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Abstract:- Voltage stability problem has become one of the major concerns in the operation of power system in
recent years. The reason is that power systems all over the globe are being operated with reduced margins because
of the exponentially growing demands and the associated stress on the power transmission resources aggravated
by a general reluctance to invest in improvement of the electric grid infrastructure. Moreover, voltage instability
has been responsible for severe network collapses world-wide and subsequently, the possible threat of voltage
instability is becoming more pronounced in power utilities. In order to avoid the voltage collapse, this paper
presents maximum loadability identification of a load bus in a power transmission network which is achieved by
performing voltage stability study by utilizing Fast Voltage Stability Index (FVSI) as an indicator of the
maximum loadability termed as Qumax. In this technique, reactive power loading will be increased gradually at
particular load bus until the FVSI reaches close to unity. Therefore, a critical value of FVSI was set as the
maximum loadability point. This value ensures the system from entering voltage-collapse region. The main
purpose in the maximum loadability assessment is to plan for the maximum allowable load value to avoid voltage
collapse; which is important in power system planning risk assessment index. In order to improve the system
stability, Thyristor Controlled Series Capacitor (TCSC) is installed in the most severe line, which is identified
from the line stability index values of all lines in a system. TCSC is a series compensated device used for voltage
stability enhancement, which is to be connected in series with transmission line. It can control the transmission
line impedance to improve the line transfer capability and to regulate the receiving end bus voltage. This proposed
technique was applied to solve real problems in a 14 bus power grid using Power flow analysis. Power flow is
very necessary for planning, operation, economic scheduling and exchange of power between utilities. Newton
Raphson iterative algorithm is used for solving the power flow problems due to its ability to converge very fast
with small number of iteration. Simulation of power flow solutions with and without TCSC was done using
MATLAB 7.5 program. The result shows that the application of TCSC improved the voltage profile of the system
and furtherly enhanced the power flow.
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l. INTRODUCTION

The voltage instability is considered as one of the critical issue in electric power system. The inherent
complexity and interconnectivity forces a power system to operate closer to limits of stability, along with the
added contribution to system instability by inadequate supply of reactive power which in turn leads to voltage
collapse. Fast voltage stability analysis and prediction of collapse point are great challenges in power system.
Many of the researchers in the recent-past focused on the effective online monitoring of status of the system and
hence to solve the problem of voltage collapse. In this regard, voltage stability index of each transmission line
becomes the useful measure of power system monitoring. The index could identify how far a system is from its
point of collapse [1]. Performance indices to predict closeness to voltage stability boundary have been a
permanent concern of researchers and power system operators, as these indices can be used online or offline to
help dispatchers determine how close the system is to a possible voltage instability state [2]. Several voltage
stability indices used to measure proximity to voltage collapse in off-line as well as on-line applications are
detailed [3].

The voltage stability is the ability of a power system to maintain steady acceptable voltage at all buses in
the system at normal and after being subjected to a disturbance. A power system becomes unstable, when voltages
uncontrollably decrease due to increment of loads, decrement of power generation, outage of equipment and lines
and failure of voltage control mechanism. The problem of voltage instability is mainly due to insufficient supply
of the reactive power or by an excessive absorption of reactive power. As the voltage instability affects the
satisfactory operation of power system, continuous monitoring of the system status is required. Stability of the
power system can be identified through various stability factors. The indicator uses bus voltage and network
information provided by the power flow program. Moghavvemi’s stability index, FVSI, Mohamed’s stability
factor and Jasman’s stability factors are used to identify the most severe line in the system.

7



Load Flow Control And Analytical Assessment Of Voltage Stability Index Using Thyristor Controlled...

In this paper, Fast voltage stability index is used to calculate the stability of each line in IEEE 14 bus
systems. When this index value changes from 0 to 1, the voltage stability of the system relatively decreases. If this
index value is greater than 1, then the system is considered as unstable. Instability problem affects the desired
operation of power system. Sometimes entire system may be collapsed. TCSC is a series compensated device used
for voltage stability enhancement, which is to be connected in series with transmission line. It can control the
transmission line impedance to improve the line transfer capability and to regulate the receiving end bus voltage
[4-6]. In order to improve the system stability the TCSC is installed in the most severe line, which is identified
from the line stability index values of all lines in a system.

