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Control Scheme for a Grid Connected Permanent Magnet Synchronous Generator
Driven Wind Turbine
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Abstenct: Direct coupling of Wind Turbine WT becomes feasible with modern Pcrmnfwnt vagnet Synthro.nous Gbclnermors
PMSG. This paper presents a sensorless Maximum Power Point Tracker MPPT for o grid connected PMSG dl_recl driy cn'ﬁxcti_
pitch WT. The MPFT objectives are: to track the maximum output pawer form the WT and to guarantee ('fﬁl:!tl’lt operation o
PAMSG. A new and simple rotor position, speed and rofor flux magnitude estimator based ¢n the PMSG mode) is proposed. The
estimator evades using the stator current derivatives calculation, which is an inherent deawback of the buclf-EMF b_ased
estimators. The PMSG estimated speed is fed to the MPPT to calculate the reference stator currends. A field weakening algorithm
is also designed to widen the operating specd range of the PMSG. The seosltivity of the p_ropo.'t}‘d sensorless MPPT 1o PMSG
parameters mismatch 13 investigated and studied. Finally, the coatrol scheme is tested and investigated under varfons operating
conditions and demanstrated excellent steady state and dynamic performance.
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1. INTRODUCTION
Due (0 concerns about environmental consequences of
using fossil fuel and the sleep price rises of the oil,
worldwide power generation particularly from wind energy
has received great atllention. The advances in power
electronics and digilal control offer sensorless variable
speed operation of WT Generators WTG and  thus
opportunity of tracking maximum oulput under varying
wind conditions. Doubly Fed Induction Generators DFIG
driven WT are widely used as variable speed wind energy
conversion system. The main advantage is reduced power
ratings of the used power electronics, i.e. 25% of lhe
nominal power of the DFIG. However, DFIG operates al
relatively high speed and thus requires bulky and costly
gearboxes as speed increaser. [n contrast, direct drive of low
speed and high torque gencrators offers reduction of overall
size, lower cost and quick response to wind fluctuations.
Meanwhile, the advances in the permanent magnet materials
increased the wviability of the PMSG for direct-drive
application, [1]. Nevertheless, efficient operation of the
PMSG requires accurale information about the rotor
position. MNowadays, sensorless speed and  position
estimation schemes for PMSG are reliable and accurate
especiatly when operating at relatively high speeds. Back-

EMF based rotor position estimation methods are widely
used. in which the back-EMF vecctor is delected and thus
information about rolor position is extracled, [2]. However,
back-EMF based techniques are suffering from increased
system noise, which originates from the calculation of the
current derivatives, [3]. In the literature, many maximum
power (racking algorithms for WT are presented. These can
be classified into lwo main categories: 1) WT model-based
algorithims, 2) maximum power point searching algorithms.
In model based algorithms, the optimal WT speed is
determined wsing the WT model and the measured wind
speed. [4}. On the other hand. maximum power point
searching algorithms use the hill climbing technigues to
track the maximum power operating point, [5]-[7]. Such
schemes do nol require any information abouwt the WTG
system. However they are compuitationally intensive, slow
convergent and sensitive to systemn noise. In [3). a
sensorless maximum power extraction algorithm based on
hill-climb searching method has been developed. Wherein,
an intelligent memory is trained on-line lo identify the
maximum power lrajectory line. Also. in [2] a variable
speed IPMSG 15 presented where the rotor speed is
eslimaled based on back-EMF detection. Maximum outpul
power from lhe generator is altained by tracking the
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maximum owtput power from the WT and minimizing the
peneratar losses.

Many WTG conlrol schemes use diode rectifier afler the
PMSG. [6]. [8]-[9]. In [6]. a PMSG driven WT followed by
a diode bridge is used to charge a battery controlted by a
DC-DC converter. A maximum power point searching
technique has been proposed where the oulput power of the
WT is measured and the duty cycle of the DC-DC converter
is adjusted based on the difference between two successive
outpul powers. [n (8] 2 DC-DC chopper is used (o control
the diode rectifier output voltage and hence the PMSG
speed lo follow the value of the optimal reference speed.
Moreover, in [9], a PMSG with diode rectifier supplying the
generated power to a load via a Current Controlled Inverter
CCl is proposed. The CCl is controlted 10 adjust the dc link
voltage lo frack the maximum outpul power from the
PMSG. Actually, the use of diode reciiliers provides cost
effective interface of the PMSG, however the high
power/volume ratio and the control flexibility of the PMSG
are compromised since the PMSG stator currents are square
waveforms of 120° and the power flow is unidirectional. In
contrast, extracting sinusoidal currents from the PMSG
increases its power density and efficiency, [10].

