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Abstract- More than one hundred countries are using wind energy due to their easy implementation, cheap energy,
and high energy efficiency. Implementation of FACTS devices in Wind Energy Conversion Systems (WECS) has been
dramatically improved due to cooperative and accurate performance of FACTS devices. However, dealing with wind
turbine faults promptly is crucial. Short-term and long-term faults may have excessive voltage changes and inconstant
active and reactive power injection into transmission line. In this paper, robustness and flexibility of SSSC, STATCOM,
and UPFC FACTS devices connecting to a 9 MW SCIG-based wind farm under different time-domain fault conditions
is investigated. Variety of system scenarios under fault conditions are surveyed in order to find the best Fault Ride
Through (FRT) scheme for the system. To carry out this study, same rating and capacity is considered for all three
FACTS devices which are employed at the grid-connected point of WECS to mitigate FRT problem. Moreover, the best
compromised control mode of FACTS devices is sought by a power flow analysis. Additionally, to obtain a more
perceivable view over the technical issues related to the voltage sag support, performance of FACTS devices is
analyzed and compared with each other through the paper and at the final stage. A complete digital simulation of the
system is executed in the MATLAB/SIMULINK environment and the results are presented to authenticate the
performance of devices.
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1. INTRODUCTION

Wind energy implementation is growing very fast around
the world. As of today, wind power sustains 10. 4% of the
total electricity demand of EU’s electricity. To this
reason, necessity of developing wind energy technology
and solving barriers relating to them is of great
importance. Wind power is one of the lowest-priced,
costing between four and six cents per kilowatt-hour.
However, to guarantee this low price power generation
and high-efficiency, appropriate maintenance of wind
farms is vital [1].

When wind turbines are connected to the grid, they
provide active power to the grid, but simultaneously, they
absorb reactive power from the grid which this can lead
to lack of reactive power for the grid if not compensated
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in time [2]. Therefore, if the safe operation of the system
besides the continuous integration of the wind farm is
desired, reactive power should be maintained in order to
avoid voltage fluctuations and system failure [4] [8]. By
occurrence of a fault in the system, generator terminal
voltage of the WECS begins to drop [27]. This situation
causes electrical torque to follow a down trend and
abruptly fall to zero and rotor speed to rise up [4-5].
Though, utilization of the FACTS devices can ensure the
reactive power compensation of the system and therefore
system stability. Implementation of FACTS devices
however costly can guarantee wind turbine connection to
the grid during fault conditions [7-8]. A variety of FACTS
devices are suggested for improvement of power system
performance in literatures [9-12]. Dixon, et al, has
discussed implementation and reactive  power
compensation for variety of FACTS devices [13]. In[18],
a frequency domain analysis in order to design a
controller for static synchronous series compensator
(SSSC) is used with the aim of system stability
improvement; however, as a series-based FACTS device,
SSSC has the main drawback of resonance phenomena
[17]. Ghassemi, et al, proposed a STATCOM transient
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stability model for dealing with small-disturbance
stability issues, but this model is supposed to be used
together with auxiliary damping controls, which could be
a problem for power system designers and operators [10].
In [14], application of STATCOM in order to enhance
voltage stability of the wind power is studied for short-
term faults, but faults with long-term time-domain are not
investigated. In [27], a nonlinear backstepping controller
for LVRT capability enhancement in PMSG-based wind
turbine is proposed. In [11], a UPFC is connected to a
doubly-fed induction generator (DFIG)-based WECS to
overcome voltage sags during faults for two special grid
codes. Although application of UPFC prospered safety
margin of the system to some extent, this improvement is
achieved only in certain levels of voltage and not in entire
levels. In [15], the impacts of using UPFC and
STATCOM on protection system are compared; however,
long-term faults of the system are not discussed again.

This paper’s main contribution is time-domain
responses of SSSC, STATCOM, and UPFC for both
short-term and long-term faults in an on-grid wind energy
conversion system (WECS).

