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Abstract Mal-operation of distance relay imposes serious threats to system stability
and a big reason for large scale blackouts. These relays operate in its third zone
due to the inability of detecting fault during stressed system conditions. These
stressed conditions are load encroachment, power swing, voltage instability condi-
tions, extreme contingencies, etc. Conventional distance relay operates on the basis
of local measurements. It calculates the impedance from the relay to the fault point for
its operation. Load encroachment and power swing are very similar to the symmet-
rical fault condition and it is difficult for these conventional relays to distinguish
these stressed conditions from symmetrical faults. It is therefore important to make
the distance relay intelligent enough so that it will be able to discriminate between a
fault and stressed system condition. With the advancement in synchro-phasor tech-
nology, the drawbacks of conventional relays have been overcome. The wide-area
monitoring system (WAMS) is capable of development of online intelligent tech-
niques that can segregate the stressed system condition from any fault. With these
advanced techniques, the mal-operation of distance relays can be avoided and thus
wide-area blackouts can be stopped. In this chapter, a new scheme for detecting the
zone-I1I operation of distance relay is proposed to discriminate the stressed system
conditions such as voltage instability, power swing, or load encroachment from fault.
The proposed scheme is based on the monitoring of active and reactive power of
the load buses using WAMS. Various cases are created on WSCC-9, IEEE-14 and
IEEE-30 bus system to test the performance of the proposed algorithm. The simu-
lations have been done on the MATLAB Simulink platform. Results shows that the
proposed method is helpful to avoid the unwanted distance relay operation under
stressed system conditions.
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Abbreviations

WAMS Wide-area monitoring system

PMU  Phasor measurement unit

00S Out of step

NERC North American electric reliability corporation
SVM  Support vector machine

Symbols

Zseen Impedance seen by the relay
Pitoaa Active power consumption of load bus i

Zser Impedance setting of distance relay

QOiaa  Reactive power consumption of load bus i
Zx Impedance of element k

Py Active power setting for distance relay

Vi Voltage phasor of bus i

Oser Reactive power setting for distance relay
I Current phasor of bus i

Pag Active power flow between bus A and B
8; Phase angle of bus i

O Reactive power flow between bus A and B

1 Introduction

The unwanted operation of the distance relay in its third zone due to stressed system
conditions such as load encroachment, voltage instability or power swing enhances
the chances of cascaded system outage of the power system. The traditional distance
protection calculates the impedance at relay location on fundamental frequency based
on the local information. The measured local impedance reduces in faulty condition
and the distance relay operates. Apart from the fault conditions, a stressed system
condition may also reduce the measured impedance and the conventional distance
relay may mal-operate in its zone-III.

Many researchers have suggested different methods to avoid this unwanted
distance relay operation. In some literature, the discrimination between stressed
system conditions and a faulty condition is done using the local measurements. In [1],
blinders are utilized to avoid the unwanted operation of distance relay during power
swing. In [2], a cross blocking criterion is proposed for blocking of the distance relay
during power swing by measuring active and reactive power of the system. Another
method that discriminate between fault and power swing is proposed based on the



Superseding Mal-Operation of Distance ... 395

rate of change of voltage intend of taking only the voltage magnitude [3]. Along
with the rate of change of voltage, the rate of change of current is also used to avoid
unwanted distance relay operation in [4]. Computational intelligent methods such
as support vector machine (SVM) is also used for segregation between the fault and
stressed system condition and an adaptive neuro-fuzzy inference system is used for
power swing blocking in [5]. In [6], a decision-tree based approach is proposed for
fault detection by taking the positive sequence voltage, current and zero sequences
current as input. With the advancement in the wide-area monitoring system, advance
methods based on the PMUs data is also proposed by the researchers. In [7], a method
is proposed for the operation of zone-III of a relay, based on adjacent relays operation
in their zone-I and zone-II. Various integrity protection schemes are also proposed
for avoiding the unwanted operation of distance relay. In [8], the relay boundary
setting is changed online based on the data obtained from WAMS. Additionally, a
load rejection scheme is proposed for the formation of integrity protection scheme.
A relay security index is proposed in [9] to avoid the unwanted distance relay opera-
tion. In the same work a system stability index is also proposed for system instability
prediction. Another method proposed in [10] to distinguish the faulty condition from
the stressed system condition based on the change in active power and angle differ-
ence between load and source. A differential power coefficient is proposed in [11] to
determine the difference between the stable and unstable power swing using WAMS.
In [12], an online sequential extreme learning machine is proposed for discrimina-
tion between voltage instability, power swing, and faulty condition. The proposed
method consists of a two stage classifier that utilizes the WAMS for the computation.

