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ABSTRACT. This paper introduces a methodology for modelling a digital admittance-type distance
relay using PSCAD/EMTDC. The proposed distance relay was tested in a simulation of the Brazilian
power grid with predetermined fault scenarios. The goal of this paper is to make a detailed evaluation
of the mho distance relay. The main aspects include the correct operation of the distance relay, fault
resistance effects on the mho characteristics, and the fault detection time of this relay. A new approach
to analyse the fault detection time is presented, considering several simulated fault scenarios. The
results demonstrate that the fault resistance influences the fault detection time and severely affects the
distance relay’s general performance. The fault detection time is not constant. It varies within a time
interval, considering different fault types, fault locations, and fault resistances. The confidence interval
calculation provides a detailed range of the fault detection time, considering its upper and lower limits.
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1. INTRODUCTION

Power system protection is a wide area of study with many challenges regarding electrical equipment safety
and power system reliability. A well-designed protection scheme must guarantee these two main aspects and
remove any undesired conditions that might happen. For high-voltage (HV) and extra-high-voltage (EHV)
systems, transmission line protection brings many significant improvements, mainly when it includes distance
relay modelling.

Distance relays protect transmission lines. They respond to the impedance between the relay and the fault
location [I]. The basic principle of distance protection includes the impedance measurement to the fault location
in the transmission line. Instrument transformers provide voltage and current signals at the relay location.
Through these signals, it is possible to estimate the fault location and to determine which fault occurred.

The increasing insertion of digital distance relays in electrical power systems led to several works regarding
their modelling. The goals of these works are, in general, to make an accurate evaluation of their algorithms
and to propose new ones to solve common problems of distance protection.

Some common problems related to the distance protection can be found in [2H5]. Authors in [2] bring
a methodology to model a distance relay using a Real-Time Digital Simulator (RTDS). They highlight every
step needed to model the digital distance relay in the following order:

e Signal conditioning unit
e Data acquisition unit

e Data processing unit

Following this sequence, it is possible to model a complete digital relay, beginning with voltage and current
measurements and up to the command signals to trip circuit-breakers. This reference considers two different
operational characteristics for the distance relay. They are mho and quadrilateral. The most important reported
problems are fault detection and fault classification. This reference applies the three-pole operation scheme for
the distance relay model. It means that, for every possible fault type in a three-phase system, the relay will
open the circuit-breakers belonging to the three phases of the system.

Another problem of great importance in the distance protection is the fault resistance during a short-circuit.
It can result in the distance relay carrying out an incorrect operation. An extension of an existing ground
distance relay algorithm to include phase distance relays is presented in [3]. The algorithm uses a fault estimation
process to improve the efficiency of the distance protection. Results show that the fault resistance compensation
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algorithm is suitable for online applications. It is relevant to highlight that conventional distance relays might
present some limitations to detect and classify faults with high impedance. One of this paper’s contributions
includes proving it.

In [4], the authors investigate the effects of new FACTS (Flexible AC Transmission System) installations on
existing distance relays. The effect of the presence of a UPFC (Unified Power Flow Controller) was evaluated.
It is a controller that can simultaneously support bus voltage and control the flow of power. It is reported
that a conventional distance relay will calculate the distance to the fault location based on the bus voltage and
current. If this distance is within a protection zone, the relay will clear the fault. When the UPFC is connected
to the system, the impedance seen by the distance relay must include the impedance of the device. In addition,
the UPFC has a by-pass circuit-breaker to isolate it during fault conditions. Several short circuits were simulated
in the power system considered. The main conclusions are, during a steady-state operation, the distance relay
will operate correctly. Furthermore, during most of the fault conditions, the by-pass circuit-breaker isolates the
device. Then, it will not affect the correct operation of the protection relays. Reactive compensation devices
must be considered in the distance protection because they can affect the impedance measurement by the
distance relay. Problems related to FACTS devices include overreaching the distance protection [6]. In the
presence of faults with impedance, there is also the possibility of underreaching [7].

Beyond the aforementioned problems related to the distance protection, another critical condition that might
happen in electrical power systems and can severely affect the distance protection is a power swing. Power
swings originate from the rotor angle oscillations from synchronous generators. These power swings can be
harmful to distance protection. They might cause impedance trajectory encroachment on the relay protection
zones [5].