The next parts of this paper are arranged as follows:
Section II, designates SSSC, STATCOM, and UPFC
main structures concisely. Section III, put forward case
under study in this paper. Section IV, concentrates on
control theory behind FACTS. Section V, illustrates
simulation results, and finally section VI, is devoted to
conclusion.

2. COMPENSATION OF FACTS DEVICES
There is a considerable unemployed potential in
transmission lines which inspires engineers to head for
reconfiguration of power systems and using additional
devices [16]. FACTS devices incorporating power
electronic-based and other static controllers provide
transmission grids controllability and ability to
accommodate with changes, while maintaining sufficient
steady-state and transient margins through operating
conditions [17]. Installing additional devices such as
FACTS at the terminals of the wind turbine or at the
substation (in case of wind parks) to provide the required
voltage support is necessary to fulfill the FRT
requirements [25]. FACTS devices can be used as an
alternative to reduce the flows in systems with heavily
loaded lines. This usage will result in increment of
system loadability, decrement of system losses, and
improvement of system stability. Additionally, FACTS
devices have promising application in WECS [9] [20]
[26]. For instance, due to existence of a few inherent
defects in 1G-based WECS, such as high sensitivity to

grid faults, an appropriate designation of a FACTS
controller can significantly improve system stability and
avoid voltage drop at the IG terminals [11].

2.1. Static synchronous series compensator
As part of the flexible AC transmission system device

family, SSSCs have been employed for power
management of wind farms in many literatures by
researchers [18-21]. SSSC can provide capacitive or
inductive voltage independent of the line current up to its
specified current rating. Moreover, SSSC is capable of
negotiating both active and reactive power with the ac
system, simply by controlling the angular position of the
injected voltage. The capability of SSSC to exchange
active power has significant application potentials,
simultaneous compensation of the inductive and resistive
components of the series line impedance, in order to keep
the X/R ratio high, can be named as one. The SSSC
contains a solid-state voltage source inverter connected
in series with the transmission line through an insertion
transformer. This connection enables SSSC to control
power flow in the line for a wide range of system
conditions [21].

The fundamental schematic of SSSC, shown in Fig. 1,
can be derived based on operation principle of SSSC. In
the equivalent, the SSSC is represented by a voltage
source Vse in series with a transformer impedance. In the
practical operation of the SSSC, Vse can be regulated to
control the power flow of line i-j or the voltage at bus i
orj.

Busi Busj

|||—|/\—) . —
|||7[/\—) o E—

L,
Vde
Fig. 1. Fundamental schematic circuit of SSSC
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Fig. 2. Equivalent circuit of SSSC
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Capacitive Inductive
Fig. 3. V-I characteristic of SSSC

In the equivalent circuit, V=V £ Ose, Vi=ViL O,
Vi=V; ~ 6,, assuming SSSC operating in active power
flow control mode, the exchanged power between buses
i-j can be calculated as:

2 g;jcosd gijC0s (6 — by )
Pij =Vi giiViVj . _Vivse . (1)
+0;sing; +bijsin(6 - 6,)

Qij __Vizbiivivj[gljsm Y ]—ViVse[gljsm( | ~0%) ] 2)

+bi jCOSQiJ— +bi jcos (0, _Hse)

where g;;+jb;=1/Zs, and g and b; are conductance and
susceptance between buses 1 and j, respectively. The
equivalent circuit and V-I characteristic of SSSC are
presented in Fig 2 and Fig. 3, respectively.

2.2. Static Compensator (STATCOM)
STATCOM is another flexible AC transmission system

device which is operating via solid state switching
converter connected in parallel to the grid through a
coupling transformer. The main structure of STATCOM
is composed of a DC link capacitor and a voltage source
converter (VSC) which makes it possible for the device
to form a mutual interface with the power system [14].
Fig. 4 illustrates fundamental schematic of STATCOM.
Power system requirements can be dealt with by
controllable injection/absorption of real and reactive
power in STATCOM output terminal at fundamental
frequency due to power electronic equipment [22].

