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ABSTRACT

Maintaining the stability of the power systems and ensuring the sustainability with
sufficient reliability are two important challenges. Inter-area oscillations are one form
of low frequency oscillations generally range between 0.1-0.8 Hz. These oscillations
may occur between one group of generators in one area and another group of
generators in another area that are separated by a long distance. Even a small change
in the operating point in the interconnected system may trigger this phenomenon.
Therefore, once detected, it is necessary to damp out these oscillations efficiently
which may lead to total blackout the system in the worst case. Since Flexible
Alternating Current Transmission Systems (FACTS) devices can control multi-power
system parameters simultaneously and independently, FACTS devices have a high
application potential and can be considered as one of the most viable solutions to
damp out inter-area oscillations in an effective manner. This paper aims to show that
major types of voltage source converter based FACTS devices are able to damp out
inter-area oscillations successfully. The studied FACTS devices in this paper are Static
Synchronous Compensator (STATCOM), Static Synchronous Series Compensator
(SSSC), Interline Power Flow Controller (IPFC), and Unified Power Flow Controller
(UPEC). Furthermore, the dynamic performances of these FACTS devices are also
compared based on the simulated case studies on Kundur 2-Area system. Of these
FACTS devices, it is shown that UPFC is the most effective FACTS solution to mitigate
inter-area oscillations.

Keywords: Static Synchronous Compensator, Static Synchronous Series Compensator,
Interline Power Flow Controller, Unified Power Flow Controller, Inter-Area
Oscillation.
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1. INTRODUCTION

As a consequence of poor damping, low frequency inter-area oscillations can be
observed in a large power system with many groups of generators which are
connected by relatively weak and long transmission corridors [1]. These oscillations
are usually resulted from minor disturbances, even from a change in system operating
point. In the inter-area oscillation mode, one generator angle in one area can swing
against the generator angle in another area which is located distantly. It can also be
observed as real/reactive power flows oscillation on the weak or heavily loaded
transmission line that connects two remote areas. Inter-area oscillations usually occur
between 0.1-0.8 Hz which can be detected by geographically spanned phasor
measurement units [2]. The effective damping of inter-area oscillations are of vital
concern since these oscillations limit the loading of the transmission paths, hamper
optimal power flow, and reduce stability limit, which cause inefficient and unreliable
grid operation. At the worst case, inter-area oscillations can even cause blackouts if not
damped effectively [3]. It is well known that power system stabilizers (PSS) available
on the generators are common for the alleviation of local power system oscillations
however they do not effectively damp out inter-area oscillations [4]. The damping
function of PSS only lessens the effects of these oscillations, but not fully eliminates.
The reason is that PSS operates only with local measured data. There are different
solution strategies to overcome inter-area oscillations [1].

Real power can be injected into the power system at chosen points by means of energy
storage or high voltage direct current transmission. Alternatively, real power flow can
be controlled at strategic branches in the grid by means of FACTS devices. The last
option is the control of reactive power injection into the grid at strategic buses by
means of power electronic converters of renewable energy systems such as solar and
wind. Consequently, FACTS devices are expected to be a dominant option in the near
future for the control of power systems due to steady rise of the voltage/current
ratings of the power semiconductor switches. FACTS is referred to the acronym of
“Flexible Alternating Current Transmission System”, proposed by Narain G.
Hingorani in EPRI in late 1980s [5]. Depending on the switching properties of the
power semiconductors, FACTS devices can be classified into two groups [6]. First
generation uses line commutated power semiconductor element such as thyristor.
While, the second generation employs forced commutated power semiconductor
element such as IGBT or IGCT. Second generation FACTS devices usually employ one
or more voltage source converters (VSC) with a better response time and more
controllability when compared to first generation. In this study, four types of second
generation FACTS devices employing one/two VSCs are proposed to damp out inter-
area oscillations of a test system. Furthermore, their dynamic performances are also
compared in terms of oscillation frequency and damping ratio. A single compensator
is usually studied in the literature to cope with inter-area oscillations.