Unlike electrical networks with power generation mostly using synchronous generators, distance protection
using conventional mho and quadrilateral characteristics is affected by renewable energy sources connected to
the transmission network using electronic power converters. The adaptive mho characteristic presented in [8] is
suitable for solving problems of this type. The topology changes in the electrical systems highlight the need
to study the existing protection algorithms and identify their limitations. Then, it is possible to propose new
solutions that suit the new scenarios.

There are many types of distance relays, from electromechanical ones to the latest computer relays. Conven-
tional types of distance relays found in the literature (e. g., [I] and [9]) are:

e Impedance-type distance relay

Modified type distance relay

Reactance type distance relay

Admittance type distance relay

Quadrilateral type distance relay

The last characteristic can be found only in solid-state or computer relays, while the others exist in both
the electromechanical and the digital relays. The two commonly applied types of distance protection elements
include admittance type and quadrilateral type distance relays [10].

The paper aims to describe the process of modelling a digital admittance distance relay (mho) and to make
a detailed evaluation of its behaviour during several simulated fault scenarios. This evaluation focuses mainly on
its correct operation, analyses the effects of fault impedances on distance protection, and the fault detection time
of the proposed distance relay. A novel approach to fault detection time is presented. It consists of the confidence
interval calculation to provide a range of plausible values of fault detection time, including its upper and lower
limits. The distance relay modelling and its evaluation were conducted using the program PSCAD/EMTDC
(Power System Computer-Aided Design/Electromagnetic Transients including Direct Current). The simulated
transmission line belonging to the Brazilian power grid is used to evaluate the distance relay’s performance.

The paper is structured as follows: section [2] presents related works regarding the modelling of distance
relays, section [3| depicts the proposed distance relay, section [4| provides more details about the studied scenario
and presents simulation results, section |5 presents the conclusions.

2. RELATED WORKS

This section presents related works about the modelling of digital distance relays. Some of them are used as
guides to the development of the proposed model and to the evaluation of some parameters concerning distance
protection.

An mho distance relay is proposed in [11], using the EMTPWorks package. This implementation is suitable,
considering the nonlinear nature of an arcing fault, which requires a time-domain implementation for the distance
relay. Hence, it is possible to determine if the fault will or will not be detected. The authors modelled the
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distance relay only for ground faults. Due to this, it is not possible to evaluate phase faults. The current
distance relay presented in this paper also implements the mho characteristic. Furthermore, it includes the
possibility to test all fault types in its algorithm. Several simulated faults scenarios are considered to check the
algorithm’s general performance. These fault scenarios also allow the verifying of limitations of the distance
relay using the transient analysis program PSCAD/EMTDC.

A quadrilateral characteristic of distance protection is presented and tested in [I2]. The performance of this
quadrilateral distance relay is evaluated using the model of an electrical power system located in India. Ground
and phase faults are simulated, varying many different conditions in the power system. These conditions are
fault resistance, power transfer angle, and line charging. The proposed distance relay uses the following sequence
in its structure:

o Anti-aliasing filter

e Fast Fourier transform

e Sequence filter

e Impedance calculation

e Fault detection and classification

e Trip signal

Following this sequence, it is possible to extract the fundamental components of voltage and current signals
during a fault. These signals allow to make an accurate estimation of the impedance to the fault location
and correctly send the trip signal to the circuit-breakers. It is possible to notice, in this reference, that the
quadrilateral characteristic is suitable to cover faults with a high impedance, and varying the angle of power
transfer affects the impedance calculation. Some of these steps adopted in [12] are applied to the mho distance
relay model proposed in this paper (e.g., the anti-aliasing filter and the fast Fourier transform). Further details
are given in section [3}

An approach to distance protection using the S-transform is presented in [I3]. It is an invertible time-
frequency localization technique that combines elements of the wavelet transform and the short-time Fourier
transform. The S-transform was applied to the voltage and current signals to generate the S-matrix. The
changing of the energy applies to the process of fault detection and the estimated phasors are used for the
impedance calculation. Applying this technique allows the possibility to detect the faults within less than
a half-cycle of the fundamental frequency. The total time, of detecting the fault and sending the trip signal, for
the proposed scheme, is about 20 samples (one cycle based on the fundamental frequency of 50 Hz). In this
paper, the confidence interval calculation of the fault detection time is proposed as an alternative method to
treat this parameter. Different fault scenarios influence the fault detection time. With this methodology, it is
possible to obtain an accurate range of these values, considering best and worst scenarios. These scenarios were
elaborated considering different fault resistances, different fault locations, and different fault types. The last
parameter evaluated in this paper is the correct operation of the distance relay facing these different scenarios.

