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Abstract—This paper proposes a brand-new adaptive phasor algorithms. For example, Jongepiet al. [4] used atrtificial
measurement unit (PMU) based protection scheme for both trans- neural networks to estimate the actual power system conditions

posed and untransposed parallel transmission lines. The develop- ; SMrine
ment of the scheme is based on the distributed line model and the and to calculate the appropriate tripping impedance. Hence,

synchronized phasor measurements at both ends of lines. By meansthe distance protection inaccuracy caused by the continuously

of eigenvalue/eigenvector theory to decouple the mutual coupling changing power system state is compensated. However, fault
effects between parallel lines, the fault detection and location in- resistance is not taken into account in [4], thus, the accuracy of

dices are derived. The two proposed indices are used in coordi- fault location may be influenced. In order to increase the accu-
nation such that the internal and external fault events can be dis- racy of fault distance estimation for distance protection, a new

tinguished completely. By on-line estimating the line parameters .. . .
under the actual power system conditions, the proposed schemeMethod that is independent of fault resistance, remote infeed

will respond more accurately to power system faults. Extensive and source impedance is proposed by Lédal. [6]. Never-
simulation results using EMTP have verified that the accuracy of theless, the shunt capacitance is neglected, which introduces
the fault location achieved is up to 99.9%. The proposed protec- errors for long lines. Moreover, all studies mentioned above do
tion system responds well and fast with regard to dependability 1 congider the influence of line parameter uncertainty, system

and security. All the results show that the performance of the pro- f fluctuati d t . th fth
posed detection/location indices is independent of fault types, lo- requency fluctuation and system noise on the accuracy or the

cations, resistance, source impedance, fault inception angles, andProposed schemes. These factors can be solved in this paper.
load flows. Except the mentioned distance protection scheme, the direc-
Index Terms—Computer relaying, digital protection, fault detec- tional-transverse differential protection relays [1], [2] have been

tion/location, parallel transmission lines, phasor measurementunit Proposed recently. These techniques compare the average cur-
(PMU). rent or current incremental signals of corresponding phases in
the two parallel lines at the same end. The developed relays are
quiet simple but they cannot provide fault location information
and only can be used to protect two similar lines.
N ORDER to enhance reliability and security for bulk To ensure system stability, modern power systems require
power transmission and to share the same right of way, paigh speed protective relaying. An increase in power transfer
allel transmission lines are commonly utilized in modern higbf parallel lines thus calls for faster protection. With regard to
voltage transmission networks. The fault detection/location fgiis, traveling-wave-based or differential equation-based pro-
parallel lines thus become a noticeable investigation subjecttégetion [7]-[10] may be a way to decrease the fault clearing
electrical power industry. Conventionally, distance protectiaime and thus increase reliability. However, traveling-wave al-
is one of the commonly used techniques in the protection gérithms are very difficult to decide from the first arriving waves
transmission lines. However, in case of using distance relaywi@ether they were caused by a fault in the zone to be protected
protect parallel transmission lines, a number of problems duedoby another disturbance [7].
mutual coupling effect, ground fault resistance, prefault systemComputer-based measurement, protection, and control sys-
conditions, shunt capacitance, etc., will cause performanggns have become common features of electric power substa-
degradation [1]-[6]. tions [9]-[12]. IEEE has also made the standard synchrophasors
Some methods have been proposed for improving ther power systems [13]. Aiming such a trend, some synchro-
distance protection performance of parallel lines protectigtization measurement techniques have been proposed for trans-
[3]-[6]. These techniques are very instructive and achieve soméssion line protection systems [14]-[17]. These techniques use
degree of improvement for the distance protection of paralleynchronized data from the two terminals and the performance
lines; however, most of them possess some errors inherenthd accuracy of protection systems have been improved over
due to the assumptions during the development process of thihgsse limited to using only local data. Based on our previous
work [16], [17], the authors have successfully developed a new
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described. An adaptive line parameter estimation algorithm for2) Fault Location: When the moving window contains the
transposed and untransposed parallel lines is proposed. Exfastfault sampled data, thé/| and| V| keep an approximate
sive EMTP simulation results used to illustrate the performancenstant gap between each other and both rise abruptly. The
are given. Finally, the main features and contributions are pfghase angle betweed and V is also almost a constant value

sented. after the occurrence of a fault such that the te¥ty) /A (4)
will be an approximate constant complex number. Since the
Il. PRINCIPLE OF THE PROPOSEDFAULT DETECTION other parameters in (1) are constant, the fault location iix
LOCATION SCHEME can quickly converge to a constant value between the 0 and 1

