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An Adaptive PMU-Based Wide Area Backup
Protection Scheme for Power

Transmission Lines
M. Kalantar Neyestanaki, Student Member, IEEE, and A. M. Ranjbar

Abstract—This paper proposes a novel adaptive wide area
backup protection scheme for transmission lines. In the proposed
scheme, both the faulted line and fault location are determined by
a limited number of synchronized phasor measurements. Based
on phasor measurement unit placement and network topology,
subsets of lines and buses called backup protection zones (BPZs)
are formed. After a fault occurs in the transmission network,
the sum of zero- and/or positive-sequence currents entering the
faulted BPZ highly increases, and hence, the faulted BPZ can
be determined. The linear least squares method is then used to
determine the faulted line, as well as the fault location by voltage
and current phasors of the faulted BPZ. Accordingly, the pro-
posed scheme provides a closed-form and noniterative solution
for the faulted line and fault location identification problem. On
the other hand, it readily determines the faulted line regardless
of the fault type, fault resistance, and measurement errors. To
show the effectiveness of the method, it is applied to the WSCC
9-bus and IEEE 118-bus test systems. Simulation results verify
successful identification of the faulted BPZ as well as the faulted
line within the faulted BPZ with limited measurement points.

Index Terms—Backup protection zone (BPZ), phasor measure-
ment unit (PMU), smart transmission grid, wide area backup
protection, wide area measurement system (WAMS).

NOMENCLATURE

aij Binary connectivity parameter between buses i
and j.

B Set of buses.
d0,BPZk Constant coefficient determining the value of

I(0)
th,BPZk

.
d1,BPZk Constant coefficient determining the value of

I(1)
th,BPZk

.
ej Binary parameter that is equal to 1 if bus j is

a zero injection bus and 0 otherwise.
f Fictitious bus at the fault point.
f1, f2 Two end buses of the faulted line.
G Set of generator buses.
H (np+nL) by two matrix containing the constant

coefficients.
h1, h2 First and second columns of matrix H,

respectively.
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i, j, r, l1, l2 Indices of bus.
Ient,i Total current entering the faulted backup pro-

tection zone (BPZ) through the ith phasor
measurement unit (PMU) bus.

I(s)
ent,BPZk

Magnitude of the sum of s-sequence currents
entering the kth BPZ.

I(1)
ent,BPZk

Average of I(1)
ent,BPZk

in the last minute.

If Fault current injected into the fault point.

I(s)
l s-sequence current of line l which is measured

by a PMU.
Imin,BPZk Constant which determines the minimum value

of I(0)
th,BPZk

and I(1)
th,BPZk

.

I(s)
th,BPZk

Threshold of I(s)
ent,BPZk

.

J(u) Relative residual error of estimation.
k Index of BPZ.
l Index of line.
Lk Set of lines that belong to the kth BPZ and are

connected to the surrounding PMU buses.
m Measurement Vector.
nb Total number of buses of the faulted BPZ

(equal to np + nnp).
nL Number of transmission lines that belong to

the faulted BPZ and are connected to the
surrounding PMU buses.

nnp Number of non-PMU buses of the faulted BPZ.
np Number of PMU buses of the faulted BPZ.
Oi Observability function of bus i.
pi Binary decision variable that is equal to 1 if a

PMU is installed at bus i and 0 otherwise.
u Unknown variable vector.
Vi Positive-sequence voltage of bus i which is

measured by a PMU.
wij Auxiliary binary variable of buses i and j,

which models the effect of zero injection
buses.

x Per-unit distance between fault point f and
bus f1.

yl Ground admittance of line l.
zl Line impedance of line l.
Z Bus impedance matrix of the faulted BPZ

including fictitious bus f .
Z0 Pre-fault bus impedance matrix of the faulted

BPZ excluding fictitious bus f .
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I. INTRODUCTION

TRANSMISSION lines are protected by primary and
backup protection systems. Traditional backup protection

systems basically include earth fault overcurrent and over-
reaching zones of distance relays [1], [2]. These relays are
self-contained, use only local measurements, do not adapt
their characteristics to the power system conditions, do
not communicate together, do not consider the infeed and
outfeed effects and do not consider the fault resistance,
conventionally [3], [4].

