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Abstract—A new wide-area backup protection algorithm based
on the fault component voltage distribution is proposed in this
paper. It is helpful to overcome the problems of complex setting
and maloperation under flow transfer of conventional backup
protection. The measured values of fault component voltage
and current at one terminal of the transmission line are applied
to estimate the fault component voltage at the other terminal.
Then, the fault element can be identified by the ratio between the
measured values and the estimated values. In addition, the speed
of fault element identification can be accelerated by a faulted area
detection scheme. The proposed method has the advantage of easy
setting and low requirement for synchronized wide-area data.
The studies performed on the IEEE 39-bus system validate the
proposed algorithm under various faults and flow transfer.

Index Terms—Fault element identification, fault voltage ratio
coefficient, faulted area detection, regional centralized, wide-area
backup protection.

I. INTRODUCTION

ROTECTIVE relaying provides important safeguard for
P power grid operation. Conventional backup protection de-
pends on local electrical information to make relevant decisions,
and cannot securely distinguish an internal fault from heavy load
during flow transfer [1]. This may cause cascading trip events
and accelerate power system collapse. Moreover, the complex
setting principle of conventional backup protection may induce
hidden failures caused by setting mistakes [2], which would in-
crease the risk of system instability during a disturbance.

With the development of wide area measurement system
(WAMS), novel system protection techniques based on
wide-area information (WAI) have attracted significant atten-
tion [3], [4]. The current literature about it can be classified
into two categories: 1) literature dedicated to enhancing the
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property of system stability control [5] and 2) literature dedi-
cated to improving the performance of conventional protection
[6]. The wide-area backup protection (WABP) based on fault
element identification (FEI), a hot topic of investigation these
days, belongs to the second category [7]-[13]. It works like
this: first, the WAI is used to identify the fault element within
the protected zone. Then, the fault isolation is realized by
simple sequence coordination among incident breakers. This
method could overcome the drawbacks of conventional backup
protection and effectively prevent cascading outages.

The kernel of WABP is to identify the fault elements based
on WAI. Two most widely used algorithms are: wide-area cur-
rent differential and wide-area directional pilot protection. In
a distributed current differential scheme presented in [7], in-
telligent electronic devices (IEDs) in the same protected zone
exchange information among each other through a multiagent
approach to complete the computation and sequential trip func-
tion. A WABP system based on Agent Petri net, proposed in [8],
uses a Petri net to establish a simulated environment to evaluate
the property of protection agents within the WABP system. It
also proposes a negotiation mechanism among protection agents
in the case of information error or information loss, which im-
proves the fault-tolerance ability of the current differential algo-
rithm. Generally speaking, wide-area current differential protec-
tion has simple principle, but the high dependency on data syn-
chronism and the large imbalance current caused by cumulative
error of multipoint measurements can deteriorate its reliability
and sensitivity [9].

Compared to the wide-area current differential method, the
wide-area directional pilot algorithm could quickly identify
fault elements through sequence directional criterion and
impedance criterion without high requirement for data synchro-
nization [10]. When a failure of the substation battery occurs,
the direction comparison scope of the protection system will
expand automatically to search faulty elements reliably [11],
[12]. However, conventional directional pilot protection is sub-
ject to the influence of several factors, such as high-impedance
earth faults, two-phase operation of transmission line, evolved
faults (e.g., a fault starting as an external fault, and evolving to
internal fault), etc.

In order to simplify the calculation of FEI, the faulted area
detection (FAD) algorithm has been proposed in recent years.
The distribution characteristic of bus positive-sequence voltage
is utilized in [13] to detect the bus closest to the fault location,
thus reducing the number of lines requiring the calculation of
current differential. However, the sensitivity of the substation
pickup criterion and the reliability of the bus voltage sorting
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Fig. 1. Fault component network of a two-terminal system. (a) External fault.
(b) Internal fault.

scheme remain to be further improved. Also, how to prevent
communication congestion is another issue that remains to be
solved.