. POWER FLOW CONTROL

FACTS Technology is concerned with the management of active and reactive power to improve the
performance of electrical networks. The concept of FACTS technology embraces a wide variety of tasks related to
both networks and consumers problems, especially related to power quality issues, where a lot of power quality
issues can be improved or enhanced with an adequate control of the power flow [7-8]. In general, the concept of
power flow control is concerned with two jobs: load support and voltage compensation. Through the demand
operation, the tasks are to raise the amount of the network power factor, to increase the true power from the
source, to compensate voltage regulation and to decrease harmonic components resulted from large and
fluctuating nonlinear loads especially in industry applications. Voltage Support is mainly important to decrease
voltage changes at the terminals of a transmission path. Reactive power support in transmission networks also
enhances the stability of the networks by maximizing the active power that can be transferred. It also assists to
keep a substantially regulated voltage profile at all sections of power transfer, it enhances HVDC (High Voltage
Direct Current) feature performance, raises transmission efficiency, sets steady-state bus normal voltage and over
voltages, and can avoid serious blackouts.

Series and shunt VAR compensators are able to alter the performance characteristics of electrical
networks. Series compensators change the parameters of the transmission grids or distribution levels, where shunt
compensators modify the impedance at the connected terminals. In both of them, the reactive power through the
system can significantly improve the performance of the power system. Classically, rotating and fixed capacitors
or which uses mechanical in switching or inductors are applied to VAR power compensators. Even in recent
decades, static VAR compensators based on thyristor switched capacitors and thyristor controlled reactors to give
or take the required reactive power are established. Additionally, the use of self commutated PWM converters by
an control action allows the achievement of static compensators for generating or consuming reactive components
faster than the fundamental system period. Based on the reliable high-speed power electronics, efficient analytical
boxes, intelligent control Flexible AC and microcomputer devices, Flexible AC Transmission Systems (FACTS),
are presented as a recent idea for the operation of power networks [9]. Inside these concepts, static VAR
compensation uses fast response times and plays an important role in improving the amount of total power
transfer through a transmission line, near its thermal rate, without violation in its stability boundary. These
techniques arise through the power of special static VAR compensators to adapt the related parameters that
control the performance of transmission systems with the reactance, current, resistances, voltage, load angle and
oscillations damping . The core of FACTS technology contains high power electronics, a variety of thyristor
devices, micro-electronics, communications and advanced control actions . By FACTS, operator governs the
phase angle, the voltage profile at certain buses and line impedance [10-11].

Power flow is controlled and it flows by the control actions using FACTS devices, which include
Static VAR Compensators (SVC)

Thyristor Controlled Series Capacitors (TCSC)

Static Compensators (STATCOM)

Static Series Synchronous Compensators (SSSC)

Unified Power Flow Controllers (UPFC)

YVVVVYVYYV

1. LITERATURE REVIEW

Electric power systems throughout the world are undergoing considerable change in regard to structure,
operation and regulation. Technological developments and evolving consumers’ expectations are among the
driving factors in the new electricity model. Competition and uncertainty in the new deregulated electric utility
industry are serious concerns. Electric power utilities also face increasing uncertainty regarding the political,
economic, societal and environmental constraints under which they have to operate existing systems and plan
future systems. All these conditions have created new electric utility environments that require extensive
justification of new facilities, optimization of system configurations, improvements in system reliability and
decreases in construction and operating costs. New planning criteria with broader engineering considerations of
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transmission access and consistent risk assessment must be explicitly addressed. The likelihood of the occurrence
of worst possible scenarios must also be recognized in the criteria and acceptable risk levels incorporated in the
decision making process [12].

Assessment of power system security is necessary in order to develop measures to maintain or keep power supply
stable and reliable for power system operations, when one or more elements fail. A power system is "secure"
when it can withstand the loss of one or more elements and still continue operation without major problems. Since
the main concern of power system Engineers is certainly to ensure continuity of service in a power system.
Current electric utility operating policies (such as NERC's) require that each utility's power system must be able to
withstand and recover from any "first contingency" or any single failure. Future policies may extend this to
withstanding a "second contingency" or any subsequent single failure.

