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From Available Synchrophasor Data to Short-Circ
Fault Identity: Formulation and Feasibility Analys

Sadegh Azizi, Student Member, IEEE, Majid Sanaye-Pasand, Senior Member, IEEE

Abstract—This paper proposes a novel formulation for
deter mining the short-circuit fault identity, that is the fault type,
faulted line and exact fault distance on it, by using available
synchrophasor data. A smple and yet quite effective procedureis
developed to model the fault area as a stand-alone sub-system.
Thanks to phasor measurement units (PMUs), the proposed
technique does not require the operating point and model of the
portions being replaced. This greatly alleviates the complexity
and technical problems involved in modeling the entire power
system, as enforced by existing wide-area methods. A couple of
effective theorems in Circuit Theory are exploited in a way as to
make the pre-fault bus impedance matrix applicable in the post-
fault condition. The obtained fault equations are readily solved
by the least-squar es method to provide a closed-form solution for
the fault distance. Two necessary and sufficient conditions are
introduced to assess the fault location feasibility by a given set of
PMUs. High accuracy is achieved since the calculations merely
involve sound equations remaining after removing erroneous
measur ements of instrument transfor mers. The proposed method
is successfully validated by more than 10000 simulation cases
conducted on the New England 39-bus and 118-bustest systems.

Index Terms—Phasor measurement unit (PMU), least-squares
method, system of linear equations, wide-area fault location.

|I. INTRODUCTION

quantities at the faulted line terminals [3}]. If any of the
measurement devices is unable to faithfully provide the related
quantity, the fault equations involving that quantity become
erroneous. This would make fault location inaccurate or even
infeasible due to lack of enough independent equations.
Travelling wave-based wide-area fault location methods
require measurement devices of very high sampling rate to be
deployed [15], [16]. Phasor-based wide-area fault location is a
viable solution to this problem, since it uses the entire
redundant fault equations constructed over the available PMU
data[17]-[31]. However, the existing phasor-based wide-area
methods require the parameters and topology data of the
whole system for pinpointing the fault. On the other hand,
nonlinear formulation and/or iterative nature of these methods
make it very difficult to deal with imperfect measurements, in
addition to enforcing a demanding solving proces$. [20

It is neither necessary nor even useful to model the entire
power system with full details in order to study a short-circuit
fault. Rather, it is more practical to only focus on the region
where the fault is located. In doing so, the conventional
network reduction techniquean be used. This would add
some transfer links to the system whose number is
proportional to the square of the number of boundary

UBSEQUENT to a short-circuit fault, current and voltagéerminals. Not only is this somehow in opposition with the
waveforms vary over a wide range at different locations gfrimary objective of network reduction, but also it requires
the power system [1]. Phasor measurement units (PMUs), s8ne information from the portions being replaced [32].

the building blocks of wide-area systems, make it possible toAn innovative technique is proposed in this paper to
measure, time-stamp and transmit the fundamental-frequenrepresent the remaining system seen from the fault area
phasors of these signals to the control ceméde-area fault boundaries without requiring its parameters and operating
location is the process of determining the fault identity, i.epoint. The resulting sub-system would be much easier to
the fault type, faulted line and exact fault distance on it, lgnalyze and still involves reliable measurements. Moreover,
using the data of a limited number of PMUs the proposed framework enables thee of pre-fault bus
Signals fed to PMUs through instrument transformers aimpedance matrix even after fault occurrendecordingly,
not ideal, and hence, tineextracted synchrophasors wouldthe fault equations become diax; and hence, can be readily
contain some errordJnder transient conditions, the signalsolved to determine the fault identitBesides, bad data
transformation would get even worse [1]. The larger thdetection techniques can be incorporated in such a linear
change a current transformer (CT) or a capacitive voltag@mework for removing erroneous measurements of
transformer (CVT) undergoes, the less successful it would bestrument transformers. Two necessary and sufficient
in reproducing an exact replica of its primary input [2]. Thigonditions are also introduced in this paper to assess the fault
implies an inherent advantage of wide-area applications ouecation feasibility. The associated procedigeshown to be
local practices since the measurement devices located fartimstependent of the exact fault distance on the faulted line and
from the fault point experience smaller changes upon a faultthus can be carried out offline fonyagiven set of PMUSs.
Conventional fault location methods often use a minimal The rest sections of this paper are organized as follows.
number of equations constructed based on the measufggttion |l describes fault areas of interest to this study and
elaborates on how to model them as a stand-alone fault sub-
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system. Section Il proposes a linear framework comprising all

extractable fault equations over PMU data. Extensive

simulation studies are conducted and discussed in Section IV.
Finally, the paper is concluded in Section V.
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Il. EXTRACTION OF FAULT SUB-SYSTEM

In this section, a technique is proposed to model the fat
area as a stand-alone ssystem. As a great advantage, this
technique does not require the operating point and paramet
of the portions being replaced. The sufficient and necessa
conditionsof being able to locate the fault in the fault sub-
system are introduced later. It is possible to devise an optinr
PMU placement algorithm to meet those conditions .[33]
However, due to space limit, this paper is confined to fau
location using the PMUs already installed in the system.

