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Operating wind power generation system at optimal power point is essential which is achieved
by employing a Maximum Power Point Tracking (MPPT) control strategy. This literature focuses on
developing a novel particle swarm optimization algorithm enhanced radial basis function neural
network supported TSR based MPPT control strategy for Doubly Fed Induction Generator (DFIG) based
wind power generation system. The proposed hybrid MPPT control strategy estimates the effective
wind speed and estimates the optimal rotor speed of the wind power generation system to track the
maximum power. The proposed controller extremely reduces the speed dissimilarity range of wind
power generation system, which leads to rationalizing the pulse width inflection of DFIG rotor side
converter. This in turn, increases the system’s reliability and delivers an effective power tracking with
reduced converter losses. Furthermore, by utilizing the proposed MPPT controller, the converter size
can be reduced to 40%. Therefore, the overall cost of the system can be gradually decreased. To validate
the performance of the proposed MPPT controller, an extensive simulation study has been carried out
under medium and high wind speed conditions in MATLAB/Simulink. The obtained results have been

justified using experimental analysis.

© 20191SA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Energy crisis, environmental pollution, and poor energy effi-
ciency are the most important problems faced by the world in
past decades. In-order to solve these issues and to fulfil the en-
ergy needs the power suppliers have started shifting to renewable
energy-based power generation systems. [1]. Among various Re-
newable Energy Resources (RER), Wind Power Generation System
(WPGS) is used most often known for its efficient power gener-
ation and advanced control strategy [2]. The WPGS is classified
as Variable Speed Wind Turbine (VSWT) and Fixed Speed Wind
Turbine (FSWT) based on their range of operation [3]. Among
these, VSWT is often chosen for its improved energy production
and reduced flickering effect [4]. Furthermore, the VSWT are
generally operated with Doubly Fed Induction Generator (DFIG)
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or Permanent Magnet Synchronous Generator (PMSG). Among
these generators, DFIG is preferred often for its extreme quality
to function in all quadrants for achieving active and reactive
power formation throughout the grid integration [5]. Moreover,
by using DFIG the fabrication cost and losses with respect to
power electronic converter are reduced when compared to the
other generators [6].

It is necessary to extract as much power as possible from
the wind. Therefore, Maximum Power Point Technique (MPPT) is
employed to extract maximum available power from the wind.
In [7-13], several MPPT control strategies were discussed to ex-
tract maximum power. The most profuse and popular techniques
include; Tip Speed Ratio (TSR) [14,15], Power Signal Feedback
(PSF) [16,17], Hill-Climb Searching (HCS) [18,19], Optimal Torque
Control (OTC) [20,21] and Perturb and Observer (PO) [22] meth-
ods. These methods use different control topologies for their
effective extraction of maximum power. But, these methods
perform effectively only when there are no rapid wind speed
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variations and have potential barriers to uncertain wind flow. The
MPPT methodologies are classified into two types, one is sensor-
based wind speed estimation MPPT topology and the other type is
MPPT topology to estimate wind speed without sensor. The MPPT
topology with sensor is normally used in conventional WPGS and
it increases the cost of WPGS and decreases the reliability incase
of inaccurate measuring of wind speed. Hence, this MPPT topol-
ogy is not preferred in present wind turbine design. Recently,
research efforts are very much focused on developing sensor less
wind speed estimation based TSR MPPT controller. The sensor
less control strategy has the capability to function with measured
parameters without the knowledge of wind speed and turbine
parameters.

Meantime, the conventional controllers are being replaced
by the Artificial Neural Network (ANN) controllers. The ANN is
identical in exhibiting complex nonlinear systems [23]. In [24] a
multilayer perceptron ANN has been designed to find the wind
speed without sensor. The system has been trained for the differ-
ent number of nodes in the hidden layer. The developed system
has an ability to forecast the wind speed based on haulage pa-
rameters [20]. The hybrid intelligent techniques have been imple-
mented as they apprehend the non-linear relationships between
input/output data and shows an appropriate estimation of wind
speed rather than the simple intelligent technique [22-32]. Thus,
it is most essential to develop a hybrid intelligent control strategy
that effectively performs in both constant as well as in variable
wind speed conditions.

