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Abstract

A critical challenge for the evolution of smart distribution systems is the shortage of measurement devices, along with
the complexity and the high costs for deploying new fine-grained monitoring infrastructures. To address this issue, this paper
investigates the feasibility of upgrading the grid synchronization algorithms running in the control unit of grid-following power
converters to turn them into auxiliary embedded measurement devices supporting system observability. This goal can be achieved
in two alternative ways: either by using an algorithm originally designed for a Phasor Measurement Unit (PMU) to perform grid
synchronization or, conversely, by applying a grid synchronization technique for synchrophasor estimation. To compare advantages
and disadvantages of either approach, both a 2-stage Tuned Lightweight version of the Taylor-Fourier Transform (2-stage TLTFT)
algorithm and a Phase-Locked Loop embedding a custom Third-Order Generalized Integrator (TOGI-PLL) are analyzed both in
the P Class PMU testing conditions specified in the IEEE Standard IEC/IEEE 60255-118-1:2018 and considering the requirements
for grid connection reported in the IEEE Standard 1547-2023. Extensive simulation results show that the general idea of a joint
solution for synchrophasor estimation and grid synchronization is viable in either way, although some improvement is needed. In
particular, the 2-stage TLTFT algorithm generally returns more accurate results and shorter response times than the TOGI-PLL,
but it is also more computationally demanding. Further simulations, based on a real power electronic converter model, confirm
that, when either algorithm is used in the control loop for grid synchronization, the generated output voltage is stable.
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I. INTRODUCTION

The current and future proliferation of electric vehicles, Distributed Energy Resources (DERs) is expected to cause increasing
hosting capacity problems of renewable-based (e.g. Photovoltaic – PV) generators [1], as well as strongly time-varying power
demand and supply fluctuations that could undermine grid stability, unless they are mitigated by strategies that better align
generation and consumption profiles [2].

Such problems can be reduced through advanced and flexible power flow control techniques, possibly involving energy
communities [3], [4]. However, such techniques require estimating the state of a distribution system in real-time and with
high accuracy [5]. Unfortunately, this is a well-recognized challenge for smart grids due to the economic and infrastructural
constraints that limits the wide scale deployment of high-accuracy, high-rate measurement devices, such as the Phasor Mea-
surement Units (PMUs) [6], [7]. The limited distribution systems observability due to the shortage of measurement points can
be easily addressed using virtual measurements (e.g., zero power injections at buses without loads) or pseudo-measurements
(e.g., based on aggregated historical active and reactive power data) [8]. However, this approach comes at the cost of reduced
state estimation accuracy, particularly under highly dynamic operating conditions [9].

To improve state estimation capability and performance, two complementary approaches exist. The most obvious one is to
place high-rate, high-accuracy synchronized instruments like the PMUs in strategic points of the distribution system to maximize
observability, while minimizing deployment costs [10]–[13]. Alternatively, the grid measurement and monitoring capabilities
can be enhanced by leveraging or upgrading existing devices, most notably those of the Advanced Metering Infrastructure
(AMI) [14]–[17].

An emerging approach, that somehow extends the previous one, concerns with upgrading other existing devices to insert
additional measurement points into the grid, thereby improving system observability. An interesting example of this idea is
reported in [18], where the data collected from both smart inverters of PV generators and weather stations are merged with the
measurement data typically used for distribution system state estimation. Furthermore, it is shown in [19] that state estimators
relying on PV generation data and further supported by PMUs installed near the buses with the highest PV penetration, achieve
higher accuracy than conventional state estimation techniques. The aforementioned results suggest that if the Power Electronic
Converters (PECs) were instrumented to measure one or more electrical quantities, at the point of common coupling, system
observability could be enhanced significantly. With reference to the EU regulation establishing a network code on requirements
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for grid connection of generators [20], the PMU-like measurement functions could be integrated into the control units of
Medium-Voltage (MV), grid-following converters of power park modules of Type B or C with installed capacity ranging from
about 1 MW up to some tens of MW.

Considering that the number of PECs is expected to steadily grow in future as a result of the increasing penetration of
renewable energy sources and energy communities [4], the idea of embedding measurement functions into the PECs’ control
units to turn them into auxiliary instruments for grid monitoring using a few additional hardware and software resources
deserves to be investigated in depth for the reasons listed below, i.e.,

• PECs’ control units already include several ancillary functions such as, for instance, volt/var optimization, active power
flow management, and last but not least, local power quality monitoring [21]. For this reason, the Root Mean Square
(RMS) amplitude of AC voltage and current waveforms, voltage frequency on the Electric Power System (EPS) side, as
well as active and reactive power and Total Harmonic Distortion (THD) are already measured locally, usually at a low
rate to support the connection of DERs to the EPS.

• DER interconnection and interoperability must meet tight grid synchronization requirements that are achieved through
various techniques, usually based on Phase-Locked Loops (PLLs) [22]. Interestingly, some PMU prototypes also rely on a
PLLs [23], [24]. Even though the performance requirements in either case are usually rather different, the fact that in both
kinds of applications a PLL-based architecture is suitable, suggests that a device addressing both problems at the same
time could be designed, provided that a Coordinated Universal Time (UTC) reference is connected to the PEC control
unit. Such a reference can be provided not only by Global Positioning Systems (GPS) receivers, but also by the Precision
Time Protocol (PTP), particularly if the IEEE C37.238-2017 standard profile for power system applications is used [25],
[26].

• Finally, it is important to note that smart PECs should not be regarded as standalone devices. In the future, they are
expected to communicate and cooperate to enhance grid resilience and stability [27]. Therefore, these devices will likely
be equipped with networking capabilities, which could be used to gather and share measurement data as well.

Of course, even if both the PMU and the grid synchronization algorithms have to measure the RMS value, the instant phase
and the frequency of AC voltage waveforms, some fundamental differences also exist. In the PMU case, such parameters
(along with the Rate of Change of Frequency – ROCOF) must be timestamped at instants synchronized to UTC before they
are transferred to the Phasor Data Concentrator (PDC) at a given reporting rate, which is typically an integer multiple of the
fundamental period.

