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This paper introduces a pilot protection method for two-terminal transmission lines based on the measurement
residual of an extended Kalman filter designed to track alternate current signals. Transmission lines that
interconnect generation plants to consumers are the primary equipment most susceptible to faults, and failing
to isolate them correctly and promptly may lead to system collapse. In this context, the measurement residual
allows for rapid fault identification and tripping. In addition, the proposed solution requires computing and
communication resources typically available for pilot protection since it uses conventional sampling rates and
has a low computational burden. This paper details the theory and application of the extended Kalman filter
and the results of the proposed method when tested against different simulation scenarios. These scenarios
were built on an extra-high voltage transmission system implemented in ATP/EMTP, varying fault impedance,
inception angle, distance, phases involved, and fault type. It also presents a statistical analysis of these
scenarios, including channel asymmetry, errors in the current transformers’ conversion rate, and noise. Besides,
it describes an analysis of the proposed method regarding current transformer saturation, high impedance
faults, zero-crossing faults, external breaker opening, and power-swing. Finally, it compares the solution with
other algorithms in the literature. The results indicate that the proposed solution is fast, accurate, secure, and
dependable.

1. Introduction etation, fire, lightning, insulation failures, etc. Interconnected power

systems are often made more resilient by enhancing, TLs’ protection

Interconnected electrical power systems are susceptible to faults
that need to be rapidly isolated to preserve power system stability,
avoid equipment damage, and improve safety [1]. The isolation pro-
cedure comprises correct fault identification, communication delay,
and the respective circuit breakers tripping. Reducing the necessary
time to perform any of these actions enhances the system’s dynamic
performance during faults.

Nowadays, protection systems that detect faults in primary equip-
ment rely on algorithms embedded in micro-processor-based devices
that use the discrete Fourier transform (DFT) to calculate root mean
square (RMS) values or phasor quantities of voltages and current sig-
nals. Then, these algorithms use these quantities as inputs of con-
ventional protection functions. Therefore, they generally require at
least one cycle of the fundamental frequency but must be fast while
preserving security and dependability.

Overhead transmission lines (TLs) interconnect power plants to
consumers and typically cover long distances. They are the equipment
more susceptible to faults, which can occur due to contact with veg-
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systems using pilot communication channels to improve isolation times.
This reduces faults effects on the overall system. TLs’ most common
pilot protection functions are directional overcurrent, distance, and
differential.

Directional overcurrent protection operation time can be relatively
slow compared to the other two. Besides, it can present dependability
and security failures, especially for close-in faults. Distance protec-
tion has limited fault coverage and is sensitive to changes in the
impedance of the TL. It presents dependability and security failures
for high-impedance faults, in-feed currents, heavy loading conditions,
and also close-in faults. Both protection functions employ communi-
cation channels that exchange blocking or tripping signals to improve
security, dependability, and tripping speed. On the other hand, differ-
ential protection is highly secure and dependable and usually provides
correct and fast tripping. However, it is not immune to current trans-
former (CT) saturation, TL charging currents, and power swing [2], or
communication delays [3,4], and [5].
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The literature shows that research topics related to pilot protection
schemes for TLs focus on conceiving faster, more secure, and depend-
able protections. Usually, these algorithms lie in three main groups:
frequency-domain, knowledge-based, or time-domain (or a combina-
tion of them).

Frequency-domain algorithms use phasor quantities of phase and
symmetrical components of the voltages and current signals at the TL
terminals, calculated using the discrete Fourier transform (DFT) that
presents the disadvantage of requiring at least one cycle of these
signals to calculate them correctly, to process the protection functions.
Knowledge-based algorithms have been proposed in the literature to
mitigate this problem and to cope with the issues that conventional pi-
lot protection presents. However, their robustness depends on precisely
modeling all abnormal conditions in the protected equipment to avoid
jeopardizing security and dependability for actual faults. Time-domain
methods use voltage and current signals in the discrete-time domain
to build sets of equations, using linear and non-linear digital filters,
usually faster than the DFT, to process the protection functions.