After this review of related works about distance relays, modelling, section [3] will depict the process of
modelling the proposed mho distance relay.

3. DIGITAL MHO DISTANCE RELAY

In this section, the algorithm for the implemented mho distance relay using the program PSCAD/EMTDC
is presented. This transient analysis software is used by engineers, researchers, and students from utilities,
manufactures, consultants, research and academic institutes [I4].

The digital distance relay modelled in this paper uses the admittance characteristic in its protection zones.
It is also known as the mho distance relay. The admittance characteristic is a circular tripping characteristic.
It can pass through the origin on the R-X diagram or might be offset from it [I5]. The mho distance relay
with its circular characteristic passing through the origin is the self-polarized mho distance relay. This is the
characteristic applied in this paper. The self-polarized mho distance relay decides to trip the circuit-breakers if
the measured impedance is located within its protection zone. This study case considered two protection zones,
zone 1 and zone 2.

Protection zone 1 has an instantaneous action characteristic and underreaches to the remote bus of the
transmission line. However, protection zone 2 has a time delay before sending the trip signal to the circuit-
breakers of the protected line, and it overreaches to the remote bus. This time delay is used for protection
coordination. In general, it is also used in a protection zone 3. This third zone has to be set such as to protect the
longest adjacent line and to protect 20 % beyond that line to provide a backup to the remote circuit-breakers [16].
This paper did not consider external faults, therefore, the third zone was not implemented in this study.
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The first step of the distance relay modelling is to acquire voltage and current signals from instrument
transformers. These analog signals must be applied to anti-aliasing filters to limit the noise effects and unwanted
components of higher-frequencies over the sampled data [I7]. These higher frequencies can emerge mainly due
to traveling waves during transient conditions in the transmission line.

The anti-aliasing filter can be understood as a prefiltering stage. It is used, in general, if the Nyquist
frequency of the input is too high or if the signal is not bandlimited. Even if the input signal is naturally
bandlimited, wideband noise may exist in the higher frequencies range. During the sampling of this input signal,
these noise components would be aliased into the low-frequency band. To avoid this phenomenon, the input
signal is forced to be bandlimited to frequencies below one half of the desired sampling rate using this low pass
filter (i.e., anti-aliasing filter), [I8] presents more details about the subject. In this paper, the function shown
in [l| simulates an analog, low pass, anti-aliasing filter consisting of a state variable formulation with trapezoidal
integration [19].

o X (s)
o= {Ao AL () + A2 (2) + As(2) + Au(2) + A5 (2)° + As(;‘;)6} v

where:
s — Laplace variable
w=2-7m-FG (rad/s)
X (s) — input in the Laplace domain
L~! represents inverse Laplace transform
The values of the coefficients in [l| are FG = 0.421875 x sampling frequency; Ag = 1.0; A; = 3.8637;
Ay = 7.464; A3 = 9.1415; Ay = 7.464; A5 = 3.8637; Ag = 1.0 . After the anti-aliasing filter stage, the input
signals are sampled at a frequency greater than double the highest harmonic frequency of interest according to
the Nyquist criterion [20]. Therefore, in this case, as the distance relay is interested only in the fundamental
frequency, the 7" harmonic is chosen as the highest component of interest. The data sampling frequency is 16
samples/cycle. Then, these data are written into a buffer, and the harmonic computations are based on the fast

Fourier transform (FFT) technique [2I]. The FFT computation is detailed in 2| [22] 23]. The FFT results are in
the format given by [3] the magnitude computation uses[d] and the phase angle computation uses

N/2—-1 N/2—-1
X(k)y= > @)Wk, + W > x@n+ )Wk, (2)
n=0 n=0

where:
X (k) — output signal vector
z(n) — input signal vector decomposed into z(2n) and z(2n + 1)
N — number of samples of the input signal
k — harmonic frequency index

Wy = e 2m/N

X (k) = Real [X (k)] + jImag [X (k)] (3)

Mag(k) = \/ Real[ X (k)] + Imag[X (k)] (@)

Phase(k) = tan™! (Imag[X(k)]>

Real [X (k)]
where:

Real [X (k)] — real portion of X (k)
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Imag [X (k)] — imaginary portion of X (k)

