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Abstract: This paper presents the impact of GTO Controlled Series Capacitor
(GCSC) parameters on the Inverse Definite Minimum Time (IDMT) Directional
Overcurrent Relay (DOCR) based on the International Electrotechnical Commis-
sion (IEC) standards. The DOCR is used to protect a single 400 kV transmission
line of the Algerian transmission network which belongs to the Algerian
Company of Electrical and Gas (Group Sonelgaz). The effects of GCSC on
transmission line protected parameters as well as fault current and DOCR
operation time in the presence of phase to earth fault with fault resistance are
investigated considering three scenarios.
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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
economic supply of the load. The knowledge of the equipment loading at the
time of commissioning and the prediction for the design and determination of
the rating of the individual equipment and of the power system as a whole is
necessary in the future. 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].
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In order to reduce hazardous effects of over current caused by faults, faster
operation of over-current protections is desirable which means maximum
sensitivity of the DOCR relays to the current and a minimum operation time [2].

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 [3] are single phase to ground type. Distance protection
and overcurrent protection relays have been widely applied as a primary
protection in high voltage transmission lines due to their simple operating
principle and capability to work independently under most circumstances [4].

The basic operation principle of DOCR relay is based on the fact that the
fault current measured by relay is fairly constant with respect to the line length
[5]. 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. Some of the concerns include the rapid
changes in line impedance and the transients introduced by the fault occurrence
with the associated control action of the FACTS Controllers. The presence of
the FACTS devices in the faulted loop introduces changes to the line parameters
seen by the distance relay and fault current seen by DOCR relay. The impact of
FACTS devices on distance protection and DOCR 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. DOCR are good technical and
economic alternative for the protection of interconnected sub-transmission
systems and secondary protection of transmission systems [6]. These relays are
provided in electrical power systems to isolate only the faulted lines in the
power system. Relay is a logical element that generates a trip signal to the
circuit breaker if a fault occurs within the relay jurisdiction. The DOCR’s are
usually placed at both ends of each line and their coordination is an important
aspect in the protection system design. Relay coordination problem is to
determine the sequence of relay operations for each possible fault location so
that faulted section is isolated, with sufficient coordination margins, and without
excessive time delays. This sequence selection is a function of power network
topology relay characteristics and protection philosophy [7].

The protective devices must be set up according to the new conditions of
the changed power system or the conventional protective devices must be
upgraded to a higher short-circuit current rating [8]. In [9] the influence of the
superconducting fault current limiter (SFCL) introduced into the feeder’s
entrance of the distributed power system on the operational characteristics of
the overcurrent relay was analyzed through the short-circuit experiments, while
in [10] a study to determine the optimal resistance of a SFCL connected to a
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wind turbine generation system (WTGS) in series considering its protective
coordination is reported. The effect for Distributed Generation (DG) on IDMT
overcurrent relay and optimal relay setting based on linear programming
approach is reported in [11] and differential evolution algorithm in [12]. In [13],
the impact of distributed renewable generation on DOCR coordination based on
two approaches (adaptive and non-adaptive protection systems) is proposed to
solve the coordination problem while the effect of series capacitor (SC) in
optimal coordination of DOCR is given in [14].

In this paper, we study the impact of GCSC parameters such as the
apparent reactance and the injected voltage on the parameters of protected
transmission line, the fault current and operation time of IDMT directional
overcurrent relay in the presence of phase to earth fault with fault resistance at
the end of 400 kV transmission line.

2 Transmission Linein the Presence of GCSC

The compensator GCSC presented in the Fig. 1a is the first that appears in
the family of series compensators. It consists of a capacitance (C) connected in
series with the electrical transmission line and controlled by a valve-type GTO
thyristors mounted in anti-parallel and controlled by a firing angle (y) varied
between 0° and 180° [15, 16].
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Fig. 1 —Transmission linein the presence of GCSC device:
a) Control principle, b) Apparent reactance.
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If the GTOs are kept turned-on all the time, the capacitor C is bypassed and
it does not realize any compensation effect. On the other hand, if the positive-
GTO (GTOy) and the negative-GTO (GTO,) turn off once per cycle, at a given
angle y counted from the zero-crossings of the line current, the main capacitor C
charges and discharges with alternate polarity. Hence, a voltage V¢ appears in
series with the transmission line, which has a controllable fundamental
component that is orthogonal (lagging) to the line current.

