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Abstract

There are many situations that cause voltage instability in power systems. One of these situations is line contingency that may occur in
power systems. In this study, the effects of line contingency on the steady state are investigated in the IEEE 9 buses power system.
Firstly, the static and dynamic analyses of the power system are made in normal operating condition. Continuous power flow analysis
was used as static analysis and time domain simulation method were used as dynamic analysis. Then each transmission line is
deactivated and the analyses are repeated. The changes in the maximum loading capacity and voltage stability of the system are
investigated in case of each transmission line contingency. Finally, Static Var Compensator (SVC) is connected to the power system to
improve the stability level. When the SVC is connected to the power system, the maximum loading capacity of the system is examined
and the effects of this situation on the voltage stability are analyzed. All analyses are performed in the MATLAB® PSAT (Power System
Analysis Toolbox). The results showed that the line contingency reduces the maximum loading capacity and deteriorates the voltage
stability. It has been observed that both the problems can be eliminated with the SVC integration into the power system.

Keywords: Line contingency, Voltage stability, Maximum Loading Capacity, SVC, PSAT.

Gii¢ Sistemlerinde Hat Kopmasinin Sebep Oldugu Gerilim
Kararhhgindaki Bozucu Etkinin Incelenmesi ve Sistem Kararhhk
Seviyesinin lyilestirilmesi

Oz

Gic sistemlerinde gerilim kararsizligina sebep olan pek ¢ok durum s6z konusudur. Bu durumlardan biri de gii¢ sistemlerinde meydana
gelme olasiligi her an miimkiin olan hat kopmalaridir. Bu ¢alismada, IEEE 9 barali gii¢ sisteminde hat kopmalarinin kararhi ¢alisma
durumu iizerindeki etkileri incelenmistir. Ilk olarak gii¢ sisteminin normal ¢alisma durumundaki statik ve dinamik analizleri yapilmustir.
Statik analiz olarak siirekli gii¢ akis analizi, dinamik analiz olarak zaman domeni simiilasyon metodu kullanilmistir. Daha sonra her bir
iletim hatt1 devre dis1 birakilarak analizler tekrarlanmistir. Her bir iletim hattinin kopmasi1 durumunda, sistemin maksimum yiiklenme
kapasitesindeki ve gerilim kararliligindaki degisimler incelenmistir. Son olarak sistemin kararlilik seviyesinin iyilestirilmesi amaciyla
gii¢ sistemine SVC (Statik Var Konpanzatdr) baglanmistir. Gii¢ sistemine SVC bagli oldugu durumda, sistemin maksimum yiiklenme
kapasitesi incelenmis ve bu durumun gerilim kararliligina olan etkileri analiz edilmistir. Tiim analizler MATLAB® PSAT (Power
System Analysis Toolbox) programinda gergeklestirilmistir. Yapilan analizler hat kopmasmin maksimum yiiklenme kapasitesini

azalttigin1 ve gerilim kararliligimi bozdugunu goéstermistir. Gii¢ sistemine SVC entegrasyonu ile her iki sorunun da diizeltilebilecegi
gozlemlenmistir.

Anahtar Kelimeler: Hat kopmasi, Gerilim kararliligi, Maksimum Yiiklenme Kapasitesi, SVC, PSAT.
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1. Introduction

The demand for electrical energy is increasing day by day
(Tosun & Oztiirk, 2020). In order to meet the increasing demand,
the existing power systems are operated at full capacity in case of
need. If the power system is insufficient to meet the demand, the
power system is expanded with additional facilities (Kumar,
Kumar, & Sharma, 2020) . The expanding power system becomes
more complex and difficult to control. This situation makes it
difficult to provide the power system stability. Power system
stability is based on the rotor-angle, frequency and voltage
stability sub-classes.

Rotor angle stability is the ability to continue operating
synchronously even if the synchronous machines in the power
system are exposed to a disturbance (Sutter, 2016). If any
synchronous machine works faster or slower than the other
machines in the power system, it causes to change in angular
position between them. This situation is caused a load change on
the machines and a decrease in the power transmission capacity.
As the angle difference increases continuously, synchronous loss
and rotor-angle instability occur.

Frequency stability is the ability of the system to remain at a
constant frequency, even if there is an imbalance between the load
and generation in case the power system is exposed to a
disturbance (Amjady & Fallahi, 2010). Deactivation of one or
more of the synchronous machines or loads in the power system
or the activation of a new energy source is caused to change in the
system frequency. Frequency instability occurs as a result of
frequency oscillations caused by change.

