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1 INTRODUCTION

Original scientific paper

In this paper, by probabilistic modeling of uncertainties, the problem of determining the reach setting of distance
relay zones is presented as a new optimization problem. For this purpose, uncertainties are modeled based on their
probability density functions. Then, by using the Monte-Carlo process, the impedance seen by the distance relay is
obtained. In this paper, probabilistic sensitivity and selectivity indices are defined for each zone of the distance relay.
Therefore, the problem of determining the optimum reach setting of distance relay for each zone is converted to an
optimization problem with the objective of maximizing of the probabilities indices of sensitivity and selectivity. The
objective function and the constraints of the optimization problem are defined based on the protection philosophy
of each of the three different zones of the distance relay. Considering the fact that the optimization problem is
nonlinear and non-convex, the particle swarm optimization (PSO) is used to solve this problem. The proposed
optimization problem is applied on a 9-bus network, and the reach settings of distance relays are calculated and
compared with those of the conventional approach. Also, uncertainties are prioritized based on the amount of their
impact on the probabilistic indices of sensitivity and selectivity.
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Nova formulacija optimizacijskog problema za odredivanje optimalnog dosega zona udaljenih releja uz
stohasticko modeliranje neodredenosti. U ovom radu je problem odredivanja dosega zona udaljenih releja uz sto-
hasticko modeliranje neodredenosti predstavljen kao novi optimizacijski problem. S tim u vezi, neodredenosti su
modelirane na osnovu njihovih funkcija gustoce vjerojatnosti. Potom je koristenjem Monte-Carlo procesa dobivena
impedancija koju vidi udaljeni relej. U ovom radu su definirani indeksi stohastiCke osjetljivosti i selektivnosti za
svaku zonu udaljenog releja. Problem odredivanja optimalnog dosega udaljenog releja za svaku zonu je trans-
formiran u optimizacijski problem s kriterijem maksimiziranja stohastickih indeksa ostjetljivosti i selektivnosti.
Kriterijska funkcija i ogranicenja optimizacijskog problema definirani su na osnovu strategije zastite svake od tri
razli¢ite zone udaljenog releja. Uzimajuci u obzir da je dobiveni optimizacijski problem nelinearan i nekonveksan,
za dobivanje rjeSenja je u radu koriStena optimizacija rojem Cestica. PredloZeni optimizacijski problem primijenjen
je na mrezu s 9 sabirnica, pri ¢emu je izracunati doseg udaljenih releja usporeden s konvencionalnim pristupom.
Takoder, prioritet neodredenosti odreden je na osnovu njihovog utjecaja na stohasticke indekse osjetljivosti i selek-
tivnosti.

Kljucne rijeci: udaljeni relej, stohasti¢ko okruZenje, selektivnost, osjetljivost

and it does not operate for an external fault of protection
zone (selectivity). Therefore, the error in the impedance

Distance relay has widely been used as a fast and selec-
tive protection in power systems. This relay is used as the
primary and back up protection in transmission and sub-
transmission lines.

Distance relay detects the fault location by measuring
the impedance seen from where it is installed, and compar-
ing it to the relay setting. Thus, the reach setting of the dis-
tance relay must be determined in a way that the relay oper-
ates for an internal fault of the protection zone (sensitivity),
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measured by the relay may result in mal-operation of this
relay. Uncertainties that can cause errors in measuring the
impedance include: fault location, fault type, fault resis-
tance, the errors of measuring equipment, and change in
network topology [1-3].

Different methods have been proposed for setting dis-
tance relays that take the uncertainties into account. In [4],
an adaptive approach has been presented for distance pro-
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tection of transmission lines in presence of wind farms. In
the proposed adaptive approach, considering the amount
of generation and impedance of the wind farm as well as
the amount of the network load, the reach setting of the
distance relay has been determined instantaneously.

In general, in one hand, adaptive approach has high
costs and the other hand, it is not very easy to consider
some uncertainties such as fault resistance and errors in
measuring equipment. Therefore, non-adaptive schemes
have been proposed in some papers.

In conventional approaches of setting the distance re-
lay, usually a safety margin (about 10 to 30 percent) is con-
sidered in order to include uncertainties. For example, the
zone-1 setting of distance relay in conventional approaches
is considered to be 80 percent of the line impedance [5].
Considering the fact that the safety margin can be changed
for different networks with different measuring devices, in
[6-7], probabilistic methods have been proposed for deter-
mining the setting of distance relay.

