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New Fault-Location Algorithm for Transmission
Lines Including Unified Power-Flow Controller
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Abstract—In this research, a novel fault-location algorithm for
transmission lines including the unified power-flow controller
(UPFC) is proposed. Since this method does not utilize model of
the UPFC, the errors resulting from the fault interval model of
the UPFC are avoided. In addition, the new technique does not
require proposing a selector to select fault section with respect to
the UPFC location. This method uses synchronous data gathered
from both ends of the transmission line and takes advantage of the
distributed parameter line model in time domain. One quadratic
equation is obtained, assuming that the fault is located on the
left-hand side of the UPFC. The same procedure is applied for the
assumed fault on the right-hand side of the UPFC and another
quadratic equation is achieved. These two equations are used
to derive an optimization problem that the location of fault is
calculated by solving this problem. A 300-km/500-kV transmission
line, including a UPFC simulated in MATLAB/Simulink, has been
used to evaluate the performance of the new method. The obtained
results show the accuracy of the proposed algorithm.

Index Terms—Distributed parameter line model, fault location,
synchronous sampling, time domain, unified power-flow controller
(UPFCQ).

I. INTRODUCTION

ROPOSING fault-location algorithms for transmission

lines is still a subject of great interest to researchers and
utilities. Fault location is required to make necessary repairs
and to expedite service restoration.

The unified power-flow controller (UPFC) is the most influ-
ential of the flexible ac transmission systems (FACTS) and by
means of an angularly unconstrained series injected voltage, is
able to control, concurrently or selectively, the transmission-line
impedance, the terminal voltage magnitude, and the active and
reactive power flow through it [1], [2]. These basic capabilities
make it the most powerful device for transmission-lines control
and to enhance transient stability, voltage stability, and dynamic
stability of the system.

When a fault occurs, the presence of the FACTS devices in
the line creates new problems for fault-location algorithms and
since the control system of these devices reacts to the fault, the
voltages and currents used by the fault locator will be affected
in the transient state. Several fault-location methods are pro-
posed for transmission lines in the presence of compensators
and FACTS devices [3]-[9], which can be categorized into two
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groups. The first group [3]-[6] uses the compensator model to
find the location of fault, and the second group [7]-[9] does
not utilize the compensator model. Fault-location algorithms for
transmission lines in the presence of UPFC are presented in few
articles, such as [6], where the UPFC model is used and this
method includes inherent errors depending on its model. One
difficulty with such algorithms is choosing the fault interval
model of the UPFC and determining its parameters on which
the accuracy of these methods depends. Obviously, choosing an
unsuitable fault interval model and parameters for the UPFC
may cause large errors in results. On the other hand, in [6], the
lumped model of the line is taken into account. However, the
distributed parameter line model in the time domain models the
line more accurately and is more suitable for the fault-location
studies. Also, the method presented in [6] uses a wavelet-fuzzy
discriminator to select the correct section of the fault with re-
spect to the UPFC location before fault-location estimation.

The objective of the work presented in this paper is to pro-
pose a new fault-location method for transmission lines in the
presence of the UPFC. In order to overcome the difficulties
of the UPFC modeling during faults, the UPFC model is not
used in the algorithm. Consequently, the errors resulting from
the modeling of the UPFC are removed. In addition, this al-
gorithm unlike [6] does not require proposing a selector to de-
termine the faulty section with respect to the UPFC location.
In this algorithm, distributed parameter line model in time do-
main is employed and synchronous voltage and current data
from both ends of transmission line are utilized. Two quadratic
equations assuming that the fault is once located on the left and
once on the right-hand side of the UPFC are obtained which are
used to derive an optimization problem. The location and resis-
tance of the fault are determined by solving this optimization
problem. A typical transmission line compensated by a UPFC
at the middle has been used to evaluate the performance of the
proposed algorithm.

The rest of this paper is organized as follows. The next
part of this paper (Section II) explains the proposed fault-lo-
cation method for transmission lines including UPFC. Then,
in Section III, the results of MATLAB/Simulink simula-
tion-based evaluation of the developed fault-location algorithm
are presented and discussed. Conclusions are finally made in
Section IV.