A Fault AreaDefinition

To reduce the computational complexity of fault analysis
and also to simplify the exchange and processing of da e . -
between utilities, a large power system can judiciously b -
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Fig. 1. A short-circuit fault on line i-j in the fdarea.

divided into several areas [3283. In doing so, geographical post/ o T Nb 5 p\c‘);\t\
closeness, system topology and other technical criteria can 1 : b - | Nib
coupled with engineering judgment. The area including > “
short-circuit fault is called the fault area. . Nb+l —Ji‘?fS‘ -aps . i ;
From the fault area perspective, various components of tl %IZ = = -
system can be divided into either internal or externe S XNt Ine "
components. The links (transmission lines and transformer """"" EF" """"" =T

connecting internal terminals to external ones are calle e T
interconnection links. Based on the substitution theorenfig: 2. Fault sub-system derived by replacing the remgisystem and t
every interconnection link can be replaced with a suitabl™!!'ed N with stitable current sources.
adjusted current sourc84]. As will be shown in this paper, m- . .
such a possibility is quite beneficial when the amounts ¥fherel is the sum of currents of machingtterminal k, and
these sources are known. 1 toNb are the indices of boundary terminals.
) All the boundary terminals of the fault area, shown in Fig. 1

B. Modeling the Fault Area as a Stand-AldhutSystem in blue color, are equipped with PMU# is possible to

To derive the linear framework for fault location, it isconvert this fault area into a stand-alone sub-system, as
assumed for the moment that the fault has happened in an A%Rained. Fig. 2 shows the resulting fault sub-system Mith
the currents of whose connections with the remaining systg&}minals among whichp terminals are PMU-equippet.an
are measured by PMUs. Cases in which the boundagiciric machine is connected to a terminal with no PMU, e.g.,
terminals are not entirely monitored by PMUs are also studiggtminal Nf, that machine would be modeled as a constant

later. _ . . current source in parallel with a suitable impedance.
In fault analysis, electric machines are each modeled as a
constant voltage source in series with a fixed impedance. Such ||| EauLT LOCATION IN THE FAULT SUB-SYSTEM

an approximation serves well for fault calculations. According
to the Thevenin-Norton equivalent theorem, this model can be

converted to an equivalent constant current source in paraﬁ: t locati F tault. the fault dist d ist
with that impedance 3{]. Providing more accuracy, an Iiterent focations. -or a fautt, the Tault distance and resistance

electric machine can be entirely replaced with an equivaleﬂ?\ie. to be dclon5|d;arerc]i tlrr: c;)hnstructmg the ttr)]us Tp:y(\jlance
current or voltage source with no approximation. This can %a X, regardiess ot whetner they are among the unkntmvns
t

In power system analysis, the bus impedance matrix is
mmonly used to obtain the current and voltage signals at

accomplished by measuring that machine current injection ¥ calculatid. Fault equgnortﬁ ari h|gh(;y nonltljnear In t_((ajrmsb?f
its terminal voltage using a PMU ese unknowns an ereby deman considerable

Assume B is the set of all terminals angh B the set of ﬁngUIaﬂ)og?lteg?/:‘/Etéotvse Scﬁviﬁ thlrsr sn(ictlonr thei;atul:;d f
internal ones, i.e., those located in the fault area. d;etehote € IS substitute O surtablé current sources in terms o

the sending-end current phasor of link s-r. For the sake tgfat the fault equations become linear.
generality, this variable is assigned a zero value if terminalsAs Derivation of Fault Equations
and r are not connected each other. Interconnection links The difference between pre- and post-fault signals,
and electric machine(s) at the boundary terminal k can Bgmmonly referred to as superimposed components, is used
substituted altogether with a single current source injecting fre to derive the fault equations and develop a linear
identical amount of current. In general, bus injected currentgmework for wide-area fault location. To start with, the
for the PMU-equipped boundary terminals are obtained fromp,5qa| equations for the fault sub-system prior to the fault

e =lg'= > Jxr, VI<k<NDb (1) written in the matrix form as

re{B-Bea} v Pe=z Prg Pre )



where ZP® is the bus impedance matrix in the pre-faulboundary terminal k as

condition andvP® is theNfx1 vector of pre-fault bus voltage AT = Al +e, )’ vl<k <Nb 9

