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ABSTRACT In this work, a searching space minimization-based particle swarm optimization (SSM-PSO)
scheme has been proposed for maximum power point tracking (MPPT) in a doubly fed induction generator
(DFIG) based wind energy conversion system (WECS). DFIG displays non-linearity in P−ωcharacteristics.
So different types of conventional and optimization-based schemes are developed for MPPT. The drawbacks
in the conventional perturb and observe (P&O) scheme has been successfully abolished by the proposed
SSM-PSO method. Because of its weather-insensitive nature, the conventional P&O MPP tracking scheme
results in the fluctuation of DFIG output under a sudden change in wind speed. To avoid this problem,
maximum and minimum limits for the optimal rotor speed have been determined in the proposed SSM-PSO
scheme. Further, the obtained limits for rotor speed are employed to improve the searching space within
the non-linear P − ω curve. This initial confinement of particles to a limited searching space in SSM-PSO
results in a faster response of the system. Since the proposed SSM-PSO is atmosphere sensitive, it avoids
fluctuations under an abrupt variation in wind velocity. The improved initialization part of SSM-PSO leads
to better dynamic characteristics compared to existing P&O and optimization-based schemes. The proposed
SSM-PSO scheme is implemented for a 2MWDFIG system in MATLAB Simulink atmosphere and showed
satisfactory results.

INDEX TERMS Wind turbine, DFIG and maximum power point tracking.

I. INTRODUCTION
In the modern world, most of the consumed power is pro-
duced from non-renewable energy sources. Majority of these
resources took ages to form from the organic carbon mate-
rial, a major portion of the resources already has been
exhausted [1]. More extraction of fossil fuels in meeting the
exponentially rising load demand proves to be hazardous
and uneconomical. If the usage of non-renewable sources
continues at the present rate, there is a huge chance for com-
plete exploitation by the end of 21st century. Therefore, the
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renewable energy sources like photovoltaic energy, wind
power, etc., are came into the picture to counter the issue of
power deficiency in the future.Wind power is most promising
because of its abundant accessibility and pollution less nature
compared to the other available renewable sources. The usage
of wind energy for the residential purpose, leads to energy
independence [2].

Irrespective of the size, the energy-producing wind tur-
bine system contains different sections; they are the por-
tion experiencing the wind force, tower, speed controlling
apparatus and electrical generator. Generally, for WECS, any
of the fixed or variable speed turbines are employed [3].
Due to its flexibility in operating at above-rated speeds,
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doubly fed induction generator (DFIG) is mostly considered
for wind power generation. Moreover, DFIG has the advan-
tages of variable speed and constant frequency operation,
low mechanical tension, maximum power capturing ability,
decoupled active or reactive power governance, etc. Also, the
expenditure required for static power converters in DFIG is
lower than that of permanent magnet synchronous generator
(PMSG) [4]. These advantages in DFIG are due to the control
schemes used in the back-to-back converters. Therefore, the
process used in controlling back-to-back converters proves
to display a vital role for the operating characteristics in
DFIG. Because of its flexibility in the real power and reactive
power decoupled control, vector control strategy is frequently
employed in DFIG systems [5].

FIGURE 1. Different operating areas for wind turbine.

FIGURE 2. Power-speed characteristics at various wind speeds.

The working range for variable speed WECS is primarily
divided into four regions, Region-1 (R-1), R-2, R-3, and
R-4, as represented in Fig. 1. In R-1 and R-4, DFIG is
not in the operating state, owing to safety measurements.
In R-2, DFIG operates in MPP tracking zone, where the
system is operated under below rated speeds. In R-3, DFIG
operates in pitch controlling region, where the pitch controller
is employed to reduce the stress over the wind turbines for
above rated speeds [6]. As shown in Fig. 2, DFIG displays

non-linear mechanical power and rotor speed characteris-
tics. So, in DFIG, MPPT methods are employed for the
efficient operation of the system. In MPP tracking, Perturb
and Observe (P&O) scheme is considered to be prevalent
because of its easy structure and flexible real-time operation.
But, P&O displays fluctuation in output power characteristics
under variation in speed situations and fails to trackmaximum
power efficiently. P&O scheme operates with a small step
and large step changes in rotor speed, where small step-
change results in more settling time and less steady-state
error [7]. With large steps, operation in P&O results in less
settling time but more oscillation over a steady state. Many
optimization-based schemes have already been available for
tracking maximum power with improved dynamic character-
istics compared to the P&O scheme.

