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Effect of TCSR on Measured Impedance by
Distance Protection in Presence Single Phase to
Earth Fault
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Abstract—This paper presents the impact study of apparent
reactance injected by series Flexible AC Transmission System
(FACTS) i.e. Thyristor Controlled Series Reactor (TCSR) on the
measured impedance of a 400 kV single electrical transmission line
in the presence of phase to earth fault with fault resistance. The study
deals with an electrical transmission line of Eastern Algerian
transmission networks at Group Sonelgaz (Algerian Company of
Electrical and Gas) compensated by TCSR connected at midpoint of
the line. This compensator used to inject active and reactive powers
is controlled by three TCSR’s. The simulations results investigate the
impacts of the TCSR on the parameters of short circuit calculation
and parameters of measured impedance by distance relay in the
presence of earth fault for three cases study.

Keywords—TCSR, Transmission line, Apparent reactance, Earth
fault, Symmetrical components, Distance protection, Measured
impedance.

[. INTRODUCTION

LECTRICAL power systems have to be planned,

projected, constructed, commissioned and operated in
such a way to enable a safe, reliable and economic supply of
the load. The knowledge of the equipment loading at the time
of commissioning, the prediction is necessary in the future for
the design and determination of the rating of the individual
equipment and of the power system as a whole. Faults, i.e.,
short-circuits in the power system cannot be avoided despite
careful planning and design, good maintenance and thorough
operation of the system. This implies influences from outside
the system, such as faults following lightning strokes into
phase-conductors of overhead lines and damages of cables due
to earth construction works as well as internal faults due to
ageing of insulation materials [1]. Fault currents therefore have
an important influence on the design and operation of power
systems equipment. More than 83% of the occurred faults on
the 220 and 400 kV overhead transmission networks in
Algerian Company of Electrical and Gas [2], are single phase
to ground type. Distance protection relays have been widely
applied as the primary protection in HV transmission lines due
to their simple operating principle and capability to work
independently under most circumstances [3-4].
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The basic operation principle of distance relay is based on
the fact that the line impedance is fairly constant with respect
to the line length. However, the implementation of FACTS
controllers in power system transmission for enhancing the
power system controllability and stability have introduced new
power system issues in the field of power system protection
that must be considered and analyzed [5-7].

In recent years, power demand has increased substantially
while the expansion of power generation and transmission has
been severely limited due to limited resources and
environmental restrictions. As a consequence, some
transmission lines are heavily loaded and the system stability
becomes a power transfer-limiting factor. Flexible AC
transmission systems (FACTS) controllers have been mainly
used for solving various power system steady state control
problems [8]. The presence of the FACTS devices in the
faulted loop introduces changes to the line parameters seen by
the distance relay. The impact of FACTS device would affect
both the steady state and transient trajectory of the apparent
impedance seen by distance relays due to the fast response
time of FACTS controllers with respect to that of the
protective devices. The impact of FACTS devices on distance
protection varies depending on the type of FACTS device
used, the application for which it is applied and the location of
the FACTS device in the power system.

The impact of Thyristor Controlled Series Capacitor
(TCSC) on distance protection has been reported for general
research on the influence of TCSC on the transmission lines
protection in [9] while the impact on communication-aided
distance protection schemes and its mitigation is reported in
[10]. In reference [11] the impedance measured (Z.,) by
distance relay for inter phase faults with TCSC on a double
transmission line high voltage is being studied and in reference
[12] the variation of Z,, by distance relay for inter phase
faults in presence of TCSC on adjacent transmission line by
considering MOV Operation is investigated. The effects of
voltage transformers connection point on Z,, at relaying point
for inter phase faults is also reported in reference [13].
Comparing TCSC placements on double circuit line at mid-
point and at ends from measured impedance point of view is
mentioned in [14], and impact of TCSC on Z..,, by MHO
distance relay on 400 kV Algerian transmission line in
presence of phase to earth fault with fault resistance is reported
in reference [15].

The impact of GTO Controlled Series Capacitor (GCSC) on
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Zseen by MHO distance protection single phase to earth fault
with fault resistance varied in presence GCSC on 220 kV line
in [16] and on 400 kV line in [17].

For the impact of Static Synchronous Series Compensator
(SSSC) on Z,,,, by distance relay on 400 kV transmission line
without fault is investigated in [18, 19] while in the presence
of single phase to ground fault on 220 kV transmission line is
reported in [20] and for inter phase faults on 400 kV
transmission line is reported in [21]. The impact of Static
Synchronous Compensator (STATCOM) on the performance
of distance relay on electrical transmission system is studied in
[22, 23].