after the occurrence of a fault in protected zone. Thus, the index
|D| can serve as a fault locator. On the other hand, the term
N(2)/M(z) is a random complex number when external fault
The authors have proposed a new adaptive PMU based fydeurs. Even though the value of indgX may fall into the in-
detection/location technique that is suitable for any balancgstval of [0,1], it cannot converge to a constant value. By setting
three-phase single-circuit transmission line [16], [17]. In thg deviation threshold and a counter limit of indé¥| to check
previous work, we utilized a suitable transformation, referreghether it converges to a stable value, the proposed algorithm

to as the modal (or called Clarke) transformation [18], to dean distinguish internal faults from external faults.
couple phase quantities. The voltages at fault péir{tocates

atx = DL km away from a receiving end) is the per unit B. Perfectly Transposed Parallel Transmission Lines
length, andL is the total length of the protected transmission thg ahove basic fault location algorithm can be extended to

line) andx = 0 are taken as boundary conditions, the fault 1y5nsposed parallel transmission lines. As it is the same treat-
cation index is therefore solved as ment of a single-circuit line, transposed parallel lines could also

A. Review of New Fault Detection/Location Indices for
Balanced Single-Circuit Lines

In{[A(i) — C(D)]/[F(i) — B(i)]} be decomposed into a number of uncoupled single-phase modes.
D;= 20(i, 1)L This can be done by the following matrix transformation [18]
In[N(i)/M(i)] 1 1 v3 1 0 0
EENGD)? =123 @) 1 1v3 1 0 0
1 |1 1 0 -2 0 0
whereA(4), B(i), C(i), andE(4) are the entries of % 1 vec- (1] = Sl -1 0 0 —v3 o1l (4)

torsA, B, C,andE, respectively, andl= 1, 2, 3 are utilized to 1 -1 0 0 -3 1
represent the Qy, and/3-modal components of signals(¢, ¢) 1 -1 0 0 0 -2

represents diagonal entries of the3 modal propagation con- . : : . .
P g Propag After some algebraic manipulations, six modal fault location

stant matrix. In terms of measured data at both ends of line,

those signals quantities utilized in (1) can be expressed as ﬁ%ces can be easily derived with the same form as shown in

following:
A(D) =5 [Vem(9) — Zo (i, ©)Irm(3)] (2.1) C Untransposed Parallel Transmission Lines
B(i) = % [Vam(i) + Ze (i, ) Irm(i)] 2.2) We have only cor}si(jereq the ideal transposed lines so far,
o) = 1 C i DL Ve () — Zoli DN ew (3 23 however, the transmission lines usually are untransposed due to
(f) —2 expll'(; f) . 1 Vsm(2) N c(i, bL) .Sm(L)]’ (2-3)  effects of parameters aging, asymmetry of the lines, etc. If the
E(i) = 5 exp[-D'(i, {)L] [Vsm (i) + Zc (i, i)Ism(i)] (2.4) parallel lines are not transposed, then the transformation matrix
of (4) can no longer be used; instedifl] depends on the partic-
and ular tower configuration. For an untransposed parallel transmis-
N(i) = A(i) — C(4) 3 sion line, the voltage and current phasors at any poiatong
{M(i) — E(i) — B(i) (3) the line must satisfy the following equations:
dV ase
whereZc (i, ) represents diagonal entries of the<33 modal [ ?lla: } =[Zpnase| [{phase] (5.1)
surge impedance matrix, ant,., Vs, {rm, Lsm represent dl
received end/sending end voltage and current synchronized O, [M} = Ypnase] [Vorasel- (5.2)
«, 3 modal measurements, respectively. d

1) Fault Detection: Substituting the measured data Fortunately, the matrices of untransposed lines can be decou-
(Vsm, Ism) and (Vgmm, Iry) into the formula of A/ shows pled as well, with transformations to modal parameters derived
that the phasor& () and B(:) are equal. This fact guaranteegrom eigenvalue/eigenvector theory. The modal transformation
that the absolute value a¥/ for every moving data window matrices for untransposed lines are no longer knawpriori
is held at zero before the occurrence of a fault. However, asd must be calculated for each particular pair of parameter ma-
soon as the postfault measured data are input into the algorittiives [Z,,qs.] and [Yunqse] [18]. Using synchronized phasor
through the moving data window, the computed valuegWf measurement techniques, we can estimate on-line the line pa-
abruptly deviate from zero. Similar, indeX possesses therameters with very high accuracy, and therefore can find out
same characteristic as indé{. Hence, thg M| and|/N| can a suitable transformation matrix by the eigenvalue/eigenvector
serve as fault detectors. theory to solve the aforementioned problem.
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from phase quantities to modal quantities in such a way that
the equations become two decoupled second-order differentia
equations which are as the following:

It becomes possible to transform the coupled (5.1) and (5.2) BLSA GPS Satellte g3

