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Abstract: Incorporation of FACTSs controller in transmission lines adversely affects the functioning of distance
relaying and hinders the accurateness of a zone of transmission lines that is not permissible. This article
represents a unique strategy for locating faults across the UPFC-based transmission system. The fault-finding
approach is based on a sparse S-transform (SST). The SST has a computationally high altitude comparison to the
initial discreet ST, as it uses selective signal frequency bands and therefore is suitable for various relay
application domains. Several faults have been identified, such as including and excluding the UPFC in the
computational performance assessment.
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1. Introduction

Power systems are seeing a bring excellent in transmission networks, with an unceasing availability
besides power in the past years. It's often beneficial to operate power transmission nearest to their
thermal as well as stability constraints. As a consequence, various sorts of FACTS controllers are
being used in the network to eliminate transmission line constraints [1]. Rapid and precise detection
and diagnosis of faults play an important part in maintaining the accuracy and stability of the system.
Long transmission networks have been protected by distance protection, which is premised on the
evaluation of apparent impedance by the use of current as well as voltage, which is observed at relay
installation position. Integration of FACT controllers into the system creates issues in the line
protection scheme even though they alter the system voltages and currents in a steady-state also in a
transient state, according to the operation condition. UPFC (United Power Flow Controller) is indeed a
consolidated STATCOM-SSSC controller for multi-application of power systems [1-10].

A detailed literature survey of involvement of the UPFC over distance relay for various parameters,
such as the operating mode impact of a controller, inception angle, fault resistance, coupling point,
system conditions such as power swings, and protection control parameters have been suggested [2-8].
When UPFC exists within the fault circuit, the voltages and the protective relay streams are changed.
Besides, deviations were caused in the assessment of apparent protective impedances and
malfunctioning. Fault locating such a system is a critical job and it should be accurate and robust to
use the protection scheme. It is studied in [9] that a TCSC is integrated into the transmission system
and its influence on the mho remote relay. The implementation of the HVDC bipolar distance relay
system is described in [10]. The Wavelet-based digital remote security technique network has been
described [11, 12] as well as the methods were therefore reviewed over several faults in such a variety
of environments.

The combined method of classification of faults for transmission line has been proposed in [13]
besides Wavelet and fuzzy logic and for fault classification, under various system circumstances, the
fuzzy logic classifier has been used. While DWT is best (for its ease of use), in some cases it loses its
reliability. The presence of noise in the signal, DC, and sub-harmonic elements is thus a risk that the
approach will be accurate. The S-transform [14] is an adaptable time-frequency transformation, also
known as a wavelet extending that has to use a shifting and extensible Gaussian window. Therefore,
the time-domain-signal can be better frequency-dependent, even in the presence of noise non-state
resolution. The series compensated transmission system and the ST pattern-recognition approach is
simulated in [15] used as a TCSC and fixed condenser. In mitigating distance relaying problems
caused by the SVC, a synchro-phasor-measured technique was implemented [16].In [17] the system
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failures to locate faults of the multi-terminal structure have shown a technique based on the time of
arrival of transitory waves. Although conventional ST has a good MRA attribute, it suffers however
from certain minuses such as higher calculations, which can result in protective delays. In [18] a quick
version of S-transform was presented and applied to the transmission model cross differential scheme
protection, including a STATCOM. To identify, classify and locate system defects, the Sparse ST
approach for the remote protection of FACTs Controller [19, 20] illustrated.

In [21], the system defects using the UPFC wind farms have been identified and classified by a
distance protection algorithm, based on sign computation of the end of lines and S-matrix CUMSUM.
In [22], a control scheme for series FACTs to mitigate the oscillations caused by SSR has been
suggested. An application of a FACTSs controller for sub-synchronous resonance mitigation could be
seen in [23]. Paper Corporation, Section 1, introduces, Section 2, presents sparse ST expression in
matrix form, Fault Impedance and location calculations of Section 3. The results of the simulation
including impedance pathways for faults with and without the UPFC are explained in Section 4.
Signals from different that fault location assessments are finished in Section 5.

2. Sparse S-Transformation

A matrix design [19] of an S-transform by using FFT is shown below. An array of signal samples
which may be current or voltage Xi (i=1, 2, 3... N), shall be considered as below to obtain DFT.