In [6], probabilistic setting of a distance relay with
quadrilateral characteristics, taking the uncertainties af-
fecting its operation into account, has been presented. In
this paper, the reach setting of the distance relay has been
determined in a way that the probabilities of sensitivity and
selectivity are maximized.

In [7], uncertainties such as measuring errors, fault lo-
cation, and fault resistance, have been identified as the ef-
fective factors on distance relay. Then, the amount of vari-
ations in the probabilities of sensitivity and selectivity for
variations in the reach setting of distance relay has been
obtained.

In this paper, by probabilistic modeling of uncertain-
ties, the problem of determining the reach setting of dis-
tance relay is presented as an optimization problem. The
uncertainties affecting the performance of the distance re-
lay such as fault location, fault type, fault resistance, the
errors in measuring equipment, and change in operation
conditions are modeled considering their probability den-
sity functions. Then, the probabilistic indices of sensitivity
and selectivity are defined for each zone of the distance
relay. After that, the problem of determining optimum set-
ting of distance relay for each zone is defined as an op-
timization problem with the objective of maximizing the
probability of sensitivity and with the constraint of perfect
selectivity. By combining the Monte-Carlo approach with
the PSO algorithm, and with probability density function
of each uncertainty being known, the optimization prob-
lem is solved for each zone and the optimum settings of
the different zones of the distance relay are determined.
Then, the proposed setting is compared with that of the
conventional approach. The capability of the new formu-
lation presented in solving the problem of setting the dis-
tance relay is shown by applying it on a 9-bus network.
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2 UNCERTAINTIES AFFECTING THE PERFOR-
MANCE OF DISTANCE RELAY

Whether distance relays should operate or not is de-
termined based on a comparison between the impedance
measured by the relay and its reach setting impedance.
Therefore, some uncertainties can cause the measured
impedance to change and consequently result in malopera-
tion of the relay. In this paper, the following uncertainties
are considered:

Fault conditions: variations in fault location and fault
type (three phase, phase to phase, phase to phase to ground
and single phase to ground) [8] in the network will cause
the impedance measured by the relay to change. Therefore,
it can affect the relay performance. In this paper, uncertain-
ties of fault location are modelled by a uniform distribution
function. The occurrence probability of each type fault is
considered in a discrete form.

The fault resistance includes the electrical arc resis-
tance, the resistance of towers and ground, and it affects
the impedance measured by the relay and its performance
as well. Since the values of fault resistance are always
positive, the Weibull distribution function can be used to
model it [9]. The mathematical formulation of the Weibull
distribution function is presented in (1).

Y= ABgB-le—Ac” (1)

Variations in operation conditions: variation in load
of power systems causes the change of current carries
thought the lines and affects the pre-fault bus voltages. The
variations of load in power system are usually represented
by the load duration curve. For the sake of simplification,
the load duration curve is presented in three load levels
(low, medium, and high load).

The errors of measuring equipment: The existence
of any kind of fault in measuring transformers results in
error in calculation of the impedance seen by the relay.
The accuracy class of current and voltage transformers are
given in IEC 60044-1 and IEC 60044-5 standards, respec-
tively.

3 DEFINING THE PROBABILISTIC INDICES OF
SENSITIVITY AND SELECTIVITY

The three zones of distance relay need to be set in a
way that the relay operates correctly for an internal fault of
the protection zone (sensitivity), and it does not operate for
an external fault of the protection zone (selectivity). Con-
sidering these definitions, the probabilistic index of sensi-
tivity of protection zones of a distance relay can be defined
as (2):

7,

p=2
Z

2

872



A new optimization formulation for determining the optimum reach setting of distance relay zones by probabilistic modeling

M. Shabani et al.

In the above equation, Z; represents the total number
of internal faults of the protection zone of the relay, and Z;
denotes the number of these faults which have measured
impedance lower than the reach setting of the protection
zone. In zone 1, Z; represents the number faults that have
occurred in the main line (the line on which the relay is
located) and the impedance measured by the relay is seen
within the zone 1 of the relay. The aim of zone 2 is to oper-
ate for faults that occur in the rest of the main line (the part
which is not protected by zone 1), therefore, similar to zone
1, Z, represents the number of faults that have occurred on
the main line and their impedances are seen within zone 2
of the distance relay. Since zone 3 must completely pro-
tect the relays of the next lines, in zone3, Z, represents the
number of faults that have occurred in the adjacent next
lines and the impedance measured by the relay is lower
than the reach setting of the zone 3. The probabilistic in-
dex of selectivity of protection zones of a distance relay is
defined as (3):
Z.
Z;

