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Abstract

This paper presents a methodology to set the dis-
tance protection (ANSI-21) in power systems that in-
tegrate nonconventional renewable energies (NCRE).
The modified IEEE 9-bar New England system is
used as a case study, with a wind farm comprising
33 2.5 MW wind turbines and control systems vali-
dated according to international standards, such as
the TEC60909-2016. A fault resistance value calcu-
lated using the Warrington method is considered. The
proposed settings are simulated using the Digsilent
Power Factory® software and a Siemens 7TSA522 relay
with quadrilateral characteristics. The methodology
uses voltage and current data from the instrumen-
tation transformers to calculate the line impedance
up to the fault point. The proposed adaptive method
demonstrates positive performance under different
shortcircuit scenarios, where the fault location, fault
resistance, and power fluctuations of generating park
are varied. This indicates that the relay effectively
operates in the appropriate protection zone.

Keywords: Distance protection, adaptive relay, adap-
tive quadrilateral characteristic, wind farm, fault re-
sistance, inverter-based sources.

Resumen

Este articulo propone una metodologia para ajustar
la proteccion de distancia (ANSI-21) en sistemas de
potencia que integran energias renovables no conven-
cionales (ERNC). Se utiliza el sistema New England
de 9 barras IEEE modificado como caso de estudio,
con un parque eéblico compuesto por 33 aerogener-
adores de 2.5 MW y sistemas de control validados
segln estandares internacionales, como el IEC60909-
2016. Se considera un valor de resistencia de falla
calculado mediante el método de Warrintong. Los
ajustes propuestos se simulan utilizando el software
Digsilent Power Factory® y un relé Siemens 7SA522
con caracteristicas cuadrilaterales. La metodologia
se basa en el uso de datos de voltaje y corriente
de los transformadores de instrumentacion para cal-
cular la impedancia de la linea hasta el punto de
falla. El método adaptativo propuesto demuestra un
rendimiento positivo en distintos escenarios de corto-
circuito, donde varian el lugar de la falla, la resistencia
de la misma y las fluctuaciones de potencia del par-
que generador. Esto demuestra que el relé actia en
la zona de protecciéon adecuada de manera efectiva.

Palabras clave: Proteccién de distancia, caracteris-
tica cuadrilateral adaptativa, parque edlico, relé adap-
tativo, resistencia de falla, fuentes basadas en inver-
sores
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1. Introduction

The integration of nonconventional renewable energies
(NCRE) may compromise the reach of the protection
zones of distance relays [1], mainly due to the stochastic
nature of their resources [2]. Therefore, it is necessary
to consider the modification, analysis and redesign of
the protections so that they can adapt to the fault
current variation produced by renewable energies [3].

The distance relay calculates the apparent
impedance to the fault point through measurements
of voltage and current, and compares this value with
the impedance setting to determine the actuation zone.
The difference between the conventional plants and
the sources based on inverters lays on the current con-
tribution in a fault scenario. In general, a conventional
plant contributes with a current 5 to 6 times the nomi-
nal current, in contrast with renewables sources whose
fault current is between 1.1 to 2 times the nominal
current [3]; therefore, the sequence components are
different between these two types of sources. Due to
this difference, various authors have proposed possi-
ble solutions to avoid the problems of underreach and
overreach of the distance protection.

Another point that should be considered when cal-
culating a shortcircuit scenario is the fault resistance,
which may cause underreach problems in distance re-
lays. To improve the performance of the protection in
this situation, it is proposed the use of new algorithms
that incorporate the fault resistance in synchronous
generation sources to estimate the line impedance [4].
In addition, the Mho characteristic is used in [5] to set
the protection zone and address the problems associ-
ated to the relay operation in photovoltaic plants.

On the other hand, a setting methodology using the
quadrilateral characteristic is proposed in [6], which
results in a change of the relay actuation limit during
the variation of the measured impedance, due to the
insertion of the fault resistance.

The contributions of this paper include:

¢ Detailed modeling of the NCRE to verify the
fault current contributions seen by the protec-
tion relay

e Development of a setting method based on the
calculation of shortcircuit phase currents at 80 %

and 20 % of the length of the main and adjacent
lines. This mathematical expression enables the
independent variation of the resistance and reac-
tance in the R-X plane, which addresses the relay
underreach problem by considering the fault re-
sistance.

e The performance of the proposed methodology
has been verified using data from simulations of
different types of faults and variable generation
of the wind farm.

The rest of this document is organized as follows.
Section 2 presents the basic concepts of distance pro-
tection with quadrilateral characteristic for the inte-
gration of NCRE, and provides a brief description of
the electric scheme to be studied and the effects of
the fault resistance in a shortcircuit event. Section 3
details the proposed methodology, and the results that
evaluate its performance in different situations are pre-
sented in section 3.2. The discussion of the proposed
methodology is supported in section 3.3 and, finally,
the conclusions of the paper are explained in section
4.