Each method discussed above has some limitations. Methods based on the local
information may suffer in discriminating the fault condition from the stressed condi-
tion when system complexity increase. Computational intelligent methods require
large training data sets for the operation. Methods based on Thevenin’s equivalent
need to compute online Thevenin’s impedance that requires fast computing efforts.
In this chapter, a method based on the monitoring of real-time active & reactive
power of the load is proposed for blocking the operation of distance relay. The active
& reactive power flow at loads are significantly different during a fault and stressed
system conditions. This significant difference is utilized here for proposing a new
algorithm for easy discrimination between a fault and the stressed system condition.

2 Distance Relay Mal-Operation Scenarios

In this section load encroachment, power swing, and voltage instability conditions
are described and the effect of these scenarios on distance relay characteristic have
been discussed.

Figure 1 shows a two bus system having two sources connected at bus A and B
with a transmission line between them having an impedance Z;. The generator 1
connected to bus A has induced EMF E /3% and internal impedance Z;.
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Fig.1 Two bus system

The generator 2 connected to bus B has an induced EMF of E, Z0 and the internal
impedance of Z,. A distance relay is connected in the line near bus A to detect any
faulty condition in the transmission line. If Vi and Iy is the voltage and current
measured by the relay, then the impedance seen by the relay Z;,., will be:

V
Z‘veen = _R (1)
Ir

A faultin line AB will increase the value of current /z and will decrease the voltage
Vg at relay location. These changes further reduces the value of Zj,., [13].

2.1 Distance Relay Performance During Power Swing

Due to a large disturbance such as switching of large loads, line contingencies or
faults, the power flow in the transmission lines oscillates. These oscillations are
known as power swings. A distance relay realizes these swings as changed in
impedance and thus treat the power swing as a faulty condition [14]. The power
swing phenomenon can be understood using the system shown in Fig. 1 and Eq. (1).
The voltage seen by the relay Vg and the current seen by the relay /g can be expressed
by:

E\/8 — E2/0
Vi =EiZ —IgZyand Iy = —— —— 2)
T

The value of Vg and I replaced in Eq. (1) and rearranging the equation for Z;,,:

Z Ei2s z z ! z ARG
ceen — _— X — — —_ X —
see E148—E240 T 1 1_%1_5 T 1

Here, Zy = Z, + Z; + Z, is the total impedance. Also in Eq. (3), assuming that
the voltage ratio E»/E| = k, thus:

1
Lseen = . Zz -7 4
‘ (1—k(cos6+js1n8) x T) ! @
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Fig. 2 Representation of Xa
Eq. (5) on R-X plane

In Eq. (4) if voltages E; and E, are equal so k = 1, then Eq. (4) will be modified
to

1
Zseen = . xZr ) —Z
1 — (cosd + j sind)

Zr A Zr 1)
Zseen = | —2 o B —cot - 5
< 1+2> ]<12002> ®)

On the R-X plane, the Eq. (5) can be represented as shown in Fig. 2. In Eq. (5), the
term (—Z 1+ %) represents a constant offset and ( Jj %cot%) represents a perpen-
dicular line segment on the constant offset. As k = 1, the swing locus is a straight
line that cuts the impedance line at the electrical center.

If voltages E| and E, are not equal, then Eq. (4) will be represented as:

or

k[(k — cos§) — jsind
Lseen = —21+ [( COS2) ].Sln 2] X Zr (6)
(k — cosd)” + (sind)

Here, Eq. (6) represents the family of the circles with 3 as a variable and k as a
parameter as represented in Fig. 3. If the impedance swing remains in the distance
relay characteristic, the distance relay measures it as a fault and operates.

2.2 Distance Relay Performance During Load Encroachment

During load encroachment condition, the impedance measured by a distance relay
determined by the loadability limit at a specified power factor exceeds due to load
voltage and current. The loadability limit is defined in VA for a distance relay at



398 N. K. Rajalwal and D. Ghosh

Fig. 3 MHO relay X
characteristic for Fig. 1 4 B
>
----- E‘Mk>1
R Electrical
""" ~-Center
"""""""""""""""""""""""""""""""""""""" k:’]
TR
A k<t

nominal voltage and a specified power factor. The load encroachment is prevalent
in long heavily loaded transmission lines and in zone-III of distance relay [15]. For
understanding the load encroachment phenomenon, consider the voltage of bus A in
Fig. 1 is represented by Vg, the active power flow from bus A to B is P and the
reactive power flow from bus A to B is Qyp. If the current flowing from bus A to B
is I, then Eq. (7) defines the relation between P4p, Qap, Vg, and Ig.