] re_ re re .
phasors. In addition) P*e=[1.”®,....1 {°]" is the vector of \yhere g represents the error between the sum of measured

bus injected currents where the pre-fault nodal current at buwrents entering the boundary terminal k and its true value.
is denoted byl kpre_ For an internal superimposed current measurement (within
L . the fault area), the measured value can be expressed as a
On the other hand, line I-;J)rgan be regarLaced with two CurreRinction of the superimposed current sources at the boundary
sources injecting currentsJ; = and —J ;7 to the respective 54 faulted line terminals. Let, Henote the sending-end
terminals, in the pre-fault conditioAccordingly, current of the healthy line k connecting terminals u and w
v Pre _ z (i.j) pre(i, ) (3) Besides, letl,,,, ZJ, and y,,, denote tht line’s length

where the superscript (i,j) is used to denote the relatetharacteristic impedance and propagation constant,
parameter or variable while line i-j has been replaced with twespectively. Using the distributed-parameter line model, the

equivalent current sources. Accordingly, superimposed current of the sending-end of liredxpressed
| Pre(i,j) = . @ here in terms of its terminal superimposed voltages as
pre pre pre pre pre pri AV, Taw! AV, - A
1270l Py B Py P P 23 = 2o o] Tt r A (10)
An equation similar to (3) can be derived for the post-fault Luw . uw SN (yU'W_ U'W)
condition as follows N N SUbStItu’Elltl)’]g the superimposed voltages froinrii (10),
Y/ post :Z(lv J)| post( i, j) 5 meas _ Gi.j)
) agfees=3 ¢l Dal, (11)
where q-1 i) (i)
ost(i, j) _ _c ] .4y .
| Post(i, j) _ ©) Ck,i AJj Ck,j AJj + &)
[0 PO, POty POy POSL gy POfE L where (i) (i)
' . - Zy e Zy’
It should be noted that the bus impedance maffiR Clﬁ'('ql): u.q - w.q . (12)
remains unchanged even after the fault occurrence. This’ ZGw tanf‘(}/uywluyw) Ziw sinl(yuwluw)

technique was firstly proposed in [20], and is usect lier The linear equation (J)lobtained above is valid only for
fault location in the fault area using both voltage and currehtalthy lines. Existence of a fault at an unknown distance on
synchrophasors. To this end, the nodal equations for ttiee faulted line makes it impossible to express the current of
superimposed fault sub-system is obtained by subtracting (Bat line only in terms of its terminal voltagédevertheless, if

from (5) as any of the faulted line terminals, say terminal i, is PMU-
Zl(ii'j) Zf-‘j) equipped, the current flowing from that side is directly
i) J Ad; | measured. Thysn equation similar to (9) can be derived as
AV =ZV Al - : AJ (7) A‘Jinﬁ :A‘:l ] +?; (]_3)
. . i , :
Z,Sf'{i) Z,\(}f'{j) a where g ; denotes the error between the measured and true

As can be seen from (7)he superimposed voltages arevalues A similar equation could be also written for the current
functions of both the superimposed nodal currents, afi@wing from the terminal j side of the faulted line, if that side
superimposed current sources substituted for the faulted lineof the lineis also equipped wita PMU.

Assume le superimposed voltagat terminals 1 td\p are AssumeNl is the number of transmission line terminals in
directly measuredy PMUs Each of these measured valueshe fault area whose current phasors are measured by .PMUs
can be set equal to its corresponding parametric expressionAdditionally, Nh is assumed to be the number of healthy line
the left-hand side of (7)o distinguish between the measurederminals whose current phasors are measured by PMUs
and true values, the superscript “meas” is used for the Considering all constructible equations in any form of (8), (9)
measured ones hereinaft€or non-boundary terminals, the (11) and(13), a system ofNs linear equationsn (Nb+2)
nodal injection is either zero or remains identical before arwhknowns can be developed whels=Np+Nb+NI. This
after the fault inception. Thus, the kth equation in (7) can %stem of equations would have a matrix form of

expandeds = H X
Nb . Nsx1 NS><( Nb+2)( Nb+2)><1
Avkmeasz ZZIEEJJ)AIQ AJ: y (14)
g1 ,V1<k <Np. (8) =H’ {AJ'_'J_ } H' [Alp ... Algg]
(.) (J) Nsx2 I Nsx Nb
—Z AN =2 A 8 ) o >

whereM andH are the measurement and coefficient matrices,
where gy represents the error between the measured voltage . . .

) . Spectively. Besidess is the vector of unknowns composed
at terminal k and its true value.

