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Abstract: This paper presents stability enhancement of a
test system that is connected with a Wind Farm (WF) by
using Power System Stabilizer (PSS) for Synchronous
Generator (SG) and Power Oscillation Damper (POD) for
Static Var Compensator (SVC). This paper also proposes a
coordination mechanism for the controller to effectively
damp out the oscillations andmake the power systemmore
stable by considering the uncertainties. The uncertainty is
considered as wind speed variation and wind power
penetration and different locations. The Particle Swarm
Optimization (PSO) is used to overcome the controller
parameter tuning drawbacks and controller coordination.
The SG rotor speed deviation is selected as an objective
function with various constraints for PSO. The transient
stability analysis is carried out by considering large
disturbance that is a three-phase fault. The nonlinear dy-
namic simulation results are obtained by integrating WF
and SG replacement with the same rating WF. Evaluation
and analysis are performed for various cases and different
combination of without and with controllers. From the
simulation results, it is noticed that oscillations in the

system are minimized, and stability is enhanced at the
maximum level. It also observed that the capability of SG
and DFIG under three-phase fault is intensified by using
PSO for optimized coordinated controller parameters. The
robustness and effectiveness of the proposed approaches
are evaluated on the IEEE-11 bus test system.

Keywords: doubly fed induction generator; particle swarm
optimization (PSO); power system stabilizer (PSS); static
var compensation (SVC); wind farm (WF).

1 Introduction

The existing power generation is impotent to meet by using
conventional energy resources because it is inadequate,
limited, draining day by day, production costs higher and
harms the environment. The integration of the renewable
sources is one of the solutions to meet the need for power
demand. Wind energy is more popular and mature energy
among the renewable sources because it is freely available
with lesser maintenances and production costs. With the
addition ofWindFarms (WFs)with the existingpower grid, it
creates various problems such as reactive power issues,
frequencystability, short and long transient stability, voltage
stability andsmall-signal stability [1–3]. Therefore, a suitable
control design and supplementary controller are used to
provide a stable power generation without interruption.

Most of the authors have been investigated the stability
issues with the addition of a supplementary controller. The
wind energy generation, Doubly Fed Induction Generator
(DFIG)mainly uses compared to others due to the capability
to control active and reactive power and low installation
costs. Furthermore, it can capture various wind speed and
convert output power. The Power Oscillation Damper (POD)
is used supplementary controller and is connected to DFIGs
for controlling the power oscillations generated in the sys-
tem due to inherent intermittent characteristics of wind
speed. Automatic Voltage Regulation (AVR) primary objec-
tive is to control the generator terminal voltage by
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controlling field excitation. With a higher gain, it is
degraded the stability by reducing damping in the rotor. The
Power System Stabilizer (PSS) modelled and integrated to
AVR of the Synchronous Generator (SG) to avoid the adverse
effect. The PSS is a supplementary controller to AVR that
provides additional damping and mitigating the system’s
oscillation. The effective stabilization of power oscillations
generated in power systems while integrating the wind
generations is made possible only with the coordinated
control of PSS with SG and PODs with DFIG. The power
system stability needs to be sustained during the undamped
oscillations and be capable enough to handle the intermit-
tent nature of increasing penetration of WFs. Hence, the
optimal parameter design for PSSs and PODs are essential.
The PSSs and PODs fundamental purpose is to vary the field
excitation of generators to damp out the oscillations
amongst conventional generators’ rotors. In [4], multiple
PSSshavebeen employed and studied for an extensivewind
system to enhance the local and inter-area oscillations. The
optimization of PSS parameters plays a vital role in real-time
applications. However, it has a disadvantage in tuning the
gain parameter and time-consuming task for getting the
desired optimal gain value.

Researchers have proposed various optimization al-
gorithms to overcome the drawbacks. Consequently,
various optimization techniques such as Genetic Algorithm
(GA) [5], Particle Swarm Optimization (PSO) [6, 7], Teach-
ing Learning Based Optimization (TLBO) [8], Bacteria
ForagingAlgorithm (BFA) [9, 10],firefly algorithmandGrey
Wolf Optimization (GWO) can be utilized to tune or/and
optimize the gain parameter. These algorithms are prom-
ising technologies. Any one of these can be selected as per
the requirement of applications such as objective function,
controller best locations, optimizations, and parameter
tunings. The comparison of optimization algorithms is
given in the Table 1.

PSO is a derivative-free technique, easy to code
implementation, and objective function is less sensitivity.
Also, it contains less number of parameters that is accel-
eration coefficient and inertia weight factor compare with
other heuristic optimization techniques [16]. It is less
dependent on initial set points compared to other evolu-
tionary methods, implying that convergence algorithm is
robust. It can generate high-quality solutions within
shorter calculation time and stable convergence charac-
teristics than other stochastic methods [13].