In this paper a grid connected direct drive sensorless PMSG
driven fixed pitch WT is proposed. Wherein, a sensorless
maximum power tracker is designed and a new and simple
rolor position, speed and rotor flux magnitude estimator is
proposed. The PMSG is connecled to the grid via a three
phase back-to-back PWM converters. The PMSG side
converter is controlied o exiract maximum outpul power
from the WT and to maintain operation of the PMSG at
optimal torque/cucrent ratio. Field weakening control
algorithm is designed for operation at speeds above the base
speed. The objeclives are: Lo limil the slator current and
voltage magnitude to their permissible values and to extract
as much power as possible from the WT. Furthermore, the
sensitivity ol the proposed sensorless MPPT lo the PMSG
parameters mismatch is investigated and studied.

The paper is organized into five seclions. The system
modeling and description are given in section 11, In section
{il, the proposed sensorless MPPT is detailed and discussed.
Simulation results are given and studied in section 1V.
Finally, conclusions are drawn and given in section V.

1L SYSTEM MODELLING AND DESCRIPTION
Fig. | shows the block diagram of the proposed sensorless
contrel scheme for a PMSG driven WT. The system
comprises of direct driven PMSG, fixed pitch WT and two
interfacing converters. The PMSG phase currents are
measured and transformed from the stationary abc reference
frame to xy rotating reference frame. The x-axis slator
current component i, is the reactive power current
component while i, is the active power current component.
The measured currenls iy, and isy are compared lo the
reference values and the errors are fed to high bandwidth Pl
controllers. The outputs of the Pl contiollers are the

reference stator voltage components Ugpr and Ug It
should be noted that the converter is operating at relatively
high modulation index and ths the vollage drop due dead
time and other inverter nonlinearities is negligible in
comparisan to the converter's output voltage, Therefore, the
input-output transfer function of the converter is considered
equal to unity and thus the applied siator voltage vecior 1o
the PMSG is assumed equal 1o the reference stator_voltage
vector. On the other hand, the grid side converter is used (o
control the DC link voltage and the reactive power injected
to the grid.

A PMSG Modeling

The PMSG iron losses are neglected and the mechanical
losses are represenled by a simple friction mode!, Thus, the
model of the PMSG driven WT formulated in synchronous
rotating reference frame Xy that rotates at angular speed of
w, is given as (see Fig. 2.b), [31:

;'% = —(ayt +do ¥, - Joy0, G, +ayit, (1-a)
T o=t -0, ), (1-b)
u&,=%(7;—ﬁu»—7}) (1-¢)
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subscripts ¢ and r denote slafor and rotor variabies
respectively. x, ¥ indicate direel and  guadrature  axis
respeclively. u and i refer to voltage and current
respectively, w, the magnitude of the rotor flux Jinkage. w,
is the rotor speed in rad/s. ©,, §; and B, are the rotor
position, the cslimated rotor position and the synchronous
rotating reference frame position respectively, (sec Fig.
2.b). R, is the stalor winding resistance. L, is the stator
winding self induclance. H and B are the lumped inertia and
friction constants of the WTG system respectively, Ty is the
WT oulpul torque. T, is the PMSG developed torque, The
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equivalent circuit and the phasor diagram shown in Fig. 2
abbreviate the PMSG model given in (1).

(2} {b)
Fig 2 Equivalent circuit and phasor disgram ol PMSG

1t should be noted that in Fig. 2.b, four reference frames are
introduced. These are: the stator reference frame, (stationary
reference frame); the synchronous rotating reference frame,
xy; the estimaled rotor flux reference frame, dq and the
rotor reference frame, aff.