These steps of anti-aliasing filtering, data sampling, harmonic, and phase angle computations, depicted
in Figure[I] are used to estimate the fundamental phasors of voltage and current signals. They are used to
calculate the impedance of the fault loops in the relay. After this step of phasors estimation, the impedances are
calculated, for both phase and ground elements, covering all types of faults that might happen in a three-phase

system. They are the following:

e Phase-ground faults

Phase-phase faults

Phase-phase-ground faults

Three-phase faults

Three-phase-ground faults

va(t)

vi(t)

velt)
- Anti-aliasing

v(t)=

Filter

ig(t)
im= |

i(t)

Data sampling

& — 5| Fast Fourier Transform

Buffering

Three-phase

Voltage and

and Phase Computation .
P Current Phasors

FIGURE 1. Signal conditioning unit.

The impedance computation of phase elements uses @ and the impedance of ground elements uses [7] [24].

where:
7y — positive-sequence impedance ()
V1 — phase 1 voltage (V)
Vg2 — phase 2 voltage (V)
I41 — phase 1 current (A)
(A)

I4o — phase 2 current (A

where:
Vs — phase voltage (V)
I — phase current (A)
k — zero-sequence compensation factor

Iy — zero-sequence current (A)

A

To1 — Ipo
Y
T 1, — kI

(©) (6)

As it is possible to notice in[7] there are two additional variables. The zero-sequence compensation factor k,
and the zero-sequence current Iy. Their computation uses [§ and [9] respectively.

where:

k
Zy

-2

(®)
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Zy — zero-sequence impedance of the protected line (2)

71 — positive-sequence impedance of the protected line (2)

fo=3 (ot I+ 1) (4) (9)

where:
I,, Iy, I. — phase currents (A)

The zero- and positive-sequence impedances used to calculate k in 8| will be given in section 4l Z; being the
positive-sequence impedance, a complex number following the format given in the trip decision of the mho
distance relay has the following conditions [25], [26]: First, it calculates the difference between the vectors Zse:
and Z;, denoted by and then it evaluates if the angle between dZ and Z; is within a specific range, the
flowchart of the trip decision is depicted in Figure 2]

Zi=R+jX(Q) (10)
where:
R — positive-sequence resistance (£2)
X — positive-sequence reactance ()
dZ = Zyoy — Z1 (Q) (11)

where:
Zset — protection zone’s reach setting (£2)

Table [I] depicts the reach settings for protection zone 1 and protection zone 2 used in this study case. These
settings are based on the positive-sequence impedance of the transmission line model considered in this paper.
The reach settings of zone 1 and zone 2 are 80 % and 120 % of its positive-sequence impedance, respectively.

Protection zone Settings
Zone 1 35.644 £ 86.54 °Q)
Zone 2 53.46 £ 86.54 °2

TABLE 1. Reach settings.

The reach settings denoted in Table [I are in secondary ohms, because of the turns ratio from instrument
transformers. Section [4] presents more details about them.

The distance relay must correctly measure the impedance of the phase and ground elements, which is done
using [6] and [7] Through the conditions about the trip decision, the mho distance relay must correctly classify
the faulted phases. Then, it will send the trip signal only to the respective circuit-breakers. Figure [3] shows the
logical scheme adopted to trip only the circuit-breakers of the faulted phases.

The logical scheme detailed in Figure [3] can be understood as follows, if the fault is within the protection
zone 1 or 2, the relay will detect which element, phase or ground, is in logical level 1 and send the trip signal to
the respective circuit-breakers. As it is possible to notice, the phase elements are AB, AC, BC and the ground
elements are AG, BG, and CG. The protection zone 2 has a time delay component, configured, in this case,
with a delay of 20 cycles of the fundamental frequency, used for protection coordination. The variable BRK x
denotes the circuit-breaker’s status (e.g., opened or closed), in this case, used to hold its current position.

A consideration of this distance relay model is another time delay considered to open the circuit-breakers.
Circuit-breakers are electromechanical devices, so they do not open instantaneously. Analysing real fault
oscillograms, it is possible to conclude that the mean time interval between the trip signal and the effective
opening of the circuit-breaker is 33 ms. These real oscillograms belong to the power line studied in this paper
(i.e., Serra da Mesa — Samambaia C3), located in the Brazilian power grid. Simulating this time delay allows
more accurate results.

