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Abstract. This research paper presents the impact
study of apparent reactance injected by series Flexi-
ble AC' Transmission System (FACTS) i.e. Thyris-
tor 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 transmis-
sion line of Eastern Algerian transmission networks
at Group Sonelgaz (Algerian Company of Electrical)
compensated by TCSR connected at the midpoint of
the transmission line. This compensator used to in-
ject voltage and reactive power is controlled by TCSR.
The simulations results investigate the three impacts
of the apparent reactance injected by TCSR (Xrcsr)
on transmission line protected by distance relay pro-
tection. The impacts concern the active and reactive
power, the line impedance (reactance and resistance),
and the short circuit parameters (symmetrical currents,
line currents, symmetrical voltages and line voltages
as well as the measured impedance by relay (resistance
and reactance) in the presence of earth fault These im-
pacts are investigated in order to improve the perfor-
mances of distance relay protection. More the impact of
Xresr by three TCSR for cases studies is presented.
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1. Introduction

Electrical power systems have to be planned, projected,
constructed, commissioned and operated in such a way
to enable a safe, reliable and economical supply of the
load. The knowledge of the equipment loading at the
time of commissioning, the prediction is necessary in
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the future for the design and determination of the rat-
ing of the individual equipment and of the power sys-
tem 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 ca-
bles due to earth construction works as well as inter-
nal faults due to ageing of insulation materials [].
Fault currents therefore have an important influence
on the design and operation of power systems equip-
ment. More than 83 % of the occurred faults on the
220 and 400 kV overhead transmission networks in Al-
gerian Company of Electrical and Gas [2] are single
phase to ground type.

Distance protection relays have been widely applied
as the primary protection in high voltage transmission
lines due to their simple operating principle and capa-
bility to work independently under most circumstances
[B]. The basic operation principle of distance relay is
based on the fact that the line impedance is fairly con-
stant with respect to the line length. However, the
implementation of FACTS controllers in power system
transmission for enhancing the power system controlla-
bility and stability have introduced new power system
issues in the field of power system protection that must
be considered and analyzed [4].

There are two generations for realization of power
electronics based FACTS controllers: the first genera-
tion employs conventional thyristors switched capaci-
tors and reactors, and quadrature tap-changing trans-
formers while the second generation employs gate turn-
off (GTO) thyristors switched converters as a volt-
age source converters (VSCs). The first generation
has resulted in the Static Var Compensator (SVC),
the Thyristor Controlled Series Capacitor (TCSC),
the Thyristor Controlled Phase Shifter (TCPS), and
the Thyristor Controlled Series Reactor (TCSR) [5].
The second generation has produced the Static Syn-
chronous Compensator (STATCOM), the Static Syn-
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chronous Series Compensator (SSSC), the GTO Con-
trolled Series Capacitor (GCSC), the Unified Power
Flow Controller (UPFC), and the Interline Power Flow
Controller (IPFC) [6]. The two groups of FACTS con-
trollers have distinctly different operating and perfor-
mance characteristics. In the presence of series FACTS
devices, the conventional distance relay characteristics
such as MHO and quadrilateral are greatly subjected
to mal-operation in the form of overreaching or under-
reaching the fault point [7]. Therefore, the conven-
tional relay characteristics may not work properly in
the presence of FACTS device.

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 re-
spect to that of the protective devices. The impact of
FACTS devices on distance protection varies depend-
ing 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 performance evaluation
of distance protection scheme in the presence of FACTS
controllers, which affect the apparent impedance calcu-
lations at relay point, has been carried out in [7]. The
apparent impedance calculations are generally carried
out using power frequency components of voltage and
current measured at relay point.

The impact of the first generation on distance pro-
tection has been reported for general research on the
influence of SVC on the transmission lines protec-
tion in [§] while the impact for apparent substance
injected on measured impedance (Zseen) in presence
inter phase faults for different locality, and in refer-
ence [9] acomparing effects of two types for SVC (TCR
and TSC) on MHO distance protection setting zone in
400 kV Algerian transmission line. The general im-
pact of TCSC on the transmission line protection is
the study in [I0] while the impact on communication-
aided distance protection schemes and its mitigation
is reported in [II]. In [12] the Zscen by distance relay
for inter phase faults with TCSC on a double trans-
mission line high voltage is being studied and in [13]
the variation of Zg.., by distance relay for inter phase
faults in the presence of TCSC on adjacent transmis-
sion line by considering MOV Operation is investi-
gated. The effects of voltage transformers connection
point on Zg.., at relaying point for inter phase faults is
also reported in [I4]. Comparing TCSC placements on
double circuit line at mid-point and at ends from mea-
sured impedance point of view is mentioned in [I5],
and impact of TCSC on Zseen by MHO distance relay
on 400 kV Algerian transmission line in the presence of
phase to earth fault with fault resistance is reported in
[16]. For the impact of TCSC on distance protection in
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[177] is studying the new settings zones for distance re-
lay based Artificial Neural Network (ANN) technique
on a single transmission line.

