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Abstract—Distance protection of transmission lines including transmission line with FACTS devices is a very aing

advanced flexible AC transmission system (FACTSyidss has
been a very challenging task. FACTS devices ofrastein this
paper are static synchronous series compensat@SQ)S and
unified power flow controller (UPFC). In this papea new
algorithm is proposed to detect and classify thit fand identify the
fault position in a transmission line with respexa FACTS device
placed in the midpoint of the transmission linesdéte wavelet
transformation and wavelet entropy calculationsuesed to analyze
during fault current and voltage signals of the pensated
transmission line. The proposed algorithm is vemypte and
accurate in fault detection and classification. &kiety of fault cases
and simulation results are introduced to show tifeciveness of
such algorithm.
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Wavelet transform.
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|. INTRODUCTION

N recent years, it has become more difficult to starct

new generation facilities and transmission linee do

energy and environmental problems. Hence, it isired to
enhance the power transfer capability of existiaggmission
lines instead of constructing new ones. On the rotiand,
FACTS devices have received more attention in trésson
system operations as they can be utilized to gimwer
system parameters in order to control power flowithw
FACTS technology, such as static var compensaves),
static synchronous compensators (STATCOMSs),
synchronous series compensators (SSSCs) and upiiedr
flow controllers (UPFCs), etc., bus voltages, limpedances
and phase angles in the power system can be fjexzibdl
rapidly regulated. In addition, the FACTS devices/é the
capability of increasing transmission capabilitéscrease the
generation cost and improve the security and stabdilf
power system [1,2]. During fault,
compensating devices affects steady-state and idrdans
components of current and voltage signals whichatere
problems with relay functionality [3,4].
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task. Different attempts have been made for fault
classification using wavelet transform, the Kalnfédtering
approach, neural network, fuzzy logic systems amopsrt
vector machines [3-8]. All these attempts were ngyito
classify the fault and identify the faulted sectiom a
transmission line compensated either by series citapa
protected by metal-oxide varistor (MOV) or compeadaby
thyristor-controlled series compensators (TCSCs)tguted
by MOV or compensated by both.

In this paper, we are interested in two of the nmogiortant
FACTS devices; the SSSC and the UPFC. The SSSCs are
FACTS devices for power transmission line series
compensation. It is a power electronic-based veltagurce
converter (VSC) that generates a nearly sinustidaé-phase
voltage which is in quadrature with the line cutremhe
SSSC converter block is connected in series with th
transmission line by series coupling transformene SSSC
can provide either capacitive or inductive seri@spgensation
independent of the line current [9].

The UPFC, which has been recognized as one ofdbe b
featured FACTS devices, is capable of providing
simultaneous active and reactive power flow contasl well
as, voltage magnitude control. The UPFC is a coatlun of
STATCOM and SSSC which are connected via a common
DC link, to allow bidirectional flow of real powedrsetween
series output terminals of SSSC and the shunt teimbf the

statiSTATCOM [2].

For the purpose of fault identification and classifion, the
wavelet entropy theory is applied to produce a &ngnd
accurate algorithm. Wavelet transform (WT) has gtiot-
frequency localization ability so it particularlydapted to
analyze the singular signals caused by fault. \Wsdvel
transform provides theory basis for fault detectibhe most

the presence ofeffective method for fault detection is using a vemsal

applicable quantity (UAQ) to describe the systerd datect
the fault. Shannon entropy is such a UAQ, and vedvel
entropy (WE) is formed by combining WT and Shannon
entropy together [10].

In [13] a simple algorithm was introduced to detead
classify the faults in an uncompensated transmissioe
based on wavelet entropy calculations. In this papetest
system is built using SIMULINK. The resulting datader
different fault types and position with respect the
compensating device are analyzed using a modified W
algorithm based on that in [13] to consider theteys
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compensation. The test results show the effectaemd the
proposed algorithm.

. WAVELET TRANSFORMAND ENTROPY
CALCULATIONS

Lots of fault information is included in the traest
components. So it can be used to identify the fault
abnormity of equipments or power system. It cap aks used
to deal with the fault and analyze its reason. Mgy the
reliability of the power system will be considenabhproved.