A novel Robust Perturbation Observer based Fractional
Order SlidingMode Controller (RPO-FOSMC) has been pro-
posed for tracking peak power [8]. RPO-FOSMC can display
the improved dynamics compared to conventional MPPT
schemes but results in the fluctuations of output power under
a sudden change in speed cases. In [9], four sectors operation-
based P&O scheme is implemented for faster tracking of
peak power. The [9], displays a faster tracking response but
undergoes more settling time compared to the large step P&O
scheme. In [10], a fixed-time control scheme is used for MPP
tracking in the DFIG system. In this method, aerodynamic
torque is estimated without employing speed sensors with the
help of a fixed-time observer. The Grouped grey wolf opti-
mizer (GGWO) is employed to detect MPPT and improving
fault ride-through capability for DFIG [11]. But the work
should be expanded in grid side controller (GSC) side to
operate the GGWO with the entire DFIG system.

An artificial Neural Network Controller (ANNC) assisted
mechanical speed control is employed with a robust MPPT
controller for studying wind power generation with respect
to wind disturbances [12]. The novel fuzzy logic sensor-
less maximum power point tracking (FLC-MPPT) method
for WECS is implemented by downsizing the pulse width
modulation (PWM) back to back converters compared
to conventional schemes by 40% [13]. Quantum parallel
multi-layerMonte Carlo optimization algorithm, Archimedes
optimization algorithm and Techno-economic optimization-
based schemes are the few recently introduced optimization
schemes in tracking maximum power [14]–[16]. A nonlinear
maximum power point tracking scheme is introduced where
the adaptive backstepping control method is employed for
stable operation at speed disturbances and parametric uncer-
tainties [17]. Estimation based enhanced maximum energy
extraction scheme has been introduced for the MPPT case
in DFIG, where it possesses the major advantage of easy
real-time implementation [18]. For a DC-based DFIG sys-
tem, MPPT is done by employing a coordinated adaptive
feedback linearization controller (FLC-A) based on a flux
observer [19].

Even though optimization-based schemes display better-
operating characteristics, the settling time is longer.
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Particle swarm optimization (PSO) is simpler to implement
in real-time atmosphere due to its less mathematical for-
mulation [20]. PSO and cuckoo search (CS) algorithms are
the most commonly used approaches for MPPT in wind and
PV generation [21]–[23]. Even though CS shows -operating
properties than PSO, the latter is simpler while coming to
real-time implementation [24]. Even though PSO is simpler,
the development has to be done regarding the limitation of
searching space, leading to lower settling time [25].

In this paper, an SSM-PSO scheme has been proposed as
a modified version of the PSO scheme. The anemometer is
used for trackingMPP in proposed scheme like [9], [28], [29].
The speed sensor is employed to minimize the searching
space area, leading to improved dynamic characteristics and
better accuracy. The proposed SSM-PSO scheme has been
implemented for a 2MW DFIG-wind system in MATLAB-
Simulink atmosphere. The proposed scheme is able to address
the drawbacks of existing schemes and the major outcomes of
SSM-PSO method are,
• Provides lower settling time compared to existing
SS-P&O scheme.

• Results in lower steady state oscillations compared to
existing LS-P&O scheme.

• Under sudden change in wind speeds, proposed
SSM-PSO displays lower oscillations in output charac-
teristics compared to LS and SS P&O schemes.

• The proposed scheme is flexible and can be easily imple-
mented with existing drive-compatible hardware.