The impact of second generation, specially the
STATCOM is studying the performance evaluation of
distance protection scheme which affect the apparent
impedance calculations at relay point, has been carried
out in [I8], and the impact for apparent substance in-
jected on Zg..p, in presence inter phase faults is also re-
ported [I9]. The general impact of SSSC on the trans-
mission line protection is the study in [20] while the
impact on fault condition on Zseen, in [2I] is study-
ing the locus of apparent impedance of distance pro-
tection while the impact on reactive power condition
and in paper [22] is study the Zse., in presence inter
phase faults. For the impact of GCSC on the Zgeen
by MHO distance protection for phase to earth fault
in the presence with fault resistance is study in [23],
[24]. The performance evaluation of fault component
distance relay for protection of lines compensated by
UPFC in [25], [26], and compensated by IPFC in [27].

In this research paper, study the impact of apparent
reactance injected by three TCSR on Algerian trans-
mission line protected by distance relay protection in
presence single phase (phase A) to earth fault with
fault resistance have been investigated in order to im-
prove the performances of relay. The three impacts
study is:

e Impacts on active and reactive power of transmis-
sion line protected at load busbar, and the param-
eters on protected transmission line.

e Impact on the parameters of short circuit calcu-
lation: symmetrical components of currents and
voltage, line currents and voltages.

e Impacts on parameters of measured impedance by
distance relay (resistance and reactance).

2. Apparent Reactance In-

jected by TCSR on Trans-
mission Line

The compensator TCSR mounted on Fig. 1| consists of
variable inductance (L) connected in a series with the
transmission line controlled by thyristors mounted in
anti-parallel and controlled by a firing angle («) which
varies between 90 ° and 180 °, and a fixed value induc-
tance (Ly) connected in shunt [6], [28].

This compensator can be modeled as a variable re-
actance (Xrcsr) as shows in Fig.

From Fig. 2| the apparent reactance of the TCSR
injected on transmission line is defined by the following
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Fig. 2: Apparent reactance injected by TCSR.

equation [, [I7], [28]:

Xri(a)X 1o

Xresr(@) = Xu(e)// X2 = 57—

The reactance of the first inductance X1 («) con-
trolled by thyristors is defined by equation:

XLl(a) = X11-max (2)

7r
T —2a —sin(2a) |’

where

3)

And the second reactance of inductance (Xp,2) is de-
fined by the formula:

XLlfmaz = Ll s W.

XL2:L2~OJ. (4)

From Eq. and , the final equation Eq. be-

comes:
oL — ™
i <7T —2a — sin(2a)>

w (Lz + Ly (7T—20¢—5111(M>)

The active (P) and reactive (@) powers on transmis-
sion line with TCSR are defined by following equations:
B Va-Vp

Zap + Xrcsr(a)

Xresr(a) = (5)

P(3) (6)

sin(4),

V2 Va- Vs

= — cos(6), (7
ZaB+ Xrcsr  Zap+ Xrcsr ©), ()

Q(0)
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where, Z4p is impedance of transmission line, § is line
angle, V4 and Vp voltages on the extremity of trans-
mission line.

Phase to Earth Fault Calcu-
lation in the Presence of a
TCSR

3.

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

7 pé F 3.Rr
Xrzs0 Zapol 2 Xresgo Zapol 2 Zpco
s F
Vo
|
Fig. 4: Earth fault equivalent circuit with TCSR.
With TCSR inserted in the midline, the new
impedance of transmission line (Zap_1csr) is:
Zap-rtcsr = Rap + j [ Xap + Xrosr(a)].  (8)

The basic equations for this type of earth fault [16],

[29], [30] are:

Iy=1.=0. 9)
Vo=Vi+Vo+Vy=Rp- -1, #0. (10)
The symmetrical components of currents are:
Iy 1 11 1 Ia
L | = 3 1 a a2 Ip (11)
I 1 a2 a Ic
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From Eq. @ and matrix 7 the symmetrical com-
ponents of currents become:

1
h+b+%=§- (12)
The symmetrical components of voltages are:
Vo o Va
il = 3 1 a a? VB (13)
% 1 a® a Ve

From Eq. and matrix (13, the direct components
of voltage become:

Vi=—WVo+ Vo) + Rp - 14, (14)
and
Z Z
Vs +Vresr — It [ AQB + Xrcsra + AQBl} =
(15)
—A+B+C,

where, the coefficients A, B and C are defined as:
_ 11 (ZaBo
A= [ (2

ZAB
3 + Xresro + 5 )Io}, (16)

B= ! {— (ZAZB 2 + Xrosrae + AzB‘Q) '12} ;A7)
C=Rp- 1,4 (18)

The coefficients Zap_7 and Zrcsp—71 are defined
for simplicity as:

Zap-1 = Zap1+ Za2+ ZaBo. (19)
Xresr-1 = Xresri + Xresre + Xresro. (20)
Ve +Vrcsr =
(21)
I ZAB_ ZAB—
?A [7“; L Xresrer + 71“; T} + Rp - 1a.

From Eq. , and 7 the current at phase (A)
currents in presence TCSR on midline is given by:

3- (Vs + Vresr)

Iy =
(M) + Xrosr-1 + (M) +3-Rr

. (22)

From Eq. , the symmetrical components of cur-
rents in presence TCSR on midline are:

L=D=1I =
- Vs + VTCSRZ @23
(%) + Xrcsr-1 + (%) +3-Rp

The direct components of voltages in presence TCSR,
are:
Vi=Vs+Vresr
- <% + Xrosra + ZA2B'1) -1

(VS + VTCSR) : [ZAB +XTCSR +3- RF]
ZaB-T
2

(24)

ZAB-T

+ Xrosr-T + +3- RF
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where, the coefficients Z, 5 and X/TC gg are defined as:
Znp=Zapa+ Zapo+2-Zap.. (25)
Xresn = Xresra + Xrospo — 2+ Xrosra. (26)

The inverse components of voltages in the presence
TCSR are:

A Z
VQ:—< A2B2+XTCSR2+ A2BQ)‘12
= Vo= (27)
B (Vs + Vreosr) - [Zap.2 + Xrcosr.2)
ZAB— ZAB— ’
( Ag T)+XTCSR—T+( AD T>+3'RF

The zero components of voltages in presence TCSR are:

Z ZA

Vo =- ( A2BO + Xrcsro + 2BO> ~Io— Rp - Io
=V = 28
_ (Vs+Vrcsr) - [ZaB.o + Xrcsr.o + Rrl (28)

(LAS_T) + Xrcsr-1 + (LA];_T) +3-Rp

The coefficients Z, 5 and X;.gp are defined as:
Zy = Zapa+ Xrcsra- (29)
Zy=Zapo+ Xrcsro. (30)
S, =3-a*>—1. (31)
Sp=3-a—1. (32)

From Eq. , and , the three phase volt-
ages on transmission line in presence of TCSR are:

Va=
3-Rr - (Vs + Vrcsr) (33)
Zap— Zap— '
(%) + Xrcsr-1 + (%) +3-RF
Vg =
(Vs + Vresr) - [(a2 —a)Zy + (a® =1)Z, + SbRF] (34)
Zap- Zap— '
(%) + Xresr-1 + (%) o
Vo =
(Vs +Vrcsr) - [(a —a®)Zy+(a—1)Z, + SbRF] (35)

ZAB_ ZAB_ :
(%) + Xrosr-T + (%) +3-Rp

4. Impedance Measured by

Distance Relay Protection

The basic principle of distance protection involves the
division of the voltage at the relaying point by the
measured current. The apparent impedance so calcu-
lated 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
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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].

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

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 [16],

[17], [24], and [31]:

Zseen = Kz - Zap = (Kvr/Ker) - ZaB, (36)
where
Kvr = Vprim/Vsee, (37)
and
Keor = Iprim/ Lsec- (38)

The impedance Z4p is real total impedance of pro-
tected transmission line AB, and Ky and Kor are a
ratio of voltage to current transformers respectively.

