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ABSTRACT Estimation of fundamental frequency and sinusoidal components is required for the regulation
of modern power electronics-dominated power systems. Most of the existing estimation methods are de-
signed for signals with stationary frequency. Hence, their accuracy could significantly degrade in the face of
non-stationary frequencies, which is common in low-inertia power systems. In this paper, we propose a novel
scheme for real-time estimation of a time-varying power frequency and the resulting fundamental signal. This
is a time-domain method for (1) estimating non-stationary frequency and (2) fundamental signal reconstruc-
tion. It has the advantage of tracking the fundamental frequency component and treating all harmonics and
subharmonics as noise. The method is based on a kernel-based estimation scheme and characterized by high
accuracy, fast response, and noise immunity because of the inclusion of non-asymptotic kernel functions.
The effectiveness of the proposed estimation scheme for non-stationary frequency tracking and fundamental
signal reconstruction is verified by simulation and experimental results, which explore the use of the proposed
scheme for frequency extraction of power signals appear in real world low-inertia systems.

INDEX TERMS Adaptive and nonlinear estimation, frequency detection, phase-locked loop, power compo-
nent extraction.

NOMENCLATURE ) . K}Ei)(t, T) ith order derivative of Kj; with respect to
S Power signal affected by noise. -

Y0, Yk Fundamental and harmonic components. K,y Auxiliary signals.

¢ DC current component. t,s Time and Laplace variable.

y Sum of DC current comp(?nent and yj. T, Resetting period.

yr Low pass filtered power 51gn.a1s. 01,09, 05 Pulse waves.

w, Q Fundgmental frequency and its square. Ro. Ry Residual signals.

A, 0 Amplitude and phase angle of yo. %, %, ¥ 15,2 and 3" time-derivatives of the signal.

Kn(t, 1) Bivariate kernel functions, 4 = 1, 2, 3. sign(+) Sigmoid function.
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2 Estimated signal.

L] Floor function, greatest integer less than or equal
to *.

rem() Remainder of the scalar division.

I. INTRODUCTION
The use of wind, solar, and other distributed energy resources
in power generation is becoming increasingly important.
These renewable energy sources are connected to distribution
networks using power electronics devices, which can make
controlling the power grid more challenging due to the lack of
inertia. Maintaining global system stability, especially power
system frequency stability, is a major challenge in modern
power systems. This was evident during the recent blackout
in Texas, where the system frequency dropped to 59.3 Hz [1].

With increasing amount of renewable energy sources con-
necting to power systems, power-electronics based devices are
used as interfaces. Such nonlinear devices together with non-
linear loads tend to arouse harmonics/interharmonics in the
overall system [2], [3]. Harmonic currents generated by these
loads are transmitted back to the power distribution system
through the point of common coupling (PCC), which causes
harmonic voltages to appear and results in distortion at the
PCC. Harmonics have several undesirable effects on the dis-
tribution system, including resistive losses, voltage stresses,
overheating, and overloading of power components [4]. To
address these issues, grid-connected converter control and
compensator, e.g., Adaptive Power Filter (APF), are increas-
ingly being used to mitigate harmonics in power lines [5], [6].
The control block of the APF involves a fast detection mod-
ule to replicate the harmonic current for the power inverter
to inject it into the power line. Therefore, fast and accurate
estimation of the system frequency and power components is
of paramount importance in power grid stability control.

Static state estimate that assumes the system frequency
to be a constant (50 or 60 Hz), is used by the majority
of power grid monitoring systems [7], [8]. The survey [9]
provides a comprehensive review of commonly used estima-
tion methods for APF applications including discrete Fourier
transform (DFT), recursive DFT, synchronous fundamental
dg-frame, and p-q theory. Additionally, recent modified DFT-
based methods, as in [36], [37], [38], are proposed to deal
with issue of the spectral leakage that enhance the estima-
tion accuracy. It is noteworthy that DFT-based methods are
suitable for single-phase applications whereas dg-frame and
p-q methods can only be applied for three-phase systems.
Additionally, Prony’s method and its modifications (see [42],
[43]) are also commonly used frequency estimation technique
that provides high resolution and efficient parameter estima-
tion but is sensitive to noise and requires careful handling of
numerical stability and model order selection. The advantages
and disadvantages of the frequency-domain methods such as
DFT and time-domain methods such as Kalman filter, adap-
tive Notch filter etc. are addressed in [2].