2. Materials and methods

2.1. Electric protections of a power system for
the integration of NCRE

The faults in a power system may produce damage to
its elements, and thus it is essential to minimize their
effect by means of a protection system that makes it
more reliable and secure [7]. Since the transmission
line is the most vulnerable element of the system, it
has a primary protection (distance relay). The oper-
ation principles and features of such protection are
presented in this section [8].

2.2. Description of the system

The IEEE 9-bus New England system [9] of 230 £V at
60 Hz, shown in Figure 1, is considered as a case study.
The system is divided into two sectors: sector 1 is con-
stituted by the gray buses, while sector 2 comprises
the black elements.
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Figure 1. Case study:

2.3. Equivalent circuit of the modified system

Sector 1 will be replaced by an equivalent circuit cal-
culated using the REI (radial, equivalent and indepen-
dent) method [10]. This method splits the system in
active and passive sectors with the purpose of group-
ing the passive sectors to a common or equivalent bus,
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9-bus IEEE system [9]

which contains the values of three-phase and single-
phase shortcircuit current and power at the common
bus, as well as the constant of inertia of the system
generators.

The characteristic parameters of the equivalent cir-
cuit connected to the system shown in Figure 2, are
detailed in Table 1

9 66]
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Figure 2. Equivalent circuit of the modified New England 9-bus system [9]

Table 1. Parameters of the equivalent circuit

External Grid

Type of bus Oscillation

Operating point

Voltage magnitude (V;)  1.025[p.u]

Bus angle (4;) 147.783°
RMS data

Constant of inertia (H;)  5.892 [s]

To change the structure of the system, it is con-
sidered the insertion of a new bus (0) to integrate the
wind farm constituted by 11 circuits, each with three
2.5 MW wind generators connected in parallel; this
results in a total installed capacity of 82.5 MW for the
farm.

The wind generators used belong to the Digsilent
Power Factory® library; the wind generator is cou-

pled to the network through a voltage source converter
(VSC) with a full-converter technology [11]. The input
data of these controllers is detailed in Table 2.

For the subsequent analysis, the length of lines 1
and 2 is 100 km, and their electric parameters are
shown in Table 3.

Table 2. Parameters of the full-converter wind generator

Current controller for EMT simulation

Proportional

gain d axis (kd) 5
Integration
time constant d axis (7d) 0.01 [s]
Proportional
gain q axis (kq) 5
Integration time constant ¢ axis
0.01 [s]

time constant q axis (7q)
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Table 3. Electric parameters of the lines

Line 1 Line 2

Impedances [2/km)]

Parameters

Positive sequence

P+ iz = 1o+ jay  0-2063 +30.8993  0.0899 + j 0.4887

Zero sequence

rot + jT00 0.4126 + j 1.7980  0,1799 + j 0.9734

Capacitances [ F/km)]

Positive sequence

Cuy = Cy

Zero sequence
Col

6.7675 2.9869

3.3838 1.4935

The transformer has a nominal power of 150 MVA,
230/13.8 £V, YnD5 connection, the low voltage side
leads the high voltage side by 150° and the shortcircuit
reactance is 8.79 %.

2.4. Quadrilateral characteristic of the distance
relay

The quadrilateral characteristic is more versatile within
the distance protection, since it does not exhibit a re-
duction in its effective protection zone when there is
fault resistance; the relay will operate correctly if the
measured impedance is within the quadrilateral [12].

2.4.1. Basic principle

The advantage of this type of relay is that the op-
eration zone only depends on the impedance of the
element to be protected, which practically remains
constant, i.e., it does not depend on the voltage and
current magnitudes [13] The quadrilateral characteris-
tic is one of the most used methods. The horizontal
axes of this protection depend only on the reactance
“X”, while the vertical axes may be modified varying
the resistance “R”. This is represented in the R-X plane
(Figure 3), which results in a larger protection reach
when inserting the fault resistance [14].

iX
Ya

ZL

Zr
Rr

o
v
Py

Figure 3. R-X diagram. Quadrilateral characteristic [14]

The quadrilateral characteristic operates if the
impedance measured by the relay is within the posi-

tive and negative reactance of the right and left sides
described in the previous figure.
Where:

e 7 = Line impedance
e 7 = Distance reach element

¢ Rp = Setting of the resistive reach

2.4.2. Relay protection zones

The protection of a transmission line cannot be im-
plemented through a single zone because the instru-
mentation transformers must be very precise; backup
protections are required [1]

The percentage assigned to every zone to be pro-
tected is analyzed according to the characteristic of
the relay. In the case of the quadrilateral characteristic,
the assignments operate as follows:

e Zone 1 is configured to protect between 80 %
and 90 % of the line where the fault occurs. The
response time of the relay is immediate, t; =0
seconds, because the distance protection should
be activated before any other protection.

e On the other hand, zone 2 covers the entire line
where the fault occurred plus 20 % of the ad-
jacent line. The response time of the relay is
to = 0.4 seconds.

e Zone 3 has a coordination time interval of
ts = 0.8 seconds, and is able to protect the en-
tire line where the fault occurred plus the entire
adjacent line [15].