The presence of TCSR, the X7cggr has a direct in-
fluence on the total impedance of the protected line
(Zap) by distance relay. This effect especially on the
reactance X 2 p and no influence on the resistance R4 g,
it is represented in Fig. [6]

The voltage would fall towards zero at the point

of the fault. In case of earth fault in phase (A), the
impedance measured is calculated by flowing equation

3], [@5], (6], 07, [A8):

7 o VRelay o VA/IA+KO'IO o
seen IRelay KZ (39)
= Rseen +.7 : Xseena

where 7 _ g
K, = 27 40
3.7, (40)

and X

cT
Ky;=—. 41
“7 Kyr (41)

The coefficient K is a ratio of impedance transfor-
mers and K, is coefficient for earth fault.
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Fig. 6: Impact of the TCSR on total impedance.

5. Case Study, Results and In-

terpretations

The power system studied in this paper is the 400 kV
Algerian electrical transmission networks at Algerian
Company of Electrical and Gas (group Sonelgaz) which

is shows in Fig.[7 [32].

The distance relay protection is located in the busbar
at Ramdane Djamel substation to protect transmission
line between busbar A and busbar B respectively at
Ramdane Djamel and Oued El Athmania substation in
Mila. The busbar C is located at Salah Bay substation
in Setif.

The series compensator TCSR is installed in midline.
The parameters of transmission line are summarized in
the appendix.

Fig. 7: Electrical networks study in presence TCSR [32].

Figure |8 shows the (a) Xrcosr, (b) Vresr and (c)
Qrcsr characteristics curves as a function of the firing
angle () respectively of the three TCSR used in the
case study.
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Fig. 8: Characteristic curve of TCSR study.

5.1. Impact on Protected Transmis-

sion Line

The Fig. and show the impact of TCSR in-

sertion on the active and reactive power variation of
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transmission line protected respectively at busbar B
(load) with line angle (0) varied between 0 to 180 °.
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Fig. 9: Impact of TCSR on active and reactive power line.

In the presence of TCSR, the active and reactive
power will be reduced following insertion of an induc-
tive reactance in the middle point of the transmission
line as show in Fig. 0]

The Fig. and show the impact of TCSR

insertion on the parameters of protected transmission
line: reactance (Xap) and resistance (Rap) respec-
tively as a function of the apparent reactance injected
(Xresr) by TCSR study.

From Fig. the apparent reactance injected has
a direct influence on the on the total impedance Z4p.
This effect is being observed especially on the reactance
X ap while there is no influence on the resistance Rpg.
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Fig. 10: Impact of TCSR on reactance a resistance transmission
line.

5.2. Impact on Short-Circuit Calcu-

lation

Figures [11(a)] [1T[b)] and [1T[c)| represent the variation
of the symmetrical component currents I;, I and Iy
respectively and figures [[(a)l [[(b)] and [IHAc)| repre-
sent the variation of line current 14, I and I respec-

tively as a function of the apparent reactance injected
by TCSR.

From Fig. [[T] as can be seen, increasing the apparent
reactance injected by TCSR also increases symmetrical
currents for the three cases studied.

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

Figures [13(a)} and represent the vari-

ation of the symmetrical component voltages V;, V;
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1, (kA)

1, (kA)

Iy (kA)

xTCSR (Q)
(c) Io = f(XTcsr)

Fig. 11: Impact of TCSR on symmetrical currents.

and Vj respectively and Fig. [[4(a)| [[4(b)| and [T4[c)|

represent the variation of line voltages V4, Vg and Vo

respectively as a function of the apparent reactance in-
jected by TCSR.
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Fig. 12: Impact of TCSR on transmission line currents. Fig. 13: Impact of TCSR on symmetrical voltages.

From Fig. increasing the apparent reactance in- From Fig. increasing the apparent reactance in-
jected by TCSR also increases symmetrical voltages for jected by TCSR also increase transmission line voltages
the three cases studied. for the three cases are studied.
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Fig. 14: Impact of TCSR on transmission line voltages.

5.3. Impact on the Measured

Impedance

Figuresandshow the variation of resistance

Rgeen and reactance Xy, measured by distance relay
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respectively as a function of reactance Xrcgg for dif-
ferent cases studied.

0.3084 T T T T T T
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0.242

Xrosn @)
(b) Xseen = f(XTC'SR)

Fig. 15: Impact of the TCSR on the measured impedance.

From Fig. increasing the apparent reactance de-
crease the resistance measured and increases the reac-
tance measured by relay for the three cases study.