This paper presents a new WABP algorithm based on fault
component voltage distribution, which mainly comprises two
parts: FEI and FAD. The fault component voltage at one ter-
minal of the transmission line is estimated by the fault com-
ponent voltage and current at the other terminal. The ratio be-
tween the measured values and the estimated values is applied
to identify the faulty element. Meanwhile, the faulted area is
detected through FAD. Only the substations within the faulted
area need to transmit information to the regional central sta-
tion of the WABP system. Then, the regional central station
will search the suspected faulty lines (SFLs) and identify ac-
tual faulty lines quickly. Simulation results validate the secu-
rity and sensitivity of this method under several complex condi-
tions, such as high-impedance earth faults, two-phase operation
of line, evolved faults, and flow transfer.

II. FAULT ELEMENT IDENTIFICATION

A. Basic Principle

For a two-terminal system, the voltage at one terminal can
be estimated correctly by the measured voltage and current at
the opposite terminal when the system operates normally or
an external fault occurs. However, the estimated and the mea-
sured voltages are quite different due to the presence of the fault
branch when an internal fault occurs. The proposed FEI algo-
rithm is established based on this characteristic.

The fault component network of a two-terminal system is
shown in Fig. 1 with the external and internal faults located at
f1, fo, respectively. In Fig. 1, Z,,, and Z,, represent the equiva-
lent system impedance of both terminals, Z, is the transmission
line impedance. R, is the ground fault resistance, and AV} is
the fault component source at the fault point. o, whose value, in
the range [0, 1] represents the ratio of the distance from the fault
point to side “m” and the total line length.
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Fig. 2. Distribution of the measured and estimated fault component voltages.
(a) External fault. (b) Internal fault.

The fault component voltage at one terminal of the transmis-
sion line can be estimated by the fault component voltage and
current at the other terminal and the line impedance. The esti-
mation equation is given by

oA
{AVm_AVn AL Zp n

AV = AV, — AL, 71,

where AV, AV are the estimated values of the bus fault com-
ponent voltage, and AVm, AVn are the corresponding measured
fault component voltages. The distribution of the measured and
estimated fault component voltages is shown in Fig. 2.

Define a fault voltage ratio coefficient (FVRC) for each end
of the line as

(@)

Then, the maximum value of FVRC of the two terminals can
be adopted as the operating parameter of protection

Kax = max {K, K, } . 3)

Obviously, the measured values and the estimated values are
equal when an external fault occurs, that is Ky,,x = 1. In con-
trast, K ax is greater than 1 when an internal fault occurs. Thus,
the faulty lines can be identified by means of K ,x.

B. Comprehensive Criteria

The principle of FEI is applicable to all types of fault com-
ponents, including positive-, negative-, and zero-sequence fault
components. A comprehensive criterion of FEI can be estab-
lished by combining these three fault components. From (1),
the estimation equation of fault components at side “m” is de-
scribed as

AV,;H = AVyy — Al Zpy

Vi =Via — InaZrs 4)
V2o = Voo — InoZro
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Fig. 3. Tripping logic of the positive-sequence fault component.

where Aan, Vng, and Vno represent the measured values of
positive-, negative-, and zero-sequence component of the fault
voltage of side “n.” AV, ,, V', correspond to the estimated

values of side “m.” Hence, the FVRC of side “m” is defined as

AV,
K’m,l = ‘ el

AV
Vi
Ko = |+ z o)
v
K. o= | Ymo
m0 Vino

The FVRC of side “n” can be calculated similarly. The posi-
tive-sequence fault component could identify all types of faults,
whether symmetrical or asymmetrical, but the duration of its ex-
istence is short [14] and additional measures are needed when
it is applied as a backup protection. Therefore, the negative-
and zero-sequence components can be used to identify asym-
metrical faults because of their long-term existence. In order
to guarantee the sensitivity of operating criterion, negative- and
zero-sequence components are combined to identify earth faults

KZ,O—max = max {Km27 Kn27 Km07Kn0} Z Ksct- (6)

Likewise, the negative-sequence component can be applied
to identify phase-to-phase faults

K2—rnax = max {Km27Kn2} Z Kset- (7)

A symmetrical fault can be identified by the positive-se-
quence fault component criterion accompanied with the
low-voltage auxiliary criterion

Klfmax = nlaX{Kmh Knl} Z Kset
(‘le < KLVVN) u ( an‘ < KLVVN) ®)

where K. is the setting value of criteria (6)—(8). In order to
overcome the influence of the system operation mode switch
and measurement errors, K¢ should be set as 1.2 with a 20%
margin ((1.2 — 1.0)/1.0 = 0.2). Vi1, Vi are the positive-se-
quence voltages of both terminals, V}y is the rated voltage mag-
nitude of line, and Ky is the low-voltage coefficient. In order
to distinguish the abnormal voltage state from normal voltage
fluctuations, K1y can be set as 0.5. The tripping logic of the
positive-sequence fault component is shown in Fig. 3.