Pap — jQap = Vg * Ig (7)
The value of I from Eq. (1) is replaced in Eq. (7) we have

Vr

Psap — jQap = Vg *

seen

VE(Pap + jQap)
Pip+ Qhp

Zseen = (8)

From Eq. (8) it is clear that the apparent power flows through the line (i.e. increase
in the loading condition) is inversely proportional to the impedance seen by the relay.
Due to high loading, the impedance seen by the relay may reduce and fall under the
zone-III characteristic and creates unnecessary tripping.

2.3 Distance Relay Performance During Voltage Instability

From Eq. (8) it is observed that the impedance seen by the distance relay is propor-
tional to the square of the bus voltage magnitude. Thus a reduction in voltage also
decreases the impedance seen by the relay. There is a possibility for the unwanted
operation of distance relay in voltage instability scenarios. In a power system, the
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voltage instability conditions arise due to a reduction in voltage at several loca-
tions or the increased in reactive power of the loads connected at different locations.
In a modern power system, the stressed voltage condition may occur due to other
reasons that include generator reactive power limit and voltage limits, characteristic
of FACTS devices, the action of tap changing transformers, voltage sensitivity of
loads, etc. [16]. In such situations, the impedance seen by relay may enter into the
third zone of distance relay and lead towards unnecessary tripping [17].

3 Conventional Methods to Avoid Distance Relay
Mal-Operation

3.1 Distance Relay Blocking During Power Swing

The power swing is detected by measuring the change in the apparent impedance seen
by the distance relay. This change is gradual during power swing compared to a faulty
condition and also limited by generators inertia. For the identification of the power
swing, an out-of-step (OOS) blocking unit is used. This OOS unit has a characteristic
similar to the MHO relay with a larger radius. The power swing will first enter in the
OOS blocking relay and then enters in the tripping relay characteristic. If the time for
traveling impedance locus from OOS relay characteristic to entering tripping relay
characteristic is larger than a pre-set value, the OOS relay will block the operation of
distance relay [18]. The decrease in the area of third zone characteristic also reduces
the chances of relay operation during power swing. The relay characteristic area can
be changed with the method discussed in the next section.

3.2 Distance Relay Blocking During Load Encroachment

The distance relay operation under load encroachment is undesirable and methods
discussed below are normally used to avoid this undesirable operation [19]:

e In MHO relays, the reach is maximum at an angle known as maximum torque
angle. Increase in the maximum torque angle shifts the relay characteristic,
decreases the load angle and increase the loadability limit of the relay [20].

e To reduce the large area of third zone of MHO relay, blinders are provided in
series with the MHO relay along the R axis. As the blinders move towards the
origin, the area of operation of relay reduces and loadability limit increases [20].

e The MHO relay’s circular characteristic could easily be changed to a lens by
adjusting the coincident timer. A lens structure has less chances of tripping during
power swing due to less area on R-X plane. Also the loadability limit will increase
by the using the lens structure [20].
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e In a faulty condition, the voltage, current and power angles changes instanta-
neously, when compared to a stressed system condition. This property is utilized
for OOS blocking using offset MHO relays. Fully offset MHO relays are suitable
for the remote backup or for third zone protection. With the implementation of
the offset backup, the loadability limit also increases [20].

3.3 Distance Relay Blocking During Stressed Voltage
Conditions

For a distance relay, it is difficult to discriminate a symmetrical fault and stressed
voltage condition and sometimes relay operates in its third zone due to voltage insta-
bility. During a faulty scenario, the rate of change of voltage is high compared to
stressed voltage situation. Thus rate of change of voltage is considered as a discrim-
inating element between fault and voltage instability. But the change in voltage may
also takes place due to switching of capacitors, line and reactors thus these elements
are needed to be considered while looking for voltage change [3]. Voltage stability
indices are used to predict the voltage instability in the system. Thus, voltage stability
index is also considered for discrimination in fault and voltage instability [21].

4 Proposed Method

With the advancement in PMU technology, real-time state estimation of the bulk
power system is now possible. PMU provides the time-synchronized data of voltage,
currents, and phase angles. Optimally located PMUs may provide the real-time power
flow of a bulk power network. In the proposed method, PMUs data is utilized for
calculating the real-time active and reactive powers of load buses. PMUs are the
back-bone of WAMS and failure of PMUs may cause large scale blackouts. Thus the
availability of PMU is an important factor while designing a WAMS.

For an illustration of the proposed method, IEEE 3 bus system is used as shown in
Fig. 4. PMUs connected to buses 1 and 3 will provides the voltage and current phasors
for the calculation of the real-time load active and reactive power measurement.

