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a  b  s  t  r  a  c  t

This  paper  proposes  a parallel-resonance  bridge  type fault  current  limiter  (PRBFCL)  to  augment  the  tran-
sient stability  of  a hybrid  power  system  consisting  of a  photovoltaic  (PV)  power  generation  source,  a
doubly-fed  induction  generator  (DFIG)-based  wind  energy  system,  and  a  synchronous  generator  (SG).
The PRBFCL  is designed  such  a way  that it can  provide  sufficient  damping  characteristics  to the  stud-
ied  power  system.  The  effectiveness  of  the  proposed  PRBFCL  in  improving  the  transient  stability  and
enhancing  the  dynamic  performance  of  the hybrid  power  system  is verified  by applying  both  balanced
and  unbalanced  faults  in the  power  network.  Also,  its  performance  is  compared  with  that  of  the bridge
type  fault  current  limiter  (BFCL)  and  the  fault  ride  through  (FRT)  schemes,  i.e. FRT  schemes  of PV,  DFIG,

 

 

arallel-resonance bridge fault current
imiter (PRBFCL)
hotovoltaic (PV)
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and with  the  AVR  and  governor  of  synchronous  generator  (SG).  Some  indexes  are  used to  quantify  the
system  performance.  Simulation  results  obtained  from  the  Matlab/Simulink  software  show  that  the  pro-
posed  PRBFCL  is  effective  in  maintaining  stable  operation  of  the  PV,  wind  generator,  and  synchronous
generator  during  the  grid  fault. Moreover,  the  performance  of  the  PRBFCL  is  better  than  that  of the  BFCL
and  the  FRT  methods  in  every  aspect.
. Introduction

Rapid depletion of the traditional sources of energy as well as the
erpetual increase in energy demand in today’s fast growing world
as made the renewable energy as a hot research topic. The cost of
he photovoltaic (PV) installation is gradually becoming low, and
ence its growth is proliferating day by day. Among the renewable
nergy sources, the solar energy will attain the top position and ful-
ll almost 28% of world’s total energy demand by 2040 [1]. On the
ther hand, the wind energy generating system (WEGS) today is an
stablished source of renewable energy with its rapid growth. Due
o their numerous advantages, such as maximum power extraction
2], more efficiency, decoupled active and reactive power control,
nd enhanced power quality, the variable speed wind generator
VSWG) systems are gaining more popularity over conventional
nduction machine-based fixed-speed wind-generators. Moreover,

he simple and rugged construction, low cost, ability to capture the

aximum energy from a wide range of wind velocities, and par-
ially rated ac/dc/ac converter for generating variable frequency,
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make the doubly fed induction generator (DFIG) the preferred
choice over other wind generating systems [3].

Transient stability is the property of a power system to regain
its normal operating condition following sudden and severe faults
in the system [4]. The transient stability study is extremely impor-
tant for maintaining the continuity of the power flow and properly
controlling the modern electrical power systems with multiple
renewable energy sources integrated to it.

Compared to the wind generators with full rated inverter/
converters, the DFIG systems are extremely sensitive to the grid
abnormalities, as their stators are directly connected to the grid.
A grid side fault causes the terminal voltage of DFIG to go very
low, which results in very high current through the stator and the
rotor windings may  hamper the stable operation and damage the
machine. Several reports on minimizing the adverse effects of grid
disturbances on the DFIG-based wind farms [5–11] are available
in the literature, and the issues of enhancing the stability of the
power networks including both wind synchronous generators (SGs)
by flexible ac transmission system (FACTS) devices are addressed
in [12–15]. On the other hand, the occurrence of the grid faults
causes the imbalance between the PV generated power and power

inserted by the voltage source inverter (VSI) to the grid. Due to
this power imbalance, there is a sharp rise in intermediate DC link
voltage and also an overcurrent at the AC side of the VSI, which
may  result in damaging of the power electronic interfaces [16]. The
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dverse effects of large-scale penetration of PV power to the grid
n the power system stability have been reported in [17].

The integration of a large scale hybrid renewable energy plant
onsisting of PV, wind, and marine-current to the grid is reported in
18–20]. Large scale penetration of these renewable energy sources
nto the power grid leads to an enhanced short-circuit power level.

oreover, the circuit breakers with their certain turn-off capabil-
ty, cannot suppress the pick current. Fault current limiters (FCLs)
re extensively employed in the power system networks for sup-
ressing the fault current. In the literature, various types of fault
urrent limiter are proposed such as resistive-type FCLs, inductive-
ype FCLs, superconducting FCLs (SFCLs), flux-lock-type FCLs, DC
eactor-type FCL, and resonance-type FCLs [21–26]. The applica-
ion of the FCLs in the power systems is not only to suppress the
eak of the short-circuit current, but also for other power system
pplications, such as power system transient stability augmen-
ation, fault ride through (FRT) capability enhancement of wind
enerator, power quality improvement, and reliability improve-
ent. Literature shows that coordinated operation of SFCL and

MES is employed at the PCC to enhance the FRT and the power
uctuation minimization purpose of DFIG-based wind farm [27].
witched-type FCL and high temperature superconducting fault
urrent limiter (HTS-FCL) are employed in [28,13], respectively, for
nhancing the FRT capability of the DFIG-based wind generator.
esistor-based superconducting fault current limiter (SFCL) [25,29]
nd HTS-FCL [30] are placed at the PCC point in order to enhance
he transient stability of synchronous generator (SG)-based single-

achine-infinite-bus (SMIB) power system. Dangjin power plant,
perating under utility company Korean Power Exchange (KPX),
as multiple thermal power generating units connected to a com-
on  bus (PCC), and SFCL is placed at the PCC to enhance the power

ystem stability [31].
Besides the above mentioned applications of FCLs for the sta-

ility purposes, the high-voltage direct-current (HVDC) link joined
ith a damping controller based on adaptive-network-based fuzzy

nference system (ANFIS) utilized in [18], for enhancing the tran-
ient stability of a hybrid system consisting of PV, wind, and marine
urrent energy generator. The static synchronous series compen-
ator (SSSC) [32], series dynamic braking resistor (SDBR) [33], static
ar compensator (SVC) [34], and static synchronous compensator
STATCOM) [12] are employed for enhancing the stability of the
ybrid power system consisting of DFIG, permanent magnet syn-
hronous generator (PMSG), and SG-based power systems. Appli-
ations of SMES for enhancing the dynamic performance of grid-
onnected wind and PV generating systems are reported in [35].