2.4.3. Effects of the fault resistance

The impedance of a transmission line is uniformly dis-
tributed along its length. This characteristic enables
the distance relay to distinguish between internal and
external faults, which might vary according to the
fault resistance. This resistance may arise due to fail-
ures in the insulators or by the induction produced by
lightning strikes; when this occurs, an electric arc is
generated which should be taken into account when
setting the relay operation [16].

A
N ~— F
\>0/~|— ZF
- L TFF

Figure 4. Diagram of a three-phase fault with fault resis-
tance [16]

According to the diagram shown in Figure 4, the
impedance seen by the relay considering the insertion
of the system fault resistance is given by equation (1)
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Vi

Z =
m IF

:ZF+RF+<L1>'RF (1)

I
Where:

e Z,, = Impedance measured at buses A and B
o Zp = Fault impedance

o Rp = Fault resistance

e I, = Current measured at bus A

e [, = Current measured at bus B

It may be seen in Figure 3 that in the quadrilateral
characteristic the fault resistance is close to the relay
triggering limit, and this causes that the fault is per-
ceived farther than its real location, resulting in a more
limited protection reach and wrong response times; for
this reason it is necessary to modify the typical setting
of the relay and use an adaptive approach [13] [16].

2.4.4. Criteria for setting the distance relay

The relay impedance is estimated using the voltage
and current measured by the potential (PT) and cur-
rent transformers (CT), respectively. Such impedance
is expressed as Qprimary. When using the conversion
due to the ratio between the PT and the CT, the
reading of the equipment is given as Qsccondary- The
primary impedance may be converted into secondary
impedance using the equation(2) [17].

Vprimary VsecondaryRTP

(2)

= Zp'r‘imary =

primary Isecondary-RTc

For the SIEMENS 7SA522 [17] commercial relay,
the protection settings are generally the ones indicated
in Table 4.

Table 4. Reactances seen by the 7SA522 relay [17]

Reach of Xsecondary - Zl RTP/RTC ‘ 80% N XLl

Reach of Xeccondary — Z2 Rrp/Rrc - 120% - X1

Reach of Xgecondary — 23 Rrp/Rre (Xp1+ Xr2)

The quadrilateral characteristic presents an impor-
tant feature: the settings of the reactive and resistive
reaches are independent. This feature is useful when
there is a fault resistance in the system, because this is
a parameter that makes difficult the correct measure-
ment of the distance relay [15]. An arc is generated
when a fault resistance occurs, and this arc has an
electrical resistance that may be calculated using War-
rington formula given in equation (3) [18].

~28707(S + 2.046 - v - £)

Rarc 114

Where:

o S = Distance of phase-to-phase insulation [m]
e I = Shortcircuit current [A]

e v = Wind speed [m/s]

e ¢t = Duration time of the shortcircuit [s]

The addition of an arc resistance does not modify
the values of line impedance; therefore, the protection
continues measuring the direct reactance of the line.
However, the resistance seen by the relay does consider
this arc resistance [17] as indicated in Table 5.

Table 5. Resistances seen by the 7TSA522 relay [17].

Reach of Rsccan,dury - Z] RTC/RTP . RLI +0.5- Rm'c

Reach of Rmﬁnon,dary - ZQ RTC/RTP : RLl + 0.5- Rm“c

Reach of Rsecondary - Z3 RTC/RTP : RLl + 0.5- Rm‘c

3. Results and discussion

3.1. Application to the case study

This section presents a comparison between the pro-
tection systems of a synchronous generator and a wind
generator with similar operation characteristics. The
objective is to validate their correct performance in
the stated scenarios.

3.1.1. Shortcircuit calculation

For the analysis the shortcircuit calculation is carried
out using the superposition method, which evaluates
the fault current at a specific point of the network. Its
main objective is to verify if the failure of the protec-
tion system is due to a wrong behavior of the relay or
to its incorrect settings. To appropriately dimension
the protection equipment, it is necessary to know two
shortcircuit currents, the maximum one given by a
three-phase fault (at the beginning of the line), which
determines the triggering limits of the relays, and the
minimum one due to a phase-to-neutral fault (at the
end of the line), which is used to choose the triggering
curve of the relay [19].
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3.1.2. Fault current

Due to their topology, the electric systems powered
by synchronous generators produce three-phase, two-
phase and single-phase faults; this affects the normal
flow of current through the transmission lines. On the
other hand, due to their structure based on power elec-
tronics, the systems with NCRE sources (e.g. wind)
do not have ground connections; hence, they do not
have zero sequence.

