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1. INTRODUCTION

Short-circuit calculations in power systems are important. These calculations enable power
engineers to determine the ratings of electrical equipment which can withstand thermal and electromagnetic
effects of the short-circuit current. They significantly help to determine the settings and coordination of the
protection equipment in the system according to well established national and international standards such as
IEC and ANSI/IEEE [1].

The selection of a circuit breaker for a power system depends, not only upon the current tie breaker
is to carry under normal operating conditions, but also upon the maximum current it may have to carry
momentarily and the current it may have to interrupt at the voltage of the line in which it is placed. The
current which a breaker must interrupt is usually asymmetrical since it still contains some of the decaying DC
components [2]. This current is properly called the rated symmetrical short-circuit current or the required
symmetrical interrupting capability. It is necessary to determine the likely fault currents in a system under
various fault conditions before selecting proper protection devices. Depending upon the complexity of the
system, the calculations could also be too much involved.

Accurate fault current calculations are normally carried out using symmetrical components as an
analytical technique used by design engineers and practicing protection engineers [3]. It is based on the
principle that any unbalanced set of vectors can be represented by a set of three balanced quantities, namely
direct, inverse and zero sequence.

In literature, many researchers have focused on the impact of fault conditions on power systems
such as the error in estimated fault distance in case of ground faults [4], fault location in distribution system
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[5], fault location for transmission system using sparse measurement method [6], fault location for hybrid
transmission lines [7], distance protection performance [8], adaptive digital distance relaying scheme for
double transmission line [9], adaptive digital relaying scheme to tackle fuse re-closure and lack of
coordination in case of Distributed Generation (DG) [10], adaptive reach settings of distance relay on a
transmission line in presence of UPFC [11], and bus-bar protection [12].

In [13], a study of the impact of DG on overcurrent protection has been investigated using a typical
UK rural distribution network while considering relevant factors for fault current including arc fault. A fault
location approach has been proposed for the distribution network incorporating DGs [14].

The impact of fault resistance on the measured impedance by distance relay in the presence TCSC
has been investigated [15], the impact of fault resistance on zero-sequence current and fault component
reactance relays has been studied [16], and the effect of fault condition on performance of distance relay
protection in the presence series FACTS device on transmission line has been addressed [17].

In the light of the rapid development of Flexible AC Transmission Systems (FACTS) devices as
well as their numerous advantages in power systems control, fault calculations should be considered to
include the presence of these devices in the system. In a meshed power network and under steady state
conditions, FACTS devices allow transmission lines to operate close to their thermal limits and to reduce the
loop flows by providing or absorbing reactive power, increasing or reducing voltage and control series
impedance or phase-angle.

One of the recent FACTS devices is the Thyristor Controlled Voltage Regulator (TCVR) which is
deployed in this research work. Therefore, this research work contributes to the investigation of the phase to
earth fault calculations while using TCVR device which aims to control the voltage and active power of the
line through a TCVR controller voltage, denoted by Vrcyx. This paper analyses the effect of the fault location,
for either 10 kV increment or -10 kV decrement of V¢ voltage, on the symmetrical current and voltage
components as well as the line phase currents and voltages, in case of a phase 4 to earth fault for a
transmission line compensated by TCVR in 220 kV Algerian network. TCVR device is located at the mid of
the line, between Batna and Biskra 220/60 kV substations in the presence of a fixed fault resistance. The
paper presents the theoretical analysis which is derived and verified by simulation results in the absence and
presence of TCVR.

2. TCVR CONTROLLED VOLTAGE

The rapid speed of FACTS devices offers several benefits to system operation and control in
dynamic stability studies. In addition, FACTS devices have benefits in case of short-circuits by limiting the
short-circuit current [18]. Another advantage of FACTS devices is giving the opportunity to extend the
current transmission line limits in a step-by-step manner with an incremental investment when required.
Furthermore, FACTS controllers offer the possibility to move an installation when it becomes not useful
anymore. Different types of devices have been developed and there are various ways to classify them in
terms of the technology of the used semiconductor, the possible benefits of the controllers, and the type of
compensation and connection.

Figure 1 shows the active power flow equation between two buses 1 and 2 and the variables that can
be modified by each FACTS device [19].
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Figure 1. Effects of FACTS devices on active power equation

V; and V, are the voltage magnitudes of buses 1 and 2, X}, is the transmission line reactance and
(0;- 0,=0) is the difference in phase angle between the two phasor voltages of V; and V.