Due to stochastic changes in demand and generation, power
network frequencies are never operated in a steady-state con-
dition in actual operation. The widespread integration of
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distributed renewable energy resources on the generating side
and complicated loads with innovative demand-response tech-
nologies on the demand side, such as electric vehicles, makes
this issue even worse. Due to the increased uncertainty caused
by this shift in the system’s dynamic properties, traditional
estimation techniques based on the steady-state assumption of
the fundamental frequency are unable to accurately monitor
the modern power in a real-world setting.

In this context, dynamic state estimation (DSE) [10] with
dynamic and uncertain frequency has become increasingly
popular for time-critical monitoring, control, and protection
of electric power grids resorting to widespread deployment
of the phasor measurement units (PMUs), which provide ba-
sic measurement of synchrophasors, frequency, and rate of
change of frequency (RoCoF) [11]. To achieve this, a range
of DFT, least squares, and Kalman filtering techniques, and
their variants have been quite successfully applied to DSE
[12], [13], [14], [15], [16], [17], [18]. An unscented Kalman
Filter is utilised for simultaneous estimation of the frequency
and power components in [13]. In [16] interpolated DFT and
Extended Kalman Filter are applied in series to estimate the
RoCoF. The Phase-Locked-Loop (PLL) methods are still the
most used approaches for estimating parameters of a sinu-
soidal power signal [19], [20], [21], [22], [23], [24], [25],
[26]. More specifically, [19] proposes using the Taylor-Fourier
filters in conjunction with the PLL to reduce the parameter
estimation error of the PMU. PLLs that use quadrature signal
generation (QSG) are commonly used for grid synchroniza-
tion [21]. The Frequency Locked-Loop [22] uses a Second
Order Generalized Integrator (SOGI) to implement the OSG
and is capable of tracking sinusoidal signals with varying
frequency and amplitude. Additional PLLs with frequency-
adaptation ability can be found in [23] and [24]. Real-time
monitoring and control of power system dynamics rely heav-
ily on PMU accuracy. Therefore, there is a significant interest
in improving PMU accuracy further.

In the spirit of prior work by the authors on the fundamen-
tal/harmonic component reconstruction with known and fixed
fundamental frequency [2], an enhanced scheme is proposed
to address the dynamic power signal estimation problem with
time-varying and unknown fundamental frequency, which is
essential for modern low-inertia power systems. The proposed
solution method incorporates the main concepts of two recent
estimation techniques: a kernel-based estimator [25] and a
robust QPLL scheme [28]. In particular, the former is based
on a suitably designed linear integral operator, which enables
instantaneous sinusoidal parameter estimation for the case
with a stationary frequency, while the latter represents a novel
PLL architecture that has been proven to be more robust than
existing solutions.

All in all, none of the above techniques are naturally de-
signed for non-stationary frequency cases, thereby may not
be able to provide reliable estimates (e.g., large latency,
overshoot, etc.). This paper aims to fuse both techniques in
[25] and [28] with suitable extensions so that the resulting
scheme can cope with dynamic power signals. The key design
involves a novel reinitializing mechanism, that periodically
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resets the kernel-based algorithm to retain the fast conver-
gence speed to parameter changes, a pre-filter for noise
attenuation, and a post-compensation scheme to rectify the
resulting phase lags and magnitude changes. Both simulation
and experimental results are shown to verify the high accuracy
and fast response of the proposed method in estimating fun-
damental frequency of signals in power electronics-dominated
energy systems.

The paper is organized as follows. The dynamic estimation
problem of the system frequency and main power component
is formulated in Section II. Section III presents the main
estimation algorithm is presented, and in Section IV, we pro-
vide numerical and experimental validation of the algorithm.
Finally, Section V concludes the article with a discussion on
future work.

Il. PROBLEM STATEMENT AND PRELIMINARIES
A power signal can be represented by

s)=y@)+n() D

where y(t) is the combination of the fundamental component
yo(t) = Asin6(t) and the dc component.

y(t) =c+Asin6 (1) )

with amplitude A, angular frequency o and initial phase
0o, i.e. 0(t) = w, H(0) = by. ¢ is the dc component and n(t)
represents the random noise, which subsumes higher order
harmonics, measurement noise, etc. Note that the dc com-
ponent is isolated from other disturbances n(t) as complete
removal of the dc component can be achieved by state-of-art
estimators, such as augmented PLL [22]. Conversely, the
unmodeled disturbances n(t) are not specifically estimated
due to the compromise between algorithm complexity and
accuracy. Moreover, the high-order harmonics have small val-
ues comparing to the fundamental signal, therefore they are
classified into noise for the first instance. Considering the
practical scenario of power systems, we assume that the an-
gular frequency w is under slow variation within a small set
encompassing the standard frequency, e.g., 50 Hz. The goal of
this paper is to estimate the time-varying frequency w(¢) and
the fundamental signal yo(¢) with synchronized phase from
the measurement s(7).

