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Abstract— Under harsh transient situations, contemporary
protection relays necessitate the accurate and swift estimation of
phasors. The prior CCHDF filter was limited by DFT techniques
and utilized the Biunivocal Frequency Relationship of Phasors
(BFRP). The Modified Covariance Method (MCM) is a
sophisticated autoregressive spectral estimator offered as a
substitute for spectral estimation in this study. This method
improves the estimation of frequency, magnitude, and phase in
challenging conditions. The initial algorithm's structure is
preserved by the resulting MC-CCHDF (Modified Covariance
CCHDF) filter, which provides enhanced accuracy and a faster
convergence rate with harmonics and noise that are closely spaced.

Keywords: CCHDF(Cleaned Characteristic Harmonic Digital
Filter), Biunivocal Frequency Relationship of Phasors (BFRP),
Modified Covariance Method (MCM), MCCCHDF(Modified
Covariance CCHDF).

L.

Digital numerical relays form a core element of modern
protection and monitoring systems in electric power networks.
Their operation relies on internal computational routines that
process phasors derived from appropriately conditioned and
digitized power system signals, following antialiasing filtering
and analog to digital conversion. By applying digital signal
processing techniques, these relays extract the phasors associated
with actual system frequencies, most commonly the fundamental
components, through analysis of the signal’s harmonic content.
Researchers have put forward a number of ideas over the years
to make phasor estimation more reliable in unsatisfactory
circumstances. Some of them are focused on finding and sorting
faults [1]. There are many different ways to carry out methods in
this field, such as Matrix-Based Least-Squares. Some methods
use least-squares estimation (LSE) to find unknown phasor
parameters by treating the signal model as a system of linear
equations [2,3]. These methods are mathematically sound, but
they often have problems with numerical stability because of
irregular matrices, especially when the decaying DC time
constant is unknown or when noise is present. Mimic filters work
like analog circuits that get rid of the decaying DC component
before using DFT-based phasor extraction [4]. Their
performance is contingent upon prior knowledge of system
parameters (e.g., time constant t), which is seldom accessible
during unpredictable fault conditions, despite being effective
in idealized scenarios. There have been a number of improvements
to the standard DFT, such as offset compensation using extra
samples or recursive formulations [5]. These procedures help in
scenarios with DC-induced errors, but they also make things
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more sensitive to noise and need very precise timing for faults to
start, which makes them less useful in real-world relaying
situations [6]. Methods based on Wavelet Transform (The
Discrete Wavelet Transform DWT), especially through
multiresolution analysis (MRA), gives time—frequency
localization that is helpful for transient analysis [7]. Wavelet-
based estimators, on the other hand, usually need longer data
windows and more processing power, which makes them less
useful for protection schemes that work quickly and only last a
few post-fault cycles.

This work presents the MC-CCHDF (Modified Covariance
CCHDF), an enhanced iteration of the CCH technique. It keeps
the original math but changes the DFT-based interharmonic
assessment to  high-resolution  autoregressive  spectrum
estimation using the Modified Covariance Method (MCM). The
MC-CCHDEF is a better and faster way to do things for real-time
relay applications, even when conditions are changing. It has
many advantages, such as being able to accurately reconstruct
phasors for interharmonic components and accurately estimate
frequency with short data windows.

II. PROPOSED ALGORITHM

A fault signal was taken into account that had a continuous
offset, decreasing exponential components, the network signal’s
fundamental frequency f, and both harmonic and interharmonic
components, as well as noise. The digitized signal at a sampling
frequency of f; = 1/T;, which adheres to the Nyquist—-Shannon
sampling theorem [8], resulting in the following expression:

—nTs

y[nl = C4e + C-e v

A

+ Ay cos2rf - h-nT; + ap)

h=1
+ ZAi cos(2nf; - nTy; +a;) +z[n] (1)
i=1

where Cy. denotes the constant (continuous) offset, C and t
represent the magnitude and time constant of decaying
exponential component, respectively, the term z[n] corresponds
to additive noise, and , Ay, A4; are the amplitudes and a,, a; are
corresponding phase angles of harmonic components (with 4 =
1 representing the fundamental) and the periodic
interharmonics, respectively and f; # f - h. As illustrated in
Figure 1, the combined effect of decaying exponential terms and
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interharmonics results in a significant distortion of the spectral
components that are otherwise synchronous with the analysis
window, affecting not only their magnitudes but also their phase
angles.
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Figure 1. Frequency magnitudes of signal with continuous offset, decreasing
exponential, and harmonic and interharmonic components and Frequency
Spectrum.

