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Abstract—This paper reports on the improper op-
eration of the overvoltage protection, in a real case,
due to the estimation error of its phasors, when the
frequency of the voltage signal was not compatible
with the sampling frequency. It was possible to observe
the recovery time of the frequency tracking signal.
The results obtained by applying the simulation of the
occurrence in the IED are also illustrated, as well as an
analysis of the concepts applied in the calculations of
the IED phasors. Thus, the conclusion is presented by
exposing the solution adopted for the referred problem.
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I. Introduction

Correct estimation of the voltage and current pha-
sors of the terminals of a transmission line (LT) is nec-
essary for Intelligent Electronic Devices (IEDs) algo-
rithms to be able to perform their protection and con-
trol functions properly. Phasor estimation algorithms
[1][2][3] typically use a sliding window, the size of
which is determined by the number of samples used in
this window [1], and defined as a function of the nomi-
nal frequency or the estimated frequency of the power
system [4]. Frequency tracking (FT) algorithms, such
as zero crossing [5], can be used to find the frequency
of the power system at a given time by measuring the
voltage and current signals [6][7]. Therefore, deter-
mining the actual frequency of the network signals is
of utmost importance, since their phasors are directly
related to this frequency.

To determine voltage phasors, IED manufacturers
use several strategies, such as a Half-Cycle Fourier
Filter (HCFF) [8], which can be associated with pre-
filtering to reject distortions from Capacitive Voltage

Transformers [9], as well as a One-Cycle Fourier Filter
(OCFF) [10][11].

This paper presents a real case in which the incorrect
operation of the overvoltage function occurred due to a
failure in the phasor estimation, caused by the delay in
determining the correct system frequency. It was found
that the frequency tracking algorithm used by the IED
of the transmission line under study requires a certain
amount of time to stabilize. The solution obtained by
analyzing this case promoted adjustment procedures
in protection IEDs, where the choice of the correct
analog channel to be the frequency reference for the
frequency tracking algorithm is determined.

This paper is structured as follows. Section 2 de-
scribes the disturbance and presents the problem of
incorrect operation of the overvoltage function due to
a failure in the phasor estimation. Section 3 presents
the laboratory tests, through fault simulations. Section
4 describes some frequency tracking techniques. Sec-
tion 5 discusses some phasor estimation algorithms.
Section 6 compares the algorithms with the real case.
Section 7 presents the solution to the problem. And, in
Section 8, the main conclusions are shown.

II. Description of the Disturbance

The 230 kV LT shutdown was caused by a single-
phase short circuit (phase C to ground). The instanta-
neous protections operated correctly and the automatic
reclosing was successful at both terminals. The simpli-
fied single-line diagram of the line is illustrated in Fig.
1.

During the dead time of the automatic reclosing, the
line voltage measured, at both terminals, oscillates at
a frequency between 45Hz and 46Hz, due to the en-
ergy exchange between the shunt reactor and the lineCopyright Notice
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Figure 1: Simplified diagram of the 230 kV LT

capacitances. Approximately 480 ms after the line was
reclosed, at the SE-A terminal, the first to close, the
overvoltage protection incorrectly operated, causing
the three-pole circuit breaker at this terminal to open.

The oscillography of the IED protection at the SE-
A terminal, with the voltage and current waveforms,
is detailed in Fig. 2, where it can be seen that the
voltage, after automatic reclosing, was close to its pre-
fault value, in the order of 1.0 pu, and there were no
conditions for the overvoltage protection to operate.

Figure 2: SE-A terminal disturbance oscillography

III. Laboratory Tests

In order to better understand the improper operation
of the overvoltage function, it was decided to take
the IED for laboratory testing, for fault injection. To
perform the tests, it was decided to simulate the fault
using the ATP/ATPDraw program [12], where the line
parameters (LCC in ATP/ATPDraw) and the shunt reac-
tor were modeled, to reproduce the frequency variation
in the voltages during the dead time of automatic
reclosing. This choice was necessary for the following
reasons:

• The oscillography of the Digital Fault Recorder
(DFR) of the Substation did not have the measure-
ment of the 230 kV line voltage. Only the 230 kV
busbar voltage.