In the rest of this section, we briefly review two recently
proposed sinusoidal estimation methods since the concepts
behind are instrumental for designing the proposed estimation
scheme. For deeper insights on these approaches, readers are
advised to refer to [25] and [28].

A. KERNEL-BASED FINITE-TIME ESTIMATION MECHANISM
A finite-time estimation scheme for parameter identification
of y(t) is proposed in [28] and [25] based on a typical linear
integral operator, defined as

t
[Viy] (z)é/O K@, )y ()dr,t >0 3)

and the function K (¢, t) is a bivariate kernel function.
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Three kernel functions are required in this task, and they are
designed in the following form:

Ki(t, 1) 2 e 01— h=1,2,3 @)

which is parametrized by user-defined coefficients pj; > 0
whereas p > 0 is fixed for all three kernels. Denoting the ith
partial derivative of the kernel with respect to t by K;(l‘)(t, 7),
the kernel is featured by K;Ei)(t, t)=0, Vi=0,1,2, which
can be understood as the design criterion.

Considering y(¢) defined in (2), it is clear that the following
equality holds:

Y@)= —Q Y (@) (5)

where Q = w”. Due to the linearity of the kernel operator
(3), (5) further implies:

Va0 = -2V 0. h=1.23 ©

where the image signals [V, Y](¢) and [V, ¥](z) can be fur-
ther expanded according to integral by parts as

Vi 710 = [Vgo] @ =y 0 7 @)
+YOKD (0, 0) =IO Ky (t,1)

[V V] (1) =y @) Ki 0.0) = [Veoy | @)

As it can be noticed, the image signals [VK}53>y](t) and

(7a)

(7b)

[V, yl(#) can be easily calculated by a linear system based

on y(t) as demonstrated in Appendix A. The only unknowns
in (7) are Y(¢), Y(t). Hence, by solving the three equations
in the form of (6) with respect to the three kernel functions,
Y(t), Y¥(t) can be canceled, yielding the linear regression
model:

K1 (1) = =Sk (1) (®)
where «(¢) and k> (¢) depend only on known signals:

k1 (1) = ka1 (k63 — kb2 ) + ka2 (Kp1 — kb3 )

+ ka3 (kp2 — kb1 ) (92)
102 (t) = ka1 (kb3 — kp2 ) + ka2 (kp1 —Kp3)
+ ka3 (kpo —Kp1) (9b)
with
_ @2
K © = [Veoy| 0= K7 @0y ), (102
i () = KV (1) ke (1) = —Kj (2,1) (10b)

kan @ = [Veoy|© = Ki .0y ). h=1,2,3, (100)

As a result, the frequency estimation 2 can be obtained
from the linear constraint (8). Various mathematical tools
can be chosen to provide solutions to such a linear regressor
model, such as recursive least square, gradient descent, etc.
However, such methods rely on a continuous correction based
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FIGURE 1. The flowchart of the kernel-based estimation scheme.

Adaptive System
Pl for parameter estimation

FIGURE 2. Scheme of the RGQPLL architecture. The dashed lines denote
the additional signal paths compared to a conventional QSG-PLL.

on the error, therefore they tend to lengthen out the con-
vergence time. On the other hand, direct algebraic solutions
to (8) suffer from singularity issues. A specific example can
be seen when «,(t) = 0, the estimator is not able to execute.
Moreover, direct division in (8) to solve for €2 tends to be very
sensitive to the measurement noise.

To circumvent this problem, an adaptive algorithm for esti-
mating €2, and in turn, estimating the fundamental signal i (¢),
is proposed in [25]. This algorithm can identify parameters of
a sinewave “almost instantaneously” (with finite-time conver-
gence) as it is enabled. Based on the estimated frequency, the
amplitude A and the instantaneous phase angle 6(¢) can be
further obtained in real-time. However, such fast convergence
property cannot be preserved when a parameter change occurs
during the operation.

A flowchart of the kernel-based estimator is depicted in
Fig. 1.

B. ROBUST GLOBALLY CONVERGENT QPLL (RGQPLL)

The robust frequency-adaptive quadrature phase-locked-loop
(RGQPLL) method is originally proposed in [28] to track
the unknown frequency of sinusoidal signal y(t). The ar-
chitecture of RGQPLL is illustrated in Fig. 2. Compared
to the conventional QSG-PLL, additional auxiliary signals
(84, Sp, Co(t), C1(t)) are generated and injected to the PLL

VOLUME 6, 2025

scheme in addition to squared-frequency €2, thereby robust
global stability can be guaranteed [28].