X =DFT(x,i=1: N) (1)

And the components were also,

N I,
X, = % 00 = ]
- @

The inverse DFT shall be made available as,

x = (1)§ ;20 -D(1-D)
e ©

Below, the power of N ought to be chosen as 2 to enable the algorithm in the DSP. For window
localization which includes the number of frequency elements in frequency as well as time, a Gaussian
matrix Cuxn is obtained (10), Value of the frequency m is chosen depending upon the type of scaling.
Besides, matrix G has been determined by-product of matrix Y and matrix C as [17],

S = Yemm* Cmny 4)

Matrix G contains signal characteristics in both the domain such as frequency as well as time domain.
The SST is obtained by computing the inverse DFT of all the rows localized in time which signifies a
definite frequency sinusoid as shown below,

SSTM <xN=— | DFT(GMXN ) (5)

Though each component of a transform tf (f, t) throughout the SST(m, ny has been acquired as,

2\N o ()1
SST(m,n): (Nj-;lG(m’i) exp(%j

(6)
An SST matrix contains instantaneous phasor (IP) variables for indivisible frequency. The fast SST
method is possible if the appropriate frequency scaling is chosen. Harmonic scaling is adopted in this
study for ease of computing and simplicity.

Inharmonic scaling, the frequency samples selected to have only fundamental and harmonic frequency
components, and the other frequencies are excluded for fault analysis. Once frequency scaling is done,
estimation of matrix C, G, Y, and SST turn out to be faster than the S-transform. Also, by using zeroes,
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the sparsity is formed throughout the rows of an SST matrix and the components of the G matrix get to
be,

Y,  \xC if (mepf)
G(m,n) :% (m,n) (m,n)

0 otherwise -
2y 27j(n-1i-1))) .
0 otherwise (8)

Independent of high-frequency components, this same are obtained from matrices. As well as the
instantaneous phasor of the M™ harmonic component could be acquired using M™ row of C, Y, G, &
SST matrices. Thus, the expressions of the matrices become more like,

Vo =[ Vet Ysa Yo Y] 9)

Conny = [C(fy 1) (B b)) Sy ty)]
(10)

GMXN:[g(fM’tl)"' g(vatn) g(fM,tN)]
(11)

SSTyen =Lt (Fut) B (Ft)e tF (Fiti) ]
(12)

Inharmonic scaling the additions of N(N — 1)(1 — Ky) and N(N + Ky (N + 2)) and multiplications
are comprised [17]. Here, Ky indicates odd-harmonic frequencies and Ky <« (N/2). Since Ky and Ka
have become lesser than (N/2), the difficulty of evaluating SST methodologies has been lower in
comparison to the normal S-transform technique.

Original S-transform takes 0.0580 seconds for processing 10 cycles of data (640 samples), while
Sparse ST employing Harmonic scaling takes less time 0.0048 seconds, using a 2.4 GHz CPU signal
processor. Since beyond the seventh the magnitude of harmonics is minute, frequency points are
reduced from 1920 Hz to 350 Hz which results in a considerable increase in the computation speed for
the harmonic scaling SST. Further, the fundamental frequency may therefore contain small deviations,
while the scaling analysis contains +2 Hz frequency samples of the basic as well as relating harmonic
components.

The V or | signal x(k) is such a discreet process of making decisions be conveyed when

XlxK:[x1 Xy X oo Xy xk] (13)

Where, K is the total samples which range is k = K;xNs, K;>0. The Sparse ST of the above V or
I samples shall be provided as,

[SSTi]MxN:SST([X(M)' Kivy X X(i+Nsl)’X(i+Ns)D

Where, i = 0, N, 2N, 3N, ..., (I — 2)Ng, (I — 1)N;.

(14)

The real-time magnitude, as well as phase of the signal generated by the SST-matrix, is shown below.

(W] e (557, + mao(ssr, ., ) as)

By using a phase correction, the accurate phase of the signal in radians has been achieved
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f
Prrue = PrrEsT ~ 27 [fJ .
s ... (Radian) (16)

Where, f; — Sampling frequency (Hz) and f — Signal frequency (Hz) In Eqgn. (15) the M™ & N™, which
are rows and columns associated with the N point of time as well as the M point of frequency. Thus,
for each moment as well as frequency point combination, this same instantaneous phasor of the signals
has been acquired at that specific frequency.