2.1 Voltage Stability Analysis using Line Stability Indices

The voltage stability is the ability of a power system to maintain steady acceptable voltage at all buses in
the system at normal and after being subjected to a disturbance [13]. A power system becomes unstable, when
voltages uncontrollably decrease due to increment of loads, decrement of power generation, outage of equipment
and lines and failure of voltage control mechanism. The problem of voltage instability is mainly due to
insufficient supply of the reactive power or by an excessive absorption of reactive power. As the voltage
instability affects the satisfactory operation of power system, continuous monitoring of the system status is
required. Stability of the power system can be identified through various stability factors.

In this paper, Fast voltage line stability factor is used to calculate the stability of each line in IEEE 14 bus systems.
When this index value changes from 0 to 1, the voltage stability of the system relatively decreases. If this index
value is greater than 1, then the system is considered as unstable. Instability problem affects the desired operation
of power system.

Sometimes entire system may be collapsed. TCSC is a series compensated device used for voltage stability
enhancement, which is to be connected in series with transmission line. It can control the transmission line
impedance to improve the line transfer capability and to regulate the receiving end bus voltage. In order to
improve the system stability the TCSC is installed in the most severe line, which is identified from the line
stability index values of all lines in a system.

2.2 Voltage Stability Indices

Many aspects of voltage stability problems can be effectively analyzed by using static methods. These
methods examine the viability of the equilibrium point represented by a specified operating condition of the power
system. Static approaches like sensitivity analysis, modal analysis, P-V and Q-V methods for voltage stability
assessment use a system condition or snapshot for voltage stability evaluation [14]. They usually solve power
flow equations of the network with specific load increments until the point of voltage collapse is reached. These
techniques allow examination of a wide range of system conditions and can provide much insight into the nature
of this phenomenon by computation of the contributing factors.

The slow variation in reactive power loading towards its maximum point causes the traditional load flow
solution to reach its non convergence point. Beyond this point, the ordinary load flow solution does not converge,
which in turn forces the systems to reach the voltage stability limit prior to bifurcation in the system. The margin
measured from the base case solution to the maximum convergence point in the load flow computation determines
the maximum loadability at a particular bus in the system.

The condition of voltage stability in a power system can be known using voltage stability indices. These
indices can either reveal the critical bus of a power system or the stability of each line connected between two
buses in an interconnected network or evaluate the voltage stability margins of a system. Several methods have
been proposed in this paper to assess the static security of the network. The basic formulas used to examine the
system stability and the voltage collapses are briefly described in this section. The purpose of voltage stability
indices is to determine the point of voltage instability, the weakest bus in the system and the critical line referred
to a bus. Voltage stability indices are proposed to aiming to detect the system loadability. These indices provide
reliable information about proximity of voltage instability in a power system. It is important for the operators and
planners to find out the limit point of voltage instability. Therefore finding a voltage stability index has become an
important task for voltage stability studies.

There are three line stability indices involved in this section to perform the voltage stability analysis.
Firstly, the Fast Voltage Stability Index (FVSI) is considered for the voltage stability analysis which yields the
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desired simulation results. Later, the results are verified with another two line indices namely, L, and Lgp. These
indices are briefly discussed in the following section.

2.2.1  Fast Voltage Stability Index (FVSI)
The FVSI is derived from the voltage quadratic equation at the receiving bus on a two- bus system. The
general two bus system is represented is in Figure 1

Vi<0 Pi, Qi, Si Pi,.Q;.S; Vi<d

Bus 1 Bus 2

R+jX
Figure 1 Single line diagram of two-bus power system

From the figure 1, the line impedance is noted as Z = R+jX with the current that flows in the line is given by,

_ VD -1 jcd
I= R+jX (l)
s;=Wr (2)
SJ'
I'= T] and ©)
I-J-
_BIE
=1 @
Equating (1) and (4) we obtained,
Vi<0-V. <8 B -JQ;
R+jX¥  W=<-8
WY < -a-V?<0=@R +;)(8 -je;) (5)
Separating the imaginary part yields
ViVicosd —V;* =RP. + XQ; (6)
—ViVisind — V;* = RP, — XQ; @

Rearranging (7) for P; and substituting into equation (6) yields, the voltage quadratic equation at the receiving bus
as

52— (Esmd + cosd) v, +(x +5) ®)
Setting the discriminant of the equation (8) to be greater than or equal to zero yields
|(Esind +cosd) 1|2~ 4(x +5) @i =0 ©
Rearranging (9), we obtain

X (10)
(Vi“)(A=zind +Xco=d )2 —

Since the value of & is normally very minimum, then
Rzingd = 0 and Xcosd = X
FVSI can be defined by

477
FVST, ==

VX
Where:
Z = line impedance
X = line reactance
Q; = reactive power at receiving end
V; = sending end voltage
The value of FVSI is evaluated which is nearly equal to 1.00 indicates that particular line is closed to its instability
point which may leads to voltage collapse in the entire system. This particular line will be the most critical line of
the bus and may lead to system wide instability scenario. This index can also be used to determine the weakest

(11)
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bus on the system. The weakest bus in the system corresponds to the bus with the smallest maximum permissible
load.