The main algorithm is described by the following equa-
tions:

ﬁp(t)z —koy1 (1) e(t), &p ) =4/Qp ) (11a)
e(t)=s()—5@) (11b)
0, = /2, () (11c)
Yi(6)= —hiy1 +5(@) (11d)

$(t) = ap t)sin (B, (1)) + b, (1) cos (B, (1)) + éo (1)
(1le)

where the computation of auxiliary signals d,(t), i)p(t), Co (1)
is given in Appendix B. ky, A are positive design parameters.
The tuning of the parameters is subject to the well-known
tradeoff between convergence speed and steady state accuracy
(noise sensitivity).

Both kernel-based and RGQPLL methods are designed for
stationary sinusoidal signals that have constant frequencies.
Injected by the non-stationary signals, the RGQPLL method
tracks the signals with obvious latency due to asymptotic-
converging transient. Moreover, the existence of high-order
harmonics tends to further degrade the estimator performance.
The kernel-based approach is featured with fast response;
however, it is more vulnerable to noise n(t) and the estima-
tion error tends to accumulate as the fundamental frequency
changes. In this paper, a new method is designed by integrat-
ing both methods with techniques of periodically resetting,
filtering and compensation. The resulting method inherits the
benefits of both methods with ability to fast track the time-
varying frequency of non-stationary sinusoidal signals.

IIl. MAIN ESTIMATION ALGORITHM

In this section, our novel estimation scheme is introduced
and designed for this specific application. The overall esti-
mation scheme is composed of two steps. The first step is to
extract the fundamental signal from the noisy measurement
s(t). The main principle of the fundamental signal estimator
is based on the kernel-based parameter estimators introduced
in Section II, but with a carefully designed periodical re-
initialization mechanism, so that the fundamental signal with
non-stationary frequency can be reconstructed. In the second
step, with the reconstructed fundamental signal from the first
step, an RGQPLL-based estimator is designed to track the
time-varying frequency for further smoothing. The overall
scheme of the proposed method is sketched in Fig. 3. It should
be noted that this method can be applied to a single-phase
system. Therefore, it is suitable for three-phase ones, too.

In the proposed scheme, the measurement s(¢) is first in-
jected to a low-pass filter F'(s) to attenuate the disturbance. To
cancel out the effects (e.g., amplitude scaling and phase lags)
of the filter, a post-compensation mechanism is designed fol-
lowing the parameter estimators. Specifically, the filter signal
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FIGURE 3. The flowchart of the proposed estimation scheme.

sp(t) = L~Y{F (s)s(s)} can be expressed as

sp@)=yr@)+np@) (12)

and

Vr (1) = ¢ [F O)] + |F (jo) Asin (1 + ¢ + ZF (jo)).
(13)
where |F(jw)| and ZF (jw) are the gain and phase angle of
the filter F(s) and |F(0)|. For the sake of brevity, let Ay =
|[F(jw)|A and 6y = wt + ¢ + ZF(jw). Once the amplitude,
frequency and phase (AFP) of y;(¢) are available, the corre-
sponding gain and phase shift brought by F(s) can be easily
calculated thus it is immediate to recover the fundamental
signal y(z) and the noise containing high-order harmonics
n(t).
According to (5) and recalling the linearity of F(s), the
filtered signal y () verifies the differential equation:

V)= —Q (). (14)

Following the same line of reasoning as in [25], a fast-
convergent sinusoidal estimator is designed in this paper
along with a novel reinitializing scheme, which periodi-
cally resets the estimator every 7, seconds. The index of
the resetting sequence is defined by k = L -] and the re-
mainder of the scalar division ¢/7, is denoted by AT =
rem(z/T). As such, the integral defined in (3) is reinitial-
ized with a period of 7, and correspondingly, the auxiliary
signals in (9) and (10) are constructed based on the re-
setting mechamsm by replacing ¢+ with AT in the kernel
functions K t, )Vi,h=0,1, 2, 3and replacing y(¢) with
yr(t). As a result, a new version of the linear regression
model «1(t) = —Qk(t) is constructed for the signals calcu-
lated by the resetting mechanism. It is worth pointing out
that the kernel function K;,(AT, AT) and their derivatives
K\V(AT, AT), K\P (AT, AT), K\’ (AT, AT) can be prede-
termined in an offline manner for the time interval [0, 7,),
which significantly saves online real-time computation power.

