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Abstract - The control of voltage and reactive power is a major issue in power systems control and operation. Because of the
topological differences between distribution and transmission systems, different strategies have evolved. Flexible AC
Transmission Systems (FACTS) controllers, such as the Thyristor Controlled Voltage Regulator (TCVR), employ the latest
technology of power electronic switching devices in electric power transmission systems to control voltage and improve voltage
regulation. This paper presents an impact study of using TCVR on the fault current calculations in case of a ground fault. The
case study is a high voltage transmission line in the Algerian power network. The analysis is based on symmetrical
components method which includes symmetrical components of current and voltage as well as the transmission line currents
and line voltages, without and with TCVR in the presence of fault resistance. In this research work, the obtained simulation
results match the presented theoretical analysis.

Index Terms - Power Systems, Voltage Control, Flexible AC Transmission Systems (FACTS), Thyristor Controlled Voltage

Regulator (TCVR), Ground Fault, Pre-Fault Conditions.

I. INTRODUCTION

In power systems, fault current calculations are made
at the system design stage to determine the short-circuit
ratings of new switchgear and substation infrastructure
equipment to be procured and installed. System
reinforcements may be triggered by network expansion
and/or the connection of a new generating plant to the
power system. Routine calculations are also made to
check the continued adequacy of existing equipment as
system operating configurations are modified [1]. Fault
current calculation approach is formulations which are
normally used to analyse faults in power systems that
estimate the during-fault system state. These approaches
and algorithms can be used to provide the settings and
coordination of protection relays. In addition,
calculations of minimum fault currents are made and
these are used in the calculation of protection relay
settings to ensure accurate and coordinated relay
operations. In transmission systems, fault currents must
be quickly cleared to avoid loss of synchronism of
generation plant and major power system blackouts.
Maximum fault current calculations are carried out for
the design of substation earth electrode systems.

Considered fault calculations due to multiple faults at
different locations in power systems, as in [2], presented
a canonical model for the study of faults in power
systems in [3], presented a method to calculating the
effects of mutual coupling in multi faults and the
incorporation of the zero sequence mutual coupling
effects among multi parallel routes in [4], investigated
the calculation of simultaneous faults on power systems
in [5], presented a systematic short circuit analysis
method for unbalanced distribution systems based on
exact three phase models and two relationship matrices
of distribution systems in [6], described a generic
approach to the analysis of faulted power systems in
three phase coordinates in [7], investigated the influence
of mutual coupling between parallel transmission lines
on single line-to ground and double line-to-ground
faults in [8], presented detailed analysis of the apparent
impedance as seen from the relaying point due to faults
on parallel transmission lines in [9], new calculation
method of the ground fault current distribution along
non-uniform multi-section line and cable in [10],
presented a piecewise solution procedure for fault
studies using large change sensitivity concept in [11],
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and proposed a systematic approach to applying the
three terminal Thevenin’s equivalent circuit to three
terminal elements in [12].

Under steady-state conditions, high loading and low
voltage can be a limiting factor. The proper corrective
action is to supply reactive power so as to correct the
load power factor and to compensate for the reactive
losses in lines and transformers. Traditionally,
mechanically switched shunt capacitors and reactors
were used for voltage control. In fact, heavy use of
these devices is responsible, at least in part, for some
voltage control problems today. FACTS devices are a
family of high-speed electronic devices, which can
significantly increase the power system performance by
delivering or absorbing real and/or reactive power as in
[13]. There are many types of FACTS controllers
available in power systems.

This paper deals with the impact of the voltage
controlled by the FACTS device denoted by Thyristor
Controlled Voltage Regulator (TCVR), given by Vrcy,
on ground fault parameters; mainly in the presence of
phase (4) to ground fault at the end of a high voltage
transmission line compensated by a TCVR at its
midpoint. The case study is for a 400 kV transmission
line in the Algerian power network. The line connects
two 400/200 kV substations, namely Salah Bey (Sétif)
and Bir Ghbalou (Bouira) in Algeria. This research
study investigates the impact of voltage controlled by
TCVR on ground fault parameters, which are
symmetrical current components (/;, > and Iy,
transmission line currents (l4, Iz and Ic), voltage
symmetrical components (V;, V> and Vp), and
transmission line voltages (V4, Vz and V) in the
presence of fault resistance.

II. VOLTAGE CONTROLLED BY THE THYRISTOR
CONTROLLED VOLTAGE REGULATOR

In dynamic stability studies, the rapid speed of
FACTS offers several benefits to systems' operation and
control. In particular, they are capable of increasing the
synchronizing torque, damping oscillations at various
frequencies below the rated frequency, supporting
dynamic voltage or controlling power flows.

Moreover, FACTS devices may have benefits in case
of fault, by limiting the fault current [14]. Another
advantage of FACTS devices is considered in the ability
of this technology to extend the current transmission
line limits in a step-by-step manner with incremental
investment when required. Furthermore, it offers 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. Figure 1 shows the active power flow
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equation between two buses 1 and 2 and the variables
that can be modified by each FACTS device [15].
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Fig. 1. Impacts of FACTS devices on active power equation.