Concerning frequency-domain algorithms, Ref. [6] proposes an al-
gorithm for longitudinal differential protection of TLs that is based
on root mean square (RMS) values. Ref. [7] also presents a pilot
protection method. It is based on the combination of the distance
and differential protection functions that mitigates the effect of the
fault impedance. The authors of [8] describe a differential scheme
based on the a-plane that depends on measurements of voltage and
current signals and uses the ratio of the current phasors associated with
information about the phase angle between voltage and current at both
TL ends.

Refs. [9,10], and [11] present knowledge-based algorithms that im-
plement adaptive distance and differential protection schemes capable
of coping with conventional current differential protection problems
in TLs. Ref. [9] presents a distance protection function based on the
concept of superimposed components of voltage and currents at both
terminals of the TL. It can fastly discriminate between internal and
external faults. However, the method depends on correct values for
the TL quadrupole parameters, and it is based on frequency-domain
values. The authors of [10] describe an adaptive current differential
protection that improves the synchronization between intelligent elec-
tronic devices (IEDs), but it is based on current phasors. Ref. [11] uses
continuous wavelet transform to improve the current differential pro-
tection method, extracting high-frequency information of the currents’
signals. However, it requires a high sampling rate, 100 [kHz], therefore
demanding a more sophisticate telecommunication infrastructure.

Time-domain algorithms can be divided into two subgroups. The
first uses current and voltage samples, or their incremental quantities,
and the second depends on current and voltage traveling waves (TWs).
Both time-domain techniques present fast solutions, generally offer-
ing a considerable advantage regarding tripping times compared with
conventional alternatives based on phasor estimation techniques.

Refs. [12-15] belong to the first group. While [12,14] investigate
the use of active and reactive power entering and leaving the TL
requiring voltage and current samples to assess its operating conditions
correctly, Ref. [13] proposes the use of signed correlation criterion
to evaluate the similarity between the signs of the phase current
samples. On the other hand, Ref. [15] proposes using an incremental
quantities strategy, but it requires higher sampling rates, in the order
of tens of [kHz], and demands a more expensive telecommunication
infrastructure.

Refs. [16,17] belong to the second group. Usually they need high
sampling rates to determine the arrival times, polarity, and magnitude
of the TWs to identify internal faults [17]. Besides, they also need
complex algorithms to differentiate incident wave-fronts from reflected
ones and usually present poor performance when faults initiate close
to the voltage zero crossings. They also rely on sophisticated commu-
nication infrastructure to cope with the limited bandwidth of coupling
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Fig. 1. System topology.

capacitor voltage transformer (CCVT) or present approaches to simplify
it [16].

Ref. [18] proposes an algorithm that uses the fast Fourier transform
(FFT) to extract the dc decaying component to observe its polarity at
both line terminals. The authors also propose a decision-making trip
algorithm that needs half a cycle to provide secure and dependable
protection, making it slower than other similar algorithms [14].

1.1. Proposed method contributions

The manuscript presents the development, implementation, and
tests of a time-domain transient current protection algorithm for TLs,
based on information extracted from the measurement residual of
current estimates from an extended Kalman filter (EKF). The pro-
posed method can separate transient phenomena from the operating
conditions and identify the faults within the protected TL.

To the best of the authors’ knowledge, no protection method in the
literature implements protection functions using only the measurement
residual of EKFs.

The contribution proposed in the manuscript is a high-speed pro-
tection algorithm that uses the measurement residual of an EKF to
determine the fault occurrence and that can embed IEDs with con-
ventional sampling rates as low as 1 [kHz]. The proposed method
is faster than typical differential protection functions implemented in
these IEDs, presenting trip times in the same order of magnitude as TW
protection. Distinctively from the latter, the proposed method does not
use high-pass filtering. Therefore, it can detect zero-crossing faults.

Besides, since the proposed method runs with low sampling rates
and uses only current signals at both line terminals, it is possible to em-
ploy it on standard 64 kbps communication channels [19]. Therefore,
this paper intends to contribute to the time-domain protection research
subject by presenting a cost-effective and fast protection function while
preserving security and dependability.

1.2. Manuscript structure

The rest of the paper is structured as follows: Section 2 details the
transient current protection method proposed by the authors regard-
ing its theory and application; Section 3 describes necessary practical
considerations for applying the technique; Section 4 presents the re-
sults of the proposed method when tested against different simulation
scenarios of an extra-high voltage transmission system implemented
in ATP/EMTP, varying fault impedance, inception angle, distance,
phases involved, and fault type, as well as a statistical analysis of its
performance with regards to CT saturation, communication delays, TL
charging current and power swing, and; Section 5 concludes the paper.