II. PROPOSED FAULT-LOCATION METHOD

Fig. 1 depicts a transmission line including a UPFC in which
a three-phase fault occurs on the left-hand side of the UPFC at
point F, at a distance = from the sending end. Systems A and
B represent Thevenin’s equivalent of the external networks. S
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Fig. 1. Single-line diagram of transmission line including UPFC. The fault oc-

curs on the left-hand side of the UPFC.

and R represent sending and receiving end buses, respectively.
Since the BR section of the line is sound, the voltage and cur-
rent vectors at the right-hand side of the UPFC (vp,ig) can
be calculated using the receiving end voltage and current vec-
tors (VR ir ). For the faulty section of the line (SE section), the
voltage and current vectors of bus S(vg, ig) are known and the
voltage and current of bus E(vg,ig) are unknown. Therefore,
it is not possible to use two-terminal fault-location methods to
locate the fault on the transmission line, unless by utilizing the
model of the UPFC [6]. In this manner, the voltage and current
of bus E are estimated by using the obtained data of bus B, that
inserts inherent errors in the fault-location algorithm which are
related to the UPFC model. In this paper, the presented method
uses the known data to find the fault location and does not need
to know the UPFC parameters, but uses the average power flow
through the UPFC to determine the fault location. Thus, con-
sider the average power of bus B(PZ,,), which is shown in
Fig. 1. It can be calculated by using the voltage and current vec-
tors of bus B(vg, ip) which are known. The average power of
bus E(Py{,,) can be obtained as follows:

PR (1) = PP (t) — Ap(t) (1)

where
Ap absorbed or generated or lost average power by
the UPFC.

Ap depends on three items:

1) resistive losses of series and shunt transformers and resis-
tive losses of power-electronic switches of series and shunt
converters of the UPFC;

2) absorbed or generated average power of the series and
shunt transformers;

3) absorbed or generated or lost average power of the dc-link
capacitor.

Ap(t) depends on the UPFC operational characteristics and
its controller system performance. Thus, Ap(#) is related to the
UPFC modeling but, it is negligible compared with va (t).
By ignoring Ap(t), P, (t) is determined by means ofPAVg( )
and the fault-location method will be independent of the UPFC
model. In Section III-C. it will be seen that ignoring Ap(t)
has no considerable effect on the results of the fault-location
algorithm.

In this paper, the proposed algorithm uses the voltage and
current of bus S and the average power of bus E to find the
location of fault which is described in the following subsections.
When the fault occurs on the right-hand side of the UPFC, the
same procedure is performed.

At first, the basic principle of the proposed algorithm is de-
scribed via the SE part of the transmission line for a symmetrical
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Fig. 2. Single-line diagram of the SE section of the transmission line with dis-
tributed parameters.

three-phase fault in the next subsection. Then, this algorithm is
developed for the transmission line including the UPFC.

A. Symmetrical Three-Phase Fault

Fig. 2 shows the single-line diagram of the SE section of the
transmission line. It is assumed that the sending end voltage and
current vectors (vg, ig) and the average power of bus E(vag)
are known and available in the time domain; and the voltage and
current vectors of bus E(vE, ig ) are unknown. For the £th mode
(k = 0, 1 and 2), modal voltage and current components [10] at
the left-hand side of the fault point (U% ; L% ;
as a function of sending end modal components as follows [4]:

) can be written

k k ; k) .(k :
v (1) = ((Zgi N2+ 7®) - ZEiP (14 1))

+ (242 = 70 + Zg i - )]

(%)
Zé(f)RFk) 5w 109;08) ()12
- 4 Z/(k) Vg ( )+2Z ( ) Q(Z(, )
2
k k) (k
- 28 [v§ ></ w8 + 28 ><t )
R . R " N
el O OREU O] B WP (3)
where
(k) kth-mode elapsed time for the wave propagation
from the sending end to the fault point;
ng) kth mode characteristic impedance;
ng:) kth mode line resistance from S to F.
o 7+ B
Sc T
4
Z//(k) Zc(,k) - ngk)
Sc - 4

Because of line continuity and consequently voltage conti-
nuity along the line, the voltage vectors at the right- and left-
hand side of the fault point are equal (vpg = vrg). So the fol-
lowing relation is expressed at the fault point using the Kirch-
hoff’s current law for the %th mode:

(k)
B0 = - - s @

Ry
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where

Ry fault resistance;

k) () kth-mode current component at the right-hand side
of the fault point.

The modal voltage and current components at the left-hand
side of bus E (’Ug)7 L(;)> can be written as a function of the
modal voltage and current components at the right-hand side
of the fault point by using the distributed parameters of the line
model. Thus, the following equations can be obtained according
to Fig. 2 [4]:

v (0) = (( 2o 7 )

Z/((’f) (k)( TS(];]) _ T(k))]

(28 o (t—7$R+m)+ 275 i (=G )]
(k)
Z’(k)R’(k) R A % 9
B L | 2o +22"Rligd ()| | [ 22
ZE(,
(%)
i (1) = <Z’Eﬂ>[)%’;3<t + 78 - 7®)
— Zgdipg(t + 7 — )]
- 2R lopt = iy + )+ 27— )+ )]

R'® , R(k), 2
- 2o - =i | ) /22 (©)
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where
R(L@) kth-mode line resistance from bus E to F;
Ts(k) kth-mode elapsed time for the wave propagation

from bus S to E.

75 | ptk) (k) pk)
TRy o 2Ry

4 ’ 4

By substituting (4) into (5) and (6), (7) and (8) are derived,
respectively: See (7) and (8) at the bottom of the page.