Where, V;and V; are the voltage magnitudes at bus-
bars 1 and 2, X;» is the reactance of the line and
(01 - 62=0) is the difference angle between V; and V>
phasors. TCVR operates by inserting an in-phase
voltage to the main bus voltage to change its magnitude.

To model TCVR, an ideal tap changer transformer
can be used without series impedance as shown in
Figure 2. The value of the turns ratio is given by the
ratio of the additional transformation relative to the
nominal transformation and its values range from 0.9 to

1.1, where 1.0 corresponds to no additional
transformation [14].
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Fig. 2. Model of TCVR.

Therefore, TCVR can be modeled as an ideal tap
changer transformer without series impedance [14, 16].
The TCVR coefficient Krcyr has the following ranges,
presented as equations:

Viere = KrevrVous (1)
-0.15< K., <+0.15 2)
=0.15xV, <Vyepe S+0.15xV, 3)

IIT. GROUND FAULT CALCULATIONS IN THE PRESENCE
OF TCVR

Figure 3 shows the equivalent circuit of a
transmission line compensated by TCVR in case of a
phase to ground fault () with a fault resistance Rr and
fault location nr at bus-bar B.
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Fig. 3. Ground fault equivalent circuit with TCVR.

The basic equations for this type of fault [16-19] are:

I,=1,=0 4)
V,=V,+V,+V,=R.xI,#0 Q)
The symmetrical components of currents are [1, 19]:
1, 1 1 111,
I, :% 1 a a1, (6)
I, 1 & a 1.

From equation (4) and matrix (6), the symmetrical
components of the currents take the following form:

11=12=10—1—A (7
3
The symmetrical components of the voltages are:
V, : 1 1 1|V,
Vil==1 a ada ||V, ®)
3 2
v, I a a||V,

From equation (5) and the matrix in equation (8), the
direct voltage component becomes:

Vi==(Vy+V,)+(R. x1,) ©)
Hence,
1 1
VviVTCVR _Ml :_g(_MO)_E(_M2)+(RFXIA)(lo)
Where,
M1 :ZLJXIl
M,=Z2,,xI, an
M,=2 ,xI,
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=V, 2 Ve :I?A(ZLA +Z,, +ZL‘0)+(RF X]A)(lz)

From equations (12), the current at phase (A) in the
presence of a TCVR device on transmission line is
|4

given by:
. 3x (Vs e )

_ (13)
Z\+Z,,+Z,, "'(3>< RF)

A

From equations (7) and (13), the symmetrical
components of the currents in the presence of a TCVR
are:

VS t I/TC VR

I =] =] = (14)
L Zy, +ZL.2+ZL40+(3XRF)
The direct component of the voltage is defined by:
V=V £ Vi —M, (15
V= (VS iVTCVR)X[ZM +ZLO _(2XZL41)+(3XRF)] (16)
1 Z,,+ 215+ 2, +(3%R,)
The inverse component of voltage is defined by:
V,=-M, 17)
=V, =— (VS iVTCVR)XZL.z (18)
Z +Z,,+Z,,+(3%R,)
The zero component of the voltage is:
Vo=—M,—(R,x1,) (19)
:>I/0 —_ (VSiVTCVR)X(ZL.O—'—RF) (20)
Z, +Z,,+Z,,+(3%R,)
The coefficients are defined as:
A =da"-a 1)
A4,=a’-1 (22)
A =3xa’ -1 (23)
A, =a-a’ (24)
A, =a-1 (25)
Af =3xa-1 (26)

From equations (16), (18), (20) and matrix (8), the
three phase voltages of the line in presence of TCVR
|4

are:
- 3><RF><(VSi TCVR)
L2, + 2, +(3XRF)
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(I/S iI/TCVR)'[‘ALJ XZL.Z +Ab ><ZL,O +Ac XRF]

(28)
ZL,I +ZL.2 +ZL,0 +(3XRF)

B

VTCVR)X[Ad XZL.Z +Ae XZL,O +Af’ XRF]

Z,+Z,,+ 7, +(3%R,)

J’_
_ U5+ 29)

C

Hence, fault calculations are only related to the
TCVR parameters: voltage controlled Vrcvr and
operation mode.

IV. CASE STUDY AND SIMULATION RESULTS

The case study of this research work is the 400 kV
line in the north part of the Algerian power network as
shown in Figure 4 [20]. The TCVR is installed in the
mid of this transmission line that connects bus-bar 4 at
Salah Bey (Sétif) substation with bus-bar B at Bir
Ghbalou (Bouira) substation. The TCVR data and
transmission line parameters are given in the Appendix.
The impact of the voltage controlled by Vrcyr on the
ground fault parameters is studied in the presence of a
fixed fault resistance of 20 Q in case of a single phase
to ground fault of phase A at bus-bar B.

ALGERIE

Fig. 4. Algerian power transmission network.

