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FACTS tools in modern power systems provide a vital solution to the problems of voltage deviation and fault ride-through (FRT)
capability in electrical power systems especially during the integration of wind power. Many distinct journals highlight that the
wind-driven squirrel cage generator (SCIG) still accounts for around 15% of operating wind generators so far. To enhance
voltage stability and FRT capacity, this paper recommends a cost-effective static VAR compensator (SVC) which has a size
rating of six MVAR, and this improves the efficiency of the electrical power system. Different events are considered in this
study such as high turbulent wind speed, low turbulent wind speed, unsymmetrical faults, and symmetrical faults to validate
the suggested option. Moreover, the suggested solution is compared with the static synchronous compensator (STATCOM)
and a fixed capacitor to ensure that during the studied wind speed profiles and faults, voltage stability, reactive power
consumption, and FRT capability are realized. An overall comparison among them is performed under all studied scenarios to
summarize their benefits and impacts. The simulated results show the effectiveness and superiority of SVC in improving the
operation of an integrated wind system based on a grid-linked SCIG and the performance of the power system. The modeling
of SCIG, SVC, and STATCOM is designed by MATLAB/Simulink toolbox.

1. Introduction

The high penetration ratio of sustainable energy production
systems into the electrical grids in the world has been conspic-
uous these days. Many countries aim to use natural resources
to gradually replace conventional power plants, which rely
mainly on fossil fuel consumption, with cleaner sources a chal-

lenge. World renewable production capacity was 3064 GW at
the end of 2021. With a capacity of 1,230 GW, hydropower is
reported for the biggest portion of the worldwide total. The
remaining energy was split equally between solar and wind
power, with capabilities of 849 and 825GW, respectively.
Other renewable sources counted in 524 MW of marine
energy, 143 GW of biofuel, and 16 GW of geothermal [1-3].
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FIGURE 1: Scheme of the system model.
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FIGURE 2: Modeling of the wind turbine.

Nevertheless, the high usage of an unpredictable and intermit-
tent source like wind presents challenges of reliability and stabil-
ity within the grid that need to be appropriately studied [4-6].

Many types of research have already been done to assess the
effect of an immense amount of wind power incorporation into
the grid [7-10]. To keep the quality of the power supply, fre-
quency and voltage regulation as key factors must be taken into
consideration, whereas a balance between the generation of real
and reactive power (Q) flow and the demand for load must be
maintained so that the reliability of the power grid is not threat-
ened. In the earliest periods of wind energy generation develop-
ment, the industry was dominated by fixed-speed wind
generators (FSWGs) fitted with a squirrel cage induction gener-
ator (SCIG) [11-14]. By now, new and improved wind turbine
(WT) technologies have appeared, like the doubly fed induction
generator (DFIG) [15-17] and the permanent magnet synchro-
nous generator (PMSG) [18-20]. In spite of this, the SCIG
remains a determining factor in the global wind farm (WF) [21].

Nevertheless, the use of this technology has faced many
problems. The SCIG provides a simple system with a direct
connection of the stator windings to the power grid. Short
circuit was done on SCIG rotor windings and is not electri-
cally accessible. Such a system does not contain any power

converter or specialized apparatus in the generator itself to
enable the control of real and Q. Therefore, the stator
currents have to confirm that the grid-imposed frequency
can only be accomplished with a very small variability mar-
gin in the WT’s rotational speed [22, 23]. Owing to its con-
figuration, the SCIG needs some Q in the windings of the
stators to establish the magnetic field. This consumption of
SCIG is normally minimized when it works in steady-state
cases using compensating capacitors. Such capacitors are
probably linked to modules or detached to suit changed
power levels [24].

This behavior develops smoothly less acceptable when
there is a grid disturbance. During voltage dips, the WT’s active
power output drops rapidly, while it still needs grid-to-
generator Q support. It aggravates the impact of the fault on
the voltage, normally causing either overspeed or undervoltage
to cause the FSWGs to trip [5, 24, 25]. This helps restore volt-
age stability; however, this reduces the charging of the active
power supply, which impedes the power balance of the grid.