Transient signals have some characteristics suchigis
frequency and instant break. Wavelet transformaable of
revealing aspects of data that other signal aratgsihniques
miss and it satisfies the analysis need of eledtaosient
signals. Usually, wavelet transform of transiengnsil is
expressed by multi-revolution decomposition fagjoathm
which utilizes the orthogonal wavelet bases to dgzmuse the
signal to components under different scales.
approximations are the high-scale, low-frequenaypponents
of the signal produced by filtering the signal byoa-pass
fiter. The details are the low-scale, high-frequen
components of the signal produced by filtering shgmal by a
high-pass filter. The band width of these two fités equal.
After each level of decomposition, the samplingyérency is
reduced by half. Then recursively decompose thepass
filter outputs (approximations) to produce the comgnts of
the next stage [11, 12].

Given a discrete signal x(n), being fast transfans
instant k and scale j, it has a high-frequency comept
coefficient Q(k) and a low-frequency component coefficient
Aj(k). The frequency band of the information conggirin
signal components;(x) and A(k), obtained by reconstruction
are as follows [14].

(1)

. e j=12.., m)
A;(k):[0,2 fl

ﬁxmv“mnz”u(_
where, {is the sampling frequency.

The original signhal sequence x(n) can be repredenyethe
sum of all components as follows [14].

x(n) =D, (n) + A (n) =D, (n) + D,(n) + A,(n)

J @
=3 D, (n) + A, (n)

Various wavelet entropy measures were defined ij. [In
this paper, the nonnormalized Shannon entropy helused.
The definition of nonnormalized Shannon entropy ais
follows [14].

E, =-) E, log E ®3)
k

where E is the wavelet energy spectrum at scale j anduist
k and it is defined as follows.
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E, =[D, k)’ @

. PROPOSEMLGORITHM FORTRANSMISSION
LINE FAULT DETECTIONAND IDENTIFICATION

During fault, the amplitude and frequency of thst &gnal
will change significantly as the system change froomnmal
state to fault. The Shannon entropy will changeediagly. It
becomes incapable of dealing with some abnormaiatsg
while wavelet can. Wavelet combined entropy can eriai
use of localized feature at time-frequency domaiiavelet
analysis deals with unsteady signal while inforo@téntropy
expresses information of the signal. That is whyelet
entropy can analyze fault signals more efficieftly-12].

The proposed algorithm detects if there is a faulthe
compensated system is under normal conditions.|db a

Thejetermines the position of the fault if it is aftar before the

compensating device. In addition, the algorithmedetnes
the type of fault if it is a single line to groufdLG) fault, line
to line (L-L) fault, double line to ground (DLG) d# or a
three line to ground (3LG) fault. Finally, the atgom selects
the phases involved in the fault.

The transient signals of the three phase currents a
voltages are produced using the simulation modét taith
the power block set of the SIMULINK. A discrete vedet
transformation is performed using two level symiuetr
wavelet for the three phase current signalsifiand {) and
the ground current,iwhere

ig= latip+ic (5)

The entropy of each coefficient of the four curgeistthen
calculated. The sum of absolute entropies of soéfficients
for each current is then calculated (suma, summcsand
sumg). The sums related to the three phase curagatthen
arranged to determine the maximum sum (maxl) the
minimum sum (minl) and the intermediate sum (max2).

The wavelet and entropy calculation are performed for
the three phase voltages in case the algorithmcidetea
single line to ground fault after the compensatiegice. The
entropy sums of the three phase voltages are uesed t
determine which phase is included in the fault.

The proposed algorithm is applied in three maimpste
First, the fault is detected then its type and tpoasiwith
respect to the compensating device are determifiedlly,
the phases included in the fault are identifiediefailed flow
chart of the proposed algorithm is shown in Fig. 1.
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| Input the three phase currents and ground currelnt

v

| Input the three phase voltages |

v

Perform DWT of the currents and calculate the
entropy of the currents coefficients

Calculate the sum of absolute entropies of the
coefficients of each current

Determine the phase of the maximum entropie
sum— max1(PP1

v

Determine the phase of the second maximum
entropies sur— max2(PP2

v
No Faul
END

ax1 < th:

I Fault before FACT I

m!

| Fault after FACT |

|

| Phases invoed PP1 & PF |

END

IV. TESTSYSTEM

Using the power system blockset (PSB) and the
SIMULINK software, the test system is simulatedeTthst
system is shown in Fig.2 and its data are listedhim

APPENDIX.