Figure 5 shows the impact of the voltage controlled
by TCVR (positive and negative modes) on the active
power P variation when the line angle J varies from 0°
to 180°. As shown in Figure 5, in the presence of TCVR
at the mid of the transmission line, the active power Py,
will be increased in case of having positive injected
voltage by TCVR and it will be reduced in case of a
negative TCVR injected voltage.
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Fig. 5. Impact of Vrcyr on Pr.

Figures 6.a, b, c represent the variation of the current
symmetrical components [;, > and I, respectively and
Figures 7.a, b, ¢ represent the variation of the line
currents /4, Iz and Ic, respectively as a function of the
Vrevr with/without using TCVR. Figures 8.a, b, ¢
represent the variation of the voltage symmetrical
components V;, V> and Vj respectively and Figures 9.a,
b, ¢ represent the variation of the line voltages Vy, V3
and V¢ respectively as a function of the Vrcyr in case of
using TCVR and without.
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Fig. 6. Impact of V'rcyr on the transmission line currents:
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a). Ls=f (Vrcvr), b). Is=f (Vrcwr), ¢). Ic=f (Vicyr).
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Fig. 7. Impact of Vrcyr on the transmission line currents:
a). I1=f (Vrcwr), b). Is=f (Vrcwr), ¢). Ie=f (Vrcyr).
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Figures 6.a, b, c, shows that the three symmetrical
currents are equal, in case of using TCVR on
transmission line or not, which matches equation (7). It
is also clear that increasing the value of Vrcyr leads to
decreasing the value of the three current symmetrical
components. For example, in case of negative injected
voltage, the value of each of the three current
symmetrical components is higher in the absence of
TCVR than its value in the presence of TCVR. In case
of positive injected voltage, the value of each of the
three current symmetrical components is higher in the
presence of TCVR than its value without TCVR.

In Figures 7.a, b, c, 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 Vrcyr shows a reduction in the line current of
the faulty phase (4), whether TCVR is present or not. In
case of negative injected voltage, the value of the line
current of the faulty phase (4) is higher in the absence
of TCVR than its value in the presence of TCVR. In
case of positive injected voltage, the value of I is
higher in the presence of TCVR than its value without
TCVR.
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Fig. 8. Impact of Vrcyr on the voltage symmetrical components:
a). Vi=f(nr),b). V2=f(Vrcr), c). Vo=f (Vrcyr).
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Fig. 9. Impact of Vrcyr on the transmission line voltages:
a). Va=f(Vrcwr), b). Va=f (Vrcwr), ¢) Ve=f (Vrcvr).
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In Figures 8.a, b, ¢ in case of negative Vrcyr, the
increase of Vrcyr value leads to a decrease in the value
of the direct voltage symmetrical component and an
increase in the value of the inverse voltage symmetrical
component. This applies to both cases of whether using
TCVR or not which is confirmed by equations (16),
(18) and (20). In this case of negative voltage, it is also
noticeable that the values of the direct and inverse
voltage symmetrical components in the absence of
TCVR are higher than their corresponding components
while using TCVR. On the other hand, in the case of
positive Vrcyr, the values of the direct and inverse
voltage symmetrical components in the presence of
TCVR are higher than their corresponding components
exhibited while not using Vrcyr. Across the whole range
of Vrcwr, the zero voltage component in the absence of
TCVR exhibits a higher value than its corresponding
value when using TCVR.

In Figures 9.a, b, c, it is obvious that the increase of
Vrevr value leads to a decrease in the value of the line
voltages of phases 4 and B, compared with the voltage
phase C which is increased with the increase of Vrcyr
for the studied cases. Across the whole range of Vrcyg,
the values of line voltages of phases B and C in the
absence of TCVR are higher than their corresponding
values while using TCVR where the opposite is
exhibited for the line voltage of phase 4.

V. CONCLUSION

This research work highlights the impact of using
TCVR on the short-circuit parameters of a ground fault
for a high voltage transmission line installed between
two substations in the Algerian power system, in the
presence of a fault resistance.

This research is focused on studying the impact of the

voltage controlled by TCVR on the following
parameters: ~ symmetrical ~ current  components,
transmission line currents, voltage symmetrical

components, and transmission line voltages. Analytical
results based on symmetrical components method are
presented and verified by detailed simulations which
show the great impact of the voltage controlled by
TCVR on the value of the parameters in case of a
ground fault which varied between minimum and
maximum values as a function of the positive and
negative operation modes of the installed Vrcyz.

For the continuity of this work, an off-line setting and
coordination of relays considering various values of
Vrcvr are proposed for meshed power systems using
artificial neural network and heuristic methods. It is also
suggested to develop an automation system based on the
adaptive relay settings and according to the Vrcyr value
using optimization algorithms. This system can be
adopted for determining the optimum settings of
protection device and hence improve the quality of its
operation.
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APPENDIX

A. Transmission Line

U,=400 kV, f, =50 Hz, [ =205 km,
Z;=0.0291 + 0.3081 Q/km, Zy = 0.0873 +j 0.9243 Q/km.

B. TCVR System

Type: series FACTS device,
Vmin =-45 kV, Vmax =+45 kV