• The IED oscillography has a sampling rate of 960
Hz (16 samples per cycle).

• The simulations were performed with a sampling
rate of 5.0 kHz, that is, higher than that of the IED.

The waveforms obtained by the simulation are sim-
ilar to the disturbance waveforms, which are initially
suitable for testing.

A. Fault Injection through Test Suitcase

To validate the simulation, it was necessary to verify
whether the IED would behave identically to the real
case. Therefore, the waveform simulations were con-
verted to the COMTRADE format of the joint standard
IEC 60255-24 and IEEE C37.111 [13], which is com-
patible for application in test suitcases.

The IED was parameterized with the same settings
as at the time of the disturbance and, when applying
the simulated fault, the IED behaved in an identical
manner to the disturbance, that is, the incorrect oper-
ation of the overvoltage protection was reproduced. By
studying in detail the signals available in the IED’s in-
ternal oscillography, it was verified that the calculated
voltage phasor magnitudes, the measured frequency
and the signal FT could be included in the equipment’s
parameterization. After inserting new parameterization
into the IED with the aforementioned signals, the tests
were repeated. Fig. 3 illustrates the results observed
after including the new signals.

Figure 3: Voltage phasor magnitude, FT performed by
the IED and actual measured frequency

It can be seen in Fig. 3 that the voltage mag-
nitude were calculated incorrectly by the IED after
the automatic reclosing, and that this error is due to
the difference between the frequency of the voltage
signals and the frequency tracked by the IED. These
magnitude values were estimated with values higher
than the real ones, causing the overvoltage function
to operate incorrectly, which was adjusted to operate
at 1.2 pu and with a timing of 400 ms. It is possible
to see in Fig. 4 the values of the voltage magnitudes
after the automatic reclosing, above the overvoltage
function setting.

B. Evaluating IED Behavior for a Frequency Step

Through the simulated faults, it was possible to
determine the behavior of the IED when subjected to a
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frequency step from 46 to 60 Hz, as illustrated in Fig.
5.

Figure 4: Voltage magnitude value above overvoltage
function setting

Figure 5: Behavior of the voltage magnitude,
calculated by the IED, for a step in frequency

It was possible to verify that the calculated value
of the voltage magnitude approaches its correct value
when the value of the FT signal ftracking approaches
the actual measured frequency fReal, highlighting the
almost zero error after 1.0 second from the beginning
of the frequency step. It is noted that the FT signal, for
the IED under analysis, began to change its value after
200 ms of the frequency step.

This result was only observed because the file result-
ing from the simulation was injected through the test
suitcase, since in the real case the line circuit breaker
opens after the overvoltage function operates.

After completing the laboratory testing stage, it was
necessary to study the IED’s internal algorithm in or-
der to understand what actually caused the erroneous
calculation of the voltage phasors and, in addition, to
find a solution to the problem. Therefore, information
was sought in the equipment manual, provided by
the manufacturer, and in the literature in general, to
identify similar situations.

IV. Frequency Tracking Algorithms

It is always desirable, for applications in the elec-
trical system, that the frequency measurement is ac-
curate and stable. However, the existing challenges

for developing frequency estimation algorithms must
consider the dynamics of the measured signals [6].

The most widely used technique for determining fre-
quency in protection relays is known as zero crossing
[7] and, to improve accuracy, linear interpolation is
used [4]. This method can be subject to spurious zero
crossings, for this reason, pre-filtering with low-pass
or band-pass filters can be used [14], however, it can
affect the speed of frequency measurement [7]. It is
possible to use currents, but voltages are preferred,
because they are always larger in magnitude and are
not affected by harmonics and DC decay, as much as
by currents [7]. Generally, one of the voltage phases
is chosen, such as: the voltage of phase A (VA). If this
chosen signal is below a limit, the Clarke transform can
be used to compose a new signal for tracking [4][7].