Area 1 Trans 1

B2
B1

T.L.

1

L1

FACTS
Device

=

No

max1 > th4

Fault before FACT

= B

| END |<-| Phases involved PP1 & P & G | | Phases involved PP1G END |

| Fault before FACT |

END

| END |4-| Phases involved PP1 & P |

Perform DWT of the voltages and calculate the]
entropy of the voltages coefficients

v

Calculate the sum of absolute entropies of the
coefficients of eacvoltage

v

The phase of the minimum entropy sum is the
phase ivolved in the fau

END

Fig.1 Flow chart of the proposed algorithm

s

)

L2

Area 2
T.L.2

=50

B4

Trans 2

B5

Fig. 2 Power System Model
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V. SIMULATION RESULTS

As mentioned before the test system was compenbgted
two different FACTS devices, SSSC and UPFC. In the
following the simulation results of the system withe
SSSC are given first then the results with the URFE
given next. The simulation frequency was 10 kHz.

A. System Compensated with SSSC

For different fault types before and after the SSBE
sum of absolute entropies of the coefficients ahezsurrent
is given in TABLE I.

It was noticed that in case of SLG fault after 88SC
the selection of the phase included in fault waspossible
using sum of currents entropies. Therefore, the sdim
entropies of the coefficients of each of the phasigages
were calculated and the phase with the minimum s
considered as the faulted phase. The sum of eesapithe
coefficients of the phase voltages in case of a $du@k
after SSSC are given in TABLE II.
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TABLE | - A2
THE SUM OF ABSOLUTE ENTROPIESOF THE COEFFICIENTSOF V\/\‘/\/\/\‘/\W
EACH CURRENTBEFOREAND AFTERSSSC 0F
=200 | | | |
Fault Before x 18 After x 10 B2 0.25 03 b1 035 04 045
Type | suma| sumb| sum sumg suma sumb symc  stimg 0.2 ; ;
x 10° - L N

AG | 1.4¢ | 1.1€ | 1.06 | 2.0¢ | 1.0t | 0.94 | 1.1f | 26.2 N i e

BG | 09¢ | 1.3¢ | 124 | 1.7¢ | 1.0¢ | 1.02 | 0.99 | 22.3¢ 035 0.‘25 0[3 0.‘35 0[4 045
CG | 115 1.02] 145 184 0.8 108 1.09 24|57 D2

AB 55 | 486] 0.99 0 229 194 098 0.1 05 w w w

BC | 091 ] 3.6 | 2.9¢ 0 0.8¢ | 1.8¢ | 1.5/ 0 O—WWW

CA | 527 ] 044 | 6.04 0 2.01 | 0.8 | 2.4¢ | 0.14 0 ‘ ‘ ‘ ‘
ABG | 5.91 | 461 | 1.06e | 05¢ | 222 | 1.82 | 0.89 | 20.7% 0.2 0.5 03 0.35 04 0.45
BCG | 098] 377 299 074 08 172 143 21[77 ) _ Time(seq)

CAG | 539 1.01] 603 060 195 078 233 2167 Fig. 4 Approx. and details of phase A current dgi3h.G fault
3LG | 8.2C | 4.6¢ 2 | 037 | 2.9t | 317 | 2.1¢ | 9.7¢ before SSSC

Load | 0.99 | 1.02] 1.08 0 09 10 1.08  0.30

-ing Three Phase Currents

No | 098 | 1.02| 1.07 0 09d 102 1.07 0 %0 w w

Fault

TABLE II

THE SUM OF ENTROPIES OF THE COEFFICIENTS OF THE PHASE V@IGES IN

CASE OF ASLGFAULT AFTER SSSC

Fault Typ¢ sum i Sum t sum «
AG 3.4885x1° 3.5568x16 3.5539x1F
BG 3.5476x10 3.5149x18 3.5551x18
CG 3.5418x18 3.5631x18 3.5022x18

As a sample, the waveforms of the three phase rusrie
case of 3LG fault before the SSSC are shown in3Fighe
wavelet coefficients (approximate A2, level 1 defal and
level 2 detail D2) of phase A current are showrim4. In the 50
same way, the waveforms of the three phase cunrectse of
3LG fault after the SSSC and the wavelet coefficief phase

A current are shown in Fig.5 and Fig.6.