Following the same line of reasoning from (5) to (10), the
linear constraint (8) can be obtained from the refined signals
under the resetting mechanism. Owing to the positivity of the
square frequency €2, it follows that

i1 (D] = =2 [z ()] 5)
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Now, let us introduce two auxiliary signals y;(t) and y»(t),
the dynamics of which are governed by the following differ-
ential equations, driven by |« (¢)| and |k ()|, respectively:

Y1) =k ()] — 1 (), (16a)

Va(t) = lia ()] =2 (1), (16b)

y1 (1) =y (t) =0,if AT =0.

It can be inferred from (15) and (16) that y1(t) = —Qy»(?),
from which many methods can be used to develop an adap-
tive estimation law, e.g., gradient descent, least squares. In
this work, a sliding-mode-based adaptive frequency estimator
is devised for fast convergence speed, exploiting the resid-
ual signal Rg = y1(t) + y2()Q(r) (that is non-zero unless
Q@) = Q):

Q1) = 20" (ne (1) + L1/ Ralsign (Ro (1)

—QW72 O+ V1) o1 (AT),  (17a)

Ng (1) = Lasign (Rg (1) o1 (AT), (17b)

where the initial guess €2(0) can be set to the square of
the nominal frequency (i.e., 100z rad/s). o (AT) is a pulse
wave that determines the on/off switching of the adaptation
(see Fig. 6 for a specific example). In each cycle, the pulse
wave starts from value 0 with the rising edge occurs at
AT =T, 1(i.e., t =kT, + T, 1). T.1 is a small constant by
which o1(AT) = 0 during the time interval [kT., kT, + T¢ 1).
Thus, (¢) remains constant at Q(kTr’ ), where kT,” is the
time instant before k7. As such, the numerical issue due to
y2(kT,) = 0 (not invertible) is prevented by design

Resorting to the squared frequency estimate Q(r) and (10),
the real-time estimates of ¥ r(t) and y ¢ (t) are available, as
shown in (18) at the bottom of the next page. As it can be
noticed, the estimates of ¥ r (t) and y ¢ (¢) are not available at
the resetting instants as the denominator of both expressions
is 0 when AT = 0. Analogously to the frequency estimation,
another pulse wave, 0o (AT) is utilized (see Fig. 6 for a
specialized example), which disables the nominal estimation
scheme (18) for ¢ € [kT,, kT, + T, ») with 7. 5 a small time
instant defining the rising edge of o2 (AT). Instead, the esti-
mates at t = k7,” are maintained during this interval, leading
to

-~ Sk -~
V(@)=Y () o2 (AT) +Yp (kT:) (1 — 02 (AT))  (192)
- ok -
Yp(t) = Vs (t)02 (AT) 4+ V¢ (kT;) (1 — 02 (AT))  (19b)
Consider the structural constraint:

Q) +3,1) = ATQ%. (20)

The amplitude of the fundamental signal is estimated
analogously to the frequency estimation algorithm (17) by
employing the residual

Ra() 2y —Ar (1) ys (1),
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I
Initialization n
Pre-filter F'(s) o
Kernel parameters 01, P2, 0 | | :
RGQPLL parameters g, A1, ko : |

- - 1l Maintain () ‘ Update ) by 21) ‘
Resetting pulses generation | |1

Ty, 01(t), 02(t), 03(t) r

FIGURE 6. Periodic pulse waves embedded in the parameter adaptation

é{

scheme.
‘ Kernel function calculation
KP@0. K00, | 0 =) (). 35(0)
o 31 ) . _2 calculated by (22) . . .
i=(OL23LIE DR | 900 = 30T Thus, the amplitude estimates are accomplished by
TOnline ~~ "y T TTTT

:| Measurement acquirement s(t) ‘

§

Ap@ =y (ma O+ VRalsign (Rs (1))

v
Pre-filtering ¥.f (t) ‘ Maintain A ¢ ‘ ‘ Update A by (26) ‘

—A(t)y'3<r)+y‘4(r)) 03 (AT)  (22a)

Volterra transformation ‘ - ‘
AT =re T.), k= [t/T, Update 6 ¢(t)by (27) . .
e/ o ila (1) = sign (Ra (1)) 03 (AT) (220)
[V;((L,)Z/] ()= ./a K (AT, 7)ys(r)dr ‘Fundamental reconstruction o (t)‘

KY(AT, A

N

o

8
KO(AT, AT)

(9] 8
< X
F :
S o
E 8

' p—— where Af(O) = na(t) = 0 and 03(AT) is another pulse wave,
______________________‘_R_QfL_U_refu_erlci_efn_mftfif _____ like 01(AT) and 07(AT) (see Fig. 6 for a specific example).

