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Abstract The purpose of this paper is to study the effects
of four FACTS controllers: STATCOM, TCSC, SSSC and
UPFC on static voltage stability in power systems. Continua-
tion power flow is used to evaluate the effects of these devices
on system loadability. Applying saddle node bifurcation the-
ory with the use of PSAT, effects of these devices controllers
on maximum loading point are determined. Static voltage sta-
bility margin enhancement using STATCOM, TCSC, SSSC
and UPFC is compared in the modified IEEE 14-bus test
system.
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Abbreviations

CPF Continuation power flow

MLP Maximum loading point

FACTS Flexible AC transmission system

SvcC Static var compensator

STATCOM  Static synchronous compensator
TCSC Thyristor-controlled series capacitor
SSSC Static synchronous series compensator
UPFC Unified power flow controller
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MWM Mega Watt margin

VSI Voltage-source inverter

TCR Thyristor-controlled reactor

GTOs  Gate turn-off thyristors

PSAT  Power system analysis toolbox

Amax Maximum load parameter

Prax Maximum load active power corresponding
with MLP

Prase Base load active power

1 Introduction

Voltage instability is mainly associated with reactive power
imbalance. The loadability of a bus in the power system
depends on the reactive power support that the bus can receive
from the system as the system approaches the maximum
loading point (MLP) or voltage collapse point, both real and
reactive power losses increase rapidly. Therefore, the reactive
power supports have to be local and adequate.

There are two types of voltage stability based on the time
frame of simulation: static voltage stability and dynamic
voltage stability. Static analysis involves only the solution
of algebraic equations and therefore is computationally less
extensive than dynamic analysis. Static voltage stability is
ideal for the bulk of studies in which voltage stability limit
for many pre-contingency and post-contingency cases must
be determined.

In static voltage stability, slowly developing changes in
the power system occur that eventually lead to a shortage
of reactive power and declining voltage. This phenomenon
can be seen from the plot of the power transferred versus
the voltage at receiving end. The plots are popularly referred
to as P-V curve or “Nose” curve. As the power transfer
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increases, the voltage at the receiving end decreases. Even-
tually, the critical (nose) point, the point at which the system
reactive power is short in supply, is reached where any fur-
ther increase in active power transfer will lead to very rapid
decrease in voltage magnitude. Before reaching the critical
point, the large voltage drop due to heavy reactive power
losses can be observed.

The only way to save the system from voltage collapse is
to reduce the reactive power load or add additional reactive
power prior to reaching the point of voltage collapse [1].

Voltage collapse phenomena in power systems have
become one of the important concerns in the power industry
over the last two decades, as this has been the major reason
for several major blackouts that have occurred throughout
the world including the recent Northeast Power outage in
North America in August 2003 [2]. Point of collapse method
and continuation method are used for voltage collapse stud-
ies [3]. Of these two techniques, continuation power flow
(CPF) method is used for voltage analysis. These techniques
involve the identification of the system equilibrium points or
voltage collapse points where the related power flow Jaco-
bian becomes singular [4,5].

Usually, placing adequate reactive power support at the
“weakest bus” enhances static voltage stability margins. The
weakest bus is defined as the bus, which is nearest to expe-
riencing a voltage collapse. Equivalently, the weakest bus is
one that has a large ratio of differential change in voltage to
differential change in load (0 V /9 Potal)- Changes in voltage
at each bus for a given change in system load are available
from the tangent vector, which can be readily obtained from
the predictor steps in the CPF process. In addition to the
above method, the weakest bus could be obtained by looking
at right eigenvectors associated with the smallest eigenvalue
as well.

Reactive power support can be done with FACTS devices.
Each FACTS device has different characteristics; some of
them may be problematic as far as the static voltage stability
is concerned. Therefore, it is important to study their behav-
iors in order to use them effectively.

Canizares and Faur [6] studied the effects of SVC and
TCSC on voltage collapse. In [7], voltage stability assess-
ment of the system with shunt compensation devices includ-
ing shunt capacitors, SVC and STATCOM is studied and
compared in the IEEE 14-bus test system. Study of STAT-
COM and UPFC controllers for voltage stability evaluated
by Saddle-Node bifurcation analysis is carried out in [8].

So far, no work has been reported in open literature for
the effects of STATCOM, TCSC, SSSC and UPFC on volt-
age stability. This paper considers four FACTS controllers
in order to increase the loadability margin. The aim of this
paper is to compare some FACTS devices, namely, STAT-
COM, TCSC, SSSC and UPFC, in terms of MLP and so its
corresponding MWM in static voltage stability study.
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Rest of the paper is organized as follows: The mathemati-
cal tools needed for voltage collapse studies are discussed in
Sect. 2. A brief introduction of the stability models includ-
ing DC representations of STATCOM, TCSC, SSSC and
UPFC is presented in Sect. 3. Section 4 examines the effects
of these controllers on voltage collapse using a 14-bus test
system. Section 5 reviews the main points discussed in this

paper.