Fig. 2 shows that the control signal for GTO, can be made as the
complement of GTO;. In this case, although the gate pulse duration is 180°, the
positive-GTO start to conduct the line current only when the capacitor voltage
(Vc) returns to zero and tries to cross the zero voltage level with positive slope.
The same occurs with the negative-GTO, but when the voltage is crossing zero
with negative slope. It should be pointed out that the waveforms of i and V,
which is often called SVC if in parallel with capacitor banks. It is possible to
see in Fig. 2 that the GCSC capacitor stays permanently inserted if y equal 90°.
This corresponds to the maximum series compensation, given by the capacitor’s
reactance at the fundamental frequency. Contrarily, the capacitor stays
permanently bypassed if y equal 180°.

Yez /\Ii’
Va1 \JAT I\"/

r— G4 - Io1

1

L/ Igo I

N
L/ D

Fig. 2—Voltage, current and control signals.

This compensator is installed in midline of the transmission line AB
between busbars A (source) and B (load) and modeled as a variable capacitive
reactance (Xgcsc). From Fig. 1b, this capacitive reactance is defined by the
following equation [17]:

Xeese (1) = X max {1 _E"/ —lsin(2n)} 5 (H
T T

where
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1

Cocsc®

X max = (2)
The conduction angle () which varies between 0 to 90°, is defined by the

next relation:

T
B=Tr—2v=2[5—v]- 3)
From (3), the equation (2) becomes:
Xoese (B) = X max {1_[71_5)_1“11(“(“_[3))] “4)
T T

The relation of injected voltage is calculated by the flowing equation:

Vaese (B) =Vacse-max |:1_(R_Bj_lsm(n(n_l3))} (%)
T T

where, Vecsc_max 1S maximum voltage injected by GCSC.

3 Phaseto Earth Fault Current Calculation
in the Presence of GCSC

Fig. 3 shows the equivalent circuit of the transmission line in the presence of
phase to ground fault. This last, is occurred in phase A at busbar B (ng = 100%),
with a fault resistance (Rr). The GCSC is inserted on the midline AB.
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Fig. 3— The equivalent circuit with GCSC.
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The total transmission line (Zag.ccsc) impedance with GCSC inserted on the
midline is given by:
Zpg cecsc = Ras + J[ Xas — Xeese (B)] . (6)

Regarding the references [18] and [19], the basic equations for this fault are
as follows:

lg=1.=0, (7
V,=V,+V,+V,=R.1, #0. ®)
The coefficients Zag 1 and Zgcsc1 are defined for simplicity as follows:
Zyg = ZAB.I + g, + ZAB.O > )
XGC&:—T = XGCSC.I + XGCSC.Z + XGCSC.O . (10)
From Fig. 3, the symmetrical currents components are:
Vs +Vecese ZI_A ﬁ"'xecscq +ZAB_T + R4, (1)
3 2 2
V. +V,
|1=|2=|0= 7 s¥ GCSCZ > (12)
(ABT) + XGC&—T + (ABT) + 3 RF
2 2
where
|
I1+I2+I0=?A. (13)
From (12) and (13), the current in phase A is:
- 3(Vs + Ve ) ”
AT Z Z s ( )
ZAB-T + XGC&—T + mj+3RF
2 2
l=1,. (15)

In this fault, the fault current equals the current at phase (A):

From (14) and (15), the fault current measured by IDMT directional
overcurrent relay is only related to:

— Parameters of transmission line: Uy, |, Rag, and Xag,
— Parameters of GCSC: Vgcse and Xeese,
— Fault conditions: location ng and resistance Rr.
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4 |IDMT Directional Overcurrent Relay