Voltage stability is the ability of all buses of the system to
remain at an acceptable voltage level even when the power system
is exposed to a disturbance (Kundur, 1994). There are many
factors that affect voltage stability in power systems. Step change
in transformers, generator fault, line length, line contingency,
short circuit and overloads are the factors that cause voltage
instability. As a result of these factors or when reactive power
demand increases due to consumption, voltage instability may
occur. Increasing reactive power demand causes a drop in the
voltage level of buses, and when voltage drop continues for a long
time, voltage collapse occurs (Yesilyurt & Akbal, 2020).

FACTS (Flexible AC Transmission System) devices are
integrated into power systems in order to maintain system stability
or control instability that may occur. FACTS devices perform
reactive power compensation and improve system stability,
transmission capacity, and power flow control. They also bring
flexibility to the system (Lakkireddy, Rastgoufard, Leevongwat,
& Rastgoufard, 2015).

Dwivedi and Vadhera studied voltage stability and reactive
power sustainability using different FACTS devices (Dwivedi &
Vadhera, 2019). Vardani determined the optimum location of the
SVC device and examined the effect of SVC on the voltage
magnitude (Vardani, 2019). In (Hermanu, Listiyanto, & Ramelan,
2019), the effects of SVC and UPFC devices were investigated on
static voltage stability. In (Kumar, Raw, Gupta, & Kumar, 2019),
the weakest bus was determined by voltage stability analysis and
static analysis was performed by including SVC. In (Brillianto
Apribowo, Listiyanto, & Ibrahim, 2019), the critical buses were
determined and SVC was included to the critical buses and the
improvement in the voltage profile of the SVC was observed by
static analysis. In (Lakkireddy, Rastgoufard, Leevongwat, &
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Rastgoufard, 2015), SVC, STATCOM and TCSC was included in
the power system. P-V curve was obtained and maximum
loadability, active and reactive power losses were investigated
with continuous power flow analysis. In these studies, the effects
of SVC and other FACTS devices on voltage stability were
investigated by only static analysis methods.

In this study, the voltage stability which is one of the system
stability criteria has been examined in the IEEE 9 buses power
system with both static and dynamic analysis methods.
Continuation power flow analysis that is static analysis method
and time domain analysis that is dynamic analysis method are
performed with the MATLAB® PSAT. As a result of the analyses,
the effect of the FACTS device on the voltage stability is
examined by placing the FACTS device in the power system.

2. Material and Method

In the MATLAB® PSAT, all analyses are divided into two
parts, static and dynamic.

Static analysis:

e  Optimal Power Flow

e Continuation Power Flow

e Phasor Measurement Unit (PMU) Placement
Dynamic Analysis:

e Small Signal Stability

e Time Domain Simulation

In this study, continuous power flow analysis is used as static
analysis and time domain analysis is used as dynamic analysis.

2.1. Continuation Power Flow Analysis

Continuation power flow analysis is a static analysis method
used to determine the stable-unstable operating region and
maximum loading point in the power system. The dynamic model
of a power system is generally expressed by the following
equations.

x =f(x,y,A) (1

0=gxyN )

Where, x is called the state variable and it is a vectorial
variable that contains the phase angle and angular velocity
information of the generators in the power system. y is called an
algebraic variable and it is a vectorial variable that contains the
amplitude and phase angle information of the buses in the power
system. Finally, A is a scalar variable and it is used as loading
parameter in the power system (Rosehart & Cafiizares, 1999;
Dirik, 2006). Jacobian matrix is used for analysis. The Jacobian
matrix of the power system is obtained from the Eq. 1 and Eq. 2.

2L 2]
:[]f]:[fx fy]=|ax 9|
"= lgl = lg. g, 22 2|
ox 0dy ) 3)

(x*,y*,A*) is the critical point of the system and it is shown
in Fig. 1. This point is also called the bifurcation point (Guo &
Schlueter, 1994; Kwatny & Pasrija, 1986). The behavior of the
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dynamic power system at the bifurcation point is examined with
the Jx matrix which is called the system matrix. The Jx matrix is
given in Eq.4.

Ix = fx _fy-g;l-gx “4)

The determinant of g, 1 is zero at the bifurcation point.
Therefore, the Jacobian matrix is singular at this point. To
eliminate this problem, continuation power flow analysis is
applied to the power system (Oktaviani, Barlian, Apriani, &
Syarif, 2020).

Continuation power flow analysis consists of two steps:
prediction and correction. First, it is started with the known base
case solution. The next case solution is found with the help of the
tangent vector and the prediction step is completed. Then the
solution that found using the Newton-Raphson Power Flow
method is corrected. The reason for using the Newton-Raphson
method is to solve nonlinear equations in the power flow
(Sereeter, Vuik, & Witteveen, 2017).

Bus voltage

Predictor

‘«+— Corrector

Predictor®

Corrector

Load

Figure 1: Voltage-loading parameter curve

2.2. Time Domain Simulation

Time domain simulation provides instant viewing and
recording of data in the power system. Line contingeny, short
circuit faults, active and reactive power values and bus voltages
can be monitored in detail with time domain simulation.