Indeed, the literature concerning tuning methods for
controller parameter using PSO has addressed several spe-
cific aspects of DFIG’s performance during faults. Tuning
was performed penalizing a few variables (three or less) in a
single-objective optimization strategy. In [17, 18], PSO is
used for reducing the maximum rotor current deviation
during faults. Only this deviation is considered in the
objective function. Active power and terminal voltage dy-
namics are discussed in [4], where three tuning strategies,
including PSO, are used and compared. Only the respective
active power and terminal voltage errors are included in the
objective function for the tuning. PSO has also been used in
[19], where the objective function included a DFIG me-
chanical variable, the generator speed, as well as the stator
and DC-link voltages. The most dominant controller
parameter was then identified and selected for tuning.
Consequently, the control structure was modified, adding a
damping controller to the DFIG flux magnitude and the
angle control structure. The multi-objective PSO for the in-
tegrated pitch control system by combining the individual
and collective pitch control. For feedback control, the PSO
methodology is applied to acquire the maximum power
from wind energy [20]. The Gaussian PSO algorithm is used
to determine the optimal values of the controller variables,
and enhance the system stability without affecting the effi-
ciency of the fuzzy controller [21].

Table : Summary of optimization techniques in WFs.

Name of the method Level of complexity Convergence speed Hardware implementation Computational domain

GA [] Moderate Good Moderate Both
BFA [, ] High Normal Moderate Continuous
Definite point selection [] Moderate Normal Difficult Discrete
Ant colony algorithm [] High Normal Difficult Continuous
Greedy algorithm [] High Normal Difficult Continuous
Cuckoo search algorithm [] Low Normal Easy Continuous
Simulation annealing [] Low Good Easy Not specified
Gravitational search algorithm [] Moderate Good Moderate Continuous
GWO [, ] Moderate Normal Difficult Continuous
PSO [, ] Moderate Good Moderate Continuous
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In [8, 22], the WF dynamic response and their impact on
the transient and small-signal stability have been studied by
considering Single Machine Infinite Bus (SMIB) system and
its parameters DFIG and SG have optimized using PSO and
TLBO. Also, an optimized parameter of TLBO has enhanced
the stabilitymore compare to PSO. In [9], BFAwas developed
for robust coordination between the controllers (PSS for SG
and POD for DFIG). PSS and POD optimised parameters are
carried out in various cases by considering IEEE-39 bus test
system to study the transient and small-signal stability. To
increase theweakdampinganddetermine theparameters for
PSS, PSO based on algorithm has been developed with
different inertiaweight functions. The optimal position of the
controller connected to the grid is obtained from the analysis
of modal control theory. The test system is verified by using
IEEE-9 system [23]. In [1], the WF influence on power system
has been carried out based on inter-area oscillation with
increasing wind penetration verified by considering the
2-area 4 and 24-machine test system to assess the stability.
The inter-area LFOs occurred due to lack of damping torque,
which mitigated oscillation and enhanced stability by SGs
with PSS for various proposed cases in the test system. The
AVR is integrated with PSS to improve the voltage profile of
WF. The fuzzy logic controller has been proposed for coor-
dination between the AVR and PSS and analysed by
considering IEEE-39 bus test system [24]. However, the PSS
parameters are well-tuned that deliver good damping to-
wards local area modes; however, they may not deliver
adequate damping to inter-area modes [2, 3]. On the other
hand, it degrades stability, thereby producing negative
damping and contributing to system instability if any
disturbance subsequently occurred. However, for a larger
systemwith ahigher ratedgenerator, the PSSmaynot deliver
adequate damping to SGs [25]. Hence, in order to provide
positive damping and enhance system stability, Flexible AC
Transmission System (FACTS) devices can be used.

FACTS devices compensate for the reactive power and
improve the voltage performance and provide the damping
with supplementary controllers during severe fault/distur-
bance conditions. In [26, 27], it has been studied that the
effects of various types of FACTS devices with a suitable
placement, which may effectively damp the oscillation and
improve stability. Generally, shunt devices such as STATic
synchronous COMpensator (STATCOM) and Static Var
Compensator (SVC) can compensate for reactive power and
provide voltage support using a voltage source converter. The
STATCOMwith the supplementary controller of lead-lag POD
is modelled using a phase compensation method based on
modal analysis through eigenvalue analysis to damp out the
oscillations and enhance the stability [5, 10]. In [5, 28], the
impacts of STATCOM, Thyristor Controlled Series

Compensator (TCSC), Static Synchronous Series Compensator
(SSSC) on the transient stability have been examined in the
presence WF and photovoltaic solar plant for the multi-
machine system. STATCOM output current can be fully
controlled in both the capacitive and inductive range, inde-
pendently of AC network voltage [29]. TCSC is a typical series
FACTS device employed to vary the transmission line’s reac-
tance [30]. SSSC is applied for voltage stability, power flow
control, and phase angle stability. The main advantage of
SSSC, it can operate in both modes that are inductive and
capacitive series compensating over conventional control-
lable series capacitors [31].