For example in [7], the authors designed a power oscillation damping controller
connected to the AC voltage controller of a static synchronous compensator
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(STATCOM) to reduce inter-area oscillations in a two-area system with wind farm.
The impact of PSS and static series synchronous compensator (SSSC) on the stability
of the IEEE 14-bus test system with intermittent wind power generation was analyzed
in [8]. A new current injection model of interline power flow controller (IPFC) was
suggested in [9] to enhance the dynamic stability of a multi-machine power system. In
[9], the most stabilizing control signal for the IPFC was identified and the damping
controller parameters were optimized. The authors of [10] carried out a comprehensive
analysis for power transfer control and hindering of inter-area oscillations in a two-
area system with unified power flow controller (UPFC) and PSS based dynamic
control scheme. Another group of studies deal with the inter-area oscillation damping
problem with multi compensators.

For example, in [11], a convertible static compensator having functionalities of
STATCOM, SSSC, IPFC, and UPFC was proposed. The authors investigated the
performance of each FACTS device, individual or in combination, on New York State
transmission system by simulation studies. It was shown that FACTS devices
generally improved the voltage stability margin of the system as well as inter-area
oscillations were damped effectively. In [12], three FACTS devices, namely, UPFC,
IPFC, and STATCOM were compared for inter-area oscillation damping feature in
Kundur 2-area system. However, SSSC was excluded and a solid result was not
provided clearly about which FACTS device’s performance is superior. In a PhD
thesis, the small signal dynamic performance of IPFC and UPFC on inter-area
oscillations were investigated. The small signal models of the example system
embedded with FACTS devices were developed and the results obtained from small
signal analysis were validated with PSCAD software [13]. In [14], [15], the current
status of different FACTS devices on power system stability enhancement and their
ability on this subject were discussed and reviewed. However a concrete result was
not provided about comparison of dynamic performances of FACTS devices on inter-
area oscillation damping. The dynamic performances of thyristor controlled series
compensator (TCSC), STATCOM, and SSSC on the mitigation of inter-area oscillations
were inspected in Kundur 2-Area system in [16].

It was demonstrated that SSSC best avoids the oscillation and has the best damping
ratio. On the other hand, the local and inter-area oscillation damping characteristics of
IPFC, UPFC and back to back high voltage direct current transmission were examined
on Kundur 2-Area system in [17]. It was shown that direct current transmission option
has generally better damping characteristics than the aforementioned FACTS devices.
This paper aims to research on which VSC based FACTS device is the best effective for
damping inter-area oscillations in case when only local measurement is realized for
teedback control. To the best of authors” knowledge, this kind of comparative study of
VSC based FACTS devices such as STATCOM, SSSC, IPFC, and UPFC on inter-area
oscillation damping for Kundur 2-Area system has not been studied yet. The paper is
organized as follows: Section 2 summarizes the working principles and the control
functions of the FACTS devices which were mentioned in this study. Section 3 presents
the simulation cases of Kundur 2-Area system when inter-area oscillations are formed
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by applying faults to the system and the discussion is made for the results of the
simulations. Finally, conclusion of the work is given at the end.

2. FACTS DEVICES

This section briefly reviews the working principles and usual control schemes of
one/two VSC based second generation FACTS devices which are proposed in this
study. These FACTS devices are STATCOM, SSSC, IPFC, and UPFC.