2. Transient current protection method

The method proposed in this paper observes changes in the current
signals at the TL terminals to determine whether there is an internal
or external fault in the power system or if it is operating normally.
To explain the detection strategy, one can consider the TL depicted
in Fig. 1. In this figure, both CTs measure the current entering the
protected circuit.

Faults in this system generate transient currents dependent on its
electric characteristics, fault location, and inception angle. However,
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Fig. 2. Transient currents compared to estimated values using the EKF — Internal
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Fig. 3. Transient currents compared to estimated values using the EKF — External
fault.

internal faults generate transient currents that differ from the pre-
fault condition to the same polarity on both terminals, as depicted in
Fig. 2. On the other hand, transient currents caused by external faults
have different polarities when flowing through the protected TL, as
illustrated in Fig. 3.

In this scenario, the proposed method uses a frequency tracking
EKF [20] to estimate the time-domain pre-fault conditions. Whenever a
transient event occurs, the measurement residual from the filter update
stage corresponds to the desired transient information.

Many power system applications use Kalman filters (e.g., eval-
uation of harmonic distortion, minimization of measurement noise,
and disturbance detection [20,21], and [22]). Nonlinear systems may
use the extended variant of Kalman filters in many applications, like
the one implemented in this paper. The proposed strategy uses the
measurement residual of the EKF. It does not remove information from
the transient signal since the measurement residual is the difference
between the steady-state current model and the measured values. So,
it preserves valuable information, unlike typical protection functions
that rely on digital filters to extract information on the fundamental
frequency or high-frequency transients.

Thus, the proposed method uses the extended Kalman filter to track
pre-fault current signals and separate them from the measured ones.
This filter can correctly track the current flow (i) in various scenarios,
as described in the following sections. However, during abrupt cur-
rent changes, the filter registers a measurement residual (i) related to
its designed inability to track the transient currents instantaneously.
Therefore, the difference between the EKF currents from the measured

International Journal of Electrical Power and Energy Systems 154 (2023) 109471

[ Algorithm Inicialization )
' —
Acquiring current measurements k=k+1
: "

Signal prediction

x(k)” = (x(k—1))

Covariance matrix prediction

Pk)"=F(k—1)xPlk—1)xFk—1)T+Q

Optimal Kalman gain calculation
K, =P(k)" xH' x {HxP(k)" xH" + R}
'

State estimate update

(k) = %(k)~ + Ky, - {i(k) — H x x(k)"}

Error covariance update

P(k) = {I— K, -H} x P(k)"

Measurement residual calculation

i(k) = i(k) — H x x(k)

Fig. 4. EKF block diagram.

values produces a measurement residual that indicates the occurrence
of transients.

The EKF continuously tracks the currents to estimate their subse-
quent measurements in this context. The authors implemented the filter
as outlined in Fig. 4.

The proposed EKF uses a complex sinusoidal signal model based on
Euler’s formulation to describe the currents’ behavior, as in
asintk-w-T, 4 ¢) = a STt = H TR D7) @

s 2
where a is the amplitude of the sinusoidal signal, k is the kth sample,
T, is the complex sinusoidal signal sample period, w is its angular
frequency, ¢ is its angle, and j is the imaginary unit. This paper adopts
the complete three-state model used in [21,23], as in

1= el wTy 2)
Blk) = a - o/ (kW T+9) 3)
Bk)* = a- e (FkwTi=¢) 4

Using this model to represent the power system allows for describ-
ing amplitude, phase, and frequency variations (|f(k)|, 2f(k), and £A4,
respectively). Then, it is possible to express it in state space, as in

A 1 0 0 A
P+ |=|0 1 0 [x]| p) |+wk) (5)
Pk + 1)* 0 0 Al pk)*

where w(k) is the process noise. The signal measurement can be repre-
sented as in

A
ik) = [0 ﬁ; 5% x ﬁ?ﬁ;l +v(k) ®)

where v(k) is the measurement noise. The nonlinear process, as in (7)
and (8), is the EKF model.

x(k + 1) = f (x(k)) + w(k) @)
i(k+1)=Hxx(k+ 1)+ v(k) 8)
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where x(k) is the kth sample of the intermediate state, f is the state
transition model, and H is the observation model. The state transition
model is updated using only the previous state information without
inputs from the process. The state transition and observation models
are, respectively,

A~ p(k)
-0.5-j

f (x(k)) = [4
H=[0

A paot]” ©
0.5 - j] (10)

It is possible to estimate the complex sinusoidal signal from the sys-
tem’s linearization and with the use of a recursive nonlinear filter [24].
The system’s linearization along its trajectory is calculated using the
covariance matrix (P), and the estimation step is divided into two:
prediction and update.