In this literature, a novel hybrid intelligent technique to ex-
tract maximum available power from the wind through wind
turbine is being proposed. The proposed MPPT approach uses TSR
control strategy along with Radial Basis Function Neural Network
supervised by Modified Particle Swarm Optimization based hy-
brid intelligent controller (RBFNN-MPSO). The RBFNN is trained
using gradient descent algorithm and to increase the learning ca-
pability of the training process (adjusting the network’s learning
rate) the MPSO algorithm is implemented. The proposed hy-
brid RBFNN-MPSO based MPPT controller is developed to obtain
maximum output power as well as effective estimation of wind
speed. The proposed hybrid RBFNN-MPSO based MPPT control
strategy estimates effectual wind speed and optimal rotor speed
of WPGS to track the maximum power above and below the rated
speed of wind turbine. Furthermore, the proposed MPPT con-
troller extremely reduces the speed dissimilarity range of WPGS
and thereby leads to rationalize the pulse width modulation
of back-back power electronic converter. Furthermore, it also
increases the system’s reliability and effective power tracking
with reduced converter losses. The performance of the proposed
method has been demonstrated through MATLAB/Simulink simu-
lation studies and validated through experimental investigation.

2. WPGS modelling and description

The aerodynamic turbine and DFIG are interconnected to each
other through a gear shaft system. The WPGS generates an elec-
trical power (Pe) by transforming the wind power (Pw) into
mechanical power (Pm) and generated Pe is being directly fed into
the grid system through converters.

2.1. Wind turbine modelling
The aerodynamic power is converted into mechanical power
by means of the wind turbine. The mechanical power produced

by a wind turbine is given by [1-6],

1
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Fig. 1. Wind turbine characteristics curve.

where, W is the variable wind speed, A is the blade swept area,
p is the air density, C, is the power coefficient, A is the tip
speed ratio and B is the pitch angle. The power co-efficient
maximization of the turbine system depends on the function (A,
B). The tip speed ratio of the wind turbine is given by,
[OM

W (2)
where, w, is the rotor rotational speed and R is the radius of the
turbine blades swept, respectively. In this analysis the pitch angle
of the system is set to zero to yield maximum power and the
coefficient function Cp (A, B) is given by,

A=

21
Cp(A, B) = 0.0066A + 0.52¢ i (—0.45 -5+ ?) (3)
j

Fig. 1 shows the characteristic of the turbine speed with re-
spect to turbine mechanical power. The optimum rotor speed
wepr can be achieved during maximal wind speed at certain
range of rotor speed and this specific speed is related to opti-
mum tip speed ratio Aoy and the turbine can extract maximum
power when maintained at Aq [14-17]. The maximum power
can be achieved only at the optimum speed of rotation which
can be obtained through controlling the rational speed of the
turbine [18].

2.2. Doubly fed induction generator modelling

The dynamic voltage and flux equations in an arbitrary d-q
reference frame of the investigated DFIG in the literature has been
developed by applying Concordia and Park’s transformation and
is given by [33-35],

Vis = % — ws@gs + Rlsilgs (4)
Vgs = % + wsgs + Rlsilgs (5)
Vg = % — w;Pgr + Rlyilgy (6)
Vgr = % + wr¢ar + Rlyily (7)

where R1; and RI1, represents the rotor and stator winding re-
spectively. The rotational speed is given by w, and the speed in
synchronous reference frame is represented as ws. Therefore, the
slip frequency is represented as sws—ws - ;. The flux linkages of
the DFIG system are given by,

@as = Lkgigs + Lknigr (8)
Qs = Lksigs + Lkmiqr (9)
@ar = Lkmigs + Lk, igr (10)
@ar = Lkmigs + Lkyigr (11)
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Fig. 3. Rotor side converter control strategy.

where Lkg, Lk, and Lk,, are the stator leakage, rotor leakage and
mutual inductance respectively. The DFIG system corresponding

electromagnetic torque is given as,
T, = Lkm(iqsidr - idsiqr) (12)

By neglecting the power loss of stator resistance, the corre-
sponding stator real and reactive power is given as [33],

3. :

P, = E(Vdslds + Vqslqs) (13)
3. :

Qe = E(Vqslds + Vdslqs) (14)

Further, the typical parameters of the DFIG system considered
in this analysis are taken in per unit (p.u.) and the parameters
value of stator and rotor resistance, leakage inductance and mag-
netizing inductance for the studied 2.5 MW DFIG system are given
in Appendix.