2.1. Static Synchronous Compensator (STATCOM)

STATCOM consists of a VSC and a coupling transformer/reactor which has better
characteristics such as faster response, smaller in size, and modularity when compared
to static var compensator (SVC) and fixed capacitor/inductor compensation.
STATCOM is mainly used for dynamic voltage/VAR control and it can inject
controllable capacitive/inductive current into the system by varying the AC voltage
of its VSC. Even in voltage sags, STATCOM is still able to supply the required
capacitive current to restore the system voltage, since the magnitude of the STATCOM
current is independent of the system voltage. But, in case of SVC or fixed
compensation, the capacitive current is a function of system voltage and drops linearly
as system voltage reduces where it is needed mostly. The simplified STATCOM
configuration as well as its operating modes are shown in Figure 1 [6].

capacitive mode

Ve ~ Vstatcom > Va
<5 i
A isXcr
— Shunt
Xor=iwl Y™ transformer Vstatcom VsTaTCOM
STATCOM _ capacitor charging mode
+ inductive mode ls vV
Ve > Vstatcom =
C::Vdc VB \ VSTATCOM ___________ bl ES>(CT
Y — L e
Veratco Voo e
i isXcT S .
8 capacitor discharging mode
a) b)

Figure 1. The simplified configuration of STATCOM: (a) arrangement (b) operating
modes [6].

Figure 2 illustrates the basic control diagram of STATCOM [18]. There are two possible
control modes for STATCOM. AC system voltage where the STATCOM is connected
in the power system or alternatively reactive power injection by the STATCOM can be
controlled at the connection point. At the same time, for proper VSC operation, DC
link voltage must also be regulated at its reference value regardless of the STATCOM’s
control mode. In this work, STATCOM’s AC voltage controller is of PI type and
activated for the case when STATCOM is functioned for damping inter-area
oscillations.
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Figure 2. Basic control diagram of STATCOM [18].

2.2. Static Series Synchronous Compensator (SSSC)

From structural point of view, SSSC is similar to STATCOM except the connection
style of the VSC with the power system. As seen in Figure 3, SSSC is connected to the
transmission line in series with a series-coupling transformer [6]. SSSC is able to
generate a controllable series voltage whose phase angle is perpendicular to the line
current. With this way, the required amount of series compensation becomes possible
by varying the line reactance. With SSSC, it is possible to control active/reactive power
flows on the transmission line as shown in Figure 4. On the other hand, the DC link
voltage controller of the SSSC is similar to that of STATCOM. In case when the injected
series voltage (Vsssc) lags line current (IL), a capacitive effect is emulated and the
effective reactance of the line is decreased. This function is necessary for long lines in
order to increase power transfer capacity. On the other hand, in case when Vsssc leads
I, an inductive effect is emulated and the effective reactance of the line is increased.
This function is necessary especially in order to decrease the power flow in a
dynamical way to damp power system oscillations.
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Figure 3. The simplified configuration of SSSC: (a) arrangement (b) operating modes

[6].
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Figure 4. Basic control diagram of SSSC [6].

2.3. Interline Power Flow Controller (IPFC)

IPEC is one type of two-VSC based FACTS devices that is installed on two separate
transmission lines as shown in Figure 5. Each VSC is connected to one transmission
line via a series insertion transformer. With this regard, an IPFC can be regarded as the
combination of two SSSCs with a common DC link that enables real power exchange
among VSCs. Due to the real power exchange feature, the phase angle of the AC
voltage of one VSC (Vpq2) can be freely controlled together with the AC voltage
magnitude control. Since there are two independent controllable parameters for one
VSC, the real and reactive power flows can be independently and simultaneously
controlled on the transmission line to which this VSC is connected (Line 2). The
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functions of other VSC are to regulate the common DC link voltage and the reactive
power flow control on the other line (Line 1).
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Figure 5. The simplified configuration of IPFC: (a) arrangement (b) voltage phasors

[6].

Figure 6 briefly shows the control block diagrams of IPFC based on dg coordinate
transformation. VSC2 is responsible from the control of real/reactive power flows on
the transmission line to which it is connected. On the other hand, VSC1 regulates DC
link voltage and reactive power flow on the other line. In this study conventional PI
controllers are used and no modification are made to the controllers to damp inter-

area oscillations.
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Figure 6. Basic control diagram of IPFC [6].
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2.4. Unified Power Flow Controller (UPFC)

UPFC is another member of two-VSC based FACTS devices as shown in Figure 7.
UPFC can be considered as the combination of STATCOM and SSSC with a common
DC link that connects both VSCs from their DC sides. Series VSC is connected to a
selected transmission line through a series coupling transformer. By this way, the real
and reactive power flows of this transmission line in which series coupling transformer
is inserted, can be independently and simultaneously controlled by full control of the
series inserted voltage (Vpq). On the other hand, the other VSC is connected to a
selected bus in shunt through a shunt coupling transformer. The function of the shunt
VSC is to regulate the common DC link voltage and reactive power injection into the
point where shunt VSC is connected through shunt coupling transformer or AC
voltage control (Vs) for this point.