The literature survey shows that the transient stability
problem.with consideration of uncertainties and the damp-
ing controller such as PSS, SVC and POD for SVC has not
beendone exhaustively. Also,most of the authors have been
considered POD for WF to improve stability. This work sys-
tematically investigates the impacts of uncertainties, such as
the intermittent wind speed and power, replacing WF with
SG and integration of WF, with/without and combination of
the controller on system’s stability. The proposed work also
explores the combination of two or more controllers in co-
ordination with optimally tuned parameters for PSS, SVC
and POD for SVC to effectively reduce the oscillations and
enhance the dynamic system performance more stable. PSO
is applied for robust coordinate tuning the control param-
eter. The deviation of rotor speed is considered an objective
function with various PSO constraints to optimise controller
parameters in coordination. The recommended location and
optimized gain parameters have intensified the system
capability under extreme disturbances. The undamped and
irregular oscillations are occurred due to system un-
certainties that aremuchmore reducedusing SVCwith POD.
The effectiveness and robustness of the proposed ap-
proaches and various cases are verified by considering
IEEE-11 bus (2-area 4 machine) test system.

Thispaper is organizedas follows: Section2describes the
test system explanation. Section 3 explains the system and
controller modelling such as DFIG of RSC and GSC, SG, PSS
for SVC, POD for SVC. Transient stability analysis is explained
in Section 4. PSO for system parameter with objective func-
tion is discussed in Section 5. In Section 6, proposed case,
simulation results and discussion are given. In Section 7,
presents the paper contribution in the conclusion.

2 Test system descriptions

In this work, two areas four machines are considered to
analyse the transient stability and shown in Figure 1. The test
system is basically divided into two areas that are local area 1
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and local area 2. Four SGs of 900 MVA and 20 kV are con-
nected to respect buss andmodelled by a 4th order equipped
with AVR pf type III. The test system comprises 11 buses rated
at 230 and 20 kV. The loads are connected to Bus 5 andBus 11.
The two local areas are interconnected with an inter area and
aweak tile line is situatedbetweenBus7andBus9. Therefore,
the test system is suitable to analyse the transient stability.
PSS location is determined using the deterministic method
and connected to SG2 to damp the oscillations effectively. The
aggregated wind turbine model is adapted. For replacing SG
with same ratedWF, it consists of450wind turbinegenerators
eachof 2MWatBus 2 or Bus 3. However, results are presented
for Bus 3 to effective stability analyse and impact of WF
because load is more in Area 2 compare with Area 1. The
integration of WF with a rated capacity of 500 MW at Bus 11
comprises 250 wind turbine generators each of 2 MW. With
integration or replacement of WF provides approximately
20–25% of the total power generation. The SVC is connected
at Bus 5with a rated capacity of±100MVAR, and the location
is determined based on power flow sensitivity analysis [14].
For the analysis, SVC is equipped with the POD to damp the
further oscillations and make more stable the system. The
detail description is given in the following section.

3 System modelling

The system consists of various components to achieve safe
operation and as shown from Figures 1–5. However, it
contains DFIG, SG, PSS for SGs and POD for SVC at bus-08.

This section describes the detailed explanation of con-
trollers and as follows

3.1 Power flow operation of DFIG

Figure 2 shows the basic single line diagram of DFIG with
grid integration. Wind speed is converted into mechanical
power with gearbox, pitch angle control and wind turbine.
The mechanical power from the wind turbine shaft is sup-
plied to the grid through stator and rotor circuits. DFIG of the
stator circuit is connected to the grid, and the rotor circuit is
integrated into the grid through the AC/DC/AC converter.
The back to back converter is connected to the grid and
shown in Figure 2. The synchronously rotating reference
frame-based control scheme is utilized to the converters to
control the generator parameters. The two control schemes
of the converters can be classified as a) Rotor side converter
(RSC) controller; b) Grid side converter (GSC) controller. The
RSC and GSC can control active and reactive power and
maintain the constant DC-link voltage. Moreover, it elimi-
nates the soft starter during grid connection with the help of
the rotor circuit. The generator rotor speed is varied in the
range of ±30%. It operates twomodes that are depending on
the rotor speed (ωr). (i) super-synchronous mode (ωr > ωs)
provides excess active power to the grid and (ii) sub-
synchronous mode (ωr < ωs) takes the reactive power from
the grid to run the generator. The stator power (Ps) either in
super or in sub-synchronous mode, but it delivers the sig-
nificant active power to the grid [32]. It also maintains

Figure 1: Modified two-area test system with WF and SVC controller.
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Figure 2: Model and control system of the doubly fed induction generator (DFIG).

Figure 3: RSC of the DFIG based wind turbine.
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constant frequency and voltage to regulate Unity Power
Factor (UPF) with respect to the grid.

3.2 RSC and GSC control scheme

The control scheme for the converters (RSC and GSC) has
been carried out using synchronous rotating reference
frames. It aligns one of the axes in the reference frames
either the stator voltage or stator flux and divided into
Stator Voltage Oriented Control (SVOC) and Stator Flux
Oriented Control (SFOC). In the SVOC, the d-axis is aligned
with the stator voltage linkage vector, resulting in vds = Vs

and vqs = 0. Whereas SFOC, the d-axis is aligned with the
stator flux linkage vector [33]. Therefore, it is results in
ψds = ψs and ψqs = 0. Generally, the RSC is controlled using
SFOC and the GSC is regulated by considering SVOC [33]. In
this work, the SVOC is modelled for RSC and GSC.