B. Wind Turbine Modeling

The WT blades convert fraction of the wind energy to
mechanical power. The WT energy conversion efficiency
depends on the design parameters of the turbine blades, the
wind speed and the WT speed. The steady-state delivered
mechanical power by the WT P, is given by, [L1]:

F, = 0.5p4,C, (A, B (2-a)

h=w, R, fw {2-B)

Cp(x,ﬁ)=cl[;—2—caa—c.,a* —cs]e*‘““’“’ (2c)
4

11 0.003 2d)

A, (h+0028) [p*+1)

where: C, is the power coefficient, (efficiency). 2 is the
pitch-angle, degree. A is the lip speed ratio. w is the wind
speed, m/s. @, is the WT rotor speed, rad/s. R, is the WT
rotor-plane radius, m. g is the air density, kg/m’. 4, is the
area swept by the WT rolor, mZ. ¢y, €3, T3, Ca, €4, Co and X are
WT model parameters. The parameters of the WT used in
the present paper are given in Appendix, Table 1.
The WT characteristics are calculated from (2) using the
parameters given in Appendix, Table I. Fig. 3.a illustrates
the variation of the C,, with the tip speed ratio and the pitch
angle. It should be noted that, pitching the WT blades out of
the wind direction reduces the efficiency of the WT, Also,
for particular pitch angle, the WT maximum efficiency
Comax OCCurs al specific tip speed ratio, which is called the
optimal tip speed ratio A, This reveals that maximising the
output power from the WT can be achieved by adjusting the
WT speed in proportion to the wind speed keeping the tip
speed ratio equal 1o Ay, Fig. 3.b illustrates the calculaled
WT power-speed characteristics at different wind speeds.
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Fig. 3 WT characteristics a) C, characienstics b) power-specd
chasacterislics

By substituting (2.b) into (2.a}, the WT power can be
rewritlen as:

pA, R C,(\.B)

2 ks

It is noticeable from (3) that the output power from the WT
is maximum and proportional to the cubic of the turbine
speed if the lip speed ratio is maintained equal to A, and
hence C, is equal to Comue Therefore, from (3), the
maximum WT oulput power is:

P —k,® (4)

I=inax = r

pA,R’ C,mm

— S .
Aop 3

Equation (4) characterizes the maximum power trajectory

line that is shown in Fig. 3.b. In conclusion, maximum

output power from the WT is guaranteed if the PMSQ is
controlled to satisfy (4).

P=- w, 3)

where &, =

C. Grid side Converter Modeling

The grid side converter is connected to the grid via a series
filter {inductor) as shown in Fig. 1. The grid voltages and
currents are sensed and used as feedback to the converter
controller. A PLL is used to track the position of the grid
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voltage vector, 8,, [12]. The model of the grid side
converier in a general rotating reference frame that rotates
at angular speed of w,, is given by:

Fo s, ), va i, -it,,): & =0, (5
Where: a; =R, fL,and a, =1/L,: subscript g denotes

grid variables. Ry and L; are the series filter registance and
inductance respectively. w, and,,, are the grid and the

converter voltage space vectors respectively. w, is the
estimated angular speed of the grid vollage vector.

1. PMSG SENSORLESS CONTROL SCHEME

In the proposed sensorless control scheme of the PMSG, u,,.
wor i$ divectly fed to n Pi controller to estimate the speed of
the synchronous rolating reference frame, xy. The output of
the Pl controller is w, while the output of the Pl controller
integrator 1s wp, see Fig. 1. The position of the rotating
reference frame 8, is determined by direct integration of w,.
The model of the proposed estimator is thus given by:

Q, = _k,n“. ~ref FWy i d"l = _kl’u #; =, (6)

11 should be noted that, at steady state w2, = wg = w, although
there is steady state position difference between 6, and 0,.
Moreover, Uy = 0. This is clearly demonstrated by the
phasor diagram shown in Fig. 2.b. Furthermaore, because of
the slow dynamics of the power Iracking process., @, is
considered equal to the estimated rotor speed of the PMSG.
In the following subsections, the proposed sensorless
MPPT, the sensitivity of the MPPT to parameters mismatch
and the rotor flux estimator will be studied.