2.1. Prediction

The nonlinear system output prediction at instant #(k), given the
state estimation at instant 7#(k — 1), is illustrated in the “Signal pre-
diction” block depicted in Fig. 4. Where the signal “~” represents
the a priori estimate given the measurements of the previous sample
(i.e. %(k)~ is predicted considering the updated measurement from
sample k — 1).

The covariance matrix (P~) is predicted using the Jacobian ma-
trix (F) and the process noise covariance (Q), as illustrated in the
“Covariance matrix prediction” block depicted in Fig. 4, where

1 0 0
_| dk-1) A0
s | Zatk=D* o1
22 A
Considerations regarding the selection of the process noise covari-
ance are presented in Section 3.

of (x(k - 1))

Flk—-1) = ‘ ox(k)

(€8]

2.2. Update

The a priori estimate is corrected, as illustrated in the “State estimate
update” block depicted in Fig. 4, where i(k) is the current measurement
at instant #7(k). To perform the update, it is necessary to calculate
the optimal value of the Kalman filter gain (K) as illustrated in the
“Optimal Kalman gain calculation” block depicted in Fig. 4, where (R)
is the observation noise covariance.

After updating the a priori estimate, the error covariance matrix is
also updated , as illustrated in the “Error covariance update” block
depicted in Fig. 4.

Finally, the measurement-residual calculation is performed as
shown in Fig. 4, where i(k) is the measurement residual. This variable
is used in the proposed transient current protection algorithm.

Considerations regarding the process and observation noises are
detailed in Section 3.

2.3. Fault detection

As previously mentioned, the authors propose using the measure-
ment residual, calculated on the update step of every iteration of the
EKF, to evaluate if a transient current signal represents an internal fault.

To improve security and dependability, the measurement residual is
discrete-time integrated and then used to evaluate the transients’ effect
on the currents of each TL terminal. The authors chose to implement
a rectangular discrete-time integration, as in (12) and (13), since it
provides satisfactory results while being simple.

k
Acglly ="\ ipga)- At 12)
a=k—n+1
k
Ag) =Y Tya)-ar 13)
a=k—n+1
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Fig. 6. Behavior of A, and A, during an external fault.

where A, (k) and A, (k) are the discrete-time integrated measurement
residuals of the last n current samples from phase ¢, with a sampling
period of At, at the local end remote terminals, respectively.

First, the integrated measurement residual is compared to a mini-
mum threshold on both terminals, as in (14) and (15), to determine if it
represents an event with a transient level significant enough to indicate
an internal fault.

[z4] > Auin
s

After confirming that both discrete-time integrated measurement
residuals are greater than the thresholds, the algorithm verify if their
polarities are the same, as in

14

> Amin

(15)

AgyArp >0 (16)

If the conditions presented in (14) and (15) are met, the algo-
rithm indicates the presence of an internal or external fault in the
transmission system. The discrimination between internal and exter-
nal faults uses the discrete-time integrated measurement residuals, as
in (16). During an internal fault, 4., and 4, exit the restraint region,
established between —A,;, and +A4,,,, in the same direction. Both
are negative in the example depicted in Fig. 5. Conversely, during
an external fault, those quantities leave the restraint region through
different directions, exemplified in Fig. 6.

Digital implementation, as well as the protection settings, are de-
scribed in Section 3.

3. Implementation

The proposed algorithm is phase segregated, as customary protec-
tion implementations. Therefore, it calculates the integrated measure-
ment residual for all TL phases in each terminal (¢ or r).