From Figure 3, the Ps is the stator active power,Qs is the
stator reactive power, and these are obtained from vsabc and

isabc. To maintain the UPF with the grid, the reactive power
reference Qsref = 0 is considered. However, stator active
power reference Psref is generated from maximum power
tracking method. In this work, the lookup table is used to
obtain the reference stator power by plotting for power and
speed. Using an error signal of active power and reactive
power is given to the Proportional Integral (PI) controller
(PI-1 and PI-2) and converted in the current reference frame.
By using park transformation technique, the rotor three-
phase currents irabc converted into two phase irdq by
applying a transforming angle of (θs − θr). where θr is the
rotor angle and θs is the stator angle and obtained from vsabc
at grid frequency. These angles are transformed by using a
phase-locked loop. The rotor currents in the d-axis and
q-axis (idr and iqr) are obtained.Anerror signal is given to the
PI controller (PI-3 and PI-4). The reference signal vdr and vqr
converted to vabcr by using park transformation and PLL,
which generates gate pulses to control the active and reac-
tive power. Similarly, GSC controller scheme is operated and

Figure 4: GSC of the DFIG based wind turbine.

Figure 5: Block diagram of the power system stabilizer (PSS).
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shown in Figure 4. The main aim is to control and maintain
the DC-link voltage constant as the desired reference value
along with share the power flow between the grid and rotor
with the PI controller.

3.3 Synchronous machine model

The utilization of excitation control for improved steady-
state or dynamic stability of multimachine power sys-
tems has received much attention since decades ago. The
power system contains transformers, generators, loads,
and lines that are dependent on the system size. These
interconnections create a complex structure that can
generate, distribute, and transmit electricity amongst
large areas. It will become much more significant
because of today’s modern power systems’ increasing
size and complexity to handle the integration of renew-
able energy resources. The SG with nonlinear differential
equations is modelled and given as follows

3.3.1 Two-axis model of the multimachine system

In the two-axis 4th order model, the damper winding dy-
namics ψ1di and ψ2di are neglected. In [34–36], it is

accomplished by considering T2
d0i and T2

q0i equal to zero.

The SG of mathematical nonlinear differential equations is
modelled and given as follows

dδi
dt

= ωi − ωs (1)

dωs

dt
= Δωi

· = (Mi)−1(TMi − e′qilqi + X′qiIdiIqi − e′diIdi

−X′qiIdiIqi − Di(ωi − ωs)) (2)

de′qi
dt

= (T′d0i)−1( − e′qi − Xdi − X′diIdi + efdi) (3)

de′di
dt

= (T′q0i)−1( − e′di + (Xqi − X′qi)Iqi) (4)

defdi
dt

= (TEi)−1( − KEi + SEi(efdi)efdi + VRi) (5)

dVRi

dt
= (TAi)−1(VRi + KAiRFi − (TFi)−1(KAiKFiefdi)

− KAiVi + KAiVrefi) (6)

dRFi

dt
= −(TFi)−1(RFi) + (TFi)−2(KFiefdi) (7)

for i = 1, 2, 3,…,m.
The Equation (2) has dimensions of torque in per unit

(pu). When the stator transients are neglected, the electric

torque becomes equal to the pu power associated with the
internal voltage source.
Where

e′di and e′qi are the d-axis and q-axis component of

voltage behind transient reactance (pu), δi rotor angle in
(degree), ωi is rotor speed (rad/s), ωs is the synchronous
speed (rad/s), Xd and Xq are the d-axis and q-axis compo-
nent of synchronous reactance (pu), X′di and X′qi are the

d-axis and q-axis component of transient reactance (pu),
T′d0i and T′q0i are the d-axis and q-axis open circuit time

constant (s),VRi is the output of the regulator (pu),KEi is the
exciter constant (self-excited) (pu), TEi is exciter time
constant (s), TFi is the feedback stabilizer time constant
(sec), RFi is the rate feedback signal (pu), KAi is the auto-
matic voltage regulator gain, KFi is the rate feedback sta-
bilizer gain SEi(efdi) exciter saturation function (pu), and
efdi exciter output (pu).

3.3.2 Design of PSS for SGs [35, 37]

The PSS is considered as a supplementary block to the AVR
and/or of SG. In order to improve the dynamic performance
of the system, it is added to the SG. The main aim of PSS is
to enhance the system dynamic performance and provide
the addition damping. For achieving maximum damping
and reducing the oscillations, the PSS placed suitable
locations. This paper is carried out using the deterministic
method with the help of participation factor rotor speed of
the SGs. The participation factor with zenith value is
considered as the best location for PSS. The input signal for
PSS is generally employed as shaft speed, terminal fre-
quency and power of the SGs. In this paper, generator
speed is selected as a deviation of the generator speed of
the SG (Δv = Δω/Δωs). The stabilizer aims to damp out the
oscillations in the system ranging from 0.1 and 2 Hz, which
are recognized as local and inter-area oscillatory modes.
Also, it reduces the oscillations occur in the rotor of the
generator. The block diagramof the PSSused in thiswork is
depicted in Figure 5. It consists of a washout filter block,
lead-lag compensator block and coefficient of damping
(gain). Awashout stage prevents steady-state voltage offset
as system frequency changes. SG speed is used local input
signal for the stabilizer to compensate the phase lags over
the frequency range. The gain attenuated at high fre-
quencies to limit the impact of noise and minimize
torsional interaction, and consequently, low-pass and/or
band-reject filters are required [35]. The PSS is expressed as
follows

