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Abstract: To ensure precise phase estimation within the q-axis of the phase-locked loop (PLL),
integrating a filter into the q-axis loop is essential to mitigate grid-voltage harmonics. Nevertheless,
the intrinsic delay characteristics of this filter impede PLL synchronization during significant grid
disturbances. This study begins by developing mathematical models for three types of filters—
moving-average filter (MAF) for eliminating odd harmonic components, dq-frame cascaded delayed
signal cancellation (dqCDSC) filter, and notch filter (NF). Following the reduction in filter orders, a
third-order nonlinear large-signal model of the PLL, incorporating an additional q-axis internal filter,
is formulated. Using phase plane analysis, this study investigates the transient synchronism of the
grid-following converter (GFL) and explores the influence of delay time constants from the three
PLL filters on its behavior while delineating the boundaries of their basins of attraction. Theoretical
findings indicate that, relative to the traditional SRF-PLL, incorporating an internal filter into the
PLL compromises the transient synchronous stability of GFL. Specifically, greater filter delay time
constants exacerbate the GFL’s vulnerability to transient instability amid substantial grid disturbances.
Hence, careful consideration is essential when using MAF-PLL and NF-PLL in situations demanding
high synchronization stability. The theoretical analyses are validated using Matlab/Simulink to verify
their accuracy.
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1. Introduction

To fulfill the strategic goal of establishing a new power system primarily reliant on
renewable energy sources [1,2], grid-connected converters have emerged as a pivotal inter-
face, enabling the swift advancement of renewable energy generation [3]. Consequently, it
has progressively supplanted synchronous generator power as the primary energy source
within the power grid. This transformative shift has ushered in a “double high” trend
within the power system, characterized by a significant presence of both renewable energy
sources and power electronic equipment [4]. The reliable and secure operation of such
“double high” systems critically hinges on the effective performance of grid-connected
converters. In recent years, stability concerns surrounding grid-connected converters
have garnered significant attention, notably in the aftermath of incidents such as the UK’s
8.9 blackout and the 2021 Texas blackout [5,6].

At present, the predominant synchronization control strategies for grid-connected
converters involve proportional-resonant (PR) control in the αβ coordinate system [7–9]
and proportional-integral (PI) control with phase-locked loops (PLLs) synchronization in
the dq coordinate system, attributed to the enhanced robustness of PI control. As a result,
the PLL synchronization control strategy is uniformly applied across wind and photovoltaic
grid-connected converters. Grid-connected converters employing PLL synchronization
are also known as grid-following converters (GFLs). The current implementation of GFL
heavily relies on PLL to monitor the grid-voltage phase at the point of connection (POC)
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for grid synchronization [10]. The voltage present at the POC is equivalent to the voltage
output by the GFL. Consequently, the dynamic characteristics of the PLL significantly
influence the grid-tied stability of the GFL [11]. References [12,13] advocate for integrating
a filter into the PLL’s q-axis control loop to enhance the GFL’s stability, under minor
disturbances in high harmonic grid environments. Moreover, the literature [14] suggests
the incorporation of a notch filter (NF) or multiple NFs into the PLL control loop to eliminate
harmonic components selectively. Reference [15] explores the use of a moving-average filter
(MAF) within the PLL control loop, functioning as both a linear phase filter and, under
certain conditions, an ideal low-pass filter. Additionally, in reference [16], the investigation
into repetitive regulators (RRs) within the PLL control loop demonstrates their efficacy in
attenuating harmonic components and providing rapid dynamic responses to disturbances.
Proposing delayed signal cancellation, reference [17,18] introduces the dq-frame cascaded
delayed signal cancellation (dqCDSC) to enhance PLL’s phase-locking performance under
high harmonic grid conditions. Additionally, in addressing approaches to attenuate grid
harmonics, references [19,20] focus on leveraging the inherent control strategies of GFL.
They introduce a cooperative control framework based on a hybrid algorithm, aimed at
mitigating the adverse effects of grid harmonics on GFL performance. However, the studies
mentioned above overlook the impact of inherent filter delay characteristics on GFL’s
synchronization during significant disturbances.