Thereafter, newly developed grid codes should be achieved
in case of high-income countries’ wind energy penetration
[26-28] set low voltage ride-through (LVRT) capabilities forcing
FSWG to stay in service during voltage decreases with identified
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FIGURE 4: WT characteristics under varying different wind speeds.

TaBLE 1: Rated parameters for 1.5 MW wind-driven SCIG.

TaBLE 2: Wind turbine parameters.

Parameter Value Parameter Value
Rated power 1.5 (MW) Number of blades 3
Stator resistance 0.00483 (pu) Density of air 1.22 (kg.m’3)
Stator inductance 0.1248 (pu) Nominal wind speed 9 (m.s™)
Rotor resistance 0.004377 (pu)
Rotor inductance 0.1791 (pu)
Mutual inductance 6.77 (pu) will connect the FSWG to achieve the superiority of the energy
Pole pairs 3 supplied to the grid and to realize the LVRT capabilities pro-
Frequency 60 (Hz) vided by new network codes [33-35]. STATCOM and SVC
Stator voltage 575 (V) may be speciﬁgd as pare}llgl-linkeq tools with the SCIG exit ter-
Friction factor 0.01 (pu) minals ac.cordlng to their 1nste.111at10n.. .

) The literature has dealt with the integration of STATCOM
Inertia 5.04 (s)

characteristics and deliver a certain quantity of Q to support the
recovery of voltage. Still, the SCIG cannot accomplish this func-
tion on its own. Additional types of equipment are required;
therefore, it is necessary to enable this knowledge to fulfill the
requirements of execution. A significant role has been played
here by flexible AC transmission system (FACTS) tools. Many
distinguishing tools can be categorized under FACTS like static
synchronous compensator (STATCOM) and static VAR com-
pensator (SVC), which serve as an appropriate key to the prob-
lems of Q and voltage regulation of FSWG [29-32]. Such tools

and SVC into WF. The LVRT improvement of FSWG using
STATCOM [36-38] and their ability to fulfill grid code necessi-
ties have been given particular attention. In addition, an
improved design was provided in [39-41], wherever energy stor-
age units were added to the STATCOM scheme to permit real
power flow management and enhance power system frequency
control [42]. SVC and STATCOM have different characteristics
with regard to their configuration and controllability. Thus, the
different actions of these tools are predictable under the same
working conditions. Nevertheless, there are no appropriate
sources in which comparisons are made between these two tech-
nologies. Henceforth, this aspect is well-thought-out here,
mainly concentrated on their behavior along with the grid-
connected FSWG.
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TaBLE 3: The parameter of the PID controller for STATCOM.
Controllers Kp K, Ky
DC voltage regulator 5 1000 0
AC voltage regulator 0.0001 0.02 0
Current regulator 0.3 10 0.22
Power
Vl_ref V1 Vz line
TSC-ITCR
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FIGURE 6: Schematic diagram of SVC and its control.

TABLE 4: Parameters of the PID controller for SVC.

AC voltage regulator gains K, K,
Values 0

The literature has suggested a number of configurations
and control schemes for WF systems outfitted with FACTS
tools. The FSWGs did not test in the literature with high, fluc-
tuating, and gusty wind speeds and severe faults. Additionally,
the WG’s dynamic performance was unaddressed in terms of
pitch control and rotation speed. The FACTS paradigm, in
which SVC or STATCOM can service WGs, is one of the
acceptable choices. However, this paper’s goal is to examine
the dynamic performance of a suggested design and determine
the appropriate size of FACTS that can be connected and used
independently in any location on the electric grid, rather than
just as a component of a WF. Such dispersed configurations
can be installed at the grid’s weaker nodes to increase the sys-
tem’s dependability and stability.