The grid synchronization techniques for grid-following PECs are instead normally used just locally to control the connection
of the PEC output waveform to the EPS, with no need for UTC time-stamping or remote data reporting.

To the best of authors’ knowledge, only another research on a similar subject was conducted in the recent past [28]. That
work presents a controller prototype for PV inverters providing both reactive power control and PMU functionality. However,
the concept of using a single algorithm for joint synchrophasor estimation and grid synchronization remains largely unexplored.
This raises the fundamental question of whether it is more effective to use a PMU algorithm for grid synchronization, or to
employ a grid synchronization technique for synchrophasor estimation. Thus, the objective of this paper is to investigate this
problem by extending the preliminary results presented in [29]. In particular, while in [29] a synchrophasor estimation algorithm
was tested to check if it can meet the grid synchronization requirements for DER connection reported the IEEE Standard 1547-
2023 [30], in this paper the performance of a PLL originally designed for grid synchronization and subsequently enhanced to
improve estimation accuracy is also analyzed under the P Class PMU testing conditions (i.e., for protection purposes) reported
in the IEC/IEEE Standard 60255-118-1:2018 [31].

The rest of the paper is structured as follows. First, in Section II, both algorithms and the related theoretical background
are described. Since the PLL is inherently designed to process three-phase sinusoidal signals, the PMU algorithm proposed
in [29] has also been adapted to operate in a three-phase framework to enable a fair comparison. In Section III, after a brief
discussion on algorithms’ settings, the considered techniques are characterized both in the P Class PMU testing conditions
specified in [31], and considering the DER connection requirements of [30]. Then, in Section IV, both algorithms under test
are replaced to the standard Synchronous Reference Frame (SRF) PLL of a real grid-following PEC model to check the overall
closed-loop stability and performance in realistic operating conditions. Finally, Section V concludes the paper and briefly
outlines the future work.

II. ALGORITHMS DESCRIPTION

As briefly introduced in Section I, the algorithms considered in this paper have inherently a different origin. The first one is
called two-stage Tuned Lightweight Taylor-Fourier Transform (2-stage TLTFT for brevity) and it is described in Section II-A.

The second algorithm belongs instead to a category of methods that are more commonly used for grid synchronization,
namely a Third-Order Generalized Integrator Phase-Locked Loop (TOGI-PLL), which is explained in Section II-B).
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Fig. 1. Block diagram of the 2-stage TLTFT algorithm.

In both cases, the acquired waveform is supposed to be a three-phase signal consisting of terms

s1 (t) =

H∑
h=1

S1h (t) cos (2πfht+ θ1h(t)) ,

s2 (t) =

H∑
h=1

S2h (t) cos

(
2πfht+ θ2h(t)−

2

3
π

)
, (1)

s3 (t) =

H∑
h=1

S3h (t) cos

(
2πfht+ θ3h(t)−

4

3
π

)
,

where S1h (t), S2h (t) and S3h (t) denote the amplitudes of the h−th harmonic of each three-phase component; θ1h(t), θ2h(t)
and θ3h(t) represent the respective phasor angles at time t and fh is the frequency of the h−th harmonic. Note that in (1) the
magnitude and phase of all harmonic phasors are assumed to be time-varying quantities. In the rest of this paper, synchrophasor
magnitude and phase, as well as signal frequency and ROCOF are assumed to be estimated from the positive sequence only
of (1), in line with other solutions reported in the technical literature [32]. Also, the signals in (1) are acquired and processed
with sampling rate fs, which is supposed to be an integer multiple of the fundamental nominal frequency f0 (i.e., 50 Hz or
60 Hz).

A. Two-stage Tuned Lightweight Taylor-Fourier Transform

The 2-stage TLTFT algorithm is designed to estimate the coefficients of the fundamental phasor as well as a limited number
of harmonic phasors through a weighted least-squares estimator that processes the samples of data records of fixed duration T .
To the best of the authors’ knowledge, this approach was first introduced for fundamental synchrophasor estimation in [33] and
later extended to handle multiple harmonics in [34]. However, both versions present two main limitations. They are sensitive
to off-nominal frequency deviations (since the system matrix elements are computed assuming nominal frequency) and the
computational load may become excessive. Specifically, while the basic estimator in [33] is strongly affected by harmonics, the
extended formulation in [34], which includes the Taylor-series coefficients of all harmonics of interest, is too computationally
intensive for PEC grid synchronization. Other techniques based on similar estimators, but conceived to improve synchrophasor
accuracy through preliminary harmonics whitening [35] or narrowband interferer detection [36], are likewise unsuitable for
grid synchronization, or whenever sub-millisecond execution is required. To address these issues, the 2-stage TLTFT algorithm
described in the following relies on the same lightweight strategy explained in [37], but with some improvement. In particular,
the preliminary stage for fundamental-frequency estimation based on a band-pass filter followed by either an Interpolated
DFT (IpDFT) [37] or Zero-Crossing Detection (ZCD) [38], is here replaced by a least-squares TFT estimator, in which the
pseudo-inverse matrix coefficients are precomputed and stored in memory, to minimize runtime operations.

The block diagram of the resulting 2-stage TLTFT algorithm is depicted in Fig. 1. Compared with the standard TFT, three
key enhancements are applied, i.e.,

1) The Kaiser window is used to weight the raw sample data within each observation interval. Indeed, this parametric
windows allows a fine-tuning of the spectral main-lobe width relative to the side-lobe levels, thereby keeping the effect
of spectral leakage under tight control [38].

2) The data records consist of just two nominal cycles at a time. This length minimizes the computational load of the
algorithm ensuring good accuracy even under the effect of a significant harmonic distortion [37]. Moreover, it is shown
in [37] that when two-cycle-long data records are used, including more than four harmonics in the TFT model does not
further significantly improve estimation accuracy.

