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Abstract

This article presents a method for harmonic mitggaaind maximum power point tracking for a variabpeeed
grid-connected wind turbine. The wind energy cosian system consists of a permanent magnet synchgso
generator driven by variable-speed wind turbines dhtput of the permanent magnet synchronous genesa
connected to a single-switch three-phase boogfieedb generate DC voltage, which feeds a curcmitrolled
inverter to interface the system with the electtitity. The single-switch three-phase boost réetifs an active
power factor correction technique to maintain tever factor at the permanent magnet synchronousrgen
side to nearly unity and mitigate the permanentmatag

synchronous generator current harmonics. To méigagerter output current and voltage harmonics|-@h
filter has been used. Acomplete analysis of thenbaic content has been done everywhere in theraySiae
results show that the proposed maximum power gracking control strategy succeeded to track thgimmam
wind power irrespective of the wind speed. Thiststgy in presence of an LCL filter achieved harrooni
mitigation at the permanent magnet synchronousrgésreand inverter output sides.

Keywords. variable-speed wind turbine ; permanent magnethspmous generator ; maximum power point
tracking ; harmonic mitigation ; active power filte

1. Introduction

Due to increased environmental concerns, electpioaler generation from renewable energy souragsh(as
wind) is increasing. A wind energy conversion sgst@VECS) is suitable for either grid integration as a
stand-alone system used for the electrificatiomenfiote areas [1]. The rotating speed of the winbie is
usually slow. Therefore,wind turbine drives an iction generator through a gearbox at a speed arthand
synchronous speed for normal operation and goddieafty [2]. However, the gearbox adds to the weigh
generates noise, demands regular maintenance hargases losses.The maintenance of the gearboragieme
system may be difficult, because the nacelle ¢atled at the top of the tower. Furthermore, theag aiso be
problems with materials,lubrication, and bearinglseA low-speed permanent magnet synchronous gemer
(PMSG) can be connected directly to the wind twbiwhich results in a simple mechanical system. yWan
disadvantages can also be avoided in a gearless twibine generator. The noise caused mainly bhjgh
rotational speed can be reduced. Also, high oveféitiency and reliability, reduced weight, andnitiished
need for maintenance are achieved. In the varigded operation, there is a reduction of the duigén,
reduction in mechanical stresses, and increasedyermpture [2, 3]. Using a variable-speed WECS®, th
maximum power from the turbine is achieved whee rthtor speed follows the variation of wind speedrder

to maintain the maximum aerodynamic efficiency ta# turbine.During recent years, many different mmaxn
power point tracking (MPPT)control strategies hdnez=n developed [4-13]. A review of recent publmadi
shows that there is very little agreement on the gaprojected energy [14]. In [4], the MPPT caitstrategy is
based on the signal available from an anemometier@ontrol strategies use mechanical sensorsetsune
the rotor speed [5-10]. The disadvantage of usingrmometer is the inaccuracy of the MPPT costrategy
being based on the anemometer accuracy. The tispomee of the anemometer is also large compardteto
electrical systems response. Also, the use of nmchlasensors to measure the rotor speed has the sa
disadvantages. Others [11, 12] used sensorless MieRfrol,but the control algorithm is complicateall
previous reports [4—12] studied MPPT without payatigntion to the harmonic contents in the WECS18j, a
three-phase uncontrolled rectifier was used foveasion from AC to DC, and the MPPT algorithm wagplaed

for controlling the inverter switching without pag attention to the harmonic contents. In thischatithe
modeling and simulation of a variable-speed gridraxted 20-kW wind turbine are implemented usirgy th
PSIM software package with a proposed MPPT strat@dns strategy is based on the so-called “power
mapping and frequency derivative” [13].
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2. WECSModel

The block diagram of the proposed WECS is showhigure 1, where the system consists of a PMSGedriv
by a variable-speed 20-kW wind turbine, an AC-D@gk switch three-phase boost rectifier, and aecusr
controlled inverter (CCI) to interface the systerthvthe electric utility. li1, 1i2, and 1i3 are theMSG output
currents; Idc and Vdc are the rectifier output entrand voltage. A brief description of each elenwnthe
system is given below.

2.1 Wind Turbine

The output mechanical power of the wind turbingiien [1] by the usual cube law
equation (Eq. (1)):

Pm =0.5CpAUW 1)
The tip speed ratid is expressed as :

A=Rom /Uw ) (2

where [1]

Cp is the power coefficient, which is a functiontipfspeed rati@ and blade anglg ;
A is the wind turbine rotor swept area’jm

Uw is the wind speed (m/s);

p is the air density ([kg/m);

R is the radius of the rotor (m);

om is the mechanical angular velocity of the getoera/sec).

The relationship in Eq. (2) is usually providedthg turbine manufacturer in the form of a set af-no
dimensional curves. The Cp curve for the wind tuehised in this study

atp =0 is shown in Figure 2.