This paper examines the dynamic behavior of SCIG-
based WF connected with STATCOM and SVC under regu-
lar and irregular grid conditions. The integration of FACTS
tools with grid-connected FSWG has been done which leads
to compensation of the SCIG and enhances grid stability
during instability events. Thus, two separate configurations

were provided conferring to the incorporated FACTS, ie.,
SVC and STATCOM. Transient stability scenarios are per-
formed in MATLAB/Simulink under different operating
conditions to test the models’ dynamic response to grid
faults. The following are the key contributions of this article:

(i) A grid-tied wind system combined of six FSWGs is
assessed and tested under different harsh operating
events (high turbulent wind speed, low turbulent
wind speed, single phase fault, double line fault,
and three phase fault)

(ii) Application of FACTS tools (SVC and STATCOM)
in grid-connected wind systems for enhancing the
reliability of recent power systems via achieving
FRT capability and voltage stability

(iii) The maximal produced power during changes in
wind speed may be obtained with the suggested
SVC, the injected Q into the grid is readily man-
aged, and FRT conditions can be successfully met

(iv) The applied control for the FACTS appropriate
operation is provided and discussed

(v) The different behaviors of the proposed and efhi-
cient tools (SVC and STATCOM) that eradicate
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TaBLE 5: Prices of FACTS devices.
Cost ($/kVAR)
FACTS tools Installation cost included 100 MVAR 200 MVAR 300 MVAR 400 MVAR
Yes 100 80 70 60
SVC
No 60 50 45 40
Yes 130 115 110 100
STATCOM
No 90 75 68 60
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FIGURE 10: Voltage response at the PCC.

the limitations and drawbacks of fixed capacitors
and improve the operation of the WF system are
analyzed under five operating conditions

(vi) The studied wind speed profiles aim to assess the role
of SVC and STATCOM in mitigating the high vari-
ability in wind speed through injecting the needed
Q. In addition, the presence of proposed FACTS
enables the pitch control system to do its function
smoothly

(vii) The outcomes are reported and a comparative analysis
is conducted among all the suggested configurations

This paper is structured as follows. Section 2 offers a
brief depiction of the WF. Models of the FACTS are
described in Section 3. Section 4 describes and addresses
simulations. Lastly, the conclusions drawn from the study
are described in Section 5.

2. Wind Farm Description

The WF is simulated in MATLAB/Simulink and tested with
various FACTS tools to test its behavior. It contains three sim-
ilar branches linked to a common node, which is considered to
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be the wind farm’s production terminal. In addition, each
branch contains two SCIG-equipped fixed-speed wind tur-
bines. The SCIG output capacity is 1.5 MW. Therefore, a full
average WF capacity of 9 MW is generated from three divi-
sions of 3 MW each. In addition, each pair of wind generators
(WG) linked to the same outlet has a 400kVAR reactive
capacitor at their output. The WF scheme is depicted in
Figure 1. A voltage transformer (VT) is also needed to increase
the output of the 575V SCIG to 25kV, which is the voltage
used throughout the WF system. Furthermore, among the
three divisions of the WF, three of VTs 575V/25kV of
4MVA rated power are installed. In addition, the pi-model

has been used to implement a 1km long transmission line to
account for power loss from the output of the transformer to
the specific point.

In each of the three divisions, the structure is replicated.
The same node also serves as the linking port for those tools
in cases where FACTS is applied. An additional branch is
attached to the WF’s common node in parallel with one of
the FACTS tools and the rest of the power line to the com-
mon coupling point (PCC). Therefore, if no FACTS are
well-thought-out, this dimension necessity is omitted and
together nodes must be associated with the scheme shown
in Figure 1. Using the FACTS tools, the pi-model of a



International Journal of Energy Research

10 12 14 16 18 20

Time (sec)

F1GURE 13: A voltage of the SVC and STATCOM.

8
1.05 T T T T
1
0.95
=5 0.9
K .
go 0.85 Hi
G
> 0.8
0.75 |+
0.7
0.65 ' ' : :
0 2 4 6 8
—— With STATCOM
--- With SVC
1.6 T T T T
1.5
14|
— 13
=
R
s 12]
1.1 |
1
0.9 ! . 5 !
0 2 4 6 8
—— With STATCOM
--- With SVC
------ Without FACTS

10 12 14 16 18 20

Time (sec)

F1GURE 14: The SCIG speed variation.

25km long transmission line (TL) connects the WF to a VT
that increases the voltage from 25kV to 120 kV that the PCC
requires to a 47MVA grid. Lastly, the grid is typically
designed to use a three-phase AC supply which generates a
steady AC signal on the PCC for both amplitude and
frequency.

