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 With enormous advancement in the area of power electronic technology, the direct 
driven wind powered generators acquires a huge interest for the wind turbine designers. 

This paper deals with the mitigation of power fluctuations in permanent magnet 

synchronous generator (PMSG) based variable speed wind turbine system (VSWTS) 
across the source and load by the converters through some innovative implementations 

and there by energy yielding also enhanced by appropriate firing of the active switch of 

the switched mode converter (SMC) by the peak power controllers. Turbine speed has 
to be adjusted in real time accordingly with the velocity of wind speed so as to maintain 

the tip speed ratio (TSR). Here in this approach an investigation is made to analyze the 
duty ratios of the boost chopper with the closed loop meticulous maximum power point 

tracking (MPPT) algorithm at the fluctuated base speed of wind so that reactive power 

stabilization is achieved. Modeling is done for each section of conversion which 
replicates the output. MATLAB/SIMULINK result shows the output pertaining to the 

above discussions.    
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INTRODUCTION 

 

 Unfortunately there is a dark side to the carefree 

lifestyle in preferring to the fossil fuels in today’s 

world. The mining, processing and consuming stages 

of these conventional energy resources propagates to 

the tons of non-degradable wastes and pollutions 

which maximize its contribution to the climatic 

change of the globe (Raju, A.B., et al., 2003). The 

prolonged exposure of our green environment to this 

inevitable resource will drastically harms us in near 

future. The world wind energy association, steering 

committees of various renewable energy resources 

has periodically publishing various research 

disseminations focusing to the importance of the non 

conventional resources of power in future. The 

gradual growth of the replenished energy is charted 

on the statistical report every year. The today’s 

contribution of renewable energy to the world’s 

electricity is 22% and wind energy accredited to the 

maximum among all which is surveyed that it will be 

18% of global power generated by 2050 as it is 2.6% 

today by International Energy Agency (IEA). The 

ever demanding field now pays its close attentions to 

the variable speed operation of wind turbine system 

which overcomes the coupling problems in gearing 

mechanisms of fixed speed generations and 

improvement in power production at all times. 

Although the induction machines are economically 

advantage it couldn’t run as generator until a public 

grid is connected with its rotor circuit. Else it 

requires a standalone system with capacitors to 

provide a magnetizing current for the rotor 

excitations. The remanence in rotor iron is absent and 

the practical applications for wind turbine face 

certain difficulties that can be overcome by 

synchronous alternators. Application of the 

permanent magnets in the rotor of alternator excludes 

the magnetizing current requires for its field 

excitations (Shuhui Li, et al., 2012). Further the 

reliability, power factor, efficiency of synchronous 

machines highly replaces asynchronous machines in 

the market (Bharanikumar, R., et al., 2013). As the 

wind power generations are most promising 

resources, the controllers are efficiently designed to 

utilize the maximum power from the wind which is 

always prone to swing every moment.  

 This paper is segmented as follows: Introduction 

and Theoretical analysis describes about the 

proposed VSWTS, Components of VSWTS, 
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Modeling and Analysis of various conversion stages 

of wind energy conversion systems. Control systems 

reveal about the current methodologies of power 

tracking and compares with the Meticulous MPPT 

algorithm. MATLAB implementations, Simulation 

results and discussions are the investigation stages 

which finally conclude the proposal with future 

enhancements. 

 

Components of the Conversion System: 

 The basic component requires for the efficient 

utilization (tracking) of wind power is shown in the 

Fig. 1. 

 

 
 

Fig. 1: A Schematic View of WECS. 

 

 The entire block is constructed with PMSG, 

switched mode AC-DC-DC converters and PWM 

inverters with meticulous peak power controllers. 

Since the output power of PMSG is fluctuating due 

to variable wind velocities, the variable AC is 

converted to variable DC using switched mode AC-

DC converters which consist of six uncontrolled 

semiconductor device. The converted DC is 

smoothened for constant voltage output in the second 

stage of conversion by the active switch controllers. 

Finally the PWM inverters are constructed with 

output LC filters for the sinusoidal voltage at load 

side converters end (Bhende, C.N., et al., 2011). 

