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ABSTRACT This paper proposes an optimal design of Shunt-Resonance Fault Current Limiter (SRFCL) to
enhance the Fault Ride-Through (FRT) capability and improve the transient stability of a grid-connected
hybrid PV/wind power system. The design parameters of the SRFCL are optimized by using Particle
Swarm Optimization (PSO) technique. The proposed SRFCL topology is designed in such a way that it
can provide superior protection capability for limiting the fault current and supporting the grid voltage than
the conventional Bridge Fault Current Limiter (BFCL). The effectiveness of the SRFCL in supporting the
dynamic performance and improving the transient stability of the hybrid energy system is validated during
both symmetrical and unsymmetrical faults in the electrical utility. Moreover, its credibility is evaluated
compared with that of the BECL and the FRT control schemes. Simulations have been performed using
the MATLAB/SIMULINK software. The results illustrate that the proposed SRFCL augments significantly
the dynamic behavior and the transient stability of the hybrid power system during the fault events. Also,
when the optimal SRFCL is employed, the injected active power by the hybrid system and the grid voltage
profile are improved considerably under the grid disturbances. Furthermore, the comparison confirms the
superiority of the SRFCL performance to both the BFCL topology and the FRT control scheme in every
aspect.

INDEX TERMS PV, wind, fault ride-through (FRT), bridge fault current limiter (BFCL), shunt-resonance
current limiter (SRFCL), particle swarm optimization (PSO).

LIST OF ABBREVIATIONS
BFCL  Bridge Fault Current Limiter.

DFIG Doubly Fed Induction Generator.

FCL Fault Current Limiter.

FRT Fault Ride-Through.

GSC Grid Side Converter.

PCC Point of Common Coupling.

PSO Particle Swarm Optimization.

RSC Rotor Side Converter.

SRFCL  Shunt-Resonance Fault Current Limiter.
VSI Voltage Source Inverter.
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I. INTRODUCTION

Nowadays, the rapid depletion of conventional energy
sources and the perpetual rise in demand for electricity as well
as the environmental concerns have necessitated devising
new techniques to utilize renewable sources as alternative
energy sources [1]. Among the renewable energy sources,
solar energy and wind energy are becoming the most promi-
nent energy sources to be integrated with the power systems
due to their abundant advantages such as high production
capability and low maintenance cost. Solar energy is grow-
ing so quickly globally and its penetration level is signifi-
cant currently because of the low cost of PV cells and the
developed power electronics technology. Also, wind energy
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is considered the most effective and vital renewable energy
source today since being global and can be harnessed to gen-
erate great electric power with enhanced quality. Moreover,
the fast growth of utilizing wind energy is mainly credited
to the Doubly Fed Induction Generator (DFIG) technology
due to its numerous advantages such as decoupled control
of active and reactive power, maximum power extraction,
and partial rating converter [2]. Recently, the most popular
trend of renewable sources is merging PV and wind energy
sources as a PV/wind hybrid power generation system capa-
ble of injecting greater power with higher continuity and reli-
ability [3], [4]. The penetration of large-scale hybrid power
systems consisting of PV stations and wind farms into the
electrical grid has been reported in [5].

Even though the PV/wind hybrid energy systems can offer
significant advantages through integration with the electrical
utilities, they are very sensitive to grid faults occurrence.
Concerning the PV systems, the transient faults cause an
imbalance between the generated PV power and the injected
power from the inverter into the grid which results in a severe
increase of the intermediate DC-link voltage and may damage
the power electronic interfaces [6]. The adverse impacts of
penetration of large-scale grid-connected PV plants on the
power system stability have been detailed discussed in [7].
On the other hand, the DFIG based wind farms are extremely
susceptible to grid faults since the DFIG stator windings
are directly connected to the network. Thus, in the event of
grid fault, the DFIG terminal voltage goes very low, which
results in a large current through the stator and rotor windings,
DC-link overvoltage, and rotor overspeed that makes the
system operation unstable and may damage the machine [8].
According to the new grid codes, all grid-connected renew-
able energy stations should have the Fault Ride Through
(FRT) capability during the transient faults. The FRT implies
the power generation plants stay connected to the grid even
during fault events and inject simultaneously reactive power
to enhance the power system stability [9].

Different topologies have been introduced in literatures to
improve the FRT capability of grid-tied power generation sys-
tems under network disturbances. Among them, Al-Shetwi
et al. [10] discussed in detail the advantages and limitations
of several FRT capability enhancement approaches employed
for the grid-connected PV systems. In [11], the paper pre-
sented a comprehensive control strategy to enhance the FRT
capability for single-stage inverter-based PV station con-
nected to the Malaysian utility grid. The simulation results
illustrated the capability of the control to overcome both the
DC-link overvoltage and AC overcurrent problems that may
damage the employed inverter. However, despite the effec-
tiveness of the FRT strategy during both symmetrical and
unsymmetrical faults, it requires an additional DC-chopper
brake controller to absorb the excessive DC-link voltage,
and also its performance is highly dependent on the fault
detection method. Noureldeen and Ibrahim [12] presented an
effective control strategy based on the modification of the
control approach and activation of the outer crowbar protec-
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tion system to enhance the FRT capability of grid-connected
large-scale hybrid PV/wind power system. Although the FRT
control strategy showed superior performance during the
unbalanced faults such as double-line-to-ground (2LG) and
line-to-ground (1LG), it incurs some limitations during the
three-line-to-ground (3LG) fault.

Furthermore, several works have recommended the
employment of FACTS devices to enhance the FRT capability
and improve the transient stability of the grid-integrated
power generation systems during fault events. Among them,
Movahedi et al. [13] investigated the effect of three FACTS
controllers on the transient stability improvement of a
grid-connected large-scale hybrid power system consisting
of a 120 MW PV plant and two 200 MW wind farms.
Hemeida er al. [14] presented a comprehensive compar-
ison for the STATCOM employment versus the SVC to
promote the transient stability of wind farm interconnected
with a multi-machine power system. The study concerned to
improve the system dynamic performance in the post-fault
duration and the simulation results confirmed the superior
impact of the STATCOM compared with the Static Var
Compesnasator (SVC) when subjected to 3LG fault at dif-
ferent locations in the grid. In [15], the paper presented the
utilization of STATCOM in reactive power compensation to
enhance the dynamic behavior for a grid-tied hybrid PV/wind
energy system under the fault events. The results validated
the effectiveness of the STATCOM controller in improv-
ing the transient stability compared with the conventional
FRT control scheme when a severe three-phase grid voltage
sag occurs. However, most previous solutions to improve
transient stability have emphasized the employment of high
rating power electronics which incurs the high-cost problem,
while other methods that require modification of the control
techniques are more feasible for new integrations.