In the above equation, Z’; represents the total number
of external faults of the protection zone of the relay, and
Z. represents the number these Z’; faults for which the
impedance measured by the relay is higher than the reach
setting of that protection zone. In zone 1, Z, is the number
of faults that have occurred in the adjacent lines of the relay
(the lines after the main line) for which the impedance seen
by the relay is out of the first protection zone. In zone 2, Z,.
represents the number of external faults of the first protec-
tion zones of the relays of the adjacent lines for which the
impedance seen by the relay is higher than reach setting of
the zone 2 of the main line relay. Also, in zone 3, Z. is the
number of external faults of zone 2 of the adjacent lines’
relays for which the impedance seen by the relay is higher
than the reach setting of zone 3 of the relay of the main
line.

P.= 3

4 NEW FORMULATION PROPOSED FOR SOLYV-
ING THE PROBLEM

In distance relays with quadrilateral characteristics, it
is possible to independently set the relay on R and X axes.
Thus, this characteristic makes it possible to effectively
take the arc resistance or fault resistance into account. In
this paper, distance relays with quadrilateral characteristics
are used.

The optimum setting of each zone of distance relay
must be determined in a way that the perfect sensitivity
and selectivity are achieved for that zone. Since in some
zones of distance relay, it is not possible to achieve perfect
sensitivity and perfect selectivity simultaneously, therefore
under such conditions, achieving perfect selectivity is of
higher priority and the sensitivity will be maximized.
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4.1 The formulation proposed for zone 1

In general, loss of selectivity results in remove of a
larger part from the network during a fault. Therefore, the
optimization problem of (4) is presented for determining
the optimum setting of zone 1 of the distance relay.

max P 4
Subject to: P,=1 )

In this equation, the aim is to maximum of the sensitiv-
ity index of zone 1 of the distance relay, and the selectivity
index must be considered as a constraint in the problem so
that the perfect selectivity is achieved.

4.2 The formulation proposed for zone 2

If the reach setting impedance of zone 2 is higher than
the maximum impedance seen for faults in the main line,
and is lower than the minimum impedance seen for exter-
nal faults of zone 1 of the relays of the next lines, the per-
fect sensitivity and selectivity will be achieved. Therefore,
it is clear that there is an interval of settings for zone 2 of
distance relay where the probabilities of sensitivity and se-
lectivity are equal to one. Thus, in this paper, the problem
of (5) is proposed for determining the optimum setting of
zone 2 of distance relay.

max X,

Subject to : {

— =

®)

SRS
I

In this formulation, the probabilities of sensitivity and
selectivity are considered as a constraint. In equation (5),
the aim is to obtain the highest setting that has the per-
fect sensitivity and selectivity. Considering the fact that
the higher is the value of setting reactance of relay (X,),
the larger will be the length of the next lines that is com-
pletely covered by zone 2 of the distance relay. Therefore,
in this formulation, the objective function is considered as
maximizing X,.

Under certain condition, when the impedance of adja-
cent lines is lower than that of the main line, there will be
no such setting for which the probabilistic indices of sensi-
tivity and selectivity are simultaneously equal to one. Un-
der these conditions, the optimization problem represented
by (6) is proposed for determining the optimum setting of

this zone.
max P;

Subject to: P, =1 ©)

Considering that the selectivity is more important than
sensitivity for zone 2, similar to zone 1, the selectivity is
defined as a constraint and the sensitivity index is maxi-
mized as well.
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4.3 The formulation proposed for zone 3

The third protection zone of the relay as a backup pro-
tection must be completely cover all of the next lines.
Therefore, in this zone, considering the higher impor-
tance of sensitivity compared to selectivity, the optimiza-
tion problem of (7) is proposed for determining the opti-
mum setting of zone 3 of the distance relay.

max P,
Subject to : Ros< Ry or Xus < X1
In above equation, Ry, and X, are the real and imagi-
nary parts of the load impedance, respectively. In this for-
mulation, in addition to selectivity constraint, in order to
prevent the relay from operating for the load impedance,
the constraint of operation of zone 3 of the distance relay
under load conditions is added as well.