According to the equivalent circuit of the STATCOM
shown in Fig. 5, suppose V=V~ Ose, Vi=Vis O;
then the power flow constraints of the STATCOM are:

gsh COS(@i _esh)
P, =V.2g., —V.V 3
sh i 9sh iV sh Lbshsin (0| _Hsh) ( )
Osh sin(@i _gsh)
Q. =V’ V.V 4
sh i Msh i sh{ |ShCOS(9i _QSh) ()

where g +ibsn=1/Zs, and gy, and by, are conductance and
susceptance of the shunt bus which STATCOM is
connected to, respectively. Fig. 6 depicts the
configuration and V-/ characteristic of STATCOM

adopted in this paper.

} Vdc

VSC

VsC @ ==

Fig. 4. Fundamental schematic of STATCOM
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Fig. 5. Equivalent circuit of STATCOM
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Fig. 6. V-1 characteristic of STATCOM

2.3. Unified Power Flow Controller (UPFC)
Unified Power Flow Controller (UPFC) is a compound

power electronic device. UPFC concept was introduced
in 1991 by L. Gyugyi with the aim of real-time
controlling and optimization of power flow in electrical
power transmission systems [12]. The configuration of
the UPFC is designed by coupling of a shunt and a series
voltage source inverter (VSI) via a DC link which
comprises a capacitor (C), shown in Fig 7. The basic
function of the UPFC is that If the active power flows
from series converter into AC system, the DC link
voltage will be discharged and if the active power flows
from AC system into series converter, the DC link
voltage will be charged. So in order to keep the DC link
voltage fixed, the shunt converter is used to provide the
power demanded by series converter through a common
DC link [28]. From the conceptual view point, both active
and reactive powers of the line can be controlled by the
shunt and series converters of the UPFC smoothly,
swiftly, and independently. Implementing UPFC at
critical points of the transmission line will increase the
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power dispatch up to the power rating of generators and
transformers and also expand thermal limits of line
conductors, by increasing the stability margins [23].

Based on the equivalent circuit of the UPFC for power
flow analysis which is represented in Fig. 8, the phasors
Vs and Ve represent the equivalent, injected shunt
voltage, and series voltage sources, respectively. Zs, and
Zse are the UPFC series and shunt coupling transformer
impedances, respectively. Vi and V; are voltages at buses
i, j, respectively, while Vi is the voltage of bus k of the
receiving-end of the transmission line.

Busi Busj Busk

- Vse + P
| Q
LAMJ Transmission Line
L Vdvg
3 e 1

VSC1 VsC2

Fig. 7. Fundamental schematic of UPFC
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Fig. 8. Equivalent circuit of UPFC

Ish is the current through the UPFC shunt converter. Pg,
and Qs are the shunt converter branch active and reactive
power flows, respectively. The power flow direction of
Psh and Qs is leaving bus i. I and lj; are the currents
through the UPFC series converter, and I;; = —Jji. Pjj and
Qij are the UPFC series active and reactive power flows,
respectively, leaving bus i. Psh is the real power exchange
of the shunt converter with the DC link. P is the real
power exchange of the series converter with the DC link.

Suppose Ven=Vsh2Gsn, Vse=Vse 285, Vi=ViL8, Vj=Vj <6;

then the power flow of the UPFC shunt and series
branches are:

Ysh COS(@i _gsh)
Py, =V.2gg, —V.V 5
sh i gsh iV sh [+b5h5in((9i _Hsh) ( )
Osh Sin(‘gi _Hsh)
=V, vV 6
Qsh i Msh iV sh [_bsh COS(@i —95h ) ( )

2 9i ;0056
P =V, -V\V .
T E T b, sing;
i j>1NGj
7
gijcos(ei —6) M
_Vivse .
+0; jsin(6, —6s)

g;ising;
Qjj =-V%;; —ViVJ( e J

+h; jcos 6

[gijSin(gi —b) ] ®
_ViVse
+b; jCOS 6 -6,.)

The above voltage and power flow control is a very
common control method and has been used widely in
UPFC models. It has been recognized that besides the
power flow control, UPFC has the ability to control angle,
voltage and impedance or combination of those in which
these abilities will be discussed in details in section I'V.
Fig. 9 illustrates schematic and V-1 characteristic of
UPFC.