Recently, the bridge-type fault current limiter (BFCL) with
different configurations and limiting impedances have been
introduced as a cost-effective strategy to improve the tran-
sient stability and enhance the FRT capability of the power
system. Hossain [16] introduced a BFCL configuration com-
prising a series-connected resistor and inductor in parallel
with a capacitor to augment the transient stability perfor-
mance of a grid-connected wind power station. The obtained
results showed the effectiveness of the employed BFCL com-
pared with the series dynamic braking resistor (SDBR) and
solid-state fault current limiter (SSFCL) during the 3LG and
the 1LG faults. In [17], scholars applied Sliding Mode Con-
trol (SMC) approach for the BFCL to promote the FRT per-
formance of a DFIG-based wind turbine integrated with the
grid. The results revealed that the SMC-based BFCL offers
superior performance compared with the conventional PI
controller during both symmetrical and unsymmetrical short-
circuit faults. Rashid and Ali [18] presented a BFCL topol-
ogy consisting of an inductor in parallel with a capacitor to
improve the FRT capability of a DFIG-based wind farm. The
simulation results revealed the superiority of the implemented
BFCL over the crowbar protection system during different
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fault conditions. In [19], the paper validated the reliabil-
ity of inductive-capacitive-type BFCL based on neuro-fuzzy
logic control than the conventional BFCL and the SDBR
in improving the FRT capability of DFIG-based wind farm
during the 3LG and 1LG faults. Firouzi et al. [20] presented
a voltage adaptive BFCL to alleviate the overvoltage of a
DFIG connected with a wind power station during voltage sag
conditions, where the appropriate resistor of BFCL is inserted
according to the voltage drop depth. However, the main draw-
back of the BFCL is that it offers humble performance under
the severe faults in the grid since its impedance becomes less
effective for power evacuation during acute disturbances [21].
Motivated by the aforementioned background, this study
proposes an optimal SRFCL topology to augment the
FRT capability and improve the transient stability of a
grid-integrated hybrid PV/wind power system. The hybrid
power generation system consists of a 2 MW PV plant inte-
grated with a DFIG-based wind farm of 4 MW through a com-
mon AC bus. The proposed SRFCL configuration is designed
in such a way that it can offer superior protection capability
for limiting the fault current and supporting the grid voltage
than the BFCL during the transient faults. Moreover, the main
contributions of the paper are summarized as follows:

« An optimal SRFCL protection strategy is proposed to
enhance the FRT capability and improve the transient
stability of a grid-connected hybrid PV/wind power sys-
tem.

o The design parameters of the SRFCL are obtained by
using the PSO technique

o The effectiveness of the proposed SRFCL is validated
compared with the conventional BFCL and the FRT con-
trol scheme during both symmetrical and unsymmetrical
faults in the electrical grid.

« Also, the performance of the proposed SRFCL is evalu-
ated compared with the previous topologies of the Fault
Current Limiter (FCL) suggested in [18], [19].

10,6922 kV

Electrical grid

g 0.115+j0.329 o 220 kV
011540329 (g 000

FIGURE 1. Schematic diagram of the PV/wind hybrid system integrated
with the SRFCL.

Il. POWER SYSTEM MODEL DESCRIPTION

In this work, the hybrid power system model illustrated
in Fig. 1 is utilized for dynamic performance and transient
stability analysis. It consists of a PV plant of 2 MW integrated
with DFIG based wind farm of 4 MW through a common
AC bus (22 kV). Also, the SRFCL protection strategy is
inserted between the Point of Common Coupling (PCC) and
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the parallel transmission lines during external grid faults to
augment the transient stability and the FRT capability of the
hybrid system. In regards to the solar plant, it consists of 1320
parallel-connected strings, each string comprises 5 PV mod-
ules linked in series from Sunpower WHT-D type with a
maximum power of 305 W. The design specifications of the
selected module are summarized in Table 1 and the rest of
the parameters are available at [22]. Besides, the solar plant
involves a DC/DC boost converter for extracting the peak
generated power at varying irradiation and it is interconnected
with the PCC via a three-phase Voltage Source Inverter (VSI).

Moreover, the implemented wind farm which possesses
a rated power of 4 MW, includes DFIG based Gamesa
G80 wind turbine with the technical specifications shown
in Table 1. Also, the rest of the employed wind turbine
specifications are available in [23]. The DFIG can regulate
the generated active and reactive power independently by
controlling the Rotor Side Converter (RSC) and the Grid
Side Converter (GSC), respectively. The performed control
scheme of the DFIG converters is detailed discussed in the
following sections.

Ill. GRID FAULT IMPACTS ON THE HYBRID POWER
SYSTEM

This work employed a two-stage grid-tied PV plant as
depicted in Fig. 1, the first stage is the DC/DC boost converter
while the second stage is the three-phase DC/AC inverter.
The PV system has been modeled in MATLAB/SIMULINK
software using the equations explained in [24], [25], and
also the overall power flow through it can be expressed as
follows [26]:

Ppy = Ppc + Pysi (D

where Ppy denotes the generated power from the PV mod-
ules, Pys; is the injected power from the PV inverter into the
grid and Ppc is the power flowing through the PV DC-link
capacitor (C1). During the normal operation, the injected AC
power from the VSI is equal to the generated DC power by
the PV modules if the power loss is neglected, therefore (1)
can be redefined as:

Ppy = Pys; = 3U,l, 2

where U, and I, are the rated value of the grid voltage and
current per phase, respectively. The power balance between
the Ppy and the Pys; maintains the voltage of the PV DC-
link capacitor stable. However, when a grid fault happens,
the VSI becomes unable to inject completely the generated
power from the PV plant into the grid due to the sudden
voltage dip at the PCC. Hence, the excess power causes a
severe rise in the DC-link voltage. Mathematically, this fault
condition can be represented by [27]:

1
(Ppy = Pysi_ )t = Ppc At = ~Ci(Vje s = Vie) ()
Pys; f = 3Vyl, “4)
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TABLE 1. Design parameters of the studied PV/wind hybrid power system.

PV plant Wind farm

Parameter Value Parameter Value
Rating power 2 MW Rating power 4 MW
No. of parallel-connected strings 1320 Turbine type Gamesa G80
No. of series-connected modules/string 5 Rating power of wind turbine 2 MW
Module type SunPower SPR-WHT-D Cut-in speed 3.5 m/s
Peak power/module (P,4) 305W Cut-out wind speed 25 m/s
Solar cells 96 (monocrystalline) Rated speed 15 m/s
Rated voltage of PV module (V,,,) 547V Rotor diameter 80 m
Rated current of PV module (Z,,,) 5.58 A Swept area 5027 m?
Open-circuit voltage (V) 642V No. of blades 3
Short-circuit current of PV moule (/) 596 A" Max rotor speed 1900 rev/min
Module efficiency 18.7 % Gearbox stages 3
Dimensions 32*155*128 (mm) Gearbox ratio 1:101
Weight 18.6 kg Generator type DFIG

Electrical utility Output voltage 0.69 kV
Rated voltage 220 kV Frequency 50 Hz
Rated frequency 50 Hz Hub height 78 m
S.C level 1000 MVA Tower shape Conical
X/R 8 Tower-type Steel tube

C DC

where Pyg; ¢ and Vy are the power inserted by the PV inverter
and the PCC voltage during the fault, respectively, and At
denotes the fault duration. Vpc and Vpc_y are the PV DC-
link voltage before and during the fault, respectively. It is evi-
dent from (5) that the increasing rate of the DC-link voltage
during the grid faults depends on the voltage sag magnitude
and the duration of the fault. Therefore, the SRFCL protection
scheme is utilized to augment the PCC voltage during the
faults so that the overvoltage violation of the PV DC-link can
be eliminated.