In modern societies, power networks are widely speared
over large geographical areas, transmission grids are more
interconnected, and transmission lines are utilized close to
their limits. Hence, the traditional backup protection systems
can misoperate when the power system is extremely under
stress and the transmission lines are operated close to their
limits, while in these situations the hazard of cascading events
is considerable [5]. For example, the unwanted operation of
the third zone of distance relays has been recognized as one of
the most important contributors to cascading outages, which
lead to major power system blackouts [6]. Therefore, there is a
growing need for novel backup protection schemes to improve
power system security.

Recent advances in solid-state technology, communication
systems, and distributed computing have resulted in signif-
icant developments in modern sensors [3]. One of these
sensors is PMU, which provides the synchrophasors of volt-
age and current by using global positioning system (GPS)
signals. Wide area measurement system (WAMS) is imple-
mented by widespread installation of PMUs in a power system
and uses high-speed communication systems to gather syn-
chronized phasor measurements. WAMS technology facilitates
wide area applications, such as state estimation, oscillation
damping, remedial action schemes and special protection
schemes [7]–[10].

The problems of traditional backup protection relays can be
resolved by using novel backup protection schemes, which uti-
lize phasor measurements obtained from WAMS. In this area,
current differential schemes are proposed in [11] and [12].
These differential schemes provide backup protection of a line
by using GPS-synchronized current measurements at both ends
of the line. Jiang et al. [13] introduces an adaptive PMU-
based protection scheme for a transmission line. This scheme
uses Clarke components of synchronized voltage and current
phasors at two ends of the line. A wide area backup pro-
tection algorithm for transmission lines is presented in [14].
The algorithm compares the positive-sequence voltage magni-
tude of buses to detect the nearest bus to the fault. Next, the
faulted line is detected by comparing the absolute differences
of positive-sequence current angles for all lines connected to
the selected bus. The above algorithms can be implemented for
the whole transmission network, if and only if, all buses of the
power network are provided by PMUs. Ma et al. [15] proposed
a fault steady state component-based wide area backup pro-
tection algorithm. This algorithm utilizes the bus impedance
matrix of the faulted region to distinguish the faulted branch
by using the fault steady state component of the currents
and voltages. This method, however, requires all non-zero

injection buses to be equipped with PMU. Liao [16] proposes
a fault location method based on sparse measurements, even
if the measurements are not from the faulted line, this method
precisely determines the fault location.

In this paper, a novel adaptive wide area backup protec-
tion scheme for transmission lines is developed to identify
the faulted line by using the wide area data of WAMS. First,
an optimization model is developed to minimize the number
of PMUs required for this scheme. This overcomes the prob-
lems of data storage limitations and requirements of extensive
communication facilities and infrastructure. Next, the proposed
backup protection scheme is introduced. After a fault occurs
on a transmission line, this scheme first determines the faulted
BPZ and next determines the faulted line in the faulted BPZ.
If the primary protection system fails and the faulted line is
not isolated, this backup protection scheme take over and iso-
lates the faulted line. Since the proposed scheme operates
based on the wide area data of WAMS, it is efficient even
if the faulted line is not equipped with any PMUs. Moreover,
this scheme provides a closed-form and non-iterative solution
for the faulted line and fault location identification problem
by utilizing the linear least squares method. In other words,
this scheme has a very low computation burden and so this
scheme quickly identifies the faulted line and fault location.
Accordingly, this scheme minimizes the impact of faults on
the power system by quickly and precisely determining the
faulted line. Therefore, this scheme improves the security of
power system.

The organization of this paper is as follows. In Section II,
rules of PMU placement and BPZ formation are described.
Section III describes the algorithm for faulted zone identifi-
cation. In Section IV, an algorithm based on the linear least
squares method is proposed for distinguishing the faulted line.
Simulation results to prove the effectiveness of the method are
demonstrated in Section V.