X . of superimposed current sources substituted abthedary
Being directly measuredone of the fault-area parameters . ; :
: ? . terminals and the faulted line terminals.
is used to obtainhie value of current sources representing the . ; . .
The obtained system of linear equations above contains all

external system. Considering the possible measurement e”%)g[ractible fault equations in the fault area, with respect to

these values are also incorporated within the unknowns to . .
) ! available synchrophasor measurements. This system has been
calculatedIn this respect, an equation can be constructed over : .
onstructed based on the earlier assumption that all boundary
the measured and true values of the current source at fhe . : : -
erminals are equipped with PMUs. If this is not the case for



any of the boundary terminals, the associated equations musTo this point, the superimposed voltages and currents at the
be removed from the equation set. Either of the last two rowaulted line terminals have been calculated for positive- and
of (14) must be excluded if the corresponding terminal of theegative-sequence networkBhe superimposed two-terminal
faulted line is not equipped with a PMU to measure thgult location formula (19) can be applied to each of the
respective current. This system is rewritten explicitly in (15). superimposed sequence networks to obtain the fault distance
B. Determining the Fault Identity [20]. If the negative- and zero-sequence quantities measured

The fault identity, i.e., the faulted line, fault type ancPy PMU.S are very small,_it Is concludeq that the fa.u.lt Is
distance is determined hefhe unknown vectoX, being the symmetrical (3-ph). Otherwise, the superimposed positive-

superimposed currents, can be readily calculated by solvift§d negative-sequence currents at the fault point should be
(14) using the least-squares metras]35] calculated from both sides of the faulted lj@®]. From tte

. 1 sequence networks interconnection for asymmetrical faults, it
X :(HT H ) H™M . (16) follows that for 1phg and 2phg faults

p_n p n . . _
The hat symbol orX demonstrates that this estimate offf =I¢ andl 1%, respectively. In the special case opi2

unknowns would have a difference with its true value as fau|t5|fp =-1{". Accordingly, the fault type can be readily
result Of meqsurement errors. The vector of residuals for tl?bsentiﬁed despite circumventing zero-sequence quantities.
system is defined as = M-HX .

The estimated fault distance in each sequence netwdtk Fault Location Feasibility Analysis
would be equal to the actual value if the impedance matrix of The fault location feasibility analysis refers to assessment of
that network is accurate. However, it is difficult to obtain ahether the superimposed signals at the faulted line terminals
accurate and reliable zero-sequence network in practice [ghd hence the fault distance can be uniquely obtained from
[32]. Accordingly application of the zero-sequence network ig14), (17 and (18) using the available PMUBhe system of
better to be avoidedo preserve the fault location accuracyequations (14) has at least one solution being the
[20]. Thus, (14) is constructed and solved only for thesuperimposed signals sensed subsequent to the fault. The
positive- and negative-sequence netwadrkthis paper. Then, vector of unknownsX can be uniquely obtained from this
the average of obtained distances considered as the faj§tem if the coefficient matrikl has full rank. Afterwards,

location The sum of squared residuals corresponding to thge superimposed voltagasv} and AV canbe obtained
faulted line is noticeably smaller than that of the other lines. J

The reason is because the faulted line is the only one for tf@m (17) and 1§ _by inserting the  calculated
(14) has been constructed and holds. Accordingly, the faultd¥; j ,AJjj sAly,..., Al in those equations.

line can be easily identified by calculating this value for all the The main question arising here is what happens to the

suspected lines in the fault area. problem whenH is rank deficient. In other words, it is
In the next step, the voltage at the faulted line terminals c@@sirable to know whether or nbt being of full rank is a
be de”Vid from (vas necessary condition for fault location to be feasible. This
N . .
P (i)ars 7 CidaT 7 Uidad would be the case when (14) essentially does not involve
AVi = zzi,q Alg =Z; i Aij =4 i Ajj n enough independent equations or some of its equations are

qué excluded for being bad data. To answer this question, it should
AVAJ- _ sz(idj )qu —zj“i'j )Aji j _Zj( J_J' )Ajj i (18) be recakd that in the reduced row echelon form of a matrix,
=1 ’ ' ’ the first nonzero entry in each nonzero row is called pivot and