On the other hand, the generated power and voltage from
the DFIG decrease sharply during the transient faults because
of the severe voltage drop at the PCC. Thus, according to the
swing equation (6) [28], the power imbalance between the
input mechanical power and the generated electrical power
causes a great disturbance to the rotor speed and electromag-
netic torque of the DFIG. The SRFCL protection system is
employed to enhance the injected power from the wind farm
during the network faults for achieving the desired power
balance and improving the transient stability of the DFIG.
2H, d*s 6

ws dr? ©
where Py, 1S the input mechanical power to the wind turbine
and P, is the generated electrical power from the DFIG. H,,
ws, and § are the inertia constant, synchronous speed, and the
rotor angle of the DFIG, respectively.

2(Ppy — 3Vrl,) At
ch¢=\/ 2T V2. )

Pech — Pe =

IV. FRT CONTROL SCHEME OF THE HYBRID POWER
SYSTEM

In this section, the FRT control scheme implemented to
enhance the transient stability and the FRT capability of
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the hybrid power system during the grid faults is discussed
in detail. The FRT scheme of the PV system includes
the DC-link voltage suppression by controlling the DC/DC
boost converter and also injecting reactive power from the
employed inverter to support the PCC voltage. Moreover,
the FRT control scheme of the DFIG requires generating
reactive power during the grid faults based on the voltage sag
level to enhance the system performance and the grid voltage.

I PV
meer  |di
Vor technique
v Nor
V209 normal ™ D Pulses Switching pulses| ON|
1% Grid fault | Vi< 0.9 _fault |  for boost
¢! i converter
PCC voltage |_detection Fault F=5000 Hz oFF
Pulse generator
Disable MPPT technique
2

FIGURE 2. Control scheme of the PV DC/DC boost converter.

A. BOOST CONVERTER CONTROL SCHEME

Fig.2 illustrates the control system of the PV DC/DC boost
converter. Under normal operation conditions, the Maximum
Power Point Tracking (MPPT) technique provides the duty
cycle for the boost converter to capture the maximum PV
plant power during changing of the irradiance. The imple-
mented MPPT is the modified Incremental Conductance
(InCond) algorithm that has been discussed in detail in [29].
But, when a grid fault occurs, the incoming maximum power
from the PV modules cannot be inserted entirely into the
electrical utility because of the voltage sag at the PCC, so the
DC-link voltage boosts sharply.

To eliminate the severe increase in the DC-link voltage
during the network faults, the MPPT is deactivated when the
fault is detected and the boost converter continues operation
with a constant duty cycle, which will eventually reduce
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FIGURE 3. Fault detection strategy using the peak value method.

Electrical grid
LCL Filter

V,>09 normal
V<09 fault

Current regulator

FIGURE 4. Control scheme of the VSI.

the generated power from the PV plant. The fault detection
strategy employs the peak value method shown in Fig. 3 [30],
which uses the quarter-period (T/4) delay structure to deter-
mine the magnitude of voltage drop at the PCC. Therefore,
with the non-MPPT mode, the mismatched power between
the generated DC power and the injected AC power is mini-
mized so that the PV DC-link voltage can be prevented from
reaching very high [12].

B. VSI CONTROL SCHEME

In this paper, a three-phase, three-level Pulse Width Modu-
lation (PWM) Voltage Source Inverter (VSI) is employed to
integrate the PV plant with the PCC. Fig. 4 shows the control
system for the VSI along with the FRT scheme. This control
strategy uses an external voltage regulator that generates
the Iy _vysi—rer reference current to maintain the PV DC-link
voltage constant, while the I, ys;—s reference current is
employed for controlling the injected reactive power. Under
normal operating conditions, the reference reactive current
(Iy—vsi—rer) 1s set as zero to keep the PV system operation
at the unity power factor. However, when there is a grid fault,
the injected reactive current is determined according to the
E.ON Netz grid code depicted in Fig. 5, for assisting the grid
voltage recovery. The injected reactive current during the grid
faults can be defined mathematically by [31], [32]:

I 0, 09pu=<Vy<1llpu
I—q ={k—kVy, 05pu<V,<09pu 7
" 1 Ve <05p.u
1,/1,
k=" >2p. 8
—v, = p-u ®)
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Support the voltage_ggo, _10%| 109% 200  Limit the voltage

Grid voltage rises

AV,/U,

A L-100%

FIGURE 5. Required reactive current to support the voltage during
faults [33].

where I, is the injected reactive current by the PV system
during the faults, I, is the rated current of the VSI and Vj is
the PCC voltage.

The internal current regulator compares the Iy _ys;—.r and
I4—vsi—rer With the injected active and reactive currents (Iy
and 1) for generating the V4 _ys; and V,;_vys; desired voltage
that are then converted into a three-phase modulating voltage
to VSI controller. Finally, the control system of the VSI can
be described as follows:

Lq vsi_ref = Kp_1 (VDC_ref - VDC)

Ki / (Ve _sef — Voc) dt ©
0, 09pu=<Vy<1llpu
Ly vsi_ref = 2.0y, 05pu <V, <09pu (10)
I, Ve <05p.u
Va_vsi = Va + Kp_2 (La_vsi_ref — 1d)

+Ki» / (La_vsi_ref — 1a) dt — wLsly (11)
Vo vst = Vg +Kp 3 (Ig_vsi_rer — 1)

+Ki 3 / (Iq_VSI_ref — Iq) dt +weLply  (12)

where Vpc is the amplitude of the PV DC-link voltage. kp, k;
are the proportional and integral gains of the PI controller in
the VSI control scheme, respectively. u indicates the depth of
voltage dip during the grid faults, Ly is the inductance of the
PV system filter, and w, represents the rotational speed of the
d-q synchronous reference frame. V,, V,; and I4, I, denote d-q
axis components of the grid voltage and the injected current
from the PV inverter, respectively.

RSC pulses
(6 pulses)

v,
H PCC voltage
L Voltage control loop

FIGURE 6. Control scheme of the RSC.
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C. RSC CONTROL SCHEME

The Rotor side Converter (RSC) of the DFIG is utilized to
interface the rotor side with the DC-link capacitor via an
IGBT-based two-level six-pulse full-bridge power converter.
The main objective of the RSC is to control the injected
active and reactive power at the PCC. Fig. 6 shows the control
strategy of the RSC. In this work, the speed regulator of the
DFIG rotor compares the reference rotational speed produced
from the MPPT with the measured rotor speed to provide the
reference active current (Ig—rer). This reference current is
employed for extracting the maximum generated power by
the wind farm during the wind speed variations. The executed
MPPT technique in this work is the adaptive Perturb and
Observe (P&O) method that has been explained in detail
in [29].