This paper is articulated as System Configuration in
section 2, Control Strategies in DFIG system in section 3,
Proposed SSM-PSO basedMPPT for DFIG in section 4, Sim-
ulation Results and Discussions in section 5, and Conclusion
in section 6.

FIGURE 3. Schematic circuit for DFIG system.

II. SYSTEM CONFIGURATION
Thewind-turbine-basedDFIG system transformswind power
into electrical power. Fig. 3, displays the block diagram for
a 2 MW DFIG system, where the energy is transferred over
a direct connection and back-to-back converter topology to
the grid. The grid side converter (GSC) controlling has a
major purpose of maintaining a constant DC-link voltage
in the proposed topology, irrespective of the direction and
quantity of the rotor power. The independent controlling of
reactive power and rotor speed is the major objective of the
rotor side controller. As the proposed work is more related

TABLE 1. System parameters.

to MPPT, only Rotor side converter (RSC) controller design
is considered in the present research work, as displayed in
Fig. 4. In the proposed scheme, the estimation of the rotor
position and speed is done by employing the model reference
adaptive system (MRAS) control technique [27].

A. WIND TURBINE MODELLING
The mechanical power developed in the wind turbine is
represented as (1), where β is pitch angle, ρ is air density(
kg
/
m3
)
,Cp is power coefficient of a wind turbine, A is the

swept area
(
m2
)
, Vw is wind velocity(m/sec), and λ is tip

speed ratio. The Cp is calculated using (2), where C1 to C7
values are as represented in Table-1. From (2), λi is calculated
in terms of β and λ as (3). For a known value of wind speed, λ
is calculated as a function of rotor speed (ωm) as shown in (4).
At the optimum power case, (4) can be formulated as (5).

Pm =
1
2
ρACp (β, λ)V 3

w (1)

Cp = C1

(
C2

λi
− C3β − C4β

C5 − C6

)(
eC7/λi

)
(2)

λi =
1

λ+ 0.02β
−

0.003
1+ β3

(3)
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FIGURE 4. The control scheme for the proposed system.

FIGURE 5. DFIG modelling in dq-reference frame.

λ =
ωmR
Vw

(4)

λopt =
ωoptR
Vw

(5)

B. DFIG MODELLING
In Fig.5, DFIG modelling using a dq-reference frame is rep-
resented. The equations for stator and rotor voltages in dq
components are represented in (6)-(9), where Vds,Vqs,Vdr

and Vqr are dq components of stator voltages and rotor volt-
ages, ψds, ψqs, ψdr and ψqr are dq components of stator flux
and rotor flux, ir is rotor current, ωr is rotor speed, ωs is
synchronous speed, ids, iqs, idr and iqr are dq components of
stator and rotor currents, ψs is stator flux and ψr is rotor flux.

vds = Rsids +
dψds
dt
− ωsψds (6)

vqs = Rsiqs +
dψqs
dt
− ωsψqs (7)
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FIGURE 6. The stator flux space vector alignment with synchronous
rotating dq frame.

vdr = Rr idr +
dψdr
dt
− ωrψdr (8)

vqr = Rr iqr +
dψqr
dt
− ωrψqr (9)

In the samemanner, the flux developed in DFIG system are
represented using (10)-(13).

ψds = Lsids + Lmidr (10)

ψqs = Lsiqs + Lmiqr (11)

ψdr = Lmids + Lr idr (12)

ψqr = Lmiqs + Lr iqr (13)

where the electromagnetic torque Tem is represented as,

Tem =
3
2
p
Lm
Ls

(
ψqsidr − ψdsiqr

)
(14)

III. CONTROL STRATEGIES IN THE DFIG SYSTEM
Since the proposed scheme focuses mainly on maximum
power point tracking, RSC controlling is mainly discussed
in this paper compared to GSC controlling. While, in the pro-
posed scheme, the DC-link voltage is voltage is maintained
constant by employing the scheme same as [11] at GSC.