AV
Slope Xs Vre\ /}

\

Capacitive  Reactive  Inductive
Current

Fig. 9. V-I characteristic of UPFC

3. CASE STUDY

Improving grid fault tolerance is of great importance to
avoid cascade failures in the system known as “Domino
effect”, which may cause major blackouts in the grid. To
avoid these failures, all three FACTS devices utilized in
this study are supposed to be installed in their best
compromised place while having the same rating and
operational capacity.

The FRT capability and devices performance in
response to different time-domain faults can be deeply
compared by consideration of this hypothesis. Fig. 10
shows the system under study. A wind farm consisting of
six 1.5 MW wind turbines is connected to a 25-kV
distribution system at a point of common coupling (PCC)
in order to export power to a 120-kV grid through a 25-
km 25-kV feeder, enabling the SCIG-based wind turbines
to inject a total of 9MW power into the grid. Unique
features of IGs, such as relatively inexpensive price,
rigidity, and low maintenance required, with respect to
DFIGs, are the reasons to choose IGs in this paper. The
stator winding of IG is connected directly to the 60Hz
grid, while the rotor is driven by a variable-pitch wind
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turbine. The wind turbines are connected via lkm
transmission line and Y/Y step up transformer to the ac
grid. Under normal operating conditions the reactive
power produced by the IG is controlled at zero MVar
level to maintain unity power factor. To improve the
performance of the IG, aforementioned FACTS devices
are connected to the PCC bus to assure the system safe

operatlon.
77777777777777777;@777777?5 7777777 1
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25-KV Distribution System Wind Farm 9 MW

Fig. 10. Schematic diagram of case study

3.1. Wind turbine model
Wind turbine (WT) has blades connected to the

mechanical shaft through gearbox and rotor hub. It
converts kinetic energy of the wind into mechanical
energy of the shaft. The shaft drives the generator to
convert the mechanical energy into electrical energy. The
energy contained by the wind depends on the wind
velocity V and air density p. The output mechanical
power developed by the WT can be expressed by the
following relation [14]:

Rer :% pAVC, (1.5) )

where A is the area swept by rotor blades; C, is the power
coefficient (or coefficient of performance) of wind
turbine which is a non-linear function of tip-speed ratio A
and the blade pitch angle g and obviously different for
each wind turbine. The power coefficient C, is defined as
follow:

Cp (l.ﬂ)—i[i?—OAﬂ—S]exp[_l:'Sj (10)

3.2. Induction generator model
The typical model for the induction generator is adopted
in this paper [24]. The Dynamic or d-q equivalent circuit
of an induction machine is shown in Fig. 11. The
modeling equations of a squirrel cage induction machine
in state-space can be deduced [25].

X:nl
D
dogs %, L M an
at ® g L J{x;ﬂ _1j
us
Is

do @, Ry | Xur
_ds:wn Vs __e(Dqs +—= * (12)
dt a, Xls X mi
+ =1 gy

X i
deo, @, — R, | Xir
i:% _qudr 4+ r . (13)

dt Xis N X mi 1
Xis (qu

X*

X Pds
d gy (@ —a) Re | *ir

BT e <A el IR 14
dt a)o % qr Xls Xm| ( )
+ =1 gy

do, (P
— = —|(T, -T 15
igs, iqr
Rs ., ~4 Lis=Ls-Lm  Lir=Lr-Lm +C- Rr
I weyds (we-cr)ydr I
vas Lm var
Pus=gpqs/wb Par=eqr/wb
(a)
ids, ) idr
HRS -O+ Lis=Ls-Lm  Lir=Lr-Lm +O_ Br
weY(Qs (we-wh)yqr I
Vds Lm vdr
‘ Pds=gpds/wb Pdr=pdr/wb
(b)