2.2.2  Line Stability Index (L)

A voltage stability criterion is derived on the basis of power transmission concept in a single line [15].
This index is derived based on a two machine model of the power system connected by a single transmission as
shown in Figure 2. In the derivation that followed, the discriminant of the voltage quadratic equation is set to be
greater than or equal to zero to achieve stability.

V < 8 R+jX V < 8,

Pi, Qi,Si Pi.QjSj

Figure 2 One line diagram of two bus system
The power flow at the receiving and sending end of the system shown in Fig 2 can be expressed as

_ il I

j < (@—6y +6;)— =8 (12)
'%"{E—M{(e+ai—a.j (13)
From these power equations one can separate real and reactive power
P = _ [l cos(B — &, + &, :]——. cosg (14)
= e 6, 4 6, ]—; sind (15)

Putting 6, — &z =& in the above equation and solving for V;

1
v;gin (f— &)+ [(Vzain (B-8))242Q1F

1.-{ - 2=ind (16)
Now for Zsinf = X, we have
i
. v;gin (f—8)+[(Vain (6-8))24X Q12
1.-{ - 2=ind (17)

To obtain real values of V; in terms of Q;, the equation must have real roots. Thus the following conditions, which
can be used as a stability criterion, need to be satisfied.

Visin (8 — 6))°4XQ; = 0 or (18)

. / B

[Visin (8-£3]2 =1 (19)

L = ——d — =1 20
MR 7 [vsin (B-8112 T (20)

Where: Z = impedance

X = line reactance

Q = reactive power at receiving end

Vi = sending end voltage

0 = line impedance angle

) = the angle difference between the supply voltage and the receiving voltage.

L is termed as the stability index of that line. The stability criterion is used to find the stability index for each
line connected between two buses in an interconnected network. As long as the stability index L, remains less
than 1.00, the system is stable and when this index exceeds the value 1.00, the whole system loses its stability and
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voltage collapse occurs. Based on this line stability index, voltage collapse can be accurately predicted.

2.23  Line Stability Index (Lgp)

A line stability index is derived based on the power transmission concept in a single line. The formulation begins
with the current equation in a power system with the help of Figure 1.

The power equation for the system shown in Figure 1 can be derived as

X 7 X 3

F'I-?_. _'?_.+':F*F: +'?_i':| (21)

The line stability index is obtained by setting the discriminant of the reactive power roots at bus i to be greater
than or equal to zero, thus defining the line stability index Lqp as

Loe = 4CZE)(75R + Q) @2)

Where: X = line reactance

Q; = reactive power at receiving end

V; = sending end voltage

P; = sending end real power

Operating at secure and stable conditions requires the value of Lgp index to be maintained less than 1.00. An
accurate knowledge of how close the actual system’s operating point from the voltage stability limit is crucial to
operators. Therefore, finding a voltage stability index has become an important task for many voltage stability
studies. These indices provide reliable information about proximity of voltage instability in a power system.

3.1 Static Representation of TCSC

TCSC is a capacitive reactance compensator which consists of a series capacitor bank shunted by a Thyristor
Controlled Reactor (TCR) in order to provide a continuous variable series capacitive reactance. In principle, all
series controllers inject voltage in series with the line. As long as the voltage is in phase quadrature with the line
current, the series controllers either supplies or consumes variable reactive power. Figure 3 shows a TCSC in
series with a transmission line. Inserting TCSC in a line modifies the equivalent reactance of that line, and the
active power flow in that line can be varied.

T
2 2
Transmission Line — \ g I
[
1]

X,
Figure 3 Thyristor controlled series compensator (TCSC)

Based on the principle of TCSC, the effect of TCSC on power system may be simulated by placing a controllable
reactance Xc in the concerned transmission line. Figure 4 shows the model of network with TCSC.

