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Abstract— This research article emphasizes the enhancement 

of Maximum Power Point Tracking (MPPT) action using a 

Fuzzy supervised PID (f-PID) controller for a grid-connected 

2MW Doubly fed Induction Generator (DFIG) connected to a 

passive filter and grid via Back-to-Back PWM Converter 

topology. This article also proposes the implementation of 

Teaching Learning-based optimization (TLBO) technique for 

tuning gain parameters of the proposed as well as extant 

controllers used in the MPPT algorithm. The primary objective 

is to improvise the conventional Rotor side current-based field-

oriented control (MSC) of the understudy system, by employing 

a modified Tip-Speed Ratio (TSR) based MPPT algorithm with 

wind speed estimator. This algorithm ensures extraction and 

regulation of maximum active power while minimizing stator 

reactive power drawn under a step-wise variable wind speed 

profile. It is realized by employing a PID controller to restrict 

rotor angular speed variation around its optimal value, 

estimated by a fuzzy logic system. After the completion of a 

comprehensive simulation analysis using MATLAB/Simulink 

R2017a, the performance of the proposed controller in steady as 

well as transient states is being fairly found to be superior as 

compared to that of PID and Non-linear PID (NPID) based 

controllers in terms of settling time, MPP steady-state error and 

tracking efficiency. 

Keywords— Maximum Power Point Tracking (MPPT), Fuzzy 

supervised PID, doubly fed Induction Generator (DFIG), Machine 

side control (MSC), Tip-Speed Ratio (TSR), Teaching-Learning 

Based Optimization (TLBO) 

I.  INTRODUCTION 

Wind energy is one of the few standouts amongst the most 
appealing renewable energy power source on account of its 
high extraction efficiency and low environmental 
contamination. Wind energy is one of the few standouts 
amongst the most appealing renewable energy power source 
on account of its high extraction efficiency and low 
environmental contamination. Besides being always 
accessible in most parts of the planet, the production cost/kWh 
of Wind energy conversion system (WECS) is much lower 

than that of any other solar-based energy source [1].In the last 
40 years, WECS is being developed not only on quantitative 
but also on the functionality front. Branching out from being a 
fossil fuel-alternative technology, it has also found beneficial 
roles in grid stabilization and black start technologies. 
Consequently, research and development of WECS in India 
have been focused on all aspects, ranging from component 
design using site assessment and improvisation in control and 
maintenance technology. As of October 2019, 10% or 
36,686.82GW of total operational electric generation capacity 

utilizes wind energy sources, making India 4th. Largest wind-
based electricity generation country in the world. 

Among the several options of aerogenerators, DFIGs are 
proven to be the most commercial and academic preferential 
option due to the application of partial-rated power converters 

[2]. Some of the recent advancements relevant to MPPT 
algorithms with these aerogenerators can be reviewed. An 
improved variable step Hill-Climbing search (HCS) algorithm 

[3] and hybrid sectors-based Perturbation & Observation 

(PSO) [4] are some of the most extensively used for MPPT 
action in the field due to simplicity in implementation to find 
optimal wind turbine control parameters. A variable HCS 
algorithm eliminates the drawbacks of conventional HCS with 
large oscillations around MPP, but in turn, becomes largely 
dependent on generator parameters. P&O technique has the 
limitation of requiring optimal power-speed curve of 

generator. [5] has implemented non-linear backstepping 
control technique to design MPPT scheme for a DFIG-based 
WECS. However, this control requires the understanding of 

the system’s dynamic model for the training data [6]. 
Considering all the shortcomings listed above and due to 
complex nature of these advanced soft computing techniques 
to implement, a simple AI based MPPT algorithm with high 
tracking performance seems to be more feasible to implement 
in field. 

Tip-Speed Ratio (TSR) control is among the most popular 
MPPT techniques to determine the optimum value of system 
variables due to its ease of implementation and high tracking 

performance. However, [7] indicates that TSR control has 
higher response time and overall efficiency among very 
limited options under this category. To achieve the least 
steady-state response, several types of conventional 
controllers are already being analyzed in the literature. The 
utilization of PID controllers for MPPT action, especially 
under turbulent wind conditions is not feasible to provide 

satisfactory performance [8]. 