By substituting (2) and (3) into (7) and (8), the kth-mode
voltage and current components of bus E vi—) , z(E)
tained as a function of the £th-mode voltage and current com-

) | (k) , the kth-mode elapsed

Zy) =

are ob-

ponents of the sending end (

time for the wave propagation from StoF (v (k)) and the fault
resistance (I2y)

o) = g1 (v, 79 Ry t) ©)

i (0) = i (o848, 7, Ry.t). (10)

7(%) is proportional to the fault distance from the sending end
(x), thus

’U(Ek)(t) =1 (’Uék)a igk)v €z, Rfa t) (11)
i) = (i 0 Ry t). (12)

The average power of bus E over a period of time 7’ is for-
mulated as

t
PE (1) = % [ vl () dh (13)
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where
vg(t) third-order column vectors representing actual
ig(t) phase voltages and currents of bus E.

By applying the Karrenbauer transformation [10] to (11) and
(12), the modal voltages and currents are transformed to the
phase voltage and current vectors. Then, by substituting the ob-
tained results into (13), along with rearranging it, the following
nonlinear equation is derived:

(_RAEvg(t) + h’l(VS’ is,x,t)) * R?‘
+ha(vs,is, @, t) « Ry + ha(vs.is,z,t) =0 (14)

where hy, ho, and hg are functions of the time, the sending
end voltage, and current vectors and the fault distance from
bus S(x). Equation (14) has two unknown variables (i.e., 2 and
R¢). By solving (14), the fault location and the fault resistance
are calculated. It should be noted that the nonlinear (14) is a
quadratic equation with respect to fi.

Hitherto, an important part of the proposed method is de-
scribed via the SE section of the line assuming that the sending
end voltage and current vectors and the average power of bus
E are known and available. This part of the method is subse-
quently used to develop the fault-location algorithm for trans-
mission lines including the UPFC.

B. Transmission Lines Including UPFC

Since the location of fault with respect to the UPFC location is
unknown prior to estimation of the fault location, three steps are
considered to describe the method. In the first and second steps,
it is assumed that the fault is located on the left- and right-hand
side of the UPFC, respectively. Two quadratic equations with
respect to the first two steps are obtained, which are finally used
to derive an optimization problem in the third step. The correct
location of fault is achieved by solving the obtained optimiza-
tion problem. These steps are illustrated as follows.

Step 1) In this step, it is assumed that a three-phase fault
occurs on the left-hand side of the UPFC (as
shown in Fig. 1). Thus, the described procedure in
Section II-A can be utilized. The BR section of the
line is sound. So the voltage and current vectors at
the right-hand side of the UPFC (vg,ip) can be
obtained by using the receiving end voltage and
current vectors (VR, ir )

(15)

ve(t) = g2(Vr,ir, 1)

(16)

ig(t) = f2(VR.ir.1).

Based on (1) and ignoring Ap(t), the average power
of bus E(Pf\g(t)) is equal to which is defined as
follows:

1 o1
PR = /t )]st dn(07)
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By substituting (15) and (16) into (17), and then
by substituting the result into (14), the following
quadratic equation with respect to Ry is obtained:

Hl(Vs,is,VR,iR,m,Rf,t) = Al*R? + Bl*Rf +Ci=0
<z <z8E
(13)

where

ISE distance of bus E from the sending end.

1 31

Ay =hy — —/ g2)' - f2-dty
T-th[ ]

Bl Zhg

Cl :hg.

Equation (18) is derived assuming that the fault oc-
curs on the first part of the line (SE section). So it is
valid for 0 < = < zgg..

Step 2) In this step, it is assumed that the fault is located on
the right-hand side of the UPFC and the SE section
of the line is sound. The voltage and current vectors
at the left-hand side of the UPFC (v, ig ) can be ob-
tained by using the sending end voltage and current
vectors (vg, ig). So the following equations can be
expressed like (15) and (16):

(19)

ve(t) =gs3(vs,is, t)

ig(t) = f3(vs.is, t). (20)

By ignoring Ap in (1), the average power of bus
B (P{,, (1)) is equal to P, (t). Considering the
BR part of the line, the average power of bus B
(vag (t)) is known and the voltage and current vec-
tors of bus R are available. Therefore, the described
procedure in Section II-A can be employed again.
Thus, by using (19) and (20), the following equa-
tion is derived similar to (18):

{ Hg(Vs,is,VR,iR,IL‘,Rf,t) = Az*Rfc + B2*Rf +Cs=0
Tsp < ¥ < TSR
(21)

where
distance of bus R from S, A5, By and C»

can be derived similar to Aq, By, and
C1, respectively.