The synchronization stability of a converter is defined by its ability to sustain synchro-
nization with the grid despite significant disturbances [21]. The extensive transmission
distances associated with renewable energy sources and the substantial grid impedance at
the POC contribute to positive feedback in the synchronization loop, amplifying synchro-
nization instability. Reference [22] introduced the quasi-static large signal (QSLS) model to
elucidate this phenomenon, leveraging phase plane analysis, the equal-area criterion, and
the energy function method to dissect the synchronization stability mechanism of the GFL.
In a related study, reference [23] applied the equal-area criterion, based on principles of
kinetic and potential energy conservation, to assess whether the operational state during
a fault could revert to stability, thereby evaluating the transient synchronization stability
of the GFL. Additionally, reference [24] visually depicted transient instability phenomena
without analytical tools, utilizing numerical solutions of first and second-order nonlinear
system equations to graph phase trajectories. Moreover, reference [25] formulated an analyt-
ical Lyapunov energy function, deriving a more conservative stability region. Furthermore,
reference [26] investigated the interaction between the current control and the PLL loop,
devising a more intricate QSLS model to scrutinize transient synchronization stability.
Additionally, taking into account the synergistic impact of active filters at the GFL output,
current regulation, and the PLL feedback mechanism, the literature [27–29] introduces an
advanced PLL parameterization strategy aimed at improving the synchronizing stability
of GFL amidst weak grid scenarios. The modeling and analysis of transient stability in
GFL typically assume an environment devoid of grid harmonics. However, real-world
scenarios necessitate the integration of filters within the PLL control loop to eliminate
these harmonics. During grid faults, the delay characteristics inherent in these filters can
significantly influence the synchronization of GFL with the grid.

1.1. Novelty and Contribution

In this research, the impact of grid harmonics on the transient stability of GFL is
included in the modeling and analysis. Diverging from the traditional presumption of
a harmonics-free grid environment, this manuscript highlights the critical necessity of
implementing filters within the PLL control scheme to eliminate harmonics, as well as
to address the consequential effects of filter delays on the synchronizing stability of GFL
systems. By exploiting the higher-order nonlinear characteristics inherent in filters, a third-
order nonlinear large-signal model that integrates the filter’s PLL is developed herein. This
model facilitates an investigation into the influence of varying filter delay time constants
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on the synchronizing stability of GFL, guiding the strategic selection of PLL filters for
scenarios where enhanced synchronizing stability is imperative.

1.2. Chapter Organization

The ensuing segments of this manuscript scrutinize the ramifications of filter delays
on the transient stability of GFL, structured as follows. Section 2 presents the mathematical
modeling of GFL, develops mathematical models for three distinct inner-loop filters, and
realizes filter model order reduction, laying the foundation for the large-signal analysis
in Section 3. Section 3 investigates the mechanism underlying the effect of filter delays
on the transient stability of GFL. The simulation results presented in Section 4 are used to
validate the theoretical analysis provided in Sections 2 and 3. Section 5 succinctly concludes
the discourse.

2. Modeling of Synchronization Stability
2.1. GFL Modeling

The system structure of the GFL is illustrated in Figure 1. Here, VPOC and Vg denote
the voltages at the POC and the grid, respectively. The injected current into the grid is rep-
resented by I, while lf refers to the filter located at the converter’s output port. Additionally,
rg and lg denote the resistance and inductance on the grid side. The DC voltage source is
represented as Udc, typically maintained at a constant value. The synchronization between
the GFL and the grid is achieved using the synchronous reference frame phase-locked loop
(SRF-PLL), with θpll and ωpll representing its output phase angle and frequency, respec-
tively. Current control is effected through a PI regulator, wherein kpc and kic delineate the
proportional and integral coefficients of the controller, correspondingly.
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Figure 1. Grid-following converter system structure.