II. FORMATION OF BACKUP PROTECTION ZONE

A. PMU Placement for Backup Protection

The proposed wide area backup protection scheme detects
the faulted zone and then determines the faulted line by uti-
lizing the measurement data of WAMS and bus impedance
matrix. In other words, this scheme is independent from gen-
erators model and parameters. Therefore, this scheme requires
that the generator buses are equipped with PMUs. But so
far, this constraint has not been considered in the optimal
PMU placement problem. Hence, in order to implement
this application in smart transmission grids, this constraint
must be considered in the optimal PMU placement prob-
lem. Accordingly, the optimal PMU placement problem is
formulated as follows:

Minimize
∑

i ∈ B

pi (1)

Subject to Oi ≥ 1, ∀i ∈ B (2)

pi = 1, ∀i ∈ G. (3)

In (2), Oi is the observability function of bus i. Oi ≥ 1
indicates that the ith bus is observable.
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Fig. 1. Formation of back-up protection zones for the WSCC 9-bus test
system.

A bus is called a zero injection bus, if it has no load or gen-
erator connected to it. In other words, no current is injected to
the zero injection bus. For a zero injection bus and its adjoin-
ing buses, if all these buses are observable except one, the
unobservable bus will also be observable by using the KCL
at the zero injection bus. The effect of zero injection buses
must be considered in the optimal PMU placement and thus
the observability function of bus i is as follows [17], [18]:

Oi =
∑

j ∈ B

aij pj +
∑

j ∈ B

aij ejwij, ∀i ∈ B (4)

∑

i ∈ B

aij wij = ej, ∀j ∈ B. (5)

In the above equations, aij is a binary connectivity parameter
defined as

aij =
⎧
⎨

⎩

1, if i = j
1, if buses i and j are connected
0, otherwise.

(6)

The solution of the optimal PMU placement problem is
obtained by solving the linear objective function (1) subject
to the constraints (2)–(5). The measurement limitations can
be added to the optimal PMU placement problem for backup
protection, similar to the proposed method in [17].

B. Formation of Backup Protection Zone

BPZs are formed on the basis of the PMU placement and
network topology. Each BPZ consists of the lines and buses
that are surrounded by PMU-equipped buses. The proposed
algorithm for optimal PMU placement and formation of BPZs
is applied to the WSCC 9-bus test system. This system along
with associated BPZs is shown in Fig. 1.

III. FAULTED ZONE IDENTIFICATION ALGORITHM

As mentioned in the previous section, each BPZ is sur-
rounded by PMUs. Hence, all currents, which enter each BPZ,
are measured by corresponding PMUs. Also, if a fault occurs

in the kth BPZ, the sum of zero- and/or positive-sequence
currents entering this BPZ increases and will be significantly
greater than that of pre-fault conditions. Therefore, if the
magnitude of the sum of zero- or positive-sequence currents
entering the kth BPZ is greater than the related threshold of
this BPZ, it is specified as the faulted zone. In other words,
the kth BPZ is selected as the faulted BPZ, if the following
equation is satisfied for either zero- or positive-sequence in
this BPZ:

I(s)
ent,BPZk

> I(s)
th,BPZk

(7)

where

I(s)
ent,BPZk

=
∣∣∣∣∣∣

∑

l ∈ Lk

I(s)
l

∣∣∣∣∣∣
. (8)

By monitoring the per-fault currents entering the kth BPZ,
the thresholds of this BPZ are defined in an adaptive manner,
as follows:

I(0)
th,BPZk

= max

{
d0,BPZk I(1)

ent,BPZk
, Imin,BPZk

}
(9)