L3R

Equation (21) is obtained for the fault on the BR
section of the line so zsg < z < ZsR.
Equations (18) and (21) are utilized to derive the
optimization problem in the next step.
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Step 3) double-criterion function (22) is defined based on
(18) and (21), which are obtained in the first and
second steps

0<z< s
rsg < & < TSR
(22)
Function (22) is valid for all points of the line from
the beginning to the end, except for the UPFC loca-
tion. But just at the true fault point and for the true
fault resistance, function (22) is equal to zero during
the fault occurrence

1= Hy(vs,is, VR, ir, o, R, 1)
| Ha(vs.is, vr, iR, o, Ry, t)

H(Vs,is?VR,iR,.’I,"Rf,t) =0
0<r<zsn,
T # TsE

(23)

In (23), only two unknown variables exist: the fault
distance from the sending end () and the fault re-
sistance (R ). To find the location and resistance of
the fault, at first (23) is discretized

H(VS,iS,VR,iR,Zﬁ,Rf./n) =0

0<z<zsp, (24)
T # TsE
where
n.At = t;
At sampling step;
7 arbitrary integer.

The samples in the fault interval data window should satisfy
this equation. Thus, the fault-location problem is converted to
an optimization one and the following optimization problem is
expressed based on discretized (24):

MinJ(x, R¢) = Mfi{n > . H(vs.is, VR, ir. x, R, n)
x,R¢

0 < Ry
Subject to: { 0 <z < rsr
T # TSE.

(25)

Since the fault resistance is a positive number, the constraint
12y < 01is added to the optimization problem. Solving optimiza-
tion problem (25)[11], it offers the solution (zp, RF ), where 2.
is the obtained location of fault and I is the obtained fault re-
sistance. Therefore, the location of fault and the correct side of
it are determined simultaneously.

Since search point = is limited to the line length, this opti-
mization problem can be solved using the enumeration method
[11]. Thus, the objective function values are calculated for all
x values along the line by a step of Az. Then, the minimum
of the objective function values is chosen to solve the problem
and find the fault location. Thus, set ;1 = Az, now (18) has
one unknown quantity (i.e., f15). Using the least square estima-
tion method, the fault resistance /?¢; is achieved from (18) for
21, and the objective function value .J (21, Ry ) is calculated by
using (25). Then, z is increased to 29 = 2Ax by the step of
Az and (18) is solved again using the least square estimation
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method, and the objective function value J (2, Rg) is calcu-
lated by using (25) for x». This procedure is continued until
x = zgg and the objective function values are calculated for all
« values within the span of 0 < x < xgg. The same procedure
is performed for the second part of the line (zsg < & < zsg),
but the difference is that (21) is utilized instead of (18). Hith-
erto, the objective function values are calculated for all = values
within the span of 0 < z < zgg. Now the optimization problem
is solved by choosing the minimum of these values. It is worth
noting that after obtaining the minimum of the objective func-
tion values and determining the location of the fault, the fault
side is also identified and employing a selector is not required.

As seen from (25), only the sending and receiving end
recorded data are needed to solve the optimization problem
and they do not depend on the UPFC model. So the method
does not need any information about the UPFC, operation of
its control system, and controller parameters. In addition, this
algorithm does not need to propose a selector to select the fault
section with respect to the UPFC location. These are the salient
advantages of the proposed algorithm.

The derivation procedure outlined previously for the symmet-
rical three-phase fault is applicable to every fault type but the
difference exists in (4). For any fault type, at the fault point, by
using Kirchhoff’s current law; a set of equations is obtained like
(4), and it should be employed instead of (4). Thus, the solutions
for the other fault types can be similarly derived.

III. TESTING AND EVALUATING

A. Studied System

A 300-km, 500-kV transmission line including a UPFC
(shown in Fig. 1) was simulated in MATLAB/Simulink to
evaluate the accuracy of the proposed algorithm. The param-
eters of the simulated system are presented in the Appendix.
For the simulation study, the UPFC consists of two 200-MVA,
three-level, 48-pulse voltage-source inverters which are con-
nected through two 5000-uF capacitors as the dc link. The
shunt inverter is connected to the transmission line through
four 125/15-kV zigzag transformers and regulates the voltage
at its point of connection to V¢, during steady-state operating
conditions by controlling the absorbed or generated reactive
power to the system, while also allowing active power transfer
to the series converter through the dc link. Another inverter is
connected to the transmission line through four 12.5/12.5-kV
Zigzag transformers to regulate the active and reactive power
flow through the transmission line.

B. Control System of the UPFC

Two parts are considered to model the control system of the
UPFC for simulation in MATLAB/Simulink: the STATCOM
control part and SSSC control part. The three-phase voltages
at the STATCOM connecting point are sent to the phase-locked
loop (PLL) to calculate the reference angle which is synchro-
nized to the phase A voltage.