One consideration is that if an external fault occurs during the
accommodation of the EKF, the algorithm may present security failures.
This is evident when analyzing the 69th ms of Fig. 6. During this
transient caused by an external fault, both A,, and A,, are below
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—A,,;,- Therefore, whenever A, and A, leave the restraint region, the
proposed method should trip or increase the restraint region, similar
to conventional differential protection, depending on whether those
quantities go through the same boundary (-A4,,, and A,;,). Fig. 7
depicts the algorithm’s behavior.

Therefore, the algorithm uses an adaptive restraint region to avoid
security failures at the cost of sensitivity. The adapted strategy consists
of using an adaptive A’ , as in

min

Amin
Ap) - Ay () <0 2 min {4401, [4,4001) [+ (A7)
A (k=1)-(1=p)- At

min

Al

min(k) = max

where the first line determines a minimum threshold (4,,,, ); the second
expresses the maximum transient in the respective phases, which in-
creases the restraint region to avoid external faults to provoke security
failures; and the third decreases the threshold by the rate of change p
(expressed in % over ms) to avoid dependability failures. The choice to
update of the restraint region based on the minimum residual value
prioritizes dependability and was made because it did not result in
any security maloperations. Nonetheless, external events will cause the
adaptive restraint region to reduce sensitivity. Therefore, it is recom-
mend to use backup protection functions (as per common practice in
the industry).

3.1. Settings

The protection performance depends on the EKF parameters, A,,;,,
p, and integration time. The observation and process noise covariance
values used in this paper are 3% and 1.5 x 107°%, respectively. The
first value represents a signal-to-noise ratio of 15 dB of the measured
current signals. The authors chose the latter to enable the algorithms
to track power swings, as explored in session 4.8.

The authors set the minimum threshold (4,,,) as 20% of the TL
rated current multiplied by the sampling period. High impedance faults
in transmission systems create current steps that can be detected using
this threshold. The authors set the rate of change value (p) as —1%
per ms, and, finally, the discrete-time integration window is close to
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1 ms, which is twice the traveling time of the TL used in the simulation
scenarios.

4. Dynamic studies

The authors submitted the proposed protection method to challeng-
ing simulation scenarios that emulate actual protection case studies to
describe better the principles involved. The method’s response to these
scenarios illustrates its working mechanism, and the figures that depict
the currents’ signals and the behavior of the proposed Kalman estimator
assist in its unveiling. These challenging scenarios are:

« internal and external faults with and without channel asymmetry
(current samples misalignment), errors in the CT conversion rate,
and noise (Section 4.3);

» CT saturation (Section 4.4);

« high impedance internal and external faults, up to 500 Q (Sec-
tion 4.5);

« zero crossing faults (Section 4.6);

+ external breaker opening (Section 4.7); and

» power swing (Section 4.8)

These case studies allow the authors to determine the proposed
method’s behavior and validate its security and dependability. They
are essential for testing conventional and innovative protection algo-
rithms and systems because they can accurately replicate challenging
conditions that usually compromise them. This helps ensure that algo-
rithms and systems are functioning correctly and can detect faults and
initiate protective actions as intended, reducing the risk of power sys-
tem security and dependability failures and improving overall system
reliability.

Besides detailing the algorithm’s response to these simulation sce-
narios, the authors present a comparison with other methods proposed
in the literature, in Section 4.10.

4.1. Transmission system

The authors tested the proposed protection algorithm against sim-
ulation scenarios built on Brazilian transmission systems (except the
results provided in Section 4.8) using the software ATP/EMTP. The
authors chose to present the algorithm’s performance regarding the
500 kV, 5-bus transmission system depicted in Fig. 8. This system is
located southeast of Rio de Janeiro and offers realistic transients while
preserving readability. Table 1 shows the fault levels of all buses.

The TLs were modeled in ATP/EMTP using a frequency-dependent
distributed parameters model [26] in the line constants ATP/EMTP
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Table 1
Fault levels in each bus — MVA.

International Journal of Electrical Power and Energy Systems 154 (2023) 109471

Table 3
Detailed trip times.

