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Abstract—This paper presents a novel frequency estimation
method that surpasses conventional phase-locked loop (PLL)-
based methods in both speed and accuracy. The proposed
method utilizes the mathematical properties of trigopnometric
function derivatives, coupled with the unique oscillation
behavior of the dq frame, to detect frequency variations. By
transforming voltage waveforms into the dq frame and
incorporating the cross product of normalized dq components
and their derivatives, the method swiftly identifies frequency
variations. It delivers rapid and accurate estimations, meeting
the demands for real-time monitoring in low-inertia power
systems. To enhance robustness in noisy environments, a
Butterworth filter is integrated to mitigate noise amplification
effects. The proposed method is validated through extensive
simulation analysis using MATLAB/SIMULINK in both noisy
and non-noisy conditions. Comparative results demonstrate
that the derivative-based approach significantly outperforms
the PLL method, particularly in response time and accuracy
during transient periods.
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I. INTRODUCTION

he increasing integration of renewable energy and

converter-based generation is transforming power

grids into low-inertia systems [1]. Unlike conventional

grids, where synchronous generators provide rotational
inertia to resist frequency variations, future grids rely on
power electronic converters, which do not inherently
contribute to system inertia. Consequently, frequency
fluctuations become more pronounced, with higher rates of
change of frequency (RoCoF) and larger deviations following
disturbances [2]. These rapid variations pose significant
challenges to grid stability, increasing the risk of cascading
failures, unintended operation of protection schemes, and
difficulties in maintaining frequency within permissible limits
[3]. To mitigate these challenges, future converter-based
generators should be equipped with rapid frequency
estimation to resist fluctuations and minimize RoCoF. A fast
and accurate estimation method enables grid-interfaced
converters to respond swiftly and promptly adjust their output
to maintain frequency stability [4].

Various methods have been developed to estimate the
power grid frequency, which can be broadly classified into
two categories: Phase-locked loop (PLL)-based methods and
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adaptive estimation method. PLL-based methods are widely
used in power electronic applications to synchronize grid-
connected converters [5]. Several PLL configurations have
been proposed, each with distinct advantages and challenges
[6]. The synchronous reference frame PLL (SRF—PLL) is one
of the most commonly used methods due to its simplicity and
effectiveness in balanced grid conditions. It employs a
proportional-integral (PI) controller to track the phase angle
and estimate frequency. However, its performance degrades
under distorted grid conditions due to slow dynamic response
and sensitivity to harmonics [7]. The lag—PLL improves upon
the SRF-PLL by incorporating a low-pass filter before the Pl
regulator [6]. It reduces the sensitivity to noise and
disturbances. However, this additional filtering introduces a
trade-off between noise rejection and response time, leading
to increased phase lag [6]. The low-pass filter PLL (LPF-
PLL) employs a lead-lag filter in the loop to mitigate noise
without introducing excessive delay [6]. This design enhances
transient performance while maintaining robustness against
grid disturbances. However, its effectiveness depends on the
tuning of filter parameters, which may require optimization
for different operating conditions [8]. The enhanced PLL (E-
PLL) introduces an adaptive notch filter in the phase detection
stage. The notch filter improves the estimator ability to track
frequency variations and reject harmonics. Despite its
advantages, the E-PLL has a slower response time compared
to conventional PLLs, making it less suitable for applications
requiring rapid frequency estimation [9]. The second-order
generalized integrator with frequency-locked loop (SOGI-
FLL) provides improved noise rejection and harmonic
filtering by using a generalized integrator structure [10]. It
adapts to frequency variations dynamically and enhances the
performance under distorted conditions. However, SOGI—
FLL suffers from slow convergence during large frequency
transients, limiting its application in fast control loops [10]. A
more recent development is the fractional-order PLL
(FOPLL), which generalizes conventional PLLs by
incorporating fractional-order dynamics in the loop filter and
voltage-controlled oscillator. This approach improves the
estimation accuracy, but at the cost of increased complexity
and potential stability concerns due to the non-integer order
dynamics [11].