The original Cleaned Characteristic Harmonic Digital Filter
(CCHDF), introduced in earlier work, focused on constructing
an auxiliary signal that retained harmonic in-formation while
being immune to exponential transients. Although that approach
is recognized for its robustness and relatively low computational
burden, its performance degrades when interharmonic
components are present in the signal. Under such a condition,
the efficacy of the filtering process degrades, resulting in errors
within the phasor estimation. To mitigate this, this study
introduces the concept of the CCH wave. This variable is
defined as a pure harmonic representation of the original,
effectively purged of all non-harmonic elements, including
interharmonics signal de-rived from the original wave, devoid
of any non-harmonic components[9].

The suggested MC-CCHDF (Modified Covariance Clean
Characteristic Harmonic Digital Filter) method enhances the
original CCHDF approach by integrating the Modified
Covariance Method for superior interharmonic detection and
characterization. The fundamental architecture remains based
on obtaining an auxiliary signal that is free of components that
can affect the fundamental and/or harmonic components of
which the phasor estimation will be carried out.

A. Biunivocal Frequency Relationship of Phasors (BFRP)

The STF (Sliding Technique Filter) method operates by
processing pairs of data points from a sinusoidal signal that are
separated by a fixed interval, referred to as the “slip” (s). By
subtracting these sample pairs, the method reveals a
deterministic link between the phasors of the input and the output
signals, known as the BFRP. Crucially, this operation alters the
amplitude and phase of the signal but preserves the original
frequency, ensuring a direct spectral correspondence. As
depicted in Figure 2, this process transforms an acquired
sinusoidal signal x[n] (with frequency f’ and window length N
corresponding to period T = f ~1) into derived signal u[n] as
in Figure 2.
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Figure 2 Sliding Technique Filter

The first n, sample of the x[n] signal corresponds to the first
t, instant, and the n;, sample does the same for the ¢, instant,
where the u[n] signal starts to be formed, where n,, = ny + s.

In the complex phasor domain, let A** and A% denote the
phasors of x[n] at instant ¢, and t, = t, — sT; where 7y is the
sampling period, respectively. The output phasor Uk
corresponding to u[n] is obtained via vector subtraction:

Utk = A% — A% @

Geometrically, this vector subtraction forms a triangular
relashionship between the phasors. The angular displacement §
resulting from the slip s is a function of the sampling frequency
/s and the signal frequency f', expressed as:

_f 360
_Sf N’

) (degrees) 3)

where N' is the number of samples in one period of the signal.
Using this angular displacement, the BFRP defines a specific
phase shift 9 and a magnitude scaling factor K. the phase
relationship between derived phasor Uk (phase a) and the

original phasor A% (phase f8 ) is given by:
B =a+9 (degrees) ()]
where: B = arg{A 'k} and a = arg{U"<}

and ¥ is determined by the half-angle geometric relationship of
the displacement:
_ wrapTo360(5) — 180
- 2

)

(degrees)

Ensuring validity all § € (0°,360") . Consequently, the
magnitudes of the phasors are related by the scaling factor K :

A = o] ©
where K is derived from the phase correction angle:
- ™)
"~ 2cos?

The equations constitute the cire of the BFRP, providing a
robust mathematical framework that allows for the unique
determination of the amplitude and phase of the resulting phasor
U at any instant, provided the original phasor 4 is known, and
vice versa. This deterministic mapping is essential for



applications requiring precise phasor estimation under transient
conditions.

B. Obtaining the MC-CCHDF Wave Integration

Modified Covariance Cleaned Characteristic Harmonic
digital filter (MC-CCHDF) integration methodology employs a
two-stages cascade filtering architecture based on the Sliding
Technique Filter(STF) to isolate interharmonic components
from power sytem fault currents contaminated by decaying DC
offset, harmonics, and noise. The approach systematically
suppresses undesired signal constituents while preserving
spectral integrity a prerequisite for accurate interharmonic
detection in protection relaying applications.