Bus Single phase Three phase
4 9361.1 £88.75° 7804.0.88.57°
r - 1538.7 £90°
h, 3593.8 £85.96° 3798.2487.34°
hy 7285.6£85.86° 8385.3£87.07°
hy 4198.6.£87.08° 3363.4286.61°
Table 2
Transient events applied to the system.
Event Inception R, [2] Number of
angle Simulations
ABC faults 0,1,5 144 (108%)
0, 10, 50, 100,
AN faults 0° 45° 90° 150, 200, 250, 480 (360%)
300, 400, 500
BC faults N
BCN faults 0,2, 10 288 (216%)
Breaker _ _ 8
opening

anternal faults.

supporting routine. There are four-bundled conductors for each phase
(Rail 954 MCM ACSR conductors) and two Alumoweld cables (diameter
of 9.78 mm) for the overhead ground wires. The external phases’
vertical bundle height at the tower is 35.64 m, while the central phase
vertical bundle height at the tower is 41.04 m. The phase conductors
sag is 26.14 m, and the horizontal distance between the center of each
bundle of conductors is 10.6 m. Both ground wires’ vertical bundle
height at the tower is 46.34 m. The ground wires’ sag is 11.49 m, and
the horizontal distance between both ground wires is 15.4 m. Besides,
soil resistivity was 1000 Q m. The CTs in both buses # and r have
a 1200:5 relation and a saturation characteristic modeled according
to [27]. They measure the currents entering the protected TL.

4.2. Automated testing

The authors created an automated test structure to evaluate these
simulation scenarios using the system depicted in Fig. 8. The faults were
applied to the protected TL, adjacent buses, and adjacent TLs. Breaker
opening and closing maneuvers also were run across the system.

The authors evaluated the proposed method with two sampling
rates, 80 samples per cycle (as expected for protection sampled val-
ues in the IEC 61850) and 20 samples per cycle. The authors chose
the latter to evaluate the possibility of using a single 64 kbps pilot
connection channel described in [4]. The simulations that explore all
the challenging conditions, except the power swing, were run based on
the previously described system using ATP/EMTP. These simulations
have a 10 ps integration step, and the stored digital signals were re-
sampled using a (3" order lowpass Butterworth filter with 3 dB of
attenuation on the bandpass frequency of 1/3 of the sampling frequency
and over 40 dB of attenuation in the stopband frequency of 1/2 of the
sampling frequency). The authors implemented the filter and protection
algorithms in GNU Octave.

The authors used the 920 scenarios described in Table 2 to perform
1840 ATP/EMTP simulations. The number was doubled because all
cases were also simulated with an increased burden on the local CTs
to test the algorithms’ tolerance to saturation. Of the 920 scenarios, 684
cases corresponded to internal faults.

4.3. Algorithm robustness analysis

The proposed algorithm correctly identified all internal faults and
did not present security errors for external faults. To further test the

Samples per cycle Trip times [ms]

" max min
80 0.702 3.230 0.257
80 with CT sat. 0.701 3.230 0.257
20 1.490 4.070 1.307
20 with CT sat. 1.491 4.070 1.307

Maximum trip times occur for high-impedance faults near the weaker TL terminal.

Samples per cycle
&80
g 3,000 080 with CT saturation
£ §20
g 2,000 W20 with CT saturation||
L
Q kX3
© 1,000 E .
0 2 25 3 @ 35
to to to to
2.5 3 3.5 4
ms)
Fig. 9. Trip time distribution.
= — Unsaturated CT
E < 00 I Saturated CT
gz
=2 o0
S =
o ©
2
—100 & =
50 60 70 80 90
Time (ms)

Fig. 10. Comparison between the same case with and without CT saturation on one
of the line’s terminal.

algorithm, the authors deliberately introduced three sources of error:
sample misalignment of 0.2 ms (channel asymmetry), CT precision
error of 10%, and noise (a signal-to-noise of approximately 40 dB
implemented as a sampling error considering three imprecise bits on
a 10-bit analog-to-digital converter).

The fastest recorded trip time is 0.257 ms. Table 3 presents the
average trip times (), maximum (max), and minimum (min) trip times.
Fig. 9 depicts the trip time distribution for the different sampling
rates, with and without current samples misalignment, errors in the
CT conversion rate, and noise. It is interesting to notice that higher
sampling rates improve the fault detection times from an average trip
time of 1.49 ms (20 samples per cycle) to 0.70 ms when using 80
samples per cycle. Most of this difference can be attributed to the delay
introduced by the antialiasing filter.