Some of the above mentioned FCLs and other auxiliary means
f enhancing the stability incur additional cost due to the use
f converters, coupling transformers, and filters. SFCL employs
uperconducting inductor and some of the bridge-FCLs use trans-
ormer for the coupling purpose incurs high manufacturing cost.
ecause of the high cost of SFCLs, they are not commercially avail-
ble in the markets. It is important to investigate a cost-effective
nd new method for transient stability improvement of hybrid
ower systems. Due to its simplicity and low cost, the nonsuper-
onducting fault current limiter [26] is a promising technique for
nhancing the transient stability of the power system [36] and
mproving the fault ride through capability of the wind generators
37]. Resonance-type FCLs suppress the fault current by exploi-
ing various configurations of series or parallel LC resonant circuits
38]. The resonant circuits have the advantages over solid-state
ircuit breakers, are the simplicity of their construction and the con-
rol strategy. The disadvantage of bridge type fault current limiter

BFCL) compared to the parallel resonant circuit fault current lim-
ter is that, it imposes less effective impedance, because of its only
urrent limiting inductance along with the one series resistor for
he power evacuation [36]. Other BFCL topology [39] employs the
Systems Research 130 (2016) 89–102

coupling transformer which is an expensive approach for the fault
current limiting applications. However, the impedance imposed
during the fault event for PRBFCL has more impact than the BFCL,
because of the presence of capacitor and multiple resistors for the
power evacuation.

In this work, in order to augment the transient stability and
FRT capability enhancement of a hybrid power system consisting
of a DFIG-based wind generator, a PV generator, and conventional
synchronous generator (SG), a parallel-resonance bridge type fault
current limiter (PRBFCL) is proposed. So far, the PRBFCL has not
been investigated as an auxiliary means for improving the transient
stability of the power systems. During the severe voltage dips, volt-
age source inverter (VSI) of the PV and grid side converter (GSC) of
the DFIG are utilized for the reactive current injection according to
the E.ON grid code [40]. FRT scheme of PV which includes DC-link
voltage suppression by controlling DC/DC boost converter of the PV
system is also implemented and analyzed. Also, the performance
of the proposed method is compared with that of the bridge type
fault current limiter (BFCL) and fault ride through (FRT) schemes
i.e. FRT schemes of PV, DFIG, and with the AVR and governor of
synchronous generator (SG).

The effectiveness of the proposed scheme for enhancing the
transient stability is verified by considering a test system consisting
of one synchronous generator-based single machine infinite-bus
system, to which one DFIG-based wind farm and a PV farm are
integrated through a short transmission line. By limiting the fault
current and improving the voltage sag at the point of common cou-
pling (PCC), the proposed method makes the power sources of the
hybrid system stable during the grid fault. Both balanced and unbal-
anced faults are applied to the most vulnerable point of the network
to demonstrate the effectiveness of the proposed scheme. Extensive
simulations were carried by using the Matlab/Simulink software.

The next section explains the impacts of grid fault on energy
sources (PV, DFIG, and SG) of hybrid power system. The model-
ing of the power sources of the test system is described in Section
3. In Sections 4 and 5, the constructions and control strategies
of the BFCL and the proposed method are described, respectively,
and simulation results are presented in Section 6. Section 7 deals
with the quantification of the results by the stability indices. The
responses of the injected reactive current from the PV and the
DFIG are presented in Section 8 named compliance with grid-code
requirement. A brief discussion about the cost of the proposed
schemes is presented in Section 9. Finally, Section 10 concludes
this work.

2. Impacts of grid fault on energy sources (PV, DFIG, and
SG) of hybrid power system

A three-phase two-stage grid-connected PV system, shown in
Fig. 1, consists of the DC/DC converter as the first stage and the
DC/AC grid-connected voltage source inverter (VSI) as the second
stage. The overall power flow through the PV system can be defined
by:

PPV = PDC2 + Pg, (1)

where PDC2 denotes the power flow through the DC-lick capacitor
CDC2 of the PV system, Pg is the power inserted by the inverter to the
grid, and PPV is the PV array output. During the normal operation,
the DC power generated by the PV (PPV) is equal to the AC power
delivered to the grid (Pg) if the power electronic converter loss is
ignored:

 

 

PPV = Pg = 3UgIg, (2)

where Ug and Ig are the nominal RMS  value of phase voltage and
phase current, respectively. The power balance makes the PV DC-
link voltage constant. However, during the event of grid-fault, the 
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At normal operating condition, the MPPT generates the duty
cycle to drive the DC/DC boost converter. When there is a grid fault,
the DC-link voltage goes to very high, as the incoming DC power
from the PV panel cannot be injected to the grid, due to severe

 

 

Fig. 1. Hybrid p

udden voltage sag at the PCC reduces the power inserted to the
rid from Pg to Pg f. Meanwhile, the DC/DC converter continues to
nsert the maximum possible PV power into the DC-link. The power
mbalance between PPV and Pg f will cause the DC link voltage go
igh sharply. Mathematically, the condition can be expressed as

ollows [41]:

PPV − Pg f )�t  = PDC2�t  = 1
2

CDC2(V2
DC2 f − V2

DC2) (3)

where VDC2 and VDC2 f are the amplitudes of the DC-link voltage
efore and during the fault, respectively, and �t  represents the
uration of the fault. Exploiting (2) and (3) and considering Pg f = 3 Vf

g, the DC-link voltage during the fault can be derived as

DC2 f =
√

2(PPV − 3Vf Ig)�t

CDC2
+ V2

DC2, (4)

It can be seen from (4), the deeper the voltage sag (Vf goes low
uring the grid-fault) and the longer the fault duration are, the

arger the rising rate of the PV DC-link voltage will be. Therefore,
ithout any protection scheme the drop in the PCC voltage during

he fault may  cause the over-voltage violation at the DC-link.
During the network fault, fault current is fed from power sources

o the faulty node due to huge voltage sag at that node which
auses very small active power and voltage generation at the rotat-
ng machines (DFIG & SG). That leads the rotating machines of the
ystem to lack of the equilibrium state and may  incur the instabil-
ty. This situation can be explained by the swing equation as follows
13]:

2H

ω

d2ı

dt2
= Pm − Pe (5)

here Pm is the input mechanical power, Pe is the output electri-
al power, ı is the rotor angle and H is the inertia constant of the
achine. From (5), it can be seen that the stability of the machine

an be maintained by making the output electrical power equiv-
lent to the mechanical power. The impedance introduced by the
RBFCL during the fault causes the stator voltage of the DFIG and
G to be developed due to voltage drop across the impedance of
he PRBFCL. Delivery of the electrical power is maintained by DFIG
nd SG, and the desired power balance is achieved.
. System model

This work employed the power system model depicted in Fig. 1
or transient stability and dynamic performance analysis. It consists
 system model.

of one synchronous generator (100 MVA, SG)-based single machine
infinite-bus system [41–44], to which one PV farm of 50 MW and
one DFIG-based wind farm of 60 MW are integrated through a short
transmission line. These energy sources are delivering power to the
utility grid through double circuit transmission lines. Although a
practical wind power station consists of many generators, it is con-
sidered to contain a large equivalent aggregated single generator
with the power capacity mentioned in the paper. The wind gen-
erator is driven by an equivalent aggregated variable-speed wind
turbine (VSWT) through an equivalent gearbox [12]. Also, the PV
plant consists of a large number of PV modules connected in series-
parallel combination to attain the desired power level, and it is
connected to the PCC by a boost converter and an equivalent aggre-
gated dc to ac inverter. The perturb and observe (P&O) maximum
power point tracker (MPPT) [45] for the PV is implemented on the
boost converter for extracting maximum PV power at varying mete-
orological conditions. The PRBFCL or BFCL is placed at the grid point
as shown in Fig. 1.

3.1. Modeling of PV system

The equivalent circuitry of a PV array is shown in Fig. 2, in which
the simple model can be represented by the current sources, diodes,
and the resistors (RS and RP). Here, resistors signify the non-ideal
behavior of the PV module. Large PV plants are composed of several
PV panels or modules. In this work, 100 PV modules are connected
in series, and total 2500 branches are connected in parallel to form
a PV plant of rated 50 MW.  KC200GT PV module with 200 W of peak
power is employed for this work [46].

3.2. Controlling of boost converter
Fig. 2. Equivalent circuit of PV array.  



92 Md.K. Hossain, Mohd.H. Ali / Electric Power Systems Research 130 (2016) 89–102

 of vol

v
a
M
s
T
g
i
p

3

(
i
w
c
r

 

 

Fig. 3. (a) Control scheme of DC-DC boost converter of PV, (b) control scheme

oltage dip. In order to mitigate the sharp rise in PV DC-link voltage,
 non-MPPT mode is adopted as shown in Fig. 3(a) [16,41,47]. The
PPT controller is bypassed, and the PI controller-based non-MPPT

trategy comes into the action, when the grid fault is detected.
he non-MPPT strategy reduces the active power insertion to the
rid during emergency grid fault, which will eventually allow the
nverter to insert reactive current to provide dynamic voltage sup-
ort without exceeding the inverter maximum current limit.

.3. Controlling of voltage source inverter (VSI)

In this work, a three-level, three-phase voltage source inverter
VSI) is used for the conversion of DC power to AC power for grid

nterfacing. Fig. 3(b) represents the control strategy of the VSI along

ith the reactive power injection scheme according to the grid
ode [16,41,47]. The VSI control system employs external voltage
egulator for generating Idpv ref reference current for maintaining
tage source inverter of PV, (c) injected reactive current profile by PV inverter.

constant DC link voltage. Iqpv ref is set to zero for maintaining the
unity power factor at normal operating condition. When a voltage
sag is appeared due to grid side fault, the reactive current injected
according to the E.ON grid code [40], as shown in Fig. 3(c), and
mathematically it can be expressed as [48]:

Iq
In

=

⎧⎨
⎩

0,

k − kVg,

1,

0.9 pu ≤ Vg ≤ 1.1 pu

0.5 pu ≤ Vg ≤ 0.9 pu

Vg ≤ 0.5 pu

(6)
where the value of k is 2 and Vg is the PCC voltage, Iq is the reference
reactive current and In is the rated inverter current. According to
the E.ON grid code, the VSI should insert full reactive current when 
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Fig. 4. Control system fo

rid voltage drops down to 0.5 pu. The reference reactive current
uring the voltage dip can be determined by:

qpv ref = Iq
In

× In (7)

The reference active current during the fault condition can be
etermined by [41]:

dpv ref =

⎧⎪⎪⎨
⎪⎪⎩

In, 0.9 pu ≤ Vg ≤ 1.1 pu√
In

2 − I2
qpv ref, 0.5 pu ≤ Vg ≤ 0.9 pu

0, Vg ≤ 0.5 pu

(8)

The internal current regulator generates the desired direct

Vd VSC) and quadrature (Vq VSC) axis voltage which are then con-
erted to three modulating voltage to VSC control. The control
cheme describe above is sufficient to perform FRT of the PV system
uring the grid disturbance.