In order to protect the control system of the wind
generator, the fault current is in the range between 1.1
to 1.5 times its nominal current; in contrast, the con-
tribution of the synchronous generator is 5 to 6 times
its nominal current. This is shown in Table 6, which
contains the current resulting from faults at different
points of the line, when the system is powered by a
synchronous generator and by a wind farm, thus con-
firming that the fault current is lower in a renewable
generation system [20]. The R relay is connected to
bus 9 that protects line 1, while relay Ro protects line
2 and is installed at bus 6 of the system.

Table 6. Comparison of the fault currents for a system
powered by a synchronous generator and by a wind gener-
ator [kA]

Synchronous generator Wind generator

loczztiiuolfl (%] Line 1 Line 2 Line 1 Line 2

Ry Ry Ry Ry
0 1.18 0.67 0.23 0.20
10 1.09 0.65 0.23 0.20
20 1.02 0.63 0.22 0.19
30 0.95 0.62 0.22 0.19
40 0.89 0.60 0.21 0.19
50 0.84 0.59 0.21 0.19
60 0.80 0.58 0.21 0.19
70 0.75 0.56 0.20 0.18
80 0.71 0.55 0.20 0.18
90 0.68 0.55 0.20 0.18
100 0.65 0.55 0.19 0.18

3.1.3. Fault impedances

The basic principle of the distance protection is to
measure the apparent impedance from the voltage to
current ratio (V/I). According to this ratio, in the
occurrence of a fault, if the fault current increases the
voltage drop will decrease to compensate this effect.
Therefore, the impedance is slightly affected by the
shortcircuit level, the type of fault or the source power-
ing the system, thus demonstrating that the impedance
will exhibit significant changes if the fault has a fault
resistance [21]. Based on the above, Table 7 and Table
8 show that the impedance for a three-phase or a two-
phase fault in a transmission line powered by a wind
or synchronous generator is the same, as long as the
fault resistance is zero.

Table 7. Three-phase fault impedance

Impedances []
Synchronous generator

Wind generator

locﬂ?i]j)l:l 9 Line 1 Line 2 Line 1 Line 2

Ry Ry Ry Ry

0 0 0 0 0
10 9,229 14,950 0220 4,950
20 18,476 9,901 18476 9,901
30 27,756 14,857 97756 14,857
40 37,087 19,820 37,087 19,820
50 46,487 24,791 16487 24791
60 55,973 29,773 55973 20.773
70 65,564 34,768 65,564 34,768
80 75.278 39.779 75278 39.779
90 85,137 44,806 85,137 44.806
100 95,159 49,854 95,150 49,854

Table 8. Two-phase fault impedance

Fault

Impedances []
Synchronous generator

Wind generator

location [%] Line 1 Line 2 Line 1 Line 2

Ry Ry R Ry

0 0 0 0 0
10 9,229 4,950 9,229 4,950
20 18,476 9,901 18,476 9,901
30 27,756 14,857 27,756 14,857
40 37,087 19,820 37,087 19,820
50 46,487 24,791 46,487 24,791
60 55,973 29,773 55,973 29,773
70 65,564 34,768 65,564 34,768
80 75,278 39,779 75,278 39,779
90 85,137 44,806 85,137 44,806
100 95,159 49,854 95,159 49,854

3.1.4. Fluctuation of the generation

A wind farm consists of various units connected in
parallel. It is possible that during the day not all units
are in operation due to maintenance or to variability
in climatic conditions, which results in a variation of
the output power, i.e., the line will transport a varying
power. These changes may produce a wrong behavior
of the distance relay in case of a fault [22]. Figure 5
shows the active power generated by the wind farm
along the day; two moments should be highlighted:
at 16:00 the wind farm achieves its maximum daily
generation of 47.91 MW and at 7:00 the generation
achieves its minimum of 9.53 MW.