4.1 Understanding Scenarios for the Proposed Algorithm

4.1.1 Case-I: Normal System Condition

At rated generation and loading conditions, the system shown in Fig. 4 is simulated
on MATLAB Simulink. The impedance seen by the relay R (Z,..,) is recorded and
shown in Fig. Sa. From Fig. 5a, it is clear that Z,,, is constant and high (330) during
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Fig. 5 a Measured Z,,, for relay R. b Active and reactive power at load bus 2

normal operation and it will not enter the operating zone of relay R. The active and
reactive power supplied to the load at bus 2 is shown in Fig. 5b.

4.1.2 Case-II: Fault in Line 1-2 at 70% of Line Length

The system of Fig. 4 is simulated again and a three-phase fault is created in line 1-2
at 70% of line length from bus 1 at 1 s. Due to the fault, Zj,., is decreased to a low
value as shown in Fig. 6a. This low value of impedance normally comes under the
zone-I characteristic of relay R. If the relay is set to trip for such a scenario, it will

40 2 =
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Fig. 6 a Measured Z,, for relay R. b Active and reactive power at load bus 2
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Fig. 7 a Measured Zj,,, for relay R. b Reactive power at bus

trip in its zone-I. During this period, the active and reactive powers at the load end
will also reduce as seen from Fig. 6b.

4.1.3 Case-III: Creating Voltage Instability

The voltage instability condition is created by increasing the amount of reactive
power consumption at bus 2 with line 2-3 switch off. At 1 s., the reactive power
of bus 2 is doubled that makes the Z,,,, reduce from its normal value as shown in
Fig. 7a. This reduced value of Z;,,, may insert in the relay operating characteristic,
especially in zone-III. During this period the active power at bus 2 remains constant.
The reactive power at bus 2 as shown in Fig. 7b is increased significantly. It is visible
that the impedance is reduced without any fault in the system but the measured
reactive power at load end clearly reflecting a stressed system condition.

4.1.4 Case-IV: Creating Load Encroachment Condition

For this condition, the bus 2 load is increased to double of its rated value at 1 s.
Figure 8a shows that the Z ., is reduced from its normal value and may enter in zone-
III relay characteristic. While, the increased amount of active and reactive power at
bus 2 shown in Fig. 8b differentiating this scenario from the faulty condition.

Impedance seen by Relay R during Load Encroachment (e P and Q Measured at bus 2 during Load Encroachment

o
=
- T

== Ache Fome: [FU)

g

= Fusachn Power (PU

Impedance (in ohm)
P and G (in PL)

0 1 15 2 5 3
Time {in sec.|

Time (in sec.

Fig. 8 a Measured Z,,, for relay. b Active & reactive power at bus 2
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Table1 Comparison of Z,,, by relay R and active & reactive powers at bus-2 during various cases

Cases Conditions on which impedances measured Zseen (82) P (PU) Q (PU)
I Normal operating conditions 330 1.6 1.05

I After faultat 1 s 30 0 0

I Creating voltage stressed condition at 1 s 210 1.6 1.6

v Creating load encroachment condition at 1 s 180 2.6 1.8

4.2 Comparison of the Discussed Cases

The impedances seen by relay R and the active & reactive powers in above simulated
cases are shown in Table 1.
Following are the comparative analysis of above discussed cases.

e During normal condition (Case-I), the impedance seen by the relay is 330 2 with
the rated active and reactive power load at bus 2 and 3.

e In Case-II, before the fault in line 1-2, the value of Z,., is 330 Q and the active
and reactive powers at bus-2 is at rated values. A fault at 1 s. in Case-II reduces
the Z.., to 30 © and the amount of active and reactive power flow to the load
connected to bus 2 is reduced to O PU as shown in Table 1.

e [t is visible from Fig. 7, that in Case-IlIl, initially, the Zg., is 330 €2 and the
active & reactive powers for load connected to bus 2 are at their rated values. The
stressed condition is created at 1 s. by increasing the reactive power of bus 2 at
double of its rated value that reduces the impedance seen by relay to 210 €.

e In Case-1V, initially, the Z,,., is 330 2 and the active and reactive powers for bus
2 are their rated values as shown in Fig. 8. After creating the load encroachment
condition by increasing the active and reactive powers of bus-2 at 1 s. in Case-IV,
the Z,,., is reduced to 180 2.

From the above discussed cases it is clear that a fault in the system reduces the
active & reactive power flow into the system and also reduce the Z;,.,. While in a
stressed system condition the impedance seen by the relay reduces while the active
and/or reactive powers flow at load buses increases. This difference in the active and
reactive power flow at loads is utilized here to propose a new algorithm.

4.3 Proposed Algorithm

To avoid the chances of the unwanted distance relay operation, the algorithm of
distance relay is modified using the data obtained from WAMS. In WAMS, PMUs
are used to collect time-synchronized voltage, currents, and phase angles. These
voltage and current signals of load buses are used for calculation of real-time active
and reactive powers connected to load buses. The flow chart of the proposed method
is shown in Fig. 9.
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Fig. 9 Flow chart of the proposed algorithm

The first condition is the conventional condition in which if the value of impedance
seen by the relay Zj,,, is less than the set value of relay impedance Z;,,, the relay
will operate. The first condition is expressed in Eq. (9).