In this research paper, the impact of apparent reactance
injected by TCSR on short-circuit parameters of single phase
to earth fault with resistance fault (Rp) is presented. The
impact on the resistance and the reactance measured by relay
in case of earth fault at the end of transmission line in the
presence of TCSR installed on 400 kV midline single
transmission line protected by distance relay is being studied.

II. APPARENT REACTANCE INJECTED BY TCSR ON
TRANSMISSION LINE

The compensator TCSR mounted on Fig. 1 consists of
variable inductance (L;) connected in series with the
transmission line controlled by thyristors mounted in anti-
parallel and controlled by an firing angle («) which varies
between 90° and 180°, and a fixed value inductance (L))
connected in shunt [8, 24].
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Fig. 1 Principal operation of TCSR

This compensator can be modeled as a variable reactance
(X7csr) as shows in Fig. 2.
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Fig. 2 Apparent reactance injected by TCSR

From Fig. 2, the apparent reactance of the TCSR injected on
transmission line is defined by the following equation [8], [24,
25]:

X, (a).X
L L2

The reactance of the first inductance X;; (a) controlled by

thyristors is defined by equation:

T
Xl =K | in2e0) 2
Il (a) Ll-max |:7z._2a _sin(za)} ¥

where,
X =L@ 3

And the second reactance of inductance (X;,) is defined by
formula:

X,=L.o 4

From equations (2) and (4), the final equation (1) becomes:

) Vs
Lhaw ( 7T —2a—sin(2a) j

XTCSR (Cl) =
T
a{Lz +L [ﬁ_za_m(za)jj

The active and reactive powers on transmission line with
TCSR are defined by following equations:

®)

P(J) =Lsin(5) (6)
Z 1+ Xresp (@)
2
0 ()= Vs - Vil cos(8) ()
Zip+Xpew  Zap+ Xpes (a)

where, Z,5 is impedance of transmission line, J is line angle,
V, and V3 voltage on extremity of transmission line

III. SINGLE PHASE TO EARTH FAULT CALCULATION IN
PRESENCE OF TCSR

Fig. 3 shows transmission line in case of a single phase
(phase A4) to ground fault at busbar B with fault resistance (Rr)
in the presence of a series compensator TCSR inserted on
midline, while Fig. 4 shows the equivalent circuit.

Source
Load

Earth 7777
Fig. 3 Transmission line with TCSR
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Fig. 4 Earth fault equivalent circuit with TCSR

With TCSR inserted in midline, the new impedance of
transmission line (Zp.7¢csr) 1s:

Z 5o = Rap + J[ X gy + Xyesn (@] ®)

The basic equations for this type of fault [15],[26, 27] are:
I,=1=0 ®
V.=V+V,+V,=R,1,#0 (10)

The symmetrical components of currents are:

1, . 1 1 1|/,

I |==|1 a a&| I, (1n
3

I, 1 & alll.

From equation (9) and matrix (11), the symmetrical
components of currents become:

11+12+10:%A (12)
The symmetrical components of voltages are:
v, . 1 1 1]V,
4 =3 1 a da|V, (13)
v, 1 & allV.

From equation (10) and matrix (13), the direct components
of voltage become:

Vi==(V+V)+Red (14)

and,

YA V4
Vot Viesn =1, [%+XTCSR_I +%} =A+B+C (15

where, the coefficients 4, Band C are defined as:

1 Z Z
A:__{_( L+ Xresro + EB‘OJ-IO} (16)

3 2
1 Z Z
B= _5[_( /123.2 + Xpegen + ,423.2 )Iz} (17)
C=R.I, (18)

The coefficients Z 5 r and Zycsp.r are defined for simplicity
as:

ZAB—T = ZAB‘I + ZAB.z + ZAB.O (19)

KXreser = Xresea T Xresea + Xresro (20)
1,|Z VA

Vit Vies :?A[%‘F rese-r T A;’;T:‘+RF‘]A

@n

From equations (19), (20) and (21), the current at phase (4)
currents in presence TCSR on midline is given by:

3.(Vs +Vrese)

(ZAST j + Xpespr + (ZAST ) +3.R,

(22)

1,=

From equation (12), the symmetrical components of currents
in presence TCSR on midline are:

V:S' + VTCSR

(ZAS‘T j + Xyespr + ( ZAS‘T j +3.R,

The direct components of voltages in presence TCSR are:

IL=1=1I= (23)