The basic task of the overcurrent relays is to sense faults on the lines and to
rapidly isolate these faults by opening all the current paths. This sensing and
switching must occur as fast as possible to minimize damage. However, it
should be very selective so no more of the network is removed from service
than is necessary. In order to increase reliability, this need has led to the practice
of providing both “primary” protections with “backup” protection which should
function only if one of the primary devices fails. Overcurrent relays are
classified on the basis of their operation time, in the following three categories:

Instantaneous Overcurrent Relay (IOR): These relays instantaneously send
a trip command to the breaker as soon as the fault is detected (input current
greater than the present value). They do not have any intentional time delay.
They are usually implemented close to the source where the fault current level
is very high and a small delay in operation of relay can cause heavy damage to
the equipment. So an instantaneous relay is used there to detect and respond to a
fault in few cycles.

Definite Time Overcurrent Relay (DTOC): This type of overcurrent relay is
used for backup protection (e.g. back up protection for transmission line where
primary protection is distance relay). If the distance relay does not detect a line
fault and does not trip the breaker, then after a specific time delay, the
overcurrent relay will send a trip command to the breaker.

Inverse Definite Minimum Time (IDMT) Overcurrent Relay: This relay has
an inverse time characteristic. This means that the relay operating time is
inversely proportional to the fault current. If the fault current is higher, the
operating time will be lesser [20]. It can be graded for a very large range of
operating times and fault currents [21]. The characteristics of an IDMT
overcurrent relay depend on the type of standard selected for the relay
operation. These standards can be ANSI, IEEE, IEC or user defined. The relay
calculates the operation time by using the characteristic curves and their
corresponding parameters [22]. Any of the above mentioned standards can be
used to implement a characteristic curve for an overcurrent relay. The
overcurrent relay will then calculate the operation time corresponding to that
particular characteristic curve. The primary protection system is designed for
speed and the minimum network disturbance while backup system operates
more slowly (thereby giving the primary system a chance to operate). In order
to have proper coordination of the primary and backup protective relays all the
possible faults have to be accounted for. Each line has a variety of relays on
each end. Typically there are both directional overcurrent relays for protection
against phase faults on the line. The tripping time of the relay follows a time
over current delayed curve, in which the time delay depends upon current.
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4.1. Relay Characteristics

The overcurrent relays employed in this paper are considered as numerical
and directional with standard IDMT characteristics that comply with the IEC
60255-3 standard, and have their tripping direction away from the bus [23].

k| (16)
T | 4

P

T, =TDSx

where, TDSis the time dial setting and |, is pickup current setting of the IDMT
relay respectively, and |, is the fault current measured by the i™ relay. However,
it can be shown that the proposed method can be easily applied to a system with
combination of DOCRs with different characteristics as presented in Fig. 4.

Normal Inverse
Very Inverse
Extremely Inverse
Long Time Inverse

T (sec)

10 10' 107 10°

I(A)

Fig. 4 — Time-current of IDMT overccurent relaying characteristics.

In Fig. 4, the current | equal I/, the fault current measured relay is
defined by:

|
I, = F (17
Ker
and
|
KCT :_m’ (18)

where I is the fault current in the protected transmission line, and K¢ is ration
of current transformers. Table 1 below shows the constants values correspond-
ing to each curve characteristic made standard IEC 60255-3 [23]:
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Tablel
Different type of inverse characteristics curves.
Relay Characteristic Type K a
Normal Inverse 0,14 0,02
Very Inverse 13,5 1,00
Extremely Inverse 80 2,00
Long Time Inverse 120 1,00

4.2 Relay settings

The calculation of the two settings, TDS and |, is the essence of the
directional overcurrent relay coordination study. It is very important to mention
that in general, the directional overcurrent relays allow for continuous time dial
settings but discrete (rather than continuous) pickup current settings. Therefore
this constraint can be formulated as [24]:

TDS™ <TDS <TDS™ . (19)
Practically, the value of TDS varied between 0.05 to 1.20 [25, 26].
max (17,177 ) < 1y <min (177, 15%). (20)