For different types of faults, substations within a protected
zone could estimate relevant fault component voltages, and then
send the estimated and measured values to the regional central
station of the WABP system. Obviously, the proposed scheme
just needs to compare the magnitude of fault component volt-
ages without requiring highly synchronized phasor information.
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From the aforementioned description, it is easy to prove the
availability of this algorithm under the conditions of two-phase
operation of line, evolved faults, and flow transfer.

C. Characteristic Analysis

1) Effect of Ground Fault Impedance: Asshown in Fig. 1(b),
the measured values of fault component voltages of both termi-
nals can be calculated by

AV, = (—Ajm) Z.

B Zn AV

" Ry+ (Zm+aZp) || (Zn+ (1 - a)Z1)
I + (1 — Q)ZL
T + 21 + 7,

AV, = (—Mn) Z,
B Zn AV
" Ry + (Zm + aZp)|| (Zn + (1 — ) Z1)
Zm + OZZL

where symbol “||”” denotes the parallel connection. AV,; can be
estimated according to (1). Then, the FVRC of each of the two
terminals can be expressed as follows:

A"r!

) — m | — Zn+Z1 . ZmtaZy

m AV, Zn+(1-a)Zy Zm (10)
K o= |AYa| _ | ZutZ,  Zot(=c)Z.| °

T AV, | T | ZmtaZr Zn

Itis clear that K,,, and K, are independent of Iz,. Therefore,
in theory, the FEI algorithm would not be affected by ground
fault impedance.

2) Effect of Fault Position, System, and Line Impedance:
In order to clear an internal fault correctly, K,.x should be
greater than 1.2. According to (10), FVRC depends on system
impedance, line impedance, and fault position. These parame-
ters thus affect the performance of FEIL

Suppose that the ratios of the system and the line impedances
at two ends are x = Z,,,/7, and y = 7, /71, respectively.
Neglect the influence of system and line resistances, = and y
can be expressed by real numbers, and the expression of FVRC
can be changed into

_ (ty)(at=)
Ko = (1—a)z+zy
K. = 2)[(1—a)+y] -

n ay+tzy

(1)

Assume that z and y are constants, and = # y. The distribu-
tion of FVRC is shown in Fig. 4.

The sensitivity of the FEI algorithm decreases gradually when
the fault position moves from one end to the middle of the line.
If an internal fault is located at a.,, the operating parameter
K nax Will have the minimum value, creating the least favorable
condition for FEIL Let K,,, be equal to K,,. Then, (10) can be
rewritten as

(x —y)a2, — 2am(z +2y) + 2+ 2y = 0. (12)



HE et al.: WIDE-AREA BACKUP PROTECTION ALGORITHM BASED ON FAULT COMPONENT VOLTAGE DISTRIBUTION

2.5

Fault voltage ratio coefficient

Fig. 4. Distribution of FVRC.

5 Approximate boundary
4
3 Operation boundary
2 Operation
zone

1
0 .

o 1 2 3 4 5 6 7 8 9 10

Fig. 5. Operation characteristic of FEIL

Therefore, it can be solved as

_ z(y+1) — \/x(y+1)y(w+l).
z—y

13)

Am

According to (11) and (13), the minimum value of K,y is

Kmax(min)
(z+y+1) [Valy+ Dyl + 1) - ylo +1)]
=1+ (14)
y[rl@+1) = Vol + Dy(e +1)]
Let Kgot = 1.2, the nonoperation zone of FEI is
Kmax(min) < Kset
o+l VD) [Val - /yly+1)] 09
Yo V(o)) [Vl ) — /o))
= <1 + l) . <1 + l) < 1.44. (15)
T Yy

In (15), = and y are 2-D variables. Let z, y be in the range (0,
10). The operation characteristic of FEI can be then shown as in
Fig. 5.