Three Phase Currents

80

40
02

Fig. 3 Three phase current waveforms during 3L& fzefore the

\
0.25 03

\
0.35

Time (sec)C

SSSC

04

045
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\
0.25

|
03 035 04
Time (sec)
Fig. 5 Three phase current waveforms during 3L ffter the

045

SSSC
A2
100 T T T T
0, al
. L L 1
198 0.25 0.3 0.35 0.4 0.45
D1
0.1 T
. | | | |
03 0.25 0.3 0.35 0.4 0.45
D2
05 ‘ ‘
0 MMI I ol
Vi |l IR
05 L L L L
0.2 0.25 03 0.35 04 0.45
Time(sec)
Fig. 6 Approx. and details of phase A current dyi3h.G fault after
SSSC

B. System Compensated with UPFC

For different fault types before and after the URR€sum

of absolute entropies of the coefficients of eaatrent is
given in TABLE III.

42
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In the same way, as in case of SSSC compensatien, t

Threg Phase Currents

phases included in a SLG fault after the UPFC were &
determined using the voltage entropies. The sumntropies

of the coefficients of each of the phase voltagesrew 60
calculated and the phase with the minimum sum was
considered as the faulted phase. The sum of eesaygithe 4
coefficients of the phase voltages in case of a &u® after
UPFC are given in TABLE V.

S

Current (kA)

TABLE Il 0
THE SUM OF ABSOLUTE ENTROPIES OF THE COEFFICIENTS 8KCH CURRENT A
BEFORE AND AFTERUPFC %
Fault Before x 10 After x 10°
Type suma sumb| sum sumg suma sumb symc sumg 4
x10° i
AG 2.8z 1.94 1.9z 1.5z 1.8: 2.0¢ 3.5¢ 5.0€ 5 B | | |
BG 159 | 1.79 | 252 | 1.79 | 223 | 1.76 | 2.84 | 4.05 8.2 025 03 035 04 045
CG 198 | 151 | 158 | 1.81 | 293 | 2.11 | 3.13 | 4.59 Time (sec)
AB 9.9¢ 4.2¢ 8.57 3.5¢ 1.8z 1.7t 0 0 . .
BC 156 T 151 | 666 | 34< [ 53¢ | 30z ) ) Fig.7 Three phase current vL\J/ivFeCf:orms during 3LG faefore the
CA 983 | 398 | 156 | 1.48 | 11.4 | 4.92 0 0.07
ABG 1.08 | 431 | 816 | 3.49 | 1.87 | 1.78 0.92 | 3.55 A2
BCG 161 | 156 | 698 | 3.42 | 552 | 3.05 | 1.19 | 491 200, T T T T
CAG | 104 | 40z | 1.6z | 1.5z | 115 | 4.7¢ | 0.9€ | 3.7€ IRNAVAVA W
3LG | 151 | 552 | 87 | 3.7¢ | 104 | 45 | 0.2¢ | 2.2¢
load | 1.69 | 169 | 1.69 | 1.69 | 1.95 | 1.95 0 0.05 -208 0‘25 0‘3 0‘35 0‘4 045
-ing ' ' 01 '
No | 1.66 | 1.67 | 1.66 | 1.66 | 1.92 | 1.92 [ 0 0 2 ‘ ‘ ‘
Fault 0 ﬂ A I
K | | | |
TABLE V b 0.25 03 035 0.4 045
THE SUM OF ENTROPIES OF THE COEFFICIENTS OF THE PHASOLTAGES IN D2
CASE OF ASLGFAULT AFTER UPFC 10 ‘ ‘ ‘ ‘
Fault Typ¢ sum ¢ sum sum ( 0 v WV V“ K
AG 652.423 673.6073 673.517 -10 ‘ . ‘ ‘
BG 662.1051 666.0345 674.0677 b2 05 e (seq) 0% o4 04
CG 661.2325 674.5866 663.4631 Fig. 8 Approx. and details of phase A current dyi3h.G fault before
UPFC