The minimum pickup current setting of the relay is the maximum value

between the minimum available current setting (™) and the maximum load

current (I™). In similar, the maximum pickup current setting is chosen as the

max

minimum value between (1) of the relay and the minimum measured fault

current (I £

4.3 Coordination timeinterval

In any power system, a primary protection has its own backup one for
guaranteeing a dependable power system. The two protective systems (primary
and back-up) should be coordinated together. Coordination Time Interval (CTI)
is the criteria to be considered for coordination. It’s a predefined coordination
time interval and it depends on the type of relays. For electromagnetic relays,
CTI is of the order of 0.3 s to 0.4 s, while for numerical relay, it is of the order
of 0.1 s to 0.2s [2]. To ensure the reliability of the protective system, the
backup scheme shouldn’t come into action unless the primary (main) fails to
take the appropriate action. Only when CTI is exceeded, backup relay should
come into action. This case is expressed as:

Ty T,

Primary

>CTl , (21)

ackup

where, Tgacupis operating time of the backup relay, and Tpyimary is Operating time
of the primary relay.
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5 Case Study and Simulation Results

The power system studied in this paper is the 400 kV, 50 Hz in Algerian
electrical transmission networks at Algerian Company of Electrical and Gas
(group Sonelgaz) which is shows in Fig. 5 [28].

......

TUNISIE

OPERATEUR DU SYSTEME ELECTRIQUE
e

= Daa

Fig. 5— Electrical power system study.

The GCSC is located between Oued El Athmania substation in Mila
(busbar B) and Salah Bay substation in Sétif (busbar C), where busbar A is
Ramdane Djamel substation in Skikda as shown in Fig. 6. The parameters of
transmission lines, the GCSC study, fault conditions, and IDMT overcurrent
relays setting are summarized in the appendix.

Source TR

Earth 7777
Fig. 6 — Radial electrical networksin presence GCSC device.
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Fig. 7 repesents the characteristcs curves (time-current) for the three IDMT
directional overccurent relays (Ra, Rg and Rc) installed in the three busbar based
IEC 60255-3 standard.

T (sec)

I RN ERY :
10’ 10° 10°
I{A)

Fig. 7 — Characteristics curves of the installed relays.

Fig. 8 shows the Xgcee and Vecee characteristics curves as function of the
conduction angle () respectively of the three GCSC used in case study.

Xgosc (€

Vacse ¥V

(b)
Fig. 8 — Characterisic curve for GCSC study: a) Xgcsc = T (B); b) Vecse = f (B).

5.1 Impact on the protected transmission lineimpedance

Figs. 9a and 9b show the impact of Xgcsc and Ve of the three GCSC on
the transmission line reactance (X.).
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Fig. 9 — Impact of GCSC on the line reactance:
a) X, = f (Xecse); b) XL = f (Veeso)-

Fig. 10 shows the impact of Xgcsc and Veese of three GCSC on the trans-
mission line resistance (R.).

From Figs. 9 and 10, the apparent reactance and voltage injected by the
GCSC, have a direct influence on the total impedance. This effect is being
observed especially on the reactance X, while there is no influence on the
resistance R_ for the three cases study.
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Fig. 10 — Impact of GCSC on the line resistance:
a) R = f (Xees); b) R = T (Vacse)-

5.2 Impact of GCSC on thefault current
Figs. 11a and 11b show the impact of Xgcsc and Vgesc of the three GCSC
on the fault current in the presence of phase to earth fault with Rr at busbar C.