Vseir Vg
+
I Vg +

m series XL
transformer

shunt

transformer ~—y—y— NT\(\

A

STATCOM ) S88C
a

Figure 7. The simplified configuration of UPFC: (a) typical arrangement (b) voltage
phasors [6].

Figure 8 shows the simplified control diagram of UPFC. Like IPFC, active and reactive
power flow controllers regulate the flows on the line in which series VSC is connected.
Reactive power controller or AC voltage controller is optionally selected for the shunt
VSC. DC voltage controller is necessary for regulating the common DC link voltage.
The UPFC control scheme used in this work is of PI type which is based on dg
coordinate transformation.
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Figure 8. Basic control diagram of UPFC [6].

3. SIMULATION RESULTS

As shown in Figure 9, Kundur system is used in this work as the test system to evaluate
and compare the dynamic performances of different FACTS devices (STATCOM,
SSSC, IPFC, UPEC) for damping inter-area oscillations. Kundur system is a commonly
used test system for performing small-signal and transient stability studies of power
systems [19]. The fundamental frequency of Kundur system is 60 Hz. This test system
consists of eleven buses and two generation areas which are connected to each other
by three 220 km transmission lines. Each generation area has two identical generators,
with a rating of 20 kV and 900 MVA for each. Two loads are connected at bus 7 and 9
with a total consumption of 1816 MW. There are also two shunt capacitors connected
at bus 7 and 9, respectively. The length of other transmission lines are specified in
Figure 9. There are five case studies performed on the test system as listed in Table 1.
In these case studies, the STATCOM or the shunt VSC of the UPFC is connected at bus
8. The SSSC or series VSC of the UPFC is connected to one of the parallel lines near bus
8. The VSCs of the IPFC are connected to both of the parallel lines near bus 8. The case
study result of each FACTS device is compared with the uncompensated case of the
test system.
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Figure 9. Single-line diagram of Kundur system [19].

Table 1. List of case studies and FACTS device locations.
Case Number FACTS Device Location of FACTS Device

1 No compensation -

2 STATCOM Atbus 8

3 SSSC On one of parallel line

4 IPFC On both parallel lines

5 UPFC At bus 8 and on one of parallel lines
3.1. Case 1

In this case study, at first, the test system is simulated in order to obtain its steady-state
operating point without any FACTS device. It is found that under steady-state
conditions, 182 MW of real power flow per line is transferred from area 1 to area 2.
Then, while in steady-state operating conditions, bus 9 is subjected to a three-phase to
ground fault for a duration of 100 ms in order to get an inter-area oscillation between
area 1 and area 2. Figure 10 shows that following after the cleaning of this fault, there
happens relatively large oscillations of real power flow (black dashed line), even
higher than 350 MW at the first swing on one of the parallel lines between bus 7 and
9. This large power oscillation is due to no effective damping or very weak damping
provided by the synchronous generators. On the other hand, reactive power flow
oscillation (black dashed line) on the same line is shown in Figure 11. It is concluded
that the reactive power flow oscillation is resulted from no or inadequate reactive
power support provided by the synchronous generators. The rotor angular speed and
rotor angle differences between generator-1 (in area 1) and generator-3 (in area 2) are
also shown in Figures 12 and 13 (black dashed lines), respectively. It is observed that
these oscillations last for more than 12 seconds and both generators could hardly
regain their stable operation after cleaning the three-phase fault. Case 1 shows that
without an effective damping solution such as a FACTS device, the test system is
exposed to strong inter-area oscillations following after a serious fault and the system
hardly regains its stable operating point.
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3.2. Case 2