Fuzzy based MPPT techniques are preferable for such 

highly non-linear systems. Abdelmalek et. al. [9] has 
proposed the transformation of non-linear DFIG into 
equivalent Takagi-Sugeno (TS) fuzzy model. However, the 
advantage of Mamdani inference technique over the TS is 
unquestionable, which lies in its unique ability to use not only 
numerical but also linguistic data obtained from system 

knowledge and experience [10]. Recently, type-2 fuzzy logic 

[11] are becoming popular by replacing rotor current 
conventional controls. However, using of uncertainty 
probabilistic functions instead of crisp sets results in complex 
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control to implement. Adaptive neuro-fuzzy (ANFIS) control 
in [12], [13] are also in trend, however, besides of requiring a 
large volume of data like variation of rotor angular speed a, 
TSR values concerning variation in wind speed to train 
Artificial neural network (ANN), it also suffers from the 
bounded output limitation of fuzzy logic. Artificial Bee 
Colony (ABC) based MPPT [14] is one of the cutting-edge 
advancements in this sector, which is proven to an effective 
and most accurate, yet complex to realize. 

There are several AI-based optimization techniques 
applied for assigning gains of conventional controllers 
employed in MPPT, including PSO [15], [16], Greywolf [17] 
and Linearized Biogeography-Based Optimization (LBBO-
DE) [18] where the complexity of the approach and 
computational sensor requirement are among the key factors 
in deciding on the technique to be implemented. 

After a thorough analysis of the literature survey, before 
building the simulation, it was obvious that there is a 
requirement of modified TSR-based MPPT control, which 
while retaining its simple configuration, allows industries to 
retrofit modification to the existing control module to enhance 
MPPT performance. This article is based upon the Tip-Speed 
ratio (TSR) based MPPT algorithm in which the tip speed 
ratio (and hence the rotor angular speed for specific wind 
velocity) is controlled to its optimal value to ensure MPPT 
action. 

Non-linear PID (NPID) and Fuzzy supervised PID are 
upgraded configurations of conventional PID and fuzzy logic 
control employed in MPPT algorithm to adjust tip speed ratio 
to its optimum for an estimated value of wind velocity. The 
major contributions of the present work can be listed as 
follows: 

1. NPID and Fuzzy supervised PID controllers are 
proposed to enhance the performance of TSR MPPT action 
for a 2MW grid-connected DFIG based WECS. 

2. The conventional Rotor side control (RSC) method is 
modified using an improved SPWM controller with third 
harmonic injection for THD suppression and equation-based 
wind speed estimator to eliminate the disadvantage of 
anemometer requirement causing inaccurate response. 

3. A comparative analysis of MPPT methods is being 
carried out to verify the performance superiority of proposed 
controllers over other conventional methods like PID based 
MPPT methods. 

4. Optimal tuning gain parameters of proposed and 
extant MPPT methods using the TLBO (Teaching-Learning 
based optimization) technique. 

The research work under this article is being presented 
under the following headers: a comprehensive literature 
review in section 1, the mathematical modeling of WECS in 
section 2. Section 3,4 & 5 discusses the concept of the extant 
and proposed TSR MPPT methods. The tuning method of 
proposed and other MPPT methods is discussed in section 6. 
The obtained simulation results are investigated and discussed 
for the MPPT under the different wind profiles in Section 7. 
Finally, Section 8 discusses the conclusions drawn from the 
case study. 

II. SYSTEM DESCRIPTION 

A variable speed grid-connected DFIG based WECS with 
partial rated back-to-back converters topology (refer Fig. 1), 
can be divided into following interdependent subsystems: 

1. Wind turbine  
2. Electrical subsystem    
3. Transmission Network & Utility grid 

Each subsystem is now being discussed briefly within the 
scope of the case study for understanding the dynamic 
modeling and functionality of each subsystem. 

A. Wind Turbine 

A wind turbine is a mechanical device that utilizes wind 
flow to extract the kinetic energy and transfer it to the 
generator shaft in the form of mechanical energy. The 
Mechanical power captured by the wind machine is given by 

[19]: 

                              ( )3
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  =                       (1) 

where blade swept area A = πR2, R is the turbine blade length 
and performance coefficient Cp is given by: 
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Where intermediate constant λi is determined by: 
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and Tip speed ratio (TSR) as: 
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The pitch angle (β) for the understudy system is kept at zero 
as the proposed MPPT control is valid only between cut-in 
and cut-out wind speed, i.e. generator output power never 
goes beyond its rated value. 