As a sample, the waveforms of the three phase rusrie
case of 3LG fault before the UPFC are shown in7ighe
wavelet coefficients (approximate A2, level 1 defal and
level 2 detail D2) of phase A current are showRim8. In the
same way, the waveforms of the three phase cunreotse of
3LG fault after the UPFC and the wavelet coeffitienf phase
A current are shown in Fig.9 and Fig.10.
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Three Phase Currents
60, T T

! !
02 0.25 03 0.35 04 045

Time (sec)
Fig. 9 Three phase current waveforms during 3L ffter the
UPFC
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A2
100 ‘ ‘ ‘ ‘
OW\/\/\/\NVV\/V\/\/W
1 1 1 1
108 0.25 0.3 0.35 04 0.45
D1
1 T T T T
OW—WW\IVWM\{VVWVVW«NWWWW
R | 1 | 1
b2 0.25 0.3 0.35 04 0.45
D2
5 T T T T
OHWWWWVWWMWM
£ | | | |
8.2 0.25 0.3 0.35 04 0.45
Time(sec)
Fig. 10 Approx. and details of phase A current nigi3LG fault after
UPFC

VI. CONCLUSION

Nominal AC Voltage: 138 kV
Number of Pulses: 48 pulse

UPFC: SSSC and STATCOM each of rated power: L0(AMV

Nominal DC Voltage: 20 kV
Nominal AC Voltage: 138 kV
Number of Pulses: 48 pulse

Series Coupling Transformer(Y/Y):

Rated Voltage: 138/147 kV
Rated Power: 100 MVA
Leakage Impedance: 0.002+j 0.05 pu

Shunt Coupling Transformer(Y/Y):

(1]

Distance protection of transmission lines includingy,

advanced flexible AC transmission system (FACTSYiaks

has been a very challenging task. FACTS devicaéstefest in
this paper are static synchronous series compass@8SC)
and unified power flow controller (UPFC). In thiager, a new
algorithm was proposed to detect and classify thdt fand
identify the fault position in a transmission linéth respect to
a FACTS device placed in the midpoint of the traission

line. Discrete wavelet transformation and waveletrapy

calculations were used to analyze during fault entrrand
voltage signals of the compensated transmissio@. lifhe
proposed algorithm was very simple and accuratdairit

detection and classification. The algorithm suceeedn

detecting the fault, determining its type and positwith

respect to compensating device and identifying phases
included in fault. Test results showed the effemtess of the
proposed algorithm under any type and positioraoftf

APPENDIX
SYSTEM PARAMETERS OFFIGURE 2 (BASE MVA =100)

Area 1: Rated Voltage: 13.8 kV

Short Circuit Capacity: 21000 MVA
Area 2: Rated Voltage: 735 kV

Short Circuit Capacity: 30000 MVA
Transformer 14/Y):

Rated Voltage: 13.8/735 kV

Rated Power: 2100 MVA

Leakage Impedance: 0.002+j 0.08 pu Transfon
(Y/Y): Rated Voltage: 735/230 kV

Rated Power: 300 MVA

Leakage Impedance: 0.002+j 0.15 pu
Transmission Lines:

Resistance, Reactance: 0.001 pu, 0.0195pu
Loads: Load 1: 100 MW

Loads 2 and 3: 1.32 MW, 330MVAR

Load 4: 250MW

Load 5: 300MW
SSSC: Rated Power: 100 MVA

Nominal DC Voltage: 20 kV

[4]

(5]

(6]

(71

(8]

[9]

(10]

[11]

(12]

[13]

[14]
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Rated Voltage: 138/735 kV
Rated Power: 100 MVA
Leakage Impedancde: 0.002+j 0.15 pu
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