The voltage at the POC can be obtained from Figure 1:

VPOC = Vg + I(Zg) (1)

where Zg represents the grid impedance, given by Zg = rg + jωplllg. The q-axis voltage
component can be obtained by performing a Park transformation on VPOC:

Vpocq = rgi∗q + ωplllgi∗d − Vg sin δ (2)

In (2), δ = θpll − θg, where θg denotes the grid phase, the output current of the GFL
maintains a constant reference current value i∗d owing to the significantly shorter time scale
of the current loop control compared to the PLL. The PLL, through the application of a PI
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regulator, achieves grid synchronization by ensuring Vpocq = 0, as specified in its governing
dynamic equation. 

dθpll
dt = ωpll = ωg + ∆ωpll

dωpll
dt = kp,pllVpocq + ki,pll

∫
Vpocqdt

(3)

where ωg signifies the nominal angular frequency of the grid. If Vpocq consists solely of
fundamental frequency components, the PLL can accurately estimate the grid phase by
setting Vpocq = 0. Yet, if there are harmonic components in Vpocq, incorporating filters into
the PLL control loop becomes essential to eliminate these components and ensure precise
grid phase estimation.

2.2. Filter Modeling

In practical scenarios, the main grid-voltage harmonic components typically include
the −5th, +7th, −11th, and +13th harmonics. Even-order harmonics and the DC compo-
nent are ignored due to their notably lower amplitudes, in comparison to the odd-order
harmonics. Consequently, the mathematical model of the internal loop filter is primarily
tailored to eliminate these specified harmonic components. Figure 2 illustrates the PLL con-
figuration incorporating the additional internal loop filter. Given our focus on fundamental
frequency synchronization, the filter exhibits delay characteristics when projected onto the
low-frequency range. Therefore, subsequent discussions treat the three filters as first-order
inertial elements in modeling synchronization stability.
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2.2.1. MAF

The MAF, alternatively referred to as a rectangular window filter, is characterized by
its transfer function in the Laplace domain, given as:

GMAF(s) =
1 − e−Tws

Tws
(4)

The equation defines Tw as the window length of the MAF. MAF can eliminate
DC components and frequency components that are integer multiples of 1/Tw (in Hz).
When the grid voltage consists solely of odd-order harmonic components, the standard
configuration for MAF’s window length is Tw = T/2, where T represents the fundamental
period of the grid voltage.

When GMAF(s) is integrated into the q-axis loop of the PLL, its e−Tws term becomes a
non-rational function, which is not conducive to subsequent analysis of transient stability.
Utilizing the first-order Pade approximation, we derive the following:

e−Tws ≈ 1 − Tws/2
1 + Tws/2

GMAF(s) ≈
1

Tws/2 + 1
(5)

The approximated transfer function yields a first-order inertial component. By defining
Tw/2 = TMAF as the time delay constant of the MAF, Figure 3a is utilized to assess the
accuracy of this approximation through a comparison of the Bode plot between GMAF(s)
and its approximated transfer function. It is evident that the approximation effectively
represents the dynamic behavior of GMAF(s).
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2.2.2. dqCDSC

In the dq coordinate system, harmonic components demonstrate “half-wave sym-
metry”, allowing for the summation of delayed harmonic components to eliminate those
injected into the q-axis loop. This process maintains the DC component in the dq coordinate
system unchanged. It is referred to as dqDSC [18]. Its transfer function is as follows:

dqDSCn(s) =
1
2
(1 + e−

T
n s) (6)

In (6), n represents the delay factor, where its selection can prevent certain characteristic
harmonic components. In most scenarios, a single dqDSC operator might be insufficient to
counteract associated harmonic components. Depending on the harmonic type in the grid
and existing applications, multiple dqDSC operators with specific delay factors are usually
cascaded. Equation (7) describes dqCDSC in the Laplace domain, where m represents the
quantity of cascaded dqDSC operators. Figure 4 illustrates the time-domain implementation
of dqCDSCn1,n2,. . ., nm .

CDSCn1,n2,...,nm(s) = dqDSCn1(s)× dqDSCn2(s)

× · · · × dqDSCnm(s)
(7)
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The presence of odd-order harmonic components alone in the grid necessitates the
cascading of two dqDSC operators with delay factors of n1 = 4 and n2 = 24. Consequently,
the transfer function is formulated as:

dqCDSCn1,n2
(s) =

1
2
(1 + e−(T/n1)s)× 1

2
(1 + e−(T/n2)s) (8)

Similarly, based on the first-order Pade approximation, substitute e−(T/n)s ≈ 1−( T
2n )s

1+( T
2n )s

yields the following:

dqCDSCn1,n2(s) ≈
1

T2

4n1n2
s2 + ( T

2n1
+ T

2n2
)s + 1

(9)

In the low-frequency range, the s2 term can be neglected, further yielding the following:

dqCDSCn1,n2(s) ≈
1

T
2 (1/n1 + 1/n2)s + 1

(10)

The time delay constant of the dqCDSC filter is defined as TdqCDSC = T × (1/n1 + 1/n2)/2.
Based on Figure 3b, the approximated outcome still predicts the dynamic behavior of its
original transfer function.