ΔXwf

•
= KPSSΔv

• − ΔXwf

Twf
(8)
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ΔXLL

•
= T1PSS

T2PSS
ΔXwf

•
+ 1
T2PSS

ΔXwf − 1
T2PSS

ΔXLL (9)

ΔVS

•
= T3PSS

T4PSS
ΔXLL

•
+ 1
T4PSS

ΔXLL − 1
T4PSS

ΔVs (10)

ΔVs

Δv
= KPSS( sTwf

1 + sTwf
)(1 + sT1PSS

1 + sT2PSS
)(1 + sT3PSS

1 + sT4PSS
) (11)

Where
KPSS is the PSS gain, Twf is the washout filter time

constant, ΔXwf is the washout filter output, ΔXLL is the lead-
lag output, T1PSS to T4PSS is the time constant of the lead-lag
compensator, Δv = Δω/ωs and ΔVS are the input and output
of the stabilizer respectively. These are also calculated by
using PSO and parameter values are given Appendix A.

3.4 Damping controller for SVC

SVC is a shunt device that is used to maintain bus voltage
and regulate reactive power. One of the principal causes for
installing an SVC is to increase the dynamic voltage per-
formance and enhance the system loading capability. An
additional supplementary stabilizing control signal is
superimposed on the voltage control loop of the SVC to cater
damping of system oscillation [26, 32, 38]. In this research
work, to control the bus voltage anddamp the oscillations in
the system, SVC of flexible reactance is maximized with
inductive and capacitive limits. Figure 6 indicates the block
diagram of a supplementary controller with lead-lag
compensator and washout filter. It is observed that
without a supplementary controller for SVC, it is inade-
quately damped the oscillations. So, in this paper, it is
proposed that an auxiliary controller is added for SVC to
damp the other oscillations and settle faster. The input

signal is selected as a local signal that is the deviation of the
SG generator speed (Δv0 = Δω/ωs) [26]. Because it can damp
the all modes of oscillations such as inter-area mode, swing
modes, local area modes and torsional modes compared to
other local input signals (voltage, power, rotor speed). It is
less effective and less sensitive to gridoscillations. The input
voltage (ΔVSVC) of the controller is measured from the SVC
bus. The value of susceptance (ΔBsvc) is obtained by varying
the thyristor’s firing angle (αSVC) and controlled using a PI
controller. Setting KpSVC to zero, the supplementary
controller along with SVC is linearized by considering state
variables (Δxsvc = [ΔV0 ΔαSVC ΔBsvc]T) and given as

ΔXwf
SVC

•

= KSVCΔv
• − ΔXwf

SVC

TSVC
(12)

ΔXLL
SVC

•

= T1SVC

T2SVC
ΔXwf

SVC

•

+ 1
T2SVC

ΔXwf
SVC −

1
T2SVC

ΔXLL
SVC (13)

ΔV
•

0 = T3SVC

T4SVC
ΔXLL

SVC

•

+ 1
T4SVC

ΔXLL
SVC −

1
T4SVC

ΔV0 (14)

Δα
•

SVC = −K ISVC(ΔV0 − ΔVSVC + Δvref) (15)

ΔB
•

SVC = −(TSVC)−1(ΔαSVC + ΔBSVC) (16)

Where
ΔVSVC and ΔV0 are the input and output voltage of

auxiliary controller,ΔαSVC is thefiring angle, σ0 andΔσ0 are
the initial and thyristor conduction angle, ΔBsvc is the
susceptance, Δvref is the bus voltage at the reference, KpSVC

is the proportional-integral gain and KISVC is the integral
gain constant. Ksvc is the gain, Tsvc is the SVC internal delay
time, T1SVC and T2SVC are lead-lag time constants. SVC pa-
rameters are evaluated by using PSO. The optimized
parameter values are given Appendix A.

Figure 6: Block diagram of SVC controller with POD.
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4 Stability analysis

In power system stability is a significant apprehension and
problem for stable and satisfactory operation. In this work,
transient stability is carried out for the two-area test system
to integrate WF and replace SG with WF. The representa-
tion of the PSS, SVC, prime mover and a load of various
transmission network becomes indispensable. It requires a
proper procedure for treating such a wide range of device
[35]. To develop the transient analysis, the following al-
gorithm is implemented and given as

Step 1: Model the two-area test system.

Step 2: Carry out load flow and calculate the power and
voltage injections at the bus.

Step 3: Estimate the Ybus admittance matrix at pre-fault.

Step 4: At pre-fault condition determine swing equation.

Step 5: Set t = 0 and at-fault state bus voltage is zero.

Step 6: Estimate the Ybus admittance matrix at fault.

Step 7: At fault period compute swing equation.

Step 8: Evaluate the Ybus admittance matrix at postfault.

Step 9: At postfault period determine swing equation.