A. ROTOR CURRENT CONTROL LOOPS
Out of available controlling schemes in DFIG, the proposed
system has been operated with the vector control. The control
structure has been explained in steps for better understanding,
where the first step is about examining the current loops.
As shown in Fig. 6, vector control is performed in a syn-
chronous revolving dq frame, where the stator flux is aligned
with the dq frame [1]. Due to this, it can be represented that
the rotor current and torque or active stator power are pro-
portional to the reactive power and quadrature rotor current,
respectively.

vdr = Rr idr + σLr
didr
dt
− ωrσLr iqr +

Lm
Ls

d
∣∣∣−→ψs∣∣∣
dt

(15)

vqr = Rr iqr + σLr
diqr
dt
+ ωrσLr idr + ωr

d
∣∣∣−→ψs∣∣∣
dt

(16)

By substituting (10)-(13) in (6)-(9), rotor voltage can be
represented in terms of stator flux (note that ψqs = 0)

and rotor currents (15)-(16). In (15) and (16), leakage fac-
tor, σ = 1 − Lm

/
Ls · Lr . Since, the grid and stator are

directly connected, stator flux is considered to be constant{(
d
∣∣∣−→ψs∣∣∣/dt) = 0

}
in (15) and (16). From (15) and (16),

it can be noted that d-q rotor currents can be controlled by
simply employing the PI controller for individual current
components, as shown in Fig. 4. If DFIG displays a different
stator to rotor turns ratio, it should be employed in the control
scheme. The current reference values in Fig. 4, are generated
with speed and power control loops. In Fig. 4, stator side
referred rotor currents are employed in current loopsworking,
while the rotor-referred quantities conversion is executed at
the currents and before the creation of the pulses for the
converter for the voltages. The corresponding closed-loop
transfer function displays a second-order system with one
zero, where the appropriate gain values for the PI controller
can be designed using classic control theory [1].

B. SPEED AND POWER CONTROL LOOPS
Since the stator flux space vector is in phase with the d-axis
in the reference frame, (14) can be modified as,

Tem = −
3
2
p
Lm
Ls

∣∣∣−→ψs∣∣∣ iqr ≈ KT iqr (17)

From (17), it can be observed that, electromagnetic torque
is proportional to the q-axis rotor current. Therefore, electro-
magnetic torque can be controlled by employing rotor cur-
rent. Also, it can be used in controlling the speed of the DFIG,
if the application needs it. From (18), it can be noted that, the
d-axis rotor current has its effect on stator reactive power.

Therefore, from the axis orientation employed, it can
be observed that the dq components of rotor currents
can be employed in controlling reactive power and torque
autonomously. The same has been employed in the complete
control scheme, as shown in Fig. 4. In Fig. 4, speed and power
control loops are employed for the overall controlling scheme
along with current controlling loops. Moreover, by using Qs
loop, the magnetization of the machine can be controlled. The
magnitude of stator flux is considered to be constant, as the
grid and stator are directly associated, and can be calculated
by employing grid voltage. The stator flux equations can be
represented as (19).

Qs =
3
2

(
vqsids − vdsiqs

)
Qs = −

3
2
ωs
Lm
Ls

∣∣∣−→ψs∣∣∣
idr −

∣∣∣−→ψs∣∣∣
Lm


Qs = KQ

idr −
∣∣∣−→ψs∣∣∣
Lm




(18)

∣∣∣−→ψs∣∣∣ = ψds = Lsids + Lmidr , ψqs = 0 = Lsiqs + Lmiqr

(19)

For real-time applications, different Qs values are required
based on grid codes. Thus, the grid system operator can set the
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FIGURE 7. Perturb and observe MPPT scheme.