Commumication
Channel

{dQ Lnode Central Discrimination Unit

L I
T L | ARG Ry
(1) Calculate Fault Detection Index |M| Estimating Parameters
. o i [ Eeine e |
The detailed formulation is referred to [18]. From (6) and (7), @) Calexdate Fault Location Indes 0] Ty L

six modal fault location indices can also be derived with the
same form as (1). It is worthy of noting that the line capacitance
is included, so the proposed algorithm is very suitable for long
lines.
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2
[w} = [Zmode] [Ymode] [Vmode] (6)
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A. Data Synchronization

A PMU-based fault detection/location technique for three- _ _ _ ,
. . . L . . . Fig. 1. Configuration of the proposed adaptive protection system.
phase single circuit transmission line and the practical imple-
mentation of PMU has been presented in [16] and [17]. More- .
over, the synchronized performance of PMU has been demdtigh-speed for data transfer can be achieved such that the trans-

strated very well in the 161 KV substations of Taipower systefiSsion delay will add only a few milliseconds to the tripping
ecision time of the proposed protection scheme.
[17]. d t f the proposed protect h

D. Adaptive Protection Scheme
) i Refer to the configuration shown in Fig. 1, the proposed
In order to attain a high degree of performance of fault detegzpome is briefly described as the following.

tion/location, it is vitally important to be able to accurately ex-
tract the fundamental voltage and current phasors. The metho
used here is based on the new Discrete Fourier Transform based
filtering technique (termed as SDFT) developed by our lab. An
extensive series of studies have shown that the SDFT technique
is very effective in rejecting frequency fluctuation, harmonics,
and system noise [16], [17].

B. Extraction of Fundamental Phasors

(}) PMUs serve as the data acquisition units. The new de-
signed Global Synchronism Clock Generators (GSCGs,
and the SDFT filtering algorithm [16], [17] have been
builtin PMUs such that the synchrophasors with high ac-
curacy can be extracted from the real-time measured data.
These synchronized phasors are then transmitted into the
central discrimination unit via two communication chan-
nels.
At the decoupling transformation stage, the phasor
Real-time quantities measured by the PMUs can be trans- quantities are decoupled into modal components. In
mitted to the Central Discrimination Unit via a high-speed com- this study, the modal transformation matrix in (4) and
munication channel. The format of the transmitted synchronized  eigenvalue/eigenvector theory to decouple the mutual
data has been discussed in [13]. There are several communi- coupling effect of transposed and untransposed lines,
cation media such as microwave network, power line carrier,  respectively, are used.
fiber optics, etc., that can be used to transmit PMU’s data. For3) Using (1)—(3), the fault detection and location indife§
example, the fiber optic communication networks permits to  and|D| are computed.
transmit large volumes of data (orders of Mb/s) from point to 4) The line parameter estimation provides the on-line update
point with high reliability and lower error rate [9], [11]. If there of the line parameters at intervals of predetermined time.
is a suitable protocol, the impacts of communication channel  Hence, variation of line parameters will not affect the per-
on the dependability and security of the protection scheme can formance of the protection system.
be further minimized. The total transmitted phasor data of our 5) The discrimination indek\/| and the location indejD|
protection scheme (measured by one PMU at one bus of the pro- are operated in a coordination manner to distinguish the
tected parallel line) whose data frame [13] can be conservatively  internal faults from external faults. Such a deliberate pro-
encoded by 48 bytes (1 byte 8 bits) for every transmission. cedure is based on the statistical threshold valug®pf
Considering a 100 kb/s channel, it takes 48 bytes/100 kb/s and a counter limit.
3.84 ms (the propagation delay of communication channel is6) By comparing the usable modal quantities, the faulted cir-
neglected since in general such a value is constant) to transmit cuit is identified when the fault occurs on protected lines.
every data frame. Suppose that a dedicated optic fiber channe¥) Finally, the designed protection system performs a
is available, the delay will be reduced significantly. Therefore, tripping decision strategy and displays the fault location.

C. Communication Channel 2)
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The tripping decision strategy can guarantee that the TABLE |

proposed protection scheme will not issue an incorreHST OF CORRECTNESS OFFAULT LOCATION INDEX D FOR DIFFERENT FAULT
tripping signal TYPESUNDER MODAL TRANSFORMATION

E‘\:"'-"'.—l'-l.r.'l.ll. 1 ClrTuli 3

E. Mode Selection and Faulted Circuit Identification :ﬁTi s T 3T sTal el 2 1213 150 :

Under the case of transposed parallel lines, if the modal trans —-———— 1 ot B - )
formation matrix in (4) is used to decouple the phase compo-—, = |+ | ¥ = | = "
nents of measured signals into the modal quantities, then it will == | « | < T . | R
provide the modal pattern as shown in Table I. The “* mark -5 8t Ll IS
in the modal indiced;, ¢ = 1, 2, ..., 6, indicates that the '.'...:., 5 T 7 o Iy W |
accurate fault detection/location results can be obtained. Fron == _ e i
Table 1, it is clearly seen that the usable modal indiggsin = e - e
mode 3-6 with respect to circuit 1 and circuit 2 have different “wi | | I ] i
patterns. So, the identification task for transposed lines can b leters o %, asd ¢’ ropresent phasea, phase:b ared phaseo, respectively