- 2 [ [200) 2@40) i) i
e B e e (aw ]
meas i) 0| (20 . S0 :
AV Np Zrapi ZNpl | [ 4Npd ZNp.Nb & (Np)
Al f‘eas AJj €
n.’]eas [O](NbXZ) [I ](Nbeb) A‘]J i
Alng ™ | = o : . Sy XAl |+ @) (15)
(i.j) @) (i.j) 0.J) A
AJ{"e8S Cqj Cyj Cig © Cinb : €3 (N1
: -l s S s Al o :
. - . o
AINRS Cll Crsml,j) cird - Sl €3 (Nn)
AJmees €i.j
AJ jrr]ieas [! ](2><2) [O](Zbe) L K
. ¢ . .
o . _ N tanh_l COShﬁ/i N Ii Jj )AVJ _Zi J Slnhﬁ j g j Z).JJ i —A\/l (19)

BT sinh@; I j AV —ZE; coshg ki M —25 A



has a value of 1. The corresponding variable to each pivot
the reduced echelon form of the coefficient matrix has .
unique solution if and only if all the other entries to its right
are zero [36]. In fact, this might be the case for some pivor
and not all of them. In such a case, it is only possible to extra
a unique solution for the corresponding unknowns while th
whole system has infinitely many solutions [36].
Now, let assumeAJ; j and AJ; ; are uniquely obtainable

from (14). Accordingly, a new system of equations can b
extracted from (14asbelow

H'[AlL o Algp] =M -H?[AD

4
where the terms on the right-hand side construct a know
vector that is nhamed? . Without further analysis, it is not
possible to say whether or N@0) is uniquely solvable for its
unknowns, i.e., the superimposed current sources at tl
boundary terminals.

The value of every single current source at the bounda
terminals is of no direct concern, as far as the superimpos
voltages at the faulted line terminals are to be calculated. 7  Northem Fault Area— - — -
demonstrate this point, the coefficient matrbt ' is first ~ Western Fault Are;--------- Eastern Fault Area— — —
decomposed into 1xNb row vectors b{ ,...,h,'\|s. Now a 93 Singleline diagram of 39-bus system.

[ i i hich th . . . .
state  is ~ considered —in  whic the  row VeCtOE':lt the faulted line terminals would be uniquely obtained from

Nb _ |- (.) @) i i
i _|:Zi,1 v Nb} can be written as a linear 14y condition Il together with Condition | guaraesethat

combination alhll +---+6Nsh=\15, where a,...,a are the superimposed voltages at those Iogations. can be also
calculated from (21) and (22). Accordingly, if the both

superimposed voltage at terminal i would be calculated fromcono!ltlons hold, the fault distance on line )} can be readily
. o CaTAG obtained from the closed-form solutioh9}. This is the case
AV =[ay ,..., as ]Y/—[ Zi("i'J ) ;G’jd )J Ajl J 1. (21)  regardless of the rank &f. On the other handt can be shown
L7 that if H is of full rank, Conditions | antl both hold Based
The superimposed voltage at terminal j can be obtained byl the described findingH being of full rank is only a

s (@)

complex scalars. With respect to (17) ar{@0), the

similar procedure as L sufficient and not necessary condition for fault location to be
o [5G0 56, )} Ad; feasible. Therefore, if only this condition is checked to
AV [bl bNS]yj [ZJ i ZJ ] Ajj il (22) evaluate the fault location feasibility, a humber of acceptable
where it has been assumed ﬂ‘iﬁ'f’ =(z®D zEH) states may be overlo_oked. i ; ;
, jidl S Nb The pre-fault bus impedance matrix suffices for evaluating

can be written as the linear combinatiog] +...+byshhs . the ?ntroduced conditiqns.‘_l’hus the feasibility of fault
oy Eshivs location on each line is independent of the fault type,

It follows from (21) and (22) that the superimﬁposed Vﬁlgag%sistance and exact fault distance on that Byereduction in
at the faulted line terminals can be obtaine®ji}” andY’ji’  the number of independent equations, fault location would
are linear combinations of vectoh{ i'-'ihll\ls- This does not become infeasible for some lines while remaining viable for
imply in any way that every single current source at thtge rest. This might happen due to inclusion of bad data in the

boundary terminals has to be uniquely obtainablaus, for measurement set, or not having some of the boundary

. L minals monitored by PMU4t can be also concluded that
fault location by the proposed method, it is not necessary t { : ; . )
(14) be uniquely solvable, or equivalentty.be of full rank. }ﬁﬁe fault distance on a line might be obtainable although the

Accordingly, the fault location on line i-j can be determineqentlre boundary terminals are not equipped with PMUs.