2.1. Modeling of WEGS. The responsibility of the wind tur-
bine is to change the kinetic energy to mechanical energy.
The modeling of wind turbines has been discussed in detail
in [43-45]. In the equation below, Cp is the coefficient of
performance which is related to 3 (blade pitch angle) and

A (tip speed ratio). For SCIG, Cp is specified by

116 ,
Cp (A, B)=0.5176 (7 ~0.4p - 5> exp 2 +0.0068),
(1)
11 .03 )
Mi A+.088 B+l @)
w,, *R
A= Vwind . (3>
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FIGURE 16: Realistic wind speed.

Equation (4) shows the turbine’s mechanical output
power.

Pm= O'Scp pA(Vwind)S’ (4)

where p is the air density, A is the turbine swept area, and

Viing 1 the wind speed.
The value of w,,, can be obtained from equation (3).

P
Ttur = w_m’
p " (5)
w
T = ]eqd_tm + Beq-w,, + T,

The variables T, Joq» Beg» and T, are turbine torque,

total equivalent inertia of the turbine, damping coefficient,
and the electromagnetic torque of the generator, respec-
tively. The modeling of wind turbines is shown in Figure 2.
Pitch angle controller (PAC) is one of the software solutions
that assist in LVRT by keeping the generator operated at
rated wind speeds. When the wind turbine is exposed to
wind gusts, the pitch angle increases to reduce Cp, and
therefore, the output power decreases where the pitch angle
equals zero at normal wind speeds. This is illustrated in
Figure 3. The characteristics of the wind turbine under dif-
ferent wind velocities are depicted in Figure 4.

2.2. Modeling of SCIG. A fourth-order model describes the
dynamic model of the SCIG according to the equations
below. The rotor and stator voltages in a reference frame
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of direct (d) and quadrature (q) through the park transfor-
mation are indicated by the SCIG [43].

Vs =Ry + PAgs + whg,,
VdS = RSIdS + PA'dS - wA,qS,
V=Rl +PAy + (0 - w,)Ag, =0,

Vdr = erdr + P/\dr - (w - wr)/\ 0,

qr =

ids Lr 0 -Lm 0 Ads
igs 1 0 Lr 0 -Lm|| Ags
idr Dl | _Lm 0 Ls 0 Adr |
iqr 0 -Lm 0 Ls Aqr
A, = (Vds B RsIds + w/\ds)
ds s 4
L (Ve Rl —0ly)
qs S >
Ao = (Vdr - RrIdr + (w - wr)Aqr)
dr s >
A = (Vdr - RrIqr - (a) - wr)/ldr)
qr S >

Dl = Ler - (Lm)2’
T, =1.5P (I Ay — LgsAqs)-
(6)

The wind-driven SCIG is equipped with a pitch angle
controller which restricts the capture of mechanical energy
to prevent hazardous processes at strong wind speeds. The
parameters used in modeling are voltage (V), current (I),
resistance (R), number of poles (P), rotor angular speed
(w,), flux linkage (A), electromagnetic torque (T,), and

inductance (L), where subindexes r and s stand for rotor
and stator, respectively. The SCIG and wind turbine param-
eters are listed in Tables 1 and 2, respectively.

3. Modeling of FACTS

The FACTS is defined as a system consisting of a static
device based on power electronic theory and utilized in the
AC transmission power network to improve reliability, con-
trollability, and power transfer capability. The FACTS family
contains many devices with different operating principles
and configurations. STATCOM and SVC are used in this
work to improve a wind farm’s grid-connecting capabilities
and power system stability.

3.1. STATCOM Modeling. The STATCOM is a converter-based,
parallel-connected switching tool used by reactive power injec-
tion or absorption to regulate voltage and electrical power flows
[46-49]. The STATCOM is a parallel static synchronous gener-
ator that can change the amount of reactive power as capacitive
or inductive, according to the IEEE definition for FACT'S devices.
STATCOM has alot of merits like a fast response, high accuracy,
small size, and perfect dynamic characteristics during variable
operating conditions. This component contains a voltage-
sourced converter, which produces at its output a regulated AC
voltage using a coupling transformer, a DC capacitor, and semi-
conductor switches mainly insulated gate bipolar transistors
(IGBT). It will be modeled as a voltage-controlled source of cur-
rent, the value of which is defined according to the primary and
secondary voltages of the coupling transformer. A primary volt-
age is measured directly at the contact port in STATCOM, while
the secondary voltage is calculated indirectly. STATCOM’s pri-
mary role is to produce a sinusoidal waveform at the PCC and
control reactive current flow.