Power [MW]

012 3 456 7 8 9 10111213 141516 17 18 19 20 21 22 23 24 25
Hour

Figure 5. Generation of the wind farm per hour

When calculating the shortcircuit in the line for
varying fault locations and for wind farm generation,
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the fault impedances are evaluated for the power in- the impedance seen by the relay is the same in the
stalled (82.50 MW), the maximum power during op- three operation scenarios with zero fault resistance.
eration (47.91 MW) and the minimum power during (see table 9)

operation (9.53 MW). Once again, it is evident that

Table 9. Fault impedance evaluated for a fluctuating generation of the wind farm with Rf=0

Maximum operating power Minimum operating power Nominal power

Fault Line 1 Line 2 Line 1 Line 2 Line 1 Line 2
location [%] Ry Rs Ry Rs> Ry Ry
0 0 0 0 0 0 0
10 9,229 4,950 9,229 4,950 9,229 4,950
20 18,476 9,901 18,476 9,901 18,476 9,901
30 27,756 14,857 27,756 14,857 27,756 14,857
40 37,087 19,820 37,087 19,820 37,087 19,820
50 46,487 24,791 46,487 24,791 46,487 24,791
60 55,973 29,773 55,973 29,773 55,973 29,773
70 65,564 34,768 65,564 34,768 65,564 34,768
80 75,278 39,779 75,278 39,779 75,278 39,779
90 85,137 44,806 85,137 44,806 85,137 44,806
100 95,159 49,854 95,159 49,854 95,159 49,854

3.1.5. Method for adaptive setting

Section 2 explained the influence of the fault resistance
on the shortcircuit calculation in a transmission line:
an underreach of the protection might produce wrong
triggers of the relay. For this reason, the typical setting
should be modified to an adaptive setting.

The quadrilateral adaptive setting method enables
the individual variation of resistance and reactance
in the R-X plane, resulting in extended production
zones. This provides the system with more flexibility
and precision que inserting the fault resistance.

The characteristic of the quadrilateral adaptive re-
lay modified for zone 1 may be represented as: equation

(4).

Ve 809
7240 = 7oy = 0.87; = <50 Im (4)
Iee 80%7,,

Where Z,; is the conventional impedance setting
of the relay, which represents a shortcircuit occurring
at 80 % of line 1, located at buses 9-6 (Figure 2). Re-
garding protection zones 2 and 3, it should be analyzed
the adjacent line located at buses 6-4.

When a fault occurs and the fault resistance is
zero, the impedance Z,, = xZ,, where x represents
the percentage corresponding to the fault location.
However, a fault resistance different than zero results
in a change in AZ, which produces an error in the
measured impedance Z,, and in the fault impedance
{,CZLI .

In order to avoid wrong measurements by the re-
lay, Figure 6 represents the increase in the measured
impedance Z,, in the R-X plane; the new impedance

is determined as Z%%P_ This is the new setting of the

protection when a fault occurs.

X
Ya
ADAPTIVE PROTECTION

Zadap
set

Zset Z

xZI AZ

%
k)
>
9
%
°
%
“Z.
<
2
2
2
0O,
el

v

0

Figure 6. Basic principle of the adaptive quadrilateral
characteristic for an internal fault

In order to implement the adaptive method in zone
2, the shortcircuit is calculated at 20 % of the adjacent
line (Lg) and for zone 3 a shortcircuit at 100 % of Lo.
The adaptive setting of the relay is the following:
Zone 2: equacién (5).

d Ve 20%L
Zaset =7 (5)
CC_20%Ls
Zone 3: equacién (6).

adap _ VCC_100%L,
ZSset - I (6)
CC_100%L,
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Where:

e Zadap = Adaptive impedance

o V,.._so% = Shortcircuit voltage at 80 % of L,

e I.._go% = Shortcircuit current at 80 % of L1

o V.._20% = Shortcircuit voltage at 20 % of Lo

e I.._ 909 = Shortcircuit current at 20 % of L;

o Vee—1009% = Shortcircuit voltage al 100 % of Lo

e I.._100% = Shortcircuit current al 100 % of L,

3.1.6. Flow diagram

Figure 7 shows the flow diagram of the proposed
method. For the application of this method, an equiv-
alent model should be determined for the base system
using the REI method. Then, the positive, negative
and zero sequence parameters of the transmission lines
are established, and subsequently the power values
before the fault are entered; when connecting the wind
farm, the parameters of the controller should be consid-
ered. Finally, a three-phase shortcircuit is calculated
with fault resistances 0 and 25 2. When the fault re-
sistance is 0, the conventional method explained in
section 2 is employed. On the other hand, when a fault
resistance different than zero is obtained by means
of Warrington formula, it is necessary to apply the
methodology proposed in this paper, where the voltage
and current values measured by the transformers are
used to calculate the adaptive impedance, considering
the values previously established.

START
A
Define the values using the RE| method
¥
CALCULATE Tt + Xy = 121 + Xz

¥

Set the power values (Pref y Qref)

L J

Set the parameters of the control system (kd, td, ke, Ta)

A
Apply the shortcircuit through the complete method
Y

three-phase

Verify the current contributions in
and two-phase faults

)

‘Calculate the fault resistance

Applythe adaptive method  -YE:
i i N\ using the Warrington
formula

|

Obtain the measured values
nts

I0—=|  Apply the conventional method

]

Gbtain the values of line reactance
)

Caleulate the impedance -
Zad -
it ZONEY FYES_..