Lismers ' aid 8 regresent ‘o] Tiel aad Shod Gl reipessely

easily achieved. For example, if a fault occurs on circuit 1 of a
parallel line, then the values @5 and Dg are not between in-
tervals of (0,1). Conversely, if a fault occurs on circuit 2, then Alphase | v, 1V, ] (8.2)
the values ofD3 and D, are not between intervals of (0,1). dz — phasellFphase '
By monitoring the values aDs~Dg the faulted circuit can be Where[Zpnase] and[Ynase] are 6x 6 matrices.

identified. For untransposed cases, however, it will provide six Combfning (8.1) a]r)ld (8'2) gives

usable modes when we use the decoupling matrix computed

from [Zp1.q5e] @and[Yp1.q5c]. Therefore, by using the decoupling {%} =[Zonase] [Yonase] [Vonase]

matrix for untransposed lines, the identification task cannot be dx? e paselpRase

achieved. We have to use another transformation matrix. For- = [Lpnase] [Vprasel 9
tunately, the usable modal quantities are dominated by modal A Lpnase

transformation matrix, so we can still use the transformation [W} = Yprasel [Zpnase] [Lpnase]

matrix of (4) incorporated with inde® to perform the identifi- —r 1 nase]- (10)
cation task for untransposed lines. At this time, the usable modal phasel Liphase

quantities are the same as Table I. So, the faulted circuit of un\We use Laplace Transform method to solve (9) and (10).
transposed parallel lines is identified. It is worthy to note th&trom (9), we obtain that

the accurate fault detection/location indices still have to be cal~ _2

culated by eigenvalue/eigenvector theory for untransposed Iines(.s U] = Conase]) Wohase ()] = sTVR] + [Zphasc] Ur] (1)
The faulted circuit identification by using (4) for untransposewhere[/] denotes the & 6 identity matrix.[Vr] and[/x] are

lines is just an auxiliary part of the protection scheme. voltage and current phasors at the receiving end, respectively.
Equation (11) is further rewritten as
IV. LINE PARAMETER ESTIMATION [Vohase(s)] = s(s2[1] — [thase])—l[VR]
Almost all of the existing fault protection techniques did not (S [I] = Cphase]) [ Zphase] [Ir]-  (12)

consider uncertainty of the line parameters. It can be seen from )
[17], [19], and [20] that the error in line parameters can result Eduation (12) can be reduced as
in significant errors in fault location estimation for a transposed Vpnase(s)] = [A(s)] [Vr] + [B(s)] R] (13)
line. For an untransposed line, this error will further degrade th
accuracy of fault location and especially deserves investigati(Yﬁ.]ere
A(s) = s(s[I] = [T prase]) "

A. Line Parameter Estimation for Transposed Lines and

Using the PMU technique proposed by [16] and [17], we can 2 -1
on-line monitor the status of the transmission line, and extract B(s) =(5"U] = [Corase])™ [Zphase]
the phaso( Vs, Is) and(Vg, Ir) from both ends of lines by are both 6x 6 matrices.
the SDFT filtering approach. These synchrophasors can be utiThe inverse of matri%®[1] — [['prqs¢] Can be expressed as

lized to inversely derive the characteristic impeda#es, and ) B 1
propagation constatt,, of three-phase transmission line. Th&s”[Z] = [[phase]) ™ = a0
performance has been demonstrated by EMTP in detail [17].
mll(s) mlg(S) mlg(S) m14(s) m15(s) ml(;(S)
B. Line Parameter Estimation for Untransposed Lines mai(s) maz(s) maa(s) maa(s) mas(s) mae(s)
o ma1(s) maz(s) mas(s) mas(s) mas(s) mae(s)
For untransposed paraI_IeI transmlss!on lines, the_ voltage an mar(s) maz(s) mus(s) maa(s) mas(s) mag(s)
current phasors at any pointalong the line must satisfy msi(s) msa(s) msa(s) msa(s) mass(s) mse(s)
AVihase | me1(s) mea(s) mes(s) mea(s) mes(s) mes(s)
|: dz :| — [thase] [Iphase] (81) (14)
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where BUS A BUS B

Es BUSC T1 (Circuit 1) BUSD Exr
G(s) = det(s*[1] - [Cprasc]) = (52 — D)% — D2 =23 9= —=
(* = D(s* —2)(s —5). (15)

el

) : . 40 km 100 kin 50 km
Taking the Laplace inverse transform with respect to (13),

then Fig. 2. A single-line diagram of the simulated power system.