However, the transition from O to 1 occurs at AT =T7.3 >
max(7¢ 1, Tz 2) as the amplitude estimation relies on the esti-
mates Q(t), Y (¢) and ().

Finally, the phase is estimated by

Stop |
3 Jao B (=2 [én 03y () = ¥ (O] + 100 AT (1 = 02 (AT))
a 2 23
< ¥ (23)
0 ) o1 0 ‘

where j denotes the complex imaginary unit and the fre-
quency estimate @y (¢) is directly obtained by & () = +/ Q).
It is worth noting that the first term of (23) is based on the
standard formula for the angular phase evaluation, which is
constant durin}g the short time interval t € [kT;, kT + T;2)

) 0.
Time [s]

0 o.osTinle . 0.1 0.05 Time [4 0.1 - = . )
as Yy (1) and Yp(¢) are frozen. A simple correction scheme
FIGURE 5. The reinitialized kernels K)(AT, AT), i = (0,1, 2, 3). is appended by assuming that the instantaneous frequency is
50 Hz. Being the actual frequency of the line current within
a small range around 50 Hz (i.e., [45 Hz, 55 Hz]), the pro-
posed compensation mechanism can achieve very satisfactory
where y3 and y4 are the filtered signals, obtained by accuracy (as will be shown later by simulation and experi-

mental tests). Finally, the nominal fundamental signal can be
. \/ N , o 5 reconstructed by compensating the gain and phase shifts of the
v3() = ‘ IOV @) @)+ (O @7 =3 (21a) low-pass filter F (s): the fundamental component is obtained

. ) by
Ya@)=|Q®)| -y @), (21b)
v () =ya (1) =0,if AT =0 $o (1) = m sin (6, (1) — ZF (j@)),  (24)
~ Ky (AT, AT) (kap (1) + () kg (1)) — Ko (AT, AT) (ka1 (8) + Q () ka1 ()
Yp(t) = 0 0 (18a)
K" (AT, AT) K> (AT, AT) — Ki (AT, AT) K, (AT, AT)
F= K[V (AT, AT) (ka2 () + 2 (O ka2 @) = K3V (AT, AT) (ka1 (0 + 2 (O a1 (1) (18b)

KV (AT, AT) Ky (AT, AT) — Ki (AT, AT)KS" (AT, AT)
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where |F(j®)| and ZF (j®) are the gain and phase angle of
the filter F'(s) at estimated frequency @.

To achieve a smooth frequency estimate to facilitate
frequency-based diagnosis, control, etc., the reconstructed
fundamental signal is injected to the RGQPLL frequency es-
timator, introduced in Section II-B. To be specific, replacing
s(t) in (11) with the estimated fundamental signal yo(¢) ob-
tained in (24), the frequency estimate @,(t) can be obtained
in real-time.

IV. NUMERICAL AND EXPERIMENTAL VALIDATION

In this section, the effectiveness of the proposed scheme is
verified by both numerical and experimental tests of the power
systems. A flowchart is given in Fig. 4 which illustrates the
process of algorithm implementation.

A. INITIALIZATION OF THE ALGORITHM
The parameter choices are given in this subsection, including
the design of the prefilter, and coefficients of the kernel func-
tions, resetting periods and RGQPLL parameters.

Pre-filter: The low-pass filter F (s) is designed as second-
order Butterworth filter for a compromise between response

speed and computational complexity:

2
W

52 4+ 1.4142 w.s + w?

c

F(s)=

where the cutting off frequency is w, = 1207 rad/s. As such,
the high-order harmonics can be attenuated whereas the fun-
damental signal is retained.

Given a frequency estimate @(t), the gain and the phase
angle of F (s) can be computed as follows:

SNCET0

F (jo)| = —<
F ol ==

1.4142a)cé)(t)i|

2 N2
Wi — (1)

/F(j®) = tan™! [

Kernel-based estimator: The kernel functions are de-
signed by choosing: p; =50, p» =80, p3 =100, p =
60, such that the kernels employed for evaluation of
auxiliary signal k(¢), k2(¢) and the transformed signals
[VK}il)y](t), [VKh@)y](t) are given in (25) at the bottom of the

next page. In addition, the waveforms of K](i)(AT, AT), i =

© Ki (AT, AT)
K" (AT, AT)
K\P (AT, AT)
LK) (AT, AT)

7200¢—60AT (=0T — 1)?

m K> (AT, AT)
K" (AT, AT)
K¥ (AT, AT)
LK (AT, AT)

(e760AT 1)2

18000e—00AT
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K{¥ (AT, AT)
LK (AT, AT)

1208

_ 216006—120AT(6
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FIGURE 8. The wind profile for the medium voltage electric spring
simulation.