Furthermore, the reference reactive current (I, rer ) is used
to control the generated reactive power in such a way that it
regulates the PCC voltage to 1.0 per unit (pu). During normal
operation conditions, the reference reactive power (Q.r) is
imposed as zero for maintaining the DFIG at the unity power
factor. On the other hand, when a voltage drop appears due to
the grid faults, the I, s is determined based on the voltage
sag level so that the reactive power is inserted for supporting
the grid voltage. Then, the inner current controller compares
the 14, e and the Iy ,r with the measured rotor currents
(Igr and 1y,) for creating the Vy_gsc and V,_gsc reference
voltage to RSC control [34], [35]. The inner current control
loop is designed for improving the dynamic response of the
control system to any disturbance. Finally, the RSC control
scheme can be described as follows:

Idr_ref = Kpr_l (a)ref—a)r) + Kir_1 f (wref—w")dt 13)

Iqr_ref = Kpr_2 (Vre - Vg)+Kir_2/ (Vref - Vg) dr (14)
Va_rsc = _(we—a)r)aerIqr + Kpr_4 (Idr_ref - Idr)

K [ g )t (1s)

L}
Vy_rsc = (@,_wy)(osLlgr+ L_mlms)‘i‘KprfS (Iqrfref _Iqr)
A

+ Kir75 / (I(1r7ref - Iqr) dt (16)

where w;,r, @, denote the reference rotation speed generated
from the MPPT and the actual rotation speed of the DFIG
rotor, respectively. V,, Vier is the actual PCC voltage and its
reference value (1.0 pu), respectively. Ls, L, subscribe the
self-inductance of the stator and rotor windings, respectively
and L,, represents the magnetizing inductance of the DFIG.
ims, O5 are the stator magnetizing current and the stator leak-
age factor, respectively.

D. GSC CONTROL SCHEME

The Grid side Converter (GSC) of the DFIG is employed to
connect the DC-link side with the electrical grid through an
IGBT-based two-level six-pulse full-bridge power converter.
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L - DClnk volagecomteotier______ B

FIGURE 7. Control scheme of the GSC.

The major task of the GSC is to regulate the DC-link voltage
of the DFIG at the reference value (1.0 pu) and also control
the injected reactive current into the grid. Fig. 7 demonstrates
the control scheme of the GSC. In this work, the DC-link volt-
age controller generates the I, ¢ reference current to obtain
a constant DC-link voltage, whereas the I, s reference cur-
rent is utilized to control the exchanged reactive current with
the grid. Under normal operating conditions, the reference
reactive current (I;_rer) s set to zero for keeping the unity
power factor at the GSC output; however, it is determined by
the E.ON Netz grid code during the faults to enhance the grid
voltage. Then, the current regulator compares the I, .r and
the Iyo oy with the generated GSC currents (/4 and Igg) to
estimate the Vy_gsc and V,_gsc required voltage to GSC
controller [36], [37]. Finally, the control strategy of the GSC
can be expressed as:

Lig_ref = Kpg_ 1 (EpC_ref — EDC)

4K [ (Eve_ug — Enc)de am
Va_csc = Va — Kpg 2 (Lig_rer — lag)

+ weLcenlgg — Kig 2 f (ldg oy —lag) dr  (18)
Va_csc = —weLenlig — Kpg 3 (Iyg_rer — Igg)

—Kig 3 f (Iyg op — Igg) dt (19)

where kg, ki, represent the proportional and integral gains
of the PI controller in the GSC control scheme, respectively.
Epc, Epc—rer is the magnitude of the DC-link voltage of the
DFIG and its reference value (1 pu), respectively. L., denotes
the inductance of the DFIG filter.

V. SHUNT RESONANCE FAULT CURRENT LIMITER (SRFCL)
PROTECTION STRATEGY

In this section, the architecture and the operating principle
of the proposed SRFCL protection strategy are discussed.
Also, the implemented control system and the methodology
for designing the SRFCL parameters are explained in detail.

A. CONFIGURATION OF THE SRFCL
Fig. 8 illustrates the configuration of the SRFCL protection
strategy. It includes two distinct parts, namely, the bridge
branch and the resonance part, which are described as fol-
lows:

1) The bridge branch: This branch is formed by a diode
bridge rectifier, D1-D4 includes a small DC limiting reactor,
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SRFCL
control scheme,

FIGURE 8. Configuration of the SRFCL protection strategy.

Lg. connected in series with an IGBT switch. The inherent
resistance of the DC reactor is represented by a small series
resistor, Ry, and also the free-wheeling diode, Ds is placed
inside the diode bridge to ensure the safe operation for the
L.

2) The shunt resonance part: This part consists of a par-
allel combination of an inductor, Lgg and a capacitor, Csg
connected in series with the resistors R; and R, respec-
tively. The frequency of the resonance is considered equal
to the power system frequency. The design parameters of
the SRFCL that achieve the best performance for our work
have been determined using the Particle Swarm Optimization

(PSO) technique.
AV, Wa

V’Gf=1'0 (pu) ./. [——>To0 IGBT control
b

url

A Vg < 0.1 Normal “select a”— close IGBT switch
AVy>0.1 fault

Grid fault

| N
8 detection

PCC voltage

“select b”— open IGBT switch

FIGURE 9. Control scheme of the SRFCL.

B. OPERATION PRINCIPLE OF THE SRFCL
In this work, as a protection strategy, the SRFCL is placed
in each phase of the three-phase transmission lines near the
PCC. The control scheme of the SRFCL is shown in Fig. 9.
The voltage dip at the PCC is exploited for fault detection and
SRFCL control scheme. During normal operation conditions,
the IGBT switch remains closed which allows the total line
current to flow through the diode bridge circuit (D1-Da).
The positive half cycle of the line current takes the path
connecting D1, Ly, R4c, D2, whereas the negative half cycle
passes through Dy, Ly, Ry., and D3. Therefore, the SRFCL
has an insignificant effect during the normal operating since
the diodes forward voltage drop is negligible compared to the
voltage drop across the transmission lines.

However, when a PCC voltage dip occurs, the IGBT is
turned off and the bridge branch becomes an open-circuit,
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thus the fault current is minimized by passing through the res-
onance part impedance as illustrated in Eq. (20)-(21). At the
same time, the free-wheeling diode (Ds) offers a discharge
path for the L;. when the IGBT is opened. The SRFCL
permits the evacuation of the generated power from the hybrid
system; it also provides a voltage drop that leads to raising
the PCC voltage and keeping the hybrid system dynamically
stable. Hence, by employing the SRFCL protection strategy,
the negative impacts of the grid faults can be eliminated so
that the transient stability and the FRT capability of the hybrid
power system are enhanced. Then, when the PCC voltage
regains its rated value, the IGBT is closed and the system
returns to the normal operation.