Zseen < Zser &)

The scenario of Eq. (9) may come either due to faulty condition or due to stressed
system conditions discussed in Sect. 2. To avoid the operation of distance relay in
stressed situations, a second operating condition is added here which is based on the
parameters obtained from WAMS. The voltage and currents obtained from WAMS
is used for calculation of real-time active Pj,,; and reactive power flow of load
buses Qjiuq- The load encroachment and voltage instability condition occur when
the value of Pj,.q and/or Qjpag increased from its rated value. The power swing
condition may occur in the system when there is a fault in other transmission lines
or a large generator may trip. In all such conditions, the value of P;j,.s and Qjjpaq
will not reduce to zero. The Pjjyqq and Qjipqq Will be reduced to zero only when there
is a fault in the transmission line that is supplying the load Pj,,q and Qjjuq. Based
on the logic discussed here, another condition is proposed for the operation of the
distance relay. Equation (10) describe the operating condition of the distance relay. If
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the value of real-time load bus active and reactive powers reduces below a set value
Py, the distance relay will operate.

Piload < Pset&Qiload < Qset (10)

Here, Py and Q,,, are predefined settings of active & reactive power. It must
be noted that distance relay will operate only when both Egs. (9) and (10) will be
satisfied.

5 Case Study

5.1 WSCC-9 Bus System

In WSCC-9 bus system shown in Fig. 10, a 3-stepped distance relay R is placed near
bus 7 in line 7-8. The setting of distance relay is such that zone-I consist of 80% of
the line 7-8 length, zone-II covers full length of line 7-8 and 50% of the adjoining
line 8-9 and zone-III have the full length of line 8-9. The active and reactive powers
at load buses is determined by using PMUs placed at optimum bus locations i.e.
bus-4, bus-7 and bus-9.

TT Bus-5 Bus-6

Bus-1

’6\1} Gen-1

Fig. 10  WSCC-9 bus Test System
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5.1.1 Calculate Active & Reactive Power of Bus-8 with Optimum PMU
Location

The PMUs connected to bus 4, 7 and 9 will provide the time stamped voltage, current
magnitude and phase angles of respective buses. Here, the data obtained from PMUs
are utilized to calculate the real time active and reactive powers at bus 8.

Assumed that the voltage vector of bus 8 is Vg then

VgZIgXZLg (11)

Here, I3 is the current flowing through load 8 and Z; 5 is the load impedance.
By implementing the nodal analysis at bus 8, the current /g can be rewrite as:

Iy = I3 + Ig9 (12)
Equation (11) is modified by putting the value of Ig from Eq. (12) as:
Vg = (I73 + Iso) X Zy13
Here, I3 is the current in line 7-8, and Igg is the current vector of line 8-9.
Also, Vg =V; — I1g X Z7g (13)

Here, V5 is the voltage vector of the bus 7, and Zg is the impedance of line 7-8.
From Eqs. (12) to (13): (I73 + Is9) X Zp3 = V7 — I3 X Z73

or Vi = (Zs 4+ Zpg) x I3+ Iog X Z13 (14)

Similarly, Vo = (Zog + Z13) X log + I3 X Z13 (15)
On solving Eqgs. (14) and (15)

_ VoZs — Vi(Zso + Z13) & o — VoZis — V7(Zso + Z13)

I3 89
72— (Zis + Z3)? 72 — (Z1s + Zgo)?

(16)

Putting the values of /73 and /g9 from Eq. (16) and (17) to Eq. (12)

I — Zgo(V7 + Vo)
o =
(Zis + Zso)* — 72,

Once the /g is determined from Eq. (12), Vg can be also be determined by Eq. (11).

The value of voltage and current phasors of bus 8 i.e. Vg and /g is used to determine
the bus 8 active and reactive powers. These real time active and reactive powers are
fed to the distance relay for implementing the proposed algorithm.
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Fig. 11 a Relay R characteristic near bus 7 during fault condition. b Active and reactive power at
bus 8

5.1.2 Simulated Cased on WSCC-9 Bus System

Following cases are simulated on for verification of the proposed algorithm.

Case A—During Faulty Condition Near Bus 8

In this case a fault is initiated in line 7-8 at 80% of its line length from bus-7 at
0.5 s. Figure 11a shows that due to fault, the impedance locus entered in zone-I of
the distance relay. The Eq. (9) operating criteria is satisfied as the impedance locus
is entering in the distance relay operating zone.