B. Electrical Subsystem 

The electrical subsystem of a variable speed, grid-
connected DFIG based WECS consists of an airborne three-
phase DFIG, which is a doubly-excited generator with stator 
winding feeding active power directly to grid. The rotor 
winding of the generator is indirectly connected to the grid via 
a partial rated Rotor side converter, which is rated normally to 
30% of the wind turbine rating, making this configuration 
attractive for WECS designers from the cost point of view. 
The Rotor side control enables the regulation of active and 
reactive power flow by controlling rotor angular speed. The 
Grid side converter enables power quality management by 
synchronizing rotor power to the grid level at constant dc-link 

voltage and frequency [17]. A three-phase non-linear passive 
filter is generally used in the rotor circuit before feeding the 
power to the utility grid with further reduced harmonics. 
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Fig. 1. DFIG based grid-connected understudy system 

The dynamic model of DFIG in an arbitrary d-q reference 
frame voltage and current can be represented using equation 

(5)-(12) [20]: 

                        dsv ds
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      (8) 
Where rs, Ls, and rr, Lr are stator and rotor resistance and 
inductance values respectively. Flux linkages are given as: 

                              
ds s ds m drL i L i = +                              (9)      (9) 

                              qs s qs m qrL i L i = +                            (10)      (10) 

                              
dr r dr m dsL i L i = +                            (11)      (11) 

                              qr r qr m qsL i L i = +                             (12) 

 The expression electromagnetic torque of DFIG can be 
expressed as: 

                              ( )em ds qs qs dsT p i i=  −                   (13) 

 Irrespective of the mode of operation, stator winding 
active power remains unaffected. However, an MSC control 
enables the regulation of rotor active and reactive power flow 
through the generator by controlling rotor speed ωm. It is 
crucial to run the generator at super-synchronous speed mode, 
as in this case rotor active power is fed into the grid while 
reactive power is being supplied to the generator, resulting in 
better efficiency throughout the operation. For this purpose, an 
MPPT controller is used to generate reference rotor q-axis 
current, iq,ref, which is then used to control the rotor quadrature 
axis current using a tuned PI Controller. The reference three-
phase rotor voltage for PWM generator is determined by the 
decoupling equation derived from the DFIG dynamic model 
and are expressed as [20]: 
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*
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Where 
dr qru ,u  are the linear approximations of the direct 

and direct derivative terms in terms of rotor currents, p is the 

no. of pole pair, rotor angular speed, 
r s mp  = − , 

2

1 m

s r

L

L L
 = −  is the leakage coefficient, and s  is the 

reference stator flux. 
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Fig. 2. TSR based MPPT algorithm with estimated wind velocity 

      Though, the effect of the proposed work is negligible on 
the performance of the GSC model it is crucial to understand 
the significance of this control strategy and overall 
functioning of the understudy system. GSC is used to provide 
synchronism between GSC output terminal and the grid by 
controlling active power fed to the load with constant voltage 
and frequency, while simultaneously feeding excess power to 
the grid, which guarantees unity power factor throughout the 
operation. It consists of a DC-link Capacitor, a 3-phase fully 
scaled VSC, and a passive RL-based filter. For unity power 
factor operation, the d-axis grid voltage should be perfectly 
aligned along with the DC-link capacitor voltage, i.e. the q-
axis synchronized grid voltage must become zero. To 
minimize reactive power inflow to the machine, Qgrd is set to 
zero [21]. To satisfy both criteria, a cascade control is 
implemented with the outer loop controlling DC-link voltage 
to the reference setpoint of 1150V, whose control output is 
fed to the inner id current control loop.  

THD of the DFIG system terminal current depends upon 
the amplitude of the first harmonic component. Hence, 
appropriate transformation is required before feeding 
reference voltages to a 3-phase PWM pulse generator. The 
first harmonic component can be amplified by reducing the 
third harmonic component of the RSC output voltage without 
power quality loss. Hence, a reference signal is injected with 
the third harmonic component. It is a common practice to 
realize third harmonic injection along with conventional 
SPWM by following the expression [24]: 

                      
3

max( ) min( )

2

abc abcu u
V

+
= −

         (16) 

The generated power after being synchronized to the grid 
is finally fed to the utility grid after having its voltage stepped 
up from 690 V to 25 kV, which is the rated voltage at the grid 
bus, using a 3-phase Y-∆ transformer. 