Fig. 5. Control system for the D
FIG grid side converter.

3.4. Modeling of synchronous generator

The equations employed to model the SG in this work are
described in [4]. The SG is equipped with automatic voltage reg-
ulator (AVR) and Governor (GOV) control systems [49]. The SG
parameters employed for the design consideration are available in
[49]. Subtransient effects are taken into consideration while design-
ing the SG model. The model is designed considering the rotor
dq-axis as reference which rotates at rotor speed.

3.5. Modeling of wind turbine

The mechanical power extraction from the wind can be
expressed as follows [50].

Pw = 0.5 ∗ � ∗ � ∗ R2 ∗ V3
w ∗ CP(�, ˇ) (9)
where Pw and Vw are the extracted power (watt) from the wind and
the wind velocity (m s−1) respectively, � represents the air density
[kg m−3], and Cp denotes the power coefficient which is the function
of tip speed ratio, �, and blade pitch angle,  ̌ [◦], and R represents

FIG rotor side converter.  
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branch (in series or in parallel) and that in the proposed example
one diode is sufficient for sustaining the entire power in normal
operation. For example, the VS-SD1700C.K [52] series diode has
maximum rated current above 3 kA and the maximum current that

 

 

Fig. 6. DFIG DC-link protection scheme with DC chopper.

he blade radius in meter (m). Also, the wind turbine MOD-2 model
s considered for this work [13].

.6. Control scheme of DFIG

The DFIG stator winding is connected to the grid by 0.69/66 kV
tep-up transformer, whereas the rotor winding is connected to
he low voltage side of the step-up transformer through the power
lectronic converters (rotor side converter (RSC) and grid side con-
erter (GSC) and a transformer. A DC link is connected between the
SC and GSC. The DFIG has the provision of independent control of
ctive and reactive powers by employing rotor and grid side con-
erters [12]. The GSC is used to maintain a constant DC link voltage
nd regulate the stator voltage as shown in Fig. 4. The measured
urrent in the dq frame (Ids mes and Iqs mes) needs to track the refer-
nce current Id ref and Iq ref, respectively, to maintain constant DC
ink voltage and unity power factor at the output of the GSC con-
erter. During the normal operation, Iq ref is set to zero; however,
uring the grid fault, the reference reactive current is determined
y E.ON grid code, as described in PV reactive current insertion
trategy. The desired direct (Vd GSC) and quadrature (Vq GSC) axis
oltage is generated by the current regulator. Fig. 5 demonstrates
he control mechanism of RSC. The control of RSC needs the mea-
ured rotor current in dq frame (Idrw mes and Iqrw mes) to track the
eference currents that are generated by the real power and the
agnitude of the stator voltage setting, respectively. For this case

lso, a current regulator is employed to generate the desired direct
Vd RSC) and quadrature (Vq RSC) axis voltage [12].

.7. Protection of the DC-link of DFIG during fault

A DC-chopper with a resistor is connected in parallel with the
C-link of the DFIG as shown in Fig. 6., with a similar function to

hat of the rotor side crowbar for the purpose of reducing the DFIG
c-link voltage during the fault [33]. During the grid voltage sag,
he additional active power coming from the rotor side converter is
issipated at the DC chopper, and the abrupt rise of DC link voltage

s prevented. The IGBT is ON when VDC1 exceeds VDC1max, and thus,
he DC chopper is switched ON and the energy is consumed by the
esistance.

. Bridge type fault current limiter (BFCL)

In this work, in order to see the effectiveness of the proposed
RBFCL, its performance is compared with that of the bridge type
ault current limiter (BFCL) [36,51]. The BFCL was employed for
nhancing the fault ride through capability [39] of wind firm and
he transient stability [36] of multimachine power system.

.1. BFCL configuration, design and control

Fig. 7 shows the bridge fault current limiter (BFLC) [36]. It

onsists of two branches: bridge part and shunt branch. The con-
truction of the bridge part is same as that of the PRBFCL. During the
ormal operation, closed IGBT switch permits the positive half line
urrent to pass through the diodes D1, D4 and, bridge part; whereas,
Fig. 7. Bridge fault current limiter.

the negative half cycle of the line current flows through D3, LDC,
switch and D2. During the fault event at the transmission line, the
IGBT switch is opened by the controller that forces the line current
to take the path of shunt branch. For designing the shunt branch, the
strategy adopted in [51] is implemented in the work. To minimize
the negative impact of the grid fault to the power sources, BFCL
needs to consume the power at least equal to the power carried
by the line at prefault condition. By consuming the power gener-
ated by the power sources during the grid fault BFCL minimizes
the destabilizing torque of the rotating machines and also makes
the power balance between DC and AC sides of the VSI of the static
PV generator. The value of XSh and Rsh are found to be 0.014 pu
and 0.488 pu, respectively for obtaining best system performance.
In [51], the procedure for determining the values of Xsh and Rsh are
discussed in detail. The control structure of the BFCL is same as that
of the PRBFCL as shown in Fig. 9. Although the control structures for
both PRBFCL and BFCL are the same, but the impedance imposed
during the fault event for PRBFCL has more impact than the BFCL,
because of the presence of capacitor and resistor.