The first stage is beginning with the original signal as
specified in (1), comprising a decaying exponential term
(C e7™5/T), harmonic/interharmonic components, and additive
noise, the first stage applies sample-pair subtraction with slip
parameter s

DCH[n] = y[n] = y[n - s] ®)

A first-order Maclaurin expansion of exponential term
around ¢t yields a residual DC offset of magnitude (— @) in

the DCH signal, alongside the differential
harmonic/interharmonic contribution u[#n] and transformed noise
Z'[n]:

C-s-T;

DCH[n] = — + u[n] + z'[n] 9
Critically, the STF operation eliminates the dominant
exponential decay while retaining all periodic components. The
residual offset is inversely proportional to the time constant T
and directly proportional to s and the sampling period T;. Since
T and maximizing the sampling frequency f; = 1/T . However,
excessively small s (e.g., s=1) amplifies noise sensitivity by
reducing the signal differential magnitude. Through extensive
simulation under standard protection relay constraints (s= N/16
of N=128 samples per-fundamental period), which balances
exponential suppression, noise resilience (maintaining adequate
SNR), computational latency, and robustness against fast-
decaying transients. The second STF stage processes the DCH
signal using a slip equal to one fundamental period (s=N):

RAH[n] = DCH[n] — DCH[n — N] (10)

This operation exploits the periodicity of harmonic
components: any term synchronized with the fundamental
frequency f'(or its integer multiples) satisfies x[n] = x[n — N],
thereby canceling completely. Simultaneously, the residual DC
offset from stage one is eliminated. The resulting RAH wave
contains exclusively interharmonic components, those with
frequencies non-synchronous to falong with accumulated noise
z"[n]:

RAH[n] = u'[n] + 2" [n] (11

where u'[n] represents the differential interharmonic
contribution over one fundamental cycle as illustrated in Fig. 3.
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Figure 3 The relationship between the original signal and the derived DCH and
RAH waves.

At this stage, the aim is to estimate the interharmonic
components contained in the RAH signal in order to construct a
new signal whose phasor values are referenced to the DCH
signal. To this end, the BFRP is applied to the phasor quantities
estimated from the RAH signal. The resulting signal represents
the interharmonic and subharmonic characteristic content of the
original waveform and is referred to as the CISH wave
(Characteristical Inter/Sub-Harmonic Wave). Ultimately, the
MC-CCH signal is determined by subtracting the CISH wave
from the DCH wave, which isolates the desired harmonic
components. Each phasor can be uniquely described by its
modulus, phase angle, and associated interharmonic frequency if
the RAH signal's interharmonics are represented by U] =

(UL, Uly, .. U}
(Uirl\ |( \| (arg{U{l}\ fi1
Ul = { .i’2 } N 4 k {arg{Ui’z} }; fgz
kU.i’pJ IUZ{pUI karg{U{p}J fir

Starting from the identified interharmonic frequencies
fit» fizs - fip and applying Equation (3), the corresponding
BFRP for each phasor referenced to a DCH signal can be
determined. Considering that the slip value employed to generate
the RAH signal from the DCH signal is s = N, and that the
fundamental frequency f is set equal to the net-work nominal
frequency (50 Hz), Equation (3) can be rewritten as follows:

f" 360

N

Consequently, the parameters ¥ and K can be directly
obtained from Equations (5) and (7). Using these parameters, the
relationships defined in (4) and (6) are then applied to the phase
and magnitude of the RAH signal phasors. The resulting
quantities constitute the phasor set Uy = {Uj, Uiz, ..., Ui},
which defines the CISH signal:

’
Ui

I
Zi2

(12)

5§ =N- = 7.2 - f; (degrees) (13)

|U;j| = Kij|Uij|, arg{Uy;} = arg{Uj;} + 9y

14
i=1op (14)



The estimation of the Ui’ phasors, which correspond to the
potential interharmonic components present in the RAH signal,
is performed using the MCM. Once the RAH signal contains
sufficient samples, specifically a minimum of N/§ samples,
which enables the detection of interharmonic components up to
400 Hz, the following estimation procedure is applied as shown
in Figure 4.
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Figure 4. MCM Estimation Process