I(1)
th,BPZk

= max

{
d1,BPZk I(1)

ent,BPZk
, Imin,BPZk

}
(10)

where the superscripts (0) and (1) denote the zero- and
positive-sequence measurements, respectively. Imin,BPZk is a
constant which determines the minimum value of I(s)

th,BPZk
and

takes a value between 0 to 1 p.u. For the BPZs having no
loads, I(s)

th,BPZk
will be equal to Imin,BPZk . Imin,BPZk is deter-

mined based on power system transient studies. At each time,

I(1)
ent,BPZk

is the average of I(1)
ent,BPZk

in the last minute. d0,BPZk

and d1,BPZk are constant coefficients determining I(0)
th,BPZk

and

I(1)
th,BPZk

, respectively. This algorithm has been inspired by the

directional overcurrent protection scheme; I(s)
th,BPZk

plays the
same role here as does the pickup current in directional over-
current relays. Therefore, d0,BPZk and d1,BPZk are determined
in a way similar way to the pickup current of ground and phase
directional overcurrent relays, respectively. In other words,
the value of d0,BPZk is greater than 0 and less than 1 and
the value of d1,BPZk is greater than 1 and less than 2. The
pickup setting of phase and ground directional overcurrent
relays comprehensively have been discussed in [2].

According to (9) and (10), by updating I(1)
ent,BPZk

, the thresh-
olds of the kth BPZ are adapted to the power system condi-
tions, hence, the security and dependability of the proposed
fault zone identification algorithm are both guaranteed.

If the generator buses are not equipped with PMUs, they are
not possible to be separated from the BPZs and then, some
BPZs would involve one or more generators. If a fault occurs
in one of such BPZs, the proposed fault zone identification
algorithm might not detect the fault occurrence, since the fault
current would be also supplied by the generators located in the
faulted BPZ. Therefore, in order to implement the proposed
fault zone identification algorithm in smart transmission grids,
the generator buses must be equipped with PMUs.
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Fig. 2. Identified faulted BPZ.

IV. FAULTED LINE IDENTIFICATION ALGORITHM

The goal of this algorithm is identification of the faulted
line in the faulted BPZ. According to the proposed method
for PMU placement and BPZ formation, all boundary buses
of the faulted BPZ are equipped with PMUs and the internal
buses have no PMU. A faulted BPZ containing np PMU buses
and nnp non-PMU buses is shown in Fig. 2.

As shown in Fig. 2, the faulted BPZ can be considered as a
sub-network which is connected to the remaining network by
surrounding PMU buses. The remaining network is modeled
by equivalent current sources. In this figure, Ient,i is the total
current entering the faulted BPZ through the ith PMU bus.
f1 and f2 are two end buses of the faulted line; f is a fictitious
bus at the fault point; x is per-unit distance between fault point
f and bus f1; and If is the fault current injected into the fault
point.

In Fig. 2, boundary PMU buses are connected to some
non-PMU buses via nL transmission lines. Currents enter-
ing from PMU buses to these lines are I1, I2, . . . , InL . Line
impedance and ground admittance of these lines are respec-
tively, zl and yl where l = 1, . . . , nL. V1, V2, . . . , Vnp are
voltages of the np boundary PMU buses.

Only voltage and current phasors measured by boundary
PMUs are available for identification of the faulted line in the
faulted BPZ. Voltages of boundary buses, which are measured
by PMUs, can be expressed as [19]

Vi = Zif If +
np∑

r=1

Zir Ient,r ∀ i = 1, 2, . . . , np (11)

where Zi,j is the i − j element of the matrix Z. Z is the
bus impedance matrix of the faulted BPZ including fictitious
bus f, i.e., the dimension of Z is (nb + 1) × (nb + 1), where
nb = np + nnp. The elements of Z can be calculated by uti-
lizing the elements of Z0. Z0 is the pre-fault bus impedance
matrix of the faulted BPZ, i.e., this matrix does not include
the fictitious bus f , and hence its dimension is nb ×nb. Matrix
Z0 can easily be constituted [20]. The elements of this matrix
are as follows:

Z0 =

⎡

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Z0
11 · · · Z0

1f1
· · · Z0

1f2
· · · Z0

1nb
...

...
...

...

Z0
f11 · · · Z0

f1f1
· · · Z0

f1f2
· · · Z0

f1nb
...

...
...

...

Z0
f21 · · · Z0

f2f1
· · · Z0

f2f2
· · · Z0

f2nb
...

...
...

...