if the two necessary and sufficiecdnditions below hold:
Condition t The reduced row echelon form dfl includes
two pivots corresponding #J; ; and AJ; ; . These pivots are To evaluate the performance of the proposed wide-area
the only nonzero entries in their containing rows and columng’.uJIt location method, numerous simulation studies are
. . Nb Nb  conducted on the New England 39-bus and 118-bus systems
Condition II: Either of the two row vector®j;’ and Y, A . .
vJI I [37]. The situation in which boundary terminals are partly
can be written as| a linear combinallionl‘df,...,th. Hence, monitored by PMUs is also studied in this section. The single
I . 5Nb . 2Nb7J\_ [ line diagram of the 39-bus systensi®wn in Fig. 3.
rank([H RN IREST ])_ ranl(H ) (23) The DIgGSILENT power factory software [38] is used to
It follows from Condition | that the superimposed currentgnodel the 39-bus system and simulate short-circuit faults on

IV. SIMULATION RESULTS
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TABLE |
FAULT LOCATION RESULTS FORVARIOUS FAULTS ON LINE 21-22

Fault 5 [10[20]30]40]50]60[70][80]90] 95
Distance (% Average Estimation Error (%)
Proposed [0.07|0.06|0.04|0.04|0.04|0.02{0.03|0.03|0.04|0.05|0.05
Ref. [3] [1.12|0.64|0.39|0.36|0.04|0.03{0.03|0.13|0.19(2.21{3.98
Ref. [4] [0.96|0.51|0.36|0.29|0.08|0.06{0.07|0.12|0.22(1.62(3.17 20 o 20 20 60
Ref. [5] [1.43|0.75/0.41]0.24|0.04|0.05/0.05|0.18|0.21|1.60(3.54 Time (ms)

Ref. [6] [2.29]1.25(0.76|0.61(0.12(0.09|0.10|0.11(0.18|1.95|4.43 Fig. 4. Faukdphase current obtained using ideal and magnete-@arer
transformers at terminal 22.

Faulted-Phase Current (p.

T T T

it. The outputs of instrument transformers are passed througls 1
third-order Butterworth anti-aliasing filter. The signalse ar
sampled with a sampling rate of 2500 Hz, i.e., 50 samples ps
cycle and their fundamental-frequency phasors are extract® o
using discreet Furrier transforBy calculating symmetrical
components of the obtained synchrophasors, system
equation (15)s constructed and individually solved for any of & -1 r r r r r
the three sequence networks. The three estimated fa 20 0 Timio(ms) 0 %
distances would be ideally equal. However, in practice, thrig. 5. Faulted-phase voltage obtained using ideal avagnetic-col
zero-sequence network is not adequately accurate becausecapacitive voltage transformers at terminal 22.

technical problems such as difficulties in measuring groun
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Itage

0.5~

-0.5-

ulted-Pha

impedance [20]. Hence, in this paper, the fault distance < 5: L " [==-ldeal Instrument Transformers
calculated mereljn positive- and negative-sequence networksz —— Magnetic-Core Instrument Transform
and the obtained results are averaged to increase tg ar \W\_\_
estimation reliability. § 9 I

The fault location is estimated by the proposed metho(g 2 1
while bad data in the measurement set is identified arf 1 il
eliminated by using the largest normalized residual tes O05F=="=%F==""% o R A
[35]. The estimation error is finally calculated as Time (ms)

) ] Estimated FL-Actual F Fig. 6. Estimation error of the conventional two-teratimethod [3] usin
Estimation Error (%) - |'x 10 (24) ideal and magnetic-core instrument transformers.
Faulted Line Length |

A Wide-Area vs. Conventional Fault Location It is important to note that the mentioned drawback

The use of magnetic-core instrument transformers makgg1anates from the possibility of inclusion of one or more
the calculated phasors not exactly match their true valuesSHON€OUS equations in the minimal number of fault equations
the steady-state condition. In transient conditions, the amodfigt those method use. This means the removal of such
of dissimilarity increases considerably. This would adverseffuations would make fault location unsolvable. Therefore,
affect the accuracy of fault location using the conventiondpaccurate resqlts for cIose-ln. faults are essenthlly expected
methods. However, erroneous measurements can be identiff¥@"Y conventional fault location method, unless it is capable
and removed by wide-area fault location in virtue of inclusioR! detécting and correcting erroneous measurements [2]. This

of sufficiently independent fault equations, thereby ensurifguld Pe achieved at the expense of spending much more
the estimation accuracy. computational effort, if the instrument transformer models and

Table | provides the average estimation errors obtained BY2ct parameters are available [2].

the proposed and a number of other fault location methods forTO be more sp_ecific,- the very well-known conventional
hod proposed in [3] is used as an example.ph-§-fault

more than 1000 fault cases. These cases are simulated"&} ’ - .
several distances on line 22; by varying the fault type, at 95% of line 21-22 of 39-bus system is studied. The faulted-

resistance and inception angle. For faults close to either of tﬁ)lléiise voltage ang!e at the fault location is conS|deredl to be
line terminals, the CVT at that terminal exhibits a more sevefe. UPON the fault inception. The voltage and current signals
subsidence transient. Due to the large magnitude of tfQtained via ideal and magnetic-core instrument transformers
flowing current, it is more likely for the CT to go into at terminal 22, and the estimation error are shown in Figs. 4 to

significant saturation for faults close to terminal ZBese are 6, respectively. It can be seen that the estimation error of the

the reasons for which the conventional methods] [Br6vide proposed algorithm in [3] is considerable for this fault. In,fact

inaccurate results in the case of faults close to the "Héstrument transformers transients have increased the error of

terminals. fault location by affecting the estimated phasors.