Fig. 11. Dynamic or d-q equivalent circuit of an induction machine

4. COMPARISON OF FACTS IN POINT OF
CONTROL THEORY
The aim of this section is to present an argumentative
mathematical scenario and control analysis of three
FACTS devices studied in this paper in order to provide
readers a tangible view. The control systems of SSSC,
STATCOM, and UPFC devices are provided in Figs 12,
13, and 14, respectively. As one can be seen in these
control systems, SSSC utilizes connected buses voltages,
Vi and Vj, capacitor DC voltage, VDC, and line current,
Iij, to finally produce the switching pulses necessary for
its  voltage-source  converter (VSC). However,
STATCOM is using voltage of the bus which it is
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connected to in shunt (V;), line converter (VSC).
However, STATCOM is using voltage of the bus which it
is connected to in shunt (V), line current, /;, and DC
voltage, VDC to produce these essential pulses required
for the VSC to act. It uses a dual voltage regulation loop,
an inner current control loop, and an outer loop regulating
AC and DC voltages, which separately achieve in phase
and in quadrature reference currents, Idref and Iqref.
Though, both SSSC and STATCOM utilize the DC
voltage of their capacitor and regulate this voltage to
obtain in phase converter voltage, Vi.com, and in phase
reference current, Idref , necessary for pulse-width
modulation (PWM) technique and producing pulses for
converters switching. To this end, both SSSC and
STATCOM converter switching is dependent on the DC
link voltage. In simple words, charging and discharging
of the capacitor as a fixed DC voltage source is making
troubles for SSSC and STATCOM converters switching
under some circumstances, while implementing a fixed
DC voltage source can amend this drawback
straightforwardly.

As shown in Fig. 14, control of UPFC is carried out by
utilizing bus voltages in which UPFC is connected to, Vi
and Vj, and line current, l;;. The in phase and quadrature
voltages and currents are measured to calculate active
and reactive power, P and Q. In phase and quadrature
voltages, Vq and Vg, are then provided to the PWM
modulator in order to produce PWM pulses. Despite
SSSC, which two degrees of freedom of the series
converter are used to control the DC voltage and the
reactive power, in case of a UPFC three degrees of
freedom are used to control the line active and reactive
power, as well as an additional degree of freedom which
is shunt converter voltage, Vi. Shunt converter controls its
voltage by absorbing or generating reactive power. Table
1 provide a more tangible view about the main control
rules and parameters and relating distinctive features of
all FACTS devices used in these paper in point of
controllability.

Controllability of UPFC can be better understood by
phasor diagram of its currents and voltages as depicted in
Fig 15. UPFC topology provides much more flexibility
for controlling the line active and reactive power because
active power can be transferred from the shunt converter
to the series converter, through the DC link. Contrary to
the SSSC where the injected voltage Vs is constrained to
stay in quadrature with line current I, the injected
voltage Vs can now have any angle with respect to line
current. If the magnitude of injected voltage Vs is kept
constant and if its phase angle ¢ with respect to Vi is
varied from 0 to 360 degrees, the locus described by the

end of vector V;j (Vj=Vi+Vse) is a circle as shown on the
phasor diagram.

Current
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Vg Voltage | V4 Conv
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Fig. 12. SSSC Control System
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Fig. 15. UPFC Current and Voltages Phasor Diagram

As ¢ is varying, the phase shift 8, angle between two
voltages vectors Vjand V, also varies. It follows that both
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the active power P and the reactive power Q transmitted
at one-line end can be controlled. Therefore, when a fault
occurs in the wind farm connecting to a power system, it
is vital for the operators to provide or withdraw enough
reactive and active power if the secure operation of the
system is desired. The effectiveness of a FACTS device
is dramatically dependent on configuration of the system
and reactance beyond the bus at which the device is
connected. The impact of system fault level on feasible
operating area of a FACTS device can be determined by
analysing device influence on effective reactance of the
transmission line.