III. MPPT CONTROL TECHNIQUES 

In a variable speed WECS, there exist exactly one 
optimum tip speed ratio (TSR), and hence a unique rotor 
speed ωm_opt, at which, maximum power can be generated. The 
MSC model is designed to regulate the rotor speed close to 
ωm_opt at a specific wind speed (as shown in Fig. 2). This 
optimization technique implemented in MSC control. 

One of the major drawbacks of this control algorithm is 
the physical need of an anemometer, which is generally placed 
at the back-end of the nacelle. This position is very far from 
the blades in a large-scale onshore wind energy system 
causing moderately inaccurate and sluggish wind velocity 
measurement. Hence, in this case study, the TSR based MPPT 
technique is being modified by using a wind speed estimator 
block. 

A. Wind speed estimation 

As a conventional anemometer is always placed at the 
head of the nacelle of wind turbine tower, the measurement of 
wind velocity, the intersecting blade is always moderately 
inaccurate. Besides, the presence of physical sensors makes 
the MPPT action sluggish. Hence, the physical sensor is being 
replaced by an estimator which requires the electrical 
quantities related to the generator. 

The electromagnetic power of the generator can be 
expressed as: 

                                e m lossesP P P= −                            (17) 

Where,        e sd sd sq sq rd rd rq rqP v i v i v i v i= + + +               (18) 

with losses 
losses js jr ir frP P P P P= + + + . Neglecting 

rotor iron loss 
irP , the total power loss can be computed as 

follows: 

Joule Loss:
2 2 2 2( ) ( )js jr s sd sq r rd rqP P R i i R i i+ = + + + (19) 

Friction losses:                    
2

fr mP D=                              (20) 

Using (16)-(19), we can obtain the estimated value 

of wind speed as [22]: 
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IV. EXTENT MPPT SCHEMES 

To analyze and verify the crucial role of the proposed 
controller employed in the proposed MPPT algorithm, a 
performance comparison is carried out using the conventional 
and improved version of the conventional controller. A brief 
discussion on both classes of controllers is provided in the 
following sections: 

A. PID Controller 

With the variation in wind speed, the MPP power reference 

for the WECS varies as well. A discrete-time PID controller 

with fixed gains regulates the instantaneous value of rotor 

mechanical speed to its reference value by processing the 

error between two, following the control output transfer 

function stated as [23]: 

                   
( )1

1

di s
PID p

s

k zk T
u ( z ) k e

z T z

− 
= + + 

− 
      (22) 

Where e is the error, along proportional gain kp, integral gain 

ki, and sampling time Ts for the used discrete PID controller. 

The controller gains are tuned using the optimization 

technique discussed in the later section. The sampling time 

for the model, in general, can be determined using switching 

frequency fsw, grid operating frequency fg, and relation: 
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Fig. 3. Fuzzy Supervised PID MPPT Controller 

   
(b) 

 
(c) 

Fig. 4. Membership function of (a) error in generator speed and output (b) change in error between optimum and actual rotor speed (c) rule base 

for the proposed fuzzy-supervised PID based MPPT controller 
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g sw

T
f f
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I. PROPOSED MPPT SCHEMES 

In this research paper, Non-linear PID (NPID) and fuzzy 

supervised PID (f-PID) based TSR-MPPT algorithms are 

proposed, where each controller deals with the limitations of 

extant PID based MPPT performance in a unique way. While 

NPID deals with poor MPPT action by considering the non-

linear nature of error before applying integral gain response, 

f-PID eliminates the impractical necessity of assuming 

constant TSR while designing discussed MPPT controller. 

The simulation analysis performed in the later section reveals 

that this method results in the convergence of operating point 

to MPP with higher accuracy and robustness for any non-

linear automation plant like WECS. 