In this case study, STATCOM is activated by connecting it at bus 8 and STATCOM is
operated under AC voltage control mode. The same fault with exactly the same
parameters is applied to Kundur test system as in case 1 to evaluate the dynamic
performance of the STATCOM under such a three-phase to ground fault at bus 9.
Figure 10 shows that following clearing of the fault, STATCOM partially compensates
the inter-area oscillation of real power flow between area 1 and area 2 (green line). The
partial damping function of the STATCOM is due to the dynamic reactive power
injection at bus 8. Moreover, when Figure 10 and 11 are compared for STATCOM, it is
observed that STATCOM is able to act better on reactive power oscillation than real
power oscillation on the same line. This fact is due to the instantaneous reactive power
support of STATCOM. On the other hand, Figure 12 and 13 respectively illustrate that
the rotor angular speed and rotor angle oscillations of generator-1 against generator-3
(green lines) are poorly damped by STATCOM after cleaning the fault. It can be finally
concluded for this case study is that the STATCOM can partially suppress the inter-
area oscillations with a relatively poor damping. Although STATCOM is primarily
used for AC voltage or reactive power injection control at a specific bus, it can partially
help system engineers in reducing any possible inter-area oscillations by injecting the
reactive power to where it is connected.

3.3. Case 3

This case study is carried out in order to examine the dynamic performance of SSSC
when inter-area oscillations occur following after the fault in the test system. In order
to make a fair comparison between FACTS devices, the fault properties are unchanged
and these parameters are exactly same as in case of case study 1 and 2. In this case
study, SSSC is located on one of the parallel transmission lines interconnecting the two
areas of the test system. SSSC is considered when it is conventionally regulating the
real power flow of the line in which it is inserted in series. The damping characteristics
of the SSSC on real power flow fluctuations (purple line) is shown in Figure 10 when
the set point of the real power flow controller of the SSSC is set to a value which is
equal to the one as in case of the uncompensated case. It is clear from Figure 10 that
SSSC performs better than STATCOM in damping out real power oscillations on the
line. Since SSSC is in real power flow control mode, the oscillations following after the
fault are detected instantly and the related PI controller of the SSSC would try to
decrease the error signal by real-time modification of the effective line reactance. Since
line reactance is directly related to the amount of real power flow on an AC line, SSSC
can be preferred over STATCOM if only damping of real power oscillations is the
primary control target. Moreover, Figure 11 shows that SSSC again performs better
than STATCOM in reducing reactive power oscillations of the line (purple line). This
is due to the fact that on an AC line real and reactive power flows are coupled and if
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one of them is controlled by the FACTS device, the other one becomes indirectly
controlled so that in general, SSSC is a better FACTS device only if inter-area
oscillations of the real and reactive power flow are matter of concern. Finally, Figure
12 and 13 show that how the parameters of two synchronous generators, namely as,
rotor speed and rotor position fluctuate (purple lines) following after the fault and
damped by SSSC.