3) Finally, the algorithm is computed twice, first assuming that the waveform fundamental frequency equals its nominal
value, and then using the actual frequency estimate resulting from the first step. This choice strongly mitigates the effect
of possible off-nominal frequency deviations, and it also ensures a better estimation of the harmonic components, thus
attenuating their impact on fundamental phasor estimation.
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Let N ≈ Tfs be the number of samples in each data record. Following the same approach described in [34], if the dynamic
phasor of the h−th harmonic of phase r = {1, 2, 3} is described by its Taylor’s series centered at time tc =

n
fs

and truncated
to order Kh (for h = 1, . . . ,H), the discrete-time signal model (1) can be rewritten as

sr (t)=

H∑
h=1

1

2

[
prh (t) e

j2πfht + prh (t) e
−j2πfht

]
≈

≈1

2

H∑
h=1

[(
Kh∑
k=0

prh,k
(n)

fk
s k!

ℓk

)
ej2π

fh
fs

(n+ℓ)+(
Kh∑
k=0

prh,k
(n)

fk
s k!

ℓk

)
e−j2π

fh
fs

(n+ℓ)

]
−N−1

2 ≤ ℓ≤ N−1
2 (2)

where prh (t) = Srh (t) e
j[θrh (t)−(r−1) 2

3π] is the dynamic synchrophasors of the h−th harmonic of phase r = {1, 2, 3},
prh (t) is its complex conjugate counterpart, and

(
prh,k

(n), prh,k
(n)
)

is the pair of complex conjugate k−th order derivatives
of the corresponding dynamic synchrophasors computed in the center of the data record, i.e., at time tc.

If the samples of each phase of (2) are arranged into column vectors srn =
[
sr

(
n−N/2

fs

)
, . . . sr

(
n+N/2

fs

)]T
, and the

harmonics’ Taylor’s series coefficients are gathered into vector prn =
[
pr1,0(n), pr1,0(n), . . . , prH,KH

(n), prH,KH
(n)
]T

for
r = {1, 2, 3}, then expressions (2) can be more compactly rearranged in a matrix form as explained in [38], [39], i.e.,

srn = G(f)prn for r = {1, 2, 3} (3)

where the system matrix G(·) includes orderly all the pairs of terms ℓk

fk
s k!

ej2π
fh
fs

(n+ℓ) and ℓk

fk
s k!

e−j2π
fh
fs

(n+ℓ) for −N−1
2 ≤ ℓ ≤

N−1
2 and f = [f1, . . . , fH ]T is the vector including all harmonic frequencies. If the samples of a generic window function are

collected into the diagonal matrix W = diag
(
w(−N+1

2 , . . . , w(N−1
2 )
)
, so as to apply weighting to both sides of (3), then

the estimation errors at the ends of each observation interval due to the truncation of the Taylor’s series can be considerably
reduced [34], [38]. Thus, the Taylor’s series coefficients of the harmonic phasors can be computed by solving the resulting
linear system based on (3), which yields

p̂rn =
(
GH(f)WHWG(f)

)−1
GH(f0)W

HWsr,n =

= FW (f)sr,n for r = {1, 2, 3} (4)

where H denotes the Hermitian operator, and FW (·) is the overall matrix of coefficients depending on the chosen window
function. In this respect, the Kaiser window is used in the following, i.e.,

w(ℓ) =

I0

(
β

√
1−

(
2ℓ

N−1 − 1
)2)

I0(β)
, −N−1

2 ≤ ℓ ≤ N−1
2 (5)

where I0(·) denotes the 0-order modified Bessel function of the first kind, while parameter β affects the shape of the window
function and, consequently, the tradeoff between spectral main-lobe width and side-lobe levels.

Unfortunately, the application of (4) presents the following two main issues.
1) The computational complexity of the overall estimator for a given number of samples N tends to grow cubically with

the total number Ktot =
∑H

h=1 Kh of the Taylor’s series coefficients of all harmonics included in the model. This is
due to the fact that the size of matrix GH(f)WHWG(f) in (4) is 2Ktot × 2Ktot and the computational complexity of
matrix inversion is of order O(8K3

tot).
2) The elements of f are just approximately known a priori, due to possible off-nominal frequency deviations.

Regarding the first issue, if T = 2
f0

, then including H = 4 harmonics in the signal model is sufficient to achieve accurate
estimates [37]. Moreover, while the fundamental components may exhibit significant fluctuations over time, the first- and
second-order derivatives of the harmonics synchrophasors do not impact on estimation accuracy significantly and can be
neglected. Therefore, in (2)-(4) we set K1 = 2 and K2 = K3 = K4 = 0.

The issue of the unknown frequency vector can instead be addressed by the 2-stage approach. In the first one, vector
f0=[f0, . . . ,Hf0] is used to compute matrix FW (·) in (4). Therefore, (4) can be rewritten as

p̂(1)
r,n = FW (f0)sr,n for r = {1, 2, 3} (6)
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Fig. 2. Overall block diagram of the TOGI-PLL algorithm.

Fig. 3. Block diagram of the TOGI within the external PLL loop.

The zero- and first-order terms of the Taylor series of the fundamental synchrophasor extracted from p̂
(1)
n can then be used to

estimate the frequencies of the H = 4 harmonics included in the model, i.e., [34]

f̂ (1)
rh

= h

f0 +
1

2π

Im
{
p̂
(1)
r1,1
̂̄p(1)r1,0

}
∣∣∣p̂(1)r1,0

∣∣∣2
 , h = 1, . . . ,H (7)

The frequency values returned by (7) and gathered into vector f̂
(1)
r =

[
f̂
(1)
r1 , . . . , f̂

(1)
rH

]T
can be used to update FW (·).