Ve
[V1=I[TU] [E} (16) where all entries in the four submatric&s /, V, andW are

_ nonlinear expressions of the line parameters.
where the entries of submatrix are expressed as follows: Due to nonlinearity of the mentioned matrices, the line pa-
rameters must be calculated by a numerical iteration method. In
o mi;(77) mi;(73) this case, there are 72 variables that are unknowns in the four
i = ——=—= cosh iz + ——"=% cosh vz ; . .
S fo submatrices. These unknowns are the entrjiesindy;; in the

mi;(73) mi;i(v:) parameter matricefZp.qsc] and[Ypsqse]. Among these vari-
+ T cosh 73z + T cosh vy ables, it is convenient to further classify into three kinds of vari-
mi;(72) mij(72) able_s, i.e., series resistancg, series reactance;, and s_hunt
T cosh vz + — cosh y¢z (17) admittancey;;, where series impedaneg = r;; + jz;;. Since

[Zphase] aNA[Y14..] are symmetric matrices, only the 63 upper
triangular entries should be determined. Since there are only 12
equations in (20), it is insufficient to solve the unknowns. To
cope with this difficulty, we first decompose (20) into real and

wherem11(v?) representsni; (s)|,—,2 and so on.
The entries of the submatriX can also obtained as

1 mi(72) X 21, . imaginary parts to form 24 equations. Moreover, it can be ex-
Uij = - sinh y2 pected that the line parameters would not vary during a short
1 miz(12) X 22, period. Based on this fact, we can respectively substitute three
o= M2W02) X G sample sets of voltage and current phasors measured by PMU’s
72 ;2 at both ends of lines at different time into the 24 equations. Now,
+ 1 mis(h3) % 23y sinh v3x there are 72 equations and 63 unknown variables, so the least
73 I3 square method can be used to solve these nonlinear equations
1 ‘ 2 24 i
Lim 4(7;) X 2aj i for line parameters.
Y4 4
1 mis(v3) X 255
L () X as g . V. SIMULATION RESULTS
75 {0 This paper is concerned with the application of the new pro-
+ 1 mig(5) X 76 sinh gz (18) tection technique to a typical 345 kV parallel transmission lines
e Je with vertical configuration encountered in Taiwan. The perfor-
h mance of the protection algorithm is evaluated using data gen-
where erated by EMTP [21].
fi= (712 - ’722)(’712 - ’7?%)(’712 - ’72)(’712 - ’7?)(’712 - ’Vé) A. System Modeling
_ 2_ 2 2 2 2 2 2 ? 2 2 . . ) o
f2= (73 7;)(’73 ’7?2’)(’73 ’7‘5)(’73 ’7;)(’722 ’7‘;) Fig. 2 is the sample system that consists of four transmission
fa=(vs =) (v —72) (v —v)(vs — ) — %) lines, four busbars, and two equivalent sources.
fo=(1 =i - =) (E =) (i — %) 1) Thevenin EquivalentAn ideal three-phase sinusoidal
f5 =¥ =) =) (v — 3 (V3 — ) (v — d) source and a lumped three-phase coupied. branch
2 2\ 2 2y, 2 2\, 2 9y 9 2 are used. The phase angle betwégnand E'r is 2C.
Jo =06 =706 —72)(0%6 — v3)(% — 1) — 5)-

2) Line Models The transmission line model used in the
simulation is the distributed parameter model. The lines
T3 and T4 are three-phase transposed lines. T3 and T4
are intentionally constructed to examine external faults.

Va T1 and T2 are the protected parallel lines. Initially, the

—} . (19) parameters of parallel lines are obtained by using EMTP

Ir program LINE CONSTANTS [22] based on Taipower

Company tower geometry data.

So far, (9) is solved completely. The same treatment can be
applied to the differential equation (10). Then

=il

Hence, the voltages and currents at the sending end in terms
of receiving end quantities are obtained as i .
B. Sampling Rate and Counter Limit
Vs [TIU][Vr 20 The data is sampled at sampling rate of 3.84 kHz (64 times
Is| VW] | Ir (20) 4o Hz), and the fault inception time is set at 37.47 (ms).
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05 a-phase ground fault at 0.8 p.u.. fault resistance=1 ohm , transposed lines, mode 3

153 15
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/\ : Fig. 4. Results of parameter estimation for untransposed parallel lines.
™M 4 I8} 4
2 2|3 Mode 3
L 0.4
0 0 ' 0311 1 G : Single line-to-ground fault
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o

Fig. 3. Performance of fault detection/location indices with respect to internal
faults in T1.