f
=ruf ¥

A. Sensorless MPPT

The aims of the proposed MPPT are: 10 track the maximum
output power from the WT and to operate the PMSG at the
optimal torque/current ratio. The first aim is realized via
salisfying (4) while the second aim is achieved by retaining
the stator current vector perpendicular to the PMSG rotor
axis (i.e. iy, = 0) and thus minimizing the PMSG stator
losses. The input to the MPPT block is the estimated PMSG
speed and u,,..r. Owing to wg Is the output of an integrator
{see Fig. 1) and thus free of ripples, it is proposed 10 use wg
as the input to the MPPT block instead of t,. This is to
reduce the level of ripples propagated through the control
system loops. The PMSG steady state model, the WT
maximum power trajectory (4), Ug.er and the estimated
speed we are processed by the MPPT to determine the
PMSG estimated rotor position 87, , the estimated rotor flux
magnitude ', and the optimal values of isy.er Maintaining
i = 0. However, at high wind speeds, operation at
maximum power points of the WT is no longer possible
since the WT developed torque and speed are higher than
the corresponding PMSG nominal values. Noticeably, from
Fig. 3.b that the possible approach to sustain the system in
operation at high wind speeds is to operate the PMSG-WT
away from the maximum power trajectory line and towards
higher speed operating points. For this purpose, field
weakening strategy is designed and employed to operate the

WTG at higher speeds and to retain the stator current and
voltage of the PMSG al their permissible limits and to
develop as high torque as possible. To this extent, the
operation of the proposed MPPT algorithm is divided into
two modes. Mode-lis designated for operation al speeds
below the base speed while Mode-2 is devoted for operation
at speeds above the base speed.

Mode-1

In mode-1 iy is set equal to zero. Thus, the steady state
model of the PMSG in the estimated rotor reference frame
dq can be reduced to the following:

Uy = —L_,(n.,:-!'w iy = R v,

(7-a)
T, =1.5P{, iy, = Ju}; +ul, (7-b)

where * denoles to cstimaled paramelers, {i.e. paratelers
used in the control algorithm).

From (7) and Fig. 2.b, the estimated rotor position is given
by:

8, =0, +tan"'(uy fu,,) (8
From (7) and (4) i, is calculated as follows:
by = 3yt B0~k 03/P) 9

Then, the reference stator currenls iy.er and iy.r are
calculated as follows, (sve Fig. 2.b):

Igmrey =sycos(®, ~8,)~i, sin@, -9,)  (10-a)

Ly = gysin(0, -0, )+ cos(0, -0,)  (10-b)
Mode-2

In mode-2, fieid weakening strategy is apptied where i, and
isq are calculated 1o retain the applied stator voltage and
current at their nominal values. Once more, from the steady
state model of the PMSG and by neglecting the stator
resisiance vollage drop i,y and iy, are calculated as follows:

2 §2..2 42 =2 2
- U, e L.\-{'] 1:"'.\--»;«1 =Y,

£, Lt {11-a)
! 2L,mi-\p,
by =N e =% (11-b)
and
gy = Riy - L, (12-a)

=R [ ; - 2
fy = R_,,IN L0y 0N, 1 = Jug iy, (12-b)

where: U,nome lesom are the nominal values of the stator
voltage and current vector magnitudes respectively.

Then, 07, and iy o are calculated from (6) and (8)
respectively. The switching between mode-1 and mode-2 is
performed based on the value of iy that is calculated from
(11-a). Mode-1 is activated if iy has positive value
otherwise mode-2 is activated.