Z0
nb1 · · · Z0

nbf1
· · · Z0

nbf2
· · · Z0

nbnb

⎤

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (12)

Zir is determined by utilizing the elements of Z0, as
follows [20]:

Zir = Z0
ir ∀ i, r = 1 , . . . , nb (13)

and by neglecting the shunt capacitance of the faulted line, Zif

can be determined as [16]

Zif = Z0
if1

+
(

Z0
if2

− Z0
if1

)
x ∀ i = 1, . . . , nb. (14)

The currents of transmission lines which are connected to
the PMU buses are measured by PMUs. According to the
KCL, these currents can be expressed as follows [19], [21]:

Il = Vl1 − Vl2

zl
+ yl

2
Vl1 ∀ l = 1, . . . , nL (15)

where l is the line that connects PMU bus l1 to the non-PMU
bus l2. By substituting (11) into (15), we obtain

Il = Clf If +
np∑

r=1

ClrIent,r ∀ l = 1, . . . , nL (16)

where Clr and Clf are constants, calculated by the BPZ
parameters as

Clr = Z0
l1r − Z0

l2r

zl
+ yl

2
Z0

l1r ∀ r = 1, . . . , nb (17)

Clf = Clf1 + (
Clf2 − Clf1

)
x ∀ l = 1, . . . , nL. (18)

Thus, (11) and (16) can be written in matrix form, as
follows:

Hu = m (19)

where matrix H consists of two sub-matrices HV and HI as
follows:

H =
[

HV

HI

]
. (20)

The dimensions of HV and HI are np ×2 and nL ×2, respec-
tively. These are constant matrices which are determined by
BPZ parameters as

HVi1 = Z0
if1

i = 1, . . . , np (21)
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HVi2 = Z0
if2

− Z0
if1

i = 1, . . . , np (22)

HIl1 = Clf1 l = 1, . . . , nL (23)

HIl2 = Clf2 − Clf1 l = 1, . . . , nL. (24)

In (19), vector m consists of two sub-vectors mV , mI as
follows:

m =
[

mV

mI

]
. (25)

The dimensions of mV and mI are np ×1 and nL ×1, respec-
tively. These are determined on the basis of the voltages and
currents measured by PMUs and BPZ parameters, as

mVi = Vi −
np∑

r=1

Z0
irIent,r i = 1, . . . , np (26)

mIl = Il −
np∑

r=1

ClrIent,r l = 1, . . . , nL (27)

and u is the 2 × 1 unknown vector whose elements are as
follows:

u =
[

u1
u2

]
=

[
If

xIf

]
. (28)

If a fault occurs on one of the lines connected to a PMU
bus, (15) and (16) are not valid for that line. Therefore, in (19),
the related row is deleted and the dimension of matrix HI

and vector mI will become (nL − 1) × 2 and (nL − 1) × 1,
respectively.

In (19), matrix H and vector m are known and only vector u
is unknown. On the other hand, this equation is linear. Hence,
u can readily be estimated by the linear least squares method
and afterwards u1, u2 are specified as

u1 = 1

g

[(
h∗

2.h2
) (

h∗
1.m

) − (
h∗

1.h2
) (

h∗
2.m

)]
(29)

u2 = 1

g

[(
h∗

1.h1
) (

h∗
2.m

) − (
h1.h

∗
2

) (
h∗

1.m
)]

(30)

where dot and asterisk denote inner product and complex con-
jugate, respectively. h1, h2 are first and second columns of
matrix H, respectively. Moreover, g is determined as follows:

g = [(
h∗

1.h1
) (

h∗
2.h2

) − (
h∗

1.h2
) (

h1.h
∗
2

)]
. (31)

Therefore, estimation of the fault location, i.e., x is
acquired, as

x =
(
h∗

1.h1
) (

h∗
2.m

) − (
h1.h∗

2

) (
h∗

1.m
)

(
h∗

2.h2
) (

h∗
1.m

) − (
h∗

1.h2
) (

h∗
2.m

) . (32)