Specifically, the second stage of the algorithm still relies on (4), but with a different matrix, i.e.,

p̂(2)
r,n = FW (f̂ (1)r )srn for r = {1, 2, 3} (8)

Quite importantly, while FW (f0) can be precomputed and stored into memory once and for all, since its elements are constant,
the matrix product returning FW (f̂

(1)
r ) must be recomputed every time the elements of f̂ (1)r are updated. Therefore, despite the

apparent similarity between (6) and (8), the second stage of the algorithm largely dominates the overall computational burden.
If the Fortescue transform is applied to the triple of fundamental synchrophasors returned by (8), then the estimated

synchrophasors of the null, positive and negative sequence (denoted with subscripts 0, + and -, respectively) result from: p̂01,0p̂+1,0

p̂−1,0

 =
1

3

1 1 1
1 a a2

1 a2 a


p̂

(2)
11,0

p̂
(2)
21,0

p̂
(2)
31,0

 (9)

where a = ej
2π
3 . Thus, the RMS value and the phase of the positive sequence component of (1) are given by:

ŜRMS+(n) =
√
2
∣∣p̂+1,0

∣∣ and θ̂+(n) = arg
{
p̂+1,0

}
(10)

Fundamental frequency and ROCOF can instead be estimated using the Taylor’s series coefficients of all phases, since they
can be reasonably assumed to be the same across the system. Therefore, if the expressions reported in [34] for frequency and
ROCOF estimation are applied to each phase and the corresponding results are averaged, it follows that

f̂1(n) =
1

3

3∑
r=1

f̂ (1)
r1,0 +

1

2π

Im
{
p̂
(2)
r1,1
̂̄p(2)r1,0

}
∣∣∣p̂(2)r1,0

∣∣∣2
 (11)
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R̂1(n)=
1

3π

3∑
r=1

Im
{
p̂
(2)
r1,2
̂̄p(2)r1,0

}
2
∣∣∣p̂(2)r1,0

∣∣∣2 −
Re
{
p̂
(2)
r1,1
̂̄p(2)r1,0

}
Im
{
p̂
(2)
r1,1
̂̄p(2)r1,0

}
∣∣∣p̂(2)r1,0

∣∣∣4
 (12)

While expressions (10)–(12) can be used to update the quantities of interest upon the arrival of each new waveform sample,
frequency and ROCOF estimates may be averaged over one reporting interval before transmission to the PDC, thus reducing
the impact of wideband noise.

B. Third-order generalized integrator PLL

Among the techniques for grid synchronization of PECs [22], the SRF PLLs are commonly adopted because they transform
the three-phase signal from a stationary abc reference frame into a rotating dq frame that is aligned with the estimated grid
voltage phasor [40]. This transformation simplifies the dynamic behavior analysis as well as the filtering requirements of
the PLL, since the fundamental tone of the input voltage becomes a constant DC component in the rotating frame. A PI
controller within the loop adjusts the estimated phase so that the quadrature component is driven to zero, thereby ensuring
phase synchronization [40]. Unfortunately, standard SRF PLLs exhibit poor harmonic rejection and are sensitive to unbalanced
conditions, which can introduce significant DC offsets. To improve phase-tracking performance and stability, more advanced
PLL architectures are needed [41]. The use of Second-Order Generalized Integrators (SOGIs) after the PLL phase comparator
improves harmonic attenuation in the rotating dq frame. Nevertheless, this enhancement alone is insufficient to meet PMU-grade
accuracy. The TOGIs provide both better harmonic suppression and intrinsic open-loop DC-offset rejection [42]. Moreover, the
TOGI-based PLL variant proposed in [24] achieves superior low-order harmonic cancellation, which motivates its adoption in
this work.

Fig. 2 shows the overall block diagram of selected algorithm, that in the following will be referred to as TOGI-PLL. The
three-phase input signal (1) is converted to orthogonal signals through the Clarke transformation, i.e.,[

uα(t)
uβ(t)

]
=

2

3

[
1 − 1

2 − 1
2

0
√
3
2 −

√
3
2

]s1(t)s2(t)
s3(t)

 (13)

As shown in Fig. 2, uα(t) and uβ(t) are processed by two identical, TOGI filters running in parallel. Their structure is shown
in Fig. 3 [43]. The state variables of either filter are denoted as xα1

(t), xα2
(t), xα3

(t) and xβ1
(t), xβ2

(t), xβ3
(t) for the α

and β channels, respectively. Similarly, the corresponding output variables are yα1(t), yα2(t) and yα3(t), and yβ1(t), yβ2(t)
and yβ3(t), respectively. Considering that the α and β TOGI stages are identical, their space-state equations are also the same,
i.e.,

ẋi1(t)=[ksuit)−ksxi1(t)−xi2(t)]ω̂(t)

ẋi2(t)=xi1(t)ω̂(t)

ẋi3(t)=[ksui(t)−ksxi1(t)−xi3(t)]ω̂(t) for i={α, β}

yi1(t)=xi1(t)

yi2(t)=xi2(t)−xi3(t)

yi2(t)=xi3(t)

(14)

where parameter ks =
√
2, because this value provides the best tradeoff between filtering capability and transient duration [43],

and ω̂(t) is the feedback angular frequency estimated by the PLL.
It is worth emphasizing that in principle (14) is a nonlinear system as ω̂(t) changes with time. However, under steady-state

conditions, ω̂(t) can be assumed approximately constant, i.e., ω̂(t) ≈ ω̂. In this case, ω̂ can be regarded as a numerical
coefficient of a linear dynamic system. Thus, from the Laplace transform of (14), after some algebraic steps, it results that the
three transfer functions of the TOGI blocks are:

Di1(s)=
Yi1(s)

Ui(s)
=

ksω̂s

s2 + ksω̂s+ ω̂2

Di2(s)=
Yi2(s)

Ui(s)
=

−ksω̂s(s− ω̂)

(s+ ω̂)(s2 + ksω̂s+ ω̂2)
for i={α, β}

Di3(s)=
Yi3(s)

Ui(s)
=

ksω̂(s
2 + ω̂2)

(s+ ω̂)(s2 + ksω̂s+ ω̂2)

(15)

The frequency-domain analysis of (15) reveals that Di1(s), Di2(s) and Di3(s) exhibit a band-pass behavior, unit gain with π/2
phase shift and a notch, respectively, at frequency ω̂ [24]. Thus, the output signals yα1(t), yα2(t) and yβ1(t), yβ2(t) can be used
for Orthogonal Signal Generation (OSG), whereas signals yα3(t) and yβ3(t) (which do not contain the fundamental component)
can be subtracted from the orthogonal components to mitigate possible disturbances, particularly low-order harmonics. If (1)
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consists of just pure sine waves, then the orthogonal positive sequence components of (13) (denoted as u+
α (t) and u+