3. DFIG converter control strategy

This section briefly describes about the designing and imple-
menting of control systems for DFIG based WPGS. When consid-
ering the control aspect of the WPGS, the converter controller
plays a vital role and is classified as, (i) grid side converter and (ii)
rotor side converter control system. The DFIG based WPGS mod-
elled for the study consists of back-to-back VSC and is equipped
with insulated bipolar gate transistors.

3.1. Grid side converter control system

The grid side converter power flow is controlled consecutively
to keep the dc-link voltage at its nominal voltage. The converter
in the grid side is controlled by vector logic in grid voltage
reference frame. The output power is regulated to maintain the
dc-link voltage at the constant value. The grid voltage vector can
be obtained by identifying the correlation of g-axis of the rotor

reference frame to the grid voltage and it is given by,
V=Vi+0j (15)

At the position V4 = 0, the real and reactive power of the DFIG
system is given as,

3.

Pe = > (Vgiq) (16)
3

Q = - (Vyia) (17)

Fig. 2 shows the block diagram of grid side converter control
scheme. The required real and reactive power can be obtained by
controlling d-q current components. Two control loops are used
in GSC to control the real and reactive powers. They are outer
voltage controller and inner current controller. The d-axis volt-
age control loop sets the current reference for controlling active
power respectively. The power flow from DC-link to grid can be
controlled by d-axis current controller to maintain the dc-link
voltage as constant value. The g-axis voltage control loop can set
the current reference for controlling reactive power respectively.
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In-order to control the reactive power, the value of the quadra-
ture current reference should be set to zero in g-axis current
control loop. Both d-axis and g-axis current control loop provides
a voltage reference for the grid side inverter. That voltage refer-
ence can be compensated by adding rotational EMF recompense
terms to the voltage vector component has been attained from
the current controller using the following equations.

Vig = Lywigg + Vs
Vq = _Lga)idg

The d-axis and g-axis reference voltages of the controller
has been converted from coordinate to the stationary reference
frame. These stationary reference signals are used to stimulate
switching signals for grid side converter of DFIG-WPGS using
pulse width modulation technique.

3.2. Rotor side converter control system

The Rotor Side Converter (RSC) control strategy has been
shown in Fig. 3. The vector control logic is employed for con-
trolling the rotor flux-oriented reference frame. In the proposed
MPPT controller, the reference speed w,* is defined as the com-
mand speed signal for the rotor side converter speed control
loop. The electromagnetic torque can be controlled by adjusting
rotational speed and thereby maximum power is tracked by the
WPGS [23,25]. The system uses PI-type speed controller and the
controller loop generates g-axis and d-axis current component,
respectively. By regulating the g-axis component i, the rotor
speed and torque can be controlled. Whereas, by regulating the
d-axis component ig the stator reactive power can be controlled.
These d-q components are possessed by PI-type current control
loop and voltage component Vg, and V,, are obtained. Further, to

have forced dynamic control V*4 and V*y, are added with voltage
vector components Vg and V. The Vg and V. of the rotor side
converter strategy is given as,

. . L kdi
Vdr = Vrldr - erdr + d ar

— wrLik iy (20)
t

Lk, dig

t

Var = Viigr — Rrigr + + wrLikyigr (21)
where L; and R; represents inductance and resistance of the rotor
winding. V; represents the voltage component of the rotor circuit,
igr and ig denotes the current components of the rotor circuit.
The d-axis and g-axis voltage command is fed to the pulse width

modulator to generate appropriate switching pulses to the RSC.
4. Proposed sensor-less MPPT controller

A sensor-less wind speed approximation based TSR control
is modelled in-order to extract the maximum power from the
WPGS. The wind speed is approximated by RBFNN using the
WPGS parameter P, and w, as shown in Fig. 4. where, Pm is the
mechanical power of WPGS obtained using Eq. (22).

dw,

Pm: r Pe
, <jdt>+

where ] is the moment of inertia of the rotor.

Whenever high wind gust flows and attains the rated speed
of the turbine. The power gets maximized at certain rotor speed.
That corresponding rotor speed is called an optimal rotational
speed w*, and the corresponding tip speed ratio is called an
optimum tip speed ratio Ap. It is necessary to maintain the
turbine at Aoy to extract maximum available power from wind
flow. This is possible through fine controlling the rotor speed
dynamically and setting it at optimal value. Furthermore, using

(22)
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the approximated wind speed and knowledge of A, the TSR
control estimates the optimal reference rotor speed w*;.