Sending end Receiving end
| X; R+ _]X |
Yl —
| e
| — /B B —= |

2

Figure 4 Equivalent circuit of TCSC

The main benefits of TCSCs are increased energy transfer, dampening of power oscillations, dampening of sub
synchronous resonances, and control of line power flow. Effective operation of TCSC depends on its location and
rating.

12



Load Flow Control And Analytical Assessment Of Voltage Stability Index Using Thyristor Controlled...

3.3.1  Analysis of the TCSC Equivalent Circuit :

is(t)

Fig 5 analysis of the TCSC equivalent circuit
The analysis of TCSC operation in the vernier-control mode is performed based on the simplified TCSC circuit as
shown in Fig. 5
is(t) = Transmission line current which is modeled as an external current source and assumed to be sinusoidal
current.
i+(t) = Thyristor-valve current
u = switching variable
when u =1, thyristor is conducting i.e. switch S is closed
when u = 0, thyristor is blocked i.e switch S is open
C = Fixed capacitor used in parallel with TCR circuit
L = Inductance used in series with Thyristor bidirectional switch
V(t) = voltage across the capacitor C
The current through the fixed capacitor C is expressed as

dv

Cd—t":is(t)—iT(t)-u (23)
The current through thyristor is given by
di
L—L=v.-u (24)
d ¢
Let the line current is(t) be represented by
i (t)=1, coswt (25)

In equidistant firing-pulse control, for balanced TCSC operation, the thyristors are switched on twice in each cycle
of the line current at instants t; and t; and these are given by

fot
w
T—p .
t, = ——, where f is the angle of advance (before the forward voltage becomes zero) or,
w
ﬂ=ﬂ'—0{; 0<ﬂ<ﬂmax

where « is the firing angle of the thyristor. This angle is generated using a reference signal that can be in phase
with the capacitor voltage. The thyristor switch S turns off at the instants t, and t,, defined as

O
t, =t +—
2w

O
t, =0, +—
R w

where o is the conduction angle, which is assumed to be the same in both the positive and the negative cycle of
conduction. Also,

o=20
Solving the TCSC equations ( 23)-(25) results in the steady state thyristor current i, as

i(t)=—2 ; I{coswt -~ CCOC;ZZ cosw,t}; —p<wt<p (26)

13



Load Flow Control And Analytical Assessment Of Voltage Stability Index Using Thyristor Controlled...

where @ is the omega and w, is called resonance frequency and is given by

w ! d &= (XCJ%
r: an = = —
JLC w X,

where X¢ and X, are capacitive reactance and inductive reactance respectively.The steady state capacitor voltage
at the instant Wt = — /3 is expressed as

ImX. /.
Ver = — Cl(sm S —@cosBtanap) (26)
w' —
At Wt = f3,i; =0, the capacitor voltage is given by
Ve (wt=p)= Veo = Ver (27)
Finally the capacitor voltage is given by
ImX . cosp .
V. (t)= Cl—_sinwt+a@ sinwt] —g<wt< (28)
) wz—l( cosafs r} b p
Ve (t)= Vg, + Im X, (sin wt —sin p); B<wt<z-p (2.29)

Because the non-sinusoidal capacitor voltage, v, has odd symmetry about the axis wt = 0, the fundamental
component, Ve, is obtained as

47
Vee =— [ Ve (t)sinwt d(wt) (30)
4 0

The equivalent TCSC reactance is computed as the ratio of Ve to I, :

Y/ X&  2B+sin2p
X =—F X, - c
TCSC Im C (XC _ X L) .
2 2
L A% cozs B (@tanap —tan p) @31)
(Xe —=X)(@? -1) P
If we apply =7 —«, inequation (6.16) the reactance of TCSC becomes as :
Xiese ==X +C,{2(7 —a)+sin[2(z — a)]}
—C, cos’ (7 — a )@ tan|a(z — )] - tan(z — a)} (32)
where
%
c. X ¢ ;xm C, - 4xX§; X = ch_x>z "U:BECJ 3
L C L L

From the equation (32) it is clear that the reactance of TCSC is dependent on the firing angle of thyristor and this
reactance varies from inductive region to capacitive region between firing angle 90° to 180° and at around 140°
there is a condition of resonance.