5 THE PROPOSED ALGORITHM FOR SOLVING
THE PROBLEM

The proposed algorithm for solving the problem of set-
ting the distance relay is presented in two parts as shown
in Fig. 1.

Start

| Monte catlo algorithm ‘

| Calculating of the impedatice |

v

| Optim ization algorithm ‘

| Distance relay setting ‘

End

Fig. 1. The algorithm proposed for solving the problem

First, using the Monte-Carlo process and by taking all
the uncertainties and their probability density functions
into account, the impedance seen by the relay is calculated
and saved. In the next stage, the proposed optimization
problem for each zone of the distance relay is solved by
using the PSO algorithm, and the optimum settings of the
different zones of the distance relay are obtained.

5.1 Calculating of the impedance seen by the relay

In Figure 2, the Monte-Carlo algorithm proposed for
calculating and saving the impedance measured by the re-
lay, by considering of the uncertainties, is shown.
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/ Network data /
¥

Detzrmination of main line, adjucent line, and
next line of them

‘ Applied of operation condition uncertainlty |

| toad flow ‘

v

| Applied of tvpe fault and resistance uncertainties ‘

v

| short circuit calenlations ‘

v

Calculating of the impedances seen by the relay

v

‘ Applizd of error measuring uncartainty

!

| Saving of the obfamed impedances ‘

Fig. 2. The Monte-Carlo algorithm for calculating and
saving the impedances measured by the relay

874



A new optimization formulation for determining the optimum reach setting of distance relay zones by probabilistic modeling

M. Shabani et al.

In the beginning of the algorithm, the network data in-
cluding the line data, bus data, and the probability distribu-
tion functions corresponding to uncertainties, are entered.
Then, a relay is selected and the main line, the adjacent
lines and the next lines are determined for that relay and
the Monte-Carlo process is started.

As the Monte-Carlo process begins, the uncertainty of
variation in operation conditions is applied. For this pur-
pose, considering the load duration curve, a load level is
randomly selected. Due to the dependency of the amount
of generation of generator units to the amount of existing
load in the network, once the selected load level is cal-
culated and becomes known, the amount of generation of
each unit is also modified. Then the load flow is performed
to calculate the pre-fault bus voltages. In order to model
the uncertainty of fault location, first, one of the lines re-
lated to the relay (the main line or the adjacent lines) is se-
lected. Then, the location of fault is determined randomly
with a uniform distribution. Next, considering the occur-
rence probability of different types of faults, a symmetric
three-phase fault, phase to phase fault, phase to phase to
ground fault, or a single phase to ground fault is randomly
selected. The uncertainty of fault resistance is randomly
selected by taking its proposed density function into ac-
count as well.

When the fault location, fault type and the fault resis-
tance being known, the short circuit calculations are per-
formed, and the voltage of the point where the relay is in-
stalled and the current flowing through the relay are ob-
tained, and the impedance seen by the relay is calculated.

At the final stage of the Monte-Carlo iterative pro-
cess, the error of measuring equipment is randomly gen-
erated, considering their probability density functions, and
the impedances measured by the relay are calculated as (8).
Then, the obtained impedance is saved.

Ve(l+e,)
Zap = 1-7 (8)

R(l +e€ 2)
In the above equation, Z,,, is the impedance measured by
the relay, and Vi and Iy are the voltage of the relay lo-
cation and the current flowing through the relay, respec-
tively. Also, ¢, and ¢; are the errors of voltage and cur-
rent transformers, respectively. The abovementioned steps
are repeated until a complete probability density function
is obtained for the impedance seen by the relay. The
impedances obtained for the faults in the main line, the
adjacent lines, and the lines after them are saved in sep-
arate variables. In the next section, these impedances are
used as the input of the optimization algorithm in order to
determine the optimum settings of different zones of the
distance relay.
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5.2 The PSO algorithm

In the previous section, the problem of determining the
optimum settings of the different zones of distance relay
was converted into several optimization problems. Intelli-
gent algorithms can be used to solve these nonlinear and
constrained problems. In this paper, considering the con-
tinuous nature of the problem, the PSO algorithm is used
[10]. The PSO algorithm for determining the optimum set-
ting of the relay is shown in Fig. 3.