The FACTS device employed in this paper is the TCVR which operates by inserting an in-phase
voltage to the main bus voltage to change its magnitude. To model TCVR, an ideal tap changer transformer
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can be used without series impedance as in Figure 2. The value of the turn’s ratio is given by the ratio of the
additional transformation relative to the nominal transformation and its values range between 0.9 and 1.1;
where unity value corresponds to no additional transformation [18].
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Figure 2. Model of TCVR

Therefore, TCVR can be modeled as an ideal tap changer transformer without series impedance
[18], [19]. The TCVR coefficient K7cyy takes the following ranges, as presented by the following equations:

Vicevr = Krevr - Vius (D
2015 < Kyeyp < +0.15 2)
-0.15x Vbus < VTCVR <+0.15x Vbus (3)

3. PHASE TO EARTH FAULT CALCULATIONS IN PRESENCE OF TCVR

Symmetrical components method has always been used in the analysis of unbalanced three-phase
systems, unsymmetrical fault currents, and rotating electrodynamics machinery. It was originally presented
by C. L. Fortescue in 1918 and has been popular ever since [20], [21]. The basic theory of symmetrical
components can be stated as a mathematical concept. A system of three coplanar vectors is completely
defined by six parameters, and the system can be said to possess six degrees of freedom. A point in a straight
line, being constrained to lie on the line, possesses one degree of freedom, and by the same analogy, a point
in space has three degrees of freedom. A coplanar vector is defined by its terminal and length; therefore it
possesses two degrees of freedom. Figure 3 shows the equivalent circuit of a transmission line model,
compensated by TCVR and subjected to a phase A to earth fault, in the presence of fault resistance (Ry).
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Figure 3. Equivalent circuit model of a phase to earth fault while using TCVR [22]
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The basic equations for this type of fault take the following form [1], [23]:
Iy=1c=0 “
VA:V1+V2+V():RFX1A¢O (5)

The symmetrical components of the currents are [23], [24]:

L

L l==l1 a a’|x|I, (©)
3

1, 1 a’ a 1.

From equation (4) and matrix (6), the symmetrical components of the currents take the following form:
I, =1,=1,=-"%~ (7

The symmetrical components of the voltages are:

v, . 1 1 1 v,
vV, | = 3T 1 a a*|x|V, ®)
v, 1 a’ a V.
From equations (5) and (8), the direct component of the voltages becomes:
Vi=-(Vo+ V) + (Rrx Ly ©)
1 1
Vo & Vreyg = My = = [=Mo] = S [=M,] + Rp x I, (10)

where,

M, = (g Z1) x 1
My = (ng.Z1o) x 1y (11)
My = (np.Z1p) X1,

Iy
Ve £ Vicvr = 3 Mp. (Z1 + Z1p + Z10)] + Rp X1y (12)

From equations (12), the fault current of phase A in the presence of a TCVR is given by:

I 3x (Vs £ Vreyr)

= (13)
AT g x (Zpy + Zyy + Zp) + B xRp)

From equations (7) and (13), the current symmetrical components in the presence of TCVR are given by:

(Vs & Vrcyr)

L=5L=I= (14)
YT e x (Zuy + Zip + Zio) + BxRp)

The direct symmetrical component of the voltages is defined by:
Vi=Vsx Vicyg — M, (15)
V]:(VSiVTCVR)XI:ZLZ+ZL0_(2XZL1)+(3XRF):| (16)

nex(Z, +Z,,+Z,,)+(3xR,)
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The inverse symmetrical component of the voltages is defined by:
V2 =—M. 2 (17)

(VS x VTCVR)>< ZLZ

e N (Z+ 2.+ 2,))+ G R,) (18)
The zero symmetrical component of the voltages is given by:
Vo=—My— (Rpx 1) (19)
v, = - (Vs 2 Viern) X (Z + Ry) (20)
ngx(Z,+Z,,+Z,,)+(3xR,)
The coefficients 4, to Arare defined as follows:
A,=a?*—-a 21
Ap=a?—1 (22)
A.=3xa?-1 (23)
Ag =a—a? (24)
Ao =a-1 (25)
Ar=3xa-1 (26)

From equations (16), (18), (20) and matrix (8), the three phase voltages of the transmission line in the
presence of TCVR take the following form:

3XRF X(VS iI/TCVR)

V., =
Yo x(Z,+Z,,+Z,,)+ (3% R,) 27)
Vs 2 Vi) A, xZ, + Ay x Z g+ A, x R.) ]
Vy = (28)
ngx(Z, +Z,,+Z,,)+(3xR,)

y o Us £ Ve ) (A, xZ,,+ A, xZ,,+ A, xR,)] 29)
‘ ne x(Z, +Z,+Z,,)+(3xR,)

From what is above, it is clear that the short-circuit calculations depend on the following: TCVR
controlled voltage (V7cyr) and operation mode, and the fault conditions represented in fault location (nr) and
fault resistance (Rr). While using a fixed fault resistance, the effect of fault location is studied, in the absence
of TCVR and in its presence for positive and negative TCVR controlled voltage, as shown in the next
section.