1G 2G 3G 28
Fault types

In this paper, we follow the manner proposed b_y Akk_e angy. 5. statistical evaluation of the fault location estimation with respect to
Thorp [8] to choose the counter limit. The counter lin@itl) is  different faults occurring in T1 for transposed lines.

calculated as
Mode 3

CL=T/At (21) 0.06 1576493
& 004

1 G : Single line-to-ground fault
2 G : Double line-to-ground fualt
3 G : Three line-to-ground fault
2 S : Line-to-line fault

%)

00288 003 el

whereAt is the sampling interval. The parameféis a user-de-
termined parameter that can be interpreted as the shortest tim 5 002
delay for a fault at the beginning of the line. In this study, we 0
have used” = 1 millisecond for all possible fault events. The

data are sampled at a sampling rate of 3.84 kHz. Thus, a sam-
pling interval of At = 0.26 milliseconds gives a counter limit Fig. 6. Statistical evaluation of the fault location estimation with respect to

or

1G 2G 3G 28
Fault types

of CL = 3.84 ~ 4 for all possible faults. different faults occurring in T1 for untransposed lines.
C. Per_formance_ Evalu_ation of Sensitivity of Fault respectively. The reactances are mainly sensitive to tower con-
Detection/Location Indices to Internal Faults figuration, so they have no obvious variation. In this paper, it is

A number of EMTP simulations of various fault events wer&hown that the proposed algorithm provides good capability for
performed for testing these indices. Fig. 3 shows that the perf8iacking line parameters variations.
mance of detection/location indices is very sensitive to inter
faults and is independent of fault resistance, fault types, fault

[ _ ,
FEL Performance Evaluation of the Accuracy of Fault Location
cations, and line configurations.

stimation

The criterion used for evaluation of the performance was an
D. Performance Evaluation of Line Parameter Estimation  error of fault location defined as

When the transmission lines are transposed, the accuracygby9s) = [actual location (p.u.)
parameter estimation can be achieved up to 99.9% [17]. In this .

. R . —calculated location (p.y.» 100. (22)
paper, only the line parameter estimation for untransposed lines
is given. In order to simulate the effect of temperature on line At this stage, 445 different faults have been generated using
parameter uncertainties, let the dc resistance of phase condelgTP for statistical evaluation of the fault location function.
tors and ground wires be increase@i20% with respect to orig- The simulated fault cases include different fault conditions.
inal values. Moreover, we also change the skin effect correctibigs. 5 and 6 gather the average location errors of the third
factor [22] from 0.231 to 0.5 and earth resistance from Q00 cycle after the fault inception for transposed and untransposed
to 250¢2. The results calculated by [22] and the proposed algtested cases, respectively. Generally, the average error does
rithm are put together in Fig. 4 for comparison, where Fig. 4(apt exceed 0.311% and 0.0493% for transposed lines and
and (b) show the 21 undetermined resistances and reactanagegansposed lines, respectively.
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TABLE I TABLE IV
TRIPPING DECISION TIME FOR DIFFERENT FAULT TYPES TRIPPING DECISION TIME FOR DIFFERENT FAULT INCEPTIONANGLES
AND FAULT LOCATIONS
Fault Fault Inception Angle
LOFa;{“ : Fault Types Types O (degree) 90 (degrees) 180 (degrees) 270 (degrees)
cations p” e P oo ag 651 (ms) 677 (ms)  65ms) 677 (ms)
001 (pu) 0.6 (%ns) TR (xis) s‘ssa(nsqs) 755 (cmi) cass 365(ms)  521(ms)  417(ms) 521 (ms)
005(pu)  7.55(ms)  833(ms)  521(ms)  7.81(ms) abeg 365(ms) S4T(ms) 339(ms) 547(ms)
0.1(pu)  755(ms)  677(ms)  521(ms)  6.77 (ms)
Il G
0483) 3; 7.55 §$§§ 4:17523 4:17E$3 4 17%23 G. Effects of CT Saturation and CVT Transients
8 g Ep ) 729(ms)  3.65(ms)  4.17(ms)  3.65(ms)
p.u.) 7.29 (ms 4.17 (ms 521 (ms 4.69 (ms i i i
oe 15 Emsg e gmsg 3 EmS 40 gms) In order to investigate the effects of instrument transformers,
0.8 (p.u.) 7.03 (ms) 417(ms)  4.17(ms)  4.17 (ms) the EMTP/ATP version models of CT and CVT are included
0.9 (p.u) 6.77 (ms) 4.17 (ms 4.69 (ms 4.17 (s i i i i i
o5t ehiimd L Ems; 162 gmsg 417 gmsg in the simulation tests. A saturable transformer is adopted in
Average 7.46 (ms) 5.08 (ms) 530 (ms) __5.04 (ms) the CT model [21]. The adopted CVT model consists of cou-
Standard o pling capacitors, compensating reactor, step-down transformer,
Deviation _ 0-78(ms) ~ 1.63(ms) 174 (ms) 148 (ms) ferroresonance-suppression circuit, and resistive burden [23].
1) Simulation Results of CT Saturatios three-phase
TABLE Il ground fault at 0.5 p.u. of the line T1 for transposed parallel
TRIPPING DECISION TIME FOR DIFFERENT FAULT RESISTANCE lines with different CT burdens was simulated to test the pro-
: - tection scheme. The faulted-phase saturated current waveforms
Fault Fault Resistance are given in Fig. 7. Fig. 8(a) and (b) show the response curves of
Types 1(£2) 10(2) 100(2) 1k(£2) the fault detection and location indices, respectively. Although
c-g 2.86 (ms) 2.86 (ms) 3.13 (ms 10.94 (ms i i
NGRS rF s B ¥ o B 514 s S S i CT saturation severely distorts the current waveforms, the fault
a-b-c-g 5.73 (ms) 5.73 (ms) 5.73 (ms) 5.73 (ms) location index still converges quickly to the interval of (0,1).
The shown test result reveals that the CT saturation does not
_ o severely affect the response of the proposed protection scheme.
F. Performance Evaluation of Internal Faults Tripping 2) Simulation Results of CVT Transient$o investigate the
Decision Time effects of CVT transients, Fig. 9 shows a selected example with