Step 10: Plot the variation of rotor speed, powerflowof SGs,
DFIG active power flow and voltage.

The system parameters have beenwell-tuned by using PSO
technique and given as follows.

5 Particle swarm optimization
(PSO)

Eberhart and Shi [22] presented PSO based on popula-
tion technique for parameter design or optimization
depended on swarm intelligence where the population
represents the ‘swarm’. The mathematical equations for
finding the parameters of PSS and SSSC through the
searching process of PSO. The POD, PSS and SVC con-
trollers, are used to reduce the undamped oscillations
and improve stability. Nevertheless, suppose these un-
damped oscillations are not controlled. It results in the

deviations in SG’s rotor angle, rotor speed, and large
variation in the power flow in the tie-line [22]. The
objective function is chosen among the various de-
viations parameter to minimize the oscillation and
selected as rotor speed deviation in this paper. The
objective function is given as:

J = ∫
t

0

(∑|ΔωI | + ∑|ΔωL|) (17)

Where ΔωI is the speed deviation of the inter-area mode
of oscillations, ΔωL is the speed deviation of the local
area mode of oscillations and t is the time range of the
simulation.

The objective function main aim is to minimize in
according to enhance the system response by taking into
considerations with various parameters such as the pos-
itive real part, negative damping ratio, inter and local area
modes. For objective function, the problem constraints
parameters mainly considered are gain, the time constant
of the lead-lag compensator of the PSS, SVC and POD for
SVC. In this research work, the washout filter time con-
stant is considered in the range of 2–15 s [25]. Hence, the
controller’s parameters are formulated and designed as
the following optimization problem.

Minimize J (18)

Subject to
PSS constraints defined as

Kmin
PSS ≤ KPSS ≤ K

max
PSS

Tmin
1PSS ≤ T1PSS ≤ T

max
1PSS

Tmin
2PSS ≤ T2PSS ≤ T

max
2PSS

Tmin
3PSS ≤ T3PSS ≤ T

max
3PSS

Tmin
4PSS ≤ T4PSS ≤ T

max
4PSS

(19)

SVC constraints defined as

Kmin
pSVC ≤ KpSVC ≤ K

max
pSVC

Kmin
ISVC ≤ K ISVC ≤ K

max
ISVC

Tmin
int ≤ T int ≤ T

max
int

(20)

POD for SVC constraints defined as

Kmin
SVC ≤ KSVC ≤ K

max
SVC

Tmin
1SVC ≤ T1SVC ≤ T

max
1SVC

Tmin
2SVC ≤ T2SVC ≤ T

max
2SVC

Tmin
3SVC ≤ T3SVC ≤ T

max
3SVC

Tmin
4SVC ≤ T4SVC ≤ T

max
4SVC

(21)

Where

Tmax
c and Tmin

c are the time constant upper and lower

bounds of the controller whereas Kmax
c and Kmin

c are the

J. Bhukya et al.: Coordinated control and parameters optimization 9



upper and lower bounds of the gain of the controllers for
PSS, SVC, and POD for SVC.

ThePSOoptimizes the controller time constants andgains
for obtaining the maximum damping with reduced transient

oscillations. For the proposed work, the PSO has selected
swarm size as np = 50 and allowed iteration cycles = 500 and
c1 = 2.25, c2 = 1.75. The process of finding the optimized pa-
rameters of PSS, SVC and POD for SVC is depicted in Figure 7.

Figure 7: Flow chart of proposed PSO for PSS, SVC and POD for SVC parameters.
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6 Transient stability analysis

It is carried by using a three-phase fault for 250ms at Bus 8
to estimate the system capability and stability [39]. The

description is as follows:
Scenario (A) With the integration of WF at Bus 11

Case (A1) WF is integrated at Bus 11 and
assumed as a base case system.

Case (A2) Case (A1)SVC is integratedatBus5.
Case (A3) Case (A2) PSS is integrated into

any one of the SG.
Case (A4) Case (A3) SVC with POD is inte-

grated at Bus 5.
Scenario (B) With the replacement of SG with WF at

Bus 3
Case (B1) One of the SG is replaced in local

area 1 or 2 with WF and assumed

as it is a base case system.

Case (B2) Case (B1)SVC is integratedatBus5.
Case (B3) Case (B2) PSS is integrated into

any one of the SG.
Case (B4) Case (B3) SVC with POD is inte-

grated at Bus 5.

The test system carried out four caseswith the integration of
WFand replacement of SG3with same ratedWF to study the
system capability and stability. It is examined by creating a
three-phase fault at t = 5 s for a duration of 250 ms. Figure 8
shows the rapid variation of the wind speed in the range of
8–17 m/s and demonstrates clear visibility in the range of
4–8 s of simulation time. The comparison of transient
responses of rotor angle, rotor speed and active power of
SGs along with active power flow of the WF and based WF
integrated are shown from Figures 9–25. In order to study
the stability and effectiveness of the application of the PSS
for SG and POD for SVC, the test system is considered three
different states and given as

Figure 8: Intermittent wind speed with zoomed version for scenario (A) and scenario (B).
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(i) The pre-fault state evaluates the initial condition of
the SGs andWF such as rotor speed, rotor angle, active
power and voltage.