Z V4
Vi=Vs+View _(%_’—XTCSR.I +%j-11

24
stV [ Zin X +38, ] @Y
=h=7 Z
BT+ Xpespr T—2L+3.R,.
2 2
where, the coefficients Z,3'and Xgcgc'are defined as:
Z'=Z g+ 2,50 —2L 4, (25)
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'
XT CSR — XT CSR.2

+X

TCSR.0

-2.X

TCSR.1 (26)

The inverse components of voltages in presence TCSR are:

ZABZ
_' .I
2 j :

VA
V,= ( Asz + Xrespa +

Y = (Vs + VTCSR)‘[ZAB.Z + XTCSR.Z] @7
=
Z Z
(”’é”}LXTCSR_T +( "5 T)+3 R,
The zero components of voltages in presence TCSR are:
Z Z
V():_(%_i_XTCSRO AzBOJI —R;.1,
= Vs +VTCSR)[ ABO+XTCSR0+RF] 28)
o=
Z Z
( A; T]"'XTCSR T ( A; Tj+3R
The coefficients Z,53"and X5z are defined as:
2, =Z 13+ Xrcsra (29)
Zy'=Z 30+ Xrcsro (30)
S, =3a -1 (31)
S, =3.a-1 (32)

From equations (24), (27) and (28), the three phase voltages
on transmission line in presence of TCSR are:

3Ry (Vs +Viess)

V= s (33)
( A;T)+XTCSRT+( AST)+3.RF
. (Vs +Vrese) (@ —a) 2, (2 -1) Z,'+ S,R,) | .
B
( ABT}LXTCSRT ( j+3R
(Vs +Vrew) | (a-°) 2+ (a=1)Z,"+ S, R) ] .

¢~ Z Z
(Zr ot o 27 138,

IV. IMPEDANCE MEASURED BY DISTANCE RELAY

The basic principle of distance protection involves the
division of the voltage at the relaying point by the measured
current. The apparent impedance so calculated is compared
with the reach point impedance. If the measured impedance is
less than the reach point impedance, it is assumed that a fault
exists on the line between the relay and the reach point.

The reach point of a relay is the point along the line
impedance locus that is intersected by the boundary
characteristic of the relay. Distance relay has been widely used
in the protection of transmission lines. The basic principle of
operation of distance protection is shown in Fig. 5 [3, 4]. The
input to the distance relay point is the phase voltages and
line currents transformed with the help of voltage transformer
(VT) and current transformers (CT).

Busbar Busbar

Pmeam’

First zone (80 %)

Second zone (120 %)
Third Zone (140%)

Fig. 5 Principal and setting zones for distance protection

The total impedance of electrical transmission line AB
measured by distance relay without fault is [15-17], [28]:

Zseen = KZ 'ZAB = (KV%{ j'ZAB (36)
cTr
where, K, = V”r%cc (37)
I prim
and. Ker =171 9

The impedance Z,p is real total impedance of protected
transmission line AB, and Kjr and K7 is ratio of voltage to
current transformers respectively. The presence of TCSR, the
apparent reactance injected (Xrcsz) has a direct influence on
the total impedance of the protected line (Z,3). This effect
especially on the reactance X,z and no influence on the
resistance R 43, it is represented in Fig. 6.

Without TCSR

With TCSR

A4 Rz

Fig. 6 Impact of the TCSR on total impedance
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The voltage would fall towards zero at the point of the fault. ——TcsR1
In case of earth fault in phase (4), the impedance measured is 8 Tosts

calculated by flowing equation [4], [15], [27]:

Yrosr ()

v, A R =
V ela I,+K .I L
_ y A Ly . §f e e -
Zseen - I - K — _Rseen +j'Xseen (39) :
Relay z 4 1
Where’ : : : T H‘-/ H
K ZU _Zl (40) 290 1&0 1:U 12‘“ 1%“ 14‘1U 1;0 H‘SU 1ITU 180
= af)
3.Z,
(@)
K 60 T T
— TCSR1
K — CT (41) ——TCSR2
4 K 50 TCSR 3 _—
vr f ! 7
40
The coefficient K is ratio of impedance transformers. s
&30
V. CASE STUDY, RESULTS AND INTERPRETATIONS 4 "
The power system studied in this paper is the 400 kV P
Algerian electrical transmission networks at Algerian " g
Company of Electrical and Gas (group Sonelgaz) which is N i
. . R . . . %0 100 110 120 130 140 150 160 170 180
shows in Fig. 7 [29]. The distance relay protection is located in or)
the busbar at Ramdane Djamel substation to protect (b)
transmission line between busbar 4 and busbar B respectively 150
at Ramdane Djamel and Oued El Athmania substation in Mila. ol — Toan?
The busbar C is located at Salah Bay substation in Sétif. The TosR g

350 -

series compensator TCSR is installed in midline.