A
= (20)
|Zsr|
R|R Lsp/C L R, — R
Zop = 1Rz + (Lsg/CsRr) +ja) sk + (R2 1) 21
Ri+Ry R+ R

where Ir is the fault current, V, is the PCC voltage and Zsg
denotes the equivalent impedance of the SRFCL. Ry, Ry, Lsr,
and Cgp represent the resistors, the inductor, and the capacitor
of the SRFCL resonance part, respectively.

TABLE 2. Optimal parameters of the SRFCL obtained by the PSO
technique.

Lsr R; Csr R, Lyc Rac
0.0253 H 0.9759 Q 498 uF 0.9738 Q 1 mH 0.3 mQ

C. DESIGNING OF THE SRFCL PARAMETERS USING PSO

In this study, the optimal parameters of the SRFCL shown
in Table 2 have been obtained by using the PSO technique.
This optimization algorithm is a population-based stochastic
search inspired by the simulation of the social behavior of
birds. In the PSO technique, the major agent is referred to as a
particle and a group of particles is called swarm or population.
Each particle in the swarm is represented by a vector of the
position (X) and the velocity (V) that can be considered as a
candidate solution for the optimization problem. The position
and velocity of each particle are updated based on its best
solution and the global best solution associated with other
particles according to the following expression [38], [13]:

V{H = ijl: +c1r (Pbesti:—X‘f) + czrz(Gbestj—X/l:) (22)
/= vt (23)

where V, X denote the velocity and the position of the parti-
cles in the search space, respectively. i represents the particle
number, j is the iteration number, and w is the weight factor
employed to control the effect of the previous velocities on
the current velocity. r, r, are uniformly distributed random
numbers between [0, 1], Cy is the cognition learning factor,
and C; is the social learning factor. Also, Pbestg represents
the particle’s best position and Gbes? represents the global
best position found by all particles of the swarm.
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Print J and the optimal
parameters of the SRFCL

End

FIGURE 10. Flowchart for designing the optimal SRFCL parameters using
PSO.
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FIGURE 11. Convergence of the objective function using PSO.

Fig. 10 illustrates the PSO flowchart for designing the opti-
mal parameters of the SRFCL while minimizing the objective
function (J) during any fault condition. Moreover, the conver-
gence curve of the objective function is shown in Fig. 11. The
SRFCL parameters are optimized by achieving the following
objective functions:

Opj1 = Min (AV,) (24)
Opjp = Max (Phybria) or (25)
Opjp = Min (PZybrid)’ where P;;y = (1/Pnybria) (26)
Opjz = Min (Qnybria) 27
Opjs = Min (AVpc) (28)
Opjs = Min (AEpc) 29)

J = Min(Opj1, Opj2, Opj3, Opja, Opjs) (30
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where Min represents the minimization objective function
and Max represents the maximization objective function.
AV, AVpc, AEpc denote the disturbance of the PCC volt-
age, the DC-link voltage of the PV, and the DFIG DC-link
voltage, respectively. Ppypria, Qnybria are the injected active
power and reactive power from the hybrid system, respec-
tively.

FIGURE 12. Configuration of the BFCL.

VI. BRIDGE FAULT CURRENT LIMITER (BFCL)

Since the performance of the proposed SRFCL protection
strategy will be analyzed compared with that of the conven-
tional BFCL, it is necessary to discuss its construction and the
working principle. The main drawback of the conventional
BFCL compared to the proposed SRFCL is that it provides
less effective impedance for the power evacuation during
severe grid faults since it comprises only current limiting
inductance along with one series resistor [21], as shown
in Fig. 12. The values of the Ry, and the Ly, are selected
to be 0.976 2 and 0.028 H, respectively that achieve the
best system performance and satisfy Eq. (31)-(32) [39]. Also,
the control system of the BFCL is the same as that of the
SRFCL, as illustrated in Fig. 9. At normal operating condi-
tions, the IGBT switch remains closed and the bridge branch
carries the line current. However, when a grid fault occurs,
the IGBT switch is turned off by the control circuit so that
the shunt impedance enters the faulted line to limit the fault
current. Although the control scheme for both the SRFCL and
the BFCL is the same, the impedance imposed by the pro-
posed SRFCL has more impact than the conventional BFCL,
because of the presence of the capacitor and the additional

resistor.
2 4 2y 2
Vpcc + vV Vpcc —-F ngh

Ry, > 31

sh — Pg ( )
V2

X L 32

sh < Pg (32)

VII. SIMULATION RESULTS AND DISCUSSIONS
In this work, the dynamic performance of the hybrid
power system is evaluated during both symmetrical and
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unsymmetrical grid faults to validate the effectiveness of
the proposed SRFCL strategy in the enhancement of the
FRT capability and transient stability. The symmetrical faults
[three-line-to-ground (3LG) and three-phase voltage sag] and
the unsymmetrical faults [double-line-to-ground (2LG) and
line-to-ground (1LG)] occur at beginning of the transmission
line (F1 location) as depicted in Fig. 1. This fault location has
the greatest impact on the hybrid power system since being
the nearest point to the PCC. The simulation study is executed
using the MATLAB/SIMULINK software and the simulation
scenarios are conducted for separate six cases, namely,

1) Case 1: without any protection scheme

2) Case 2: with FRT control scheme

3) Case 3: with BFCL

4) Case 4: With the FCL topology suggested in [18] con-
sisting of a parallel combination of capacitor and inductor,
C =300 uF, L =38 mH

5) Case 5: With the FCL topology presented in [19] con-
sisting of a parallel combination of capacitor and inductor,
C=50uF L =141 mH

6) Case 6: with optimal SRFCL

.
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(b) PV DC-link voltage (Vnc).

FIGURE 13. Effect of the voltage sag on the PV plant stability.