2 Power systems as differential algebraic
dynamical systems

Mathematical models of power systems generally consist of
a set of parameter-dependent differential and algebraic equa-
tions in the form [9,10]:

x = f(x,y,p), f: R 5 R" (1)
0=g(x,y, p), g: R""T4 — R™ 2)
xeXCR' yeYCR", pePCRHR!

In the state space X x Y, dynamic state variables x such as the
dynamic states of generators, loads, etc. and instantaneous
variables y corresponding to the steady state element models
are distinguished. The dynamics of the states x is defined by
Eq. (1), and the dynamics of the y variables is such that sys-
tem satisfies the constraints (Eq. 2); the parameter p defines
a specific system configuration and the operation condition.
The system model can be reduced by the term:

x'=fx hx,p),p)=sx,p) 3

A saddle node bifurcation of the system (3) occurs when the
Jacobian D,s (x, p) is singular at equilibrium point (zo, po),
where two solutions of the system, stable and unstable, merge
and then disappear as the parameter p, i.e. system load
changes. In other words, the Saddle-Node bifurcation point
is the voltage collapse point of the system where determinant
of the Jacobian will be zero. At least one of the eigenvalues
of the Jacobian matrix will become zero, one eigenvalue will
change the sign, and system will lose its dynamic voltage
stability [11-13].

From the eigenvectors at the bifurcation point, we can
provide information on the area prone to voltage collapse
point and the control strategies to most effectively prevent
this problem.

Theoretically, Saddle-Node bifurcation can occur between
a stable equilibrium point and an unstable equilibrium point
which can be depicted by Fig. 1. Two known basic tools based
on bifurcation theory are direct and continuation methods and
are used to compute the voltage collapse point. There are four
types of FACTS devices considered in this study, namely,
STATCOM, TCSC, SSSC and UPFC. Details including basic
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Fig. 1 Saddle-Node bifurcation: a bifurcation curve and b eigenvalue
trajectory

structures and terminal characteristics of these FACTS
devices are presented in the following section.

3 STATCOM, TCSC, SSSC and UPFC

It is well-known fact that FACTS devices can be used to pro-
vide reactive power compensation. Although there are many
types of the FACTS devices, each of them has it own char-
acteristics [14]. Thus, it would be useful to know what type
among STATCOM, TCSC and SSSC could give the most
benefit in terms of voltage stability margin. Description and
terminal characteristics of these FACTS devices are given
in the next subsections. Each model is described by a set of
differential algebraic equations [8]:

'xg.‘ = fC (x6'7xSa V7 97 u)
x; = fs (xe, x5, V,0)
P = 8p (x¢, x5, V, 0)
0= 8p (x¢, x5, V, 0)
where x. are the control system variables, x; are the con-

trolled state variables (e.g. firing angles), and the algebraic
variables V and 6 are the voltage amplitudes and phases at

“

the buses at which the components are connected, they are
vectors in case of series components. Finally, the variable
u represents the input control parameters, such as reference
voltages or reference power owns.

3.1 STATCOM

STATCOM is the VSI, which converts a DC input voltage
into AC output voltage in order to compensate the active and
reactive power needed by the system [15,16].

Figures 2 and 3 show the schematic diagram and termi-
nal characteristic of STATCOM, respectively. From Fig. 2,
STATCOM is a shunt-connected device, which controls the
voltage at the connected bus to the reference value by adjust-
ing voltage and angle of internal voltage source. From Fig. 3,
STATCOM exhibits constant current characteristics when the
voltage is low/high under/over the limit. This allows STAT-
COM to deliver constant reactive power at the limits com-

pared to SVC.
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Fig. 2 Basic structure of STATCOM
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Fig. 3 Terminal characteristic of STATCOM
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3.2 TCSC

TCSC device uses TCR in parallel with capacitor segments
of series capacitor bank. The basic structure and stability
model of the device are shown in Figs. 4 and 5, respectively
[16]. From Figs. 4 and 5, the combination of TCR and capac-
itor allows the capacitive reactance to be smoothly controlled
over a wide range. The value of susceptance (B,) of the line
can be controlled according to a specific controlled variable.
The characteristic of the TCSC depends on the relative
reactance of the capacitor bank and thyristor branch. The
resonance frequency (w;) of LC is expressing as [17]:
Xc = ! 5
C=",7C &)
XL =owlL (6)

o = = o | XC 7)
T Le M xo

The principle of TCSC in voltage stability enhancement is
to control the transmission line impedance by adjusting the
TCSC impedance. The absolute impedance of TCSC, which
can be adjusted in three modes:

e Blocking mode: The thyristor is not triggered and TCSC
is operating in pure capacity in which the power factor of
TCSC is leading.
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Fig. 6 Basic structure of SSSC

e By pass mode: The thyristor is operated in order to Xy =
Xc. The current is in phase with TCSC voltage.

e Capacitive boostmode: X¢ > X and then inductive mode
X L > X C.

