering the power system dynamics. The
proposed method is applicable to any PLL design scheme and
offers high efficiency because its setup is simple com- pared
to a power system simulation.
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