Qs reference directly. From Fig. 4, it is assumed that internal
current control loops execute faster than the external speed
and power control loops to avoid the computation delay. The
speed and power control loops can be modeled as first and
second-order systems, where the tuning is done to fix the
PI controller gain values. The proposed scheme generates
the speed reference by the SSM-PSO technique for tracking
maximum power. Fig. 4 represents the overall vector scheme
with proposed SSM-PSO scheme, where the system results
in constant torque at varying speed. The stator voltage can be
assumed constant because of the direct linkage between stator
and grid. As Tem and Qs are constants, the stator currents are
also maintained at constant values.

IV. THE PROPOSED SSM-PSO BASED MPPT FOR DFIG
The P&O method is widely employed to track MPP for
WECS [7]. Fig. 7, represents the flowchart for existing
P&O, where the sensed mechanical power (Pm) and rotor
speed (ω) are used for tracking maximum power [9]. The
P&O scheme operates in two types of steps they are, large
steps (LS) and small steps (SS). The larger step change in
rotor speed (1ω) value in the P&O scheme results in the
faster system response, but it results in the large fluctuations
over the steady-state operation. Moreover, due to its weather-
insensitive nature, the P&O scheme displays higher fluctua-
tions in the output characteristics under an abrupt variation in
wind speed. P&O scheme with a smaller 1ω value results in

the slower response, but it results in lower fluctuations over
the steady-state operation. Moreover, the smaller step value
results in the lower efficiency during maximum power point
(MPP) tracking.

PSO is most famously utilized advancement framework
for discovering global maximum under non-linear operation.
PSO has been modelled based on bird flock’s behavior,
it is a speculative and population-based evolutionary algo-
rithm (EA) search technique. A Swarm of individuals is main-
tained by the PSO algorithm in which each particle signifies
a candidate solution. Particles track a basic conduct in which
they mime the accomplishment of neighboring particles and
their own accomplished victories. Therefore, best particle
(Pbest) in neighborhood affects the particle’s position, along
with the best solution (Gbest) discovered by the particle itself.
Particle location, xi, is updated by employing [24],

xk+1i = xki + v
k+1
i (20)

where step size is represented by velocity component, vi. The
velocity is formulated by,

vk+1i = ωvki + c1r1
{
Pbesti − xki

}
+ c2 r2

{
Gbest − xki

}
(21)

where random numbers r1, r2 ∈ u (0, 1) , c1 and c2 are coef-
ficient of acceleration and ω is inertia weight. The personal
best position of particle i is Pbesti and the best position of
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FIGURE 8. Particle movement in particle swarm optimization.

the particles is Gbest. In Fig. 8, the particles in optimization
practice with distinctive movement are represented. If the
original rotor speed defines the position, then rotor speed
perturbation is displayed by the velocity. Therefore, (20) is
further formulated as,

ωk+1i = ωki + v
k+1
i (22)

From Fig. 7 and (22), it can be observed that, the overall
operating structure in the P&O scheme and PSO scheme are
similar. But, in PSO perturbation in present, the rotor speed is
based on the Pbestiand Gbest. If the rotor speed is nowhere near
the other two rotor speeds, then the subsequent variation in
rotor speed is higher and vice-versa. In P&O, perturbation in
rotor speed is constant, while in PSO, the perturbation varies
with position of the particles.

A. SSM-PSO FORMULATION IN DFIG MPPT
Before describing PSO implementation in MPP tracking,
a solution vector of rotor speeds with Np particles has been
considered as,

xki = ωg =
[
ω1, ω2, ω3, . . . . . . , ωj

]
j = 1, 2, 3, 4, . . . . . . . . . . . . . . . . . . . . . .NP (23)

The objective function is formed with the idea of com-
paring the power of updated power with the former one as
a function of rotor speed. So, the objective function can be
defined as,

P
(
ωki

)
− P

(
ωk−1i

)
= fk (24)

The function fk can be calculated subjected to P
(
ωki

)
>

P
(
ωk−1i

)
, where P (ωi) can be obtained using (1)-(4).

