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ABSTRACT

This paper presents a nonlinear control methodhttktthe maximum power point of wind turbine eqegp
with Squirrel Cage Induction Generator (SCIG). 8itlte mechanical power of wind turbine is functidn

its shaft speed at a given wind velocity, the pegabcontroller provides the desired voltage abiitput of
Voltage Source Converter (VSC) so as to controlgihieerator speed and then extracting maximum power
from wind. The controllers exploit the backsteppsuileme to calculate the required converter’'s obiur
eliminate the instantaneous errors of mechaniceédpand flux. The proposed control laws are derived
from the Lyapunov approach which is well suited tliis nonlinear system. Finally, the simulationules
verify the stability and effectiveness of the cohstrategy proposed.

Keywords: Wind Power, SCIG, VSC, Nonlinear Control, Backsiegp_ontroller, Lyapunov Approach,
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1. INTRODUCTION (WPGs) have so many uncertainties due to
erratic nature of wind-based systems. Therefoee, th
Renewable energies are becoming increasingontroller should accommodate the effects of
important as alternative energy sources. Wingncertainties and keep the system stable against a
power is one of the most-effective systemdarge variation of system parameters. The
available today to generate electricity fromconventional Pl-based controllers cannot fully
renewable sources. This energy is transformed ingatisfy stability and performance requirements. On
mechanical energy by wind turbine and therdhe other hand, the system is highly nonlinear and
converted to electrical energy by electricahas a large range of operating points. Thus,
generator and a power converter [1]. To obtaifinearization around one operating point cannot be
maximum benefit from the wind energy, variableemployed to design the controller. Nonlinear
speed wind turbines are being used in generatontrol methods can be used to effectively solve
Variable speed wind turbine systems producthis problem [1] and [3].
variable voltage and frequency when no controller In attempt to achieve high performances in the
element is used. In order to extract maximunsteady state as well as during the transients, a
power in desirable values from variable speed windifferent nonlinear control structure must be
generation systems, they must be operated togettagaplied. In the recent two decades, many modified
with the controller element [2]. The conventionalnonlinear state feedback such as input-output
back-to-back voltage source converter is usuallfeedback linearization, control based on sliding
used to connect the generator to the grid. The VS@ode have been applied to more improve the
can increase the system robustness and MPRTuction machine control performances [12].
tracking control, many studies have been conducted However, the behavior of the SCIG-wind
to analyze, develop and improve the extraction dfirbine system using backstepping approach with
maximum power in literature [3-11]. Different “virtual contron” has not been tested. The objeztiv
types of generator can be used to realize a wiref this paper is to implement the backstepping
power generation (WPG). The common candidatezontrol to wind turbine equipped with SCIG, so as
for the generator are Doubly-fed Inductionto regulate mechanical speed provides by MPPT
Generators (DFIG), Squirrel Cage Inductionalgorithm and flux to their input references even
Generators (SCIG), and Permanent Magneturing a wind speed conditions, and that a perfect
Synchronous Generators (PMSG). conversion of wind power to electrical power.
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Dynamic modeling and simulation of the SCIG- Rw, Rw,,
wind turbine power generation system and 6= " v (3)

backstepping controllers are performed by means of . i o .
Matlab/Simulink. Behavior of SCIG-wind turbine @t IS the turbine speed, it is a function of
depending on wind velocity variation is observedn€chanical speed, and gear rati®.

through the simulation study. We consider a generic equation to model a
power coefficientC,, based on the modeling turbine
2. WIND TURBINE M ODEL characteristics described by [13]:

2.1 System Configuration

The schematic diagram of the studied wind
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Figurel . The overall diagram of the proposzantrol

turbine equipped with SCIG is shown in Fig.1. The

116
rotor shaft of the studied SCIG is coupled to the C(8, ) = 0.5109 (T_ 0.48

hub of turbine by through a gearbox for l -21
transforming low rotational speeds of turbine te th - 5) eXp( , ) (4)
required higher rotational speeds of the SCIG. The + 0.00685 '

mechanical energy is transforming to electrical
energy by the generator. The nonlinear
backstepping controller provides proper switching
signals for the VSC so as to extract maximurr|1
power from the wind.