The reference rotor speed w*; is fed to the speed control loop
of RSC control system as shown in Fig. 5. The figure shows the
control strategy of the proposed intelligent MPPT control strategy.
The estimated w*, obtained from the MPPT controller has been
fed as an input to the speed control loop of RSC. The function
of RSC control strategy is discussed in Section 3.2. Consequently,
when the wind flow is above the rated value of a turbine, the
proposed MPPT controller normalizes the rotational speed of the
generator to maintain the optimal TSR. In this case maximum
power can be extracted. On the other hand, when the wind
speed is below the rated speed, then the forecasted output power
regulates the proposed MPPT controller to attain the reference
speed. Thus, the optimal TSR is maintained and maximum power
is extracted in the wind turbine. Through the proposed MPPT
controller the speed variation range of wind generator is re-
duced. This leads to rationalizing the back to back converter
pulse width modulation and reliability is improved with fewer
converter losses.

4.1. Design of MPSO-RBENN based MPPT

The architecture of the developed RBFNN for MPPT controller
consists of the input layer (i layer), the hidden layer (j layer), and
the output layer (k layer) is shown in Fig. 6. The wind speed W
is estimated through NN by processing Pm and w; as the inputs.
In this training process, totally 20,000 data have been used. Out
of which 13,000 data have been used for training NN and 7000
data’s have been used for testing NN. In this developed RBFNN,
there are 2 neurons in the i layer, 14 neurons in the j layer and
1 neuron in the k layer. The performance goal set is maintained
at 1e7® and to increase the convergence the spread count is set
at 3. In the developed neural network i*, is the control function
and the linearization of WPGS to apply the RBFNN controller is
discussed and the basic layer function is given as follows [27-31].

(i) Layer 1 is defined as the input layer (i layer ) and the node
in this layer transmits the input right away to the hidden layer.
The output transmitted is given as,

y(m) = Vet "(m)  i=1 (23)

Such that, neti“)(m) = xl(”(m) and m symbolize the nth iteration.
xfl)(m) is the input and y?l)(m) is the output of input layer.

(ii) Layer 2 is defined as the hidden layer of the network with
gaussian function as the membership function,

¥ (m) = S(net”(m)),  j=1.2,....9 (24)

where, sigmoid function of the network is given as S(x) = 1/1+e*.
Consequently, ygl)(m) is the input and y}z)(m) is the output of
hidden layer. Further, the weights of the successive hidden layer
and the input layers are connected by wj;

(iii) Layer 3 generally denotes the final output of the number
of layers present in the set of hidden and the input layers. The

output layer is signified as,

0y (m) = 7 (nety” (g)) = W (25)

where, net,§3)(g) =i}, and net,£3)(g) is given as,

nety”(g) = Y wje x x”(n) (26)
J

Oﬁ)(g) is the final output obtained from the neural network of

the proposed controller. wy; acts as the weights connecting the
neurons from hidden layer to output layer.

weight adjustment
using MPSO

[input layer, i]  [hidden layer, j] [ouput layer, k]

Fig. 6. Architecture of RBFNN.
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4.2. Controlled learning and training process

Whenever RBFNN becomes activated, the gradient descent
based learning methodology has been employed to train the
system. The erudition process has a capability to adjust RBFNN
parameters through a specific learning pattern. The objective of
learning process is to minimize the total error by placing the ap-
propriate weight function to the connecting weights wj; and wy;.
The error of the training progress is given by E and is expressed
as,

1 1,
E= E(Pm —wr) = Ee (27)

the training and testing of the neural network use specific learn-
ing pattern called chain rules. The rules of the process are de-
scribed as follows,

Rule 1: revise the weights of wy; in layer k.
The error term circulated is specified as,

5 dE dE  dy\”
k= — = —_
‘ dnet,f) dy,(f) dnet,f”

Therefore, the weight wy; is rationalized as

3 3
Awg = — dE | dE dy, dnet, — sy (29)
! dwy dy dnet’ dwy !

(28)

and then rationalized Wight is specified as,

wii(m + 1) = wy(m) + &1 Awy; (30)
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where &; represent the training rate adjustment of the layer k.