3.4.Case 4

In this case study, one of the two-VSC based FACTS devices, namely IPFC is evaluated
in terms of its inter-area oscillation damping capability for Kundur test system. IPFC
is located on the parallel lines of weak tie between bus 7 and 9 by inserting its each
VSC in series with each line, respectively. The fault properties are unchanged and
these parameters are exactly the same as in case of previous case studies. The
controllers of the IPFC are activated for simultaneously regulating two parameters of
one of the parallel lines and one parameter of the other line of the parallel lines. These
are the real and reactive power flows of one line and the reactive power flow of the
other line. In order to make a valid performance comparison of IPFC with the other
FACTS devices, the set point of real power flow controller is adjusted the same as in
case of SSSC, whereas the set point of reactive power flow controllers are adjusted to
the values which are obtained in case 1, namely, under no compensation mode. It is
apparent from Figure 10 that IPFC performs better than previous FACTS devices and
the real power flow fluctuations (blue line) is effectively damped out thanks to the
multi-parameter regulation capacity of IPFC with its two VSC controllers. It is also
observed in Figure 10 that the real power oscillation is almost ended after 10 seconds
and the system is recovered effectively after this time. Since IPFC controls more line
parameters than SSSC, besides real power oscillation damping, the reactive power
oscillations following after the fault is also clearly suppressed by the IPFC better than
SSSC. This situation is clearly shown in Figure 11 (blue line). Multi line parameter
control feature of IPFC helps generator-1 and generator-3 when recovering from the
disturbance. The simulated waveforms in Figure 12 and 13, respectively presents how
the swings of rotor angular speed and rotor angle differences between the generators
are damped by IPFC (blue line). After 10 seconds, almost all shaft oscillations die out.

3.5. Case 5

This is the last case study in this work and it evaluates and compares the dynamic
performance of the other two-VSC based FACTS device, namely UPFC for suppressing
inter-area oscillations of Kundur test system. In this case, the shunt VSC of UPFC is
coupled at bus 8, while the series VSC of UPFC is connected to one of the parallel lines
of the weak tie between bus 7 and 9. The fault type and its characteristics are exactly
same with the ones which are applied in previous case studies of Kundur test system.
To regulate the voltage magnitude of bus 8, the shunt VSC controller parameters of
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the UPFC are exactly the same with the settings of STATCOM controller. On the other
hand, the series VSC controller of the UPFC is activated for simultaneously regulating
real and reactive power flows of one of the parallel transmission lines of the tie line.
Here, the reference of real power flow controller of UPFC is adjusted the same as in
case of SSSC and IPFC, whereas the reference of reactive power flow controller of the
UPEC is set to the value as in case of IPFC operation. By this way it is aimed to make
a valid and fair comparison of UPFC with the other FACTS devices. With the addition
of the shunt VSC, the reactive power injection support becomes available by UPFC and
this feature clearly shows how UPFC impressively damps out the fluctuations of the
system. Figure 10 shows that real power oscillations are strongly suppressed by the
UPEFC in almost 5 seconds after the fault is cleared. This is the best performance result
obtained in all case studies. On the other hand, Figure 11 shows that reactive power
oscillation is almost finished by UPFC in a duration of 6 seconds. Finally, Figure 12
and 13 clearly show that the rotor angular and rotor angle deviations of the generator-
1 and generator-3 are effectively suppressed in 4 seconds after the fault is cleared. The
results of this case study show that inter-area oscillations of Kundur test system are
effectively damped out by UPFC due to its capability of controlling multi power
system parameters in an independent and simultaneous manner.

NO-FACTS ——STATCOM —S$SSC —IPFC —UPFC |

S0+

8 10 12

Q. flow from B7 to B9 (MVAR)

i i g I
0 2 4 6 8 10 12

Figure 11. Reactive power flow from bus 7 to 9 for all cases.
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Figure 12. Difference of rotor angular speeds of generator-1 and 3 for all cases.
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Figure 13. Difference of rotor angular positions of generator-1 and 3 for all cases.

3.6. Quantitative Comparison of Case Studies

Besides visual examining of the simulation results which have been previously done
in the above case studies, it is also necessary to quantitatively evaluate the
performance of each FACTS device in suppressing inter-area oscillations. To do this,
the oscillation modes of a power system can be clarified by a formal method which is
known as modal or eigenvalue analysis [1]. Eigenvalue analysis is a frequency domain
technique that needs linearization of the system model. Assume that the linearized
power system model around its operating point is obtained as

AX = AAX+ BAu
{ 1)