{0, 1, 2, 3} (with reinitialization) are shown in Fig. 5 as illus-
trative examples. The pulse signals oy, o2, 03 are designed by
choosing T;,1= 20ms, 7. 2 = lms, T; 3 = 30ms. Thereby the
resulting waveforms are shown in Fig. 6, where the overall
resetting sequences are highlighted. Finally, the overall reset-
ting period, 7, is set to 40 ms which amounts to two cycles of
the fundamental signal so as to ensure sufficient sensitivity to
a parameter change.

RGQPLL: The tuning parameters of the RGQPLL method
are chosen as Ag = 800, A; = 600, ko = 1 x 108.

B. POWER SYSTEM SIMULATION

A modified test case of the power system with reference to
[32], [33], [34] is considered herein, showing the effectiveness
of the proposed scheme dealing with fundamental signal iden-
tification and frequency tracking in real systems. In practical
applications, fast frequency and fundamental estimation are
especially crucial for grid-connected compensators and con-
verter control, to stabilize the power system with large-scale
renewable energy integration.

In this numerical test, a 6.6-kV three-bus ac microgrid as
shown in Fig. 7 is considered, which consists of a generator
G on Bus 1, a wind turbine (WT) and a resistive load on Bus
2, and a modular multilevel cascade converter (MMCC)-fed
battery load and a non-linear load on Bus 3. There are two
5-km distribution lines between Bus 1 and 2 and between Bus
2 and 3. The wire resistance and inductance of the distribution
line are 0.2372/km and 1.064 mH/km, respectively [35]. The
initial power of each element is also marked in the figure. A
wind-profile as shown in Fig. 8 has been used to fluctuate the

VOLUME 6, 2025
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FIGURE 11. Fundamental current estimation results.

output power between 100 and 200 kW for a period of 10s,
which results in a continuously changing frequency variation
(see Fig. 10). Notably, a nonlinear load is connected therefore
introducing high order harmonics in the current measurement.
The harmonic content is referenced to [9], as shown in Fig. 9.

Injecting the afore-shown current measurement to the pro-
posed estimation scheme, the grid frequency variation and
the fundamental component of the current are identified as
depicted in Figs. 10 and 11. Moreover, the proposed method
is compared with an IDFT-UKF method recently proposed in
[16] which is also featured by the fast-tracking response. As
fundamental estimation is not involved in [16], a comparison
of only frequency estimation is presented herein.

As can be noticed from Fig. 10, both methods are able
to provide frequency tracking. However, thanks to the non-
asymptotic feature of the kernel-based estimation, the pro-
posed estimation scheme shows a faster convergence speed in
the initial phase. On the other hand, Fig. 11 confirms the fact
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dSPACE
LabBox
S |

FIGURE 12. The experimental setup.

TABLE 1 Fundamental and Harmonic Content to Reference Waveform [30]

TABLE 2 Error of The Estimated Frequency

RoCoF (Hz/s) RMS error | Maximum error
(Hz) (Hz)
0.2 0.0294 0.0653
04 0.0481 0.0891
1 0.1026 0.1653
TABLE 3 Error of The Reconstructed Fundamental
RoCoF (Hz/s) | RMS error (V) Error range (V)
0.2 0.2798 1.9625
0.4 0.2795 1.9016
1 0.2803 1.8145

Fundamental/Harmonic Voltage (V)
dc offset 0
Fundamental 7.8
5th harmonic 2.25
7th harmonic 0.39
11th harmonic 0.39
13th harmonic 0.39
by

FIGURE 13. The power signal corrupted by harmonics.

that the fundamental current component is reconstructed from
the harmonic-contaminated measurement without amplitude
change and phase shift which are commonly seen in typical
filtering techniques. In addition, the proposed method can
provide real-time fundamental reconstruction that turns out
to be instrumental for grid-connected compensators, such as
active power filters.

C. EXPERIMENTAL TEST

Practical tests as shown in Fig. 12 have been conducted
to evaluate the reconstructed fundamental and frequency
tracking performance of kernel-based method. The harmonic
content of the reference waveform used in this test is tabulated
in Table 1, and the waveform is illustrated in Fig. 13. The
reference waveform is based on the example (with the same
relative harmonic ratios) used in the comparison in [30] for a
range of harmonic detection methods. Three cases of RoCoF
(0.2 Hz/s, 0.4 Hz/s and 1 Hz/s) from 48-52 Hz have been
selected to study based on [31]. The reset time is 7, = 0.04s
and the sampling frequency is 10 kHz. The harmonic signal is
programmed on the function generator Tektronix AFG31000

1210

and the algorithm is implemented by dSPACE microlabbox.
Before carrying out the experiment, the steady-state signal is
sampled and processed by the algorithm to eliminate the error
from convergence.