β (t) in
the following) can be extracted simply by cascading the Fortescue and the Clarke transformation. Thus, it results that [44]

u+
α (t) =

1

2
(yα1

(t)− yβ2
(t))

u+
β (t) =

1

2
(yβ1

(t) + yα2
(t))

(16)

Moreover, it is shown in [24] that, the harmonics affecting u+
α (t) and u+

β (t) can be mitigated as follows, i.e.,

ũ+
α (t) = u+

α (t)−
kt
2
[yα3

(t) + yβ3
(t)]

ũ+
β (t) = u+

β (t) +
kt
2
[yα3

(t)− yβ3
(t)]

(17)

where coefficient kt affects the shape of transfer functions Ũ+
α (s)/Uα(s) and Ũ+

β (s)/Uβ(s).
Although the preceding analysis is conducted in the continuous-time domain, in practice the input waveforms in (1) are

sampled at a rate fs, since the overall algorithm must run on a digital platform. To this end, the integrators depicted in
Fig. (3) can be implemented with enhanced numerical accuracy by employing a third-order discrete-time integrator based on
the following finite difference equation [45]:

o(n) = o(n− 1) +
1

12fs
[23d(n− 1)− 16d(n− 2) + 5d(n− 3)] (18)

where d(·) and o(·) denote the generic input and output sequences of one of such integrators. From the z−transform of (15),
it results that the transfer functions of the discrete-time version of (14) can be obtained by replacing s = 12fs(1−z−1)

23z−1−16z−2+5z−3

into (15).
The filtered orthogonal positive-sequence components in (17) are then transformed into a rotating dq frame using the Park

transformation [
u+
d (n)

u+
q (n)

]
=

[
cos θ̂(n) sin θ̂(n)

− sin θ̂(n) cos θ̂(n)

] [
ũ+
α (n)

ũ+
β (n)

]
(19)

The dq frame is synchronized with angle θ̂(n), which is estimated by the PLL at time step n
fs

and is fed back into the loop,
as shown in Fig. 2. The RMS value of the positive sequence is proportional tothe sum in quadrature of the orthogonal dq
components [46]

ŜRMS+(n) =
1√
2

√
(u+

d (n))
2 + (u+

q (n))2 (20)

while phase and frequency result from the innermost PLL loop in Fig. 2. Assuming that the PLL discrete-time Voltage
Controlled Oscillator (VCO) is implemented with the trapezoidal method and that a Proportional and Integral (PI) controller
with coefficients kp and ki and Euler integration is adopted, the innermost PLL loop dynamics in the rotating reference frame
is described by the following space state model, i.e.,

u+
i (n) = u+

i (n− 1) +
ki
fs

u+
q (n)

ω̂(n) = ω0 + kpu
+
q (n) + u+

i (n)

θ̂(n) = θ̂(n− 1) +
1

2fs
[ω̂(n) + ω̂(n− 1)]

(21)

where state variable u+
i (n) denotes the integral control action. Therefore, the synchrophasor angle and frequency of the

orthogonal positive sequence at time step n
fs

simply result from

θ̂+(n) = θ̂(n) and f̂1(n) =
ω̂(n)

2π
(22)

The ROCOF at the same time step instead can be computed from the first-order backward Euler difference equation, i.e. [46],

R̂1(n) =
fs
2π

[ω̂(n)− ω̂(n− 1)], (23)

Again, if the the system is used within a PMU, the frequency and ROCOF estimates returned by (22) and (23) may be averaged
over one reporting interval to reduce the effect of possible disturbances (especially the wide-band noise) as explained at the
end of Section II-A.
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Fig. 4. Open-loop and closed-loop Bode diagrams of the TOGI-PLL for f0 = 50 Hz (a) and f0 = 60 Hz (b). In both cases, kt = 1√
2

, kp = 20 and
ki = 100.

III. RESULTS AND PERFORMANCE COMPARISON

In this Section, the performance of the two algorithms under test described in Section II are first analyzed under the P Class
testing conditions reported in the IEC/IEEE Standard 60255-118-1:2018 [31], and then considering the requirements for grid
connection reported in the IEEE Standard 1547-2023 [30]. The nominal frequency f0 is set to 50 Hz in the former kind of
tests, and 60 Hz in the latter ones, both to differentiate the tests and to keep into account the fact that [30] is a US Standard.
The sampling rate fs is set to the minimal value avoiding aliasing when the signal contains 50th harmonics, i.e., fs = 6 kHz.
This choice keeps the computational burden as low as possible, resulting in only 120 or 100 samples per nominal cycle when
f0 = 50 Hz or 60 Hz, respectively. It is important to highlight that while for PMU-based monitoring applications, the output
values can be decimated (and therefore averaged in the case of frequency and ROCOF measurements) over every reporting
period, for grid synchronization the sample-by-sample results shall be reported.

As far as the algorithms’ settings are concerned, it is worth reminding that:
• In the 2-stage TLTFT algorithm case, N = {239, 199} samples at a time are processed when f0 = 50 Hz or 60 Hz,

respectively. Also, a Kaiser window with β = 4 is used, as this value provides the best tradeoff between synchrophasor,
frequency and ROCOF estimation accuracy. In fact, setting β > 4 just increases the sensitivity to wideband noise with
no significant benefits in terms of harmonics rejection or synchrophasor tracking capability [29].

• In the TOGI-PLL algorithm, parameter kt is set to 1√
2

, as this value provides a good out-of-band attenuation while
ensuring that the filter gain at frequency ω̂ is equal to 1 [24]. Moreover, the PI controller coefficients kp and ki are set
to 20 and 100, respectively. These values were determined through numerical simulations by exploring the neighborhood
of the parameters reported in [24], and selecting the configuration that yields the shortest settling time of the TOGI-PLL.