2.2.3. NF

The NF is a band-stop filter designed to substantially reduce harmonic components
within a defined frequency band while maintaining minimal impact on other frequency
components. The transfer function representing NF [30] is:

NF(s) =
s2 + ω2

nf
s2 + (ωnf/Q)s + ω2

nf
(11)

where ωnf represents the notch frequency and Q denotes the quality factor. To eliminate
odd-order harmonic components in the phase-locked loop’s q-axis loop, cascading three
NFs is necessary. Each NF has notch frequencies set, respectively, at 2π(2 × 50), 2π(6 × 50),
and 2π(12 × 50)rad/s. The selection of the quality factor Q depends on the expected
range of variation in the grid frequency. Reference [24] proposes that when Q is chosen as
Q = √2 , NF effectively suppresses odd-order harmonic components even under significant
variations in the grid frequency.

When three NFs are cascaded, the equation representing their transfer function is
as follows:

NFs(s) = NFωnf1
(s)× NFωnf2

(s)× NFωnf3
(s) (12)

Equation (12) presents an 8th-order transfer function, which challenges mathemat-
ical simplification. Therefore, this study employs system identification techniques to fit
the frequency, magnitude, and phase data obtained from the frequency domain response
model in (12). Consequently, a first-order transfer function is derived through this identifi-
cation process.

NFs(s) ≈ 125
125 + s

(13)

A comparison between the transfer functions of (12) and (13) is conducted using a
Bode plot. Figure 3c illustrates that, especially in the low-frequency range, the output
magnitude of the identified transfer function closely aligns with that of the original transfer
function. The accuracy of the fitted results in this low-frequency spectrum indicates a close
correspondence between the identified and original transfer functions.
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Based on the aforementioned, the transfer functions of these three filters can be
consistently represented as first-order inertial elements. Their individual time constants
correspond to the delay time constants of the filters, as illustrated in Table 1.

Table 1. The time constants of three filters.

PLL MAF-PLL dqCDSC-PLL NFs-PLL

Time constant 5 × 10−3 s 2.9 × 10−3 s 8 × 10−3 s

3. Synchronization Stability Analysis
3.1. 3rd PLL QSLS Model

Derived from the reduced-order filter transfer functions in the preceding section, they
can all be equivalently represented as first-order inertial elements. This section initially
establishes the large-signal model of the PLL incorporating a first-order inertial element [31].
The introduction of this inertial element transforms the PLL from a second-order system to
a third-order system, as illustrated in Figure 5.
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The output from the inertial element depicted in Figure 5 is considered the state
variable x, and δ, and ∆ωpll represent the outputs of the remaining two integrators. These
three state variables collectively portray the system’s time-domain behavior. The state
variables (δ, ∆ωpll, x) = (x1, x2, x3) are defined, facilitating the formulation of the state-
space equations for the third-order PLL as depicted in (14).

.
x1 = x2 = f1
.
x2 = kp,pll(rgi∗q + (x2 + ωg)lgi∗d − Vg sin x1 − x3)/T

+ ki,pllx3 = f2.
x3 = (rgi∗q + (x2 + ωg)lgi∗d − Vg sin x1 − x3)/T = f3

(14)

Due to the nonlinear characteristics of the third-order PLL system integrating iner-
tial elements, this study utilizes phase-plane analysis for numerical solutions [32]. This
method, employing the ode45 algorithm, illustrates the trajectory of the numerical solution
of the nonlinear system under specific initial conditions. Thus, it visually captures the
system’s dynamics, stability, equilibrium points, and the influence of initial states of the
system behavior.