In order to demonstrate the influence of = and y intuitively,
the operation boundary shown in Fig. 5 can be simulated ap-
proximately by three lines tangent to the actual boundary. Thus,
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the approximate nonoperation zone of FEI corresponds to the
shaded region in Fig. 5, and can be indicated as

(x > 3.235) N (z+y > 10) N (y > 3.235). (16)

It is clear that the sensitivity deficiency of FEI would only
occur when the system impedances of both terminals of the
line are much greater than the line impedance simultaneously.
However, the equivalent system impedance is generally smaller
in the actual high-voltage and extra-high voltage (EHV) grid.
Besides, the zero-sequence impedance of the transmission line
is larger than positive-sequence impedance, and the zero-se-
quence system impedances of both terminals are restricted by
the leakage reactance of transformers, the neutrals of which are
grounded. Therefore, the earth fault whose frequency of occur-
rence is much higher than the other faults can be cleared with
higher sensitivity. In short, the operating criteria of the FEI algo-
rithm presented in this paper have high availability in a practical
EHV network.

III. FAULTED AREA DETECTION

The WABP system identifies fault elements by integrating
multipoint information within a regional grid. For actual power
grids, which are large in scale and contain a large number of
substations, if every substation within the protected zone sends
electrical information to the regional central station, communi-
cation congestion may occur, which may affect the performance
of WABP. Therefore, the most important problem yet to be
solved for the WABP system is to reduce the network commu-
nication traffic and accelerate FEI computation. A new FAD
method based on sequence voltage distribution is presented
here. When a fault occurs, the substation pickup detection will
be implemented first, and only those pickup substations need
to upload information. Then, the regional central station will
detect the SFLs and realize the function of FEI.

A. Substation Pickup Detection

The bus voltages and branch currents of each substation in
the protected zone will fluctuate to varying degrees when a fault
occurs, but only the substations close to the fault point would
pick up for their high sensitivity. Therefore, the faulted area can
be detected according to the substation pickup criteria.

The negative- and zero-sequence voltages and currents can
be utilized to reflect asymmetrical faults, and the corresponding
pickup criterion is defined as

(‘Vm2’ > KNVVN) U (‘Vmo‘ > KZVVN)

) (‘jm2—max 2 KNCIN) ) (‘j’mo—max Z KZCIN) (17)

where sz and Vmo are the negative- and zero-sequence bus
voltages of substation “m,” jmz_max and ij—maX stand for
the maximum negative- and zero-sequence currents of incident
branches connected to substation “m,” and Vy and I are the
rated voltage magnitude of the bus and the rated current mag-
nitude of the branch. Kyyv, Kzv, Knc, and K¢ are the
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proportional coefficients of negative- and zero-sequence com-
ponents, and can be set as 0.1. Taking advantage of the syn-
thesized information from negative- and zero-sequence compo-
nents and adopting low setting values could improve the sen-
sitivity of pickup criterion under different complex conditions,
such as high-impedance earth faults, etc.

As shown in (7), phase-to-phase fault identification only uses
negative-sequence components. Thus, a criterion shown in (18)
is added to distinguish the fault type after substation “m” picks

up

(“%J<K}M@)ﬁ(ﬁmﬂmx<KjﬂN) (18)

If criterion (18) is satisfied, the negative-sequence component
should be uploaded. Otherwise, the negative and zero-sequence
components should be sent together. If criterion (17) is not sat-
isfied, each substation will implement symmetrical fault pickup
criterion as

Vit | < KprViv (19)
where the proportional coefficient Kpy can be set as 0.5.
Adopting the high setting value in response to a symmetrical
fault is adequate due to the high impedance being neglected
under this condition [1]. On the other hand, it is helpful to avoid
frequent pickup of the WABP system under normal switching
of the power system.

Afterwards, the measured fault component voltages of sub-
station “m” and the estimated fault component voltages of ad-
jacent substations are sent to the regional central station. Note
that the positive-sequence voltage magnitude ’ Vini ‘ and the pos-

itive-sequence fault component voltage magnitude ‘Ale‘ are
both uploaded when a symmetrical fault occurs. The former is
used to detect fault incident buses (FIBs) and the latter to iden-
tify fault elements.