The open-loop and closed-loop Bode diagrams of the TOGI-PLL are shown in Fig. 4(a)-(b), for f0 = 50 Hz and f0 = 60 Hz,
respectively. Due to the PLL inherent nonlinear nature, both frequency responses were estimated using the so-called perturbation
method [47], i.e., by stimulating the PLL with a three-phase signal of amplitude equal 1 p.u. and increasing the frequency
from 1 Hz to 100 Hz in steps of 1 Hz. The Bode diagrams confirm the band-pass behavior of the PLL (namely the expected
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Fig. 5. 99th percentiles of the (a) TVE, (b) FE and (c) RFE values in different P Class testing conditions reported in the IEC/IEEE Standard 60255-118-1:2018
when either the 2-stage TLTFT (with β = 4 in the Kaiser window) or the TOGI-PLL (with kp = 20 and ki = 100) are used. The dashed lines represent the
IEC/IEEE Standard limits in different testing conditions.

capability to attenuate DC offsets and harmonics) as well as the flat closed-loop amplitude and the phase responses (with unit
gain and zero phase shift) around the chosen nominal frequency f0.

A. PMU compliance tests

The P Class testing conditions reported in the IEC/IEEE Standard 60255-118-1:2018 and considered in the rest of this
Section are briefly summarized below [31].

• Off-nominal Deviation (OD): the RMS value of the fundamental component is increased from 0.8 p.u. to 1.2 p.u. at 0.1
p.u. steps and the system frequency changes by ±2 Hz with 0.1 Hz steps.

• Harmonic Distortion (HD): all harmonics from the 2nd to the 50th are added (one at a time) to the fundamental tone.
The RMS value of each added harmonic is 1% of the fundamental.

• Amplitude Modulation (AM): the voltage amplitude is affected by 10% sinusoidal amplitude modulation with a modu-
lating frequency of 2 Hz.

• Phase Modulation (PM): the voltage amplitude is affected by a sinusoidal phase modulating tone of amplitude 0.1 rad
and frequency 2 Hz.

• Frequency Ramp (FR): the signal frequency is increased or decreased linearly by no more than ±2 Hz with respect to
the fundamental frequency at a rate of ±1 Hz/s.

In all tests, the acquired waveforms are affected by additive wideband noise. Although the presence of noise is not explicitly
considered in [31], its inclusion in the simulations increases the realism of the results, as it accounts for the noise introduced by
the signal acquisition front-end of high-resolution measurement devices. Thus, the Signal-to-Noise Ratio (SNR) is set to 70 dB.
Fig. 5(a)-(c) depicts the bar diagrams representing the 99th percentiles of Total Vector Errors (TVE), Frequency Estimation
Errors (FE) and ROCOF Estimation Errors (RFE), respectively, obtained with both algorithms under test. The data records
are shifted by one sample at a time and output values are decimated, assuming a reporting rate of 50 frame/s. Each test is
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performed on 2-second-long waveforms, after the completion of the initial transient. The dashed lines in Fig. 5(a)-(c) represent
the P Class limits specified in the IEC/IEEE Standard in the various testing conditions listed above.

The bar diagram confirm that the P Class limits are met in all cases, with the 2-stage TLTFT algorithm that generally
outperforms the TOGI-PLL. In the FR test, the TVE values obtained with the TOGI-PLL reach the IEC/IEEE Standard
limit due to the large phase errors occurring during the transients at the beginning and at the end of the frequency ramp.
Interestingly, simulations indicate that including the 2nd, 3rd, and 4th harmonic phasors in the parameter vector of the 2-stage
TLTFT algorithm offers more effective harmonic mitigation than the cancellation technique employed by the TOGI-PLL. In
fact, the maximum TVE, FE and RFE values obtained with the 2-stage TLTFT algorithm under the effect of harmonics are
comparable with those obtained in the OD test case. Surprisingly, the TOGI-PLL is quite more sensitive to amplitude and,
above all, phase oscillations (see AM and PM results) than the 2-stage TLTFT algorithm.

Figs. 6 and 7 show the TVE (a), absolute FE (b) and absolute RFE (c) profiles in the transient conditions specified in the
IEC/IEEE Standard, namely after a 10% magnitude step or a 10◦ phase step, respectively [31]. The response times defined
by the IEC/IEEE Standard are measured from the instant when the TVE, |FE| and |RFE| curves first exceed the specified
thresholds (indicated by dashed lines in each plot) to the instant after which they remain below those thresholds.

The results of step tests reveal an excellent responsiveness of the 2-stage TLTFT algorithm, that is superior to the TOGI-PLL
in this regard as well. The TVE of the 2-stage TLTFT algorithm falls below the 1% threshold within approximately half a
cycle in amplitude step tests and within about one cycle in phase step tests. In comparison, the corresponding synchrophasor
response times of the TOGI-PLL are approximately 1.1 and 1.8 cycles, respectively. In any case, such values are below the
2-cycle IEC/IEEE Standard limit for P Class PMUs.

The performance gap becomes instead quite larger when the frequency and ROCOF response times are considered. Specifi-
cally, the 2-stage TLTFT algorithm consistently achieves response times of approximately two cycles (well below the IEC/IEEE
Standard limits, which are 4.5 cycles for frequency and 6 cycles for ROCOF, respectively). In contrast, the TOGI-PLL exhibits
response times ranging from 4.4 to 6.2 cycles, occasionally exceeding the Standard’s thresholds. Moreover, the peak values
of TVE, |FE|, and |RFE| observed during transients with the TOGI-PLL are approximately 2 to 20 times higher than those
recorded with the 2-stage TLTFT algorithm.

B. DER connection/disconnection compliance tests

In this Section, the performance of the two algorithms described in Section II is evaluated against selected grid code
requirements outlined in the IEEE Standard 1547-2018 for DER connection and disconnection [30]. Specifically, Table I
reports:

1) the maximum allowable RMS amplitude, frequency, and phase differences between voltage waveforms at the interface
between the EPS and a DER for different DER rated power levels;

2) the expanded uncertainty values (with a 99% confidence level) associated with the sample-by-sample measurements of
RMS amplitude, frequency, and phase performed with both algorithms at the end of the transient for connecting a DER
to the EPS under either balanced and unbalanced conditions. The unbalanced case assumed a ratio negative/positive
sequence component amplitudes (i.e., a Voltage Unbalance Factor – VUF), equal to 2%, which is in accordance with
the values adopted in other studies (e.g., [48]) and it is also consistent with the limits specified in the EN Standard
50160:2022 for European distribution systems [49].