- ZF <BOWKL
Y ;
Y
No
[}

Zadap_1<80%ZL1 > YESa|  ZONE1

T ZONE2 }QYES—« T ZF<120%XL

NO -

Y q
I
No
b

< zadap 2<20%ZL2 —YESae  ZONE2

20NE3
T
No
1)
Z0NE3

- D =

Figure 7. Flow diagram of the proposed adaptive quadri-
lateral setting

3.2. Results

For the subsequent analysis, the relay connected at
buses 9-6 is denoted as R, while the protection device
connected at buses 6-4 is denoted as R, as shown in
Figure 2. Their performance has been evaluated for
different fault situations, with two types of sources, the
incorporation of the fault resistance and the variation
in the power generated by the wind farm.

3.2.1. Fault resistance

With the purpose of verifying the optimal performance
of the protection system, shortcircuit tests were con-
ducted in lines Ly y Lo when connected to a syn-
chronous generator and with fault resistances 0 and 25
Q. It is seen in Table 10 that the conventional setting
of the relay with Rf=0  does not exhibit errors in
the response time. On the other hand, for Rf=25 Q
the Ry relay shows a wrong operation at 80 and 90 %
of the line length. (Table 10)
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Table 10. Operation of the Siemens 7SA522 relay in con-
ventional systems with fault resistance

Ry=0 Ry =25
Fault Line 1  Line 2 Line 1 Line 2
location % Ry Ry Ry Ry
0 Zone 1 Zonel Zonel Zonel
10 Zone 1 Zonel Zonel Zonel
20 Zone 1 Zonel Zonel Zone 1l
30 Zone 1 Zonel Zonel Zonel
40 Zone 1 Zonel Zonel Zonel
50 Zone 1 Zonel Zonel Zonel
60 Zone 1 Zonel Zonel Zonel
70 Zone 1 Zonel Zonel Zonel
80 Zone 2 Zone 1 Not ok Zone 1
90 Zone 2 Zone 2 Not ok Zone 2
100 Zone 2 Zone 2 Zone 2 Zone 2

3.2.2. Fluctuating power from the wind farm
generation

It is demonstrated in section 3 that when shortcircuit
events are calculated in transmission lines powered
by a wind farm with variable generation power and
Rp = 0, the impedance seen by the protection remains
fixed as the power varies.

In the following, the results obtained when calcu-
lating shortcircuit events for Rp = 25 € with lines Ly
and Lo affected by a fault are presented. The settings
of relays Ry y Ry in the three generation scenarios
have operation errors, with the line Ly being more
affected, as shown in Table 11.

Table 11. Operation of the distance protection for a fluctuating power generated by the wind farm, with Rf= 25Q

Maximum operating Minimum operating Nominal
power power power

Fault Line 1 Line 2 Line 1 Line 2 Line 1 Line 2

location [%] Ry Ry Ry Ry Ry Ry
0 Zone 1 Not ok Zone 1 Not ok Zone 1 Not ok
10 Zone 1 Not ok Zone 1 Not ok Zone 1 Not ok
20 Zone 1 Not ok Zone 1 Not ok Zone 1 Not ok
30 Zone 1 Not ok Zone 1 Not ok Zone 1 Not ok
40 Zone 1 Not ok Zone 1 Not ok Zone 1 Not ok
50 Zone 1 Not ok Zone 1 Not ok Zone 1 Not ok
60 Zone 1 Not ok Zone 1 Not ok Zone 1 Not ok
70 Zone 1 Not ok Not ok Not ok Zona 1 Not ok
80 Zone 1 Not ok Zone 1 Not ok Zone 1 Not ok
90 Not ok Not ok Zone 2 Not ok Zone 2 Not ok
100 Not ok Not ok Zone 2 Not ok Zone 2 Not ok

Figure 8 presents the distance-time diagram of the
distance protection. For the R; relay, zone 1 covers 80
% of the line length, zone 2 136 % and zone 3 covers
the main and the adjacent lines. Considering what has
been discussed in previous sections, there is an error
in the reach of zone 2, since it normally covers only
120 % of the line length. The Ry relay also exhibits
problems, since zone 2 only reaches 112 % of the pro-

tection, which is wrong as well.

It should be remembered that the response times
of the distance protection were detailed in section 3
(relay protection zones). Based on this criterion, it has
been determined that the conventional setting operates
in wrong times for different locations of the faults in
the lines; these values are highlighted in Table 12.