The following method has been used to calculate the
error which eliminates the phase error between the recon-
structed fundamental and reference fundamental. Firstly, a
pre-designed waveform as shown in Fig. 13 is injected by
a functional generator to the dSPACE. Also, a fundamental
waveform is injected to the dSPACE at the same time. Hence,
the reconstructed fundamental waveform will be subtracted
by the injected fundamental waveform in the program and
further analysis can be carried out by capturing the data. The
method minimized the phase error between the reconstructed
and injected fundamental as the functional generator provides
the two signals that are perfectly in phase.

Table 2 shows the RMS error and the maximum error of
the estimated frequency. Table 3 shows the RMS error and the
error range of the reconstructed fundamental. The RMS error
and error range have no significant change under different
RoCoF. It shows that the algorithm can work in a wide range
of frequency and provide an excellent reconstructed funda-
mental.

Fig. 14(a) to (c) show the actual and estimated frequency
by the proposed method. These results again confirm the algo-
rithm can operate under a wide range of frequency. Fig. 15(a)
to (c) show 10 cycles of the reconstructed fundamental with
the reference fundamental. The two time-behaviors are almost
the same and overlap with each other. The three figures do not
have any observable difference or distortion with the increase
of the frequency. This set of results matches the error calcu-
lation in Table 3 and again confirms that the algorithm can
operate in a wide range of frequency with excellent recon-
structed fundamental and frequency tracking performance.

V. CONCLUDING REMARKS

Based on the algorithms [25], [28] previously developed for
stationary signals, a novel time-domain frequency estimation
scheme is developed and proposed for real-time estimation
of non-stationary power signals. The method has the distinct
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advantage of achieving both fundamental reconstruction and
frequency tracking. Deploying suitably designed filtering and
integral operators, the effects of the harmonics and noise can
be annihilated. Therefore, this method is robust against com-
plete orders of harmonics, subharmonics and interharmonics
in the power grid. The novel resetting mechanism eliminates
the error accumulation in typical static state estimation, so
that the fundamental signal can be reconstructed almost in-
stantaneously. Consequently, the time-varying frequency of
the signal can be identified smoothly. The proposed method
is not computationally intensive and can be implemented in
the processor with a sampling frequency of only several kilo-
Hertz. It can be applied for monitoring frequency variations
in weak power grids and power-electronics-dominated power
grids. Both numerical and experimental tests are conducted
reproducing practical circumstances in real-world power sys-
tems. The practical results show that the proposed estimation
method can provide fast and accurate fundamental and fre-
quency.

APPENDIX A
In the proposed estimation scheme, [VK(I) v](t) and [VK<3> y1(t)
h h

are the Volterra images that are involved in the estimator as
in (10), Vh = 1, 2, 3. Defining the vector of the Volterra image
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vector:
0 =[a0", 607, 50T
with
.
& (1) = [[Veo] O [Veor] 0]+ h=1.2.3

it holds that (1) = —G&(1) + E(t)y(t),
with £(0) = 0 and

G = diag (p1, p1, p2. P2, P3, P3),
.
E®)=[E\0)" E2(t)" E3(t)]
T
]

with E,(t) = (K, (t,0), KO (0] ,h=1,2,3.

APPENDIX B

The auxiliary signals d,(z), Bp(t), ¢o (t) of the RGQPLL
scheme are calculated by

ap (1) = (o + A1)sin (8p) € (1) = 84 (1),
by (1) = (o + M) cos (By) e (1) + 8

8o (1) = &1 (1) + /2 (1) (b (1) sin(B,) — a, (1) cos (6,))
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&1 (1) = (hort — Qp ) e(t) — Qp (1) )+ K (1)

A 1
- (l)Qp(t)—F)L—lkoe(t),

K Qp(t)
=1- , = —

no (t) () m ) = p(t) 222 (1)’
8a = /Qp (1) cos (6,) (0 (1) 0 (1) + 11 (t)

x (cl )+ /2, @ (b @)sin (6,) — ap (z)cos(é,,))) ,

8y = /Qp(t) sin(0,) (o (1)éo (1) + 1 (1)(c1 (1)

+ /2, (1) (b(t) sin(B),) — a,(t) cos(@)))).

where A9 > 0 is the third design parameter in addition to ko
and Aq.
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