Though the stages of power conversion seems to be 

conventional, the meticulous peak power controller 

incorporated for firing the active switch is designed 

newly to follow the algorithm which controls the 

loading of generator and there by turbine speed is 

adjusted to trap the huge power in time variance. The 

duty ratio δ, (
𝑇𝑜𝑛

T
) controls the active switch of the 

SMC for constant output voltage (Shirazi, M., 

Hooshmand Viki, A., and Babayi, O., 2009). 

 

Theoretical Analysis: 

Nomenclature: 

E = Kinetic energy (joules) 

ρ = Air density (Kg/m
3
) 

C p = Power coefficient 

D= Diameter of wind turbine blade (m) 

R = Radius of wind turbine blade (m) 

V = Wind velocity (m/s) 

P t = Power captured by turbine (watts) 

P w = Power in the wind (watts) 

A = Swept area (m
2
) 

m = Mass (kg) 

Ω = Turbine speed in (rad/sec) 

T t = Turbine torque (N-m) 

ωe =  Angular velocity of rotor in (rad/sec) 

Vdc= Average DC voltage (V) 

Vin= DC input voltage (V) 

Vo=DC output voltage (V) 

Vac=RMS output voltage of 3ϕ PWM Inverter (V) 

Idc = Average DC current (A) 

Rs = Stator Resistance (Ohm) 

λ = Tip Speed Ratio (TSR) 

β = Pitch angle in (rad/sec) 

J = Moment of inertia 

T g = Electromagnetic torque (N-m) 

f = Coefficient of viscous friction 

Vsd = d axis stator voltage (V) 

Vsq = q axis stator voltage (V)  

Isd = d axis stator current (A) 

Isq = q axis stator current (A) 

Ld = d axis stator inductance (H) 

Lq = q axis stator inductance (H) 

ϕm = flux linkage (Wb) 

T= Total time period (secs) 

Ton=Conduction time (secs) 

 

A. Wind Turbine Model: 

 Power captured from the wind is a function of 

speed of wind and swept area of blades. Initially 

kinetic energy (E) is converted to rotational energy 

and from that coupling of PMSG is made to deliver 

power. It is said by professor Betz, the maximum 

power coefficient i.e., conversion efficiency from 

wind to electrical power is limited to a theoretical 

maximum of 59% (Kendouli, F., et al., 2010; Bisoyi, 

S.K., et al., 2014). It is said that power coefficient is 

the function of both TSR and blade pitch angle (See 

Fig. 2). 

Power captured, Pt = 
1

2
 ρAV

3
Cp(λ, β)         (1) 

TSR, λ = 
𝐵𝑙𝑎𝑑𝑒  𝑇𝑖𝑝  𝑆𝑝𝑒𝑒𝑑

𝑊𝑖𝑛𝑑  𝑆𝑝𝑒𝑒𝑑
 =  

𝑅𝑃𝑀  𝑥  𝜋  𝑥  𝐷

60
         (2) 

Torque coefficient, Ct = 
Cp(λ) 

λ
          (3) 

 As Cp is a non-linear function and varies with 

TSR, λ and blade pitch angle, β. The TSR is given by 

(2). 

Turbine torque Tt(opt) = 
Pt 

Ωopt                (4) 
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Fig. 2: Power coefficient Vs Tip Speed Ratio. 

 

 Power coefficient is normally derived from  

C p = 
1

2
 (λ – 0.022β

2 
– 5.6) e

-0.17λ
          (5) 

  

Modeling Of PMSG: 

 PMSG does not require external excitation and it 

means it has no brushes and slip rings. The steady 

state PMSG model is shown in the Fig. 3 & 4 

(Slootweg, J.G., Polinder, H., and Kling, W.L., 

2003). 

 The dynamic equation of the stator voltages are 

given by d and q components of stator voltages are 

given by  

    

 
 

Fig. 3: Steady State PMSG Model - D axis. 

 

 
 

Fig. 4: Steady State PMSG Model - Q axis. 

