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Abstract: Energy from wind is turning out to be a very
promising alternative source technology in present and future
power sector as it is environment-friendly and long-lasting with
technological enhancements. Moreover, it occupies|ess space and
has relative cost competitiveness. In the utility grid, the
penetration of wind energy systems is expanding as the research
progresses to capture greatest available wind power and operate
the wind turbine (WT) with maximum possible aerodynamic
efficiency. For thisto accomplish a tracking controller isrequired
to extract greatest wind power at all instants in the wide range of
wind speeds. This paper presents a simple control technique for
optimal power extraction from cut-in to rated wind speed range by
sensing the dc-link power. It also embraces mathematical
modeling of wind energy conversion system. The proposed
algorithm shows excellent tracking capability under fluctuating
wind conditions as revealed by power speed characteristic
obtained in a wind energy system. The effectiveness of proposed
strategy is verified by Matlab simulation.

Keywords: Wind aerodynamics, Maximum Power Point
Tracking, Permanent Magnet Synchronous Generator

I. INTRODUCTION

Wind energy is one of the most favorable sources of

sustainable energy due to its minimal environmental effect
and abundant availability. Wind power technology has
developed rapidly in recent years and so, it is considered as
the most promising alternative source of energy. Wind power
farms are accelerating at an exponential rate and is expected
to devote 20% of global energy by 2030 [1]-[2]. However,
due to the unpredictable and unstable nature of wind with
highly stochastic and rapid time varying pattern, it confronts
challenge for extracting maximum power at each and every
instant of wind speed variations. So, an effective maximum
power extraction strategy is called for satisfying the needs of
optimal power capture and improved system aerodynamic
efficiency. The various configuration of wind energy
conversion system comprises of fixed speed or variable speed
wind turbine (VSWT) driven directly or indirectly with
synchronous or asynchronous generator [3]-[4]. Among
these, variable speed wind turbine coupled with direct-driven
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permanent magnet synchronous generator (PMSG) is the
most suited configuration. This is because VSWT furnish
high energy conversion efficiency with improved power
quality and reduced mechanical stresses. The system
complexity and additiona cost and losses due to
power-electronic converters are the drawbacks of VSWT.
These hurdles are counterbalanced by the usage of direct
driven PMSG that incorporates gearbox exclusion, low
speed-high torque output, eradication of ancillary excitation
system or cooling system, low maintenance and operating
cost, design flexibility and stable performance with
power-electronic. converters/ inverters [5]. Hence, this
configuration is becoming more popular for large scale and
off-shore wind applications. With the rising exploration of
wind energy systems in utility grid, it becomes necessary to
efficiently capture maximum output power from wind turbine
a al instants in wide range of wind speeds. This can be
accomplished by incorporating a tracking strategy for power
maximization that regulates rotor speed as per MPP for
different wind speeds [6]-[10]. Enormous research and
development work is carried with Traditional and advanced
MPPT methodologies for achieving excellent tracking under
wind speed variations. Among the various techniques
discussed so far in literature includes measurement of wind
speed by anemometer as in Tip-speed ratio (TSR) or store
optimal speed-power values for different speeds in look-up
table asin Optimal Torque Control (OTC) and Power Signal
Feedback (PSF). These techniqgues were based on
measurement of mechanical parameters like wind speed or
wind turbine parameters [11-[14]. Such strategies revealed
negative performance due to aging and environmental impact
which made research towards advanced techniques.
Advanced techniques [15]-[18] get differentiated from
traditional techniques by measurement of electrical
parameters like voltage, current or power that are both easy,
accurate and cost-effective to measure. Moreover, they do not
need mathematical modeling of the physical system and are
not affected by system parameter variations. The need of
mechanical sensorsisalso not required for them. The various
MPPT techniques included in this category are Hill Climb
Search (HCYS), Incremental Conductance (INC), Optimum
Relation Based (ORB), Soft computing techniques such as
Fuzzy logic control (FLC), Artificial Neural Network (ANN),
Adaptive Neuro Fuzzy Inference System (ANFIS) and
Metaheuristic optimization techniques such as Democratic
Joint Operations Algorithm (DJOA), Particle Swarm
Optimisation (PSO), Whale Optimisation Algorithm (WOA),
Grey  Wolf  Optimisation
(GWO).
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Modeling & Performance Scrutiny of Maximum Power Extraction Strategy in PM SG based Wind Energy
Transformation System

This paper proposes a maximum power extraction strategy
based on Hill Climb Search and Optimal Torque strategy for
PMSG based WECS by controlling the dc link power output
at the rectifier terminals.