Power systems are generally expressed by the differential
algebraic equation given in Eq. 5 and Eq. 6 for time domain
simulation (Milano-1, 2010).

).( = f(x' y' t)' x(tO) = xO (5)

0=ygCy0), y(to) = ¥o (6)

Numerical integration method is used to solve these
equations. There are two approaches in the numerical integration
method (Milano-2, 2005).

e Partitioned solution approach: In this approach, the x and
y variables are solved sequentially and there is a delay
time between x and y variables. This delay is avoided by
iterating the x and y variables at each step. However, this
can lead to numerical instability.

e Simultaneous solution approach: In this approach, x and
y variables are solved in a single step. However, this
approach requires iterative computation and therefore the
Jacobian matrix is used. In this case, the solution process
takes a long time.
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The partitioned solution approach is faster than the
simultaneous solution approach, but the PSAT is used
simultaneous solution approach because there is instability in the
partitioned solution approach. There are two numerical
integration methods that the simultaneous solution approach is
used in the PSAT.

e Euler's method: This method is a first-order integration
method. It gives fast results but its accuracy is not very
good.

e Trapezoidal method: This method is one of the most
preferred methods in solving differential algebraic
equations. It has also proven reliable in the analysis of
power systems.

In this study, time domain simulation is performed with
trapezoidal numerical integration method. Line contingency and
bus voltage levels are examined. In addition, the effect of the
FACTS device on the system is also examined by time domain
simulation.

2.3. FACTS Devices

FACTS devices are static controllers designed with various
power electronics elements to control power systems faster than
conventional controllers and increase power transmission
capacity. They are described as static controllers because they
have no moving parts (Akgiin, 2006). FACTS devices have two
main purposes. The first is to increase the transmission capacity
of the power system. The second is to control the power flow on
the transmission lines (Bhowmick, 2018; Oztiirk, Bozali, &
Tosun, 2016). The devices can be used as current, voltage and
impedance controllers in power systems, depending on their
internal structure or user selection. Today, many FACTS devices
with different structures have been developed. SVC is the most
widely used in power systems, thanks to quick and easy
installation.

2.3.1. SVC

SVC is a reactive power compensator connected in parallel
to the circuit to control and stabilize certain parameters (especially
bus voltage) of the power system (Das, Sen, Gupta, Shegaonkar,
& Acharjee, 2018). SVC is used to control the bus voltages and
protect the power system by adjusting the capacitive or inductive
current with the output signal.

The general structure of the SVC is formed by connecting the
fixed capacitor and the TCR (Thyristor-Controlled Reactor) in
parallel and is shown in Fig. 2 (Turan, Sar1, & Koker, 2021). TCR
consists of capacitive reactance connected in series with two
opposite polarity thyristors connected in parallel. TCR provide the
system stability by adjusting the reactive power.
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Figure 2: SVC internal structure

The reactive power expression of SVC is given in Eq. 7.

Q = V% bsyc (7)

In the equation, the susceptance value of SVC is expressed as
bgyc = bc — by, where b is the susceptance value of the fixed
capacitor and by, is the susceptance value of the TCR. The
dynamic structure of SVC is given in Fig. 3 (Milano-3, 2011).

v,POD b
v — T K; Dsvc
N Ts+1
_J
Vref Brmin

Figure 3: SVC dynamic structure

Where, V,.r is the voltage value of the system under the
normal operating conditions. VF°P is a voltage control signal
used to damp the occured oscillation (Mandour, EI-Shimy,
Bendary, & Mansour, 2014). Kr is the gain value and Tr is the
time constant in the dynamic structure of SVC (Shahgholian,
Etesami, Shafaghi, Mahdavian, & Leilaeyoun, 2011).
Respectively, b,,., and b, are the maximum and minimum
susceptance values. In case of deactivation of the capacities, it is
approached to b,,;,,, and in case of activation, it is approached to
bmax- Thus, inductive or capacitive current can be loaded to the
system by the SVC. The voltage-current characteristic of SVC is
given in Fig. 4 (Gandoman, et al., 2018).
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-
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Capacitive Inductive
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Figure 4: V-I characteristic of the SVC
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3. Material and Method
3.1. Results

In this study, static and dynamic analyses are carried out
using the IEEE 9 model power system given in Fig. 5. First of all,
it was observed that there is no line contingency in the system and
the loading parameter is A= 0.8. The system is examined statically
by continuation power flow analysis method. Bus voltage profile
as a result of continuation power flow analysis is given in Fig. 6.
Bus 5 has the lowest bus voltage with 0.8131 p.u.