3. Analysis of Fault Point Impedance

3.1. Case 1: Fault before UPFC

Figurel illustrates the schematic of the study system. The UPFC is installed between E-F of the
transmission line. A voltage source V, in series and current source I, in shunt with the line represents
the UPFC. For section A1-E of the line, fault loop model for the fault before UPFC is obtained as,

Vi = (diX@ix1y)) - Rey x 12 ) =0 an

di1 — unknown fault distance found by resolving (21) into real and imaginary parts as,
Re(Va;)-d; ;X Re(Z ;% 1;)- R Re(l )=0

(18)
IM(Vyy )-d g xImZ ;% 1;)-RgIm(l )=0 (19)
le =1l +l3+1g, (20)

Eqgn. (20) signifies the summation of the observed currents at Bus A;(Il;), STATCOM (Ish) and
busB; (I3). On section Al-E, d.1- fault distance to be calculated, measured up to fault C from bus-, Re1
- unknown Re and the V,,and I; — fault circuit V & I. The Z. is the impedance for section Al-E of the
line respectively. The unknown fault distance is estimated by eliminatingR,
_  (Re(Vag J<Im(Ig ))-(Im(Vas J<Re(lf ))
L (Re(Zgxly XIM(Ig ))-(IM(Z %11 J<Re(Ig )) (21)
By adding d;, in (17), we can find the unknown resistance,

R = (Re(Var )-(diy>Re(Z1x11)))
F1

Re(lg) (22)
The presented scheme design is based on the SONET architecture assumption which follows
redundant asymmetric communication and causes end-to-end time delay (few ms).

B8 Var C E F D Vp1 Egs0°
Z

FAULT 1

AN
N

300 KM

Figure 1. 500kV transmission line included with a UPFC

3.2. Case 2: Fault after UPFC
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This algorithm takes into consideration of the shunt capacitance effect of the lumped parameter system
throughout order to send V,y(i)& I, (i)from terminal Al to E. Each sequence of the current and
voltage signals observed from Al to E is transmitted.

Transferring voltage V4, (i) from Al to E, the equations are obtained as follows,

Vg (i) = cosh(g, 4 (L 4 )%V (i) - Zg 4 (D)sinh(g (DL 4 ) > 14 (D) (23)

Where, L1 - length of line section A1-E in km, Y£ (i) -shunt admittance of section AI-E for
it"sequence (Wkm), ZF; (i) - series impedance of section A1-E for it*sequence (Vkm), Zs 4 (i) =
ZPLy (D)
YPL4 (i)
propagation constant of the section A1-E for i‘"sequence. Also, transferred current 1, from the
segment Al-E yields to below Eqn.

- surge impedance of the line section A1-E for it"sequence andy,, = /Z{’l(i)YLpl(i) -

Mxvﬂ(i) +cosh(y, (I)Ly,) % 1, (i)

EA R 0] 24)

The current flowing from E point to D point has been acquired in the faulty segment E-B1,

le =14+ 1, (25)
For the fault placement algorithm, this same fault loop current and voltage have been analysed, and the
fault loop formula could be formulated after UPFC.

Ve = Ve (D) +a,Ve () +a, Ve (0)a

(26)
|E=allE(1)+a2|E(2)+%gaolE(0) N
Where, weighting coefficients are a1, az, and as from the symmetrical component analysis.
Vg, = Vg, (1) +a,V,, (2) + 8V, (0) 28)
The fault loop equation is obtained as,
Ve -V, —((1-d ) xZ ,@)x 1z —=(Re, x 1) =0 (29)

Where, d2 is specified as Fault distance on section E-B1 (to be calculated), Rg; is the unknown fault
resistance, Ve & e voltage and current in the faulted loop, Zi» (1) is + Sequence impedance of section
E-Bl.
The unknown fault distance dy- is obtained from Eqn. (29)
Re {Ve Vee-(Z 2 (1)1 )}
+(d, X Re(Z,(1)x12))-(Re, X Re(l ))=0
IM {Ve Ve -(Z o (U1 )}

+(d < ImZ,(1)* 1 ))-(Re x Im(I ))=0 31)

(30)

Fault point is obtained by evaluating Eqn. (30) and Eqgn. (31),

[{Re(Ve-Z (1<)

d. = L{Im(Ve-@Z o (1)x1e )
L2 T{Im(Ve-@Lx1e )
[ {Re(VE-(ZL2(1)%1¢))

——

xIm(l )]
*Re(l )]
*Re(l )]
xIm(l )] (32)

——

== -
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After the fault point d.», the unknown resistance (Rr) is obtained by Eqn. (30).