It makes use of single IGBT based active semiconductor
switch to regulate generator torque for maximum power
extraction.

It is a cheap and less complex technique for wind energy
systems.  This research paper is presented as follows.
Section |1 includes the modeling of wind energy conversion
system, Section |11 presents the concept of MPPT with power
speed characteristic plot, Section 1V gives the representation
and analysis of maximum power extraction strategy with
matlab Simulink model and section V concludes the article.

[I. MODELING OF WECS

Wind aerodynamic system incorporates a wind turbine
linked to electrical generator through the shaft of turbine. The
electricd  output is regulated and controlled by
power-electronic  interface including rectifier, boost
converter, inverter and then integrated with utility grid
[19]-[20].

A. Wind turbine model

Wind turbines convert the available wind power into
mechanical power (Pm) asgiven by eg. (1)

B, =0.5pC, (1.8 Av® (1)
Cx(A §) =0.73 (1‘1—5;1— 0.58f8 — 0.0025%4 - 13.2:..;? )
1 1 0.03

A 110028 14p° )
A= @
Prax = 3P4 G20 Coope (5)

Where £ is power coefficient which is a function of pitch
angle f and TSR 4, R is the blade radius in meters and A is
the blade swept areain m?, v isthewind velocity inmvs, g is
the air density in Kg/m®, e, is the rotor speed in rad/s. The
optimum parameters for maximum power Bz, are 1.,
andCp,,,. Ceaseless working of wind turbine guarantees to
achieve optimal power at any wind speed as explained by
non-linear power-speed characteristic of wind turbine in
section 111.

B. PM SG model

PMSG transforms mechanical energy obtained from
wind turbine into electrical energy. The model of Permanent
Magnet Synchronous Machine (PMSM) is established in d-q
reference frame [18]-[19] with the voltage and torque
equations expressed as

. : d 1.8 —Lgi
b::) = _R (l_::) __(»:l_::) 0 ( Lglsg J
(l’:; 2 leg de wLgleg + £ Ldl:;¢+l,;'a'__r (6)

Te = p[(La — Lg)isdlsq + Isqifrs | (7)

where vy, vy, i, iy are the generator termina d-q
voltages and d-q currents, Lz and L are the d-q inductances,
A is the resistance, i is the permanent magnet flux that

links the stator windings and Te s the el ectromagnetic torque
inNm. The dynamics of shaft system for
direct-drive train of PMSG variable speed wind turbine is
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modeled as:

d
I?‘+Dmm=Tm_Te (8)

Where j isthe generator inertia, D is the coefficient of rotor
damping, Ty, is the mechanical torque developed by wind
turbine, ey, and . are the mechanical and electrical speeds
related by number of poles, P as
e = = iy €)
C. Diode Bridge Rectifier

The function of diode bridge rectifier at the output
terminals of PMSG is to convert three phase AC voltage into
DC voltage. The average output voltage of the rectifier is

given by

W pn

Vavg = (20)

Where Vph is the peak value of the phase voltage of the
PMSG.

D. Boost Converter

The rectified DC voltage is converted into DC of desired
magnitude with the help of boost converter that consists of
inductor, IGBT switch, diode and capacitor asshowninFig.1.
It works in continuous conduction mode with the design
expressions as given:

FrT)m J K To
o S -
rectifier —1— Inverter

Fig. 1.Boost Converter Circuit [20]
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N
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The average output voltage of converter (Vpc) is

-

b =g (11)
_ KVpmeg

L= T (12)

€= i (13)

Where 4! the peak to peak rippleiscurrent of inductor, 4V is
the peak to peak ripple voltage of capacitor, k isthe duty ratio
of the switch Sand f; is the switching frequency.