The purpose of this algorithm is identification of the faulted
line in the faulted BPZ, i.e., the main unknown of this algo-
rithm is the faulted line. For each line that belongs to the
faulted BPZ, this algorithm first supposes that the fault has
occurred on that line, and next estimates the fault location
x by (32). The faulted line is the line whose estimated x is
between 0 and 1. If more than one line satisfy this condition,
then, for each of these suspected lines the relative residual
error of estimation is calculated as

J(u) =
√

�u.�u∗
√

m.m∗ (33)

TABLE I
PMU BUSES IN THE WSCC 9-BUS AND IEEE 118-BUS TEST SYSTEMS

TABLE II
LENGTHS OF TRANSMISSION LINES OF WSCC 9-BUS TEST SYSTEM

where

�u = H

[
u1
u2

]
− m. (34)

The line, whose estimated u best matches the measured val-
ues, is selected as the faulted line. In other words, the line
which has the least relative residual error is selected as the
faulted line.

In the above equations, the measurements have been
assumed to have identical uncertainties. To deal with mea-
surements with different uncertainties, it is sufficient that the
linear weighted least squares method is used instead of linear
least squares method [22], [23].

In order to compute the values of (29)–(34), it is suffi-
cient to calculate a total number of seven inner products.
In other words, the proposed algorithm provides a closed-
form and noniterative solution for the problem. Hence, this
algorithm has a very low computation burden and so this
method quickly identifies the faulted line. The flowchart of
the proposed backup protection scheme is depicted in Fig. 3.

V. SIMULATION RESULTS

The WSCC 9-bus and IEEE 118-bus test systems are uti-
lized to demonstrate the effectiveness of the adaptive wide area
backup protection scheme. All simulations are executed by a
3.4 GHz core i5 CPU with 4 GB of RAM.

The optimal PMU placement problem is modeled in GAMS
optimization environment and the CPLEX solver is used to
solve it. The result of optimal PMU placement is depicted
in Table I. Next, BPZs are formed according to the network
topology and PMU placement in MATLAB.

The WSCC 9-bus test system has six transmission lines [24].
The structure of this system along with its BPZs was shown in
Fig. 1. In this figure, BPZs are specified by different contours.
The lengths of transmission lines of this system are demon-
strated in Table II. The IEEE 118-bus test system has 177
transmission lines [25], i.e., this system is similar to the large-
scale power systems. Thus, the performance of the protection
scheme on the large-scale power systems can be validated by
applying it to the IEEE 118-bus test system. This system are
depicted in Fig. 4.

Authorized licensed use limited to: EPFL LAUSANNE. Downloaded on July 23,2021 at 11:15:56 UTC from IEEE Xplore.  Restrictions apply. 



NEYESTANAKI AND RANJBAR: ADAPTIVE PMU-BASED WIDE AREA BACKUP PROTECTION SCHEME FOR POWER TRANSMISSION LINES 1555

Fig. 3. Flowchart of the proposed wide-area backup protection scheme.

Fig. 4. IEEE 118-bus test system including 42 PMUs.

DIgSILENT Power Factory software is employed to simu-
late the electromagnetic transient of the fault. PMUs extract the
fundamental component of input signals in four stages which

are modeled in MATLAB environment. First the input signals
are passed through a second-order Butterworth anti-aliasing
filter with a cut-off frequency of 350 Hz, which removes high
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TABLE III
LENGTHS OF TRANSMISSION LINES OF BPZ1 OF IEEE 118-BUS

TEST SYSTEM

TABLE IV
THRESHOLDS OF WSCC 9-BUS AND IEEE 118-BUS TEST SYSTEMS

frequency harmonics of input signals. In the second stage, the
output signal of Butterworth filter is sampled at 4800 Hz which
is equal to 96 samples per cycle. In the third stage, a digital
mimic filter is used to eliminate the decaying dc offset [26].
In the last stage, the fundamental components of input signals
are obtained by using full-cycle Fourier transform.

MATLAB software is used to construct the bus impedance
matrix Z0 for all BPZs. On the basis of network topology, bus
impedance matrix is updated and matrix H and vector m are
calculated as discussed in Section IV.