A. EFFECT OF THE THREE-PHASE VOLTAGE SAG

In the following, the dynamic behavior of the hybrid power
system is analyzed during the occurrence of a three-phase
voltage sag. The sag depth is 50% of the grid voltage (i.e. PCC
voltage drops to 0.5 pu) occurring at t = 2 s and lasting for
150 ms [40]. Fig. 13 (a) depicts the generated active power by
the PV plant. It can be seen that without the series protection
schemes (i.e. without any protection scheme or with FRT), the
generated power declines considerably to 1.57 MW during
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the voltage sag. Also, with the FCL topologies presented
in [18], [19], the generated power drops to 1.67 MW and 1.81
MW, respectively. Besides, when the FCL topology in [18] is
employed, the generated power fluctuates sharply after sag
clearance. However, with the proposed SRFCL, the injected
power by the PV plant improves significantly to 1.9 MW
as compared to 1.64 MW with the conventional BFCL.
This means the injected active power from the PV plant is
increased by 17.37% when the optimal SRFCL strategy is
utilized. Fig. 13 (b) illustrates the impact of voltage dip on
the DC-link voltage of the PV system. Without any protection
scheme in the system, the PV DC-link voltage overshoots
sharply to 1.7 pu as compared to 1.6 pu with the BFCL and
1.2 pu with the FRT scheme. Also, with the FCL topologies
suggested in [18], [19], the PV DC-link voltage increases
severely to 1.43 pu and 2.95 pu, respectively. Moreover,
after the voltage sag is cleared, without the SRFCL strategy,
the DC-link voltage takes a long time to retrieve its nominal
value, where it reaches the steady-state value at t = 2.9 s
without protection, t = 2.86 s with BFCL, t = 2.6 s with FRT,
and t = 2.5 s with FCL in [18]. In contrast, when the optimal
SRFCL is employed, the overshoot of the DC-link voltage
is eliminated so that it reaches its rated value once the grid
voltage sag is cleared.

Fig. 14 (a) shows the real power injected into the grid
by the wind farm. Without the SRFCL protection sys-
tem, the inserted power drops down significantly to about
2.12 MW during the sag occurrence. Also, it is clear that
with the FCL topologies presented in [ 18], [19], the generated
power from the wind farm fluctuates sharply during and after
sag occurrence. However, when the optimal SRFCL strategy
is employed, the injected power improves considerably to
2.61 MW and rapidly returns to the rating value of 4 MW
after sag clearance.

Fig. 14 (b) demonstrates that when the SRFCL is uti-
lized, the absorbed reactive power from the wind farm
after fault clearance is reduced substantially by 2.38 MVAR
(2.28 MVAR with the SRFCL compared with 4.66 MVAR
without any protection scheme). Besides, when the FCL
topologies suggested in [18], [19] are employed, the absorbed
reactive power after sag clearance increases greatly to
5.97 MVAR and 8.65 MVAR, respectively. Also, it is clear
from Fig. 14 (c) that with the SRFCL protection scheme, the
oscillations of the DFIG DC-link voltage (Epc) are mini-
mized noticeably during and after voltage drop occurrence.
Fig. 14 (d) shows the response of the wind turbine mechan-
ical torque to the voltage sag. In the three cases: without
protection scheme, with FRT, and with the BFCL, the out-
put mechanical torque decreases to 0.61 pu, also it drops
dramatically to 0.48 pu with the FCL topology introduced
in [19]. However, the mechanical torque improves to 0.72 pu
and 0.84 pu when the optimal SRFCL and the FCL topology
in [18] are utilized, respectively. Fig. 14 (e) demonstrates
that without the SRFCL, the DFIG rotor speed overshoots
sharply to 1.53 pu since the injected power reduces severely
during the sag and the input mechanical power cannot be
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FIGURE 14. Effect of the voltage sag on the wind farm stability.
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transformed completely to electrical power, as illustrated in
Eq. (6). Although the overshoot of the rotor speed is reduced
significantly with the FCL topology employed in [19], it fluc-
tuates greatly after fault clearance. In contrast, when the
optimal SRFCL protection strategy is applied, the overshoot
is lowered by 0.16 pu so that it rapidly returns to the nominal
value (1.2 pu) after fault clearance.
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FIGURE 15. Transient stability analysis of the hybrid system at the PCC
during voltage sag.

Fig. 15 (a) illustrates the role of the SRFCL in supporting
the voltage at the PCC bus. Without the series protection
schemes (i.e. without any protection scheme or with the FRT),
the PCC voltage declines sharply to 0.5 pu during the voltage
sag occurrence.

Also, when the FCL topologies suggested in [18], [19]
are employed, the PCC voltage overshoots sharply to about
1.6 pu. However, with the optimal SRFCL, the voltage
improves significantly to 0.79 pu as compared to 0.53 pu
with the BFCL. Fig. 15 (b) shows the real power inserted
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TABLE 3. Transient stability analysis during three-phase voltage sag.

PV DC-link QOyina (absorbed) T o, (overshoot) ~ PCC voltage Prybria Onybrid
P,, (MW) Pying (MW) i §
voltage (pu) (MVAR) (pu) (pu) V. (pu) (MW) (MVAR)
Without protection
1.57 1.7 2.17 4.66 0.613 1.523 0.5 3.74 4.73
scheme
FRT 1.43 1.2 2.11 4.72 0.607 1.528 0.5 3.54 4.74
BFCL 1.64 1.6 2.13 4.69 0.618 1.518 0.53 3.77 4.69
FCL[18] 1.67 1.43 Fluctuates 5.97 0.84 1.28 1.65 Fluctuates 5.98
FCL[19] 1.81 2.95 Fluctuates 8.65 0.48 1.57 1.57 Fluctuates 8.68
Optimal SRFCL 1.9 1 2.61 2.28 0.72 1.37 0.79 4.51 2.28

into the grid by the hybrid system during the voltage dip.
It is evident that when the SRFCL protection scheme is deac-
tivated, the injected power drops substantially to 3.7 MW,
while it improves significantly to 4.51 MW with the SRFCL
strategy.

Moreover, with the FCL topologies introduced in [18], [19],
the injected power by the hybrid system fluctuates severely
during and after voltage sag occurrence. Fig. 15 (c) demon-
strates the absorbed reactive power by the hybrid system
after the voltage sag clearance. It is evident that when the
optimal SRFCL is employed, the absorbed reactive power
increases only to 2.28 MVAR while increasing severely
to 5.98 MVAR and 8.68 MVAR with the FCL topologies
presented in [18], [19], respectively.

From the Figs. 13, 14, and 15, it can be noticed that
the transient stability of the hybrid power system has been
significantly enhanced during the voltage sag occurrence with
the optimal SRFCL protection strategy compared to other
cases. Moreover, the transient stability performance of the
hybrid power system during the three-phase voltage sag is
summarized in Table 3.
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FIGURE 16. Generated active power by the PV plant during 3LG fault.

B. EFFECT OF THE 3LG FAULT

In this subsection, the impact of the proposed SRFCL pro-
tection strategy on the transient stability performance of the
hybrid power system is validated during the 3LG fault occur-
rence. The fault occurs at the beginning of the transmission
line (F1 location) near the PCC bus at t = 2 s and lasts for
150 ms [41]. Fig. 16 depicts the PV plant power. It is clear
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that without any series protection scheme (i.e. without any
protection scheme or with FRT), the injected power by the
PV system reaches a very low value during the fault. Also,
with the FCL topologies suggested in [18], [19], the injected
power fluctuates severely during the fault occurrence. How-
ever, when the optimal SRFCL is utilized, the PV plant power
improves considerably to 0.53 MW as compared to 0.16 MW
with the BFCL. Furthermore, Fig. 17 (a) shows that when the
FCL topologies presented in [18], [19] are employed, the gen-
erated active power by the wind farm oscillates greatly during
the 3LG fault occurrence. But, with the optimal SRFCL strat-
egy, the wind farm power increases by 0.8 MW as compared
to other cases. Fig. 17 (b) demonstrates that when the SRFCL
is utilized, the reactive power absorbed by the wind farm after
the fault clearance is reduced by 1.55 MVAR (3.1 MVAR
with the SRFCL compared with 4.65 MVAR without any
protection scheme). Also, it is evident that with the FCL
configurations in [18], [19], the absorbed reactive power
increases to about 7.5 MVAR.