1. MAXIMUM POWER POINT TRACKING

Wind energy conversion system employ maximum
power extraction strategy for sustainable power output. The
power output from wind turbine has four operating zones
when plotted with wind velocity as shown in fig.2. The power
obtained in zones 1 and 4 isnot reliable asthe wind istoo low
in first zone and too high in last zone that can cause damage
the wind turbine. Zone 2 is the optimal zone for maximum
power extraction in wind energy
systems. The power output is
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limited in zone 3 by pitch angle control for safety of turbine. Table- 11: Power Output for rotor speed variation (25
Fird Power rpm to 500r pm) for wind speed at 12 m/s
MNo 1 FPoeoer 1 FPoroer 1 rotation
Friv }_DDEUE?_ L@jf'?fzfinfﬂ_ - } Limieation I_I‘_Ilj_liﬂfi)e_?'- al angular (wind pitch tip-
1 : 2 : 4 speed, [speed, |velocity, |angle, |speed perf.coe
I I rev/min |rad/s m/s deg ratio fficient |power, W
: : n Wr Vi B A Ai Cp pl2
[ [ 25 2.6 12 1] 0.55 0.55 0.00 0
! ' 50 5.2 12 of 10s] 113] om0 0
1 P Wend 75 79 12 0 1.64 172 0.00 25
Tzt i 7 Tzt -0t Speed 100 105 12 ] 218 2.33 0.01 288
125 13.1 12 0 273 297 0.06 1141
H H H H 150 15.7 12 0 3.27 3.63 0.13 2651
Fig. 2.0perating Zones of Wind Turbine Power -Speed T BT ) B ey prvrs
Curve [8] 200 209 12 o] 436 5.02 0.32 6423
225 23.6 12 0 451 5.76 0.39 7923
. H H H H 250 26.2 12 0 5.45 6.52 0.43 BBO5
The aim of maxi mum power point trgck| ng cqntroller is to BT P e R e
trace the curve obtained by connecting maximum power 00 314 12 of 655 8ia] o4 8288
. . . .. . . 325 34.0 12 0 7.09 9.01 0.34 6870
pointsat different wind speeds. Thisis achieved by regulating ol 367 B o Te  eeil 02 e
rotor speed to optimal speed under wind speed variations 5| 393 12 ol 818 1084 0.0 1578
i X . 400 419 12 0 873 1182 -0.07 -1339
[21]-[23]. The expression for optimum rotor speed isgiven by a25]  2as 1 o e27| 1285] 035 127
Aapr“ 450 47.1 12 0 9.82 13.92 -0.46 -9309
ﬁ-;.'lm ont = - (14) 475 487 12 0 10.36 15.04 -0.68 -13813
- H 500 52.4 12 0 1091 16.22 -0.91 -18576

This resultsin maximum power expression as: Table- I11: Power Output for rotor speed variation (25

— ToprRa 3 _ 2 .
P ope = 0.3, 405 ( Topt 17 = Kope (wm_ope ) (15) rpm to 500r pm) for wind speed at 14 m/s
Where r= 2.5 blade radius, m
- po= 1.2 air density, kg/m3
o
Kﬁ-pt = U'Sa’qfﬁl_npr{l :]E (16) rotation
spr al angular |wind pitch tip-
. speed, |speed, |velocity, |angle, |[speed perf.coe
And maximum tOI’que as. rev/min |rad/s m/s deg ratio fficient |power, W
n wr Wwe B A Al Cp
— 2 25 2.6 14 5.3 0.47 0.57 0.00 0|
rm_ﬁ'.”f - Hﬁ'?’f{mm-ﬁ'?—'f] A7) 50 52 14 5.3 0.94 104 0.00 0
. A A 75 79 14 5.3 1.40 151 0.00 10|
With these expressions, power speed curve is plotted for 0| 105 13 53 187 198 om0 127
H H H H H 125 13.1 14 5.3 2.34 2.44 0.02 569
different speeds and optimal active power curve is achieved T T} T I By B T
[24]-[27]. The concept of maximum power point tracking is 175|183 18 53 327 338 o009 2828
H H H H 200 20.9 14 5.3 3.74 3.85 0.14 4406
expl_amed by finding out power at d|ffe_rent rot_or speeds T = S el s —on:
(varied from 25 rpm to 500 rpm) for a particular wind speed. 250] 262 18 53] 268 a7s] 023 7355
H H H H 275 28.8 14 5.3 5.14 5.25 0.26 8361
It is observed that_maX|mum power at any wind speed is e = ) RS R BT v
obtained at a particular rotor speed. Table | shows the 325] 340 18 53] 608|619 o028 5949
H 350 36.7 14 5.3 6.55 6.66 0.26 8474
maximum power output of 1101W at 125 rpm rotor speed e = o I 7.2 R X T B e T 2o
when the wind speed was taken as 6m/s. In the same way, a00] 219 18 53] 728  7e0| o019 6055
: 4 : H : 425 445 14 5.3 7495 8.07 0.13 4185
maximum power at speC|f_|c rotor speed is determined in w3 = Tl sl s oo oa
Table Il and Table I1l at wind speeds of 12 m/s and 14 m/s. 475 49.7 14 5.3 8.88 go0] -0.02 -658|
500 52.4 14 5.3 9.35 5.47 -0.11 -3533'

Pitch angle is changed in Table 11 to keep the wind turbine
working at rated speed (275 rpm) and rated power (8500 W)
for given study All other outputs are summarized in Table IV. 10000
Table- I: Power Output for rotor speed variation (25 rpm