The expanded uncertainty values were obtained through Monte Carlo simulations conducted under borderline, yet realistic
operating conditions. Specifically, we simulated the connection of a DER to a Medium Voltage (MV) EPS affected by static
frequency deviations within ±3 Hz, with a Total Harmonic Distortion (THD) equal to 5% arising from the superimposition of
the first 25 harmonics of amplitude approximately equal to 1.5% of the fundamental, on average. Such operating conditions are
compliant with the MV requirements reported in both the EN Standard 50160:2022 [49]. and the IEEE Standard 519-2022 [50],
dealing with harmonics control in electric power systems.

Compared with the tests reported in Section III-A, the wide-band noise floor was purposely increased to reach a Signal-to-
Noise Ratio (SNR) of 55 dB at the point of DER connection. Such larger noise level is intended to model the influence of
measurement transducers and other electrical equipment present in the system. For each off-nominal frequency deviation, 120
simulation runs were performed. Observe that in all considered cases the impact of a possible unbalance is almost negligible,
as both algorithms tend to estimate the RMS value, the phase and the frequency of the extracted positive sequence component
only. However, the expanded uncertainty values associated with the 2-stage TLTFT algorithms are significantly lower than the
TOGI-PLL ones. In particular, while the 2-stage TLTFT algorithm accuracy in measuring voltage magnitude, frequency and
phase at the point of DER connection is at least one order of magnitude below the most stringent limits shown in the central
columns of Table I, the TOGI-PLL fails to meet the frequency accuracy requirements when DERs with a large rated-power
are considered.

Nonetheless, it should not be forgotten that the reported uncertainty values refer to sample-by-sample estimates. In fact,
simulations show that frequency and ROCOF uncertainties could be reduced by more than one order of magnitude by averaging
the results over one or more cycles. This is explicitly acknowledged by the IEEE Standard 1547-2018 as well. Indeed, the
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TABLE I
COMPARISON BETWEEN THE MAXIMUM VOLTAGE MAGNITUDE, PHASE, AND FREQUENCY DIFFERENCES SPECIFIED IN THE IEEE STD. 1547-2018 FOR

DER CONNECTION, AND THE MEASUREMENT ACCURACY ACHIEVED BY THE 2-STAGE TLTFT ALGORITHM AND THE TOGI-PLL UNDER BALANCED OR
UNBALANCED CONDITIONS. IN BOTH CASES, THE FUNDAMENTAL FREQUENCY IS CHANGED BY ±3 HZ, THD = 5% AND SNR = 55 DB.

IEEE Std. 1547-2018 limits for DER-EPS interconnection U99

P≤500 kVA 500<P≤1500 kVA P>1500 kVA Balanced Unbalanced (VUF=2%)
2-stage TLTFT TOGI-PLL 2-stage TLTFT TOGI-PLL

∆V (%) 10 5 3 0.07 0.75 0.07 0.92

∆f (mHz) 300 200 100 11.2 157 11.5 159

∆Φ (◦) 20 15 10 0.04 0.23 0.04 0.23

TABLE II
COMPARISON BETWEEN THE CLEARING TIME REQUIREMENTS OF THE IEEE STD. 1547-2018 UNDER ABNORMAL MAGNITUDE AND FREQUENCY STEP

CHANGES CAUSING DER TRIPPING, AND THE MAXIMUM SETTLING TIME OF 2-STAGE TLTFT AND TOGI-PLL.

Step test
condition Variation IEEE Std. 1547-2018

clearing time (s)
Max. meas. settling time (s)

2-stage TLTFT TOGI-PLL
Over-voltage +20% 0.16 0.001 0.013
Under-voltage −50% 2.0 0.017 0.017
Over-frequency +2 Hz 0.16 0.022 0.074
Under-frequency −3 Hz 0.16 0.021 0.215

voltage magnitude and frequency measurement accuracy requirements specified in Table 3 of [30] (i.e., ±1% and ±10 mHz in
steady state and ±2% and ±100 mHz during transients, respectively) refer to measurement windows of 10 cycles in stationary
conditions (60 cycles for frequency) and 5 cycles during transients.

Therefore, both the considered algorithms could be used to synchronize the interconnection of a DER to the EPS. While the
overall settling time following DER connection depends also, and above all, on the control loop within the PEC, the settling
times of both grid synchronization algorithms (consisting of few cycles based on the results shown in Section III-A) are orders
of magnitude lower than the typical enter into service time intervals specified in [30] (that are indeed in the order of seconds).

Further Monte Carlo simulations were performed to test the ability of the two algorithms under test to promptly detect the
most severe abnormal conditions leading to DER tripping according to the IEEE Standard 1547-2018 [30]. Specifically, four
complementary testing conditions are considered:

• a sudden voltage amplitude increase by 20%;
• a sudden voltage amplitude drop by 50%;
• a sudden voltage frequency increase by 2 Hz;
• a sudden voltage frequency decrease by −3 Hz.

In all the testing conditions listed above, the SNR is set again to 55 dB, while the THD is lower than in the previous DER
connection scenario (i.e., 2.5% with individual voltage harmonics of amplitude smaller than 1.5% of the fundamental, as
indicated in Table 3 of [30]). Table II reports the maximum latencies of each algorithm in reaching convergence, i.e., within
±2% of the final RMS value for amplitude step changes and within ±100 mHz of the final frequency value for frequency step
changes. Such convergence thresholds coincide with the measurement accuracy limits during transients indicated in Table 3
of [30], with the raw measurement data averaged over one cycle (instead of 5 cycles) as the one-cycle average is sufficient to
achieve the wanted accuracy in all cases. The maximum latency values are computed by changing randomly the time when
the step occurs within a given cycle. The results in Table II demonstrate that the measurement settling times of the 2-stage
TLTFT algorithm are at last one order of magnitude shorter than the maximum clearing times specified in [30], whereas the
TOGI-PLL exhibits controversial results. On the one hand, it is very rapid to support the required clearing operations in the case
of sudden amplitude changes. On the other hand, it may exhibit excessively long transients, potentially exceeding compliance
limits, when large frequency steps occur.