In the STATCOM control part, the three-phase shunt cur-
rents are decomposed into their real component /4 and reac-
tive component /, via the abc—dgo transformation using the
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PLL angle as reference. The magnitude of the positive-sequence
part of the connecting point voltage is compared with the ref-
erence voltage Vio¢, and the error is passed through a propor-
tional-integral (PI) controller to produce the reference reactive
current Iy.¢. This current reference is compared with the re-
active part of the shunt current to produce the error which will
be passed through another PI controller to obtain the relative
phase angle of the inverter voltage with respect to the phase A
voltage. The phase angle, along with the PLL signal, is fed to the
STATCOM firing pulse generator to generate the desired pulse
for the voltage-source inverter.

For the SSSC, the series-injected voltage is determined by a
closed-loop control system to ensure that the desired active and
reactive powers flowing in the transmission line are maintained.
The three-phase voltages and currents of bus B are decomposed
into their direct and quadrature components via the abc—dqo
transformation using the PLL angle as reference. The direct
and quadrature components of the voltage of bus B, together
with the desired Pier and (Jyef, are used to compute the desired
real and reactive components of the line current (7 prefL» 1. qrefL).
These current references are compared with the active and reac-
tive components of the line current to produce the errors which
will be passed through two PI controllers to obtain the direct
and quadrature components of the series converter voltage (Vg
and Vj)), respectively. The magnitude and phase angle of the
series converter voltage can be obtained by a rectangular to
polar transformation of V4 and V; components. The phase angle
and dead angle (calculated using the relationship between the
inverter voltage and the dc-link voltage), along with the PLL
signal, are fed to the SSSC firing pulse generator to generate
the desired pulse for the SSSC voltage-source inverter.

C. Simulation Results

To evaluate the accuracy of the proposed method, the error of
the fault location is expressed in terms of the percentage of the
total line length as follows:

N Calculated distance — Actual distance
%Error =

T o Tongth «100. (26)

As an example, a three-phase fault occurs at the distance of
200 km from the sending end. Its resistance is assumed to be
10 €2, while the UPFC is installed at 150 km from the sending
end and P..y = 800 MW and Q,.f = — 100 MVAr. The result
of running the algorithm [by solving the obtained optimization
problem (25)] is

(zp, Rp) = (199.856 km, 9.759 ©2).

So the fault-location error is —0.0479%.

The accuracy of the algorithm is also evaluated under dif-
ferent operating conditions of the UPFC and various fault con-
ditions, such as different fault locations (30, 80, 130, 180, 220,
280 km from the sending end), fault types (a-g, abc-g, ab-g, and
ab fault), fault inception angles (0, 45, and 90°) and fault re-
sistances (1, 10, and 30 £2). The obtained results are shown in
Tables I-VIL.

Table I shows the fault-location results when the desired ac-
tive power of the UPFC (P,.¢) is adjusted to 550 MW and the
desired reactive power (Q,cf) to —150 MVAr, and the voltage
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TABLE I
RESULTS OF COMPUTING THE FAULT LOCATION
FOR DIFFERENT FAULT CONDITIONS

Actual =12 | R=102 | R=30Q
Fault type location of B
fault (km) Fault Location Error (%)

30 0.2996 0.2996 0.2996

. 80 0.2517 0.2517 0.2517
psﬁgsg;‘io 130 02038 | 02038 | 02038
wround 180 20.7674 | -0.7674 | -0.7674
220 02517 | -0.2517 1175

280 0.0601 0.0601 20.8632

30 0.2996 0.2996 0.2996

30 0.2517 0.2517 0.2517

pﬁ?{o 130 0.2038 0.2038 0.2038
around 180 0.1559 0.1559 0.1559
220 02517 | -02517 | -0.2517

280 0.0601 0.0601 0.0601

30 0.2996 0.2996 1.2229

80 0.2517 0.2517 1.175

I[)’h"a“szlf; 130 0.2038 0.2038 1.1271
around 180 0.1559 0.1559 -0.767
220 202517 | -02517 | -02517

280 0.0601 0.0601 0.9833

30 0.2996 0.2996 -0.6236

80 02517 02517 0.2517

Double- 130 0.2038 0.2038 0.2038
phase 180 0.1559 0.1559 0.1559
220 202517 | -02517 | -02517