_ Re(Vg )-(1-dy, J<Re(Z,(1)<Ig )

Re(lF) (33)
At the relay location, V and | of all phases have been evaluated. And the symmetrical elements of the
V and | have been assessed by using the SST algorithm.

Re2

4. Results and Simulation Study

4.1. Impedance trajectory and results

The system studied (Figurel) consists of two-line Sections: Section 1 provide from bus Al to Bus E,
in which section C is the fault bus section. Section 2 provides from bus E to Bus B1, in which section
D is the fault bus section. A UPFC, rated with 100 MVA, is installed at the bus E i.e., at the mid-point
of the system. The 500 kV, 300 km, the line network is supplied with 2 sources such as Ea and Eg of
1500 MVA, 500 kV, and with the angle, difference & = 40° from both ends. For the modelling of
transmission line sections, the distributed parameters line model is used. For + sequence component of
Z is 0.204 + j3.527 Q/km, for - sequence component of Z is 0.204 + j3.527 /km, and 0 sequence
component of Z, is 2.542 +j12.25 Q/km. A 2, 48 pulse inverter based on IGBT VSC cantered UPFC
connected by two 2500 uF DC capacitors (common for both). One of the inverters is linked in series
SSSC, whereas the second inverter is shunting STATCOM. The A/Y shunt transformer, i.e. a primary
to the secondary rating is 500/15 kV, and the Y/Y series transformer, i.e. a primary to the secondary
rating is 15/22 kV, was used as the STATCOM and SSSC coupling transformers. STATCOM
(represented by Zsn and Vi) is used to regulate the voltage by injecting shunt current of varying
magnitude SSSC (represented by Zs and V) is used for injection of a sinusoidal voltage of magnitude
which can be varied along with angle to regulate the power in the system.

4.2. Conditions of the studied system

The study system has been seen in Figurel, which simulated to analyse the accuracy of the method
presented and to gain adequate results for various conditions, various fault circumstances as well as
fault types. Simulations have been obtained for various fault positions i.e. 5-90% of the line network
and R =5-200 Q. By changing the series voltage (Vs.) between 0-10 percent of the voltage level and
also the Vs phase angle of the between 0°-360°, various operational characteristics can be generated.
The relay is installed on the Al bus. A sampling rate, 3.84 kHz, 3-phase measured currents (I1), &
voltages (Va1) are sampled. Simulation is conducted by MATLAB/Simulink software.

4.3. Impedance trajectories during fault showing UPFC impact
Considering previous studies, it is confirmed that the incorporating UPFC in the transmission system,
apparent impedance is altered significantly before and after the occurrence of the fault.

) 8
<)
o

Currents (in A
o}

-4
0000 200 400 600 800 1000 1200
Sample
Phasca Phascb Phascc
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Figure 2. For ABC-G fault at D bus, 3-phase current and voltage signals in the time domain (before
UPFC)
E 300
£
o
g 200
%
1 000 200 400 600 800 1000 1200
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Figure 3. For fault ABC-G at bus D, apparent resistance trajectory (in absence of UPFC)

Thus, considering with and without UPFC, the influence of the same on the trajectories for bus D
has been explored as sees. 3 phase a current and voltage signal (which is seen in Figure. 2) for
ABC-G fault on bus D without UPFC (138 km). Results in Figure 3-6 shows ABC-G fault graphs
on bus D with an Re =30 before the UPFC. Figure. 3, Figure. 4 (a), and figure. 4 (b) illustrate the
apparent R, X, and Z before the UPFC, respectively. For phases A, B as well as C for the same
fault condition, the R-X paths are shown in Figure 6.
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Figure 4. For fault ABC-G at bus D, (a) apparent reactance trajectory, (b) apparent impedance
trajectory
(in absence of UPFC)
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For the fault, ABC-G formed at bus D which is 138 km, for Re= 30 Q, three-phase voltage and current
including UPFC (desired Pres = 7.9 p.u. & the Qrer= —0.4 p.u. is displayed in Figure 6. Figure 7 to 8
show the Rapp and Xapp respectively. The Zagp seen by the relay has been displayed in Figure 9. For the
same distance and same fault, the R-X trajectory is shown in Figure 10.