Fig. 17 (c) illustrates that with the FRT control scheme,
the overshoots of the DFIG DC-link voltage are minimized
substantially during the 3LG fault so that it quickly returns to
the rated value after the fault is cleared. This sharp increase
in the voltage happens because of the mismatched power
between the GSC and RSC since the fault prevents the RSC
from injecting the entire power generated from the wind farm
into the grid. Fig. 17 (d) depicts the disturbance of the wind
turbine mechanical torque during the 3LG fault. It is evident
that without the SRFCL, the generated mechanical torque
decreases sharply to 0.32 pu, while it improves to 0.4 pu when
the SRFCL strategy is applied. Also, although the output
mechanical torque is enhanced significantly with the FCL
topology employed in [18], it fluctuates severely after fault
clearance. Also, Fig. 17 (e) shows that the overshoot of the
DFIG rotor speed is decreased considerably by 0.11 pu and
0.42 pu using the optimal SRFCL and the FCL topology
in [18], respectively.

Fig. 18 (a) illustrates the effect of the 3LG fault on the
PCC bus voltage. It is clear that without the series protec-
tion methods (i.e. without any protection scheme or with
FRT), the PCC voltage goes abruptly near zero during the
fault occurrence. Also, when the FCL configuration sug-
gested in [18] is utilized, the voltage overshoots sharply to
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FIGURE 17. Effect of the 3LG fault on the wind farm stability.

about 1.67 pu while oscillating severely with the FCL topol-
ogy in [19]. However, with employing the optimal SRFCL,
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FIGURE 18. Transient stability analysis of the hybrid system at the PCC
during 3LG fault.

the voltage level raises considerably to 0.22 pu as compared
to 0.08 pu with the BFCL. Fig. 18 (b) demonstrates the active
power injected from the hybrid power system to the electrical
network during the fault occurrence. It is obvious that without
any protection scheme, the injected active power declines
substantially to a very small value, while it improves consid-
erably to 1.3 MW with the optimal SRFCL strategy compared
to only 0.2 MW with the BFCL. Moreover, when the FCL
topologies presented in [18], [19] are employed, the injected
active power fluctuates greatly during the 3L.G fault occur-
rence. Fig. 18 (c) shows that when the optimal SRFCL is
utilized, the absorbed reactive power from the hybrid system
after fault clearance is decreased by 2.48 MVAR (4.57 MVAR
with the SRFCL compared with 7.05 MVAR without any
protection scheme). Besides, with the FCL configurations
in [18], [19], the absorbed reactive power rises sharply to
7.3 MVAR and 10.2 MVAR, respectively.
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It is clear from the comparative transient responses shown
in Fig. 16, 17, and 18 that the optimal SRFCL provides a
superior transient stability performance system than other
cases during the occurrence of the 3LG fault. Moreover,
Table 4 summarizes the transient stability performance of the
hybrid power system during the 3LG fault.

C. EFFECT OF THE 2LG FAULT

The transient stability performance of the hybrid power sys-
tem is evaluated during a 2LG fault event to validate the
credibility of the proposed SRFCL protection strategy during
the unsymmetrical faults. The 2LG fault is considered to
happen at the F1 location near the PCC bus within the period
fromt=2stot=2.15s[41].
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FIGURE 19. Effect of the 2LG fault on the PV plant stability.

Fig. 19 (a) depicts the generated real power by the PV plant
during the fault. Without the optimal SRFCL protection strat-
egy, the generated power decreases considerably to 1.48 MW
under the fault condition and it overshoots considerably to
2.45 MW and 2.67 MW without any protection scheme and
with the BFCL, respectively.

Also, it is evident that when the FCL topology in [18]
is employed, the generated power overshoots sharply to
5.36 MW while fluctuating severely with the FCL config-
uration in [19]. In contrast, when the optimal SRFCL is
utilized, the PV plant continues to deliver the rated power
(2 MW) during the fault and also the overshoot is minimized
substantially after fault clearance. Fig. 19 (b) illustrates that
the 21G fault causes a great disturbance to the PV DC-link
voltage. With the FCL topologies suggested in [18], [19],
the DC-link voltage overshoots sharply to about 2 pu as com-
pared to 1.56 pu with BFCL, 1.41 pu without any protection
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FIGURE 20. Effect of the 2LG fault on the wind farm stability.

system, and 1.26 pu with the FRT scheme. Also, the voltage
takes a long period to restore the nominal value after fault
clearance, where it reaches the steady-state value att =2.87 s
and t = 2.71 s with the FCL configurations in [18], [19],
respectively. Besides, the rated value is restored at t = 2.8
with the BFCL, t = 2.67 s without any protection scheme,
and t = 2.5 s with the FRT. But, when the optimal SRFCL is
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TABLE 4. Transient stability analysis during 3LG fault.

\win . PCC
Quind DFIG DC-link Tn w, (overshoot) Pvria Obria
P,, (MW) Pyina (MW) (absorbed) voltage ’
voltage (pu) (pu) (pu) (MW) (MVAR)
(MVAR) V. (pu)
Without protection
0 0 4.65 1.3 0.325 1.842 0 0 7.05
scheme
FRT 0 0 5.15 1 0.317 1.849 0 0 7.8
BFCL 0.16 0.04 5.36 1.36 0.322 1.845 0.08 0.2 8.3
FCL [18] Fluctuates Fluctuates 7.2 1.46 0.34 1.43 1.67 Fluctuates 7.3
FCL [19] Fluctuates Fluctuates 7.5 1.37 0.72 1.82 Fluctuates  Fluctuates 10.2
Optimal SRFCL 0.53 0.8 3.1 1.35 0.4 1.74 0.22 1.3 4.57
TABLE 5. Transient stability analysis during 2LG fault.
P, (MW) PV DC-link Prina QOyina (absorbed) T w, (overshoot) PCC voltage Phypria Ohybria
” voltage (pu)  (MW) (MVAR) (pu) (pu) V, (pu) (MW) (MVAR)
Without protection
1.49 141 1.88 3.09 0.56 1.57 0.49 33 3.22
scheme
FRT 1.43 1.26 1.88 3.19 0.55 1.58 0.49 3.27 3.04
BFCL 1.44 1.56 1.66 3.36 0.54 1.6 0.48 3.17 3.26
5.36 11.1
FCL[18] (overshoot) 2 1.6 4.17 0.52 1.62 2 (overshoot) 5.94
FCL[19] Fluctuates 1.88 0.79 6.7 0.4 1.75 0.15 Fluctuates 10.17
Optimal SRFCL 2 1.04 2.4 2.43 0.63 1.48 0.66 4.59 2.27

employed, the overshoot of the DC-link voltage is diminished
significantly so that it quickly returns to the rated value at
t=2.26s.