B. Suspected Faulty Lines Detection

After collecting the uploaded data, the regional central sta-
tion will sort the measured sequence voltages and locate the
FIBs which are closest to the fault point. Ideally, the bus with
the maximum negative- or zero-sequence voltage magnitude or
with the minimum positive-sequence voltage magnitude would
be regarded as FIB. But in the actual grid, the FIBs search is
affected by several factors, such as measurement error from
each substation. Therefore, the first three buses in the sorting
series can be selected as FIBs to ensure the redundancy of the
sorting computation. FIBs correspond to three buses with the
highest zero-sequence voltage when earth faults occur, and to
three buses with the highest negative-sequence voltage or lowest
positive-sequence voltage when phase-to-phase or symmetrical
faults occur.

Let the number of branches connected to FIBs be /V, then the
SFLs set L can be established as (20). Obviously, only the SFLs
need to be identified, thus dramatically reducing the computa-
tion amount of WABP

L={L;i=1,...,N}. (20)
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Fig. 6. Structure of the WABP system.

IV. WABP SCHEME

The proposed WABP algorithm takes the regional grid as the
protected object. The key substation within the regional grid is
selected as the regional central station, which will exchange in-
formation with other substations through wide-area communi-
cation network. The whole structure of the WABP system is il-
lustrated in Fig. 6.

In this system, each substation implements pickup criteria
with the electrical information sampled by relevant IEDs. When
one substation picks up, it will send corresponding fault compo-
nent voltages to the regional central station. If substations “m”
and “n” are adjacent, the pickup procedure of substation “m” is
described in Fig. 7. The central decision unit sorts the sequence
voltages of pickup buses after receiving uploaded information.
Then, the SFLs will be detected and the FEI computation will be
implemented. Eventually, the central decision unit will send the
trip command to corresponding substations to clear the internal
faults. The operation procedure of the regional central station for
coping with earth faults is shown in Fig. 8. The phase-to-phase
and three-phase faults are identified similarly.

V. SIMULATION STUDIES

Verification of the proposed algorithm has been performed by
using the electric power transient simulator PSCAD/EMTDC.
The IEEE 10-generator 39-bus system [15], as shown in Fig. 9,
is built for simulation studies. In this case, the nominal voltage
of the transmission line is set as 500 kV, and all of the branches
within this system are protected. B14 represents the regional
central station of the WABP system, and other buses represent
the substations within the protected zone.

Simulation tests include two sections: 1) comprehensive test
for the WABP algorithm under different types of faults located
at different points and a 2) special test for FEI under complex
fault conditions and heavy load transfer. The fault situations
include: high-impedance earth faults and faults on two-phase
operation of line and evolved faults. The potential transformer
hereafter is located on the line side, and the power frequency
electrical quantities of buses and branches are calculated by dis-
crete Fourier transform.
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A. Comprehensive Test for the WABP Algorithm

A variety of disturbances at different positions in the simu-
lated system is applied to perform a comprehensive analysis of
the performance of FEI and FAD. Fault positions described as
follows are selected to be analyzed here: F; is located at « =
0.25 (25%) to terminal Bg on Lg; Fy and F3 are located at
a = 0.5 (50%) on Lig and L9, respectively; Fy4 is located at
= 0.75 (75%) to terminal B1g on Los. The fault types include
single-phase earth fault, phase-to-phase (to ground) fault and
three-phase fault, and the time of fault inception is 0.5 s.
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Fig. 9. IEEE 10-generator 39-bus test system.

TABLE I
COMPARISON BETWEEN PICKUP SUBSTATIONS AND TOTAL SUBSTATIONS

Fault Pickup substations / total substations

type F, F, F3 F4
AG 11/39 12/39 11/39 12/39
BC 13/39 15/39 13/39 14/39
BCG 13/39 16/39 15/39 15/39
ABC 10/39 11/39 10/39 11/39

1) Faulted Area Detection: The number of pickup substa-
tions and the total number of substations within the test system
are shown in Table L.

For all types of faults, the substations close to the fault points
will pick up reliably. Though the number of pickup substations
will grow with increasing fault severity when an asymmetrical
fault occurs, it is still far less than the total number of substa-
tions. And when the symmetrical fault occurs, the number of
pickup substations will be effectively restricted because of the
adoption of a special low-voltage pickup criterion. In this case,
the number of substations that need to upload information is re-
stricted within a limited range, thus dramatically reducing the
WAI communication traffic.