Figure 11b shows the active and reactive power of bus 8 for the simulated fault.
It is clear that bus 8 active and reactive powers are reduced to zero which is below
the set active power and reactive power limit i.e. P, and Qy,, respectively (10% of
the rated value of bus-8).
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Fig. 12 a Relay R characteristic during power swing. b Active and reactive power at bus 8

The operating condition set in Eq. (10) is also confirming the operation of the
relay. As both Egs. (9) and (10) are satisfying with the given condition, the relay will
operate for the simulated fault.

Case B—During Stable Power Swing at Bus 8

The stable power swing condition is initiated on line 7-8 by creating a 3-phase fault
at mid-section of line 5—7 from 0.3 to 0.4 s. The fault is cleared by opening the line
circuit breakers. Due to fault, the impedance locus entered in zone-III of the distance
relay as shown in Fig. 12a.

Figure 12b, shows the active & reactive power flow for bus-8. It is clear that the
active and reactive powers of bus-8 is not crossing the P, and Q. values for load
bus 8. It is clear that this scenario is not satisfying the Eq. (10) operating condition.
From the two of the operating condition, only one Eq. (9) is satisfying thus relay will
block its operation.
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Fig. 13 a Relay R characteristic near bus 7 during Case-C. b Active and reactive power at bus-8
for Case-C

Case C—During Load Encroachment at Bus 8

For load encroachment, extreme loading condition is created at bus 8 by doubling
its load as per the NERC standard of extreme loading criteria. Figure 13a shows that
the relay R characteristic with impedance locus tending towards zone-III due to load
encroachment condition. As the Z;,,, reduced from the value of Z,,,, it will operate a
conventional distance relay as it satisfies the operation criteria mentioned in Eq. (9).
It is clear that without any fault, the impedance is inserting in zone-III of the distance
relay. However, Fig. 13b shows the active and reactive powers at bus 8. It is clear that
the real and reactive power of bus 8 is higher than the set values and thus Eq. (10) is
not satisfied that blocks the distance relay operation.
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Fig. 14 a Relay R characteristic for Case-D. b Active and reactive power at bus 8

Case D—During Voltage Instability at Bus 8

The voltage instability situation is imposed by increasing the amount of reactive
powers of load connected to bus 5, 6 and 8 such that the impedance locus enters in
zone-III of relay R as shown in Fig. 14a. Figure 14b shows the active and reactive
powers of bus 8 indicating a no-fault condition. From the power flow, it is clear the
locus entering the zone-III is due to voltage instability condition and thus proposed
method prevents the relay operation. The active and reactive powers of bus-8 is only
shown in the Fig. 14b because the relay placed in line 7-8 will have the active and
reactive power data of bus-8 for its operation.

5.2 IEEE 14 Bus System

The proposed scheme is also tested on IEEE 14- bus system shown in Fig. 15. The
three stepped distance relay R; is placed in line 9-14 on bus 9. The settings of
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Fig. 15 IEEE 14-bus test system [22]

distance relay are such that zone-I consist of 80% of line length 9-14, the second
zone includes 50% of line 14—13 and third zone covers full length of line 14-13.
The proposed scheme requires real-time active & reactive power of load bus 13.
Optimum PMU placed at bus 2, 6 and 9 will provide the load bus-8 voltage and
currents as discussed in Sect. 5.1.1 for WSCC-9 bus system. The real-time load
powers are fed to the relay for implementing the proposed algorithm.

5.2.1 Simulated Cased on IEEE-14 Bus System

Following cases are conducted for verification of the proposed algorithm.

Case A—During Faulty Condition in Line 13-14

Figure 16a shows that the impedance is approaching in Zone-II during the faulty
condition. This condition is fulfilling the operating condition of the distance relay
mentioned in Eq. (9). The second condition of the proposed approach will look
towards the active power P3;,4¢ and reactive powers Q3,44 Of bus 13 for the relay
operation. The fault is reducing the active and reactive powers of bus 13 to zero as
shown in Fig. 16b. The P,,, and Q,,, are considered here to 10% of the rated value
of load connected to bus 13. It is clear here that
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Fig. 16 a Relay R characteristic during fault. b Active and reactive powers at bus 13 during fault
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This scenario is satisfying the Eq. (10). As both Egs. (9) and (10) are true for the
given fault, the proposed algorithm will trip the relay.