To initialize the optimization procedure, assume that
the flowchart communicates three-rotor reference speeds,
as shown in Fig. 4. In Fig. 9, three different rotor speeds
ω1, ω2 and ω3 are represented using square, circular and tri-
angular notations, respectively. These rotor speeds are used as
Pbesti in the first iteration. Of these three particles, particle 2
is said to be Gbest, as it can be noted that, particle 2 is nearer
to the maximum power. In the second iteration, the resultant
velocity is only because of the Gbest parameter. Since, the

FIGURE 9. Particle movement for MPPT process in PSO scheme.

FIGURE 10. Searching space mechanism in the proposed system.

(Pbesti − ω(2)) is zero in (21), the velocity of Gbest particle
(ω(2)) becomes zero. So, it can be observed that, the velocity
of particles becomes zero and there is no use of this particle
in further exploration of MPP.

To avoid this, perturbations in particles are allowed,
as shown in the second iteration of Fig. 9. Since the previous
rotor speeds in the system operate at better fitness values,
the particles are driven towards Gbest with low velocity [26].
In the third iteration of Fig. 9, it can be noted that all three
particles arrive at an MPP. Due to the very low velocity,
all three particles are arriving a constant value, avoiding the
oscillation over steady-state, unlike P&O.

B. PROPOSED SSM-PSO FOR SEARCHING SPACE
OPTIMIZATION

ωopt =
λoptVw
R

(25)
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FIGURE 11. Proposed SSM-PSO algorithm.

In the proposed SSM-PSO, the actual improvement is
made to reduce the searching space. Fig. 11, represents the
proposed SSM-PSO mechanism for MPP tracking in DFIG.
Using the anemometer, the optimum rotor speed value can
be obtained using (25). The searching space can be mini-
mized by employing a constant, as represented in Fig. 10.
The particles at different positions are initialized using (26),
where ωmax and ωmin are calculated using (27) and (28) in the
proposed system.

xi = ωmin +
(i− 1) [ωmax − ωmin]

Np − 1
i = 1, 2, 3, 4, . . . . . . . . . . . . . . . . . . . . . .,Np (26)

ωmax = ωopt+ ∈ (27)

ωmin = ωopt− ∈ (28)

By employing the searching space estimation mechanism,
the particle’s placement area over P − ω is minimized. The
derived reference rotor speed from SSM-PSO has been com-
pared with the actual rotor speed, as shown in Fig. 4, for
tracking maximum power. The SSM-PSO results in better
tracking efficiency and near-zero steady oscillations.

Moreover, the proposed SSM-PSO scheme displays better
dynamic characteristics compared to the P&O scheme with
a low step and large step operations. The searching space
minimization mechanism used in proposed scheme is inde-
pendent of generator type. It depends mainly on the wind
speed, sensed by anemometer. So, SSM-PSO scheme can be
implemented for the generators other than DFIG.

V. SIMULATION RESULTS AND DISCUSSIONS
The proposed SSM-PSO scheme has been simulated for
a DFIG-Wind Turbine system in a MATLAB-simulink
environment. The DFIG-wind system is implemented in
MATLAB with design parameters as given in Table-1. The
proposed scheme has been tested for step and random vari-
ations of wind speeds. Moreover, the existing LS-P&O
and SS-P&O [7] schemes are compared with the proposed
scheme for the same changes in the wind speed to prove the
proposed scheme’s usefulness.

A. SINGLE STEP VARIATIONS IN WIND SPEED
The proposed SSM-PSO, SS-P&O and LS-P&O are operated
for a step-up variation in wind speed from 6 m/s to 8 m/s,
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FIGURE 12. Single Step changes in wind-speed (a) Step-up (b) Step-down.

TABLE 2. Comparison of SSM-PSO with existing MPPT schemes.

as represented in Fig. 12a. The rotor side characteristics
such as tip speed ratio, power coefficient, rotor speed and
mechanical power are represented as shown in Fig. 13a, 13b,
13c and 13d, respectively.