5. Parallel-resonance bridge fault current limiter (PRBFCL)

5.1. Configuration of PRBFCL

Fig. 8 shows the configuration of PRBFCL which consists of two
branches, namely, bridge part and resonance branch. The bridge
part consists of a diode rectifier bridge, a small dc link induc-
tor (Ldc), an IGBT-based semiconductor and a freewheeling diode
(D5). It is worthwhile to mention here that high rating diodes
(Semikron SKNa 402 and VS-SD1700C.K [52]) and semiconductor
(IGBT) switches (CM200HG-130H) are commercially available [51].
In general, the bridge could be made up of more than one diode per
Fig. 8. Configuration of PRBFCL.  
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an flow through the PRBFCL is 1.83 kA. Also, for the protection of
he semiconductor switch, a snubber circuit is required which is
ot shown here. The other branch of PRBFCL contains parallel res-
nance part of LC and two series connected resistors with L and C,
espectively.

.2. PRBFCL design

The model system power capacity is taken into the consider-
tion for approximating the parameters of the PRBFCL. The current
haracteristic of IGBT is employed to choose the value of LDC. In this
ork, as a protection scheme, the PRBFCL is placed in each phase

f three-phase line near to the PCC. Since the maximum capacity
f the hybrid power system is 210 MW,  each phase of the three-
hase line carries 70 MW of maximum power. To ensure the normal
peration, the parallel-resonance (PR) branch should hold the PCC
oltage near to the prefault voltage. The effective resistance of the
RBFCL (RPR) allows the evacuation of the active power of hybrid
ower system; it also creates a voltage drop that leads to boosting
he terminal voltage of the power sources. The power consumed by
he PRBFCL at postfault is given by:

PRBFCL ≤ PG

3
(10)

PRBFCL ≤ I2
fault RPR (11)

here PG (PG = PSolar + PWind + PSG) represents the rated power gen-
rated by the hybrid source and PSolar, PWind, and PSG represent the
ated power generated by solar, wind, and synchronous genera-
or, respectively; RPR is the PRBFCL equivalent resistance required
o consume the generated source power. The value of RPR is about
.48 pu considering (10) and (11).

For the sake of numerical explanation for getting the value of
PR equal to 0.48 pu, it is considered that each phase of the three-
hase line carries 70 MW (210 MW/3) of maximum power. In this
ondition, the predesired value of the fault current (1.83 kA) can
e achieved by considering the equal sign of Eqs (10) and (11) as
ollows:

PRBFCL = 210  MW
3

=  70  MW,  Ifault =  (70  MW/66kV)  ∗  sqrt(3)  =  1.83  kA,

RPR = (70 MW/(1.83 kA)2)/Rbase = 0.48 pu, where Rbase = V2
nom/

base; Rbase = base resistance, Pbase = system base power.
The inequity sign in (10) and (11) come into the consider-

tion when the renewable energy sources generate less power
han that of their rated capacities. In that case, power consumed
y the PRBFCL (PPRBFCL) satisfies the conditions PPRBFCL < Pg/3 and
PRBFCL < I2fault RPR, or RPR > PPRBFCL/I2fault. Renewable energy sources
uch as PV and wind could generate less power than that of their
ated capacities because of the varying environmental conditions
low irradiance for PV and low wind speed). Considering the SG
lways delivers 100 MW of base power, the value of PPRBFCL varies
rom 33.33 MW (100 MW/3, 100 MW from SG and 0 MW from PV
nd wind generator) to 70 MW (210 MW/3, 100 MW from SG and
10 MW from PV and wind generator). It is important to note here
hat the value of RPR is determined considering all energy sources in
he hybrid power system generate rated power. From the simula-
ion results, it is found that the same design consideration of PRBFCL
s also capable of stabilizing the hybrid system, when the renew-
ble energy sources do not produce the rated capacity power. The
ariations of the RPR can be demonstrated in the following Table 1:

The derivation of the equivalent impedance of the resonant part

s as follows:

PR = R1R2 + (Lpr/Cpr)
R1 + R2

+ j
ωLpr(R2 − R1)

R1 + R2
(12)
Fig. 9. Control scheme of PRBFCL/BFCL.

The resistive part of ZPR is made equal to the RPR (0.48 pu),
considering the rated power generated by the energy sources of
hybrid power system.

RPR = R1R2 + (Lpr/Cpr)
R1 + R2

(13)

A standard capacitor (Cpr) value of 300 �F is selected from [53]
for the system voltage level. An inductor (Lpr) value of 0.0338 H is
computed considering the resonance condition with 50 Hz oper-
ating frequency. For the design consideration, the value of R2 is
chosen as 1.15 pu [14,51,54] and then the value of R1 calculated
from (13) is 0.73 pu. Also, the value of Ldc used for this work is
1 mH with the inherent resistance RDC of 0.3 m� which results in
time constant of 3.33 s and this is suitable enough to make the DC
reactor current smooth. It is important to note here that the design
parameters mentioned here are the same for both balanced and
unbalanced faults in order to evaluate the transient stability of the
hybrid power system.

5.3. Control of PRBFCL

At the time of normal operation, the IGBT switch remains on
state, since the gate voltage Vg is high and the positive half line
current passes through D1, LDC, RDC and D4. For the negative half
cycle, current conduction takes place in D2, LDC, RDC, and D3. LDC
imposes negligible voltage drop at the time of normal operation,
since it has a very small value. The current through the bridge is
unidirectional or DC, which causes LDC to charge at peak current
and behaves like a short circuit. Therefore, the bridge has no impact
at normal system operation. The resonance branch imposes high
impedance at power frequency to allow any leakage current.