Case B—During Stable Power Swing at Bus 13

For stable power swing, a temporary 3-phase fault is initiated on line 9-10 from
0.7 to 1.2 s. The Zy.,, by relay placed at bus 9 observe this condition as a fault in
its zone-II. The impedance trajectory is shown in Fig. 17a. It is clear that Z,,, is
reduced and satisfies the operating condition discussed in Eq. (9). A conventional
distance relay will operate in this a scenario. In the proposed algorithm, the relay
will also look for active & reactive powers of bus 13 shown in Fig. 17b. It is clear that
the active & reactive power of bus 13 is reducing due to fault but not going beyond
the relay setting. Py, and Q. Due to this, the criteria for the operation of the relay
shown in Eq. (10) is not fulfilled and the relay avoids the tripping.
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Case C—During Load Encroachment at Bus 13

For load encroachment, extreme loading condition is created at bus 13 and 14 by
doubling its load as per the NERC standard of extreme loading condition. Figure 18a
shows that the relay R; characteristic with impedance locus tending towards zone-III
due to load encroachment.

As the Z,,,, reduced, it may operate a conventional distance relay as it satisfies
the operation criteria of Eq. (9). Figure 18b shows the active and reactive powers at
bus 13. It is clear that the real and reactive power of bus 13 i.e. Pj310ad and Q1310ad 1S
higher than the set values Py, and Q,,;. As the condition of Eq. (10) is not satisfied,
the proposed algorithm avoids the operation of the distance relay.

Case D—During Voltage Instability at Bus 13

The voltage instability conditions in a power system may also operate a distance
relay as the impedance trajectory enters in the zone-III of distance relay. The voltage
instability the situation is created by increasing the reactive powers of bus 10, 13 and
14 such that the impedance locus enters in zone-III of relay R; as shown in Fig. 19a.
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Fig. 18 a Relay R characteristic during load encroachment. b Active & reactive powers at bus 13
during load encroachment

Figure 19b shows the active and reactive powers of bus 10, 13 and 14 indicating
a no-fault condition. From the power flow, it is clear the locus entering the zone-III
is due to voltage instability condition and thus proposed method prevents the relay
operation.

5.3 IEEE 30 Bus System

Proposed scheme is also tested on IEEE 30 bus system discussed in [23]. The three
stepped distance relay R; is placed in line 15-23 on bus 15. The settings of distance
relay are such that zone-I consist of 80% of line 15-23, the second zone includes
50% of line 23-24 and third zone covers full length of line 23-24. As the system
complexity increased here, real time active and reactive power of two load buses (bus
23 and 24) are fed to the relay for its operation.
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Fig. 19 a Relay R; characteristic during voltage instability. b Active & reactive powers during
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5.3.1 Simulated Cases on IEEE-30 Bus System

Following cases are conducted for verification of the proposed algorithm on IEEE
30 bus system.

Case A—During Normal Operating Condition

During normal operating condition, the impedance seen by the relay is high enough
represented in Fig. 20a. Figure 20b shows the flow of active and reactive power in
load bus 24. Figure 20 clearly shows that the relay will not operate during normal

operating condition because the operating criteria set by Eqs. (9) and (10) will not
be satisfied.



416 N. K. Rajalwal and D. Ghosh

o
2

MHO Characteristic for relay lcoated at Bus 9 [ —7p0ey

—Zone|

—Zone-ll
Impedance Lotus.

=

Reactance (X) ohm

b

50 0 50 100 150
Resistance (R) ohm
E 10°
Real time Active and Réactive Powers of Bus 24 P (in NIW)
12 | Q (in MVAR)
MR
10 4 i =
94| T i
o - e ——
% — . B
n 8 T —— = A =
4
2
0 - 1 1 1 1
0 0.2 0.4 0.6 0.8 1 12 1.4 16 18 2

Time (in Sec.)

Fig. 20 a Relay R characteristic during normal condition. b Active and reactive powers at Bus 24

Case B—During Fault Condition

To check the relay performance during a faulty condition, a fault is initiated in line
15-23. Figure 21a shows that the impedance is approaching in Zone-I during the
faulty condition. This condition is fulfilling the operating criteria of the distance
relay mentioned in Eq. (9).

The second condition of the proposed approach will look towards the active power
and reactive powers of load buses for the relay operation. The fault is reducing the
active and reactive powers of bus 23 to zero as shown in Fig. 21b. This scenario is
satisfying the Eq. (10).

As operating criteria of both Egs. (9) and (10) are satisfying for the given fault,
the proposed algorithm will trip the relay.

Case C—During Stable Power Swing
For stable power swing, a temporary 3-phase fault is initiated on line 24-25. The

Zseen by relay placed at bus 15 observe this condition as a fault in its zone-III.
The impedance trajectory is shown in Fig. 22a. It is clear that Z,,, is reduced and
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Fig.21 aRelay R characteristic during power swing. b Active & reactive powers at bus 24 during
Case B

satisfies the operating condition discussed in Eq. (9). A conventional distance relay
will operate in this a scenario.