If the rotor speed is adjusted according to thedveipeed variation, then one can extract maximunepdom
the turbine by fixing the power coefficient atit@ximum

value (= 0.45) [1].

2.2 PMSG Model
Theoretical models for generator producing powemfia wind turbine have been developed [15].

vg= -Rig+Lq(d ig/dt)eeLdid+nerm 3)
vd=-Rid+Ld(d id/dt)+oeLqiq (4)
where

R and L are the machine resistance and inductagrcghase,

vd andvq are the two-axis machine voltages,

id and ig are the two-axis machine currents,

am is the amplitude of the flux linkages establishH®dthe permanent magnet, and
oe is the angular frequency of the stator voltage.

The expression for the rotor electromagnetic toigueritten [15] as follows:
Te = 1.5(p/2)[(Ld-Lq)iqgidimiq]. (5)
The relationship betweare andom is expressed as :

we = (p/2)om (6)
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where p is the number of the PMSG poles

2.3 Rectifier and CCl

As the wind speed is varying so the PMSG prodweggble-voltage and variable frequency output.ifgle
switch three phase boost rectifier is used to cdrtiie PMSG output AC voltage to DC voltage [16heToutput
DC voltage Vdc feeds a CCIl. The CCI is capableopération over a wide range of DC voltage. The
performance and the effectiveness

of the inverter are enhanced by the use of the tiamepcurrent control technique[17-20] to contra thverter.
Figure 1 shows the complete ramptime current comverter and the switching signal generation. ddtails of
ramptime implementation were reported before [1, This current-control technique was used beforean
active power filter (APF) [21] applied for harmonigtigation in a DC load fed by a diode bridgetifegr. In
practice, the IGBT switches are not ideal, so tih@wyot turn on or off instantaneously. Thereforés necessary
to include a dead time, as shown in Figure 3, wdaashort circuit that may happen when switchethénsame
leg of the IGBT bridge conduct simultaneously. THmad time is included in the control signals. Beo
switches in the same leg, the switch that is “enturned “off”. Then, there is a fixed time delaleéd time) to
allow the turn-off process to be completed succdlysfAfter the dead time, the opposite switchusned “on”
as shown in Figure 3.

3. Proposed M PPT Control Srategy

The power generated from the wind turbine depemdthe power coefficient Cp value.In order to maxienihe
output power from the turbine, the wind turbine Widcoperate

at the maximum value of the power coefficient C(45).

For each wind speed in the range 6-12 m/sec, tisegevalue of the DC voltage Vdc, which achieves th
maximum extracted power from the turbine (Figureld)order to extract the maximum power from theavi
turbine generator (WTG) at a given wind speedgimerated DC voltage Vdc must closely match theimmam
power dotted curve shown in Figure 4.

In order to construct the MPPT control strateggirggle-switch three-phase boost rectifier is udeidure 1).
The single-switch three-phase boost rectifier iasf an

input filter, a boost inductor, a three-phase diostgifier, a switch Qb, and a DC-link filter cajtac Cf . When
the switch Qb turns on, all three input AC phasesoime shorted through inductors Lia, Lib, and Lite three
currents lia, lib , and lic begin to increase abt proportional to the values of their phaseagss. When Qb
turns off, diode Db becomes forward-biased, anditldeictors discharge their stored energies to tlelibk
capacitor Cf .

The resistances Rs1 = Rs2 = Rs3 represent the PidSi&ance in addition to the line resistance. Athe
inductors Lil = Li2 = Li3 represent the PMSG equéve inductance in addition to the line inductandsing
the design methodology proposed by Prasad et @), itlis possible to determine the passive elenvahies
Lia(= Lib = Lic ) and C1(= C2 = C3).

The PMSG-generated power is expressed as:

ke

Jr
P=— \|kiw, — —V4. ). (7)
Ra _|_ ,f-ﬁ":,- ( ! ‘\/6 !

Equation (7) shows that the power extracted frommwlind turbine depends on the DC voltage Vdc ahé t
output frequencwe. There are optimal values of Vdc anel, which result in extracting maximum power from
the wind turbine. Both the DC voltage and the otfpequency are considered in the proposed MPPThes
determine the output power from the turbine. Thevdéve of the stator frequency will make the gysthighly
sensitive. The look-up table contains the maximuwwer curve in tabular form.The input to the looktaple is
the calculated power by the controller, and thguouis the reference DC voltage. The reference Ditage is
compared with the actual DC voltage, and the outgduhe comparison is fed to the proportional imsegr
(Phcontroller. The output of the Pl controlleragempared with a voltage of triangular waveform nder to
generate the switching pulses of the switch Qborbter to evaluate the proposed MPPT, a comparistn w
previous control strategies was done [4, 22]. Tioppsed MPPT was compared with “MPPT using
anemometer”[4] and MPPT using a “fixed-voltage sobg& [22]. MPPT with anemometer is based on the PI
controller being designed to derive the maximumsjids power from the wind, irrespective of the wipked.
For the fixed-voltage scheme, the output voltagehef rectifier is fixed at a certain value. Thiduewould
typically be optimized, knowing
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the Weibull distribution for wind speed at the Sitee single-switch three-phase boost rectifierdsduin the
present work for harmonic mitigation at the PMS@esand compared with the use of the APF [21] (FEgur
5).The APF is mainly designed to mitigate the cotrfearmonics [21], which operates at 50 Hz freqyeric
variable frequency synchronizer is designed based simple PI closed-loop system and introduced ihé
system to accommodate variable-frequency operafibe.variable-frequency synchronizer consists sé@nd-
order low-pass filter and a phase-locked loop (P[23]. The low-pass filter will filter the generatoutput
voltage signals before reaching the PLL. The pwpokthe PLL [23] is to lock onto the phase shifida
frequency of the input signal, thus providing areat reference signal to the APF.