C. Execution Times

Both algorithms were implemented in MATLAB R2018b and were tested on a laptop equipped with 16 GB RAM and an
Intel Core i7-11370H processor running at 3.30 GHz. The execution times, considering the settings described at the beginning
of Section III are:

• for 2-state TLTFT: 3 ms on average (4.7 ms max);
• for TOGI-PLL: 18 µs on average (20 µs max).

This significant performance gap is due to the fact that in the 2-stage TLTFT algorithm the complexity of matrix product
operations in (8) is of order O(2KtotN

2), where N >> 2Ktot, e.g., N ≈ 240 or ≈ 200 samples for f0 = 50 Hz or 60 Hz,
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Fig. 8. Simplified block diagram of the PEC described in [51]. The 2-stage TLTFT algorithm and the TOGI-PLL algorithm are alternatively used for grid
synchronization, replacing the native SRF PLL.

respectively. In contrast, the TOGI-PLL operates only on a few samples per iteration, yielding outputs with a much lower
computational burden.

Both algorithms meet the real-time reporting rate requirements specified in the IEC/IEEE Standard 60255-118-1:2018.
However, the 2-stage TLTFT algorithm requires further optimization to improve real-time performance. In particular, since
reducing the sampling rate is not feasible and matrix FW (f0) is already precomputed, additional improvements in computational
efficiency could be achieved by:

• expressing the Taylor series coefficients and the system matrices in rectangular coordinates to allow separate processing
of real and imaginary parts, as suggested in [37];

• implementing the entire algorithm in low-level programming languages such as C or C++, which could yield a speed-up
factor of nearly one order of magnitude, when the algorithm runs on the same hardware;

• better exploiting the parallel computing capabilities of the available processing platforms (if any).

IV. VALIDATION THROUGH PEC-LEVEL SIMULATIONS

The simulation results reported in Sections III-A and III-B are essential for performance evaluation, but they are not sufficient
to verify the correct operation of a PEC. Indeed, both the 2-stage TLTFT algorithm and the TOGI-PLL may interact with the
internal PEC dynamics, potentially affecting its performance, stability, or both. Although a detailed stability analysis depends
on the specific PEC architecture and, consequently, it is beyond the scope of this work, showing an example of PEC closed-
loop behavior is crucial to assess the feasibility of the general idea developed in this study. To this end, the native SRF PLL
of the PEC described in [51] was replaced with either the 2-stage TLTFT algorithm or the TOGI-PLL. A simplified block
diagram of the overall PEC is shown in Fig. 8. The setup consists of a two-level voltage-source converter (VSC) controlled by
a pulse-width modulator (PWM), supplied by a constant DC input voltage. The VSC generates a three-phase waveform in the
abc coordinate frame, while the control module operates in the dq frame. The selected grid synchronization algorithm tracks
the phase of AC grid voltage signal and returns the estimated phase angle θ̂+, that is computed from (10) or (22) depending
on whether the 2-stage TLTFT or the TOGI-PLL is used, respectively. The estimated angle is then used by the control module
(which is designed to follow a given reference current) to generate the reference phase angles for the dq-to-abc and abc-to-dq
frame transformations. In particular, the control signal csdq based on θ̂+ is transformed into the abc frame to drive the PWM
modulator. The simulations of the overall PEC model are performed in Matlab/Simulink with a fixed time step of 1 µs, but
assuming that the input and output signals of the digital control module are sampled at fs = 10 kHz. This value is higher than
the sampling frequency used in the tests described in Section III. In this case study, f0 = 50 Hz and the THD of the AC grid
voltage is the same as in the last example described in Section III-B, i.e., 2.5% with the individual harmonics being smaller than
1.5% of the fundamental. The settings of the 2-stage TLTFT algorithm and the TOGI-PLL are the same as those described in
Section III, except for N and the TLTFT buffer size that now consists of 399 locations to account for the higher sampling rate.
The simulation results obtained with either algorithm are shown in Fig. 9(a)-(b). Fig. 9(a) displays the estimated RMS value,
the frequency, and the phase angle of the grid voltage positive sequence component, whereas Fig. 9(b) shows the three-phase
output voltage signals generated by the PEC. After the initial transients, both algorithms accurately estimate the grid voltage
parameters and maintain phase locking between the converter and the grid without noticeable stability issues. Although PLLs
can, under certain conditions, trigger nearly synchronous sideband oscillations near the fundamental frequency [52], neither
the 2-stage TLTFT nor the TOGI-PLL introduce resonance peaks that could lead to harmonic instability. Therefore, under the
considered conditions, both algorithms demonstrate stable and reliable performance for PEC grid-synchronization purposes.
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the PEC described in [51] for grid synchronization; (b) three-phase waveforms generated by the PEC in either case.

V. CONCLUSIONS

The adoption of a common algorithm for both grid synchronization and monitoring to be integrated in the control unit of
a smart power electronic converter can enhance distribution system observability at limited additional cost, while enabling
flexible interconnection of distributed energy resources (DERs). This study explores the feasibility of this idea by comparing
two algorithms, originally designed for one function and adapted to the other.
The 2-stage TLTFT algorithm, derived from PMU applications, meets the IEC/IEEE 60255-118-1:2018 (P Class) and IEEE
1547-2018 requirements. Although simpler than other TFT-based solutions, it is still much slower than the TOGI-PLL, and
requires further optimizations. In contrast, the TOGI-PLL (originally conceived for grid synchronization, but with higher
harmonic rejection and DC offset cancellation capability) achieves very short execution times and P Class compliance. However,
its transient response under abrupt phase or frequency changes is limited. Despite the respective limitations of either algorithm
and their quite different delays, both of them were successfully used for grid synchronization of a converter model with no
evident stability problems.
Future work will be focused on the computational burden reduction of the 2-stage TLTFT algorithm and on the improvement
of the TOGI-PLL performance under dynamic conditions.
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