Adaptive estimation methods, such as Kalman filtering
and frequency-shift filtering, offer alternative estimation
methods with enhanced accuracy and noise-resistant. For
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instance, the extended Kalman filter (EKF) models frequency
dynamics and updates estimates based on incoming
measurements. It provides accurate tracking of frequency
variations under dynamic conditions. However, EKF requires
precise system modelling and can suffer from numerical
instability when tracking multiple frequency components
[12]. A linear Kalman filter (LKF) with frequency-locked
loop (LKF-FLL) has also been proposed for real-time
frequency estimation. While LKF improves convergence
speed and accuracy, it requires careful tuning of covariance
matrices to ensure stability [13]. Finally, the frequency-shift
filtering (FSF) method is another advanced approach that
shifts the fundamental frequency component to a lower
frequency range before applying a convolution averaging
filter [14]. FSF is computationally efficient and minimizes
spectral interference on frequency estimation. However, its
performance depends on the selection of filter parameters and
the accuracy of the initial frequency shift [14].

Despite significant advancements in frequency estimation
methods, several challenges remain. The trade-off between
speed and accuracy limits performance, as faster methods
often suffer from noise sensitivity, while robust filtering
introduces delays. Computational complexity poses another
issue, particularly for adaptive methods like Kalman filtering,
making real-time implementation difficult. Additionally,
parameter tuning, such as Pl parameter selection in PLL-based
methods, is crucial, as poor selection can lead to instability or
inaccurate estimates. These challenges hinder their application
in future low-inertia power grids.

To address these challenges, this paper presents a novel
frequency estimation method for three-phase signals based on
the Park-Clark transformation and derivative operations.
Conventionally, the Park-Clark transformation simplifies the
representation of three-phase signals by converting them into
the dq frame. Under steady-state conditions, when the
reference frequency matches the actual system frequency, the
dq components remain as DC values. However, in the
presence of a frequency mismatch, these components exhibit
oscillations at a frequency corresponding to the deviation. The
proposed method leverages these oscillations and employs the
cross product of normalized dg components and their
derivatives to accurately estimate the frequency variation.
This approach enhances both the speed and precision of
frequency estimation. Moreover, to enhance robustness in
noisy environments, a Butterworth filter is integrated to
suppress high-frequency noise while preserving the frequency
information.

The structure of this paper is as follows: Section Il details
the theoretical foundations and mathematical modelling of
the proposed estimation method. Section Il enhances the
proposed frequency estimation method in noisy
environments. Section IV presents the simulations results of
the proposed estimation method. Finally, Section V
concludes the paper with a summary of findings and potential
future work.

Il. THE PROPOSED DERIVATIVE-BASED FREQUENCY
ESTIMATION METHOD

The novelty of this paper lies in its unique method to
frequency estimation using the unique characteristics of the
dq frame. Traditionally, the Park-Clark transformation is
used to simplify the representation of three-phase signals by
converting them into the dq frame. If the reference frequency
for the dq transformation aligns with the actual source
frequency, the resulting dq components are static DC
components. This condition signifies that there is no
frequency deviation between the reference and actual
frequencies, and thus, no oscillation occurs within the dg
components, as shown in Fig. 1 during the interval between
0.5 and 1 s. However, the innovative aspect of this method
becomes apparent when there is a frequency mismatch
between the reference and the actual frequencies. In such
cases, the dg components do not remain DC but instead
begin to oscillate. These oscillations manifest as sin and cos
waves, directly corresponding to the frequency difference
between the actual and the reference frequency used in the
transformation, as shown in Fig. 1 during the interval
between 1 and 2.5 s. During this interval, the actual source
frequency is 50 Hz, and the reference frequency for the
transformation is set twice, once at 49 Hz and once at 45 Hz
to illustrate the idea. As a result, the dq frames oscillate with
a frequency difference of 1 Hz and 5 Hz, respectively. In this
study, the voltage signal is used as the input for the proposed
method to estimate its frequency.