In presence TCSR for three cases studied the values
of short-circuit calculation is varied between minimum
and maximum value as reported in flowing Tab. [I}

Table [1| represents the minimum and maximum val-
ues for short circuit parameters. These values are im-
portant for calculating the settings for Overcurrent re-
lay protection in the presence in case of ground fault,
The new setting for transmission line composed by
TCSR is between minimum and maximum value of
fault current, where the courant Ip = 4.

Table [2| represents the minimum and maximum val-
ues for impedance measured by distance relay protec-
tion. These values are important for calculating the
settings zones parameters for distance relay protected
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Tab. 1: Minimum and maximum value 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
Xrosr (Q) 2,500 3,070 5,000 5,920 7,500 8,780
Vresr (kV) 0,000 20,00 0,000 40,00 0,000 60,00
Qrcsr (MVar) 0,000 130,0 0,000 270,0 0,000 410,0
I; (kA) 3,646 3,670 3,615 3,666 3,584 3,660
I (kA) 3,646 3,670 3,615 3,666 3,584 3,660
Ip (kA) 3,646 3,670 3,615 3,666 3,584 3,660
IA (kA) 10,939 | 11,012 | 10,845 | 10,997 | 10,751 | 10,982
B (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
Vo (kV) 586,07 | 592,00 | 589,71 | 592,00 | 583,27 | 610,51
Vo (kV) 1285,7 | 1297,4 | 1288,0 | 1311,2 | 1290,2 | 1324,9
Va (kV) 1047,3 | 1055,7 | 1044,7 | 1061,9 | 1042,2 | 1068,0
Ve (kV) 3155,6 | 3182,6 | 3154,0 | 3207,9 | 3152,2 | 3233,1
Ve (kV) 2176,5 | 2195,4 | 2176,6 | 2214,3 | 2176,7 | 2233,4
Tab. 2: Minimum and maximum value of the measured impedance parameters by relay.
Case No. 1 Case No. 2 Case No. 3
Min Max Min Max Min Max
a (°) 90 180 90 180 90 180
Xrosr (Q) 2,500 3,070 5,000 5,920 7,500 8,780
Vresr (kV) 0,000 20,00 0,000 40,00 0,000 60,00
Qrcsr (MVar) 0,000 130,0 0,000 270,0 0,000 410,0
Rsecen () 0,3083 | 0,3084 | 0,3081 | 0,3082 | 0,3079 | 0,3080
Xseen () 0,2414 | 0,2424 | 0,2456 | 0,2471 | 0,2497 | 0,2519

transmission line compensated by series FACTS de-
vices i.e. TCSR.

Practically the values for measured impedance rep-
resented in Tab. [I] and Tab. [2] are calculated by dis-
tance relay after the courant and voltage measure in
the presence of fault on transmission line.

6. 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 pro-
tective relay protection is being considered.

The results are presented in relation to a typical elec-
trical transmission system employing different TCSR
(130 MVar/20 kV, 270 MVar/40 kV, 410 MVar/60 kV).
The compensator is connected at the midpoint of a pro-
tected transmission line by distance relay. The simu-
lation results show clearly the impact of TCSR on dis-
tance relay performance. The impedance Zs..,, is influ-
enced by the injected reactance Xrcgc of the TCSR.
Since deviation of the measured impedance is not con-
stant, because of the varying parameters of the injected
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reactance by TCSR, adaptive methods should be uti-
lized.

In order to increase the total system protection
performance and avoid unwanted tripping of circuit
breaker in the presence of series FACTS devices com-
pensator on electrical transmission line care must be
taken. For specified systems, settings for different pro-
tection 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

Power source:

Us =11 kV,

fn =50 Hz,

Str = 200 MVA.

Power transformer:
Urg = 11/400 kV,
Coupling: Y/A,
Srr = 200 MVA,
Xrpi = 40,235 Q,
Xrro = j0,751 Q.

Transmission line:
Ur =400 kV, AV =35 kV, Length = 360 km,
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7y = 0,1213 + j0,4227 Q/km,
Zo = 0,3639 + j1,2681 Q/km.

TCSR study:

Case 1. Viae = 20 KV, Qe = 130 MVar, L; =
0,0424 H, L, = 0,0080 H.

Case 2. Virae = 40 kV, Qrrae = 270 MVar, Ly =
0,1019 H, L, = 0,0159 H.

Case 3. Vjuam = 60 kV, lefam = 410 MV&I‘, Ll =

0,1637 H, L, = 0,0239 H.

Fault conditions:
ng = 100 %,
Rr =0 to 100 €.
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