280 0.0601 0.0601 0.0601

IncAn=90°, P,;=550MW, Q,=-150MVAr

TABLE 11
DETERMINING THE LOCATION OF THE FAULT
FOR DIFFERENT FAULT INCEPTION ANGLES

Actual IncAn=0° " IncAn=45° | IncAn=90°
Fault type location of ;
fault (km) Fault Location Error (%)
30 0.2996 0.2996 0.2996
. 30 0.6715 0.2517 0.6715
ps}:gsg;io 130 20.719 0.2038 0.2038
around 180 0.1559 -0.7674 0.1559
220 0.6715 -0.2517 202517
280 0.0601 0.0601 0.0601
30 0.2996 0.2996 0.2996
Three. 30 0.2517 0.2517 0.2517
phase fo 130 0.2038 0.2038 0.2038
eround 180 0.1559 0.1559 0.1559
220 202517 202517 20.2517
280 0.0601 0.0601 0.0601
30 0.2996 0.2996 0.2996
ol 30 0.2517 0.2517 1.175
pDI?;se fo 130 0.2038 0.2038 0.2038
around 180 -0.767 0.1559 -0.7674
220 -0.2517 -0.2517 -0.2517
280 0.0601 -0.8632 ~0.8632
30 0.2996 0.2996 0.2996
30 0.2517 0.2517 0.2517
Double- 130 0.2038 0.2038 0.2038
phase 180 0.1559 0.1559 0.1559
220 -0.2517 -0.2517 02517
280 -0.8632 0.0601 0.0601

P .=650MW, O,,=100MVAr, R,=10Q

of the UPFC bus become 1.0095 p.u. before fault inception.
The fault inception angle (IncAn) is assumed to be 90°. As
an example, regarding this table, when the fault occurs at 280
km from the sending end, the fault location error is 0.0601%.
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TABLE III TABLE IV
ERRORS OF FAULT-LOCATION COMPUTATION ERRORS OF FAULT-LOCATION COMPUTATION
FOR DIFFERENT FAULT CONDITIONS FOR DIFFERENT SETTINGS OF THE UPFC
Actual R=1Q || R=10Q || R=30Q Active = =
Fault type location of ; and R=1Q R/=30Q
fault (km) Fault location error (%) reactive Actual
30 0.2996 0.2996 1.2229 power lo;:;;tm;: Calculated Error Calculated Error
Sinele- 80 0.2517 0.2517 0.2517 references | © kau location of % location of %
hasge to 130 0.2038 0.2038 -0.7194 (MW, (km) fault (km) (%) fault (k) (%)
pground 180 0.1559 -0.7674 -0.7674 MVAr)
220 -0.2517 0.6715 -1.175 P..=600, 100 100.1437 0.048 100.1437 0.048
280 0.0601 0.0601 0.9833 Ore=-200 230 230.324 0.108 230.324 0.108
30 0.2996 0.2996 0.2996 P..=600, 100 100.1437 0.048 100.1437 0.048
Three- 80 0.2517 0.2517 0.2517 Ore=-150 230 230.324 0.108 230.324 0.108
phase to 130 02038 |} 02038 } 0.2038 Pre=600, 100 | 100.1437 | 0.048 | 100.1437 [ 0.048
ground 180 01559 |} 01559 |} 0.1559 0w=-100 [ 230 230324 | 0.108 | 230324 | 0.108
220 02517 | -0.2517 | -0.2517 Pro=600, 100 100.1437 | 0.048 | 100.1437 | 0.048
280 0.0601 | 0.0601 | 0.0601 0u=0 230 | 230324 | 0.108 | 230324 | 0.108
30 0.2996 0.2996 0.2996 Pr=700, 100 100.1437 | 0.048 | 100.1437 | 0.048
Double- 80 02517 L 02517 | 02517 0.=200 | 230 | 230324 | 0108 | 230324 | 0.108
phase to :30 0.2038 0'?038 0'?038 P.=700, 100 100.1437 0.048 100.1437 0.048
ground Zgg _00'2756177 % 2555197 (()) 2555197 Ore=-150 230 230.324 0.108 230.324 0.108
530 '0 0601 '0 0601 '0 0601 P.=700, 100 100.1437 | 0.048 100.1437 0.048
30 0'2996 0'2996 0'299 5 Orei=-100 230 230.324 | 0.108 230.324 0.108
- - - P=700, 100 100.1437 0.048 100.1437 0.048
80 0.2517 0.2517 0.2517 =
Double 130 0.2038 0.2038 0.2038 Orer=0 230 230.324 0.108 230.324 0.108
phase 180 0.1559 0.1559 0.1559 A “‘Fj]%% ;gg 120306 1;23: g.(l)gg 120207. 1;'5%47 %%85
220 -0.2517 | -0.2517 | -0.2517 Orer= . . . 0.
280 0.0600 T 00601 I 0.0601 P800, [ 100 T 1001437 | 0.048 [ 100.1437 [ 0.048
TneAN—45", Pr=T50MW, Oe=S0MVAT Q=150 | 230 | 230324 | 0.108 | 230324 | 0.108
P.=800, 100 100.1437 0.048 100.1437 0.048
Ore=-100 230 230.324 0.108 230.324 0.108
However, the absolute error of the fault location increases to PL.=800, 100 100.1437 | 0.048 100.1437 | 0.048
1.2229% when the double-phase-to-ground fault occurs at 30 Or=0 230 230324 | 0.108 230.324 0.108
km from bus S with Ry = 30 €. P.=800, | 100 | 100.1437 | 0.048 | 100.1437 | 0.048
Table II provides the errors of the fault-location computation =100 230 230'1ii1n:902'108 230324 0.108
for different fault conditions while the reference active power
of the UPFC (P,.f) is changed to 650 MW and the reference TABLE V
reactive power (Qref) to 100 MVAr, and the prefault voltage ERRORS OF FAULT-LOCATION COMPUTATION FOR DIFFERENT
of the UPFC bus is 0.9914 p.u. In this case, the fault inception SERIES-INJECTED VOLTAGE MAGNITUDE OF THE UPFC
1 O
angles (IncAn) are considered to.be 0,45, and 90°, and the fault Serios el R-10 R=300
resistance is 10 . As shown in Table II, the absolute error injected locati
. . o o voltage ocation | Calculated E Calculated E
of the fault location varies between 0.0601% and 1.175%. The 4 of fault | ocation of Iwor | ation of rror
. . . magnitude (%) (%)
maximum absolute error is obtained for the double-phase-to- (%) (km) fault (km) fault (km)
ground fault at 80 km from the sending end, while IncAn = 0 70 69.676 -0.108 72.445 0.815
90°. 200 199.856 -0.048 199.856 -0.048
The reference active power of the UPFC is changed to 750 2 27000 16999'687566 8(1)22 17929.484556 %%ﬁ
MW and the reference reactive power to —50 MVAr; thus, the 0 55.676 0,108 3445 0815
prefault voltage of the UPFC bus alters to 1.0027 p.u. The fault 5 500 199.856 | -0.048 199.856 | -0.048
inception angle is chosen to be 45° and the fault-location deter- ; 70 69.676 -0.108 72.445 0.815
mination errors in percentage are depicted in Table III for var- 200 199856 | -0.048 | 199.856 | -0.048
ious fault conditions. The presented results in this table show 10 70 69.676 -0.108 72.445 0.815
that the maximum absolute error is 1.2229% for the single- 200 1983 | 0048 | 19836 | 0048
: o1 g 0 70 69.676 | -0.108 | 72.445 0.815
phase-to-ground fault at 30 km from the sending end, when 200 199.856 | 0048 | 199.856 | -0.048
Ry = 300Q. s 70 69.676 | -0.108 | 72445 | 0815
Table IV depicts the fault-location results for different ref- 200 199.856 | -0.048 | 199.856 | -0.048
IncAn=90°