(ii) The fault state that occurs at t = t0 andpersists until the
fault is cleared at t = tcr

(iii) The post-fault state with t > tcr, where t is the fault
clearing time and tcr is the critical clearing time.

The rotor angle of SGs are shown in Figures 9 and 10 and
rotor speed of the SGs are depicted in Figures 11 and 12
along with Figures 13 and 14 shows the active po-
wer flow of the SGs for various cases for scenario (A).
Figure 15 shows the active power flow and voltage
of DFIG based WF at Bus 11 for various cases for
scenario (A).

Figure 9: Transient response for rotor angle of SG1 and SG2 for scenario (A).

Figure 10: Transient response for rotor angle of SG3 and SG4 for scenario (A).

Figure 11: Transient response for rotor speed of SG1 and SG2 for scenario (A).
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Figure 12: Transient response for rotor speed of SG3 and SG4 for scenario (A).

Figure 13: Transient response for active power flow of SG1 and SG2 for scenario (A).

Figure 14: Transient response for active power flow of SG3 and SG4 for scenario (A).
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The rotor angle of SGs is shown in Figures 15–17. The
rotor speed of the SGs is depicted from Figures 19–21.
Figures 22–24 shows the active power flow of the SGs for

various cases for scenario (B). Figures 25 and 26 show the
active powerflowandvoltage of DFIG basedWFat Bus 3 for
various cases for scenario (B).

Figure 15: Transient response for active power flow of WF and voltage at WF connected scenario (A).

Figure 16: Transient response for rotor angle of SG1 for scenario (B).

Figure 17: Transient response for rotor angle of SG2 for scenario (B).
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Figure 18: Transient response for rotor angle of SG4 for scenario (B).

Figure 19: Transient response for rotor speed of SG1 for scenario (B).

Figure 20: Transient response for rotor speed of SG2 for scenario (B).
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Figure 21: Transient response for rotor speed of SG4 for scenario (B).

Figure 22: Transient response for active power flow of SG1 for scenario (B).

Figure 23: Transient response for active power flow of SG2 for scenario (B).
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Figure 24: Transient response for active power flow of SG4 for scenario (B).

Figure 25: Transient response for active power flow of DFIG for scenario (B).

Figure 26: Transient response for DFIG based WF voltage for scenario (B).
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From simulation results for Case (A1) and Case (B1) for
scenario (A) and (B), it is noticed from rotor angle, rotor
speed and active power flow of SGs that it is losing syn-
chronism. Correspondingly, the amplitude is increased
with respective to time along with catastrophic oscilla-
tions and is not followed to reference value. However, the
system is deviating from stability criteria which is resulted
in system instability. It is also observed from active power
flow and voltage of the WF, which is also existing un-
damped oscillations and causing the test system to
instability. This instability and undamped oscillations are
occurred due to interrupted power supplied by WF. It
produces an undesirable consequence on the stability,
which is required to provide reliable and stable power.
However, to increase the system stability, the system is
integrated with SVC and given in the next case.

The test system is integrated with SVC at Bus 5 that is
Case (A2) and Case (B2) for scenario (A) and (B). The
system stability is changed from instability region to
stable region. It is also detected that stability is ach-
ieved compare to Case (A1) and Case (B1). But, the os-
cillations are still existed and settling time is also more.
However, it is oscillating in accordance with reference,
which can be observed in rotor speed, rotor angle, active
power of SGs and active power flow and voltage of the
WF. The underdamped oscillation is occurred due to
lack of inadequate damping in the SGs. If these oscil-
lations are not controlled, it may lead to power flow
interruption in the transmission line. Hence, its conse-
quences in an interface among the SGs and results in
transient instability. Therefore, to enhance further sta-
bility, the system is integrated PSS to the SGs and is
given in the next case.

For the two-area modified test system, it is integrated
with SVC at Bus 5 and PSS for SG2 that is Case (A3) and
Case (B3) for scenario (A) and (B). The PSS location is
carried out by using the deterministic method in order to
avoid integration of more number of PSS for SGs and cost
effective. The location of PSS at SG2 enhance the system
performance compare to integrate all SGs and Case (A2)
and Case (B2). Also, PSS is providing sufficient damping
andmitigating the system oscillations. It is observed from
simulation results that oscillations are mitigated compare
with and without SVC and also system is well damped.
These oscillations are also not crossed stability criteria
during and after the fault. However, if the system is un-
dergone subsequent faults, then there is a chance of
occurring instability. Moreover, to reduce the further and
other oscillations, settling time, peak overshoot and time-
domain parameter, the system is integrated with PDO for
SVC and given in the next case.

In Case (A4) and Case (B4) for scenario (A) and (B), to
analyze and study the system stability behavior, it is inte-
grated with POD for SVC and PSS for SG2. With the inte-
gration of POD for SVC, the system is strongly stable, and
the oscillations are effectively suppressed with a compar-
ison of the above cases. The coordinated controller effec-
tively mitigated settling time, peaks, peak overshoot, and
undershoot with an uncertainty of WF’s wind speed and
power flow. The integration of POD is mitigating the time
domain parameter and enhancing the dynamic system
stability. Transient stability exhibits enhancement of sta-
bility significantly and can respond to the fault and reduce
the oscillation.