4.4. Current transformer saturation

The authors repeated the same simulations but using a higher
burden impedance on the CT secondary, as described in [27] and
illustrated in Fig. 10. The proposed algorithm correctly classified the
faults as internal within 4.07 ms, which means that the trip decision is
made before CT saturation becomes significant. It presented virtually
the same results with the unsaturated CTs. Besides, the algorithm did
not show any security or dependability failures, and the trip time
distributions did not have significant changes, as one can notice in
Fig. 9.
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4.5. High impedance internal and external faults

The proposed protection can identify high resistance faults because
even minor disturbances generate transients consistent with the de-
scribed phenomena. The 500 Q internal fault, depicted in Figs. 11
and 12, was detected at 0.743 ms after fault inception. This detection
was made using the same settings as described in Section 4.2. It is
interesting to notice that this case exemplifies an outfeed condition,
which does not negatively interfere with the protection algorithm.

4.6. Zero-crossing faults

The proposed protection does not use traveling waves to detect
faults. Therefore, it can identify zero-crossing faults. Even though these
events are unlikely to happen in practical power systems, evaluating
such faults indicates that the proposed algorithm is dependable, even
for low incidence angles. The fault depicted in Figs. 13 and 14 is a
zero-crossing fault, and the proposed protection function was able to
detect it within 0.847 ms after fault inception.

Using the measurement residual from the EKF estimation avoids
removing fundamental frequency components from the fault current.
This strategy allows for reliable fault identification, even if no high-
frequency elements are generated. Fig. 14 depicts a fault with few
high-frequency components in its wavefront, which is identified as an
internal event. Despite this example, it is worth mentioning that some
high impedance faults (R > 100 Q), with low inception voltages, were
the slowest faults to identify.

4.7. External breaker opening

Opening or closing circuit breakers may interfere with the response
of protection functions (e.g., distance protection and traveling waves).

International Journal of Electrical Power and Energy Systems 154 (2023) 109471

T

Ay
5 N — |
s [ ] restraint region 5
- wn 4,
5%
e INGH
LY
z2 fault inception
e 5 N
[SR]
= O
=

-2 | |
50 60
Time (ms)
Fig. 13. Zero-crossing fault — Behavior of A, and A,.
= — Measured ‘
2% 50[ Kalman estimated
g - - .
£z fault inception
=) - .
= E Us i
g 8 - \wip
= 1
| | : | |
50 60 70 80

40[[— Measured
----- Kalman estimated

20 fault inception
N\

Remote terminal
current (

—201 | | L | | |
50 60 70 80

Fig. 14. Zero-crossing fault — Transient currents compared to estimated values using
the EKF.

T
4H — Ay ’/h e o -

- — Ar I
o [ ] restraint region A N
= w K \
= -
g4 2
joiNa’
S = 5
£ 5
g 0 |
i

-2 ! !

40 50 60 80
Time (ms)

Fig. 15. Maneuver of adjacent circuit breaker — Behavior of A, and A,.

External events may result in the opening of circuit breakers not related
to the protected equipment. However, they create incremental currents
with opposite polarities, similar to external faults. For the tested cases,
the proposed algorithm regarded these as external events. An example
of transients with measurement residual in opposing directions caused
by opening a circuit breaker adjacent to the protected TL is depicted in
Figs. 15 and 16.

4.8. Power swing

The authors used the power swing simulation from [28] as a base
to study a realistic voltage and frequency oscillation (adapted example
from Fig. 7.8 of this reference) to evaluate the behavior of the pro-
posed algorithm during frequency fluctuations. The simulation scenario
consists of two series-connected double-circuit TLs that integrate an
equivalent synchronous generator to an infinite bus.
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The simulation consists of a three-phase fault at the parallel TL,
connected to the generator, that starts at approximately 460 ms after
the simulation begins and that is correctly isolated at around 500 ms,
resulting in severe power swings. Then, a second three-phase fault
starts, now at the protected transmission line which is also connected
to the generator, starts approximately 4 s after the simulation begins.

This scenario produced the relative angular position depicted in
Fig. 17 and the protection behavior described in Fig. 18.

The proposed algorithm did not trip during the three-phase fault at
the parallel TL, nor during the power swing. After the inception of the
internal fault, the algorithm operated as expected. Therefore, one can
notice that the proposed method can differ internal faults from external
events (e.g. external faults, power swings, etc.).