To ensure the correct functionality of the protection
functions during frequency variations, IEDs have an
internal mechanism called FT. This signal follows the
measured frequency of a previously selected analog
channel. In this way, the voltage and current phasor
quantities are calculated for the actual system fre-
quency and not for a previously defined nominal value,
thus ensuring greater precision for the protection algo-
rithms that may be required to operate in off-nominal
frequency conditions during severe disturbances in the
electrical system [6].

For application in phasor estimation, the FT mech-
anism must update its frequency measurement as
quickly as possible in order to keep up with the sys-
tem’s frequency variations [6]. However, it is observed
that the FT signal does not instantly follow the mea-
sured frequency; its value changes smoothly to ensure
stability in phasor calculations. The FT signal is sent
to the analog-to-digital converter, which uses this in-
formation to determine the time between samples in
order to ensure a fixed number of samples per signal
cycle.

In the disturbance under analysis, whose IED oscil-
lography has a sampling rate of 960 Hz, that is, 16
samples per 60 Hz cycle, it can be seen in Fig. 6,
which illustrates details of Fig. 2, that the change in
time between samples is occurring as a function of the
FT signal. The pre-fault moment can be seen (Fig. 6a),
after the opening of the circuit breakers (Fig. 6b), the
end of the dead time (Fig. 6c) and immediately after
the automatic reclosing of the LT (Fig. 6d).

The actual frequency of the voltage signal and the
value of the FT signal are recorded in Table I.

V. Phasor Estimation Algorithms

To better understand the behavior of high voltage
in the disturbance, algorithms known in the literature
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Figure 6: Sampling time variation following FT

Table I: Variation of frequency and FT during
disturbance

Measured Frequency FT
Pre-fault 60.0 Hz 60.0 Hz

After opening the Circuit
Breakers

46.8 Hz 60.0 Hz

End of dead time 46,7 Hz 46.9 Hz
Immediately after the line
automatic reclosing

60.0 Hz 46.9 Hz

were researched. This article was based on evaluating
the OCFF and HCFF [1], both based on the Discrete
Fourier Transform (DFT) and the Least Squares Algo-
rithm [2] for phasor estimation.

For this analysis, the influence of anti-aliasing filters
was not considered, which are second-order low-pass
analog filters present in the analog inputs of the IED,
which are used before the analog-to-digital conver-
sion to limit the frequency band and eliminate high-
frequency noise [15].

A. One-Cycle and Half-Cycle Fourier Filters

Fourier-based phasor estimation algorithms began to
be studied in the 1970s, due to the prospect of using
computers for protection. The Fourier series has been
considered a suitable technique for processing and
sampling a waveform and determining its fundamental
component [16]. The equations for calculating the real
and imaginary parts of the phasor by means of the DFT
for application in computers are presented in [1], that
is, the beginning of digital relays.

The determination of phasors through the OCFF is
performed through a sliding window of the size of one

cycle and uses the orthogonality of the cosine filters
for the real part and sine filters for the imaginary part
[17], whose equations are described in (1) and (2).

ak =
2

N

N∑
n=1

xncos

(
2πkn

N

)
(1)
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2
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N

)
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Where
ak → Real part of the harmonic phasor k

bk → Imaginary part of the harmonic phasor k

xn → Sample n of the function to be analyzed
N → Number of samples in a cycle
Identical to OCFF, a sliding window is used for pha-

sor estimation using a HCFF. However, the window size
is half a period of a cycle of the periodic signal [18].

The real part ak nd the imaginary part bk of the
phasors estimated by the application of HCFF are
defined in (3) and (4).
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The frequency response is illustrated, in Fig. 7a, to
OCFF and, in Fig. 7b, to HCFF.