The parameters of TCSC, transmission line and fault "

condition are summarized in the appendix. > /
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Fig. 8 Characteristic curve of TCSR study
a) Xrcsr (@), b) Viesg (@), ©) Oresg (o)
v\ — A. Impact on Protected Transmission Line
\\\ The Fig. 9 (a) and (b) show the impact of TCSR insertion on
.| the active and reactive power variation of transmission line

protected respectively at busbar B (load) with line angle (J)
smmwmsemerme] - varied between 0° to 180°.

Fig. 7 Electrical networks study in presence TCSR

Fig. 8 show the X7csr, Vresg and Qresg characteristics curves
as function of the firing angle (a) respectively of the three
TCSR used in case study.
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Fig. 9 Impact of TCSR on active and reactive power line
a) P (9) ,b) 0. (9)

In the presence of TCSR, the active and reactive power will
be reduced following insertion of an inductive reactance in the
middle point of the transmission line as show in Fig. 9.

The Fig. 10 (a) and (b) show the impact of TCSR insertion
on the parameters of protected transmission line: reactance
(X4p) and resistance (R,p) respectively as a function of the
apparent reactance injected (X7csg) by TCSR study.
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Fig. 10 Impact of TCSR on reactance a resistance line
a) Ry (Xrcsr), b) R (Xresr)

From Fig. 10, the apparent reactance injected has a direct
influence on the total impedance Z,z. This effect is being
observed especially on the reactance X,z while there is no
influence on the resistance R 5.

B. Impact On Short-Circuit Calculation

Fig. 11 (a), (b) and (c) represent the variation of the
symmetrical component currents /;, I, and /, respectively and
Fig. 12 (a), (b) and (c) represent the variation of line current
Iy, Iz and I respectively as a function of the apparent
reactance injected by TCSR.
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Fig. 11 Impact of TCSR on symmetrical currents
a) I;=f Xresr), b) 1= f (Xresr), ©) Lo=f (Xrcsr)

From Fig. 11 as can be seen, increasing the apparent
reactance injected by TCSR also increases symmetrical
currents for the three cases studied.
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Fig. 12 Impact of TCSR on transmission line currents
a) I = f (Xrcsr), b) Ip=f (Xresr), ©) Ie= f (Xresr)

From Fig. 12 as can be seen as well, increasing apparent
reactance injected by TCSR also increases line current in
phase A4, while line current in phases B and C remain zero
value whatever the variation of the apparent reactance for the
three cases studied.

Fig. 13 (a), (b) and (c) represent the variation of the
symmetrical component voltages V;, V, and V), respectively
and Fig. 14 (a), (b) and (c) represent the variation of line
voltages V,, Vp and V. respectively as a function of the
apparent reactance injected by TCSR.
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From Fig. 13, increasing the apparent reactance injected by
TCSR also increases symmetrical voltages for the three cases

studied.
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Fig. 13 Impact of TCSR on symmetrical voltages
a) V= f (Xresw)s ©) V2= f (Xresr), ©) Vo=f (Xresr)
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Fig. 14 Impact of TCSR on transmission line voltages
a) Vy=f Xrcsp), ©) Vp=f Xrcsr), ©) Ve=f (Xresr)

cases are studied.

From Fig. 14, increasing the apparent reactance injected by
TCSR also increases transmission line voltages for the three

C. Impact on the Measured Impedance

Fig. 15 (a) and (b) show the variation of resistance Ry,,, and
reactance X, measured by distance relay respectively as a
function of reactance Xycsp for different cases studied.
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Fig. 15 Impact of the TCSR on the measured impedance
a) R.veen :f(XTCSR); b) Xveen :f(RTCSR)

From Fig. 15, increasing the apparent reactance decrease the
resistance measured and increases the reactance measured by
distance relay for the three cases study.
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In presence TCSR for three cases studied the values of
short-circuit calculation is varied between minimum and
maximum value as reported in following table.