Also, the proposed SSM-PSO, SS-P&O, and LS-P&O are
operated for a step-down variation in wind speed from 8 m/s
to 6 m/s, as represented in Fig. 12b. The rotor side character-
istics with step-down variation are represented as shown in
Fig. 14a, 14b, 14c, and 14d, respectively.

Overall, from Fig. 13 and 14, it can be observed that,
the LS-P&O scheme settles faster compared to SS-P&O
and SSM-PSO schemes. But it is noted that, LS-P&O
exhibits higher oscillations over a steady-state, leads to
the inefficiency of the system. Coming to LS-P&O, from
Fig. 13 and 14, it is noted that, LS-P&O leads to lower
steady-state oscillations. On the other hand, the LS-P&O
has a major disadvantage of higher settling time or slower
response. The proposed SSM-PSO scheme displays both the
advantages of faster response and lower steady-state error.

From Fig. 13 and 14, it can be observed that, the settling
time of LS-P&O is around 80 ms, for SS-P&O, settling time
is around 1300 ms and finally, for proposed SSM-PSO, it is
around 350ms. From Fig 13a and 14a, it can be observed

FIGURE 13. Rotor side characteristics for single step-up variation in wind
speed (a) Power coefficient (b) Tip speed ratio (c) Mechanical power
(d) Rotor speed.

that, the proposed SSM-PSO method preserves the Cp_max
successfully related to LS-P&O and SS-P&O schemes. From
13c and 14c, it is noted that the proposed SSM-PSO method
tracks the mechanical power efficiently related to LS-P&O
and SS-P&O schemes. The comparison of tracked maximum
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FIGURE 14. Rotor side characteristics for single step-down variation in
wind speed (a) Power coefficient (b) Tip speed ratio (c) Mechanical power
(d) Rotor speed.

power with actual maximum power at wind speeds of 6 m/s
and 8 m/s are represented in Fig. 20. From, Fig. 13d and 14d,
it is noted that, the peak to peak oscillation in LS-P&O is
higher compared to SS-P&O and SSM-PSO schemes.

FIGURE 15. Two Step changes in wind-speed (a) Step-up (b) Step-down.

B. TWO-STEP VARIATIONS IN WIND SPEED
The proposed SSM-PSO SS-P&O and LS-P&O are operated
for a two-step-up variation in wind velocity from 7 m/s
to 9 m/s to 11 m/s as shown in Fig. 15a. The rotor side
characteristics with two step-up variations in wind velocity
are represented as shown in Fig. 16a, 16b, 16c and 16d,
respectively.

As displayed in Fig. 15b, the proposed SSM-PSO, SS-P&O
and LS-P&O are operated for a two-step-down variation in
wind speed from 11 m/s to 9 m/s to 7 m/s. The rotor side
characteristics with two-step-down variation are represented
as shown in Fig. 17a, 17b, 17c and 17d, respectively.

From Fig. 16 and 17, it can be observed that the proposed
SSM-PSO scheme displays better dynamic characteristics
compared to LS-P&O and SS-P&O schemes under multi-
ple wind speed step variations. Even in the sudden speed
variations, the proposed scheme does not divert its tracking
path and tracks the maximum power efficiency. The tracked
power is related with the actual power in Fig. 20. From this,
it is observed that the proposed SSM-PSO displays average
efficiency of 92.01%.

C. RANDOM VARIATION IN WIND SPEED
The proposed SSM-PSO scheme has been operated for ran-
domwind speed variation, as shown in Fig. 18. The respective
rotor side characteristics are represented in Fig. 19a, 19b,
19c & 19d, respectively. From Fig. 19, it is noted that the
proposed SSM-PSO tracks maximum power more efficiently
compared to LS-P&O and SS-P&O. Moreover, due to its
weather-sensitive nature, the SSM-PSO displays no drift
under variation of wind speed along with near-zero steady-
state oscillation.
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FIGURE 16. Rotor side characteristics for two step-up variation in wind
speed (a) Power coefficient (b) Tip speed ratio (c) Mechanical power
(d) Rotor speed.