3.2 Physical model of TCSC :

Compensation means injecting reactive power for improving the power system operation by keeping the

bus voltages close to nominal values, reducing line currents and network losses. It also contributes to the voltage
stability enhancement. The basic idea behind series capacitive compensation is to reduce the overall effective
series reactance of the transmission from the sending end to the receiving end.
The TCSC consists of the series-compensating capacitor shunted by a thyristor-controlled reactor (TCR). The
impedance of the reactor X, is sufficiently smaller than that of the capacitor impedance Xc is taken. By varying
the delay angle or firing angle(a) of TCR, the inductive impedance of TCR can be varied. Thus TCSC can provide
variable capacitance by means of canceling the effective capacitance by the TCR. Therefore, the steady state
impedance of TCSC is simply that of the parallel LC circuit, consisting of fixed capacitive impedance Xc and
variable inductive impedance X, [16]. The power transmission over a transmission line with reactance X is given
as

P ="sins 33
X

14



Load Flow Control And Analytical Assessment Of Voltage Stability Index Using Thyristor Controlled...

Series compensation is basically used to decrease the reactance of transmission lines carrying power over long
distance, as shown by the simple equivalent of Figure 6.

x

|

EZ0" —
_ LOAD

Figure 6 Series compensation

—

“r
|
|

™

The effective transmission impedance X with the series capacitive compensation is given by:

et = X - Xc

Kefr = (1'k) X

where ‘k’ is the degree of series compensation, i.c.,

k=X/X; 0 =K =1

Usually, ‘k’ is in the range of 0.3 — 0.8.

Replacing X by X in power equation (23), it is clearly seen that the maximum deliverable power is increased,
while the voltage under maximum power is left unchanged.

The effective impedance of the TCSC is given by
XX (o

X ; (a) — c/ML ( )

X, (e)—Xc

where X (a) is the variable impedance of TCR which can be taken from the impedance of compensator

(34)

equation that is;

Z(@)= ¥ (@)= = (35)
(1o %4 Tsin2
( ﬁa ﬂ_SIn aj
X, (a)=X, d for X, < X, (a)<oo (36)

T —2a—Sin2a
where X, =oL and a is the delay angle measured from the crest of the capacitor voltage or the zero crossing of the
line current. The TCSC behaves as a tunable parallel LC-circuit to the line current. As the impedance of the
controlled reactor X, (a) is varied from its maximum (infinity) toward its minimum (wL) i.e. when a varies from

90° to 0% then TCSC increases its minimum capacitive impedance X (i = X, :%)C’ until parallel

resonance occurs at X, = X (a) and Xq(a) approaches to it maximum value Xymag=infinite. If we decrease

X (a) further, the Xt(or) becomes inductive and approaches to its minimum value of Xymin=XcX /(X -Xc) at
0=0". i.e the effect of capacitor is bypassed by TCR. Angle a has two limiting values (1) one for inductive a L(lim)
and (2) one for capacitive acim)

The TCSC has two operating ranges around its internal circuit resonance :

(1) oneisthe a¢(jim) < < % range, where X+(a) is capacitive

(2) the other isthe 0 < o < & (jim) ange, where Xr(a) is inductive.

3.21  Modes of Operation
The TCSC has three fundamental modes of operation as follows :

@ Thyristor-blocked mode : In this mode of operation, the current through the TCR is zero and the TCSC
function as a capacitive reactance X, .

(b) Thyristor-bypassed mode: In this mode, the thyristor valves are fired with no delay and the TCSC has
small inductive impedance.

(c) Thyristor- phase controlled mode : In this mode the value of the firing angle determines the direction of
the current through the TCR and the capacitor, enabling the TCSC to work as either a capacitive or an
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inductive reactance. In this mode, the thyristor firing mechanism is controlled to vary the amount of
effective reactance connected to the system .

3.3 Voltage Stability Analysis

There are certain irregularities or uniqueness in the system behaviour towards the onset of voltage
instability. The index based instability measure captures this unique system behaviour in terms of a number and
interprets them to give the notion of distance to instability. Two main factors are responsible for the voltage
instability, namely, the shortage of reactive power supply and the overload of active power. The former can be
caused either by the inability of sources to produce enough reactive power or by the inability of lines to transmit
enough reactive power. Later, when the system becomes increasingly stressed and the line losses start to grow
rapidly in the vicinity of voltage instability. A power system is composed of many power transmission paths. In
the power transmission path analysis, the voltage stability degree of the power system can be represented by the
voltage stability of the most vulnerable power transmission path. The process of this analysis can be summarized
as the following steps.