 

A.  Non-Linear PID controller 

With large abrupt variation in the wind speed, the 

sluggish response of the proposed technique could be 

observed along with large overshoot around the variation 

instant. One of the main causes of such a response is due to 

the fixed integral gain of the conventional PID controller, 

causing large controller output when such large error change 

is experienced. The Non-linear PID (NPID) controller is 

designed with the main focus on adaptive Integral response, 

which is influenced by the magnitude of error change. The 

control output transfer function of the above PID controller is 

modified and uses in the given form: 

      
( )1

1

di s
NPID p

s

k zk T
u ( z ) k k( e ) e

z T z

− 
= + + 

− 
       (24) 

Where kp, ki are tuned proportional and integral gains 

respectively. k(e) is a non-linear error function represented as 

[24]: 

( )1

1

di s
NPID p

s

k zk T
u ( z ) k k( e ) e

z T z

− 
= + + 

− 
 (25) 

B.  Fuzzy Supervised PID controller 

The proposed fuzzy-supervised MPPT controller as 
shown in Fig. 3 uses an FLC-based algorithm with inputs: 

(1) error between optimal and actual generator speed (E)     
(2) rate of change of error (CE) 
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      The output of FLC is then fed to a PI and PD based 
controller (fuzzy PI + PD = fuzzy PID based controller) 
which results in the final output of reference torque (Te,ref). 
The Fuzzy membership values along with the rule base are 
shown in fig. 4. with linguistic variables: Negative large error 
(NLE), Negative small error NSE (NSE), Zero error (ZE), 
Positive small error (PSE), and Positive large error (PLE). 

II. TUNING OF MPPT CONTROLLERS

      TLBO is one of the latest, powerful, and suitable 
optimization techniques for tuning controller gains of a 
highly non-linear system like the Grid-connected WECS 
system. It is a modified GA-based optimization technique in 
which the best solution (teacher) is selected among the initial 
population and continuous evaluation of student skills (one 
generation solution) is being carried out (described in fig. 5). 
At the end of an iteration, if the mean of student skill (fitness 
value) is found to be greater than that of the teacher, it is 
replaced by the mean solution before beginning the second 
iteration [25]. 
TLBO updates its solution based on the difference between 
previous and current fitness value, formulated as: 

new,i old ,i i new F iX X r( M T M )= + −     (26) 

The learner cost will be affected only if the cost of other 
learners in the population is more than that of itself. This 
statement is formulated as: 

new,i old ,i i i j i j

new,i old ,i i j i i j

X X r ( X X ); f ( X ) f ( X )

or

X X r ( X X ); f ( X ) f ( X )

= + − 

= + − 

 (27), (28) 

The cost function for the simulation is based upon the 
weighted sum of the integral of squared error (ISE) and 
integral of time-weighted absolute error (ITAE), where the 
error is based upon the normalized reference and 
instantaneous WECS rotor angular speed. ISE decreases the 
settling time by eliminating minor errors around the reference 
value whereas ITAE minimizes the major errors caused by 
spontaneous and sudden irradiation level variation by 
regulating transient oscillations. The fitness function (FF) used 
to compute solution cost is formulated as: 

 
t t

2

1 2

0 0

FF c . e( t ) dt c . t. e( t ) dt
   

= +   
   
    (29) 

III. SIMULATION ANALYSIS

       The case study under this article is initiated by building 

an illustrative simulation of the discussed wind energy system 

consisting of developed MSC & GSC models, while using 

Wind turbine, three-phase, 2MW Asynchronous Machine, 

Transformer, Universal Converters, RLC load and grid from 

Start

Initialization of the population (a group of learners) 

Calculation of fitness values of each design variables

Select design variables and assign the termination criterion

Teacher phase

(a). Identification of  the best solution (teacher)
(b). Selection the modified solution based on the best solution

new,i old ,i i new F iX X r( M T M )= + −

(c). Replacement the Xnew,i from (b), if  Xnew,i is better than Xold,i

Is termination criteria satisfied?

Optimal solution

YES

Stop

Learner phase

(a). Selection of  any two solutions (Xi and Xj) randomly.
(b). Calculation of relative fitness values and then modify 

the solution.
i j

new,i old ,i i i j

new,i old ,i i j i

If f ( X ) f ( X )

X X r ( X X )

Else

X X r ( X X )



= + −

= + −

Fig. 5. TLBO flowchart 
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Fig. 6. TLBO Optimization curve with fitness value (FF) for each iteration 

Simpower Systems toolbox of MATLAB/Simulink R2017a. 