3.3 SSSC

SSSC is a solid-state synchronous voltage source employing
an appropriate DC to AC inverter with gate turn-off thyristor
(GTO). It is similar to the STATCOM, as it is based on a DC
capacitor fed VSI that generates a three-phase voltage, which
is then injected in a transmission line through a transformer
connected in series with the system.

The main control objective of the SSSC is to directly con-
trol the current, and indirectly the power, flowing through the
line by controlling the reactive power exchange between the
SSSC and the AC system. The main advantage of this con-
troller over a TCSC is that it does not significantly affect the
impedance of the transmission system and, therefore, there
is no danger of having resonance problem [1].

Figures 6 and 7 show basic structure and the represent-
ing model of SSSC with control and state variables, respec-
tively. From Figs. 6 and 7, it can be seen that SSSC can
absorb/deliver both active and reactive power by controlling
voltage and angle at the DC voltage. However, the amount
of active power is normally small since the value of RC is
small.

3.4 UPFC

The basic components of the UPFC are two VSI using GTO
sharing a common DC storage capacitor, and connected to
the system through coupling transformers (Fig. 8).

VSl is connected in shunt to the transmission system via a
shunt transformer, while the other one is connected in series
through a series transformer. The shunt inverter is operat-
ing in such a way to inject a controllable current Iq into the
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Fig. 8 Basic scheme of a UPFC

transmission line. This current consists of two components
with respect to the line voltage. These components are the
real or direct component, which is in phase or in possible
phase with the line voltage, and the reactive or quadrature
component, which is in quadrature [18].

The UPFC model is shown in Fig. 9. According to this
figure, there are some parameters that can be adjusted for
keeping voltage level and power flow of the network.

4 Voltage stability study with FACTS devices using CPF

Changes in voltage at each bus for a given change in system
load are available from the tangent vector, which can be read-
ily obtained from the predictor steps in CPF process. Using
reformulated power flow equations, the differential change
in the system active power is:

Thus, the weakest bus would be:

dv,
Cdx

dv,
Cdx

g e ey

BUS = max H

dv,
T Cda

] ©))

Since the value of C dA is the same for each dV elements
in given tangent vector, choosing the weakest bus is as easy
as choosing the bus with largest dV component. In addi-
tion to the above method, weakest bus could be obtained by
looking at the right eigenvectors associated with the smallest
eigenvalue as well.

Usually, placing adequate reactive power support at the
weakest bus enhances static voltage stability margins. To
incorporate FACTS devices in the power system, equations
and state variables of FACTS devices are introduced in the
load flow equations and in the corrector step in the CPF pro-
cess. The way to solve the new load flow equations is similar
to that in conventional load flow equations but with equations
of FACTS devices. Each FACTS device has its own equations
and state variables [1].

The number of state variables is as same as the number
of FACTS equations required in the load flow formulation.
Flowchart of voltage stability with FACTS using the CPF
method is illustrated in Fig. 10. From Fig. 10, it can be
observed that equations of FACTS devices are added in the
load flow equations.

The new load flow equations are then used in the correc-
tor step in CPF process. In the following section, the IEEE
14-bus test system and analysis tools used in the paper are
presented in brief and static voltage stability margin enhance-
mentusing STATCOM, TCSC, SSSC and UPFC is compared
in the modified IEEE 14-bus test system.
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5 Simulation results

IEEE 14-bus test system as shown in Fig. 11 is used for
voltage stability studies. The test system consists of 5 gen-
erators and 11 PQ bus (or load bus). The simulations use
PSAT simulation software [19]. PSAT is power system anal-
ysis software, which has many features including power flow
and CPF. Using CPF feature of PSAT, voltage stability of the
test system is investigated.

The behavior of the test system with and without FACTS
devices under different loading conditions is studied. The
location of the FACTS controllers is determined through
bifurcation analysis. A typical PQ model is used for the loads
and the generator limits are ignored. Voltage stability analy-
sis is performed by starting from an initial stable operating
point and then increasing the loads by a factor A until singular
point of power flow linearization is reached. The loads are
defined as:

PL=Po(+2)
OL = Qro(l+4) (10)

[.:

L
3

4

Bus 14

Bus 10 E
—t Bus 09
8 isus o7

éL@—H@

Busz 06 Bus 08

Bus 04

s Blus 01

L5

Bus 05

ol
|

@ Springer

Bus 03

%
<é>



Electr Eng (2011) 93:33-42

39

Voltage Magnitude Profile

1 2 3 4 5 6 7 8 9
Bus #

10 11 12 13 14

Fig. 12 Voltage magnitude profile for 14-bus test system without
FACTS
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Fig. 13 PV curves for 14-bus test system without FACTS

where Prg and Qg are the active and reactive base loads,
whereas P, and Qq, are the active and reactive loads at bus
L for the current operating point as defined by A.