1. Run the load flow program for the base case.
2. Evaluate the index value for every line in the system.
3. Gradually increase the loading at a chosen load bus until the load flow solution fails to give results.

Calculate index values for every load variation.
. Extract the line which has the highest index value. This line is called as the most critical line with respect
to that bus.

5. Choose the next load bus and repeat the above steps for finding the critical line with respect to that bus.

6. Obtain the voltage at the maximum computable index prior to the divergence of the load flow. This
determines the critical voltage of a particular bus.

7. Extract the maximum loading for the maximum computable index for every test bus. The maximum
loading is referred to as the maximum load ability of a particular bus.

8. Sort the maximum load ability obtained from the step 7 in an ascending order. The smallest maximum

load ability is ranked the highest implying the weakest bus in the system.
The loading pattern is chosen so that each time the load is changed in only one particular bus, keeping the load at
other buses fixed at base case. Several combinations of real and reactive load pattern are selected to accomplish
the voltage stability analysis.

V. TEST RESULTS AND DISCUSSION

4.1.1  Stability Analysis without TCSC

The proposed approach has been tested on IEEE 14 systems using Newton Raphson load flow program
written in MATLAB 7.5. In this case, by using equation (7), the line stability index is found for each line of IEEE
14 bus system without any disturbance and contingency. From the values of line stability index obtained for IEEE
14 bus system, the first five severe lines are identified in the descending order of line stability index values as
mentioned in Table 1. It is observed that the line 2-3 has the highest stability index value when compared to the
other lines. Hence, line 2-3 is considered as the most severe line in the system.

Table 1 Line stability index for IEEE 14 bus system without TCSC

Bus Line stability
From To index
2 3 0.3190
7 8 0.1543
4 9 0.1463
5 6 0.1383
1 2 0.1195

4.1.2  Stability Analysis with TCSC
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A TCSC with reactance of 0.05 p.u is installed on the lines one by one as mentioned and the results are
reported for IEEE 14 bus systems in Table 2

Table 2 Line stability index values of IEEE 14 bus system with TCSC

Bus Line stability index with TCSC in line
From To 2-3 7-8 4-9 5-6 1-2
2 3 0.3123 0.0536 0.3192 0.3176 0.3211
7 8 0.1537 0.1122 0.1539 0.1566 0.1542
4 9 0.1462 0.1429 0.1331 0.1462 0.1463
5 6 0.1372 0.0805 0.1387 0.0925 0.1389
T 2 0.13% 00783 01192 0.1209 02170
) 13 0.0929 00029 0.0929 0.0930 0.0929
13 14 0.0797 0.0796 0.0797 0.0801 0.0797
) 1 0.0623 0.0613 0.0623 0.0623 0.0623
6 13 0.0337 0.0338 0.0337 0.0338 0.0337
3 4 0.0330 0.0292 0.0326 0.0325 0.0327
3 2 070298 00300 00300 00299 00303
3 g 00263 00258 00263 00263 00263
5 0 5.0207 00204 0.0208 0.0208 0.0208
3 7 00179 00179 00179 00179 00179
3 ) 00155 00155 0.0155 0.0155 00155
10 11 0.0151 0.0149 0.0151 0.0151 0.0151
1 5 0.0145 0.0149 0.0145 0.0145 0.0141
2 5 0.0118 0.0118 0.0118 0.0118 0.0120
4 5 0.0029 0.0029 0.0029 0.0029 0.0029
4 7 0.0000 0.0000 0.0000 0.0000 0.0000

For IEEE 14 bus system with TCSC in line 7-8, it is found that more number of lines have the least value
of stability index, when compared with TCSC in other lines. Hence, the line 7-8 is the most optimal placement for

inserting TCSC.

V.

CONCLUSION
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In this paper, a simple, fast acting power electronic controller which can provide current and power flow
control in the transmission line by varying its firing angle is well discussed. This is a computationally feasible
approach to monitor the power system voltage stability. This proposed method does not involve complex and
sophisticated matrix computation. The voltage stability analysis process is carried out using line stability index
which is also capable of determining the critical line.