Table 1. Control Theory Perspective of SSSC, STATCOM, and

UPFC.
Control Main
FACTS Control Distinctive Features
Inputs
Rules
2 f fi
LV, | DCVoltage degree of freedom,
SSSC Capacitor charging
Vi, Vg Measurement . .
and discharging
2 degree of freedom,
L Vi, DC Volt . .
STATCOM ’ otage Capacitor charging
Ve Measurement . .
and discharging
PQ 3 degree of freedom,
UPFC L Vi, V; Independency of DC
Measurement ;
regulation

5. SIMULATION RESULTS

When a fault occurs in the wind farm connecting to a
power system, it is vital for the operators to provide or
withdraw enough reactive and active power if the secure
operation of the system is desired. The effectiveness of a
FACTS device is dramatically dependent on
configuration of the system and reactance beyond the bus
at which the device is connected. The impact of system
fault level on feasible operating area of a FACTS device
can be determined by analyzing device influence on
effective reactance of the transmission line.

In this section, by installing SSSC, STATCOM and
UPFC devices in the system under study in order to
appreciate the behavior of the system during the
occurrence of fault, simulations are carried out for two
different time-domains of short-term and long-term faults
and their performances are investigated. The case
Without FACTS devices is also considered in order to
provide a comparable study. The performance of these
devices is scrutinized in two main cases. In case one,
performance of these devices in relation to voltage sag of
PCC bus at the time fault experienced in the system is
studied. In the second case, they are compared in point of
their dynamic responses and also percentage of their
compensation. To investigate the impact of the proposed
FACTS devices in this paper a three phase-to-ground

short circuit fault is applied to the system at the PPC bus
at time t=5s. Fault clearance duration for the short-term
fault is considered 50ms and for long-term fault this time
is assumed 110ms. The compensation capability of all
these three devices is adopted equal to 3MVA. It is
notable that in order to evaluate and compare the
influence of SSSC, STATCOM, and UPFC on the system
stability margins, repeated simulations were carried out
to determine the most reasonable response. Parameters of
a single 1.5-MW IG in network system is presented in
Table 3. Table 4 displays the parameters of converters in
all FACTS devices.

5.1. Voltage sag events

In pre-fault situation, the voltage of PPC bus for
STATCOM and UPFC cases is 0.9749 pu, while for the
case with SSSC or without FACTS devices the voltage is
0.8949 pu. This small difference between the voltages in
pre-fault situation between shunt and series devices is
due to the shunt part of STATCOM and UPFC in this way
that they affect line voltage by direct injecting or
withdrawing reactive power to the line while series
devices like SSSC only affect transmission line reactance
and in this way improve transient stability. In case of
short-term fault, when fault is initiated considerable
voltage sags of the nominal value are experienced by the
system under study. As it is shown for short-term fault in
Fig. 16, during the voltage sag event SSSC could not
tolerate the fault and after clearance of fault it did not help
the system and continued like the case without using
FACTS devices. However, in case of UPFC and
STATCOM, they moderately experienced the same
speed overshooting and settling time and voltage profile
achieved higher values in steady-state.

Table 2. Voltage sag fluctuations of SSSC, STATCOM and UPFC

in per-unit
FACTS Devices | Pre-fault Post-fault
Short-term Long-term
Without FACTS 0.8949 0.6328 0.6328
SSSC 0.8949 0.6328 0.6328
STATCOM 0.9749 0.9749 0.6706
UPFC 0.9749 0.9749 0.9749

When long-term fault is initiated to the system, all
three devices reasonably experienced the same voltage
sags as for short-term due to the fact that all devices are
affected by short-circuit fault applied to PCC bus, but
after clearance of fault SSSC and STATCOM were
incapable of keeping up the bus voltage while UPFC
brilliantly restored the PCC voltage and the electrical
torque of IG in fault situation. Fig 17 illustrates the
voltage sag during long-term fault. The obtained results
for voltage sag of these three devices for both short-term
and long-term domains can be found in Table 2.
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Table 3. Parameters of a Single 1.5-MW IG in Network System.