Throughout the control system introduced (Figure 5),
the converter current quadrature portion (in a d — g refer-
ence frame) regulates the transformer’s primary voltage to
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its reference, and hence, the Q exchange with the network,
using a PI controller and taking into account the device’s
droop characteristic. On the other hand, using a PI control-
ler, the direct portion of the converter current is applied to
adjust the DC voltage on the capacitor lateral of the con-
verter and then the real power flow in the converter. Instead,
with together current references, the secondary voltage d — g
components are applied by a current regulator, which is sent
to a pulse width modulation (PWM) generating the switch-
ing signals for the electronic devices that convert electricity.
The Q is controlled by the voltage magnitude of the con-
verter output voltage and the AC main voltage. Its amount
is given by equation (7). If V, is lower than V, Q is flowing

from V, to V, (STATCOM is consuming reactive power). If
V, is higher than V|, Q is flowing from V, to V, (STAT-
COM is injecting Q). Table 3 lists the value of proportional
integral derivative (PID) controllers for the STATCOM.

_ Vl(Vl _VZ)
Q=%

(7)
3.2. SVC Modeling. Recently a shunt-connected SVC is
equipped with a grid to enhance voltage stability and control
the power flow in power systems. Compared to STATCOM,
this device allows the electrical system which is attached to
the Q exchange. Furthermore, it operates in a different
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manner from the STATCOM system. In SVC, Q injection or
absorption is achieved by means of a varying admittance
that can change from inductive to capacitive depending on
the controller’s needs [46—48]. Thyristor-switched/operated
capacitors and reactors can achieve this performance.
Figure 6 depicts a control system using a single loop PI-
based controller, where the input is the error allusion
between the calculated voltage at the SVC terminals and
their references, and the variable susceptance is dynamically
measured at the output. The susceptance is compounded by
the voltage measured and changed into currents. Such cur-
rents are therefore measured to account for the voltage var-
iability by variable susceptance and are pumped into the
SVC-controlled power system. Here, the overall inductive

and capacitive limits of the susceptance are based on the Q
compensation limits of this unit. Table 4 lists the value of
PID controllers for the SVC.

3.3. Price-Effective FACTS Research. The basic rule is that
business and financial interests come from utility manage-
ment, and therefore, it is appropriate to carefully examine
the cost-benefit analysis of various system changes. FACTS
system costs consist of two basic components: the initial cost
of installation and the cost of operation and maintenance.
Due to the various factors that must be considered when
choosing FACTS equipment such as power rating, device
type, system voltage, system requirement, ecological condi-
tions, and administrative prerequisites, it is difficult to
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provide a fixed cost figure for the FACTS facility [50]. The
approximate purchase and installation costs are given in
Table 5 for the given sizes of FACT devices. Moreover, the
price of the SVC is lower than the price of STATCOM by
33.33% for the same rated MVAR.

4. Discussion of Simulated Results

Different simulations are carried out where both normal activ-
ity and grid failure were assessed to examine the response of
the models listed under different working conditions. The
main purpose of the voltage sags and wind speed variability
is demonstrated in five case studies to examine the FACTS
ability to overwhelm these faults and boost the WF’s efficiency

when facing disturbances. It permits the simulation of a tran-
sient fault on the PCC because of grid disruptions, tracking the
impact on the WF and demonstrating the changes made with
the FACTS integration as wanted. Hence, since these faults are
assumed to occur in the power grid, the PCC is the place
selected to present the disturbance. A comparison between
the fixed capacitor, SVC, and STATCOM is presented under
five scenarios: (1) high turbulent wind speed, (2) low turbulent
wind speed profile, (3) single-phase fault, (4) line-to-line
faults, and (5) three-phase fault. Moreover, these scenarios
have been done to study their effect on FRT capability.