Before analyzing transient stability, it is crucial to evaluate the existence and stability of
equilibrium points during transients. Setting the state equations (14) to zero—f 1 = 0, f 2 = 0,
f 3 = 0—facilitates the determination of the system’s two equilibrium points: δ0(x10, x20, x30)
and δu(π− x10, x20, x30)

x10 = arcsin(
rgi∗q + ωglgi∗d

Vg
), x20 = 0, x30 = 0 (15)
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Under the condition of Vg > rgi∗q + ωglgi∗d, δu is always unstable. Therefore, we pri-
marily study the stability of the equilibrium points of δ0 and regard them as the equilibrium
points for normal operation.

3.2. Transient Stability Analysis Due to Time Constant of the Inertial Element

In the absence of an inertial element in the q-axis loop of the PLL, when the grid-
voltage amplitude drops to Vg,f, the proportional component of the PI controller responds
instantaneously, leading to a non-zero initial velocity ∆ωpll(t+0 ) and an input error Vpocq(t+0 )
at time t+0 .

∆ωpll(t+0 ) =
kp,pll(Vg,0 − Vg,f) sin δ0

1 − kp,plllgi∗d
(16)

Vpocq(t+0 ) = lgi∗d∆ωpll(t+0 ) + (Vg,0 − Vg,f) sin δ0 (17)

In (16) and (17), Vg,0 denotes the initial grid-voltage value, while ∆ωpll(t+0 ) and
Vpocq(t+0 ) are both positive values. During a sustained fault, the dynamic response of
GFL is as follows:

Vpocq(t) = lgi∗d∆ωpll(t) + Vg,0 sin δ0 − Vg,f sin(δ0 +
∫ t1

0
∆ωpll(t)dt) (18)

∆ωpll(t) = kp,pllVpocq(t) + ki,pll

∫ t1

0
Vpocq(t)dt (19)

where t1 represents the time required for the PI controller to attain a steady state without
the presence of an inertial element. When incorporating an inertial element into the q-axis
loop of the PLL, the integrator within the inertial element mitigates sudden fluctuations in
the state variable x3, leading to the following expression:

∆ω̃pll(t+0 ) = 0 (20)

Ṽpocq(t+0 ) = (Vg,0 − Vg,f) sin δ0 (21)

Hence, it follows that ∆ωpll(t+0 ) > ∆ω̃pll(t+0 ), Vpocq(t+0 ) > Ṽpocq(t+0 ). The behavior of
the inertial element and the PI controller throughout the fault duration is as follows:

Ṽpocq(t) =
∫ t2

0

1
T
(Vpocq(t)− Ṽpocq(t))dt + Vpocq(t+0 ) (22)

∆ω̃pll(t) = kp,pllṼpocq(t) + ki,pll

∫ t3

0
Ṽpocq(t)dt (23)

where t2 and t3 denote the time needed for the inertial element and the PI controller
output response to attain steady-state, respectively. Owing to the delayed response of
the inertial element, t1 the time required for the PI controller to rectify the same error is
shorter than t3. Furthermore, as the time constant T of the inertial element increases, the
output voltage Ṽpocq decreases, leading to an increase in integration accumulation and
an elongation of the time t2 required to reach a steady state. Consequently, this results in
a larger transient peak phase of the PLL. Therefore, the inclusion of the inertial element
exacerbates synchronization stability.

The analysis conducted previously suggested that incorporating an inertial element
led to an increase in the transient peak phase of the PLL, consequently undermining the
transient synchronization stability of the GFL. To formulate comprehensive conclusions, this
study incorporates the parameters outlined in Section 4 into the transient stability analysis
model. Subsequently, numerical techniques are employed to calculate the transient peak
phase of the PLL, varying Vg and T, as depicted in Figure 6. The surface plot demonstrates
that, as the magnitude of the voltage drop rises, the transient peak phase similarly increases,
particularly with larger time constants associated with the inertial element.
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3.3. Estimation of Attraction Domains