TABLE Il
FAULT LOCATION RESULTS ON39-BUS SYSTEM

TABLE Il

FAULT LOCATION RESULTS ON118-BUS SYSTEM

Northern Western Eastern Terminals Located in i Estimation Error (%)
Fault Area Fault Area Fault Area Fault Area Fault Area PMU Locations (1,0,max)
Fault Type Estimation Error % (,c,max) 1,2,3,4,5,6,7,8,9,10,11,12,1
1-phg (0.09,0.02,0.26)] (0.10,0.02,0.8) [ (0.11,0.02,0.29) 14 ,15,16,17,18,19, 20,21,2| 1,5,9,12,15,17,2 (0.11, 0.03, 0.28)
2-ph (0.08,0.02,0.23)| (0.08,0.02,0.22)| (0.09,0.02,0.23) 23, 25,26,27,28,29, 30,31,3| 23,28,30,115 P e
2-phg (0.07,0.01,0.21)| (0.08,0.02,0.22)| (0.08,0.02,0.24) 34,113, 114,115,117
3-phg (0.05,0.01,0.18)| (0.06,0.01,0.19)| (0.06,0.01,0.18) 15,33,34,35,36,37,38,39,40{ ;¢ 54 oc 5o
All'in Total || (0.07,0.02,0.26)| (0.08,0.02,0.25) (0.08,0.02,®29) 42,43, 44,45,46,47,4849,5( " 1500 £y (0.14, 0.02, 0.31)
51,52,53,54,55,56,57,58,59 " ol oo >
60,61,62,63,64,65,66,67 10908
It should be also noted that not all the wide-area fau 33’33‘32’%’?3‘?2’?3’28‘2}’ 033647 49
location methods have a satisfactory performance as t ' . ., o ok b as a6 on o e e an
' > Lt 83,84,85,86,87,88,89,90, 9]  71,75,78,80, 0.12. 0.02. 0.27
proposed method has in dealing with imperfect measuremer 9293 94,95 96,97,98,99,10( 85,86,90,94, (0.12,0.02,0.27)
For example, the method proposed ib7][ mainly takes 101,102, 03,104,105,106,1¢ 102,105,110

advantage of the closest measurements to the fault dite to 108,109,110,111,112, 116,1

formulation nature. Accordingly, its performanisesimilar to
those of conventional methods in case of close-in faults. Soffee various fault types. As can be seen, the average estimation
others use an offline created simulation database to find theror is below 0.11% for all the conducted simulations. It
most fitting waveforms to the recorded fault sign&224]. should be also pointed out that the fault type is always
Creation and continuous update of such database are migintified correctly. These accurate results are achieved after
practical in the case of relatively large-scale power systentetection and removal of erroneous measurements using the
More than two synchrophasor measurements cannot be reatliyrmalized Residual test [35].
used for fault location by the approach proposef%j and The tabulated results in Table Il are related to the fault cases
[26]. Overall, a major disadvantage of the above-mentionéacluding a fixed resistance. A number of simulations veith
wide-area fault location methods is that inclusion of bad datariable fault resistance including transient components [2]
cannot be readily handled by them. have been also conducted. The results show that although the
Not only do the more recent algorithms such as [18]-[2@{onlinearity of fault resistance deteriorates the accuracy, the
enforce more computational burddsut also they are easily estimation error hardly exceed%1
outperformed by the proposed method. The reason for this iswide-area fault location methods usually use a simplified
because references 8J{20] approximately model electric model for electric machines, i.e., a constant source in
machines while the method proposed in this paper involves Bgnnection with a fixed impedance, to construct the bus
approximation. It can be seen that the proposed methggnedance matrix. Such approximation requires some of the
pinpoints the_fault with accuracy better_ th.an 0.07% regardlegs,chine parameters, and loses its accuracy as the time moves
of the fault distance along lin21-22. Th|§ is due to the fact j, The reason is that the time-varying nature of machine
that erroneous measurements of close instrument transform%edame, rotor saliency, automatic voltage regulation action

if any, are easily |dent|_f|ed and - removed from the nd some other factors are neglected in the simplified model.
measurement set. Accordingly, the fault location resuﬁ

: ihRr example, if terminals 10 and 11 have no PMUs, the
becomes more accurate by taking advantage of data malnB/ imat del of tors 31 and 32 should b dqf
provided by the farther measurement devices. approximate modet of generators 51 an should be used for

) applying wide-area fault location in the 39-bus system.