Rule 2: update the weights of w; in layer j
Through the help of training pattern, the weight wy; is accus-
tomed and is given as,

dE dE  dy dnet® dy;” (31)
dwi | dy® dnet” dy]@ dwi

-y (32)

Awﬁ =

Awﬁ = Skwwkjyj@[l
Therefore, the connecting weight wy; is updated as
wji(m + 1) = wi(m) + & Awj; (33)

where &, represents the training rate adjustment of layer j and
learning algorithm derives E till performance goal is reached.

4.2.1. Learning rate adjustment using MPSO

The learning rate adjustment has been carried out by MPSO al-
gorithm and the training process is offline. MPSO find its optimal
solution based on their existing population particles. Moreover,
each surviving population signifies a hopeful solution to the prob-
lem. In this study, the MPSO is used for modifying the learning
rates &1 & & of RBFNN. The function of MPSO for adjusting the
RBFNN learning rates are explained in the following sections.

Step 1: Significant primary conditions

The initial step of the training set is to describe the basic
parameter, which in turn optimized between maximum and min-
imum ranges. The study finds cohort particles to be L? = [Ll.l, Liz],
where, L! & [? are the cohort particles for the RBENN and their
corresponding learning rates are y; & y». In this learning process,
size of the population is set as p = 500 and particles dimension
is to be d = 1 and the iteration is set as 1000.

Step 2: Adjusting random position & velocity

In the secondary stage of process, the initial position P{’(N )
and velocity vf’(N ) of all population are picked on arbitrary basis.
Preliminary pbest of the particle is chosen based on its current
position. Finally, pbest group are formed by best population using
Rowlett wheel selection methodology. The preliminary value of
LY(N) are engendered randomly as,

Pid ~ U[Vrﬁin7 yr(rilax] (34)

¥ v« represents the minimum and maximum bound of the
training rates and U[yd. .y, 1 positions for the unvarying ran-
dom variable outcome.

Step 3: Velocity Updating

In every step of iteration, the particle velocity is been restruc-
tured using the Egs. (35) and (36). In this step, the two different
obtained pseudorandom sequences r; ~ U(0, 1) and r, ~ U(0, 1)
have been familiarized to model the stochastic nature of the
algorithm [36-38]. For each dimension d, let P{, pbest{ be the
current position and current personal pbest position. Then the
reorganized velocity law is given as,

v (M+1) = vi(M)+c;-r1-(pbest! —PH(M))+cy-15-(gbest? —PA(M))
(35)

Step 4: Position updating
The new velocity takes care of position updating, at each step

the current velocity is updated to the current position of the
particle.

PYM + 1) =PiM)+viM+1) i=1,...,p (36)

Step 5: Update pbests

When the new particle position is not disruption with rever-
ence to the gbest particles, then the overwhelmed function of the
particle can be analysed using the fitness function equation (37).
The fitness function of each particle is derived as,

1

FIT =
0.1+ abs(w} — wy) * abs(p}, — pm)

(37)

Step 6: Update gbests

As the training phase of the algorithm, the fast merging of the
gbest between the various values has been chosen as pbestid =
[pbest!, pbestS, ......., pbest!] which have the maximum fitness
values.

Step 7: Convergence check

The ultimate goal of the algorithm is to reach the best and
precise fitness particle for accomplishing the best fitness function.
The best fitness function has been obtained by iterating the steps
3-6. The final highest gbestid is the optimal learning rate y; and y,
of the RBFNN. The convergence point of the MPSO is controlled
by the inertia weight w [29]. Minimum value of convergence
is attained only at local optima. Highest values cannot cause
the best convergence. The w can set with the help of following
equation.
W = Wmax — Mix (38)

Ix, max

where, iy represents current iteration and iy mq represents maxi-
mum number of iterations.

5. Result and discussion

The performance and effectiveness of the hybrid RBFNN-MPSO
based MPPT control strategy is assessed through the simulation
study and validated through the experimental analysis. The pro-
posed hybrid RBFNN-MPSO based MPPT controller along with
the DFIG is simulated in the MATLAB/Simulink environment. The
parameters used for the simulation study is listed in Appendix.
To appraise the performance of the proposed hybrid RBFNN-
MPSO based MPPT controller, the obtained results has been com-
pared with existing technique [20,22,25] and [26]. Furthermore,
to prove the robustness of the proposed controller the simulation
study has been carried under two conditions, (i) Moderate wind
speed and, (ii) High turbulence wind speed. The wind speed
used in the study has been simulated based on the consolidated
real time wind data recorded during months of June to July in
Aralvaimozhi site, Tamilnadu, India.