Ay =CAx+ DAau

where x, u, y, and ABCD are state vector, input vector, output vector, and state-space
matrices, respectively. After applying Laplace transform, system equations in s-
domain can be obtained as
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{x(s):(sl — A [x(0)+Bu(s)] @)

y(s)=C(sl = A)*[x(0)+ Bu(s)]+ Du(s)

where x(0), s and I are initial state vector, Laplace operator and identity matrix,
respectively. After this step, the eigenvalues (A1, As,..., Ay) of the power system can be
obtained by solving the characteristic equation (det(A-AI)=0) of the system. If the
eigenvalue is a complex number such that A=o0+j2xf, it describes an oscillatory mode.
Here, 0 and f are the damping factor and the oscillation frequency of the complex
conjugate pair, respectively. Then, the damping ratio can be defined as

-0

- - 3
Tl ©

where w=27f. Damping ratio ¢ is a quantitative measure that relates the oscillation
decaying following after a disturbance. In inter-area oscillation damping studies, the
mode is called “critical” which should be usually suppressed by a compensator such
as FACTS device, if its damping ratio is less than 5 % [20], [21], [22]. Table 2 lists the
oscillation frequency and the damping ratio of each case study. It is found that in all
cases with a FACTS device, the damping ratio is greater than 5 % except case no 1.

In this case, a critical mode which is around 4% is observed in the Kundur test system
after applying and clearing the fault. This means that a suitable compensating device
such as a FACTS device should be activated to cope with this critical mode oscillation.
Moreover, Table 2 shows that UPFC seems to be the best FACTS device in damping
out inter-area oscillations. The damping ratio in the case study involving UPFC is
11.32% and the respective oscillation frequency is found as 0.5528 Hz, which is the
minimum one of all case studies. IPFC comes as the second FACTS device after UPFC
that has better damping characteristics when compared with SSSC and STATCOM.
And then, SSSC comes after IPFC which has better damping characteristics when
compared with STATCOM. By combining the results of both examining the simulated
waveforms presented in previous figures and Table 2 reveal that a FACTS device
having multi-system parameter control capability gives better damping
characteristics.

Especially, if the controlled power system parameter by the FACTS device is a
transmission line parameter, such as, real or reactive power flow, this FACTS device
(for example IPFC or UPFC) gives relatively better damping characteristics to cope
with inter-area oscillations.
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Table 2. Comparison of oscillation frequency and damping ratio for each

FACTS device
Case No FACTS Oscillation Damping Ratio
Device Frequency (f) )
1 No FACTS 0.7671 0.0409
2 STATCOM 0.6786 0.0705
3 SSSC 0.6422 0.0817
4 IPFC 0.5913 0.1026
5 UPFC 0.5528 0.1132
4. CONCLUSION

Low-frequency oscillations such as inter-area oscillations always pose a threat for the
power systems due to their maximum power transfer limiting and stability threatened
dynamics. They cannot be effectively controlled by conventional power system
stabilizers which do not have any direct control action capability on the power system
parameters. It is already reported that inter-area oscillations can even cause large
blackouts if control actions are not taken immediately.

This paper presents a comparative performance evaluation of major FACTS devices
when damping out inter-area oscillations in a test system. The studied FACTS devices
are second generation ones, namely as, STATCOM, SSSC, IPFC, and UPFC. These
devices have at least one VSC and are versatile with different control capabilities. At
tirst, the aforementioned FACTS devices are briefly reviewed with simplified
operation and basic control diagrams.

After that each of the FACTS devices is installed at a critical place in Kundur test
system to evaluate its dynamic performance on damping out major power system
parameter oscillations following and clearing after a three-phase fault. It is shown both
by simulated time-domain waveforms and modal analysis that the FACTS device,
such as IPFC and UPFC, having a real power flow controller, gives always better
damping characteristics when compared to other types of FACTS devices.

It is also inferred that UPFC is better than IPFC since it has an extra reactive power
injection capability owing to its shunt VSC. The application of different FACTS devices
in evolving power systems is continuously rising in all over the world especially due
to the recent advancements in power electronic technology. So it is strongly anticipated
that the FACTS devices will be actors to cope with different types of major problems,
such as inter-area oscillations in the near future.
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