B. Sensitivity to Parameters Mismaich

This section is devoted to study the sensitivity of the
proposed sensorless MPPT to PMSG parameters mismatch,
Typically, the stator resistance and the rotor flux are varying
due to temperature rise. R, increases by a value up to 50%
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of its nominal value, however lhe rotor magnet flux
decreases by a value down Lo -20% of its nominal value,
[3]. Te study, the effect of Rs and rotor flux mismatch on
the sensorless MPPT, the steady state model of PMSG-WT
and the speed estimator model given by (6) ate used to
calculate the WT output power and the operating speed for
wide range of wind speeds and differenl degree of
parameters mismaich Numerical selution has been adopted
since the model of the PMSG-WT system is highly
nonlinear. The difference belween the calculated output
power from the WT and the maximum available power is
calculated. Also, the deviation in the operating speed from
the optimal value is determined. The numerical (iterative)
caleulation algorithm is implemented in Matiab code. First;
calculations have been performed for t00% stator resistance
mismatch while the rotor flux is retained equal to its
nominal value. The deviation in the operating speed and in
the WT output power from the maximum power operaling
poinl is recorded at different wind speeds. The results are
shown in Fig. 4. } is noled that the proposed sensorless
MPPT scheme is insensitive 10 stator resistance mismalch.

" =)

3
'} o th)
A

Ta 2 4 “ * 10 12 4
wind speed, ms
Fig. 4 Sensmivity 1o R, mismalch, (100%)

WA ————

(a)

:}. T b}

8

" 1 T 4 1 L] [ [M (L}
wind speed, mis
Fig. 5 Sensitivity Lo rotor Bux mismateh, (-70%)

The catculations have also been performed but for a -20%
mismatch in the rotor flux. The results are shown in Fig 5. It
is noticeable from Fig. § that the divergence of the
operating point away from the maximum power operating
point is significant, This reveals thal the proposed MPPT is
sensitive to rolor flux mismatch. For this reason, rotor flux
magrilude estimator is proposed to updaie the value of the
rotor flux. The design of the proposed estimator will be
studied in the next section.

C. Rotor Flux Magnitude Estimator
A simple rotor flux estimator is designed 10 update the value
of the rotor flux magnitude. It should be noted that al steady

E. 15

stale the calculated stator vollage magnitude u; in the MPPT
by {7-b) or (12-b} should be exactly equal 1o the u,.,.r if the
value of the rotor flux magnitude vy, used is accurate. On
the other hand, if there is rotor flux mismaich, there will be
difference between the calculated v, and tyy.r. Even though,
the derivatives of the stalor current exist during transient
periods, il is neglecied since the dynamics of Lthe overall
WTG is slow. Therefore, the dillerence belween u, and v,
wor is directly used 1o estimate the rotor flux magnilude using
a simple intcgral sliding mode controller, see Fig. 6. The
estimaled rotor {lux magnitude is thus given by:

We =Y o ¥ k}‘ Isg“(”w-n’f U, )d“ { I 3)

where: spn denotes to sign. W oy i$ the rolor flux hnkage
nominal value.

.. +1 Wy
. - +
L Y

Fig. & Rotor Mux eshimalor

The proposed rotor flux estimaior is implemenied inside the
MPP’T and the value of estimated rotor flux magnitlude w ,
is used in {7)-(12).

IV RESULTS AND DISCUSSION .

The proposed sensorless control scheme for PMSG driven
WT shown in Fig. 1 and discussed in sections 1I-I11 is
modeled and simulated in the Matlab ervironment
parlicularly  using the power syslem  simulator,
SimPowerSystems and the Simulink (octboxes. The
paramelers of the PMSG. the WT and the converters used in
the simulation are given in Appendix, Table |. IGBT/Diode
universal bridge inverter provided by SimPowerSystems
toolbox is used in modeling the PMSG and the grid side
canveriers. Sinusoidal type PWM strategy is implemented
1o synthesis the converters output voltages based on the
measured DC tink vollage u,, and the converers’ relerence
vollages. The sleady state and transient performance of the
proposed control scheme are investigaled. Also, the iracking
performance of ihe proposed rolor flux estimalor is
examined.