4. LCL Filter and Harmonic Mitigation at Inverter Output Side

In order to eliminate the current and voltage haric®in the inverter output side, an LCL filter Haeen used
[24]. Figurel shows the complete scheme diagraenofCL filter connected between the CCI and thid.g
The design of the LCL filter parametersis giverpdbg step in detail in [24]. is given step by stepletail in
[24].

5. Simulation Results

The WECS based on the proposed MPPT control giraseshown in Figure 1. All results are obtainesihg
the PSIM software package. A comparison betwedardiit MPPT

strategies and the proposed system has been dwmbe Figure6 shows a simulated wind profile and the
corresponding generated power with the proposedTvi#id other MPPT

strategies. It is quite clear that the generategegpdy the proposed MPPT is higher than that geeeray the
fixed voltage strategy [22] but less than the pogenerated by MPPT with an anemometer [4]. The@sed
MPPT has advantages over MPPT with an anemomestétr daes not use a mechanical sensor or anemameter
Therefore, it is simple in construction and easyniplementation for industrial applications. Figuteshows a
second wind speed profile adopted in this simufatibhe simulation results dictate that the consydtem
succeeded in tracking the maximum power availabdenfthe wind turbine (Figure 7), where the power
coefficient is kept mostly at its maximum value @=&5), as shown in Figure 8. It is quite clear ttet DC
voltage output follows the reference DC voltagdréxk the maximum power, as shown in Figure 9. fEdL0
shows the CCI output current and voltage, whichrex@rly sinusoidal with respective total harmorigtattion
(THD) values of 0.87% and 1.54%. From Figure 2, tiaximum value of thepower coefficient occurrecemwh
the tip speed ratio reaches a value between 6 aaduation (2) states that the tip speed katio

is a function of the wind speed Uw and the meclanangular velocityom of the turbine.Because the
mechanical angular velocity of the turbine doescf@nge immediately with the wind spe&djeviates in the
range of 6-7 with a subsequent spike of the powefficient Cp. Then, the controller following theilse
adjusts) to the 6—7 range, and the power coefficient Cprrnet to its maximum value. Figure 11(a) shows the
PMSG output current and voltage on using a singiéeh three-phase boost rectifier. The current TiHlue
decreased from 11 to 2.57%. Figurell(b) shows M8® output current, voltage, and APF injected auirgn
using an active filter. The current THD value desed from 11 to 1.78%. Therefore, the advantagesiofy an
APF over a single-switch three-phase boost recti§i¢hat it mitigates the current harmonics iresdjve of the
wind speed profile.

6. Conclusions

1) A new MPPT strategy is proposed to track maximumerofrom the wind turbine and to mitigate the
PMSG output current harmonics using a single-switcéephase boost rectifier.

2) The single-switch three-phase boost rectifier b@ingactive power factor correction technique casrec
the power factor at the PMSG side to nearly unity

3) The results show that the proposed MPPT strateggeguaed in tracking the maximum available power
from the wind turbine irrespective of the wind speeofile.

4) The results show that the proposed LCL filter sgcted in harmonic mitigation at the inverter output
currents and voltages

5) The APF designed for harmonic mitigation at thé3& output side was found to be better than the use
of a single-switch three-phase boost rectifiersipextive of the wind speed variation.

7. Appendix

Wind turbine parameters:

47



Innovative Systems Design and Engineering www.iiste.org
ISSN 2222-1727 (Paper) ISSN 2222-2871 (Online) J LA L]
Vol.4, No.15, 2013 ||S E

Rated power 20 KW
Rated wind speed 12 m/sec
Cut in speed 3 m/sec

Turbine rotor radius 5 m

PMSG parameter :

d-Axis inductance 5.24 mH
g-Axis inductance 5.24 mH
Stator resistance 0.4Q2

Number of poles 36

Grid parameters:

d-Axis inductance 5.24 mH
g-Axis inductance 5.24 mH
Stator resistance 0.482

Number of poles 36
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Figure 1. Proposed WECS
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