 

V Sd = 𝑅𝑆 𝑖𝑑 +  𝐿𝑑  
𝑑𝑖𝑑

𝑑𝑡
− ωe 𝐿𝑞 𝑖𝑞            (6)  

V Sq = 𝑅𝑆 𝑖𝑞 + 𝐿𝑞
𝑑𝑖𝑞

𝑑𝑡
− ωe 𝐿𝑑 𝑖𝑑 +  𝜔𝑒  𝜑𝑚            (7) 

 Electromagnetic torque of the generator is 

expressed as  

𝑇𝑒 =  
3

2
𝑃   𝜑𝑚  𝑖𝑞 +    𝐿𝑑 −  𝐿𝑞  𝑖𝑞 𝑖𝑑                       (8) 

 

Modeling of Switched Mode Converter: 

 The uncontrolled switches are used for primary 

AC and DC Conversion , and an active switch (Boost 

Chopper) is used for controlling the fluctuated DC to 

fixed DC. 

 Average DC Voltage and Current of 3ϕ rectifier 

is given by 

Vdc =
3𝑉𝑚

𝜋
…          Vm = Maximum voltage      (9) 

Idc =
Vdc

𝑅𝐿
…            RL = Load Resistance     (10) 

 Output voltage of boost chopper is given by 

Vo =  
Vin

1−𝛿
=  𝑉𝑖𝑛  (

T

T−Ton
)       (11) 

δ – Duty ratio of chopper 

 

Modeling of Inverter: 

 Inversion is the final stage of conversion process 

where the constant DC is converted to 3ϕ sinusoidal 

AC with the help of LC filter circuits. 

 RMS output voltage of 3ϕ PWM Inverter is 

given by 

Vac =  𝑉𝑖𝑛  [  𝛿𝑚
2 𝑝𝑢𝑙
𝑚=1

1

𝜋
 ]1/2       (12) 

δ m – width of m
th

 pulse, P – Number of pulses. 

 

Control Systems: 

Earlier MPPT techniques: 

 After the evolution of VSWTS, many MPPT 

techniques attracts the turbine designers towards 
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more energy capturing and so many literatures have 

been surveyed till date and comparison is still under 

practice in overcoming the drawbacks of each 

techniques. Hill climbing search (HCS) methods of 

MPPT has been followed in some cases. In VSWTS 

there is a peak power for every turbine speed by 

incorporating search- remember-reuse (SRR) 

algorithm the output power of the generator is 

compared with the power of previous step at every 

intervals of time. If the power instant is greater than 

the previous power, the duty ratios of the active 

switch is adjusted such that the instant power is 

increased to drive the operating point more towards 

the peak power. But if it reciprocates, the ratios are 

reversed to follow the optimum curve. The main 

advantage of this technique is that it does not require 

prior knowledge of wind speeds also it is 

independent of turbine characteristics. But due to 

inertia in case of WECS, HCS does not hold its 

effectiveness for abruptly changing wind conditions 

(Muhammad Raza, K.S., et. al., 2011). Another 

commercially proven technique is TSR method. The 

TSR for the given wind turbine is maintained to be a 

constant value in order to trap maximum power. It is 

the ratio given in (2) and hence for each wind speed a 

proportionally turbine blade tip speed has to be 

adjusted to keep TSR value constant (Agarwal, V., et 

al., 2010; Amei, K., et al., 2002). Because of the non 

negligible inertia of as seen in HCS the generator 

speed changes bit lazy as compared with change in 

wind speed and hence the reliability fails in that case. 

But fastest control action of TSR due to the presence 

of wind speed emulator, the control reference can be 

achieved at fast. Same reason makes the system cost 

and complex. The prediction based measurement of 

wind velocity also cannot holds to its accuracy in 

measurements because of their change in air density, 

aging factors and subsystem of the converters etc. 

The next prominent technology is power signal 

feedback (PSF) which requires the prior knowledge 

of wind speeds. The algorithm compares the 

maximum power for a particular wind speed. From 

the reference power of the lookup table at particular 

wind speed the instant power is compared. The error 

signal from the comparison drives the control 

algorithm of the boost chopper to get the required 

output (Wang, Q., and Chang, L.C., 2004; Datta, R., 

and Ranganathan, V.T., 2003).  This system also has 

the difficulty in obtaining the maximum power from 

the VSWTS. 