The last thing to consider about the distance relay model is to plot the protection zones and the impedance
trajectory from phase and ground elements, so it is possible to verify possible unwanted encroachment of measured
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Inputs:
ValBy VeZ0p Vollo
I./04 Ip/8c Io/0c

et

A 4

Impedance Calculation |
Using (6) and (7)

Y

Calculate dZ
using (11)

Y

Calculate

0=24dZ - L7,

FIGURE 2. Flowchart of trip decision.

Length 0 — 12.474km and 234.732 — 249 km

Conductor Ground wire 1  Ground wire 2

Name Rail Dotterel OPGW
Inner radius (m) 0.003705 - -
Outer radius (m) 0.014805 0.0077 0.0077
DC resistance (€2/km) 0.0599 0.324 0.429
Bundled sub-conductors 4 - -

Length 12.474 — 234.732 km

Conductor Ground wire 1  Ground wire 2

Name Rail 3/8” EHS OPGW
Inner radius (m) 0.003705 - -
Outer radius (m) 0.014805 0.004572 0.0062
DC resistance (€2/km) 0.0599 4.1994 0.735
Bundled sub-conductors 4 - -

TABLE 2. Conductors and ground wire data.
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Zone 1
Z1 a8 A_ “ TRIPZ1 4
Z1 ag
Zl1 ca w
Z1 am Circurt-breaker
o 43\ TRIPZl g time-delay
Bk TRIPZ1 4
Z1pc BRKS 4 [ {f TRIPPH A
TRIPZ2 4
VAR Y Circuit-breaker
i TRIPZ1 time-delay
€G TRIPZl g
Z1 ca ] A BRKS g ———| TRIPPH B
TRIPZ2 g
Circuit-breaker
] time-delay
Zone2 TRIP Z1 ¢
ik e Dol BRKS ¢ F—t TRPPH.C
’ TRIP Z2
Z2 sG ——} TRIPZ2 ,
Z2¢p
Zone 2
72 a3 Time Delay
Z2 8¢ F——F TRIPZ2g
Z2 gc

Zone 2

Time Delay
Z2 g
22 cg ——} TRIPZ2,
Z2 ca

FI1GURE 3. Logical scheme to trip circuit-breakers.

impedances in the protection zones and to check incorrect operation conditions. The circular characteristic of
the self-polarized mho distance relay passes through the origin on the R-X diagram. It is necessary to generate
this offset condition as follows: first, one must calculate one point on the R axis and another on the X axis

using [12] and [I3] respectively.

Ruzis = radius x cos (Opine) (12)

Kawis = radius X sin (Ojine) (13)

where:
R,is — offset on the real axis (R) ()
Xazis — offset on the imaginary axis (X) (£2)
radius — one half of the impedance magnitude of the protection zone ()
O1ine — angle of the transmission line (°)

Table 1| gives the magnitude and angle values of both protection zones 1 and 2. With the magnitude values of
these protection zones, it is possible to plot the circular characteristic concerning each zone. After this step, two
different signals must be calculated, one for the R axis and one for the X axis. They must be plotted as one in
function of the other. These signals are calculated in the time domain for R and X using [14] and [15] respectively.

Rsignai = radius x cos (wt) + Razis (14)
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Xsignal = radius X sin (wt) + Xozis (15)

where:
Rsignal — signal generated for the real axis
Xsignal — signal generated for the imaginary axis
w — angular frequency (rad/s)
t — simulation runtime (s)

In this study case, the angular frequency w was empirically chosen as 3607 rad/s. The simulation runtime
increases with a time step At = 10 s. Calculating Rgignar and Xgignas for the protection zones 1 and 2. Plotting
them as (Rsigml, Xsignat) Tesults in the characteristic shown in Figure |4} After this description of how to model
the mho distance relay, section [4 presents the details about the studied scenario and the results.

60

R (Ohm)

FIGURE 4. Mho circular characteristic.

4. SIMULATION AND RESULTS

To test the distance relay presented in section [3] the model of a transmission line belonging to the Brazilian
power grid is used. The transmission line of interest interconnects the substations of Serra da Mesa and
Samambaia. This line is part of the Northern-Southern interconnection of the Brazilian transmission power grid.
The transmission line of interest uses the Frequency-Dependent (Phase) Model available in PSCAD/EMTDC.
This is the most accurate transmission line model available. [27] and [28] presents more details about this
frequency-dependent model.