A. Sudden change in wind speed test

The reference values of the grid side converter are set to:
u*y = 800 V, i*;, = 0 A. The wind speed is initially setto 7
mfs. At t = 0.15 s the wind speed is increased lo 12 m/s and
then returned back to its original value at | = 0.25 5. The
resulis are shown in Fig. 7, 8 and 9. Fig 7.a shows the WT
oulpul power (dashed) and the PMSG oulpit power (solid).
Fig. 7.b shows ey (dashed), v {sotid} and w, (dotted). o, is
shifted down just for the purpose of discrimination between
ihe lines Fig. 7.e illustrates (0,-8,) (dashed) and (6,97,)
{solid). 1t is noticeable from Fig. 7.b thal the estimated
speed is in excellent agreemenl with the actual PMSG
speed. Also, optimal lorque/current ratio is sustained. This
is evident from the zero values of both (8,-6",) and i,,. Fig. 9
demonstrales the Irajectories of the WT oulput power
{dashed) and the PMSG output power (solid) on the WT
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power-speed characteristic. The trajectories move from
point A {on the 7 m/s power line) to point B {on the 2 m/s
power ling) and returned back 10 point A, Ef js manifest 1hat
points A and B tay on lhe maximum power trajeclory line.
This reveals that excellent tracking performance of the
maximum power point is achieved.

2 7
a= il qlnj

H o N ¥

3 .s«:w )
T4 - ; 2

<" 20 T )

. . i s ok
s nl s "3 125 LM s
lifmne, &

Fig.7 Wind speed change test, PM5G side variables
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HiTe, 5
Fig.8 Wind speed change (est, grid side converler variables

Maxmmum ponves trapeciany ——

wrbine speed, tpm

Fig.9 Wind speed Change test. power speed Imjeclories.

Fig. 8 shows the control variables of the grid side converter.
The results show excelient dynamic and steady state
performance of grid side converter control scheme,

8. Field weakening operation

Furthermore, the controb scheme is tested in the field
weakening mode of operation. The wind specd is initially
set to 7 mfs. Af 1 = 0.15 s Lhe wind speed is gradually
increased by a rate of 15 m/s® unlil it reached a vatue of
13.5 m/s and then maintained constant until it is suddenly
reduced back to 7 mfs, see Fig. {0.e. The magnitude of the
stator current and voltage vectors are limited 10 I pon = 65.5
A, Uson = 360 V respectively. The simulztion results are
shown in Figs. 10 and 11. It is noted from Fig. 10.d that iy,
is equal to zero dusing the time periods where the wind
speed is less the nomina! value (12 m/s). At 1 = 0.5 s, the
wind speed achieved its nominal wvalue and the stator
voltage and current reached their limit values. ARert1 =105
s, where the wind spsed is higher than the nominal value, i,
is increased to deteriorate the roior flux linkage and thus
mainiaining the PMSG stator voliage at its limit value, sce
Fig. 10.¢. The WT and the PMSG output powers are shown
in Fig. 10.a and their trajectories against the rotor spoed are
plotted on the WT power-speed characteristics as shown in
Fig 11. The trajectories started al point A and moved siowly
towards poini B and suddenly returned back 1o point A. It is
noted that the traveling of the Irajectories was on the
maximum power trajeciory line unlil it reached the nominal
operating poinl on the 12 m/s wind speed power curve,
Afterward, the field weakening algorithm is activated and
managed the trajectories away from the maximum power
trajectory line limiting the PMSG stator current and voltage.
The obtained results demonstrate stable operation at various
operating points inctuding field weakening mode of
operation.

————— v s

5_' ;w ()
%i:ﬂm

L I ol ll:! LE} IJIS L1 II‘I II‘.I llj'? 1
lme, &
Fig. 10 Field weakemng 1es1; PMSG variables
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C. Parameters Mismaich Test

Moreover, the control scheme sensitivity 1o rolor fux
mismaich is examined. The actual rotor flux magnitude is
reduced by 20% of its nominal value. In addition, the rotor
flux estimator is switched off while the nominal value of the
rotor flux magnitude is used in the control algorithm. The
test has been performed under the same operating
conditions of the lest resuits shown in Figs. 7-9. The
obtained results are shown in Figs. 12 and 13. It is noted
from Fig. 13 that operating points A and B deviate from the
maximum power trajectory line indicating failure in
tracking maximum power point of the WT. Moreover, iy is
not equal to zero thal discloses to inefficient operation of
the PMSG. The results clearly demonstrale that the
proposed control scheme is sensitive to rotor flux magnilude
mismatch.

o - - T ~—
E
=M . B =

s m ws o
lime, s
Fig. 12 Testresults for -20% rotoy Nux mismatch, PMSG variables
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Fig 13 Test results tor -20% rotor flux rmsmaltch, power Wspectories

The sensilivily ol the MPPT to stalos resistance mismatch is
also investigaled by simulation. Similar test has been
catried out under the same operating conditions of the test
results shown in Fig. 12 but with a 100% statar resistance
mismatch. The obtained resulis confirmed the insensitivity
of the proposed MPPT to stalor resistance mismatch.