From the CPF results which are shown in Fig. 12, the buses
4,5,9 and 14 are the critical buses. Among these buses, bus 5
has the weakest voltage profile. Voltage magnitude in MLP
in bus 5 that is known as the weakest bus is 0.67636 p.u.
Figure 13 shows PV curves for 14-bus test system without
FACTS. The system presents a collapse or MLP, where the
system Jacobian matrix becomes singular at Ayax = 2.77 p.u.

Based on largest entries in the right and left eigenvectors
associated to the zero eigenvalue at the collapse point, bus
5 is indicated as the “critical voltage bus” needing Q sup-
port. Based on collapse analysis, bus 5 is targeted as the first
location for an STATCOM. Voltage profiles at the collapse
point system with STATCOM device are shown in Fig. 14.
It is noticed from of Fig. 14 that bus 14 is the next weakest
bus if the STATCOM is introduced at bus 5. The new max-
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Fig. 14 Voltage magnitude profile for 14-bus test system with STAT-
COM
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Fig. 15 PV curves for 14-bus test system with STATCOM

imum loading level in this condition is Amax = 3.0178 p.u.
(Fig. 15).

Next, remove the STATCOM, and insert the TCSC
between bus 5 and bus 4, and then repeat to create PV curve
again. Voltage profiles at the collapse point system with
TCSC device are shown in Fig. 16.

The MLP or critical voltage point is at Apax = 2.7769 p.u.
(Fig. 17). TCSC is installed at line 5—4, where the reactive
power is supplied only to the line, which may not improve
voltage profile throughout the system. From Figs. 16 and
17, it can be observed that the improvement of voltage in
these buses with STATCOM is more than the case that TCSC
inserted in the system. Clearly, results show that not only the
TCSC cannot increase system loadability level significantly
but also may introduce a premature limit induced bifurcation.

A similar approach to the one followed to analyze the
TCSC effect on maximum loadability is used to study the
corresponding effects of a SSSC. Figure 18 illustrates
the effects of inserting a SSSC in the candidate line.
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Fig. 16 Voltage magnitude profile for 14-bus test system with TCSC
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PV curves of system with SSSC are illustrated in Fig. 19.
The MLP is increasing at Apmax = 2.791 p.u.

Then, remove the SSSC, and insert the UPFC between
bus 5 and bus 4, and then repeat to create PV curve again.
Figures 20 and 21 illustrate the effects of inserting a UPFC in
the candidate line. Clearly, the MLP significantly increases
with respect to STATCOM, TCSC and SSSC compensation
level. The new MLP in this condition is Apmax = 3.0438p.u.

Figures 22 and 23 show MLP and MWM with various
FACTS devices. The values of A ax and MWM with all types
of FACTS devices are compared in Table 1. From the table and
Figs. 21 and 22, it is obvious that UPFC gives the maximum
loading margin compared to other devices. Shunt compen-
sation device injects the reactive power at the connected bus
but series compensation device inserts the reactive power at
the connected line.

The test system needs reactive power at the load bus more
than the line. The weakest bus (bus 5) of the system is located
at the load area and it requires reactive power the most.
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Fig. 18 Voltage magnitude profile for 14-bus test system with SSSC
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6 Conclusion

In this paper, voltage stability assessment of the modified
IEEE 14-bus test system with STATCOM, TCSC, SSSC and

Table 1 Maximum loading point and mega Watt margin with various
FACTS devices

Amax (P-U.)  Pmax (p-0.)  Poase (pu)  MWM (p.u.)
Base case 2.77 10.0438 3.626 6.4178
STATCOM  3.0178 10.9424 3.626 7.3164
TCSC 2.7769 10.069 3.626 6.443
SSSC 2.791 10.12 3.626 6.494
UPFC 3.0438 11.0368 3.626 7.4108

UPFC is studied. UPFC provides higher voltage stability
margin than STATCOM, TCSC and SSSC. The test system
requires reactive power the most at the weakest bus, which is
located in the distribution level. Introducing reactive power
at this bus using UPFC can improve loading margin the most.
TCSC and SSSC are series compensation devices, which
inject reactive power through the connected line. This may
not be effective when the system required reactive power at
the load level. UPFC and STATCOM give slightly higher
MLP and better voltage profiles compared to TCSC and
SSSC. It was found that these controllers significantly
enhance the voltage profile and thus the loadability margin
of power systems.
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