In the proposed algorithm, the relay will also look for active & reactive powers
of bus 23 and 24. The active and reactive powers of bus 24 is shown in Fig. 22b. It is
clear from the Fig. 22b that the active and reactive powers are not reducing to zero
as in previous case. A suitable value of Py, and Q,,, discussed in Eq. (10) may block
the unwanted operation of distance relay.

Case D—During Load Encroachment

For load encroachment, extreme loading condition is created at bus 23 and 24 by
doubling its load. Figure 23a shows that the relay R, characteristic with impedance
locus tending towards zone-III due to load encroachment. As the Z;,,,, reduced, it may
operate a conventional distance relay as it satisfies the operation criteria of Eq. (9).



418 N. K. Rajalwal and D. Ghosh

150 I
B —Zone-|
—Zone-||
E ~—Zone-ll
£ 100 +~Impedance
o "
"3 ot
Q
9 50
a
]
]
1]
T 9
MHO Characteristic for relay located at Bus 15 .
-40 -20 0 20 40 60 80 100 120
Resistance (R) ohm
b 5 x107
Real-time Active and Reactive powers at Bus 24 —P (inMW)
—Q (in MVAR)
1.5
g
°
c -
[+
o
o ————
0 02 04 0.6 0.8 1 1.2

Time (Sec.)

Fig. 22 aRelay R; characteristic during power swing. b Active & reactive powers at bus 24 during
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Figure 23b shows the active and reactive powers at bus 24. It is clear that the real
and reactive power of bus 24 is higher than the rated values. It is not satisfying the

operating criteria discussed in Eq. (10). The proposed algorithm avoids the operation
of the distance relay.

5.4 Comparison with Existing Methods

The proposed algorithm is tested on the WSCC-9, IEEE-14 and IEEE-30 bus test
systems for various cases such as stable load encroachment, power swing, and voltage
instability condition. It is found that the active & reactive power at load buses have
significant difference during faults and abnormal operating conditions. The load bus
powers are utilized for blocking the relay operation with the proposed algorithm.
The proposed method is compared with the existing methods discussed in literature
based on the following points:
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1. PMUs Location: The methods represented in [7-9, 12] need the PMU at all
buses of a network. For practical applications, PMUs are placed only at optimal
locations for the data collection. The proposed method does not require the PMU
at all locations and utilizes the optimal PMU data for decision making. This also
makes the approach more economical in practical perspective.

2. Training Requirement: The methods discussed in [5, 6, 12] needs to train the
model before implementation. This training process can be done offline but needs
large data sets for effective results. While the proposed method does not require
any data training model.

3. Network conversion: The method discussed in [8, 10] required to convert the
complete network in an equivalent TE model or SMIB system. The conversion of
areal-time network into another equivalent model needs additional computational
time. In the proposed method, there is no need to convert the network into another
equivalent network, thus reduces the computational burden.

4. Utilization of wide-area information: Protection scheme discussed in [5, 6] makes
the operating decision based on the local information. In a large system decision
making using only the local information may lead to unwanted relay operation.
The proposed method utilizes the WAMS and has high accuracy in the prediction
of the power system state.
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Table 2 Comparison of different methods

Methods— [51 161 |[[7] [8] 9] [10] [12] | Proposed
PMUs Locations - - All |All | All |Optimum | All Optimum
Training required 4 v v 4 b 4 X 4 4
Network Conversion | X b 4 X v 4 v b 4 b 4
Wide area information | X 4 v v v v v v
Applicable for Load | X b 4 v 4 v 4 b 4 4

Encroachment

Table 2 represents a comparison of the proposed method with the existing methods.
The Load encroachment phenomenon which is not considered by few authors is also
incorporated in the existing method to avoid distance relay mal-operation.

6 Conclusion

Advancement in the WAMS technology opens the door for researchers to propose
new algorithms for power system operation, control, and protection. The protec-
tion schemes implemented using WAMS reduces the risks of large area blackouts.
Unwanted distance relay mal-operation may create cascaded system tripping and it
is one of the reasons for large area blackouts. This chapter utilizes the data from
WAMS to address the issues of unwanted distance relay operation due to stressed
system conditions. The scenarios in which a distance relay mal-operates are thor-
oughly discussed in this work. Based on the observations from the simulation on
IEEE 3 bus system, a method has been proposed to avoid the unwanted operation
of distance relay using monitored changes in load active and reactive power. Real-
time current and voltage phasors obtained from optimally located PMUs are utilized
for calculation of load active and reactive power. To check the effectiveness of the
proposed algorithm, various cases are simulated on WSCC-9 bus, IEEE-14 bus and
IEEE-30 bus test systems. It is observed that the proposed method successfully blocks
the distance relay operation under stressed system conditions.
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