From Fig. 11, apparent reactance and voltage injected by GCSC has a
direct influence on the fault current. As can be seen from (14) and (15), the
reactance is increased following the insertion of a capacitive reactance (increase
of Xecsc and Vigese) in the protected transmission line.
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Fig. 11 — Impact of GCSC on fault current: @) Ir = f Xeee); b) I = f (Veeso)-

5.3 Impact of GCSC on the IDMT curve

The Fig. 12 show the impact of the fault current variation on the operating

time of the IDMT overcurrent relay installed at busbar B.
465

T T
@  Without GCSC
" N GCSC 1
—— GCSC 2
GCSC 3
A5 5 S M Y S
o 45 P
a
w
E
- L Y u
44 Gl TOTTEIERREERRRRER
A3 B e B
3 i i \ i i 1
17.8 18 18.2 18.4 158.6 18.8 19 19.2

Fig. 12 — Impact of fault current variation on the IDMT operating time.

From Fig. 12, the fault current variation has a direct influence on the
operating time of the relay, as confirmed by (16) and (17).

The Fig. 13 show the characteristic curve (time-current) of IDMT

overcurrent relay installed in busbar B without and with the presence of three
GCSC device.
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Fig. 13— Time-current for relay B in the presence of GCSC.

5.4 Impact of GCSC parameterson the operation time

The Figs. 14a and 14b show the impact of parameters of the three GCSC
installed, i.e. Xgcsc and Veesc on the operation time respectively for the IDMT
relay installed in busbar B.

465 : : : : 465 :
H H H i GCsC1

T T
——GCSCH1

GCSC 2 —GCsC2

4611 GCSC 3 GCSC 3

455
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RO et S O O |
% 14 Az 0 8 6 4 2 0 0 s 10 15 20 25 30 3 40
Xaesc (€2) Vaesc KV)
(a) (b)

Fig. 14 — Impact of GCSC on operationtime: @) T=f (Xgese) ; b) T = f (Vocs)-

From Fig. 14, apparent reactance and voltage injected by the GCSC have a
direct influence on the operating time as confirmed by (16) and (17), where the
measured fault current by relay is being increased.
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6 Conclusion

In this paper we present the impact of GCSC parameters on the IDMT
DOCR in the Algerian 400 kV transmission line. At first, the phase to earth
fault computing model in the presence of GCSC and fault resistance is
presented in detail. After that, the effect of apparent reactance and voltage
injected GCSC devices on the operation time is being considered. For the
comparison purpose, three GCSC designs are considered in this paper.

From the obtained results, we can conclude that he GCSC parameters have
a direct influence on DOCR, since the deviation of the line impedance and fault
current are varied with GCSC parameters. Therefore, Because of the varying
parameters of the injected reactance, an adaptive method for the relays setting
should be utilized.

Furthermore, in order to increase the total system protection performance
and avoid unwanted tripping of the circuit breaker in the presence of series
FACTS devices compensator on transmission line care must be taken. Since the
measured fault current by relay has an impact on operation time, it is necessary
to change the settings relay (TDSand Ip) to respect the relays coordination.

Moreover, we propose, in the future work, the application optimization
techniques to find the optimal coordination of IDMT overcurrent relays in
function of GCSC dynamic.

7 Appendix

7.1 Power source
Us=11kV, f,=50Hz.

7.2 Power transformer
Utr = 11/400 kV, S;r =200 MVA,
Xr=j0.213 Q, Xry =j 0.710 Q.

7.3 Transmission line
UL =400 kV, Upin=380 kV, Uy =440 kV,
lag= 360 km, lgc = 135 km,
Z;=0.1213 +j 0.4227 Q/km, Z, = 0.3639 +j 1.2681 Q/km,

7.4 GCSC study
Case 1: Quax= 60 MVar, Vmax = 20 kV, Xemax= 6.667 Q,
Case 2: Quax = 80 MVar, Vyax =30 kV, Xemax=11.250 Q,

Case 3: Quax= 100 MVar, Vuvax =40 kV, Xemax= 16.000 Q.
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7.5

7.6

(7]

(8]

(9]

[10]

(1]

[12]

IDMT overcurrent relay

Krc =1200/5,

Relay A: Very inverse, |p =1, TMS=0.10,
Relay B: Very inverse, |p =1, TMS=0.25,
Relay C: Very inverse, lp =1, TMS= 0.60.

Fault conditions
N =100 %, R= =100 Q.
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