R1

R2

Figure 8. Projection of the protection zones for relays R, and Ra
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Table 12. Response times of the relay with conventional setting

Maximum operating Minimum operating Nominal
power power power

Fault Line 1 Line 2 Line 1 Line 2 Line 1 Line 2

location [%)] Rys] Rys] Rys] Rys Rys] Ra[s]
0 0.02 9999.99 0.02 9999.99 0.02 9999.99
10 0.02 9999.99 0.02 9999.99 0.02 9999.99
20 0.02 9999.99 0.02 9999.99 0.02 9999.99
30 0.02 9999.99 0.02 9999.99 0.02 9999.99
40 0.02 9999.99 0.02 9999.99 0.02 9999.99
50 0.02 9999.99 0.02 9999.99 0.02 9999.99
60 0.02 9999.99 0.02 9999.99 0.02 9999.99
70 0.02 9999.99 0.41 9999.99 0.02 9999.99
80 9999.99 9999.99 0.41 9999.99 0.41 9999.99
90 9999.99 9999.99 9999.99 9999.99 0.02 9999.99
100 9999.99 9999.99 9999.99 9999.99 9999.99 9999.99

Figure 9 presents the R-X plane of relay (Rs) that protects Lo, after a shortcircuit with Rp=25 Q. It is
observed that the fault impedance is not identified by the distance protection in any of the three scenarios
evaluated.

525 \ 525
4 \ \ !
507 ] X \ 350
{ \ \ f
e/ \ \ N
g —S?U —1T s\ 17‘ 5 350 52‘ 5 700 87“ 5 105. 123, 140. 1?8 \7‘5 19‘3 210 2 350 4{ 5 5

\ |
175 350 525 700 815 105 {23 140 f1s8 15 193 210 228
( ; ! iy A Y Anaial B P
/Retay B5-84 | N B
175 pone (1) Pol_21 | 175 y
1 2R 219’565 pri ohm - 6 | s T i 0hm 10.39:
4] 218219565 pri Om 8 05 / 2231 o
350 71 219 505 pr Onm -8.06° / 3501 2c 231
| Feut Type: ABC (Starting) / Faut Type
55 ropping Trme 5699599 5 / sh 5-{ropping T

i

Figure 9. Shortcircuit in L2 a) Maximum operating power; b) Minimum operating power and ¢) Nominal power

3.2.3. Method for adaptive quadrilateral set- described earlier. The methodology proposed in this
ting paper, the method for quadrilateral adaptive setting,
is applied to overcome these errors. Table 13 shows

The problems exhibited by a distance protection for a the results of this application.

shortcircuit that incorporates a fault resistance were

Table 13. Application of the method for quadrilateral adaptive setting

Maximum operating Minimum operating Nominal
power power power
Fault Line 1 Line 2 Line 1 Line 2 Line 1  Line 2
location [%]  Rils] Ra[s] Ry s8] Rs[s] Ry [s] Rs[s]
0 Zone 1 Zone 1 Zone 1 Zone 1 Zone 1  Zone 1
10 Zone 1 Zone 1 Zone 1 Zone 1 Zone 1  Zone 1
20 Zone 1 Zone 1 Zone 1 Zone 1 Zone 1 Zone 1
30 Zone 1 Zone 1 Zone 1 Zone 1 Zone 1 Zone 1
40 Zone 1 Zone 1 Zone 1 Zone 1 Zone 1 Zone 1
50 Zone 1 Zone 1 Zone 1 Zone 1 Zone 1 Zone 1
60 Zone 1 Zone 1 Zone 1 Zone 1 Zone 1 Zone 1
70 Zone 1 Zone 1 Zone 1 Zone 1 Zone 1  Zone 1
80 Zone 1 Zone 1 Zone 1 Zone 1 Zone 1 Zone 1
90 Zone 2 Zone 2 Zone 2 Zone 2 Zone 2 Zone 2

100 Zone 2 Zone 2 Zone 2 Zone 2 Zone 2 Zone 2
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Table 13 shows the effective performance of the
proposed methodology for faults in lines connected to
a wind farm.

The protection zones of the proposed methodol-
ogy Z2%% (4 = 1,2,3) have been calculated with the
impedance measured by each relay after a shortcircuit
and considering the fault resistance, with the objective
that the protection reach of R; and R, is correct.

Figure 10 shows the settings for relays R; and Rs.
The protection reach is obtained through equations
(4), (5) and (6), where the maximum operation limit
of the relay will be given by the impedance measured
by the equipment after the fault. This is the difference
between the conventional method and the new method-
ology, namely, the setting of the protection zones does
not take into account the own reactance of the line,

but it now uses values of the impedance seen by the
relay after the fault; this causes that the protections
zones are extended to correct the improper operation
of the relay