5.1. Response of DFIG-WPGS with proposed MPPT control strategy
for moderate wind speed

Initially the study has been carried out with moderate wind
speed as shown in Fig. 7. In wind speed simulation, the tracking
wind speed varies between 5 m/s to 12 m/s. The rated wind
speed considered is 8 m/s. When the rated speed hits the wind
turbine the WPGS starts converting the aerodynamic power into
electrical power. The response obtained by the DFIG-WPGS with
the hybrid RBFNN-MPSO based MPPT controller and hybrid ENN-
MPSO based MPPT controller is depicted in Fig. 8. To reveal the
effectiveness of the RBFNN-MPSO based MPPT controller, the
obtained results is compared with the ENN-MPSO based MPPT
controller throughout the studies. Fig. 8(a) depicts the DFIG’s
rotor speed and it can be clearly seen that the tracking error
is found to be less than 2% for proposed MPPT controller. The
results obviously specify a slower dynamic variation of the rotor
speed in the RBFNN-MPSO based MPPT when compared to the
ENN-MPSO based MPPT. Furthermore, with the proposed RBFNN-
MPSO based MPPT strategy, the slip has been reduced to 40%.
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Fig. 8. Obtained response of the DFIG-WPGS with MPPT controller for wind speed 5 m/s to 12 m/s. (a) Rotor speed (w;); (b) Tip speed ratio (A-Lambda); (c) Power
co-efficient (Cp); (d) Mechanical torque (T); (e) Electromagnetic toque (T.); (f) MPPT-curve (A VsC,).

Hence, slip is proportional to size of power converters, thereby
the size of the converter can be reduced. Fig. 8(b) depicts the
tip speed ratio of the WPGS and it can be observed that the
proposed RBFNN-MPSO based MPPT maintains an optimal tip
speed ratio nearly tracking the optimal tip speed ratio when
compared to the ENN-MPSO MPPT strategy. The corresponding
power coefficient obtained is depicted in Fig. 8(c). The RBFNN-
MPSO based MPPT strategy tracks an optimal power with less
oscillation than that of ENN-MPSO MPPT strategy. The turbine
mechanical torque and DFIG electromagnetic torque is depicted
in Fig. 8(d) and (e). Thus, it can be concluded that both strategies
has an effective interaction with the rotor torque. Fig. 8(f) depicts
the MPPT curve plotted between A and C, and it can be noted
that for different wind speeds and at particular rotor speed the
power coefficient is maximum. Also, it can be observed that the
proposed RBFNN-MPSO based MPPT strategy achieves maximum
power co-efficient of 0.498 and ENN-MPSO based MPPT strategy
achieves power coefficient of 0.476 at optimal tip speed ratio,
A = 6.8. The optimal power obtained in RBFNN-MPSO based
MPPT strategy is 2% higher when compared to ENN-MPSO MPPT
strategy. Fig. 9 depicts the real power obtained by the DFIG-WPGS
for 5 m/s to 11 m/s wind speeds.
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Fig. 9. Measured real power of DFIG-WPGS.

5.2. Response of DFIG-WPGS with proposed MPPT control strategy
for high turbulence wind speed

To verify the performance of the proposed controller at dread-
ful condition a study has been carried out with high turbulence
aerodynamic power. The wind speed considered for the study has
been shown in Fig. 10. In wind speed simulation, the wind speed
tracking varies between 14 m/s to 22 m/s. The rated wind speed
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Fig. 10. Simulated high turbulence wind flow used in the study.