B. General Evaluation of the Proposed Method Simulation results show that this could increase the estimation

The 39-bus system is equipped with 11 PMUs that makedtror up to 1% in a few cases. As proposed in this paper,
fully observable [39], [4Q]As shown in Fig. 3, this system hashowever, having PMUs at machine terminals enables
been divided ito three regions with respect to its geographicaleplacing them with exact sources and thereby increasing the
characteristics, which are named northern, western and eastgift location accuracy.
areas. To scrutinize the proposed fault location method, ann order to evaluate the proposed method performance when
extensive number of fault cases are simulated in each arggplied to large-scale power systems, the 118-bus system is
These fault areas includé, 18 and 9 transmission lines also examined here. Based on the geographical criteria along
respectively Eachof the system areds modeled as a stand- wijth engineering judgment, this systdmdivided into three
alone sub-system using the technique proposed earlier. fh@it areas as shown in Table Ill. More than 2000 fault cases
make the evaluation comprehensive, various fault types wigie simulatedn each aeaand the proposed method is applied
different fault resistances frofto 50 € are simulated at five  to pinpoint the fault. As tabulated, the average estimation error
points on each line. Moreover, six fault inception angles in thg |ess than 0.14% for all of the conducted simulatiGnsther
range (w,n] are examined for every case. analysis shows that if the fault location is carried out without

A total of more than 3000 fault cases are simulated in thdﬁ\”dmg the System into three fault areas using the proposed
part. In all the simulated cases, the faulted line is successfuljethod, the average estimation error would be arGu®s.
identified by the proposed method. Table Il summarizes thghe reason is because the simplified model commonly used
average, standard deviation and maximum of estimation errggs electric machines modeling in fault location studies is not




TABLE IV
EVALUATION OF SOLVABILITY CONDITIONS FOR LINES WITH RANK -
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V. CONCLUSIONS

A method is proposed in this paper to determine the fault
identity, i.e., the fault type, faulted line and fault location on it,
using available synchrophasoii® reduce the computational
complexity, and to simplify the exchange and processing of
data between utilities, the whole process is confined to the
fault area. A low-demanding technigisgproposed to suitably
replace the remote portions of the system and construct an
equivalent fault sub-system. The fault equations become linear
by defining appropriate auxiliary variables. Taking advantage
of partial solvability of system of linear equations, two
necessary and sufficient conditions are introduced for
assessing the fault location feasibility in the offline stéigis
shown that for being able to locate the fault using a given set
of PMUs it is not required that the whole system of equations
be uniquely solvable. Overall, the major achievements of the

quite accurate. As proposed in this paper, it is desirable REPPOsed method can be outlined as follows:

replace electric machines with their equivalent sources in case
their associated terminals are equipped with PMUs. This
would reduce the average estimation error again to around
0.14%, although the whole 118-bus system is considered as
the fault-area.

C. Solvability of Fault Equations

[ ]

To carry out wide-area fault location, it is not necessary that

all fault equations be uniquely solvable. Injected currents from,

the boundary terminals to the fault area are amongst the

unknowns of (14) to be calculated. The fault distance can be

successfully located if this system of equations is uniquely,
solvable for AJ; ; and AJ;;, and also the superimposed

voltages can be calculated froh7)] and (18). As explained e
earlier, it is not necessary that all the boundary terminals be
equipped with PMUs as long as there exist enough
independent equations in the system of equations (14). .
In this part, a number of short-circuit faults are simulated at
ten points on line 7-8 of 39-bus system. Fault location is
carried out without considering synchrophasors measured at

Linearity of the proposed formulation removes concerns
about non-convergence and demanding solving process
involvedin nonlinear problems.

Restricting calculations to the fault sub-system removes a
huge portion of modeling complexity and associated
uncertainties.

Topology data and parameters of the portions being
replaced are not need

The proposed method determines the fault identity, and
does not require all of the system terminals to be
equipped with PMUs.

Necessary and sufficient conditions are introduced to
assess the feasibility of fault location by any set of PMUs
Both voltage and current measurements are taken into
account since gross errors can be easily identified and
removed in the proposed linear framework.

The proposed wide-area method provides accurate results
even in presence of instrument transformers transients.
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