The simulation results of scenarios (A) and (B) with the
DFIG based WF, it does not provide any extra inertia to the
system. It comprises high rated power electronic con-
verters, which substantially impact the power system.
From the system point of view, it is delivering a significant
amount of real power to the network. Hence, the system
stability is enhanced, and the overall effectual inertia of the
system is reduced. The results showed a significant change
in the overall inertia of the power system concerning the
amount of wind generation. The higher the contribution of
the wind turbines to the grid, the lower is the inertia.
Overall, system stability is improved with addition of the
controller in the system (GSC and RSC of DFIG, PSS of SG
and POD for SVC).

7 Conclusion

In this work, conclusions have been done based on a two-
area system with incorporation and combination of PSS
for SGs and POD for SVC by replacing any one of SG with
WF and integration of WF. Transient stability analysis
with various cases has been performed by application of a
three-phase fault at Bus 8. The simulation results have
been demonstrated for different cases with optimized
parameters for robust coordinate among the control by
using PSO. For transient stability has been conducted for
four various cases with replacement and integration of
WF. For case (1), the test system has been losing syn-
chronism and resulting unstable due to uncertainty. For
case (2), the SVC is integrated and noticed that the system
is stable. However, it has existed with oscillations and
more time is taken to reach steady state. For case (3), the
input signal is chosen as generator speed of SG2 and given
to the PSS to reduce the oscillations. The PSS location is
selected based on DM. It observed that with PSS improves
the stability and delivers beneficial damping for SG to
reduce the oscillations. The analysis reveals that system
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inertia is reduced due to more involvement of WF in
comparison with SGs. Case (4), to reduce further oscilla-
tions and enhance stability, the SVC is integrated with
POD. From the simulation results, it is noticed that the
oscillations in rotor speed, rotor angle, and active power
of SGs along with active power and voltage in the WF are
effectively suppressed, which also improves the damping
of the system. In addition, it is also observed that has
better power control, faster oscillation damping, more
accurate regulation, considerably reduced settling time
and fewer ripples in comparison with and without a
combination of POD for SVC and PSS for SG. Even though
increasing wind penetration, the POD for SVC takes care
of theWF to sustain the oscillations and stability.With the
scenarios A and B, the transient instability of the system
increases. Moreover, the wind farm locations and wind
speed could also affect test system stability, but the un-
desirable effects on the system transient stability can be
greatly improved by adding controller in the system (GSC
and RSC of DFIG, PSS of SG and POD for SVC) as validated
in the case studies.
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Appendix A

Doubly fed induction generator (DFIG) based
wind farm

Power rating = (2 MVA  ×  450);  Voltage rating
= 20 kV; Frequency = 50 Hz .

Stator resistanceRs=0.01 pu; Stator reactanceXs=0.10 pu;
Rotor resistance Rr = 0.01 pu. Rotor reactance Xr = 0.08 pu;
Magnetization reactance Xm = 3 pu. Inertia constants,
Hm = 3 kW s/kVA; Pitch control gain = 10 pu; Time
constants = 3 s. Voltage control gain Kv = 10 pu; Power
control time constant Te = 0.01 s. Number of poles = 4; gear
box ratio = 1:89; Blade length = 75.0 m; number of
blade = 3.

PI controller gain for RSC

Kp1 = 0.1,KI1 = 0.05,Kp2 = 0.75,KI2 = 0.055,Kp3 = 0.01,KI3

= 0.025,Kp4 = KI4 = 0.0155.

PI controller gain for GSC

Kp5 = 0.05,KI5 = 0.0015,Kp6 = 0.01,KI6 = 0.05,Kp7

= 0.5,KI7 = 0.75.

PSS for SG

KPSS = 90.9853,T1 = T3 = 0.6784 sec,T2 = T4

= 0.0542 sec,Twf = 15 s.

SVC at Bus 08

KpSVC = 113.542,K ISVC = 1.0521,T int = 9.127 s

POD for SVC

KPSS = 42.4721,T1 = T3 = 0.9412 s,T2 = T4 = 0.0334 s,Twf

= 5 s.

Amin = [KD = 0.0,  T1D = 0.05,  T2D = 0.05] and Amax = [KD

= 200,  T1D = 2.00,  T2D = 2.00]
Bmin = [KPSS = 0.00,  T1 = 0.5,  T2 = 0.01],  and Bmin = [KPSS

= 100,  T1 = 1.5,  T2 = 0.1]
Cmin = [KPST = 50,  KIST = 0.5,KωST = 5,Tm = 5, T1ST

= 0.5,  T2ST = 0.01] and Cmax = [KPST = 150,  K IST

= 1.25,KωST = 15,Tm = 15,T1ST = 1.5,  T2ST = 0.1]
Amin, Bmin and Cmin as well as Amax, Bmax, and Cmax are
lower and upper limits respectively.
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Appendix B

IEEE-11 bus (two area system)
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