considered is 17 m/s. The response obtained by the DFIG-WPGS
with the hybrid RBFNN-MPSO based MPPT controller and hybrid
ENN-MPSO based MPPT controller for turbulence wind speeds has
been depicted in Fig. 11.
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Fig. 11(a) depicts the DFIG’s rotor speed. The result speci-
fies a slower dynamic variation of the rotor speed in RBFNN-
MPSO based MPPT when compared to ENN-MPSO based MPPT.
Fig. 11(b) depicts the tip speed ratio of the WPGS and it can be ob-
served that the proposed RBFNN-MPSO based MPPT maintains an
average optimal tip speed ratio of A,,; = 6.8 Whereas, ENN-MPSO
MPPT strategy maintains an average A = 6.67. The corresponding
power coefficient obtained is depicted in Fig. 11(c). The RBFNN-
MPSO based MPPT strategy tracks an optimal power of 0.478
with a less oscillation than that of ENN-MPSO MPPT strategy.
The turbine mechanical torque and DFIG electromagnetic torque
is depicted in Fig. 11(d) and (e) and it is inferred that both
strategies have an effective interaction with the rotor torque.
Fig. 11(f) depicts a MPPT curve plotted between A and C, and
it can be observed that the proposed RBFNN-MPSO based MPPT
strategy achieves maximum power co-efficient of 0.475 and ENN-
MPSO based MPPT strategy achieves power coefficient of 0.465
at optimal tip speed ratio, A = 6.89 (avg.). The optimal power
obtained in RBFNN-MPSO based MPPT strategy is 1% higher when
compared to ENN-MPSO MPPT strategy. Fig. 12 shows the real
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Fig. 11. Obtained response of the DFIG-WPGS with MPPT controller for high wind speed 14 m/s to 22 m/s. (a) Rotor speed (w;); (b) Tip speed ratio (A-Lambda); (c)

Power co-efficient (C,); (d) Mechanical torque (T;,); (e) Electromagnetic toque (T);

(f) MPPT-curve (1 Vs Cp).
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power obtained by DFIG-WPGS for 14 m/s to 22 m/s wind speeds.
Figs. 9 and 12 illustrates that the power converter is equalized
without altering the output power. This can dramatically reduce
both cost and maintenance of overall system through minimizing
the size of converters.

5.3. Comparison of different observation on control strategy

The performance comparison of various control strategy of
TSR MPPT methodology has been tabulated in Table 1. From the
tabulation it can be observed that the proposed control strategy
has a minimized computation timing with enhanced power co-
efficient. Furthermore, the power extraction efficiency of the
proposed control strategy is 81% to 84% for various wind con-
ditions. The obtained results are comparatively higher than the
other studied control strategy. Further, the proposed MPPT con-
trol strategy has been compared with the reference [20,22,25],
and [26] and are tabulated in Table 2. From the observation the
proposed controller performs equally in all aspects with respect
to the previous literature [20]. But the power co-efficient ob-
tained is 1% higher than [20]. Therefore, the simulation analysis
proves the successfulness of the proposed RBFNN-MPSO based
MPPT control strategy for the DFIG based WPGS.

5.4. Experimental validation

The experimental setup has been built in the laboratory. The
induction motor is assumed to be turbine simulator and is work-
ing in torque control mode. The electric motor is coupled with
the induction generator as shown in Fig. 13. Both motors are
energized through DSPACE-1103 environment. The experimental
work is successfully carried out and it gives encouraging results
for wind motor speed management, which commands the micro-
controller and Simulink interface with serial communication. The
control strategy is proposed to minimize the memory utilization
of microcontroller and the compatibility of the proposed control
strategy. The obtained results are depicted in Fig. 14. Fig. 14(a)
shows the PWM modulation duty cycle obtained through RBFNN-
MPSO control strategy which is given as triggering pulse for
VSC. The PWM is purely estimated by SVPWM modulation based
on the speed of the motor and estimated power with periodic
switching frequency of 100 kHz. Fig. 14(b) shows the voltage and
current obtained at no load condition. The Vj is taken as 20 V/div
and Iy is taken as 0.1 mA/div. Fig. 14(c) depicts the voltage and
current obtained at loaded condition. The V; is taken as 20 V/div
and I; is taken as 3 A/div. The corresponding power is depicted
in Fig. 14(d). Where the power P; is taken as Py= V1x I; at unity
power factor. The obtained results show enhanced operation of
the proposed control strategy.

Systenr+
DC motor (wind Dspace

speed emulator) DSO
+

AC to DC Conveter

Fig. 13. Experimental setup.