D. Rotor Flux Esienator: Tracking Performance test

In this tesl, the wind speed is set to a constant value of 11
mfs. Att = 0.15 s, the actual rotor flux magnitude is reduced
by 20% of its nominal value and retumed back to its
nominal value at t = 0.25 5. The obtained results are shawn
in Fig. 14. Fig. 14.1 shows the actual (dashed) and the
estimated (solid) rotor flux magnitude. 1t is noticeable that
the rotor flux estimator is siable and provides excellent
tracking performance. Also, the updating of the rotor flux
value maintains the WT operaling at the maximum power
points, see Fig. 14.a. Morcover, iy, is retained equal to zero
providing minimal PMSG stator copper losses.
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Fig 14 Tracking performance of the rotor Mux estunator
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V. CONCLUSIONS

A new sensorless MPPT for a grid connected PMSG direct
driven fixed pitch WT has been proposed and studied. The
speed and the posilion of the rotating reference frame are
estimated using the reference stator voltage component u,,.
wt 8nd then the roler position is estimated wtilizing the
sleady state model of the PMSG. In addition, rotor fux
magnilude estimator has been proposed. Wherein, the
reference stator voltage component Ugy..r is compared with
the calculated stator voltage mapnitude and the error is used
to estimate lhe roter flux magnitude. The proposed
estimation schemes benefited from avoiding the calculation
of the swator current derivalives, which is considered an
inherent problem of the well known back-EMF based
estimators. At speeds below base speed, the control scheme
has been designed 10 maximize the oulput power from the
WT and to preserve efficient operation of the PMSG.
Moreover, field weakening algorithm has been designed to
extend the WTG range of operation to wind speeds higher
than the nominal wvalue. Sensitivity of the proposed
sensortess MPPT to PMSG parameters mismatch has been
investigated and studied. The sensorless MPPT has been
found imsensilive 1o stator resistance mismalch.
Furthermore, the sensitivity of the MPPT 10 the rotor flua
mismaich has been eliminated by employing the proposed
rolor flux estimator to update the value of the rotor flux
magnitude. The proposed control scheme has been modeled
and simulategd in lhe Matlab environment. The simulation
results have shown excellent transiemt and steady simie
perfonnance under various operating candilions.
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VII. APPENDIX

Teble. | Sysiem parameters and controtlers gains
WT parameters and specifications
a=04.c;=199, 0. =158, ¢, =0002, ;s =13.2,
.= 184andx=214
Nominal wind speed. 12 mfs
Nominal output power 30 kW
Pitch angle, o

Biades radius, R- 4541 m
Air densily, p. 1.205 kg/m'

PMSG parameters and ratings

Nominal L-L voltage 440 V_ 60 He
Nominal power W0 kW
Nominal speed 200 mpm

Number of pole pairs, (P} 12

Self inductance, L. 7mH
Stator resistance, R. 0130
Magnet-Mlux/phase, W, 0.83 web
Lumgped friction constant, 088 Nm.s
Lumped inertia constant, H: 1.6 Mm.s!

Converters parnmefers

Switching frequency 10 kHz
De fink vohage, ug 800V
Dc link capacilance 2000 uF
Seres liler induclance, Ly Smi
Series filter resistance, Ry 0.05 2

__Controllers galns
PMSG side
Pl speed estimalor gains, ky = 5. ky = 2500
Pl current controller gans: ky, = 40, k, = 5000
Flux estimator gain: k= 5§
Gird side:
Pl de link voltage controller gains: k, = 1.k, = 200
Pl current controller gains: k, = 60. k, = 3000
PLL P1 controller pains: k, = 2, k, = 1000