erences of the active and reactive power flow of the UPFC for
two locations of the fault (100 km and 230 km from the sending
end). The single-phase-to-ground fault is considered, and its re-
sistance is chosen as 1 and 30 Q. The fault inception angle is
assumed to be 90° in these cases. In Table IV, the minimum
absolute error is 0.048%. It can also be seen that the maximum
absolute error is 0.815% while P..¢ = 700 MW and Q.. = 100

MVAr, and the fault resistance is 30 €2 when the fault occurs at
230 km from the sending end.

The effect of variation of the series-injected voltage mag-
nitude of the UPFC is studied on the fault-location accuracy
and some of the results are shown in Table V. In this table, the
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TABLE VI
ERRORS OF FAULT-LOCATION COMPUTATION FOR DIFFERENT
SERIES-INJECTED VOLTAGE PHASE ANGLES OF THE UPFC
Series R=1Q R;=30Q
injected Actual
voltage location | Calculated E Calculated E
phase of fault || location of Eror location of I;ror
angle (km) fault (km) (%) fault (km) (*0)
(degree)
0 70 69.676 -0.108 69.676 -0.108
200 199.856 -0.048 199.856 -0.048
35 70 69.676 -0.108 72.445 0.815
200 199.856 -0.048 199.856 -0.048
90 70 69.676 -0.108 72.445 0.815
200 199.856 -0.048 199.856 -0.048
135 70 69.676 -0.108 72.445 0.815
200 199.856 -0.048 199.856 -0.048
180 70 69.676 -0.108 72.445 0.815
200 199.856 -0.048 199.856 -0.048
270 70 69.676 -0.108 69.676 -0.108
200 199.856 -0.048 199.856 -0.048
350 70 69.676 -0.108 69.676 -0.108
200 199.856 -0.048 199.856 -0.048
IncAn=90°

single-phase-to-ground fault is considered at 70 km and 200 km
from the sending end, and the fault resistances are assumed to be
1 €2 and 30 ©2 while the fault inception angle is 90°. The fault-lo-
cation error varies from —0.048% to 0.815% for different se-
ries-injected voltage magnitudes with variation from 0 to 15%
with a phase angle of 57.3° (1 radian).