Relaying performance of the proposed protection system wahase ground fault occurring at a voltage zero. The fault posi-
examined with respect to various faults. In this paper, the trijon is set at 0.95 (p.u.). For comparison, the ideal CVT voltage
ping decision time includes the time of fault detection and th@itput (ratio voltage) is also shown in Fig. 9. Fig. 10(a) and (b)
identification of faulted line. Extensive different fault studieshow the response curves of the fault detection and location in-
have verified that the tripping decision time for most cases #ces, respectively. As shown in Fig. 10(b), the fault location
well within 1/2 cycle. The performance for transposed line castilex is affected slightly by CVT transients. The fault location
are very well and are insensitive to various fault events. Dueittdex falls into the tripping interval of (0,1) quickly and satisfies
the limited space, we will only present the examined results @fe condition of the well-designed counter limit. So, the protec-
untransposed line cases. The typical simulation results on i scheme issues a tripping signal at 2.34 (ms) after fault in-
tripping performance of internal fault on line T1 are discusse€ption. The test results show no significant effects from CVT
in the following. transients on the proposed protection scheme.

1) Effects of Fault Types and Fault LocationBifferent
faults away f_rom pus B (receiviljg end) were simulated. Thg Current Reversals
results are given in Table Il. It is clearly seen that the fault
tripping decision time of the protection scheme is almost well Assume a-phase ground fault occurring in line T2 for untrans-
within 1/2 cycle &8.3 ms) after the occurrence of faults. posed parallel lines. The fault position is setat 0.1 (p.u.) and the

2) Effects of Fault ResistanceDependability of the distance fault inception time is 37.47 (ms). After five cycles, the three
relaying decreases seriously under high resistance faults. fimase circuit breakers of BUS B of line T2 are opened. At this
tripping decision times for different types and fault resistanaaoment, the currents on line T1 reverse its direction. Fig. 11(a)
under fault location 0.2 p.u. are listed in Table Ill. It is evidentlghows the response curves of the fault detection index. From
seen from Table Il the that the scheme is generally not affectey. 11, the proposed protection scheme can still detect a fault
by the magnitude of fault resistance. after clearing external fault occurred in line T2. Fig. 11(b) il-

3) Effects of Fault Inception AnglesTable IV shows the lustrates the curves of fault location indices based on the Clarke
typical performance of the protection scheme under differetnansformation (4) to distinguish faults between T1 and T2. As
fault inception angles. These three fault events occur at pointgimown in Fig. 11, the mode 3 and mode 4 of the fault location
a-phase voltage waves for every 4pacing from 0to 270, re-  indices will not converge to the tripping interval of (0,1) so the
spectively. The fault resistance is€20The fault location is set protection scheme will not issue a tripping signal for line T1.
at 0.4 p.u. The results show that the proposed scheme maintdihe proposed protection scheme remains secure for clearing ex-
a high degree of stability and is almost independent of the fatdtrnal faults on the parallel line that result in fault current rever-
inception angles. sals on the protected line.
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Fig. 7. Three-phase current waveforms of sending end of the line T1. with respect to current reversals.
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Fig.8. Response curves of the (a) fault detection and (b) location indices Wity 12, Response curves of the fault location indices with respect to evolving
respect to CT saturation.