6. Conclusion

A novel and intelligent MPPT control strategy for DFIG-WPGS
is proposed in this research work. The proposed MPPT controller
has an ability to govern the variable speed wind turbine system
and track maximum power over a wide range of wind speeds.
The proposed RBFNN-MPSO based MPPT controller performance
is evaluated and a comparative analysis has been carried out with
references. During analysis, following observations are enumer-
ated to prove the performance of the proposed MPPT control
strategy.

i. The obtained result shows that the proposed hybrid intel-
ligent MPPT controller has an efficiency of 84% and has
a very good accuracy when compared to its competitive
MPPT control techniques.

ii. From analysis the proposed RBFNN-MPSO based MPPT con-
troller reduces the speed variation range of DFIG-WPGS by
effective tracking, thereby leading to rationalize the back to
back converter pulse width modulation, and increases the
reliability with fewer converter losses.

Therefore, the analysis proves that the proposed hybrid
RBFNN-MPSO based MPPT controller has better efficiency and
improved reliability in tracking maximum available power from
wind.
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Table 1
Performance comparison with other MPPT controller.
Controller Measured data
Wind speed Iterative number ~ MSE Computation time (s) Measured power co-efficient = Power extraction efficiency %
RBFNN-MPSO 148 1.235 x 1073 0.61 0.498 84
ENN-MPSO 167 1414 x 1073 0.75 0.476 80.3
-3
RBFNN-GA 5 mfs to 12 m/s 163 1.334 x 1073 0.73 0.47 80
RBFNN 838 2.341 x 10 1.10 0.431 73
ENN 975 2612 x 1073 1.16 0.430 72.6
PID - - - 0.408 69
RBFNN-MPSO 234 14 x 1073 0.69 0.478 81
ENN-MPSO 226 1.52 x 1073 0.7 0.465 0.79
-3
RBFNN-GA 14 m/s to 22 m/s 189 145 x ](7)3 0.7 0.426 0.72
RBFNN 746 23 x 10 1.13 0.41 0.69
ENN 834 26 x 1073 1.25 0.41 0.69
PID - - - 0.4 68
Table 2
Performance comparison with reference.
Parameter Control strategy
Proposed RBFNN+MPSO  Optimal torque control Maximum electrical Quadratic Boost Perturbation observation
based TSR MPPT strategy based MPPT [20] power tracker-based Converter based MPPT based nonlinear adaptive
strategy [25] [22] control [26]
G 0.49 0.48 0.46 0.46 0.41
Complexity Simple Average High High Simple
Convergence speed Fast Fast Medium Medium Depends
il No Load v
Vi )J l Vo=20 Vidi |
........... | O GOS0 N - N [ /e ' (1 L 901 [ ﬁ r } IN
0 O O | L il
duty cycle: 65 % WV"M e AR A A ]
1,=0.1 mA/div
(a) b)
G N =
Vi=20 Vidiv
T e I )k CEKORGEE SR A
[
G =16Hz
(©) (d
Fig. 14. Experimental observation. (a) duty cycle; (b) V-I at no-load; (c) V-I at load; and (d) Power Py= V; x I; at load.
Appendix mH/km. Positive and zero sequence capacitances: 11.33, 5.01

pF/km. Sensitive linear load: 4.5 kVA

The major study of this research is to identify the Parameters Transformer parameters: T1: 12 MVA, 470 V/20 KV, impedance:

of the grid tied wind energy conversion system, 0.0017 + j0.05 p.u; T2: 47 MVA, 20 KV/120 KV, impedance:
Wind turbine parameter: Mechanical output power, P, = 2.5 0.00534 + j0.16 p.u.; Network impedance: Re + jXe = 0.0004
MW; Tip speed ratio, A = 7; Power-coefficient, Cp = 0.45. + j0.004 p.u.

DFIG parameter: Electrical output power, P, = 2.5 MW; system

frequency, f = 50 Hz; Lin-line voltage, Vi = 470 V; Stator  References

resistance, R, = 0.0229 p.u.; Stator leakage inductance, Ly =

9'3171t p-u; EOtEr (;‘elsslsstance‘, l\ir N t'O:OOQS dp'ut" ROtO{ IEil(azgS analysis. Renew Energy 2001;24(1):73-89.

Inductance, L = 0. T p.u.; Magnetizing inductance, Ly = 2. [2] Xiong P, Jirutitijaroen P, Singh C. A distributionally robust optimization
p.u.; Poles, p = 6; Friction factor, F = 0.01 p.u.; model for unit commitment considering uncertain wind power generation.
IEEE Trans Power Syst 2017;31(1):39-49.
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