The model of the transmission line Serra da Mesa — Samambaia C3 uses the geometric characteristic of its
predominant tower, as shown in Figure }] The line is 500 kV voltage rated, and it has a series capacitor for
reactive compensation at the Samambaia substation. Its length is 249 km and it employs a complete transposition
cycle, as shown in Figure[6] Conductors and ground wire data are described in Table

For this paper, the series capacitor located at the Samambaia substation will be with its by-pass circuit-breaker
closed, so the distance protection will not be under the effects of reactive compensation. The distance relay tests
are performed with several fault scenarios applied to the transmission line Serra da Mesa — Samambaia C3. The
following parameters are changed to create different scenarios: fault types, fault locations, and fault resistances.
With these parameters, the proposed distance relay is accurately evaluated for its general performance. These
parameters were changed using the multiple run algorithm available in PSCAD/EMTDC. The algorithm applies
11 different fault types in 12 different locations along the transmission line. In addition, with 5 different values
of fault resistance. The fault types are detailed in Table [3] Figure [7] depicts the transmission line single-line
diagram, highlighting the relay and instrument transformers’ location and the distances considered to the
simulated faults. The fault resistance values are 0, 1, 10, 50 and 100 (2.

This paper aims to evaluate the performance of a digital mho distance relay. The main aspects are the
correct operation of the relay in isolating the various types of simulated faults. It means that the relay must trip
the circuit-breakers belonging to the faulted phase and the healthy phases must remain live. A comparison of
the influence of fault resistance in the correct operation of this distance relay is presented. The last evaluation
is the confidence interval calculation of the fault detection time.

The positive-sequence and zero-sequence impedances of the transmission line are obtained using the “line
constants” auxiliary routine available in PSCAD/EMTDC. These impedance values are applied to the distance
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; 17.6 m |
| |

| 11.5m | 11.5m |

vvvv

935m

30 m

Sag at mid-span: Soil resistivity:
Conductors: 24 m 1000 ohm™*m
Ground wires: 22 m

FIGURE 5. Geometric characteristic of the predominant tower.

I 41,5 km 83 km | 83 km 41,5 km
[< > >€ > >

FicURrRE 6. Complete transposition cycle.

Serra da Mesa

Samambaia
Faults location (km)

0 12474 415 6225 83 10375 1245 14525 18675 2075 234732 249 I
m.|52= 1 52 |-

Relay B

FIGURE 7. Single-line diagram of Serra da Mesa — Samambaia C3 transmission line.

Simulated fault types

Phase-ground AG, BG, CG
Phase-phase-ground ABG, ACG, BCG
Three-phase ABC
Phase-phase AB, AC, BC
Three-phase-ground ABCG

TABLE 3. Fault types.
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Positive sequence (£2) Zero sequence (2)
Primary 66.83 £86.54° Primary 273.82 £71.29°
Secondary 44.55 /£ 86.54° Secondary 182.55 £71.29°

TABLE 4. Impedance data.

Fault Impedance Effects on Mho Distance Relay

100%
I I H =

90%
100 500 100 Q

80%
70%
60%
50%
40%
30%
20%
10%

0%

0Q 10

M Serrada Mesa M Samambaia

Correct Operation

Fault Impedance

F1GURE 8. Correct operation of the distance relay considering effects of fault resistance.

relay settings and to the calculation of the zero-sequence compensation factor k in[§ Table [ presents these
impedance values.

The zero-sequence compensation factor in [8] and the reach settings denoted in Table [1] are calculated using
the secondary impedances. These secondary impedances are calculated using the turns ratio regarding the
voltage transformer and the current transformer. The voltage transformer turns ratio is denoted as VIR =
4500, the current transformer turns ratio as CTR = 3000. The calculation of the secondary impedances uses [I6]

CTR
Zsecondary = Zprimary X m (16>

The first generated result, presented in Figure[§] is a graph regarding the distance relay operation. It includes
a comparison considering its correct operation facing different fault resistance values.

Analysing the results in Figure [§] it is possible to notice the derating of the distance relay’s performance as
the fault impedance increases. Even in the presence of faults with a low impedance, this distance relay does not
operate with a 100 % accuracy. Other observations include, for phase-ground faults close to the relay location,
an unwanted encroachment of phase elements into the relay’s operation zone might occur, resulting in unwanted
trips. For faults near the remote end, the impedance path might dynamically enter and leave the protection zone
2 from time to time. Thus, its operation might not occur within the expected time. The effect of fault resistance
can be better understood analysing Figure[9] The impedance path for a phase A — ground fault located in the
middle of the transmission line’s length, seen by the relay located at the Serra da Mesa substation is shown.