faults.
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Fig. 10. Response curves of the (a) fault detection and (b) location indizQélSturbance Discrimination

with respect to CVT transients. To test the performance of the protection scheme for faults oc-
curring in outside of the protected line, 120 different fault cases
are performed in line T3 and T4. Fig. 13(a) and (b) show the
typical response of protective indick%®/ | and|D|. These fig-

To test evolving faults, we simulate two successive faults ogres indicate that the inde2/| varies violently and indexD|
curred in the protected untransposed parallel lines. The first fanity fall into the tripping setting interval (0,1). This problem
(a-phase ground fault) occurs in T1, which is located at Oc&n be resolved by the well-designed counter limit. Therefore,
p.u. away from BUS B. The fault inception time is 37.47 (ms}the external faults would not cause any tripping of the proposed
Ten milliseconds later the second fault (a-b phase short faytptection scheme. It has been demonstrated that the protec-
occurs in T2 at the same geometrical location. Fig. 12 showisn scheme can correctly discriminate any fault occurring in
the response curves of the fault location indices based on the considered system. With regard to intermittent disturbance
Clarke transformation. As seen in Fig. 12, the proposed prauch as switching of power compensated capacitor, the response
tection scheme will first detect a fault occurred in T1 (mode HBehavior of the fault detection/location indices are similar to
curve) and then a fault occurred in T2 (mode 5 curve). Therexternal fault condition. So, intermittent disturbance would not
fore, both lines will be tripped successfully. cause the protection scheme tripping.

I. Evolving Faults



CHEN et al: NEW ADAPTIVE PMU BASED PROTECTION SCHEME

VI. DISCUSSIONS

The main features and contributions of the proposed prot
tion scheme are described in the following.

1) The performance of the detection/location indices is ve
good regardless of the transposed or untransposed I{
configuration. These two indices’ performance has be%
verified by extensive EMTP simulation tests.

2) In this paper, the on-line parameter estimation algorithm

is derived. The line parameter uncertainty may affect the

performance of the protection system. Generally, othlﬁ
papers ignore this important factor that is frequently erﬁ-
countered in practical operation situations. Hence, tf
new protection algorithm can overcome the degradati(!i'ﬁn
of line parameters uncertainty on the traditional fault lo-
cators.

The proposed protection algorithm adopts distributed line[1]

model. Based on this fact, the accuracy of fault location

calculated by the new method is better than traditional )
fault locators. Moreover, the proposed scheme can pro-
tect full line length and is not affected by power system
conditions. Such capabilities can cope with the problem
that the zone-to-be-protected of total line length of dis-
tance relay is highly influenced by power system states|4]

[3].

The proposed protection algorithm can also detect ands;

locate high impedance faults. In general, the variation of

currents is slight when the high impedance fault occurs.

This will affect the performance of differential-cur-

rent-based or impedance-based protection algorithm.

Moreover, differential-current-based algorithm cannot 7

provide fault location information. However, the pro-

posed scheme is almost independent of fault groundis]
resistance.

Even multiple faults occur on both circuits for parallel

lines simultaneously, the proposed protection scheme can

detect faults quickly. The protection scheme provides thé10]
same excellent fault detection ability for transposed/un—[11]
transposed parallel lines under multiple faults. In general,
the tripping decision time of the scheme for untransposed
cases is slightly longer than that of transposed ones sinc'[?z]
the protection scheme needs a few sample steps to do thé
job of faulted-circuit identification for untransposed lines.

Whether the protected line is of the transposed or untrans-

posed type, the proposed scheme can provide the sa

good result.

There is a trade-off between dependability and security.

Conservative selection of the trip threshold results inf14

longer tripping decision time and higher security and vice

versa. By using statistical analysis to select the thresholdgs]
of deviation of|D|, the protection scheme shows good
performance with respect to dependability and security.

For instance, the setting values dvg, 043 = 0.0291 [16]

and Dih modea 0.0295 for simulated transposed

parallel lines.

3)

(3]

4)

(6]

5)

6)

[17]
VIl. CONCLUSION

A new adaptive PMU based protection scheme for paralle}; g
transmission lines has been presented. Specifically, a fault de-
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tection index and a location index suitable for transposed and
eu(’rltransposed parallel lines are derived. These indices are the-
oretically accurate and reliable. A new parameter estimation
algorithm for untransposed parallel lines has also been devel-
ed. Employing on-line parameter estimation, it is effectively
%olve the performance degradation of fault detection/location
Qused by parameter uncertainty.
Thousands of EMTP fault studies prove the protection
scheme to be very accurate and robust. The accuracy of the
ult location can be up to 99.9%. Also, the results have shown
at the protection scheme correctly discriminates between
ternal faults and external faults. Almost for all the tests, the
e for identifying an internal fault is well below 1/2 cycle.
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