Fig. 9 represents the control scheme of the PRBFCL. Normally,
the overcurrent at PCC or voltage dip at PCC is employed to detect
the fault or grid abnormality in case of grid-connected PV system
[50]. In this work, voltage at PCC is exploited for fault detection
and PRBFCL control mechanism. When the fault is appeared on the
line, the PCC voltage goes near to zero and the PRBFCL control sys-
tem makes the IGBT gate voltage to go low that eventually turns
off the IGBT. The bridge is open-circuited and parallel-resonance
branch come into the action with the faulted line. The resonance
branch limits the fault current and holds the PCC voltage up to make
the PV, wind and synchronous generator dynamically stable. At the
same time the freewheeling diode (D5) gives the discharge path of
LDC, when the IGBT switch turns off. As the circuit breaker opens
and system recovers, the PCC voltage rises. When the PCC voltage
regains to the level of nominal voltage, the gate voltage goes high to
turn on the IGBT and system returns its normal operation. Also, at
fault initiation, the LDC acts as a current snubber, which hinders the

sharp rise of di/dt to protect the IGBT. Depending on the output of
the comparator, a step generator generates the proper get voltage
to turn on or turn-off the IGBT switch.  
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Table 1
Determination of RPR.

PSG (constant power
contribution)

PSolar + PWind (variable
power contribution)

Total power generated
by hybrid system
PSG + PSolar + PWind

Per phase power
(PSG + PSolar + PWind)/3 or PPRBFCL

during fault

Ifault RPR (1 pu = 43.57 ohm)

100 MW 0 MW 100 MW 33.33 MW 0.87 kA 1 pu or 43.57 ohm
100  MW 40 MW 140 MW 46.67 MW 1.22 kA 0.71 pu or 31.12 ohm
100  MW 80 MW 180 MW 60 MW 1.57 kA 0.55 pu or 24.2 ohm

70 MW 1.83 kA 0.48 pu or 20.9 ohm
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. Simulation result and discussion

.1. Simulation scenario

In this work, simulations were carried out by using the Mat-
ab/Simulink Software. For the transient analysis, both balanced
three-line-to-ground (3LG)] and unbalanced [double-line-to
round (2LG) and line-to-ground (1LG)] faults were considered at
1 location near the PCC as shown in Fig. 1. Fault location F1 is
he most vulnerable point of the network since it is the closest
oint to the PRBFCL device. The fault is considered to occur at 0.1 s,
he breakers of the lines are opened at 0.2 s (after 5 cycles) and
eclosed at 1.2 s (after 50 cycles). A total simulation time of 10 s
ith 0.00001 s time step is considered. Simulations are conducted

or following three cases:

) Case 1: without any auxiliary controller
) Case 2: with PRBFCL
) Case 3: with BFCL
) Case 4: with FRT schemes (FRT of PV + FRT of DFIG + AVR and

GOV schemes of SG)

.2. Transient stability improvement by PRBFCL during balanced
ault

The transient stability performance of the energy sources in the
ybrid power system is evaluated when the system is subjected to

 bolted 3LG (three-line-to-ground) fault at F1 location in Fig. 1.
he comparative simulation results of DFIG and SG are shown in
igs. 10 and 11, respectively. The real power inserted to the grid
uring the fault by DFIG and SG, without series protection schemes,
rops down to very low, as illustrated in Figs. 10(c) and 11(b),
espectively. Hence, the mechanical power of the DFIG and SG can-
ot be transformed into electrical power that causes a very high
tresses on the mechanical parts of the rotating machines (DFIG
nd SG) and increasing the DFIG and SG rotor speed, as shown in
igs. 10(a) and 11(b), respectively. Without any protection scheme
n the system, the current rises abruptly and the voltage drop occurs
t the wind generator and SG terminals during the fault. The elec-
romagnetic torque of the DFIG abruptly goes near to the zero,
ince the electromagnetic torque is proportional to the square of
he terminal voltage [55]. During the grid fault, the PRBFCL or BFCL
uppresses the fault current and prevents the DFIG and SG terminal
oltages to go low, as shown in Figs. 10(b) and 11(d), respectively.
ith employing the PRBFCL or BFCL, the DFIG and the SG are able

o deliver the real power to the grid and keep the generators near
o equilibrium condition according to (5). Without any series pro-
ection scheme (i.e. FRT or no controller schemes), the equilibrium
ondition of the rotating machines is not maintained; consequently
he rotor speed is increased. It is evident from the comparative tran-

ient responses of DFIG and SG represented in Figs. 10 and 11 that,
he PRBFCL offers better transient stability than the system with
FCL. From the Figs. 10 and 11, it can be observed that SG and DFIG
emonstrate less oscillatory behavior during the disturbance by

Fig. 10. (a)–(d) Responses of DFIG without compensation, with FRT schemes, with
BFCL, and with PRBFCL in response to 3LG fault at F1 location.  



Md.K. Hossain, Mohd.H. Ali / Electric Power Systems Research 130 (2016) 89–102 97

F
B

t
S
r
h
F

r
T
n
i
t
g
t

 

 

ig. 11. (a)–(d) Responses of SG without compensation, with FRT schemes, with
FCL, and with PRBFCL in response to 3LG fault at F1 location.

he FRT schemes compared to that of the no controller scheme.
ince the FRT schemes of PV and DFIG are accompanied with the
eactive current injection according to the PCC voltage dip, it also
elps damping the electromechanical oscillations as evident from
igs. 10 and 11.

The grid side fault causes the oscillations in the voltage and cur-
ent of DC side of the PV voltage source inverter (VSI) [56] (Fig. 12).
he VSI requires a constant DC link voltage and the oscillation is
ot desirable for its proper functioning. When a fault occurs, the
nverter is unable to deliver the power generated by the PV plant
o the grid because of the drop in the grid voltage. The excess energy
ives a sharp rise to the DC link voltage. Also, the low voltage due
o grid fault prevents the full transmission of generated real power
Fig. 12. Comparative transient responses PV DC-link voltage considering the stud-
ied  system subject to 3LG fault at F1 location.

from the wind turbine to the grid, leading to power imbalance
between RSC and GSC of DFIG that causes the rising of the DC-link
voltage, and increasing fluctuations of the currents and voltages
in the DFIG system [57]. Although the DC-link overvoltage of PV
and DFIG are mitigated by the internal controllers installed in the
stations themselves (i.e. Non-MPPT voltage regulator for PV and
DC-chopper circuit for DFIG), the proposed PRBFCL helps improv-
ing the DC-link profiles of both the DFIG and the PV as shown in
Figs. 11(d) and 12, respectively. Oscillation of the DC-link voltages
are damped down after clearing the fault by breaker opening and
controller tracks the nominal DC-link voltage. Comparative simu-
lation results of the hybrid power system considering a 3LG fault
at the middle of the transmission line 2 is shown in Fig. 13. It is
evident from the simulation results of Fig. 13 that, the series pro-
tection scheme of PRBFCL is more effective than BFCL in stabilizing
the hybrid power system considering severe fault at the middle of
the transmission line.