4.1. Case Study 1: High Turbulent Wind Speed Profile. Random
and rapid changes in wind speed make wind an irregular and
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FIGURE 27: Voltage response at the PCC.

inconsistent power source. FACTS devices are one of the most
effective solutions for this issue. The SVC and STATCOM are
used in this study to compensate for the Q, improve the voltage
fluctuation, and improve the system stability. The simulation
results show that SVC is superior compared to fixed capacitors
and STATCOM due to its high rate. Unfortunately, a fixed
capacitor is unable to realize voltage stability and trips the
WE from the grid after five seconds due to the shortage of Q.
This leads to a drop in voltage and then over current relay turn
on to give the order for circuit breakers (CB) to take a decision.
The simulated results indicate that voltage improvement with
SVC is compared to the other devices because of the high rate
for SVC compared to others. Figure 7 shows the high turbulent
wind speed where a small interval of the figure is enlarged to

show the severe changes in the wind speed. The active power
transfer from the WF to the grid is illustrated in Figure 8. Here,
the SVC and STATCOM scenarios are oscillating around
9MW (the total power of WF). However, in the “without
FACTS” case, the WF is cut off because the system cannot
repair this problem so the total power of the WF equals zero.
Meanwhile, Figure 9 presents the Q, at the PCC both for the
SVC and STATCOM cases, when these devices inject Q into
the system. But, in the “without FACTS” case, the system can-
not keep on the WF, so the depicted Q is equal to the value of Q
generated from the fixed capacitors, i.e., around 1.2 MVAR
(400kVAR for each unit).

Both FACTS devices are able to realize FRT capability,
but SVC presents better voltage during transient compared
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to STATCOM and that is due to the highly rated SVC
device. The voltage response of the system at the PCC is pre-
sented in Figure 10. In the case of “without FACTS,” the
voltage is becoming more than the reference value after the
WF is cut off and the FRT capability is not achieved.
Figures 11-13 depict the system current, the Q of SVC and
STATCOM, and the voltage of SVC and STATCOM, respec-
tively. These show that the SVC achieves a little more
improvement than STATCOM, but both of them improve
the voltage quality.

The SVC and STATCOM can help to mitigate the SCIG
speed variation and keep them in the service as depicted in
Figure 14, in contrast to the “without FACTS” case where

the WF is out of service. The pitch angle control is activated
to help the WF as illustrated in Figure 15.

4.2. Case Study 2: Low Turbulent Wind Speed Profile. The
second scenario examines the response of SVC and STAT-
COM in the case of realistic wind speed and their ability to
overcome this issue, mitigate the voltage fluctuation, and
achieve the FRT capability besides keeping the system in sta-
ble mode and keeping the WF in service. Figure 16 shows
the realistic wind speed. Figure 17 shows the total active
power injected into the grid from the wind farm. It is obvi-
ous that in all cases the WF is still in service. The Q response
is shown in Figure 18, where the less injected Q from the
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grid is achieved in cases of using SVC and STATCOM, and
the largest Q is injected from the grid to the WF in the case
of “without using FACTS.”

Voltage can reach the steady state in the case of SVC faster
than in the case of STATCOM, and it has a better performance
during the overall simulation period and achieve the LVRT
capability. In the case of using STATCOM, the voltage
response is better than in the case without FACTS and achieves
the LVRT capability. The voltage and current response of the
studied system is presented in Figures 19 and 20, respectively.
Figures 21 and 22 depict the Q supplied from the SVC and
STATCOM and the voltage response for both devices, respec-
tively, where the SVC has a better performance than
STATCOM.

The good performance for the SVC and STATCOM leads
to the improvement of the SCIG speed response as shown in
Figure 23, while the control of pitch angle is operated at the
transient period because the WF has been exposed to wind
speed over its rated value which equals 9m.s™ during this
period that has been depicted in Figure 24.

4.3. Case Study 3: FRT Capability Realization during Single-
Phase Fault at the PCC. Faults to the ground are other forms
of irregular circumstances that may have to be tackled by
grid-connected WF. A single-phase ground fault has been
considered in this scenario from 10s to 10.1's at WF output
terminals. When the single-phase fault is applied to the sys-
tem, a sudden drop will occur in the system components.
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Consequently, the output power of the WF will decrease
suddenly from 10s until 10.1s, as shown in Figure 25. It is
obvious that the presence of FACTS helps to mitigate the
active power of the WF during the fault period. The Q
injected from the grid is reduced in the presence of SVC
and STATCOM, as presented in Figure 26. This helps to
enhance the voltage response during the fault and the
steady-state period as shown in Figure 27 and achieve FRT
capability.