100
o
=
-_—
L=
=50 e ——————— =
= : —
5 L
S o e
(=%
[ ===
o
ks P8 o SO 100 150
R (Resistancos in ohms)
(@)
=100
=
-
o
= S0 P
= =
- E -/"
82 0 o= -
L1
L
L=
> -5y o sO 100 150
R (Resistance in ohims)
= 00
=
—_—
=3
= SO :?-----’---’::'-
g H -
= o -
[ ]
ey
oc,
>S50, o S50 100 150
R (Resistance in ohms)
(c)

Figure 5. For fault ABC-G at D bus, apparent impedance trajectory (in absence of UPFC), Phase-A
((a)), Phase-B (b), Phase-C (c)

From the above-mentioned results, it is observed that suitable compensatory measures are needed to
be taken to avoid significant deviations in the relay operation, due to the presence of UPFC (over-
reaching/under-reaching).

5. Analytical Performance of Algorithm for Fault Location
Fault position of the fault occurring at bus C without UPFC is acquired as,

L =0 xZ, (1) (36)
Fault location deviation (without UPFC) is given by,
Deviation(%)=(L1- LFP1/ Lrotal %x100) 37)

Where, Lc - Real fault distance to fault position C
Lrotal -the entire line length (from Al to B1 bus).
Also, for fault occurring after UPFC (D), fault location in km is given by,

I—2 = ((1 - sz )x ZL2 (1)) + ZLl(l) (38)
Fault location deviation after UPFC has been specified,
%Error = (L, — Lgpy) / Ly %100 (39)

Where, Lp - Real fault distance to fault position D

Results of fault point for L-G faults (C-G fault) without the UPFC are shown in Figure 11. For the
system conditions stated as fault distance of 30% for a. = 50° and 6 = 40°. The Rris setto be Rr1=3 Q
& 200 Q, Vs of the UPFC is 0 to 10% with a phase angle of 180°. Prer= 7.9 p. u. and Qrer= —0.4 p.u.
Figure 11 depicts the percentage location deviation is 0.87% for 3 Q Rr and location deviation is
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4.71% for Re = 200 Q. The fault locations of balanced LLL-G fault before the UPFC are shown in
Figure 12 for system conditions stated as fault distance of 10% with 6 = 40° and a = 30°. The Rr2= 3
Q to 200 Q, Prer = 7.9 p. u. and Qrer = —0.4 p.u. For the Rr = 3Q, the deviation in estimating fault
position has been low i.e. 0.61% and for high Re is very high i.e. 200 Q, estimating fault location is
high (4.86%). Figure 13 depicts the fault position outcomes for A-G fault for system conditions stated
as 0 = 40° and a = 30°. The Rr2is 3 Q to 150 Q at a fault distance of 84%. The Preis 7.9 p. u. as well
as Qrer is —0.4 p.u. respectively. For the Rr of 3 €, the deviation in estimating fault position is low
(0.30%) and for high (Rr2) is higher (150 Q), estimating fault position is high (4.86%).

Figure 14 represents the fault position results for AB-G fault, for the system conditions as fault point
of 66% with & = 40° and o, = 90°. The Rris set to be Ry = 3 to 200Q. The active and reactive power is
Pret = 7.9 p. u. and Qres= —0.4 p. u. respectively. It is observed that the fault point deviation = 0.71%
w.rt. Re =3Q and the fault point deviation 4.29%. When Rr, = 200 Q for L-L (A-C phase) fault
occurred at the fault location D w.r.t. UPFC the results are mentioned in Figure 15, for the system
conditions stated as fault distance of 55% for a. = 30° and & = 40°. The Rris set to be R, =20 Q &
200 Q, and the Vs of the UPFC is 0 to 10% having a phase angle of 180°.