TABLE I
MINIMUM AND MAXIMUM V ALUE FOR SHORT CIRCUIT PARAMETERS
Case No. 1 Case No. 2 Case No. 3

Min Max Min Max Min Max

a () 90 180 90 180 90 180

Xresg (Q) 2,500 3,070 | 5000 5920 | 7,500 8,780

Vicesk (kV) 0,000 20,00 | 0,000 40,00 | 0,000 60,00

Oresg (MVar)| 0,000 130,0 | 0,000 270,0 0,000 410,0

1 (kA) 3,646 3,670 3,615 3,666 3,584 3,660

L (kA) 3,646 3,670 | 3,615 3,666 3,584 3,660

Iy (kA) 3,646 3,670 | 3,615 3,666 3,584 3,660
1, (kA) 10,939 11,012 10,845 10,997 | 10,751 10,982

15 (kA) 0,000 0,000 | 0,000 0,000 | 0,000 0,000

Ic (kA) 0,000 0,000 | 0,000 0,000 0,000 0,000
Vi (kV) 1807,6 1822,3 | 1803,3 1833,0 | 1700,1 1843,7
7, (kV) 586,07 592,00 | 589,71 592,00 | 583,27 610,51
V, (kV) 1285,7 12974 | 1288,0 1311,2 | 1290,2 13249
v, (kV) 10473 1055,7 | 1044,7 1061,9 | 10422 10680
Vs (kV) 3155,6 3182,6 | 3154,0 3207,9 | 3152,2 3233,1
Ve (kV) 2176,5 21954 | 2176,6 2214,3 | 2176,7 22334

Table I represents the minimum and maximum values for
short circuit parameters. These values are important for
calculating the settings for overcurrent relay protection in
presence in case of ground fault, The new setting for
transmission line composed by TCSR is between minimum
and maximum value of fault current (/z), Where I = 1.

TABLE I
MINIMUM AND MAXIMUM V ALUE OF THE MEASURED IMPEDANCE
PARAMETERS BY DISTANCE RELAY

Case No. 1 Case No. 2 Case No. 3
Min Max Min Max Min Max
a (°) 90 180 90 180 90 180
Xrese (Q) 2,500 3,070 5,000 5,920 7,500 8,780
Viese (kKV) 0,000 20,00 0,000 40,00 0,000 60,00

Orcsk (MVar) | 0,000 130,0 | 0,000 270,0 | 0,000 410,0

Ryeen () 0,3083  0,3084 | 0,3081 0,3082 | 0,3079 0,3080

KNieen () 0,2414  0,2424 | 0,2456  0,2471 | 0,2497  0,2519

Table II represents the minimum and maximum values for
impedance measured by distance relay protection. These
values are important for calculating the settings zones
parameters for distance relay protected transmission line
compensated by series FACTS devices i.e. TCSR.

VI. CONCLUSION

A procedure of short circuit parameters calculation and
measured impedance by distance relay of system with TCSR
on transmission line 400 kV during single phase to ground
fault with fault resistance is outlined. In this research paper,
the effect of apparent reactance injected by TCSR on the
impedance measured by protective relay protection is being
considered.

The results are presented in relation to a typical single
electrical transmission system employing different TCSR

(130 MVar/20 kV, 270 MVar/40 kV and 410 MVar/60 kV).
The compensator is connected at the midpoint of a protected
transmission line by distance relay. The simulation results
show clearly the impact of TCSR on distance relay
performance. The impedance Z.., is influenced by the
injected reactance Xrcsz of the TCSR. Since deviation of the
measured impedance is not constant, because of the varying
parameters of the injected reactance by TCSR, adaptive
methods should be utilized.

In order to increase the total system protection performance
and avoid unwanted tripping of circuit breaker in the presence
of series FACTS devices compensator on electrical
transmission line care must be taken. For specified systems,
settings for different protection zones can be achieved based
on the proposed setting principles. Moreover following state of
TCSR changing the setting relay of overcurrent protection is
necessary.

APPENDIX

A. Power Source
U,=11kV, f,=50Hz.

B. Power Transformer
Urr=11/400 kV, Coupling: Y/A, S7z =200 MVA,
Xrri=J 0,235 Q, Xrrg =7 0,751 €,

C. Transmission Line
Up=400kV,AV=35kV, Length = 360 km,
Z;=0,1213 +; 0, 4227 Q/km,
Z,=0,3639 +; 1,2681 Q/km.

D. TCSR Study
Case 1. Vi =20 kV, Oy = 130 MVar, L; =0, 0424 H,
L,=0,0080 H.
Case 2. Vyer =40 kV, Oper =270 MVar, L; =0, 1019 H,
L,=0,0159 H.
Case 3. Vi = 60 kV, Oy =410 MVar, L; =0, 1637 H,
L,=0,0239 H.

E. Fault Conditions
np=100%, Rr=0to 100 Q.
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