6.3. Transient stability improvement by PRBFCL during
unbalanced fault

Stability analysis regarding the unbalanced fault conditions
are also investigated under the proposed protection scheme. The
responses of the DFIG-based wind generator, PV system and SG in
case of the 2LG and 1LG faults at F1 location of the studied power
system are shown in Figs. 14 and 15, respectively. It is clear from the
Figs. 14 and 15 that the transient stability of the power sources are
enhanced by both the PRBFCL and BFCL in the case of unbalanced
fault. However, the PRBFCL performs better than the BFCL.

7. Index based transient stability performance

For more clear perspective, transient stability of the hybrid sys-
tem is evaluated by exploiting several performance indices, such
as, dfigpow(pu.sec), dfigvlt (pu.sec), dfigspd (pu.sec), sgang, (deg.sec),
sgpow(pu.sec), sgvlt (pu.sec), sgspd (pu.sec), and PVvlt (v.sec). Lower
values of the indices indicate improved system performance. Math-
ematical representations of the performance indices of the power
generating sources can be defined as follows:

dfigpow(pu. sec)  =
T∫
0

∣∣�Pwg
∣∣dt (14)

T∫

dfigvlt(pu. sec) =

0

∣∣�Vwg
∣∣dt (15)
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Fig. 13. Comparative transient responses of the power system under 3LG fault at
t
r
v

d

P

Fig. 14. Comparative transient responses of the power system under 2LG fault at

 

 

he middle of the second transmission line. (a) Equivalent DFIG-based wind farm
otor speed, (b) equivalent DFIG-based wind farm terminal voltage, (c) PV DC-link
oltage, (d) SG load angle.

figspd(pu. sec) =
T∫
0

∣∣�ωwg
∣∣dt (16)
Vvlt(pu. sec)  =
T∫
0

∣∣�Vpvdc

∣∣dt (17)
F1  location. (a) Equivalent DFIG-based wind farm rotor speed, (b) equivalent DFIG-
based wind farm terminal voltage, (c) PV DC-link voltage, (d) SG load angle.

sgang(deg. sec) =
T∫
0

∣∣�ı
∣∣dt (18)

T∫

sgpow(pu. sec)  =

0

∣∣�Psg
∣∣dt (19)
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Table 2
Values of indices for performance comparison during 3LG fault.

Index parameters Values of indices

Without controller With FRT With BFCL With PRBFCL

dfigspd (pu.sec) 0.167 0.166 0.117 0.109
dfigpow (pu.sec) 0.279 0.278 0.221 0.210
dfigvlt (v.sec) 0.330 0.319 0.231 0.212
pvvlt (pu.sec) 0.855 0.201 0.186 0.181
sgang (deg.sec) 18.17 16.68 9.502 6.707
sgvlt (pu.sec) 0.322 0.296 0.158 0.115
sgspd (pu.sec) 0.105 0.104 0.101 0.098
sgpow (pu.sec) 1.829 1.691 1.039 0.773

Table 3
Values of indices for performance comparison during 2LG fault.

Index parameters Values of indices

Without controller With FRT With BFCL With PRBFCL

dfigspd (pu.sec) 0.147 0.146 0.107 0.105
dfigpow (pu.sec) 0.254 0.251 0.206 0.203
dfigvlt (pu.sec) 0.283 0.278 0.208 0.200
pvvlt (pu.sec) 0.656 0.187 0.176 0.172
sgang (deg.sec) 14.86 13.56 5.186 3.454
sgvlt (pu.sec) 0.257 0.238 0.094 0.069

 

 

ig. 15. Comparative transient responses of the power system under 1LG fault at
1 location. (a) Equivalent DFIG-based wind farm rotor speed, (b) equivalent DFIG-
ased wind farm terminal voltage, (c) PV DC-link voltage, (d) SG load angle.

gvlt(pu. sec) =
T∫
0

∣∣�Vsg
∣∣dt (20)

gspd(pu. sec)  =
T∫ ∣∣�ωsg

∣∣dt (21)
0

where �Pwg, �Vwg, �ωwg, �Vpvdc, �ı, �Psg, �Psg, and �ωsg

epresent power deviation of DFIG, terminal voltage deviation of
sgspd (pu.sec) 0.113 0.103 0.101 0.100
sgpow (pu.sec) 1.543 1.415 0.632 0.479

DFIG, speed deviation of DFIG, DC-link voltage deviation of PV, the
load angle deviation of SG, power deviation of SG, terminal voltage
deviation of SG, and rotor speed deviation of SG,  respectively. Also,
T is the total simulation time of 10.0 s. Tables 2–4 represent the
values of the indices for the 3LG, 2LG, and 1LG faults, respectively. It
is evident from Tables 2–4 that the system performance is the worst
without any protection scheme. However, a notable improvement
in stability performance can be observed with the PRBFCL and BFCL
in the system. Also, compared to BFCL and FRT methods, the PRBFCL
shows smaller stability indices, which means it performs better for
stabilization of the system.