The response of the system current is illustrated in
Figure 28: the current drawn from the grid is reduced in cases
of using SVC and STATCOM. The behavior of SVC and

STATCOM concerning the Q and voltage response for each
case is presented in Figures 29 and 30, respectively. The SCIG
speed variation is shown in Figure 31.

4.4. Case Study 4: FRT Capability Realization during Two-
Phase Fault at the PCC. This type of fault may occur and
causes the WF to trip from the grid, which is not allowable
according to new grid codes. In this study, a comparison
between the responses of SVC and STATCOM has been done
to present the ability of these devices to overcome the two-
phase fault. The duration of fault is performed between 10s
and 10.1s. The STATCOM and SVC have the ability to
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TaBLE 6: Overall comparison.
Studied cases WF.m The voltage at the PCC Q, from the grid FRT.
service capability
Without No Out off-limit before It has the highest value before disconnecting
b turbul FACTS disconnecting the WF the wind farm
‘I;Illrgl q zureeg ent SvC Yes Recovering is very fast (=1 pu) It has the lowest value during the overall
P (proposed) & v =P period ———
STATCOM Yes Recovering is slow (=0.96pu) It has a high value during the overall period —_
Without Yes It has the worst performance It has the highest value during the overall
FACTS (=0.92 pu) period T
Low turbulent wind svC Yes It has the best performance It has the lowest value during the overall
speed (proposed) (=1pu) period _
STATCOM Yes It has an acceptable It has a medium Vah}e during the overall .
performance (=0.98 pu) period
Without It has the highest value during the overall
FACTS Yes It has the worst performance period v
. svC It has an acceptable It has a profile approximately equal to the
Single-phase fault (proposed) Yes performance STATCOM case v
STATCOM  Yes It has the best performance 1t P8 @ profile approximately equal to the v
SVC case
Without It has the highest value during the overall
FACTS No It has the worst performance period X
SVC It has an acceptable It has a profile high a little compare to the
Two-phase fault (proposed) Yes performance STATCOM case v
STATCOM Yes It has the best performance [thas a profile low a little compare to the v
SVC case
Without It has the highest value during the overall
FACTS No It has the worst performance period
svC It has an acceptable It has a profile high a little compare to the
Three-phase fault (proposed) Yes performance STATCOM case v
STATCOM Yes It has the best performance [thas a profile low a little compare to the v

SVC case

achieve continuous operation for WF during a two-phase fault
as shown in Figure 32. But in the “without FACTS” case, the
WE is out of service and the output power equals zero. The
reactive power supported by the grid is shown in Figure 33
when the grid injects Q into the WF because the WF is still
in service. However, in the “without FACTS” case, the grid
absorbs the Q generated from the fixed capacitor because the
WE is out of service. The FRT capability is achieved by using
the STATCOM and SVC during the two-phase fault event as
shown in Figure 34. That is because the SVC and STATCOM
inject Q to the grid as shown in Figure 35; the voltage response
for the SVC and STATCOM is presented in Figure 36. It is
obvious that the STATCOM has a bit better performance than
SVC because the STATCOM depends on the IGBT switch;
meanwhile, the SVC depends on the SCR switch. The response
of the system current and SCIG speed variation is shown in
Figures 37 and 38, respectively.

4.5. Case Study 5: FRT Capability Realization during Three-
Phase Fault at the PCC. The three-phase fault event is con-
sidered one of the more dangerous events which threaten
the stability of the power system. The overall system compo-
nents that are affected by a three-phase fault will be discon-

nected from the service and the overall system may collapse.
So, in this section, the STATCOM and SVC are examined to
overcome the three-phase fault and restore the WF opera-
tion, while keeping the power system stable and readable.
The duration of the three-phase fault starts at 10s and ends
at 10.1s. The three-phase fault event causes the WF to get
out of service, and the output power reaches zero in the
absence of FACTS devices as shown in Figure 39. But when
STATCOM and SVC are installed, the WF is still in service,
keeping the system stable and reliable. The Q response is
illustrated in Figure 40: before the three-phase fault, the
amount of Q supplied by the grid to the system is reduced,
because STATCOM and SVC injected Q into the system.
Moreover, after the three-phase fault, when no FACTS are
applied, Q has been injected into the grid equal to 1.2 MVAR
which is the sum of the three 400 kVAR by a fixed capacitor
because the WF is out of service. But when using STATCOM
and SVC, the WF is still in service and consumes Q.