This process allows for precise estimation of interharmonic
frequency, magnitude, and phase, even with brief data windows.
After estimating the phasors of the RAH signal, the CISH signal
is created using specific phasor relationships in (14). This
generation occurs over a window of N samples, which
corresponds to one fundamental period T, stretching backward
from the initiation point of the estimation. This method
reconstructs signal values from previous time instants based on
current information, applied iteratively for each time step,
leading to a general expression of the resulting signal based on

the estimated phasors.:
P

CISH[n] = Z|g”| -cos(2nf;; -nTs +arg{U;}) (15
=1

where f;;, |U;;|, and arg{U;;} denote the frequency, magnitude,
and phase of the j” interharmonic components respectively.
Finally, as illustrated in Figure 5 the Modified Covariance
Cleaned Characteristic Harmonic (MC-CCH) signal is obtained
by subtracting the reconstructed CISH waveform from the DCH
baseline:

MC — CCH[n] = DCH|[n] — CISH[n]

MC-CCH -Cleaned Signal (DCH - CISH) _

(16)

Time (s

it N

Figure 4. MC-CCH waveform.
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To receive the right answer for the subtraction, we need to
know the lengths of the N samples and the time interval that goes
with the CISH window. The DCH signal must match the window
that goes with the samplesn = n,,, andn = n,, . Figure 6
shows a simplified version of the whole process.
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Figure 5. MC-CCHDF Wave Methodology Flowchart.

C. Obtaining the MC-CCHDF Wave Integration

The CCH signal extracts harmonic components for direct
mapping to the original signal using the BFRP technique,
estimating phasors U; to Ug while suppressing higher order
harmonics through an antialiasing filter. A constant sample
displacement of s = N/16 is applied to reference these values
back to the original timeline, formalized by modifying Equation

3):
N f, 360

=16'50 N

The discrete harmonic frequencies are represented by f;, =
f - h, where fis the nominal fundamental frequency (50 Hz) and
h is limited to integers h = 1,2,...8, due to the antialiasing
filter's bandwidth limits. BFRP transformation (4) and (6) are
applied to MC-CCH signal phasors using the required
parameters $ and K in Equations (5) and (7). Ay, the original
signal phasors, can be recovered using the following derived
relationships.

An = |An|[arg{An} = |Un| - Kn|arg{Un} + 0n

The Equations (17) and (18) are used to -calculate
interharmonic frequencies are f; . Based on the BFRP
relationships, the interharmonic components of the original
signal are represented by the phasors 4;.

= 0.45 - f;, (degrees) W)

(18)

III. RESULTS AND DISCUSSION

This part looks at how well a suggested filter works when it
uses the Modified Covariance Method (MCM) in a CCH filtering
structure and is examined at a sampling frequency of 6400 Hz
(128 samples per fundamental cycle at 50Hz). The MC-CCHDF
algorithm has superior phasor estimating capabilities,
showcasing steady dynamic responses, elevated interharmonic
extraction resolution, and enhanced magnitude/phase accuracy
in demanding settings. Results are shown that compare signal
integrity, magnitude, and phase estimation to typical DFT
methods. The filter meets the requirements of [EC 61000-4-30




and 61000-4-7[10,11], which shows that it can accurately
estimate phasors in less fundamental cycles than the required 10-
cycle (equivalent to 200ms at 50 Hz) observation window.

A. Evaluation of the Method for the Test Signals

The performance of the proposed MC-CCHDF algorithm
was evaluated using multiple transient scenarios characterized
by the presence of interharmonics, exponentially decaying DC
components, and measurement noise. For comparison purposes,
the following approaches were examined:

Table 1. Fundamental components

T T2 Si o z
“ 1Y% me|my " | @y O |
100 | 80 | 50 | 100 50 8 | 100/h | 50k | 180h/18 Iquo

To evaluate the robustness and selectivity of the proposed
estimation framework under progressively more demanding
operating conditions, three synthetic test cases were defined:

Table 2. Characteristic and Estimated Interharmonic Components

COMPONENT CASE1 CASE2
Actual Estimated Actual Estimated
Ai1(Amplitude) 15 15 25 24.93
fi1 (Hz) 230 230 77 77.2
) - 40 -39.98 45 43.30
Ai2(Amplitude) 20 19.97
fiz (Hz) 180 180.1
a;;(°) -40 -40.92
A4i3 (Amplitude) 15 14.86
fiz (Hz) 370 370.1
ai3(®) -30 -30.6

Across the two cases, the progression from a signal
interharmonic to multiple interharmonics highlights the
increasing complexity faced by phasor and spectral estimation
algorithms in protection relays. While Case 1 primarily validates
correctness, Case 2 stress resolution limits, convergence
behavior, and sensitivity to spectral congestion. Such a
structured test hierarchy ensures that performance improvements
are observed and this is not limited to idealized conditions but
remains valid under realistic and adverse operating scenarios.