The specifications of the WECS have specified in Table I. 

The switching frequency for converters and other blocks is 

kept fixed at 4 kHz, which along with the grid frequency of 

50 Hz and relation (23), leads to the sampling time of 5µsec. 

The step-wise mathematical model for the wind speed under 

this profile is defined as: 

w

11m / sec 0 t 3 sec

8m / sec 3 t 6 sec

v 7m / sec 6 t 9 sec

9m / sec 9 t 12sec

11m / sec 12 t 15sec

 


 


=  
  


 

                                      (30)

  

TABLE I.  2MW GRID-CONNECTED DFIG WECS PARAMETERS 

Wind Turbine Parameters 

Parameters Abbreviation Value 

Rated Power Ptr 2.067MW 

Air Density ρ 1.225 kg/m3 

Radius of Swept Area R 41 

Rated wind speed vwr 11 m/sec 

Pitch angle β 0o 

DFIG Parameters 

Rated Power Pgr 2 MW 

Rated Stator Voltage Vs 690V 

Rated rotor speed ωgr 217.3 rad/sec 

Pole pairs p 2 

Output frequency f 50 Hz 

Stator & Rotor winding 

resistance 
rs, rr 2.6x10-3 Ω 

Mutual Inductance Lm 2.5x10-3 H 

 

       For a fair comparison, the parameters of each controller 

are optimally tuned by TLBO technique with c1 =0.6 and c2 

=0.4 (in (29)) with error defined between optimum and actual 

rotor speed in with step-wise wind profile for a fractional 

span 

TABLE II.  PERFORMANCE COMPARISON OF PROPOSED VS EXTANT 

CONTROLLERS 

Fitness function-based performance indices 

Controllers 

No. of iterations 

taken to 

converge 

Fitness 

function 

value 

PID 30 1.2488 

NPID 25 0.80383 

Fuzzy-supervised PID 

(f-PID) 
14 0.69347 

 

of 5.99 seconds out of the total simulation period of 15 

seconds with 50 iterations. The fitness function value 

variation for each controller is shown in fig. 6. The tuning 

bounds of PID and NPID controllers are identical and 

determined after a coarse tuning manually. Table II provides 

the results of TLBO optimization carried out for the case 

study. 

   If a performance index to compare the effective tracking 
response of extant and proposed controller is defined as: 

( ) 100
extant proposed

performance

extant

Fitness Value -Fitness Value
MPPT

Fitness Value
 =   (31) 

and with the PID controller referred to as the extant controller, 
it could be observed that the NPID controller outperforms PID 
by 35.632% whereas fuzzy-supervised PID outperforms PID 
by 44.469%. 
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 Fig. 7a shows the performance of the equation-based wind 
estimation block with respect to actual wind speed. Notice that 
the overshoot in the transition instant is due to the cubic root 
calculation, which will not affect the MPPT performance as 
the variation in rotor angular speed in such short transition 
will be negligible due to very high inertia of a 2MW based 
wind energy system. 

The tracking capabilities of the proposed and extant 
controllers can be measured and compared via DFIG 
mechanical power output with respect to its reference value as 
recorded using Fig. 7 and Table III. Please note that Error (err) 
is approximately measured once the power reached a steady-
state, as close as possible to its reference value (recorded as 
settling time Ts). Fig. 7(b) verifies the superior performance 
of the proposed f-PID controller around all instances in terms 
of steady-state error and/or settling time. It can be observed 
that during some instants (Fig. 7(b) – instance A), Besides 
providing poor MPPT performance, the extant PID controller 
is found to be unsuccessful in tracking the reference value till 
the transition relaxation period is completed. This 
shortcoming will majorly affect the operation in real-world 
installation, especially when sudden variation in wind speed is 
experienced. If table 3 is observed, especially during instances 
A & C, we can conclude with the fact that NPID has inferior 
performances as compared to that of f-PID as the Maximum 
power point (MPP) is achieved around 0.08-0.365 seconds 
faster in case of f-PID  

with the steady-state error difference in the range of 4-9 kW, 
in the favor of the proposed controller. 