Figure 5: IEEE 9 bus power system
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Figure 6: System bus voltage profile

The voltage-loading parameter curve of Bus 5 is given in Fig.
7. As a result of the analysis, the maximum loading parameter
value was obtained as 1.6214.
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Figure 7: Bus 5 voltage-loading parameter curve

After static analysis, time domain simulation was performed
for dynamic analysis. Fig. 8 shows the dynamic analysis result of
Bus 5. It is observed that the bus voltage level is stable while there
is no disturbances.
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Figure 8: Bus 5 voltage-time graph

Secondly, the contingency of each line was examined in the
power system after the 1st second. The changes that observe in
the maximum loading parameter in case of line contingency are
given in Table 1.

Table 1. Changes in the maximum loading parameter in case
of line contingency

Transmission Line Maximum Loading
Parameter
No contingency 1.6214
2-7 1.5741
39 1.5418
4-5 1.1186
4-6 1.3681
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5-7 1.3875
6-9 1.4431
7-8 1.3995
8-9 1.4843

The biggest decrease in the maximum loading parameter was
observed in the case of the contingency of line 4-5 which
connected to the weakest bus. In case of the 4-5 line contingency,
the voltage-loading parameter curve of Bus 5 is given in Fig. 9
and dynamic analysis result is shown in Fig. 10.
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Figure 9: Bus 5 voltage-loading parameter curve in case of
line contingency
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Figure 10: Bus 5 voltage-time graph in case of line

contingency

As seen in Fig. 10, an instant drop occurred in bus voltage
after the line contingency. After the line contingency (1. secs.),
the system stabilization nearly takes 7 s.

Finally, the analyses are repeated by connecting a 100 MVA
SVC to Bus 5 that had the lowest bus voltage in the first stage and
that was the lowest maximum loading parameter with the
contingency of the 4-5 line in the second stage.

With the SVC connection, the continuation power flow
analysis was repeated and it was observed that the maximum
loading parameter increased from 1.1186 to 1.3747. The voltage-
loading parameter curve of Bus 5 is given in Fig. 11 and the
dynamic analysis result is given in Fig. 12.
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Figure 11: Voltage-loading parameter curve of Bus 5 with
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0.96 -

p.u.)

(
o
®

Bus Voltage
g

09

S P )
Time (s)

Figure 12: Voltage-time graph of Bus 5 with SVC in case of

line contingency

In case of line contingency, it has been observed that the
voltage value of Bus 5 drops suddenly but the bus voltage reaches
its previous value in a very short time when SVC is activated. This
shows that SVC improves voltage stability in case of line
contingency in power systems.

3.2. Discussion

Voltage stability in power systems is an important issue that
needs to be monitored and controlled. In this study, voltage
stability analysis was performed in IEEE 9 buses power system.
This analysis was repeated for three separate cases.

In the first case, A= 0.8 was selected and the power system
was operated without any fault and any improvement. With the
continuation power flow analysis which is a static analysis
method, the voltage value of each bus was calculated and Bus 5
was determined as the weakest bus. Also, the maximum loading
capacity of the system was calculated by continuation power flow
analysis. With the time domain simulation which is a dynamic
analysis method, the voltage level of Bus 5 was examined in the
range of 0-20 seconds and it was observed that it was in a stable
state.

Secondly, line contingency which is one of the potential fault
situations in power systems has been examined. Respectively,
each transmission line was deactivated except for lines 1-4
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(because line 1-4 provides the slack bus connection, if line 1-4 is
deactivated, voltage collapse occurs) after 1 second and the
analyses were repeated. As a result of the static analysis, it was
observed that the maximum loading capacity decreased in all
transmission lines, but the greatest decrease was determined in the
4-5 line which is connected the weakest bus. As a result of the
dynamic analysis, it was observed that the voltage stability of the
Bus 5 deteriorated with the contingency of the 4-5 line and it took
a long time to improve.

Finally, a FACTS device was connected to the system to
prevent the decrease in maximum loading capacity and improve
the voltage stability. As the FACTS device, the most preferred
and easily controllable SVC was used in power systems. Voltage
instability in Bus 5 was corrected in a short time in case of 4-5
line contingency with SVC connection. It was also observed that
the maximum loading capacity increased with SVC connection.

With this study, the effect of SVC on voltage stability was
investigated with dynamic analyzes in addition to static analyzes
in previous studies.

4. Conclusions and Recommendations

In this study, it has been realized that continuation power
flow analysis is an important analysis method in detecting the
weakest bus, calculating the maximum loading capacity and
observing the relationship between the bus voltage and maximum
loading capacity. It has been proven that line contingency has a
negative effect on maximum loading capacity and voltage
stability in power system. With the integration of SVC into the
power system, it has been observed that voltage stability has
improved and maximum load capacity has increased. With the
help of time domain analysis, it has been observed how the SVC
behaves dynamically when a line contingency occurs in the power
system.
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