From Figures [§ and [J] it can be seen that for larger values of fault resistance, the impedance path calculated
by the digital relay underreaches the protection zone.

Figure [10] details an unwanted path encroachment of a phase element for a phase-ground fault. A bolted fault
between the phase B and the ground close to the relay’s location at Serra da Mesa substation was simulated, and
there was an incorrect operation condition. As it is shown in Figure there was an unwanted encroachment of
the phase element Z;,. and the distance relay sent trip signals to both phase B and phase C circuit-breakers.
This was not supposed to happen.

The last case evaluated in this paper is the confidence interval calculation for the fault detection time. This
evaluation considers several different simulated scenarios. Statements defined in [29] are used for the confidence
interval calculation. So, it is possible to provide an interval of plausible values for the fault detection time and
demonstrate how confident they are. The fault detection time for the protection zone 1 and protection zone
2 was calculated, considering all the simulated cases with the different fault types, fault locations, and fault
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impedances. The confidence interval calculation only includes the cases with a correct operation by the distance
relay. The result was a 95 % confidence interval for the mean using

(x— 1.96%,f+ 1.96\}%) (17)

where:
T — mean time of fault detection
o — standard deviation of fault detection time
n — number of samples

Table [5| shows the data required for the confidence interval computation. Figure [11] presents a graph for
the confidence interval for the relays located at both substations, Serra da Mesa and Samambaia. Analysing
Table [5| and Figure it is possible to conclude that the fault detection time must not be treated as a constant
parameter, as it usually is in the literature. It must be treated as a variable with a mean value and standard
deviation subjected to many different conditions in electrical power systems. The fault detection time’s upper
and lower limits depend on what fault condition the relay is facing. Both the faults farther from the relay location
and the faults with an impedance lead to a slower detection time. With the confidence interval computation, it
is possible to have more details about the fault detection time and critical conditions for protection systems.
Also, it is possible to determine if the protection systems comply to the requirements defined by power utilities,
standards, and regulatory organizations. After these results, section [5] presents the conclusions.

5. CONCLUSIONS

This paper presented a detailed methodology on how to model a digital distance relay using PSCAD/EMTDC.
The main aspects of a digital mho distance relay, its limitations, and how it can be used to protect transmission
lines were shown. The basic steps used in its modelling include:
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FIGURE 11. Confidence interval of fault detection time
Zone 1
Substation T (s) o (s) n
Serra da Mesa 0.0272 0.0727 415
Samambaia 0.0267 0.0708 386
Zone 2
Substation T (s) o (s) n
Serra da Mesa 0.0259 0.0688 409
Samambaia 0.0189 0.044 380

TABLE 5. Data to calculate the confidence interval of fault detection time.

Signal conditioning unit
e Impedance calculation

Fault detection

Trip logical scheme

Plotting the circular characteristic and impedance path

In the signal conditioning unit, the anti-aliasing filter was used to avoid noise from harmonics of higher
frequencies. The data sampling, buffering, and the fast Fourier transform are implemented to estimate the
voltage and current phasors in the fundamental frequency and remove any DC offset.

The impedance calculations for phase and ground elements are done using The flowchart for the trip
decision is detailed in Figure [2) and the logical scheme to send trip signals to the circuit-breakers is shown in
Figure |3} The plotting of the mho characteristic is demonstrated in a simplified and easy-to-understand manner
through The result is shown in Figure [4]

Section [4] presents a detailed evaluation of the self-polarized mho distance relay. It is possible to notice that
its incorrect operation is caused mainly by fault resistance effects, faults close to the relay’s location, and faults
close to the remote end.

A new approach on how to treat the fault detection time of digital distance relays is presented. In Figure [[1]
it is depicted that the fault detection time is not constant for every possible fault that might happen in electrical
power systems. It is shown that the fault detection time varies within a time interval. This paper calculates
a 95 % confidence interval for the mean, showing upper and lower boundaries for this time interval.

The main scientific contributions of this paper are the modelling of a digital mho distance relay using
PSCAD/EMTDC and the detailed evaluation of this relay in the following aspects:

o Effects of fault resistance on distance protection
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e Confidence interval calculation for the fault detection time

e Considerations about undesired conditions that might happen in distance protection.
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