       There are some instances in the case study (Instance B), 
where the NPID controller does achieve MPP faster, however, 
the steady-state error corresponding to NPID is over 670.4 kW 
greater than that recorded for the proposed fuzzy supervised 
PID controller. With careful consideration of the cumulative 
of such poor efficiency over the extended time period, it can 
be concluded that the proposed controller does provide 
superior MPPT performance than the extant controllers in 
such instances as well. 

TABLE III.  MPPT PERFORMANCE INDICES COMPARISON FOR 

EXTANT AND PROPOSED CONTROLLER 

Performance summary of MPPT controllers 

Controller 

Instance A Instance B Instance C 

err 

(MW) 

Ts 

(sec) 

err 

(MW) 

Ts 

(sec) 

err 

(MW) 

Ts 

(sec) 

PID 0.092 - 0.804 2.42 0.015 2.56 

NPID 0.01 2.44 0.693 1.33 0.007 2.39 

 f-PID 0.001 2.07 0.0226 1.46 0.003 2.31 

 

 

(a) 

 
 

(b) 
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(c) 

 
 

(d) 

Fig. 7. (a) Wind estimation block response and MPPT Performance of proposed (NPID and fuzzy supervised PID) in comparison to extant (PID) in terms of 
(b) Cp (c) Pm (d) ωm 

.       Fig. 8 shows FFT analysis of A-phase grid current 
generated by DFIG wind energy system at t = 4sec., i.e., just 1 
sec. after the first transient in the wind speed is introduced. 
With analysis being done over 5 cycles of the current 
waveform, it can be observed that the THD content of DFIG 
response when third harmonic injection is not applied, is 

greater than the condition where it is applied by 2.03%. The 
THD content associated with the third harmonic component is 
suppressed by 92.272%, with the modified SPWM generator 
and hence, it shows the effect of third harmonic injection into 
the conventional RSC module of the DFIG based wind energy 
system. 
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IV. CONCLUSION 

       A grid-connected DFIG based WECS is simulated to 

verify superior performance of proposed fuzzy-supervised 

MPPT controller over the conventional and/or extant PID and 

NPID-based methods. Along with the MPPT enhancements, 

few other modifications are made to further improve the 

conventional Rotor side control (RSC) response when sudden 

variation in wind speed is experienced. First, the conventional 

PWM generator in the RSC is replaced with the modified 

SPWM generator with third harmonic injection algorithm to 

suppress THD content in the terminal current of the wind 

energy system. Secondly, to reduce installation cost and 

avoid sluggish, inefficient MPPT action, due to inaccurate 

measurement of wind speed via mechanically operated 

anemometer sensor, an equation-based wind speed estimation 

block is implemented to predict variation in wind velocity via 

generator-based voltage and current signals.  

       In the proposed MPPT method, variation in rotor speed 

and rate of change of the speed are sensed to compute 

reference torque when wind velocity varies. This parameter is 

then transformed into the rotor quadrature axis reference 

current, which is then fed to the modified vector control-

based RSC module to regulate active power generated. 

Simulation with step-wise wind profile is carried out to 

access the performance of discussed controllers in a fixed 

operational duration. The gain parameters of the extant as 

well as the proposed controllers are tuned fairly using a GA-

based TLBO technique. Optimization results reveal that the f-

PID controller has superiority over extant PID and proposed 

NPID based controllers in terms of dynamic MPP tracking 

and steady-state error by 44.469% and 13.729% respectively. 

     The comparative analysis reveals that the fuzzy supervised 

PID (f-PID) controller outperforms extant controller at every 

instant of operation, with steady-state tracking efficiency 

measured in terms of time taken to reach maximum power 

point (MPP). As per the data summarized in Table III, the 

proposed fuzzy supervised PID achieves MPP 9.766-39.669 

% faster than the extant PID controller. 

       An FFT analysis of A-phase grid current generated by 

DFIG wind energy system reveals that the modified SPWM 

generator with third harmonic injection is successful in 

suppressing THD content of the generator power at the rate of  

2.03% greater than that of conventional PWM generator used 

in the DFIG based wind energy conversion system. 

 

                     
(a) 

                     
(b) 

Fig. 8. Simulink based FFT Analysis of phase-A grid current (a) Without and (b) With modified SPWM generator with third harmonic injection 
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