4. RESULTS AND ANALYSIS

The electrical network studied in this paper is for the Eastern Algerian transmission network,
Sonelgaz group which is the National Society for Electricity and Gas in Algeria, as shown in Figure 4 [25]. It
is a state-owned utility in charge of electricity and natural gas transmission and distribution in Algeria,
established in 1969.

The case study of this research work is for a 220 kV transmission line which connects Batna and
Biskra 220/60 kV substations in the mentioned network. The line is equipped with a TCVR device installed
at its midpoint. The voltage controlled by the installed TCVR system (V7cyg) varies between minimum of
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-10 £V, and a maximum of + 10 V. The fault location nx varies between 50 % (at the mid of the line) to 100
% (at the end of the line at bus-bar B). A fault resistance Rris used whose magnitude is maintained at 20 Q.
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Figure 4. Eastern region of Algerian transmission network

Figures 5.a, b, ¢ represent the variation of the current symmetrical components (/;, I, and 1),
respectively and Figures 6.a, b, ¢ represent the variation of the line currents (I, Iz and I¢), respectively as a
function of the fault location ny without and with TCVR. As earlier mentioned while using TCVR, cases are
studied for Vrcyr decrement and increment such that V7o is either equal to -10 kV or + 10 kV, respectively.

Figures 5.a, b, ¢, also shows that the three symmetrical current components are equal, in each
individual case of using TCVR and without it, which matches equation (7). It is also clear that increasing the
value of ny leads to a decrement in the magnitude of the current symmetrical components, in the absence and
presence of TCVR. This is expected due to increasing the short-circuit impedance as a result of adding more
line impedance when ny increases.
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Figure 5. Impact of nron the current symmetrical components

In Figures 6.a, b, ¢, it is noticeable that the line currents of phases B and C are always zero which is
confirmed by equation (4). However, increasing the value of ny shows a reduction in the line current of the
faulty phase A4 in all studied cases; before and after using TCVR. This is also attributed to the increase of the
short-circuit impedance with the increase of 7.

Figures 7.a, b, c represent the variation of the voltage symmetrical components (V;, V; and V)
respectively and Figures 8.a, b, ¢ represent the variation of the line phase voltages (V4, Vp and Vi),
respectively as a function of the fault location nr without and with TCVR, where Vrcyzris -10 kV or + 10 kV.

In Figures 7.a, b, c, the increase of nr value leads to a decrease in the direct voltage component,
while the inverse and zero voltage components are shown to increase. This is valid for each individual case,
whether TCVR is installed or not, which is confirmed by equations (16), (18) and (20).

In Figures 8.a, b, ¢, it is observed that the increase of n. value leads to a decrease in the value of
phase 4 and B voltages, while the voltage of phase C shows an increment with the increase of n for all cases.

In the above studied cases when using TCVR, it is observed that the graphs corresponding to Vrcyr
equals to +10 kV show higher magnitudes than those corresponding to Vrcyz of -10 kV which is normally
expected.
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Figure 7. Impact of nron the voltage symmetrical components
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Figure 8. Impact of nron the transmission line phase voltages

5. CONCLUSION

In this research work, short-circuit analysis of a phase to earth fault is derived using symmetrical
components method for a practical high voltage transmission line in the 220 kV Algerian power network.
The line is equipped with one of the recent FACTS devices; namely TCVR which works to regulate the
voltage of the line. While using TCVR, the effect of fault location on short-circuit calculation parameters, in
case of positive and negative TCVR controlled voltages, is investigated while maintaining a fixed fault
resistance. The theoretical analysis using symmetrical components and simulations of the proposed model,
before and after using TCVR, showed excellent agreement.

From this paper, it is confirmed that the use of TCVR leads to a significant reduction in the fault
current. In the meanwhile, it is clear that increasing the value of the fault location leads to a reduction in the
current symmetrical components, in the absence and presence of TCVR, with a noticeable declination in the
magnitude of the fault current.

Further research studies while using TCVR are currently under investigation for ongoing
publications. These include various short-circuit cases such as three phase fault and phase to phase fault, as
well as studying the effect of fault resistance on short-circuit calculations.
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