Faults on the WSCC 9-bus test system are thoroughly stud-
ied and in order to save space only the results of faults in BPZ1
of IEEE 118-bus test system will be thoroughly reported.
BPZ1 consists of 10 buses and 8 transmission lines. The
lengths of transmission lines of this BPZ are demonstrated in
Table III. This BPZ are specified by a contour in Fig. 4. This
BPZ has four non-PMU buses 16, 17, 18 and 113 which are
surrounded by six PMU buses 12, 15, 19, 30, 31, and 32. The
proposed adaptive wide area backup protection scheme con-
sists of two stages. First it detects the faulted zone and next
determines the faulted line and fault location. In the following,
these stages are investigated separately.

A. Faulted Zone Identification

The threshold values of zero- and positive-sequence currents
entering the BPZs of the two test systems are demonstrated
in Table IV. For all BPZs, values of d0 and d1 are consid-
ered to be 0.2 and 2, respectively. For all BPZs, the value of
Imin,BPZk is set to 0.2 p.u. Various balanced and unbalanced
faults are applied to different distances of lines. In all studies,
fault resistance values are assumed to be 100 � for AG and
BCG types and 1 � for BC and ABCG types, unless specified
otherwise. Tables V and VI show the values of I(s)

ent,BPZk
for

various BPZs. In these tables, values which exceed the cor-
responding thresholds are represented in the bold font. It can
be seen that based on (7), the faulted zone has been identified
for all fault cases correctly.

In order to examine the efficiency of the faulted zone
identification algorithm in very short and long transmission
lines, it is applied to the IEEE 118-bus test system. For all
fault types (AG, BC, BCG, ABCG) at various fault locations
(5%, 50%, 95%) on every transmission line of this system,

TABLE V
FAULT ZONE IDENTIFICATION OF WSCC 9-BUS TEST SYSTEM

TABLE VI
FAULT ZONE IDENTIFICATION OF IEEE 118-BUS TEST SYSTEM

the proposed algorithm correctly identifies the faulted BPZ.
This is due to the fact that the thresholds of each BPZ have
been defined in adaptive manner and thus the efficiency of this
algorithm is independent of transmission line length.

B. Faulted Line Identification

Table VII reflects the results of faulted line identification
and fault location estimation for various fault types occurred
at different points of WSCC 9-bus test system. For all fault
types occurred on the lines of this system, the faulted line
identification algorithm accurately identifies the faulted line
and fault location.

In order to measure the precision of fault location estima-
tion, the fault location estimation error is defined as

FL Error (%) = |Estimated FL − Actual FL|
Line Length

×100. (35)

The single phase to ground fault is the most common fault in
transmission lines. So the efficacy of this scheme for AG fault
type is investigated in Table VIII. This table shows the results
of faulted line identification and fault location estimation for
different fault resistance values and various points of WSCC
9-bus test system.
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TABLE VII
INFLUENCE OF FAULT TYPE ON FAULTED LINE IDENTIFICATION

ALGORITHM FOR WSCC 9-BUS TEST SYSTEM

In order to examine the efficiency of the faulted line identi-
fication algorithm in large power systems, it is applied to the
IEEE 118-bus test system. The obtained results for BPZ1 of
this system are gathered in Tables IX and X.

In order to investigate the effect of transmission line length
on the efficiency of the faulted line identification algorithm,
all transmission lines of IEEE 118-bus test system are classi-
fied into six groups according to the transmission line length.
Afterwards, all fault types (AG, BC, BCG, ABCG) are sim-
ulated at various fault locations (5%, 50%, 95%) on every
transmission line of each group. For all simulations, this
algorithm accurately identifies the faulted line and fault loca-
tion. The obtained results are summarized in Table XI. This
table provides the maximum fault location estimation error for
each group of transmission lines; this value of fault location
estimation error is acceptable, since the proposed algorithm
must quickly identify the faulted line, i.e., it must have low
computational burden.

According to Table XI, if the distance between the fault
location on the faulted line and the nearest bus to the fault is
less than the maximum fault location estimation error of the
faulted line, it is possible that the proposed algorithm cannot
determine the faulted line and fault location. This problem is
negligible, since the maximum fault location estimation error
is very small.