As a result of keeping the WF in service and injecting Q
into the grid from the STATCOM and SVC, the FRT capability
is achieved: the voltage response is shown in Figure 41. That
happens because STATCOM and SVC supplied Q as presented
in Figure 42. Voltage response is shown in Figure 43.
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STATCOM has a better response than SVC. The system cur-
rent and SCIG speed variation are shown in Figures 44 and
45, respectively. Table 6 illustrates a comparison between the
five studied scenarios.

5. Conclusion

This paper aims at improving the relationship between
FSWG and the power grid via the implementation of SVC
and STATCOM. The WF under study comprised three sim-
ilar sections with double 1.5 MW SCIG linked to each and a
compensating capacitor of 400 kVAR for each pair of SCIG.
Two different FACTS are well-thought-out, i.e., STATCOM
and SVC connected to the production terminals of the WEF.
Five different scenarios were performed, including normal
operating conditions (wind speed changing) and abnormal
operating events (grid faults). The efficiency and effective-
ness of the two suggested FACTS have been assessed and
compared to those without any compensating system under
the studied scenarios. Simulation results prove that all of the
FACTS considered here are capable of improving the
dynamic response of FSWG, achieving FRT capability, and
boosting voltage stability compared to the base case “without
FACTS.” Moreover, to put down the amount of Q needed by
the WF from the grid, STATCOM or SVC is installed to
support the grid, and under certain conditions, WF voltage
can also be adequately supported. SVC and STATCOM at
the same rated as MVAR have been implemented and com-
pared under the cases of symmetrical and asymmetrical
faults. STATCOM gives better performance compared to
SVC. SVC is tested and compared with STATCOM under
the two scenarios of wind speed profile. With the proposed
SVC system, the obtained simulated results indicate the
following:

(i) The investigated WF can adjust the injected Q
while capturing the maximal power during fluctu-
ations in wind speed

(ii) Due to its high rate and ability to maintain the volt-
age at =1 pu, it outperformed fixed capacitors and
STATCOM under the high turbulent wind speed
profile. Unfortunately, a fixed capacitor cannot
achieve voltage stability and, after five seconds, trips
the WF from the grid due to a lack of Q

(iii) The implemented SVC outperformed STATCOM
and the fixed capacitor for a low turbulent wind
speed profile and successfully maintained the volt-
age at =lpu. In this situation, the other instru-

ments  perform  satisfactorily,  especially
STATCOM, which maintained the voltage at
=0.98 pu

(iv) SVC and STATCOM both outperform fixed
capacitors in fault circumstances and achieve FRT
in 0.12 seconds. Only when there is a single-
phase fault does the fixed capacitor achieve FRT;
all other analyzed fault conditions fail

International Journal of Energy Research

(v) Its control method reacts to the imbalance between
mechanical and generated active power during the
fault period. Without requiring any adjustments to
the prefault set point of the Q, it injects the needed
Q into the grid to preserve its voltage

(vi) The amount of Q that is injected is directly propor-
tional to voltage sag (period\amplitude). It is
reverse proportional to the prefault levels

(vii) As the rotor speed gradually returns to its initial
state once the fault has been removed, the WEF-
produced active power also gradually rises

(viii) The rising in the values of the rotor speed is based
on the voltage sag magnitude and period (direct
proportional)

In conclusion, it is obvious that the SVC, with its
straightforward control strategy, can efficiently achieve the
FRT capability and voltage stability and allow the WF to
obtain the maximum permitted wind power in both healthy
and faulty events without requiring any additional complex
control techniques, which consequently results in increasing
the system efficiency and the life span of the WF and enables
the high penetration scenarios for this renewable generator.
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