Figure 7: (a) OCFF and (b) HCFF frequency response
for 960 Hz sampling rate

B. Least Squares Algorithm

The application of the least squares phasor estima-
tion technique can be implemented with some vari-
ations. In this paper, four possible implementations
will be shown, the difference between which is the
inclusion or not of exponential decay, or the inclusion
or not of even harmonics in the model that represents
the waveform.

In the development of this technique, it was assumed
that the anti-aliasing process will promote the elimina-
tion of harmonics higher than the fifth harmonic of volt-
age and current [2]. For this reason, the signal model
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is expressed by exponential decay and harmonics up to
the fifth order [2], as shown by (5).

y(t) = V0e
t
τ +

K∑
k=1

Vksin (kω0t+ θk) (5)

Where
y(t) → Instantaneous value of the signal at time t

τ → Time constant of the exponential decay
ω0 → Fundamental frequency of the system
θk → Phasor angle of the kth harmonic
V0 → Peak value of the exponential component
K → Order number of the largest harmonic present

in the signal
After trigonometric manipulations, (5) is rewritten as

follows, according to (6):

y(t) = V0e
t
τ +

K∑
k=1

[Vkcos (θk) sin (kω0t)+

Vksin (θk) cos (kω0t)]

(6)

The exponential decay term is expanded in the first
terms of the Taylor series. For simplicity, only the first
two terms were used, as per (7):

y(t) = V0 −
V0

τ
t+

K∑
k=1

[Vkcos (θk) sin (kω0t)+

Vksin (θk) cos (kω0t)]

(7)

The matrix equation is shown in (8):

[y] = [A][X] (8)

Where
[y] → Matrix of measured sampled signals
[A] → Matrix of coefficients
[X] → Matrix of variables
The method is based on solving (8) in order to obtain

the coefficients of matrix [X]. Matrix [A] is not square
and the resolution of the equation involves finding the
pseudo-inverse matrix of matrix [A], according to (9).

[A]+ =
[
[A]T [A]

]−1
[A]T (9)

Where
[A]+ → Pseudo-inverse matrix of the matrix [A]
The elements of the 3rd e 4th lines of [A]+ are the

filter coefficients to estimate the real and imaginary
components of the fundamental frequency phasor of
the signal.
1) Exponential decay included: For the signal model

represented by (5), where the exponential decay com-
ponent and harmonics up to the fifth order are consid-
ered, the frequency response of the filter applied for
phasor estimation is illustrated in Fig. 8a. In this paper,
this method is called LS1. According to [2], even har-
monics are not observed in voltage and current signals

during faults. For this reason, the model, represented
by (5), can be simplified, that is, even harmonics can be
removed, and this method is called LS2, in this paper.
The observed frequency response of the least-squares
filter, when removing even harmonics, is shown in Fig.
8b.

Figure 8: Least Squares frequency response with
exponential decay and (a) even and odd harmonics

included - LS1 - and, (b) only odd harmonics included
- LS2 -, for 960 Hz sampling rate

In LS1, the frequency response of the filter dedicated
to calculating the real part has gains greater than 1.2
for frequencies just above the fundamental frequency.
In a slightly more expressive way, in LS2, the frequency
response of the filter dedicated to calculating the real
part has gains greater than 1.6 for frequencies just
above the fundamental frequency. It can also be seen
that frequencies close to even harmonics have gains
with considerable values.

2) Harmonics only: The model of the signal to be es-
timated, the phasor, can be considered only sinusoidal,
that is, without the exponential decay component, as
per (10) and rewritten in (11), after trigonometric
manipulations.

y(t) =

K∑
k=1

Vksin (kω0t+ θk) (10)

y(t) =

K∑
k=1

[Vkcos (θk) sin (kω0t)+

Vksin (θk) cos (kω0t)]

(11)

The same technique is applied to obtain the pseudo-
inverse matrix, i.e., the filter coefficients to estimate
the real and imaginary parts.