P30 parametersetting

— Particle transport [

h J
Analysis of probabilities of Particle velocity vector
sensitivity and selectivity change
A
b

Detzrminate of the
Fbestand GBest

¥
Determine of the relay
sEtting

C

Fig. 3. The PSO algorithm

In the algorithm presented, each candidate particle is
a solution of the problem. The position of each particle
is determined in a way that its data contains the setting of
one zone of the distance relay. By determining the position
of each particle, the objective function is evaluated and if
this value is higher than the value calculated for the previ-
ous particle, the position of the particle is saved as its best
position. Within the search space, the best position expe-
rienced by a particle is represented by PBest and the best
position of the group of particles is represented by GBest.
These steps are repeated until all particles are converted
into an optimum particle.

The decision variables in the optimization problems for
each of the three zones of the distance relay are the settings
of its different zones. Since quadrilateral characteristics is
considered for the distance relay, the resistance (12,) and
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Rr Xr

Fig. 4. The structure of a particle

characteristic reactance (X,) setting of relay are shown in
Fig. 4 as PSO strings.

It should be mentioned that the objective function for
each zone of the distance relay will be different as shown
by (4)-(7).

5.3 Prioritizing uncertainties

In this section, uncertainties are prioritized according
to the amount of their impact on the sensitivity and selec-
tivity of distance relays. For this purpose, first the opti-
mization problems presented for each protection zone are
solved without considering the uncertainties, and the opti-
mum settings of the distance relays are obtained. The re-
sults obtained in this case are considered as the base case.
Then, by considering one of the uncertainty in Monte-
Carlo algorithm, the indices of probabilities of sensitivity
and selectivity are calculated. It is obvious that if including
an uncertainty causes more change in indices of probabili-
ties of sensitivity and selectivity compared to the base case,
that uncertainty has more impact on these indices.

6 NUMERICAL RESULTS

In order to perform the proposed approach, the 9-bus
WECC network shown in Fig. 5 is considered. This net-
work consists of 3 generators, 6 transmission lines, and 3
loads with a total of 315 MW and 114 MVar. The net-
work voltage is 345 kV and its frequency is 60 Hz. Also,
this network includes 12 distance relays with quadrilateral
characteristics. The other features of this network are given
in [11].

In this section, the optimum settings of three zones of
the distance relay R, are determined. It is clear that the
other relays of the network can be set in a similar way.
Since the setting of this relay is dependent on the relays
of other lines as well, the relays of the next lines are rep-
resented by Ry and R3. Also, the main line, the adjacent
line of the relay R, and the line after them are represented
by L1, Lo, and Lg, respectively.

In the proposed Monte-Carlo algorithm, the probabil-
ities of a three phase fault, phase to phase fault, phase to
phase to ground fault, and single phase to ground fault are
considered to be equal to 5%, 15%, 10%, and 70%, re-
spectively [12]. The range of variation of fault resistance
for phase-to ground faults is considered to be within the
interval of 0 to 50 Ohms, and for three phase and phase
to phase faults is considered to be within the interval of 0
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Bust Jﬁ“

Bus3

Fig. 5. WECC-9 bus test system

to 10 Ohms [6]. Thus, to model the three phase fault and
phase to phase fault, the parameters of Weibull distribu-
tion function are considered as A = 1.6 and B = 2, and
for phase to ground faults are considered as A = 32 and
B =23.

Each relay of the above network (Fig. 5) has a cur-
rent transformer with SP10 class of accuracy and a voltage
transformer with 3P class of accuracy. Therefore, to model
the uncertainty of errors of the measuring equipment, a
normal distribution function with a standard deviation of
o = 0.016 and an average of u = 0 is proposed, and for
the voltage transformer a normal distribution function with
a standard deviation of o = 0.01 and an average of © = 0
is proposed.

To model the load, three load levels are selected which
are shown in Table 1 together with their corresponding
probabilities.

Table 1. Modeling the load variations

The ratio of the load | Probability of the load
level to the maximum of | level

the network load

0.440 0.114

0.783 0.730

1 0.156

6.1 Impedances saved by the relay

In the beginning, the Monte-Carlo algorithm proposed
in Section 5.1 is performed and the impedances measured
by the relay R for faults in the main line (L), the adjacent
line (L5), and the line after it (L3) are saved. The number
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of iteration of the Monte-Carlo process is considered to be
equal to 20000.