Nominal Wind Turbine Output Power 1.5 MW
Rated Voltage 575v
Frequency 60 Hz
R«(2) 0.006863 pu
XI(2) 0.1286 pu
R/(Q) 0.006377 pu
X1(2) 0.1791 pu
Xu(2) 6.77 pu
Table 4. Parameters of Converters in all FACTS Devices.
Nominal Voltage (Vims) 25 kv
Frequency 60 Hz
Converter Rating 3 MVA
DC line Nominal voltage 4 kv
1.5 1
Without FACTS
—SSsC
—STATCOM
- —UPFC
s i
Sos 1
0.5
0
ol 495 5 505 51 515 |
0 5 10 15 20 25
Time (s)

Fig. 16. Voltage sag of SSSC, STATCOM, UPFC, and Without
FACTS for short-term faults.
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Fig. 17. Voltage sag of SSSC, STATCOM, UPFC, and Without
FACTS for long-term faults.
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5.2. Dynamic response

Figs. 18 and 19 show the short-term and Figs. 20 and 21
illustrate the long-term active and reactive power
exchanges between the 1G and the grid, respectively. As
it can be perceived, during the short-term faults
STATCOM and UPFC show somewhat the same
responses, while SSSC cannot improve the active power
after fault clearance and system responded as if the
system operates without FACTS devices; however, when
the system is exposed to faults SSSC and STATCOM
proved inability to maintain the safety margins of the
system however, UPFC magnificently prevents active
power and held on to 8.93MW within less than 4 seconds.
Therefore, after the clearance of fault, the active power is
restored to its pre-fault level. Moreover, SSSC and
STATCOM absorb large amount of reactive power,
about 12.2Mvar, from the grid in short-term fault
situation in comparison with UPFC, which is 5Mvar. In
long-term fault situation, SSSC and STATCOM absorb
even more of that amount. STATCOM absorbed around

13Mvar, 1Mvar more than SSSC due to aforementioned
reasons, which is quite a burden into the system under
such severe conditions. However, by utilization of UPFC,
the absorbing reactive power from the grid is
significantly reduced, almost the same as for short-term
which was 5Mvar, that helps to avoid other problems,
such as voltage collapse.
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Fig. 18. Active power responses of SSSC, STATCOM, UPFC, and
Without FACTS for short-term faults.
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Fig. 19. Reactive power responses of SSSC, STATCOM, UPFC, and
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Fig. 20. Active power responses of SSSC, STATCOM, UPFC, and
Without FACTS for long-term faults.

2

4

Without FACTS
12} —sssc 4
—STATCOM
—UPFC

S5

10 1
L 5 1
0r 0 | joA

I 495 5 505 5.1 515 52 |
0 5 10 15 20 25
Time (s)
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6. CONCLUSION
In this paper, the performances of SSSC, STATCOM,
and UPFC FACTS devices with the same rating and
operational capacity encountered with short-term and
long-term time-domain faults are studied. For short-term
faults, SSSC despite  STATCOM and UPFC is
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unsuccessful in maintaining system voltage profile by
falling to 0.63 pu and active power to zero. STATCOM
shows promising results under short-term faults by
keeping its voltage profile to 0.97 pu, but it fails to
encounter with long-term faults with the same trend for
SSSC. The improvement of the voltage profile after the
clearance of long-term faults is obvious in UPFC case, in
comparison with SSSC and STATCOM. UPFC is
capable of improving voltage 30% and 34% more than
STATCOM and SSSC devices, respectively. Regarding
to active and reactive power compensation, both SSSC
and STATCOM are unable to maintain system stability
when system is exposed to long-term faults. In these
cases, their real and reactive power dramatically decrease
to cause instability of the system; however, UPFC
successfully maintained system active power by keeping
it up to 9MW with only 5Mvar reactive power
compensation required after fault clearance. Simulation
results authenticate that UPFC significantly aids wind
energy conversion system (WECS) to keep up its voltage
and power requirement at the desired rate and guarantees
system protection. This capability owes to the shunt and
series parts of UPFC and their collaboration besides the
independent feature of UPFC in regulating DC voltage.
As a result, UPFC can be suggested for systems that need
to be tolerant against faults and require high protection
levels.
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