The optimal placement of Thyristor-Controlled Series Capacitor TCSC to improve the system voltage stability is
identified easily. By placing the TCSC in the optimal location, the stability of system is found improved. Thus
TCSC can be used as a series capacitor to reduce the overall transmission line reactance. Depending on the
enhancement of power transfer desired at that time, without affecting other system-performance criteria, series
compensation can be varied by TCSC. Thus TCSC is one of the important FACTS controller, which increases the
overall power transfer capacity in the transmission line. Moreover, this approach is also capable of identifying the
most stressed line in power system networks which acquaints the power system operators to decide the remedial
actions in case of contingencies.

REFERENCES

[1]. 1) Nagrath / DP Kothari, “Power System Engineering (concept of series and shunt compensation)”, Tata
McGraw-Hill,2003

[2]. Ajjarapu, V., and Christy, C., 1992, “The continuation power flow: A tool for  steady state voltage
stability analysis,” IEEE Trans. Power Syst., 7(1), pp. 416-423.

[3]. Althowibi, F.A., and Mustafa, M.W., 2010, “Line voltage stability calculations in power
systems” in Proc. IEEE conference on Power Engineering, pp.396-401.

[4]. Guo Chulin, Tong Luyuan, Wang Zhonghang, “ Stability Control of TCSC between interconnected
Power networks”, Power System Technology, 2002 proceedings, volume-3,13-17 Oct 2002, pages 1943-
1946

[5]. Geng Juncheng; Tong Luyuan; Ge Jun; Wang Zhonghong; “Mathematical  model for describing
characteristics of TCSC”, Power System Technology, 2002. Proceedings. PowerCon 2002. Volume 3,
13-17 Oct. 2002 Page(s):1498 - 1502

[6]. Gama, C.; Tenorio, R.; “Improvements for power systems performance: modeling, analysis and benefits
of TCSCs” , Power Engineering Society Winter Meeting, 2000. IEEE Volume 2, 23-27 Jan. 2000
Page(s):1462 - 1467 vol.2

[7]. Xie Da; Niu Hui; Chen Chen; Wu Jishun, “An algorithm to control the power flow in large systems
based on TCSC “, Power System Technology, 1998. Proceedings. POWERCON '98. Volume 1, 18-21
Aug. 1998 Page(s):344 - 348 vol.1

[8]. IEEE Power Engineering Society, “FACTS Application”, IEEE press, New York, 1996

[9]. P.Moore and P. Ashmole, “Flexible ac transmission systems : part 4-advanced FACTS controller,”
Power Engineering Journal, April 1998,pp.95-100

[10]. E Acha/ VG Agelidis / T J E Miller, “Power Electronic Control in Electrical Systems”, Newnes Power
Engineering Series,Ist Indian Edition,2006

[11]. Xie Da; Niu Hui; Chen Chen; Wu Jishun, “An algorithm to control the power flow in large systems
based on TCSC “, Power System Technology, 1998. Proceedings. POWERCON '98. Volume 1, 18-21
Aug. 1998 Page(s):344 - 348 vol.1

[12]. William D. Stevenson, Jr. “Elements of Power System Analysis”, McGraw-Hill Series in Electrical
Engineering, Fourth Edition,1982

[13]. Mohamed, A., 1994, “New Techniques for Power System Voltage Stability Studies”, Ph.D
dissertation, University of Malaya, Malaysia, 1994.

[14]. Begovic, M. M., and Padhke, A. G., 1990, “Voltage Stability through Measurement of a Reduced State
Vector”, IEEE Transaction on Power Systems, 5(1), pp. 198-203.

[15]. Matsuki, J.; Ikeda, K.; Abe, M.; “Investigations of a thyristor-controlled series capacitor”, Industrial
Electronics, Control, and Instrumentation, 1996., Proceedings of the 1996 IEEE IECON 22nd
International Conference, Volume 2, 5-10 Aug. 1996 Page(s):683 — 688

[16]. Abdel-Moamen, M.A.; Narayana Prasad Padhy, “Power flow control and transmission loss minimization
model with TCSC for practical power networks”, Power Engineering Society General Meeting, 2003,
Volume 2, 13-17 July 2003.

18


http://www.ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=6841
http://www.ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=5889
http://www.ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=5889
http://www.ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=5889
http://www.ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=5889