TABLE VIII
INFLUENCE OF FAULT RESISTANCE ON FAULTED LINE IDENTIFICATION

ALGORITHM FOR WSCC 9-BUS TEST SYSTEM

Fig. 5. Influence of measurement errors on faulted line identification
algorithm for single phase to ground faults at 95% of the lines 16 and 17.

In order to verify the robustness of the faulted line identifi-
cation algorithm against the measurement errors, ±5% p.u.
amplitude error and ±1◦ phase error are considered for
measurements. It is assumed that these errors have normal
distribution with zero mean. The acquired results for a total
of 10 000 single phase to ground fault cases at 95% of the
lines 16–17 is shown in Fig. 5. Although this line is not
equipped with any PMUs, the proposed algorithm accurately
identifies the faulted line and fault location. As shown, the
estimated fault locations demonstrate normal distribution with
a mean of 95.04% and standard deviation 0.4551%.
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TABLE IX
INFLUENCE OF FAULT TYPE ON FAULTED LINE IDENTIFICATION

ALGORITHM FOR IEEE 118-BUS TEST SYSTEM

All results of Tables V–XI indicate that the performance
of the method is not affected by high-impedance faults.
Moreover, for different fault types, the faulted BPZ and faulted
line can be identified correctly. Furthermore, this scheme deter-
mines the fault location precisely. For all cases, the fault
location estimation error is very small. The reason is that
the conventional protection schemes ignore the fault resis-
tance (assume that the fault resistance is equal to zero), but
this scheme models the fault as a current source. Therefore,
in comparison with conventional schemes, this scheme is not
sensitive to the fault type and resistance.

In order to investigate the speed of the proposed wide area
backup protection scheme, the execution time (ET) of this
scheme is computed. The ET of this scheme is equal to the
ET of the faulted zone identification algorithm plus the ET of
the faulted line identification algorithm. For all fault cases, the

TABLE X
INFLUENCE OF FAULT RESISTANCE ON FAULTED LINE IDENTIFICATION

ALGORITHM FOR IEEE 118-BUS TEST SYSTEM

TABLE XI
INFLUENCE OF TRANSMISSION LINE LENGTH ON FAULTED LINE

IDENTIFICATION ALGORITHM FOR IEEE 118-BUS TEST SYSTEM

proposed method is executed quickly. The ET of the proposed
adaptive wide area backup protection method is estimated to
be 3 ms for all fault conditions. On the other hand, it has been
assumed that the proposed backup protection scheme is imple-
mented in the local control center. The communication delay
of WAMS is less than 200 ms in either direction [14], [27].
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Therefore, even if the primary protection fails, the backup pro-
tection scheme isolates the faulted line less than 403 ms after
the fault occurrs. According to the results, both stages of the
proposed backup protection scheme have a successful perfor-
mance. This scheme not only protects transmission lines but
also precisely determines the fault location. Therefore, similar
to the conventional protective relays the fault location function
can be included in the proposed scheme.

VI. CONCLUSION

An adaptive wide area backup protection scheme for trans-
mission lines has been proposed. It utilizes wide area data of
WAMS and bus impedance matrix of BPZs instead of local
data and impedance of the faulted line. This protection scheme,
in comparison with other PMU-based protection schemes, is
implemented by a lower number of PMUs. Moreover, this
backup protection scheme adapts its characteristics to the
power system conditions.

The WSCC 9-bus test system and the large-scale IEEE
118-bus power network have been utilized to demonstrate
the effectiveness of the proposed backup protection scheme.
Various analyzes indicate robustness of the proposed method
against different fault locations, different fault types, high-
impedance faults and measurement errors. It has also been
observed that even if the faulted line is not equipped with
any PMUs, the proposed method performs successfully and
identifies the faulted line and fault location quickly. Since
the proposed scheme provides a closed-form and non-iterative
solution for the problem, its operation time does not exceed
403 ms for all fault conditions. By development of the
communication infrastructures and wide area measurement
systems (WAMSs) the proposed scheme can be realized in
smart transmission grids.
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