In the domain of large-signal systems, the detection of equilibrium points amidst
transient conditions does not guarantee stability during such periods. It is critical to
delineate the extent of ‘attraction’ for these points, defined as the domain of attraction. If
the initial state and trajectory of the system deviate from this domain, the risk of transient
instability becomes imminent. Therefore, the domain of attraction underscores the system’s
capability to counteract disturbances, serving as an indispensable index for evaluating
system stability [25,33]. Depicted in Figure 7 are the basins of attraction for the SRF-PLL
and three additional filters within the PLL, calculated using the ode45 algorithm and
parameters specified in Section 4. The order of the basin areas, ranked from largest to
smallest, is SSRF-PLL > SdqCDSC-PLL > SMAF-PLL > SNFs-PLL. This observation implies that as
the filter delay time constants increase, the basin area decreases. Larger filter delay time
constants exacerbate transient synchronization stability issues.
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To validate the accuracy of the attraction domain delineated, we consider the NFs-PLL
as an exemplar. When the grid voltage plummets to 0.05 p.u, the absence of equilib-
rium points in the system signifies instability. The trajectory during the fault event is
depicted [34,35] as curve l in Figure 8. Subsequently, upon reaching point A after 37.62 ms,
coinciding with the fault clearance, the system follows trajectory a, ultimately reverting to
the equilibrium point. However, upon reaching point B after 45.2 ms, although the fault is
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rectified, the post-fault trajectory deviates along path b, resulting in transient instability.
The attraction domain illustrated in this study exhibits a degree of conservatism. However,
this conservative approach provides a safety buffer in fault detection and clearance, miti-
gating the risk of undetected GFL instability resulting from grid faults. This, in turn, helps
prevent situations where protective devices fail to trigger, thereby averting the escalation
of faults.
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Figure 9 juxtaposes the phase trajectory plots of the SRF-PLL with three additional
filter-based PLLs. When subjected to identical fault voltages, the SRF-PLL and dqCDSC-
PLL, featuring smaller filter time delay constants, converge towards the post-fault equilib-
rium point. Conversely, the MAF-PLL and NFs-PLL, equipped with larger filter time delay
constants, exhibit transient instability under the same fault scenario. The maximum phase
value of the trajectory and the maximum deviation from the equilibrium point denote the
transient peak phase. It is evident that during grid faults, the incorporation of additional
filters leads to an escalation in the transient peak phase of the PLL. A heightened tran-
sient peak phase signifies an increased likelihood of the GFL transitioning to an unstable
equilibrium point δu. Consequently, the integration of filters exacerbates the transient
synchronization stability of the GFL [36,37].
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4. Simulation Validation

Electromagnetic transient models (EMTs)of the GFL are individually developed in
Matlab/Simulink to enhance the verification of the theoretical analysis. The parameters
required for the simulation model are as detailed in Table 2.

Table 2. Main parameters of GFL.

Parameter Value Parameter Value

Grid voltage Vg 220 V Converter capacity 5000 W
Grid inductance lg 0.025 H Grid resistance rg 0.1 Ω

Active current reference value i∗d 11.72 A Reactive current reference value i∗q 0 A
Proportional coefficients of PLL kp,pll 0.3 Integral coefficients of PLL ki,pll 14

Converter DC side voltage Udc 1200 V Proportional gain of current loop kpc 214.5
Integral gain of current loop kic 1347.7 Inductance of converter output inductor lf 0.032 H

4.1. Validity Assessment of the 3rd-PLL QSLS Model

To enhance the validation of the reduced-order [38] models of the PLL incorporating
three additional filters, a series of simulation experiments mimicking extreme grid faults is
designed as follows: Scenario (1) entails a +3 Hz step change in the grid frequency at 2 s,
whereas Scenario (2) involves an abrupt phase jump of +40◦ in the grid at 2 s. Subsequently,
the reduced-order models are juxtaposed with the simulation outcomes of the third-order
PLL QSLS model. The transient responses of the PLL frequency and the grid-phase error
with the three additional filters are depicted in Figure 10 for further analysis.
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As depicted in Figure 10, following a grid-frequency step change of +3Hz and a phase
jump of +40◦, the transient response curves closely align with those of the approximated iner-
tial element. This alignment underscores the capability of the approximate results presented
in this paper to precisely forecast the dynamic behavior of the full-order filtered PLL.

4.2. Impact of Inertial Element on Transient Synchronization Stability of GFL

In this section, we conduct a detailed analysis to ascertain and validate the influence of
the inertial element on the transient stability of the GFL. Leveraging the system parameters
delineated in Section 4 and the formulated QSLS model of the 3rd PLL, we proceed to
explore this impact. Specifically, we initiate the examination by orchestrating a scenario
where the grid voltage plummets to 0.4 p.u. at t = 2 s. Subsequently, we juxtapose the phase
deviation δ and the frequency deviation ∆ωpll responses of the SRF-PLL with those of the PLL
augmented by the additional inertial element, as illustrated in the accompanying figure.