4.9. Hardware requirements

The proposed EKF, with execution sequence optimization, requires
mostly multiplication and additions of 3 x 3 matrices. To obtain the
Kalman gain (Fig. 4), calculating the internal elements before the
inversion reduces the costly operation to a 1 x 1 matrix inversion (i.e., a
complex number inversion), thus reducing the computational burden.
This EKF application requires 505 floating-point operations for each
new sample in one of the current channels. In the case of a three-
phase system being sampled at 5 kHz (circa 80 samples per cycle),
15 million floating point operations per second (MFLOPS) would need
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to be allocated to calculate the six current channels. For reference,
processors of circa 80 MFLOPS were used in conventional IEDs more
than fifteen years ago.

Regarding communication requirements, the algorithm needs to
transmit current data for each one of the 3 phases at 20 samples per
60 Hz cycle. Assuming 8 bit words per sample, the required data rate is
28.8 kbps. The low data bandwidth requirement makes it possible for
this protection to rely on a single 64 bit channels, the minimal standard
requirement for modern pilot protection, as specified in [19].

4.10. Operating times comparison

Table 4 presents a comparison between the proposed method and
pilot protections presented in the in Refs. [14,15,29,30], and [31]. The
data presented in Table 4 indicate that the proposed method presents
shorter operating times when compared to all the other methods.

The operating times presented in this Table consider the algorithms
processing and decision making times without considering communica-
tion delays between the TLs terminals, which would impact equally all
of them. According to the IEEE standard [4] the time delay includes IED
interface delay (1 to 5 ms), fiber optic propagation delay (5 ps/km), and
substation multiplexer delay (0.4 ms). Therefore, 6 ms should be added
to all the results of all the methods presented in Table 4 to contemplate
for the communication delay.

The method presented in [14] uses voltage and current samples,
while the method presented in [15] uses a sampling frequency of
10 kHz, which is twice the sampling frequency of the proposed method.

In addition, the method presented in [29] also has operating times
higher than the proposed algorithm, and it requires special hard-
ware and communication infrastructure, making the solution less cost-
effective than the proposed one, since it uses the concept of traveling
waves and needs a sampling frequency much higher. Besides, it will not
trip when faults initiate close to the voltage zero crossings.

The algorithms presented in [30] have higher tripping times than
the proposed method, and also use voltage and current samples. Be-
sides, the authors state that they intentionally biased their algorithms
for speed and security instead of dependability. Therefore, these algo-
rithms need dependable, phasor-based protection operating in parallel,
delaying even more the average operating times.

Finally, the algorithm presented in [31] present higher tripping
times and use a statistical approach that must be fine tunned to produce
secure, dependable and fast operating times.
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Table 4

Operating times comparison.
Algorithm: Proposed [14] [15] [29] [30] [31]
Average trip time (ms): 0.7° and 1.5° 10.9 7 1.4 2and 4 6.6°
Sampling frequency (kHz): 4.8 and 1 2 25 1000 1000 4.8

aDirectional power and distance, respectively.
bSampling frequency of 4.8 kHz.
¢Sampling frequency of 1.0 kHz.

5. Conclusion

The transient current protection algorithm proposed in this paper
consists of an algorithm that can extract transient information from
the currents measured at the line terminals. The algorithm uses the ex-
tended Kalman filter to model the pre-fault currents, making it possible
to separate them from the faulty ones while preserving all remaining
information. This procedure allows for reliable identification of fault
events, even for zero-crossing faults.

The transient current protection described in this paper presented
trip times under 1.5 ms for over 93% of the cases (the worst-case was
detected within 4.07 ms using a sampling rate of 1.2 kHz). Therefore,
the proposed alternative is among the fastest protections available. It is
also cost-effective because it relies on typical protection hardware and
communication infrastructures readily available in substations.

The results presented in the paper suggest that the proposed method
is fast, dependable, and secure for all types of faults, considering
ideal and critical fault conditions. To corroborate this statement, the
authors presented the algorithm’s behavior under ideal circumstances,
and also high impedance faults, zero-crossing faults, CT saturation for
external events, and power swings. Besides, the authors investigated
the algorithm’s behavior when dealing with noisy signals, harmonic
content, and samples’ misalignment and the results indicate that it
preserved its behavior.
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