 

A. Meticulous MPPT algorithm: 

 Generally the kinetic energy of the wind is 

converted to rotational energy and from the 

electricity is produced from generator by coupling 

with wind turbine. Since the output of wind turbine is 

a function of wind speed and rotor speed, power 

coefficient of the turbine is also characterized with 

the nature of wind. As the speed of the wind is 

uncontrollable by nature, the shaft speed has to be 

adjusted for optimum utility of power. The algorithm 

has to meet a meticulous point at which change in 

power is highly proportional to the change in wind 

speed and turbine speed.   

If 
∆𝑃

∆𝑉
 = 0                                      (13) 

And 
∆𝜔

∆𝑉
 = 0                                       (14) 

 Then from the above expressions  
(13)

(14)
 is 

formulated as 
∆𝑃

∆𝜔
 = 0                         (15) 

 From the formulation (15), it comes to clear that 

adaptive sensor less SRR algorithm without any 

knowledge of the aerodynamics of the WTS, 

searches for the maximum power by adjusting the 

operating point and observes the corresponding 

change in the output. The algorithm first searches for 

the peak power of the generator and remember it for 

the comparison with instant power and then reuse it, 

for the error detection, by driving the optimum curve. 

The end process of the meticulous closed loop 

algorithm is compromised at 
𝐶ℎ𝑎𝑛𝑔𝑒  𝑖𝑛  𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟  𝑃𝑜𝑤𝑒𝑟

𝐶ℎ𝑎𝑛𝑔𝑒  𝑖𝑛  𝑇𝑢𝑟𝑏𝑖𝑛𝑒  𝑆𝑝𝑒𝑒𝑑
   = zero 

 The reference speed for varying wind speed or 

reference power for variable turbine speed is 

tabulated. As the mechanism is sensor less the output 

voltage of the PMSG is measured for its zero 

crossing and thereby time taken for a single cycle is 

measured from that frequency is determined from the 

knowledge of total number of pole pairs of the 

generator. Finally the speed of the generator can be 

determined from the obtained frequency.

 

 
 

Fig. 5: Generator Power Vs Turbine Speed. 
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 A lookup table is generated for the power 

against turbine speed. Now the obtained power to 

turbine speed ratios are traced to achieve 
∆P

∆ω
 = 0, 

which is the optimum condition for meticulous peak 

power tracing. From the Fig. 5, hunting of peak 

power begins at point A, in correspondence with 

variable rotor speed. If the ratio is observed as 

positive, the rotor speed has to be enhanced to reach 

optimum curve to meet at point B, since change of 

rotor speed with respect to turbine speed is low due 

to inertia. If the observation holds negative value, the 

actual rotor speed exceeds the optimum mark C, to D 

and is further reduced to follow the curve to be 

optimum at point C where the required condition 
∆P

∆ω
 

= 0 meets. The operating point has to be adjusted to 

the minute eventually to make the algorithm settles at 

meticulous peak power point. The flowchart showed 

in Fig. 6 Proceeds to the actual protocol of the 

meticulous MPPT algorithm in obtaining the reactive 

power compensation at the end of the SMC is 

follows; First step is to get the amplitude values of 

all the phases of PMSG voltage. Next, Zero crossing 

is calculated to determine the frequency, from that 

speed of the machine is determined. Adaptive HCS is 

applied here to compare the power and calculated 

speed, (use lookup table). Check for the required 

condition i.e.,   
∆𝑃

∆𝜔
 = 0. Thus meticulous MPPT 

algorithm maintains the boost factor as such, to fire 

the active switch of the switched mode converter.  

 

MATLAB Implementation: 

 Wind energy conversion system along with the 

meticulous peak power trackers are finally accredited 

by MATLAB simulations. As the model of turbine 

and PMSG are discussed in the previous chapters, the 

Simulink model of the wind turbine PMSG is given 

in the Fig. 7 for which the source of input be the 

uncontrolled wind energy. Modeled controller 

section of boost chopper circuit (See Fig. 8) is 

enabled for reactive power controlling, (Meticulous 

MPPT section). 