Figures 6, 7, and 8, show the impedances measured by
the relay R1 for faults in the main line (L), the adjacent
line (Ls), and the line after it (L3) (as points) and in per
unit, respectively. The horizontal axis represents the real
part of impedance, and the vertical axis represents its imag-
inary part.

0.14 T T T T T T

025 03 035

Fig. 6. The impedances seen by the relay R, for faults in
the Ly by considering of the uncertainties

02 T T T T T T T r
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oi1g

= 014
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mil me

00l I I I I I I 1 I
a A1) L LAE] nz oz 03 0.3 04 045

Fig. 7. The impedances seen by the relay Ry for faults in
the Ly by considering of the uncertainties

6.2 Determining of the optimum settings of the dif-
ferent zones

Once the impedances measured by the relay R; are
saved, the PSO algorithm is performed for each one of the
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Fig. 8. The impedances seen by the relay R, for faults in
the L3 by considering of the uncertainties

three zones of the distance relay. The number of iterations
considered for this optimization algorithm is 1000, and the
initial population is 200, the weight coefficient (w) is equal
to 0.98 and the learning coefficients C; and C are consid-
ered to be equal to 2.

Zone 1 By applying the PSO algorithm to the problem
of optimizing zone 1 of the distance relay, its optimum
points are obtained. The optimum setting for zone 1 of
the Relay R; is R, = 0.286 pu and X, = 0.0985 pu. As
shown in Fig. 9, none of the impedances which have oc-
curred in the adjacent line, Lo, has not been seen in zone 1
of the relay R;.

0z

2 D14

012

0.0985] e |

L L L L
0.25 0.28603 0.35 04 0.45

Fig. 9. The impedances seen by relay Ry for faults in Lo
together with zone 1 setting of relay R,

By this setting, the probability of selectivity is one and
the probability of sensitivity is equal to 0.9379.
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Also, as shown in Fig. 10, most of the impedances
occurred in the main line (93.79%) are seen by the relay
R;.

Since the optimum zone 1 settings of relays Ro and R3
are required for setting the next zones of Relay R, the op-
timization algorithm is also applied to these relays. Their
optimum zone 1 setting and the probabilities of selectivity
and sensitivity are presented in Table 2.

0.14

025 0286 g3 035

0 0.05 01 0.15 0.2

Fig. 10. The impedances seen by relay Ry for faults in L
together with zone 1 setting of relay R,

Table 2. The zone 1 settings of the relays of the next lines

P, P, X, R,
(pu) (pw)
0.9661 | 0.0688 | 0.2890 | R»
1 0.9440 | 0.1508 | 0.3060 | Rs

Zone2 Theimpedances seen by the relay R; for internal

faults in line L and for external faults outside the zone 1
of the relay R are calculated by the Monte-Carlo process
and are presented in Fig. 11.

The optimization problem proposed for determining
the optimum setting of zone 2 is solved for the relay Ry
by means of the PSO algorithm. The optimum setting for
zone 2 of the relay R; is obtained as R, = 0.340 and
X, = 0.1498. These setting are shown as a quadrilat-
eral characteristic in Fig. 11. According to this figure, for
the setting proposed for zone 2, all the faults that have oc-
curred in the main line are covered by zone 2 of relay 1y
(the probability of sensitivity is one). Also, the external
faults outside the zone 1 of the relay Ro are seen outside
the zone 2 characteristics of the relay R; (the probability
of selectivity is one). Furthermore, the setting presented in
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o fanlts outside the zone 1 relay R2
+ faulsinLl

] o e
0.15 S B
0.1495
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Fig. 11. The impedances seen by the relay R; for faults in
L1 and for external faults outside the zone 1 of the relay
R together with zone 2 setting of the relay Ry

Fig. 11 is the highest setting for which the probabilities of
sensitivity and selectivity are one.

In a similar way, by solving the optimization problem,
the optimum setting of zone 2 of the relay R is obtained
as R, = 0.3826 and X, = 0.1241 per unit.

Zone 3 By solving the proposed problem by means of
the PSO algorithm, the optimum settings of zone 3 of
the distance relay R; are obtained as R, = 0.4270 and
X, = 0.1987. For this solution, the probability of selec-
tivity is 0.9945 and the probability of sensitivity is one. In
other words, for the proposed setting, all faults that have
occurred in the adjacent line, Lo, are completely covered.
Also, the number of faults that have occurred in line Lg
and outside zone 2 of relay Ry which are seen by relay R
is minimized. It should be noted that the load impedance is
Z1, = 0.549 4+ 0.095 which is outside zone 3 of relay R; .