From an analysis of Table 12 it is identified that
the relay R; that protects line L operates incorrectly
starting from 70 % of the line length, while relay R
does not fulfill the task of protecting line Ly when the
system considers a fault resistance. For this reason,
it is essential to apply the proposed methodology. As
shown in Figure 11, for a fault at 0 % of line Lo with
a) maximum operating power, b) minimum operating
power and ¢) nominal power, the protection operates
in zone 1 at a response time of 0.02 s, in contrast with
the conventional setting where the fault impedance
was out of the zone.
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Figure 10. Coordination of the protection zones of the proposed system for maximum power
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Figure 11. Shortcircuit in Lo, applying the method for adaptive quadrilateral setting with a) maximum operating

power, b) minimum operating power and ¢) nominal power

The results of Table 14 show the performance of correctly identify the faults with their precise location,
the proposed method for adaptive quadrilateral set- and correct the wrong response times of the conven-
ting. In this case, the relays of both lines L and Lo tional relay.
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Table 14. Response times for the adaptive setting for shortcircuits with minimum current

Maximum operating Minimum operating Nominal
power power power
Fault Line 1 Line 2 Line 1 Line 2 Line 1 Line 2
location [%)] [s] [s] [s] [s] [s] [s]
0 0.02 0.02 0.02 0.02 0.02 0.02
10 0.02 0.02 0.02 0.02 0.02 0.02
20 0.02 0.02 0.02 0.02 0.02 0.02
30 0.02 0.02 0.02 0.02 0.02 0.02
40 0.02 0.02 0.02 0.02 0.02 0.02
50 0.02 0.02 0.02 0.02 0.02 0.02
60 0.02 0.02 0.02 0.02 0.02 0.02
70 0.02 0.02 0.02 0.02 0.02 0.02
80 0.02 0.41 0.41 0.41 0.41 0.41
90 0.41 0.41 0.41 0.41 0.41 0.41
100 0.41 0.41 0.41 0.41 0.41 0.41
3.3. Discussion 5. Compared to the adaptive setting based on the

When nonconventional renewable energies are inte-
grated in the power system, the performance of the
distance protection changes when there is a nonzero
fault resistance. Due to this, it is possible to have a
wrong operation of the relay, thus deteriorating the
reliability of the power system. To address this is-
sue, this paper proposes a protection of quadrilateral
characteristic with adaptive setting. The results of
simulations performed on the case study show that for
internal faults, the aforementioned method corrects
the response times of the relay. With respect to the
traditional setting method, the proposed methodology
exhibits advantages such as:

1. The consequences of the insertion of a fault resis-
tance are considered and completely eliminated
because the protection zone tends to be larger
than usual.

2. The analysis of the behavior of faults in this
paper is unique for a wind farm, and thus the
proposed protection structure and methodology
are applicable for the insertion of NCRE (wind
farm).

3. The different protection zones of the proposed
scheme are modified so that they get adapted to
the variation of the additional impedance. This
additional impedance (Zse;) is due to the fault
resistance, and causes a variation in the fault
current.

4. The proposed scheme is designed for a unique
network code, where it was considered a fault
resistance of 25 ) calculated by means of War-
rington formula.

Mho characteristic, the quadrilateral adaptive
setting has more advantages because, depending
on the location of the fault, the zone can be ex-
panded only in the R axis, in the X axis or in
both; in other words, it has a greater resistive
reach because they do not depend on each other.
This results in a higher reliability and security
for the power system, even though this requires
equipment with better technology and higher
cost.

The methodology applied does not estimate the
automatic detection of external faults of systems;
for this purpose, the internal characteristics of
the relay should be modified through its exclusive
programming.

4. Conclusions

This work implements an adaptive setting for the IEEE
9-bus New England system, modified with the inser-
tion of a wind farm constituted by 33 2.5 MW wind
generators. The operation zones of the adaptive quadri-
lateral characteristic are set according to the fault that
has occurred, to avoid errors in the operation of the
SIEMENS 7SA522 relay. The following can be con-
cluded in this work:

The distance relay with conventional quadrilateral
setting operates incorrectly when there is a three-phase
shortcircuit that considers the fault resistance. On the
other hand, the adaptive quadrilateral setting correctly
identifies the fault impedances shifted in the X axis
due to the increase of the fault resistance.

The proposed adaptive method exhibits a favor-
able response for different shortcircuit scenarios, with
variations in the fault point, fault resistance and oscil-
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lation in the power generated by the wind farm, thus
demonstrating that the relay operates in the correct
protection zone.

The proposed method uses voltage and current data

from the instrumentation transformers, and calculates
the line impedance up to the fault point. The relay op-
erates according to its protection setting. Specifically,
if the fault is located at 80 % of the line length, zone
1 operates in t=0 seconds. On the other hand, if the
fault occurs at 20 % of the length of the line adjacent
to the relay, zone 2 operates in t=0.4 seconds. Finally,
if the shortcircuit event occurs at 100 % of the line
adjacent to the relay, zone 3 operates in t=0.8 seconds.
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