 

 Which senses for the meticulous algorithm 

which finally fires the active switch for reactive 

power controlling.  

 

 

  

  

 
 

Fig. 6: Flowchart Showing Control Process of Meticulous MPPT Algorithm. 

 

RESULTS AND DISCUSSIONS 

 

 From the observations of the proposed control 

systems showed from the Fig. 9 to 17 the frequency 

response takes 0.05 seconds to 0.1 second to settle 

down. The non linearity in the steady state can be 

adjusted by the control parameters of the closed loop 

system.  

 The rotor speed is abruptly changing with 

respect to the wind speed as shown in the Fig. 9 and 
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10 in order to keep TSR constant to enhance real 

power from the wind turbine system. Output voltage 

and current of direct driven PMSG shown in Fig. 11 

and 12 also varies in accordance with above said. So 

the switched mode converter along with the 

meticulous power tracker controller controls the 

output voltage from the rectifier shown in Fig. 13 in 

terms of amplitude to make the voltage profile a 

fixed value shown in the Fig. 15. 

 

 Finally Fig. 16 and 17 shows the output voltage 

and current values across the load side inverter. Fig 

18 shows the change of duty ratio of choppers with 

respect to various wind velocities. 

 

Conclusions: 

 The analysis of the variable speed wind turbine 

driven PMSG is modeled using 

MATLAB/SIMULINK tool. At the uncontrolled 

variable wind velocities, control action of the closed 

loop system following the meticulous peak power 

tracking algorithm enhances the adaptive HCS to 

extract maximum power. Failure in the response of 

turbine with respect to wind speed due to inertia is 

much compensated in this task. Simulation results 

shows the proportionate variations of the PMSG 

voltage, Rectifier voltage corresponding to the 

uncontrolled input source which stabilizes itself at 

the end of boost chopper, which delivers a constant 

voltage output. Thus reactive power stability is 

achieved, which is the optimum value when 

comparing with the conventional system.  Finally a 

sinusoidal voltage and current output is obtained 

from the inverter with constant 50Hz frequency. So 

many new advancements and era in the area of wind 

energy systems makes this renewable power towards 

global acceptance. This innovative paper will 

certainly make a definite progress in achieving the 

today’s requirement for the renewable world. 

 

 
 

Fig. 7: Turbine controller of PMSG wind energy system. 

 

 
 

Fig. 8: Controller section of Boost chopper circuit. 

 

 
 

Fig. 9 Simulation of step change in wind speed from 12 m/sec to 15 m/sec. 

 

 
 

Fig. 10: Simulation of step change in wind speed from 12 m/sec to 15 m/sec. System rotor speed. 
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Fig. 11: Output voltage of direct driven PMSG. 

 

 
 

Fig. 12: Output current of direct driven PMSG. 

 

 

 

Fig. 13: Response voltage across AC-DC converter end. 

 

 
 

Fig. 14: PMSG output power. 
 

 
 

Fig. 15: Response voltage of switched mode DC-DC   converter by appropriate firing of active switch. 

 

 
 

Fig. 16: Stabilized Output voltage across the load side converter 

 

 
  

Fig. 17: Output current across the load side converter. 

 

 
 

Fig. 18: Wind Velocity (m/s) Vs Duty Ratio (PU). 
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APPENDIX: 

Parameters of turbine system: 
Wind Turbine 

Air Density 1.23 Kg/m3 

Swept Area 1.350 m2 

Radius of Blade 0.65 m 

Blade efficiency 0.35 to 0.40 

Lift coefficient 0.80 

Base speed of wind 12 m/s 

Power Coefficient Function of λ, β 

 

Parameters of generator system: 
Permanent magnet Synchronous Generator 

Number of Phases 3 

Back EMF Sinusoidal 

Stator resistance per phase 2.8750 Ohm 

Stator Inductance 0.000835 H 

Flux linkage 0.206 

Pole pairs 4 

Rated Torque 1.2405 Nm 
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