WIND POWER v/s ROTOR SPEED CHARACTERISTICS

. 8000
to 500r pm) for wind speed at 6 m/s
- —
5 6000 14m/s
rotation 3 _12m/5
al angular |wind pitch tip- (=]
speed, |speed, |velocity, |angle, |[speed perf.coe 2. 4000 _1Dm,‘3
rew/min |rad/s m/s deg ratio fficient |power, W -
n wr W B A Ai Cp P& c —3m/5
25 26 6 0 109 113 0.00 0 =
50 5.2 3 0 2.18 2.33 0.01 36 3 2000 —6m/s
75 79 & 0 3.27 3.63 0.13 331
100 105 6 0 436 5.02 0.32 803
125 13.1 3 0 5.45 6.52 0.43 1101 0
150 157 & 0 6.55 8.14 0.41 1036
175 183 6 0 764 9.91 023 593 0 100 200 300 400 500
200 209 3 ) 873 11.82 0.07 167 -2000
225 236 6 0 982 1392 -0.46 1164 Rotor speed
250 26.2 6 0 1091 16.22 -0.91 -2322
275 288 3 0 12 .00 18.75 141 -3583
300 314 6 0 13.08 2156 -193 -4901 .
325 340 3 o 1a18] 2ae8] -2as -6243 F|g. 3_Power-speed curve
350 36.7 3 0 1527 28.19 298 -7585
375 39.3 6 0 16.36 3214 -3.50 -8910
400 41.9 6 0 17.45 36.64 -4.01 -10207
425 aas 3 0 18.54 41.80 451 11468
450 a7 6 0 19 64 4778 -2.93 12690
475 43.7 6 0 20.73 54.80 -5.45 -13863
500 524 3 0 21.82 63.15 -5.90 15004
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Vw[m/s) [wWrirad/s|nirpm) |B (deg)|power{w) | | |
[ 15.7 125 1] 1101
7 15.7 150 1] 1771
£ 202 15 il 2658 MPPT control of WT
9 209 200 1] 3789
10 209 225 1] 5154
11 26.2 250 1] 6902
12 28.8 275 1] 8840| Rated speed & Rated power of WT
13 34 325 3 8974
14 34 325| 53 8949
=) = 325 71 8578 Pitch angle control for WT
16 34 325 BY BE94
17 34 325 10 8931
1B 34 325( 112 BBEG
Table- IV: Summary of Power Output at different

wind speeds

V. SIMULINK MODEL AND ANALYSIS

The model of PM SG based wind energy conversion system
is prepared using Simpowersytem Toolbox of Matlab
Simulink software as shown in Fig.4. The maximum power
extraction strategy is represented in Fig.5. The wind turbine
and PMSG parameters are shown in Table V. The sampling
time used for simulation is 50us. Fig.6 shows the step
variations of wind speed at different instants. It is observed
from the power-speed characteristic obtained in Fig.7 that the
maximum power extraction strategy efficiently tracks the
maximum power with wind speed variations. So, the proposed
strategy can be used to extract maximum power from variable
speed wind turbine under fluctuating wind conditions.

Fig. 4 WECS Simulink moéél

[P&|windturbine ¥ [Pa|MPPT ¥

1) P wm Tref P Tref

wm W Id_ref Iref
Ref Torque vd g )

Ref current

current controller

Unit Delay

Fig. 5.M PPT mode

Table- V: Wind Turbine and PM SG values

Parameters [ Values
Wind Turbine Parameters
Base wind speed 12m/s
Wind Turbine 8.5 KW
L oad Power 10Kw
PM SG Parameters
Stator resistance (Rs) 0.4250hms
Inductance (Ld, Lq) 0.0082 H
Hux linkage 0.433V.s
Voltage constant 392.684 v peak L—L
Torgue Constant 3.2475 N-m
Inertia Constant 0.01197 kg.m"2
Friction factor 0.001189N.m.s
Poles 5
Filter Parameters
R 1lohm
L 0.1mH
C 100uF
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power tracking

V.CONCLUSION

A maximum power extraction strategy for PM SG based
wind energy conversion systemis presented and simulated for
variable wind speed profile. The proposed strategy have
achieved the objective of extracting maximum power from
any wind speed without prior knowledge of wind speed or
rotor speed. Wind turbine aerodynamic attributes are also not
required for this strategy to progress.

The system behaves efficiently under rapid variations of
wind conditions as revealed by the power-speed characteristic
obtained in Matlab Simulink model. Future application may
include innovation of some system technology to generate
more power at low wind speeds, use of multi-phase PM SG for
effective fault tolerant capability and proper grid connection
of PMSG based WECS.
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