8. Compliance with grid-code requirement

The PV and wind generator have to insert mandatory reactive
current during PCC voltage drop. The E.ON grid-code requirement
for the reactive current insertion by the PV and wind generator
during the voltage sag is shown in Fig. 3(c). Accordingly, PV and
wind generators have to supply full (100%) reactive current when
the voltage falls below 50%. The performance of the proposed pro-
tection scheme is evaluated in conjunction with the E.ON grid code
for the voltage profile and reactive current support during the 3LG
fault. Fig. 16(a) and (b) shows the reactive current profiles of the
PV and DFIG, respectively, during 3LG fault (100% voltage dip) with
the protection schemes. The PV plant injects full reactive current
of 1 pu as directed in Fig. 16(a), while the reactive current insertion
from GSC of DFIG reaches its rated limit of 0.3 pu with respect to
rated capacity of the wind farm with all the protection schemes as
shown in Fig. 16(b). Normally, the rated capacity of the converter
is 30% or 0.3 pu with respect to the rated capacity of the wind firm
which allows only 0.3 pu reactive power to be injected during 3LG
with 100% voltage dip.

9. Cost and practical implementation feasibility
Although the actual cost of the PRBFCL and BFCL are not known,
however, it can be inferred from the number of components used
for the device fabrication. A single phase implementation of the
PRBFCL requires resistor, capacitor, inductor, diodes and the power 
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Table 4
Values of indices for performance comparison during 1LG fault.

Index parameters Values of indices

Without controller With FRT With BFCL With PRBFCL

dfigspd (pu.sec) 0.115 0.108 0.104 0.103
dfigpow (pu.sec) 0.219 0.214 0.201 0.200
dfigvlt (pu.sec) 0.227 0.212 0.195 0.191
pvvlt (pu.sec) 0.241 0.185 0.174 0.162
sgang (deg.sec) 8.301 7.592 3.280 2.556
sgvlt (pu.sec) 0.143 0
sgspd (pu.sec) 0.120 0
sgpow (pu.sec) 0.919 0

Fig. 16. Reactive current injection due to 3LG fault with 100% voltage dips: (a)
i
c
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njected reactive current from the VSI of the PV into the grid; (b) injected reactive
urrent from the GSC into the grid.

lectronic switches. With the advancement of the power electron-
cs application, the high rating IGBT switches and power diodes
re available in the market for the practical implementation of
RBFCL. Also, the capacitor, inductor and resistor are simple and
nexpensive passive electrical components. Therefore, the total
stablishment cost for the PRBFCL might be little higher than that
f BFCL, since it requires one more resistor and capacitor. So, the
RBFCL can be installed with the large-scale power generators con-
ected to the grid to sustain and obtain the stability of the energy
ources during the grid abnormality.

0. Conclusion

This paper proposes the application of a PRBFCL to enhance the
ransient stability of a large scale hybrid system consisting of a wind
enerator, a PV system, and a synchronous generator. The effective-
ess of the proposed method is tested by considering both balanced

nd unbalanced faults at one of the transmission lines. Based on
imulations, the following points are noteworthy.

a) The proposed PRBFCL method ensures the transient stability
augmentation of the hybrid power system.
.136 0.063 0.053

.112 0.098 0.095

.845 0.466 0.408

b) The impact of the proposed protection scheme is significant in
stabilizing the rotating machines in the hybrid power system,
such as SG and DFIG.

c) Internal FRT scheme is sufficient for stabilizing the low-inertia
PV generators in the hybrid power system.

d) The performance of PRBFCL is better than that of BFCL which is
evident from the graphical plots as well as index values.

In our future work, we will look into other protection and stabi-
lizing devices and design the damping controller for enhancing the
power system stability.

Appendix A.

A.1. PV modeling equations

For any given array formed by Nser × Npar identical modules,
the equivalent I–V characteristics can be expressed as follows [46]:

I = IPVNpar − I0Npar

[
e

(
V + RS(Nser/Npar)I

VtaNser

)
− 1

]

− V + RS(Nser/Npar)I
RP(Nser/Npar)

(22)

where V and I represent the PV module output voltage and current,
respectively. Vt = NSkT/q is the thermal voltage of the module and
Ns is the number of series connected solar cell in a module.

A.2. Doubly fed induction generator modeling equations

The mathematical representation of the DFIG is important for
its coordinated control. The governing voltage equations for DFIG
in rotating dq reference frame can be given by [13,50]:⎡
⎢⎢⎢⎢⎣

Vds

Vqs

Vdr

Vqr

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

Rs 0 0 0

0 Rs 0 0

0 0 Rr 0

0 0 0 Rr

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

Ids

Iqs

Idr

Iqr

⎤
⎥⎥⎥⎥⎦ + d

dt

⎡
⎢⎢⎢⎢⎣

�ds

�qs

�dr

�qr

⎤
⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎣

−ω1�qs

ω1�qs

−(ω1 − ω2)�qr

(ω1 − ω2)�dr

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

�ds

�qs

�dr

�qr

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

Ls 0 Lm 0

0 Ls 0 Lm

Lm 0 Lr 0

0 Lm 0 Lr

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣

Ids

Iqs

Idr

Iqr

⎤
⎥⎥⎥⎥⎦

(23)
where the symbols s, r, d, q, V, I, � represent the stator, rotor d axis
and q axis, voltage, current and flux linkage respectively. Rs and Rr

denote the stator and rotor resistance, respectively. ω1 and ω2 rep-
resent supply and rotor angular frequency, respectively, whereas 
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s and Lr are the stator and rotor leakage inductance, respectively,
nd Lm is the magnetizing inductance.

The DFIG stator output active (PS) and reactive (QS) powers are
iven by [13]

S = 3
2

(VdsIds + VqsIqs) (24)

S = 3
2

(VqsIds − VdsIqs) (25)
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