500

=,

a8

& O

= !

L=

p—

'5000 200 400 600 800 1000 1200

Sample
(a)

4000

Currents (in A)
o]

_40000 200 400 600 800 1000 1200
Sample
_ _ - (b)
Figure 6. Time domain signals after UPFC (a) three phase voltages, (b) three phase currents
= e
-
—
= 3o
[ ™ |
=
= S0
_—
=
= Lo ]
(1} e <2 5D ey WA 20

Sampsler
Figure 7. Apparent impedance representation besides ABC-G fault on the D bus after UPFC

From Figure 15, it is clear that at Re = 20 Q, the deviation in locating fault changes from 0.32 to
2.45%, and for Re = 200 Q, the deviation percentage changes from 0.45 to 2.97%, while other system
operating conditions remained constant.
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Figure 8. Apparent reactance representation besides ABC-G fault on the D bus after UPFC

The simulation study has shown that there are variations of different systems components such as an
injected voltage of UPFC, phase angle as well as impedance of fault which cause fault location
inaccuracies to alter.
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Figure 9. Apparent impedance representation besides ABC-G fault on the D bus after UPFC
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Figure 10. Apparent impedance trajectory besides ABC-G fault on the D bus with UPFC (a) Phase-A,
(b) Phase-B, (c) Phase-C

The influence of the controller on the distance relay also has a dependence on the position at which the
device is installed in the line and the system condition. Results of fault point for B-G fault with the
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UPFC located at different locations are shown in Figure 16 for the system conditions stated as a is 90°
and 6 is 40°. The R is set to 3 Q and 200 Q (Rgr1). The series injected voltage of UPFC is 10% with a
phase angle of 360°. Figure 16 depicts the results of fault location for the various faults showcasing
that deviation in locating faults, remains are within the acceptable limits, irrespective of UPFC
location. For higher Re= 200 Q, the developed algorithm is validated. Further, observed the small
change in the fundamental component (0.5 Hz) results in a fault location deviation of 0.2%, which is
very low & suitable for determining fault point.

5
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Rf=100Q

4 /\
L3 Rf=30Q2 /
g, Rf=10Q Rf=700
% ) f=200Q
> Rf=

1 RS0

0

68 70 72 74 76 78 80
L1 Km

Figure 11. Results of locating fault for fault C-G at 30% of line, Lep1=67.5 km
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35 40

Figure 12. Results of locating fault for fault ABC-G at 10% of line, Lrp1=22 km
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Figure 13. Results of locating fault for fault A-G at 84% of line, Lrr1=189 km
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Figure 14. Results of locating fault for fault AB-G at 66% of line, Lrp1=148.2 Km
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Figure 15. Results of locating fault for fault ABC-G at 55% of line, Lep1=123.7 km

5%

%Error
OO000 PR NN Wwwww
NPOORNAOIONNADOWN RO

5 RF=200
4 Pﬁqﬂﬁf\
RF=100Q) 00

S 3 RF=700) RI=1000)
S
"'\j 2 Rf=30Q 1 Rf=700
° Rf=100) Rf=300

1 RE=10Q

RhngmQ
0
134 136 138 140 142 144 146 148
@ JPFC Located at 40% L2 Km @ | JPFC Located at 80%

Figure 16. Results of locating fault for fault B-G at 60% of the line for different UPFC position,
LFp1=123.7 km

5. Conclusion

A method for locating various faults on the UPFC-compensated transmission system using a sparse
ST is presented. Sparse ST uses formulated S-matrix sparsity, which reduces the burden of
calculation by an excellent frequency-scaling technique. To obtain the fundamental phasors
of current and voltage including the phase angle, the SST algorithm has been used to introduce a new
concept of phase correction (a prerequisite for fault location estimation). To study the impact of
various UPFC voltage, fault resistance, as well as phase angle values on a transmission system fault
location of the system parameters, the results have been shown. It's also confirmed from simulation
studies that its estimation of fault location is more accurate for low impedance faults than for high
impedance faults. For faster operation and appropriate fault location, Sparse ST has been formed to
protect the UPFC-integrated electricity grid.
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