Fig. 20 (a) demonstrates the active power generated by the
wind farm during the 2LG fault. When the optimal SRFCL is
utilized, the active power is enhanced substantially to 2.4 MW
as compared to only 0.79 MW with the FCL topology in [19]
and 1.6 MW with other protection schemes. Fig. 20 (b) shows
that with the SRFCL protection system, the absorbed reactive
power from the wind farm after fault clearance is declined sig-
nificantly by 4.27 MVAR (2.43 MVAR with the SRFCL com-
pared with 6.7 MVAR with the FCL configuration in [19]).
Fig. 20 (c) depicts the response of the wind turbine mechani-
cal torque to the 2LG fault. When the FCL topology in [19] is
employed, the output mechanical torque declines sharply to
0.4 pu, however, it improves considerably to 0.63 pu with the
optimal SRFCL compared to only 0.5 pu with other cases.
Moreover, Fig. 20 (d) shows that with the utilization of the
SRFCL strategy, the overshoot of the DFIG rotor speed under
the fault condition is lowered by 0.27 pu compared with the
FCL topology in [19].

Fig. 21 (a) demonstrates the role of the SRFCL in enhance-
ment the voltage at the PCC bus. When the FCL topology
in [18] is employed, the voltage overshoots sharply to 2 pu,
while it drops severely to 0.15 pu with the FCL in [19]. How-
ever, by implementing the proposed SRFCL strategy, the PCC
voltage improves significantly to 0.66 pu as compared to
only 0.49 pu with other cases. Fig. 21 (b) shows the injected
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active power from the hybrid system to the PCC bus during
the 2LG fault occurrence. It can be mentioned that when the
FCL configuration in [18] is used, the injected active power
overshoots sharply to 11.1 MW while oscillating greatly with
the FCL topology in [19]. On the other hand, the injected
power is increased by about 28% with the optimal SRFCL,
where it reaches 4.59 MW with the SRFCL compared to
only 3.3 MW with other cases. Fig. 21 (c) illustrates that
with the SRFCL strategy, the reactive power absorbed from
the hybrid system is declined significantly by 7.9 MVAR
(2.27 MVAR with the SRFCL compared with 10.17 MVAR
with the FCL topology in [19]. Also, when the FCL in [18]
is employed, the absorbed reactive power increases greatly
to 5.94 MVAR compared to only 3.3 MVAR with other
cases.

Itis evident from the comparative results shown in Figs. 19,
20, and 21 that the optimal SRFCL strategy is more effective
than other protection schemes in improving the transient sta-
bility of the hybrid power system during the 2LG fault. More-
over, the transient stability performance of the hybrid power
system during the 2L.G fault is summarized in Table 5. It is
obvious that with the FCL topology in [19], the system per-
formance is the worst among the conducted six cases. Also,
compared to the FCL configuration in [18], FRT, and the
conventional BFCL, the optimal SRFCL strategy enhances
significantly the FRT capability and improves substantially
the transient stability of the hybrid power system during the
grid faults.
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D. EFFECT OF THE 1LG FAULT

Stability analysis of the hybrid power system with the optimal
SRFCL protection scheme is also investigated regarding the
1LG fault since being the most common fault in comparison
to the symmetrical faults. Fig. 22 (a-d) shows the responses
of mechanical torque, DFIG rotor speed, hybrid active power,
and the PCC voltage for the 1LG fault.

From the figures, it can be noticed that the hybrid power
system is less affected by the 1LG fault since being the least
severe among all grid faults. Moreover, the proposed SRFCL
strategy is the most effective in enhancing the transient sta-
bility and the FRT capability of the hybrid power system.
Table 6 summarizes the transient stability analysis of the
system during the 1LG fault.

E. PV PLANT CONNECTION ONCE THE LVRT CONDITION
ARRIVED

This subsection investigates the effectiveness of the proposed
SRFCL in enhancement the transient stability of the PV plant
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FIGURE 22. Transient stability analysis of hybrid system during 1LG fault.

when connected once the Low Voltage Ride Through (LVRT)
condition arrived. Fig. 23 (a) shows the generated active
power from the PV plant. Without the SRFCL strategy,
the generated power overshoots sharply during the LVRT,
and also it decreases substantially to a very low value (about
0.2 MW) after the LVRT clearance. However, when the pro-
posed SRFCL is employed, the overshoot of the generated
power during the LVRT is reduced considerably so that the
PV plant injects the rating power (2 MW) after the LVRT
clearance. On the other hand, Fig. 23 (b) illustrates that with
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the proposed SRFCL, the disturbance of the DC-link voltage
is eliminated significantly so it remains at the rated value
(1 pu) once the LVRT is cleared.

TABLE 6. Transient stability analysis during 1LG fault.

Provria PCC voltage

T (pu) o, (pu)
MW) Ve (pw)
Without protection 0.838 1.24 5.97 0.957
FRT 0.82 1.245 5.77 0.954
BFCL 0.837 1.242 5.98 0.966
1.9
FCL[18] Fluctuates  Fluctuates 4.95 (overshoot)
1.4
FCL[19] Fluctuates  Fluctuates  Fluctuates (overshoot)
Optimal SRFCL 0.85 1.23 6 1

VIil. CONCLUSION

This paper proposed the employment of an optimal SRFCL
protection strategy to augment the transient stability and the
FRT capability of a grid-tied hybrid power system during the
grid faults occurrence. The design parameters of the SRFCL
have been optimized by using the PSO algorithm. The effec-
tiveness of the SRFCL protection strategy is tested during
both symmetrical faults such as three-phase voltage sag and
3LG fault and unsymmetrical faults such as 2LG fault and
1LG fault. Also, its performance is compared with that of the
FRT control scheme, the conventional BFCL, and different
topologies of the FCL suggested in the literature review.
Based on the simulation results and discussions, the following
points are noteworthy.
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(a) The proposed SRFCL strategy ensures the FRT capa-
bility augmentation and the transient stability improvement
of the hybrid system during all the applied faults.

(b) The generated active power from the hybrid system and
the grid voltage are improved significantly with the utilization
of the optimal SRFCL.

(c) The SRFCL has a great impact on the DFIG stability
by minimizing considerably the overshoot of the rotor speed.

(d) The performance of the optimal SRFCL is superior
to that of the BFCL and the FRT control schemes in all
characteristics.

In our future work, the proposed SRFCL topology will be
validated in other large-scale grid-connected systems includ-
ing Fuel Cell (FC), conventional sources such as diesel gen-
erator, low inertia Renewable Energy Sources (RES), etc.
In addition to that, we will be looking into applying the latest
optimization techniques for the SRFCL control strategy.
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