In a three-phase electrical system, the voltages of each
phase can be mathematically represented as follows:

Va(t) = sin (wactt)
Vp(£) = sin (Wt — 21/3) 1)
V.(t) = sin (wye it + 21/3)

where, w,.; denotes the actual angular frequency of the
source. Traditionally, the Park-Clark transformation is then
applied to these signals to transform them into two orthogonal
components, d and q, which rotate synchronously with the
angular frequency of the signal. This transformation aligns
the axis of the dq frame with one of the phases of the
abc frame. The transformation is defined as:

Aw = Waer = Wref = 1

0.5 1 1.5 2 2.5
Time, second

Fig. 1: Park-Clark transformation: Frequency alignment and frequency
mismatch effect.
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where, 6 is the angle of rotation, typically set as 8 = w,t,
to ensure synchronous rotation with the abc frame. In an
ideal scenario where the dg frame is perfectly aligned with
the rotating magnetic field (6 = w,t), the d and q,
resulting in a DC output in the dg frame. However, if a
discrepancy occurs between the actual frequency of the abc
frame (wg: ) and the assumed frequency for the dg
transformation, the dq frame will oscillate. The frequency of
this oscillation will equate to the difference between the abc
frame frequency and the frequency provided for the dq
transformation. Assuming that the dq transformation is
provided with known reference speed (w,.f), therefore the
angular velocity of the dq frame relative to the stationary
frame is 4w, which is equal t0 W, — wrer. This simplifies
the dq components as follows:

d(t) = sin (Awt) 3)

q(t) = cos (Awt) 4)

To extract frequency information, the time derivatives of
these components are computed as follows:

dd(t) 5)
BPTE Awcos (Awt)
dg@®) (6)
STk Awsin (Awt)

Using these derivatives, the angular frequency deviation Aw
is estimated through the cross-product method. The
magnitude of the cross product for the normalized vectors

(q(t),d(t)), and their derivatives (dz—(;),%ﬁt)) is expressed
as:

dd dg
a0 2 — a0 10 ™

By substituting the expressions from (3) to (6) into (7), A®
can be estimated after simplifying the following equation
using the trigonometric identity (sin?(x) + cos?(x) = 1):

d(t)

Aw = cos(Awt) * Awco s(Awt) — sin(Adwt) 8
* (—Awsi n(4dwt)) ®)

Then the actual frequency of the abc frame is estimated as
follows:

Waer = dw + Wref ©)

This proposed method is very rapid and accurate, however
the derivative action still amplifies high-frequency noise,
which can adversely impact the accuracy of frequency
estimation. To address this issue, a Butterworth filter is
incorporated to attenuate the noise effectively. The following

section examines the impact of this filter on improving the
accuracy of the proposed estimation method.

111. ENHANCED Derivative-Based Frequency Estimation
Method USING BUTTERWORTH FILTERING

This section delves into the influence of noise on signal
integrity and the effectiveness of a Butterworth filter in
enhancing the accuracy of the proposed estimation method.
In environments where noise is present, the noisy signals can
be represented as follows:

Anoisy (t) = sin(dwt) + ny(t) (10)

Qnoisy (t) = COS(A(Ut) + nq (t) (11)

where, ny(t) and n,(t) are white Gaussian noise
components added to the d and g signals, respectively. When
these signals are differentiated, the high-frequency noise
components are amplified. Moreover, when the cross product
is performed using (8), the expected output will be also
including the noise as follows:

dng(t)
Wact = Wrep + Aw + ng(t)
dt (12)
dng(t)
dt

To eliminate noise effects, a first-order Butterworth filter is
employed. Known for its flat frequency response in the
passband, it preserves the fundamental signal characteristics
while reducing high-frequency noise. The transfer function of
the filter is described by:

- nq (t)

Wc
H(s) =

S+ w, (13)

Applying this filter to the noisy signals d,,;,(t) and
Gnoisy (t), the continuous-time domain filtering equations for
the noisy dq signals are as follows:

- ddfiltered (t)

dt + dfiltered ®) = dnoisy ®) (14)
dq ilter d(t)
T% + Ariltered ®) = Qnoisy ) (15)

where, 1 is the time constant of the Butterworth filter. This
time constant is inversely proportional to the cutoff frequency
of the filter w.. The w, value is considered 2w X 70 rad/sec
which is sufficient to isolate the nominal 50 Hz frequencies
from high noise levels. Considering a typical noise frequency
of w, =10 kHz in abc signal measurements from PMUs, the
frequency response of the filter at this noise frequency w,, is
calculated using (13) to be approximately 0.007.

|HGwn)| = |

This demonstrates a substantial attenuation of the high-
frequency noise components (about 99.3%) while ensuring
that the signal components sin (Awt) and cos (Awt) are
well-preserved.  Consequently, the filtered signals

439.8230
j62832+439.8230

| ~0.007 (16)
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Aritterea(t) aNd qrirereq (t) retain the integrity of the abc
frequency information.

The choice of w,., (the assumed frequency for the dgq
transformation) plays a crucial role in noise reduction and
filter performance. Setting w,.rto zero aligns dq frame
oscillations with the source frequency, making the signal
more susceptible to noise. Conversely, setting w,..; slightly
below the source frequency results in lower-frequency
oscillations in the dq frame, distancing the signal from noise
and simplifying filtering. Therefore, w,. is strategically
chosen between 0 and near w,; to optimize noise resistance,
with higher values preferred in noisy environments and lower
values in quieter environments.

Fig. 2 illustrates the relationship between the reference
frequency for the dq frame, the order of the Butterworth
filter, and the resultant root mean square error (RMSE)
between the actual frequency of the abc measurements and
the estimated frequency using (9). As the input reference
frequency w,.r (rotational frequency) for the dq
transformation increases, the oscillating sine and cosine
outputs in the dg frame exhibit lower level frequencies. This
causes the Butterworth filter's effect to become more
pronounced, leading to a superior reduction in the RMSE.
Moreover, the figure shows that as the order of the
Butterworth filter increases, the RMSE increases. This
increase in RMSE at higher filter orders is attributed to the
introduction of more delay and non-linearity into the system
by the filter. The delay and non-linearity can cause phase
shifts and distortion in the filtered signal, leading to an offset
that results in a higher RMSE.

Fig. 3 presents the schematic representation of the
proposed frequency estimator designed to instantaneously
estimate the frequency of a three phase signal. First, the input
signal V. is converted to the dgq frame using the reference
frequency w,.r. Subsequently, the dq signals are passed
through a Butterworth low-pass filter to mitigate noise
interference. Then the frequency error Aw between the actual
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Fig. 2: Impact of reference frequency of dq transformation and
Butterworth filter order on frequency estimation accuracy.
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Fig. 3: Schematic diagram of the proposed frequency estimation method
for three-phase signal.

frequency and w,.r is calculated. Finally, this frequency
error is added to the w,.f to instantaneously calculate the
actual frequency of the V..

IV. RESULTS AND DISCUSSION

This section presents the validation of the proposed
frequency estimation method using MATLAB. The method
is tested in both non-noisy and noisy environments. The
proposed mathematical model, illustrated in Fig. 3, is
evaluated in MATLAB/Simulink under two scenarios. The
first scenario considers a non-noisy environment with the
filter deactivated. The second scenario introduces noise,
requiring a first-order Butterworth filter for the dg
components before estimation. In both cases, the proposed
method is compared with the PLL, a widely used frequency
estimation method. The results are presented in Fig. 4 and
Fig. 5 for noisy and non-noisy environments, respectively.