Results of FIBs detection are shown in Table II. It is clear
that the buses at both terminals of the actual faulty lines are
detected under different types of faults. Thus, the measurement
error of one point will not cause the missing of a faulty line,
and the tolerance of bus sorting can be effectively guaranteed.
Meanwhile, the faulted area will be further narrowed after FIBs
detection.

The incident branches connected to the FIBs combine to con-
stitute SFLs set L. The number of suspected faulty lines and the
total number of branches within the test system are compared in
Table III. As can be seen, the number of SFLs under different
faults is far less than the total number of branches, thus signifi-
cantly accelerating the computation speed of FEL

2) Fault Element Identification: Computation results of FEI,
which show that the actual fault branches Lg, L1g, L19, and Los
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TABLE II
TEST RESULTS OF FAULT INCIDENT BUSES DETECTION

Fault Fault incident buses
type F, F, Fs F,
AG B, Bs, By B, Bis, Bis Bi7, Bis, B; Bis, Ba1, B2
BC B,, Bg, By Bs, B, Bis Bi7, Bis, By Bis, Ba1, B2
BCG B7, Bg, By Bs, Bis, Bis Bi7, Bis, B2y By, B2, B2z
ABC B7, Bs, By By, B4, Bys Bi7, Bis, B2y Bis, B21, B2
TABLE III

COMPARISON BETWEEN SUSPECTED FAULTY LINES AND TOTAL LINES

Fault Suspected faulty lines / total lines
type Fy F, F; F,
AG 5/34 6/34 5/34 7/34
BC 5/34 6/34 5/34 7/34
BCG 5/34 6/34 5/34 7/34
ABC 5/34 6/34 5/34 7/34
TABLE IV
RESULTS OF FAULT ELEMENT IDENTIFICATION
Fault I Fault  Results Operating Operating
position type of FEI parameter value
AG Ly K o max 2.141
Ls, Lr BC Lo - 1.812
Fy Lg, Lo
L BCG Lo K, o max 2.108
10
ABC Ly K s 1.836
AG Lis K -max 1.916
LswLs  BC Lis Ky 1.708
F, Lig, Lis,
Lie. L1y BCG Lis K o max 1.863
ABC Lis K s 1.727
F; Lis, Lio, AG Lo K, o mas 1.921
Lao,
» BC Ly Ky 1.715
Lai, Lao
BCG Ly K 0-max 1.905
ABC Lo K e 1.724
AG L K o max 2.250
Ly, Lis,
. Loy, Los, BC Lo K, o 1.840
Las, Las, BCG | K, o max 2.147
La7
ABC L K\ e 1.854

are identified successfully, are shown in Table IV. In compar-
ison with the other kinds of faults, the earth faults are identi-
fied with higher sensitivity. In conclusion, the feasibility of the
WABP algorithm based on fault component voltage distribution
is validated.

B. Special Test For Fault Element Identification

FEI is the core of WABP. Hence, a special test for it under
complex conditions is implemented here. FAD is omitted in
order to simplify the analysis.
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TABLE V
TEST RESULTS FOR AG FAULTS

Operating value

Operating Fault
parameter  Resistance/QQ
25% 50% 75%
0 2.144 1.916 2.250
K 100 2.141 1.915 2.251
o 200 2.143 1.916 2.248
300 2.141 1.914 2.250
2.2 T T T T T T
2+ KZ.Ofmax
g K
= 18t <
-
%‘J 1.6 B
g 14} ]
Q
& 12
1 IV
0.8 | | 1 ) L 1
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75
Time(sec)

Fig. 10. Operating value of L6 under two-phase operation.

1) Effect of Ground Fault Impedance: The established faults
are located at 0.25, 0.5, and 0.75 (25%, 50% and 75%) on Ly,
respectively. The fault type is phase-A-to-ground. The operating
values of L;¢ under AG faults with different fault resistances
are shown in Table V. Simulation results indicate that the FEI
is not affected by fault resistance. Moreover, high sensitivity is
maintained under these conditions.