6.3 Prioritizing uncertainties

In order to prioritize the uncertainties, first the zone 1
setting of relay R; is calculated without considering the
uncertainties, and its probabilities of sensitivity and selec-
tivity are considered as the base case. Three phase fault
type is considered for the base case, and the fault resis-
tance is considered to be equal to zero. The errors of CT
and PT are zero and the load variation is neglected. The
uncertainty of fault location is considered in the base case
and all other cases. Under such conditions, the zone 1 set-
ting of relay R; is R, = 0.0119 and X,. = 0.1008 and the
probabilities of sensitivity and selectivity are both equal
to one. Then, each uncertainty is taken into account sep-
arately, and again, the probabilistic indices of sensitivity
and selectivity for zone 1 are calculated.
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The amount of impact of each uncertainty on the index
of probability of sensitivity of zone 1 of relay 21 is shown
in Fig. 12. As it can be seen in this figure, the uncer-
tainty of fault resistance has had the highest impact on the
sensitivity probabilistic index of zone 1. The errors of cur-
rent and voltage transformers which, compared to the base
case, have the second rank in the index of probability of
sensitivity. Also, the uncertainty of variation of operation
conditions is in the next rank.
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Fig. 12. The probability of sensitivity of relay Ry by con-
sidering uncertainties

The variation of probability of selectivity of zone 1 of
relay R, by taking all uncertainties into account is shown
in Fig. 13. The results show that the error of current
and voltage transformers create the highest deviation in the
probabilistic index of selectivity of zone 1 compared to the
base case. Also, the impact of uncertainties of variations
in operation conditions on the selectivity of zone 1 is very
low.

6.4 Comparing the results of the proposed approach
with those of the conventional approach

In this section, similar to conventional approach, the
zone 1 settings of the relays R1, Ro, and R3 are considered
to be 85% of the impedance of the main line. For sake of
comparison, the setting of the relays using the conventional
and proposed method are shown in table 3.

According to the above Table, considering uncertain-
ties, the proposed approach has selected larger impedance.
The index of probability of sensitivity in the proposed ap-
proach has higher than the conventional approach. Also,
no selectivity with relays of the next lines has occurred,
and the probability of selectivity is the same for both meth-
ods.
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Fig. 13. The probability of selectivity of relay Ry by con-
sidering uncertainties

Table 3. Comparison between the proposed approach with
the conventional approach

Proposed approach Conventional ap- Relay
proach

Pcy1| Psy setting Peci| Psq Setting
0.2860+ 0.010114

1 0.9379 0.0985; 1 0.2988 0.08568; Ry
0.2890+ 0.00720+

1 0.9661 0.0688] 1 0.3011 0.06120; Ro
0.2760+ 0.02720+

1 0.9440 0.0696 1 0.2849 0.13685; R3

7 CONCLUSION

In this paper, a new formulation of the problem of de-
termining the optimum settings of distance relay, consid-
ering the uncertainties was presented. The fault location,
fault type, fault resistance, errors of measuring equipment,
and variations of operation conditions, were probabilisti-
cally modeled as uncertainties affecting the distance relay.
Then, the probabilities of sensitivity and selectivity were
defined and the Monte-Carlo simulation was used to cal-
culate these indices. After that, an optimization problem
was defined for each zone of the distance relay in order to
determine the optimum settings of that zone. For zones 1
and zone 2 of the distance relay, considering the protection
philosophy of these zones, the objective function was con-
sidered as maximizing the probability of sensitivity, and
the constraint of the problem was considered as achieving
perfect selectivity. For zone 3, the objective function was
considered as maximizing the probability of selectivity and
the constraint of the problem was considered as achieving
perfect sensitivity. The proposed approach was applied to
one of the relays of the 9-bus network. By solving the opti-
mization problem for each zone, the optimum settings are
obtained in a way that maximum sensitivity and selectiv-
ity are created for that zone. A comparison between the
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results of the proposed approach with those of the conven-
tional method showed that the settings of the proposed ap-
proach have resulted in perfect selectivity and maximum
sensitivity.

Also, uncertainties were prioritized based on the
amount of their impact on the sensitivity and selectivity of
the distance relay. It became clear that the fault resistance,
followed by the error of CT, have the highest impact on the
selectivity and sensitivity of the distance relay.
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