As shown in Fig. 4(a), the abc signal does not have any
noise, therefore there is no need for a low-pass filter. The abc
three-phase signal undergoes variations in magnitude, phase,
and frequency. Specifically, from 0.1 to 0.2 s, the signal
experiences rapid frequency changes. Between 0.25 and 0.4
s, a ramp change in frequency occurs, followed by sinusoidal
frequency changes from 0.45 to 0.55 s. Step changes in
frequency are observed from 0.6 to 0.7 s and again from 1.1
to 1.15 s, as shown in Fig. 4(b). Additionally, the signal
magnitude exhibits a sinusoidal change from 0.8 to 0.9 s,
while phase changes occur between 0.95 and 1.15 s, as shown
in Fig. 4(c). These varying conditions ensure comprehensive
validation of the proposed method against all possible
changes in frequency, phase, and magnitude. In Fig. 4(b), the
blue curve represents the actual frequency, the red curve
denotes the frequency estimated using the proposed method,
and the green curve illustrates the frequency estimated using
the PLL. Initially, during the high-speed frequency change,
the proposed method accurately captures the change
immediately, aligning closely with the actual value. In
contrast, the PLL introduces a delay due to its integral action,
failing to detect the rapid frequency change effectively.
During ramp changes, the proposed method provides precise
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Fig. 4: Simulation results in non-noisy environment, () abc per-unit signal, (b) actual frequency vs. estimated frequency using proposed method and PLL, and

(c) the magnitude and phase changes of the original abc signal.

estimations with maximum delay for only one sample, as it
requires one sample to detect the derivative. The method
continues to accurately track all frequency changes
throughout the entire time frame, regardless of the nature or
speed of change. Conversely, the PLL consistently introduces
estimation delays. Furthermore, during sinusoidal frequency
changes, the proposed method exhibits no lag in estimation,
whereas the PLL introduces a 90-degree phase lag due to its
integral action. This phase lag can result in damping issues in
control methods reliant on the PLL. From 0.8 to 0.9 s, where
the signal magnitude changes, neither the proposed method
nor the PLL is affected. Finally, during phase changes, the
proposed method accurately maps these changes onto
frequency estimation, capturing the relationship between
phase and frequency through its actual integral action. In
contrast, the PLL fails to map this relationship immediately,
introducing additional detection delays. Fig. 5 presents
similar results under the same conditions of magnitude,
frequency, and phase changes but in a noisy environment. In

this scenario, a first-order Butterworth filter is activated. Fig.
5(a) shows the abc signal subjected to white noise,
simulating noise that may arise from measurement tools such
as PMUs. Although the low-pass filter introduces some
delays in response, it remains more efficient than the PLL, as
shown in Fig. 5(b). The accuracy of the proposed method in
estimating high-speed frequency changes is somewhat
reduced in the noisy environment, yet it still offers more
reliable and faster estimations than the PLL. Overall, the
proposed method consistently provides more reliable and
prompt frequency estimations across all types of changes,
even in the presence of noise, as shown in Fig. 5(b).

V. CONCLUSION

This paper presented a novel derivative-based method for
frequency estimation in low-inertia power systems. The
proposed method utilizes the unique characteristics of the dg
frame and the mathematical properties of trigonometric
function derivatives to achieve rapid and accurate frequency
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Fig. 5: Simulation results in noisy environment, (a) noisy abc per-unit signal, and (b) actual frequency vs. estimated frequency using proposed method and PLL.

estimations. The effectiveness of the proposed method
validated through extensive simulations using MATLAB.
The results indicated that the proposed method consistently
outperformed the PLL in various scenarios, especially during
transient periods. In non-noisy environments, the proposed
method demonstrated an immediate response to rapid
frequency changes, whereas the PLL exhibited noticeable
delays. Similarly, in noisy environments, the proposed
method maintained higher accuracy and faster response times
despite the presence of noise, thanks to the incorporation of a
Butterworth filter.
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