2) Effect of Two-Phase Operation of Line: The character-
istics of FEI algorithm under two-phase operation of line and
further faults are tested. The circuit breakers of phase A at both
terminals of Li;g open at 0.5 s, and the operating value of L is
recorded in Fig. 10. When L4 switches to a two-phase state, the
value of K9 o_max flutters slightly because of the cross-window
problem (the data window contains prefault and postfault data
simultaneously). However, the flutter magnitude is small and it
lasts for only a short time. Thereafter, K5 o—max Will be back
to 1.0 and remain stable. Thus, the protection system can be
blocked reliably.

Suppose that different types of asymmetrical faults occur on
L1 at 0.8 s. Simulation results presented in Table VI indicate
that the protection system operates correctly with high sensi-
tivity.

3) Effect of Evolved Fault: Suppose that a phase-A-to-
ground fault occurs on Li15 at 0.5 s. Then, the fault evolves to L4
at 0.52 s. The operating value of ;¢ when a phase-C-to-ground
fault occurs is shown in Fig. 11.

It can be seen from Fig. 11 that the value of K3 ¢_max 1S
kept around 1.0 when the fault occurs on L 5. Later, it increases
rapidly when the fault evolves to L and becomes stable after
one cycle. The steady-state value of K5 g_max 1S much greater
than K¢, and the fault branch L1 can be identified ultimately.
Simulation results of other faults shown in Table VII indicate
the validity of FEL

4) Effect of Flow Transfer: In order to prevent power grids
from cascading outages, it is necessary to distinguish between
flow transfer and the internal fault. The operating parameter
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TABLE VI
TEST RESULTS FOR FAULTS ON THE TWO-PHASE OPERATION LINE

Operating value

Fault Operating
type parameter 259 50% 75%
BG 2 oomax 1.973 1.944 2.036
BC K, e 2.143 1.985 2.239
BCG 2.0-max 1.961 1.932 2.126
TABLE VII
TEST RESULTS FOR THE EVOLVED FAULTS
Operating Operating value
parameter AG-BG AG-BC AG-BCG
K, oo 1.980 2.091 4.026
2.2 T T T T T
2 H K 0-max 4
Q Koes
= 18 : 1
<
> 1.6 .
g
§ 1.4 4
2 1.2
o
1 0.02s 1
0.8 L 11 L L L L
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75
Time(sec)
Fig. 11. Operating value of L, s under the AG-CG fault.

magnitude (pu)
B - S )

Positive sequence current
o

Time(sec)

Fig. 12. Positive-sequence current magnitude of L.

K1 _max of heavily loaded branches under the flow transfer con-
dition is tested. The initial flow of the test system is calculated
first, and Loy, Los are confirmed as heavily loaded lines. A
three-phase fault is set at « =0.5(50%) on L4, which occurs at
0.5 s and is cleared at 0.58 s. The magnitude of the positive-se-
quence current of Loz is shown in Fig. 12.

When the fault branch Loy is removed, the positive-sequence
current of o5 will become stable after a short period of oscilla-
tion. The magnitude of steady-state current is more than twice
the initial value. It indicates that the flow of L4 has been trans-
ferred to Lys. The operating value of Loz during flow transfer is
shown in Fig. 13.

Affected by the cross-window problem, the K _ .5 of Los
flutters slightly when the external fault occurs on Lo, and when
it is cleared. K_ . is strictly restricted in the fluttering, and
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Fig. 13. Operating value of L5 under flow transfer.

finally becomes stable. Thus, the WABP system can be blocked
correctly during flow transfer.

VI. CONCLUSION

A novel wide-area backup protection algorithm based on fault
component voltage distribution is proposed. The criterion of
fault element identification is determined by the ratio between
the measured and the estimated fault component voltages at
both terminals of the transmission line. The faulted area de-
tection is also adopted to avoid communication congestion and
speed up FEI computation. Compared to existing backup protec-
tion schemes, the proposed method exhibits excellent properties
given below in increasing protection security and sensitivity as
follows.

* The relay has a simple setting principle, low requirement
for data synchronism, and is less affected by the system
operation mode switch. When two-phase operation of
the line, external fault, or flow transfer occurs, it can be
blocked reliably.

* Fault elements can be identified accurately under var-
ious complex conditions, including high-impedance earth
faults, faults on two-phase operation of the line, and
evolved faults.
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