D. OVERALL COMPARISON BETWEEN SSM-P&O AND
EXISTING MPPT SCHEMES
To justify the advantage of the proposed SSM-P&O tech-
nique, it is related to the traditional P&O scheme. SS-P&O
scheme results in the larger settling time (>1300 ms) and
lower oscillations (0.05 rad/s). LS-P&O scheme results in
larger oscillations (1.2 rad/s) and faster response (<77 ms),
can affect the larger inertia machines. By employingmodified
P&O (MP&O) scheme [7], the settling time and oscillations
can be controlled.

FIGURE 17. Rotor side characteristics for two step-down variation in wind
speed (a) Power coefficient (b) Tip speed ratio (c) Mechanical power
(d) Rotor speed.

FIGURE 18. Random changes in wind-speed.

Even though in MP&O, settling time can be reduced to
930 ms, it displays a larger oscillation of 0.3 rad/s. The
recently introduced robust adaptive step-sizes
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FIGURE 19. Rotor side characteristics for random variation in wind speed
(a) Power coefficient (b) Tip speed ratio (c) Rotor speed (d) Mechanical
power.

P&O (RA-P&O) MPPT scheme in [7], displays the reduc-
tion in both settling time and oscillations to 600 ms and

FIGURE 20. Efficiency of proposed SSM-PSO at different wind speeds.

0.001 rad/s, respectively.Moreover, the RA-P&O scheme dis-
plays an improvement in the tracking efficiency of 91.39%.

The proposed SSM-PSO scheme displays much lower set-
tling time (<350ms) compared to RA-P&O scheme. Also, the
proposed SSM-PSO scheme results in the lesser oscillations
of 0.001 rad/s. Moreover, the proposed SSM-PSO scheme
displays an improved efficiency of 92.01%. Table-2 repre-
sents the comparison of the proposed SSM-PSO scheme with
existingMPPT schemes, which also reflects the superiority of
the SSM-PSO over other existing schemes.

VI. CONCLUSION
DFIG has the significant advantage of flexible operation at
wide speed ranges. But, the non-linear P − ω characteristics
result in the difficulty of tracking maximum power point.
Already few conventional and optimization-based schemes
are available in research platforms for tracking MPP. The
optimization-based schemes avoid the oscillation behaviour
over a steady state; same time, they result in more settling
time. Compared with optimization-based schemes, conven-
tional schemes are simpler and easily implementable in real-
time situations. P&O method is the most generally employed
conventional topology for tracking MPP. P&O method is
normally operated with small and large step changes.

The P&O with smaller step-change results in the low
oscillation of 0.05 rad/s over steady-state but results in the
low tracking efficiency. Further, the P&O with large step
changes results in lesser tracking of 77ms, but leads to higher
oscillations. Since, the P&O is weather insensitive; it leads to
fluctuation in output characteristics under a sudden change in
wind speeds. The optimization-based schemes can avoid the
-insensitive nature, but they result in complexity in execution
during real-time.

PSO is the most commonly used and simply exe-
cutable among existing optimization-based schemes. But,
PSO results in a higher settling time, leading to a slower
response. In this paper SSM-PSO scheme has been intro-
duced to avoid the disadvantages of PSO. In the proposed
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system, an anemometer has been employed to decide the
space for placing particles in tracking MPP. The SSM-PSO
scheme is successful in minimizing the searching space, lead-
ing to lesser MPP tracking time (<350ms). Also, the pro-
posed SSM-PSO leads to the lesser oscillation of 0.001 rad/s.
Moreover, the proposed SSM-PSO scheme is easily imple-
mentable due to its simple searching mechanism. The pro-
posed SSM-PSO scheme has been implemented for 2MW
DFIG system in MATLAB Simulink atmosphere, which dis-
played satisfactory results. The proposed work can be imple-
mented using a hardware prototype as a future work.
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