The frequency response of the phasor estimation
technique, using the least squares method, when con-
sidering the signal model without exponential decay,
and only harmonics included, it called LS3, in this
paper, is identical to the frequency response of the
method using OCFF. It can be illustrated by Fig. 7,
where the real part is represented by the cosine filter
and the imaginary part is represented by the sine filter.
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The observation that even harmonics can be disre-
garded, as reported in [2], was applied in the analy-
sis of the least squares method for the signal model
without the exponential decay portion, it called LS4,
in this paper. The frequency response observed is also
identical to the frequency response observed when the
least squares technique is applied with even and odd
harmonics.

VI. Comparison of Algorithms with the Real Case

Based on the analysis of the frequency response of
the analyzed phasor estimation filters, it can be seen
that, for most filters, the voltage magnitude will be
below 1.2 pu (overvoltage sensor settings), when there
is a signal with a frequency higher than the nominal
frequency. The exceptions are for the real part filters
of the least squares method, when the exponential
component is considered.

When observing the frequency response of the real
part of the least squares algorithm, it is observed that
the value of the voltage magnitude obtained in the
occurrence resembles the magnitude of a signal that
could have used this filter. Considering that the IED is
“tuned” to 46.9 Hz and the frequency of the voltage
signal is 60 Hz, after reconnection, the relationship
between the real frequency of the voltage signal and
the FT is 1.28 pu and, according to the graph in Fig. 8a,
a gain in the signal of 1.2 pu is observed. To illustrate
this observation, Table II shows the gains as a function
of frequency for the phasor estimation filters studied.

Table II: Filter gain for calculation of the real part of
phasors

Frequency Gain
[pu] OCFF/LS3/LS4 HCFF LS1 LS2
0.6 0.5845 0.7225 0.3404 0.3164
0.7 0.7187 0.8067 0.4947 0.4614
0.8 0.8386 0.8818 0.6651 0.6293
0.9 0.9350 0.9466 0.8386 0.8121
1,0 1.0000 1.0000 1.0000 1.0000
1.1 1.0284 1.0412 1.1337 1.1814
1.2 1.0173 1.0697 1.2250 1.3447
1.3 0.9669 1.0852 1.2621 1.4785
1.4 0.8800 1.0877 1.2370 1.5731
1.5 0.7618 1.0774 1.1469 1.6213
1.6 0.6199 1.0546 0.9947 1.6188

Due to this similarity in behavior with the case stud-
ied, it is suspected that the combination of anti-aliasing
filters, digital pre-filtering and the internal filter of the
IED of this analysis, for voltage phasor estimation, has
a frequency response close to the real part filter of
the least squares considering the exponential decay.
However, this information is not available from the
manufacturer.

VII. Solution

The solution applied and tested in the laboratory
consisted of changing the analog frequency reference
channel to a voltage channel that is immune to oscil-
lation resulting from the exchange of energy between
the line capacitances and the shunt reactor at the SE-B
terminal. This analog channel refers to the busbar Ca-
pacitive Potential Transformer and is used to perform
the synchronization function, as seen in Fig. 1. This
solution turned out to be simple, as it is only a change
of internal parameters of the IED. Thus, whenever the
line is opened by the circuit breakers, the frequency
reference will be maintained by the bus voltage.

This analytical study was sent to the manufacturer,
and as another solution, there was a recommendation/-
suggestion to change the frequency reference source
when the circuit breaker opens, automatically, through
changes in the IED’s internal logic.

VIII. Conclusion

It was observed, through the analysis of the occur-
rence and the results obtained by the studies illus-
trated in this work, that when the estimation of the
phasors is performed with a period window different
from the period of a real signal cycle, there is the
possibility of improper actuation of the protections,
because the calculated value of the voltage magnitude
by the IED is not consistent with the true value of the
voltage measured on the line. This procedure adopted
for the analysis of the occurrence was relevant, as it
provided greater support for a better understanding of
the actuation of the overvoltage protection relay and
also in the training of human resources in the area of
disturbance analysis at Eletrobras CGT Eletrosul.
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