The accuracy of the algorithm is also evaluated by varying
the series-injected voltage phase angle of the UPFC. Table VI
depicts the fault-location errors when the series-injected voltage
phase angle varies from 0 to 350° with a series voltage magni-
tude of 10%. In this table, the fault conditions are as in the pre-
vious case. The maximum absolute error is 0.815% where the
fault occurs at 70 km from the sending end, and its resistance is
assumed to be 30 €.

The fault-location errors presented in this paper have been
compared with the existing study in [6]. The fault-location
errors reported in [6] are within 3—4% for average operating
conditions, whereas in the presented study, as concluded from
Tables I-1V, the absolute of the fault-location error varies from
0.0479% to the maximum of 1.2229%.

In practice, the conventional instrument transformers may
insert errors to measurements. For comprehensive evaluation,
sensitivity analysis of the proposed algorithm to the mea-
surement errors is carried out. Thus the voltage and current
samples gathered from MATLAB/Simulink are subjected to
perturbations, and then are fed into the proposed fault-location
algorithm. This study is performed for various fault locations
and types, and the fault resistance is assumed to be 10 2.
During the first time, the voltage samples of buses S and R
are perturbed by the error of +5%, and the current samples
by —5%. Another time, these voltage and current samples are
perturbed conversely (i.e., the errors of —5% and +5% are
added to the voltage and current samples, respectively, and the
results of running the proposed method in these cases are shown
in Table VII). From this table, it can be seen that the maximum
absolute error is 5.743% when the single-phase-to-ground fault
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TABLE VII
EFFECT OF MEASUREMENT ERRORS ON THE
ACCURACY OF THE PROPOSED METHOD

+5% error in vs and vg, -5% error in vg and vg,
Actqal -5% error in is and i +5% error in ig and i,
Fault location S £ S £
type of fault Calcglated Error Calcglated Error
(km) location of (%) location of %)
fault (km) fault (km)
30 30.898 0.2996 28.129 -0.623
Single- 80 80.755 0.2517 72.445 -2.518
phase 130 147.23 5.743 122.302 -2.566
to 180 174.928 -1.690 186.007 2.00
ground 220 216.475 -1.175 224.784 1.594
280 277.410 -0.8632 280.180 0.0601
30 28.129 -0.6236 30.898 0.2996
Three- 30 80.755 0.2517 75.215 -1.594
phase 130 130.611 0.2038 127.841 -0.7194
to 180 180.467 0.1559 180.467 0.1559
ground 220 219.244 -0.2517 222.014 0.6715
280 280.180 0.0601 280.180 0.0601
30 33.668 1.2229 30.898 0.2996
Double 80 83.525 1.175 80.755 0.2517
-phase 130 130.611 0.2038 130.611 0.2038
to 180 180.467 0.1559 180.467 0.1559
ground 220 219.244 -0.2517 219.244 -0.2517
280 277.410 -0.8632 280.180 0.0601
30 30.898 0.2996 30.898 0.2996
80 80.755 0.2517 80.755 0.2517
Double 130 130.611 0.2038 130.611 0.2038
-phase 180 180.467 0.1559 180.467 0.1559
220 219.244 -0.2517 219.244 -0.2517
280 280.180 0.0601 280.180 0.0601

IncAn=45°, P,,=750MW, Q,.=-50MVAr, R,=10Q

occurs at 130 km from the sending end. It is worth noting that
the perturbation errors have low influences in most cases.

IV. CONCLUSION

In this paper, a novel fault-location algorithm for trans-
mission lines, including UPFC, is proposed. In the presented
method, synchronized data of two ends of transmission line are
used, and the distributed parameter line model in the time do-
main is taken into account. The proposed method is composed
of three steps. In the first two steps, assuming that the fault
is located on the left- and right-hand side of the UPFC, two
quadratic equations are obtained which are used to derive the
optimization problem in the third step. The side and location
of the fault and its resistance are determined simultaneously
by solving this optimization problem; thus, the algorithm does
not need to propose a selector. Also, the proposed method does
not use the model of the UPFC for the fault location. So the
accuracy of the proposed fault-location algorithm is not under
influence of the UPFC modeling. A three-level, 48-pulse UPFC
is considered for simulation in MATLAB/Simulink to evaluate
the performance of the presented method. The simulation re-
sults show that the maximum absolute fault-location error does
not exceed 1.2229% in the simulated cases without considering
error in measurements. The sensitivity analysis of the proposed
algorithm to the measurement errors is also performed. The
results show that the perturbation errors have low effects in
most cases.
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APPENDIX

Power System: System nominal voltage: 500 (kV);
System nominal frequency: 60 (Hz);
Phase angle between voltage sources: 20°.
Transmission Line: Zero sequence: Ry = 0.275 (§2/km),
Ly = 3.4505998 (mH/km), Cy = 8.5 (nF/km)
Positive sequence: B, = 0.0275 (2/km), L; = 1.002768
(mH/km), C; = 13 (nF/km)
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