From Figure 11, it is apparent that the introduction of an inertial element into the
PLL control loop enhances the transient phase peak of the system. Moreover, as the time
constant T of the inertial element increases, the transient peak grows larger. Conversely,
analyzing the response curve of the frequency deviation ∆ωpll versus time t it is evident
that upon an instantaneous fault occurrence, the incorporation of an inertial element in
the PLL control loop prevents ∆ωpll from undergoing abrupt changes. Consequently, it
mitigates the same error magnitude. The PLL lacking the inertial element swiftly converges
to a stable value, and as T escalates, the time taken by the PLL to attain a steady state
response also extends. Hence, a greater time constant T of the inertial element exacerbates
the synchronization stability of the GFL.
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4.3. Validation of the Effectiveness of the Attraction Domain

Figure 12 illustrates the simulation validation results derived from the theoretical
analysis presented in Section 3.3. At 2 s, a simulated grid fault causes the voltage to decrease
to 0.05 p.u. By 37.62 milliseconds, the fault is rectified, resulting in the resynchronization
of the NFs-PLL with the grid. The NFs-PLL navigates within the basin of attraction,
reconverging to the equilibrium point. However, by 45.2 milliseconds, following the
clearance of the grid fault, the NFs-PLL exhibits instability, with its trajectory failing to
stabilize outside the basin of attraction.
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4.4. Verification of the Impact of Filter Time Constants on Transient Synchronization Stability

Figure 13 presents a comparative analysis of the phase responses between the SRF-
PLL and PLLs augmented with three additional filters, with the grid voltage dropping to
0.35 p.u. While the SRF-PLL and the dqCDSC-PLL featuring smaller filter time constants
maintain synchronization with the grid during this fault scenario, the incorporation of
dqCDSC filters exacerbates the synchronization stability issues of the GFL. Conversely,
the MAF-PLL and NF-PLL, characterized by larger filter time constants, exhibit transient
instability under similar fault conditions. Consequently, caution is advised when deploying
MAF-PLL and NF-PLL configurations during severe grid faults.
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5. Conclusions

Reference [28] explores the challenge of voltage oscillations at the POC across differing
grid strengths, proposing modifications to filter gains to mitigate voltage oscillations at grid
interconnection points for GFL. While this method effectively boosts GFL’s small-signal
synchronizing stability, its influence on GFL’s transient dynamics remains uncharted ter-
ritory. This work aims to bridge this knowledge gap, focusing on the repercussions of
integrating a filter into the q-axis control loop of the PLL on the transient synchronizing
stability of GFL systems; this study formulates third-order state-space equations tailored
for analyzing this issue post-reduction in the filter mathematical model. Leveraging this
model, we employ phase-plane analysis to explore transient stability concerns associated
with three supplemental filter PLLs: MAF-PLL, dqCDSC-PLL, and NFs-PLL. This investi-
gation unveils the impact mechanisms of varied PLL filter time constants on the transient
synchronization stability of the GFL. Subsequently, simulation experiments are executed to
corroborate the insights, culminating in the following conclusions:

(1) In juxtaposition with the traditional SRF-PLL, integrating a filter within the q-axis
control loop of the PLL has been observed to compromise the transient stability of
GFL. This phenomenon is characterized by amplified peak phase deviations during
transient episodes and protracted durations for the GFL to re-establish a stable equi-
librium state in the aftermath of substantial grid perturbations. Notably, the severity
of these impacts escalates concomitantly with the increment in the filter’s delay time
constant.

(2) In power grids containing a significant amount of odd-order harmonics, to improve
the accuracy of phase locking in the PLL while avoiding transient instability of the
GFL, it is recommended to use the dqCDSC-PLL with smaller delay time constants in
practice.

The conclusions drawn are rigorously validated via MATLAB/Simulink simulations,
with the outcomes affirming the accuracy of the mathematical models and theoretical
analyses outlined earlier.
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