Gompatisen: Original Signal ¥5 MG-CGHOF Wave.

Arpitude(z )
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Figure 6. Original signal vs. MC-CCHDF signal and Fundamental Amplitude
and Angle for Case 1.
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Figure 7. Orlgmal 51gnal vs. MC-CCHDEF signal and Fundamental Amplltude
and Angle for Case 2.

To further quantify the dynamic performance of the
estimators, the cumulative estimation error (CEE) as illustrated
in Figure 9 and the quality of estimation, the minimum
cumulative estimation error, given by the expression:

cee(n) = Z lv() — 2(DI
[v()I (19)

where v(j) denotes the actual value of the parameter, and 7(j)
the estimated value of the parameter [12].
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Figure 8. CEE comparative for DFT CCHDF, and MC-CCHDEF.

B. Analysis of the Modified Covariance Method Model Order

The Modified Covariance Method is a parametric spectral
estimation technique based on autoregressive (AR) modeling. It
estimates the frequencies of sinusoidal components by solving a
set of linear equations derived from forward and backward
prediction errors. A critical parameter in this method is the model



order, the number of AR coefficients which determines the
number of poles ( and thus the number of sinusoids the model
can represent). Choosing an inappropriate order can severely
degrade frequency estimation accuracy. The provided data from
two test cases clearly illustrate this sensitivity. As illustrated in
Figure 10 when tested two scenarios of signals contained more
than one interhannonic components and different model order.
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Figure 9. Fault Fundamental Magmtude and Phase vs P order.

The MCM is highly sensitive to the chosen model order. For
reliable frequency estimation, the periodic variation observed in
all methods are characteristic of signals containing multiple
interharmonic components that interact with the fundamental. As
show in Figure 11.

Model Order Influance on MCM Frequency and Amplituds Estimation

Figure 11. The Optimal Model Order.

The comparative analysis shows that model order selection is
vital for the MC-CCHDF algorithm. Empirical studies
determined that lower orders (p=10-12) suffice for single
interharmonics, while higher orders (p>16-20) are necessary for
multiple closely spaced ones. The model order can be adaptively
selected using methods like Akaike Information Criterion (AIC)
and Minimum Description Length (MDL), offering a balance
between accuracy and complexity. The MC-CCHDF framework
pre-processes signals, allowing for lower model orders,
improving stability and reducing computational load.
Ultimately, the optimum model order depends on factors like
interharmonic count and noise ratio, making the framework
suitable for adaptive relay applications in complex power
system conditions.

IV. CONCLUSION

A new technique dubbed the Modified Covariance-assisted
Clean Characteristically Harmonic Digital Filter (MC-CCHDF)
has been introduced to make it easier to accurately estimate
fundamental and interharmonic phasors during power system
breakdowns. The proposed MC-CCHDF method is designed for
real-time protection relay applications, focusing on
computational efficiency and feasibility. Unlike conventional
DFT and LSE-based approaches, it offers a lower computational
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burden while enhancing spectral resolution and convergence
speed during transients. Conventional DFT methods incur high
computation with interharmonic and DC offset contamination
issues, whereas LSE techniques are complex and memory-
intensive. The MC-CCHDF algorithm replaces the spectral
estimation stage with the Modified Covariance Method,
maintaining low complexity in STF/BFRP filtering. It efficiently
uses short observation windows, ensuring reduced relay decision
latency, and requires modest memory, as it needs only low-order
autoregressive coefficients for effective fault scenario
assessment. The MC-CCHDF's flexible structure allows it to
work with other spectral approaches, keeps the frequency
relationship of phasors the same, and can work with different
sampling rates, making it compatible with modern digital signal
processing systems. This method needs a smaller data window
for estimation, which is good for applications that need
protection and post-fault investigation. The MC-CCHDF is the
finest choice for advanced digital protection and monitoring
systems since it is accurate and can be used right away.
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