st 1 0.035
P [(5 +0.088) (B3+1)

n order to make full use of wind power, in low
wind speeds should be equal to zero [14]. Fig. 2
illustrates the wind turbine power curve whiris
equal to zero. From the Fig.2 we can see there is
one specific mechanical speed (or generator speed)
at which the output power of wind turbine is
P, =lpAv3 (1) optimal. Connected all the maximum power point
2 of each power curve, the optimal power curRg.(
The output mechanical power of wind turbine is:,, curve) is gotten. When the wind turbine is in the
1 Pm-opt CUrve, the turbine will get the maximum
B = Cph, =§Cp(5,3)PAU3 (2)  power Pyay In this case, the maximum value of
ower coefficientC, is Cpmai=0.47, is achieved for
=0° andd,,=8.1, Fig. [3].

2.2 Wind Turbine

The wind turbine input power usually is

whereé is defined as the ratio of the tip speed o
the turbine blades to wind speed:
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4 x 10° Ads = Lsids + Lmidr
ie Ags = Lgigs + Linigr ©)
s . Aar = Lylgr + Linigs
e 3 Agr = Lyigy + Liyigs
g 25 whereigs, igs Iar, iqr are, respectively, the di_rect and
£ 2 quadrature stator and rotor currents anpdis the
g 1s mutual inductance.
£ . The electromagnetic torque can be calculated as
= [14]
0.5
pL . .
% 50 100 150 200 250 300 Tem = — (ldrlqs - Aquds) 7
Generator speed, W (rad/s) Lr ( )
Figure. 2. Wind turbine power curve wherep, is the pair-pole number
The voltage and flux equation can be
0.6 supplemented by the mechanical equation for the
os drive train (gearbox) by (8) to complete the model
o of generator used in this paper
;' 0.4 d
Qo Wi
£ ——=Tn T (8)
E 0.3 dt m em
% 0.2 whereT,, is the mechanical torquel is the total
o1 inertia, it can be calculated as:
Je
Y ] = E +]g (9)

Tip—speed ratio, &

Figure. 3. Characteristics Cp \& for various values of
pitch angle

2.3 Squirrel Cage Induction Generator M odel

where J; and Jy; are respectively the turbine
inertia and the generator inertia

The above model (5) to (9) can be presented as
differential equations for the stator currents and
rotor flux vector components under the following
form:

The SCIG mathematical model can be expressed.

in a reference frame rotating with arbitrary anguladlds —

speed by the following equations [14]:

()

dt
where subscripts ‘s’ and ‘r’ refer to the statodan

rotor side respectively, subscripts ‘d’ and ‘q’ eef

to the d-axis and g-axis respectiveR.andR, are,

—Qqlgs + wgigs + ayAgr

respectively, the stator and rotor phase resisgnce

w is the electrical speed,is the rotor-flux

dt (10)
+ A3 dgr + A4Vgs
di
dzs = —Aylgs — Wslgs + Ax gy (11)
— A3WmAgy + A4V
s _ gy — agh b (12)
dt = Qslgs — AeAgr + (ws - pwm) qr
dA
dzr = asiqs - a6/1qr = (ws — pwm)Agr (13)
dw ) )
d_tm = a7(/1drlqs - Aquds) — gy (14)
- a9Tm
Where:

The stator and rotor flux can be expressed as

(14]
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as = pR,/oLsL, ;a4 =1/0Ls ;a5 = R Ly /Ly 1 ..
i;d = [Aref + a6/1d‘r + klel] (20)
a6=Rr/Lr a7=me/]Lr;a8=f/];a9=1/] as
k, and k; are positive design constants that
3. NOLINEAR MPPT CONTROL  determine the closed loop dynamics.
STRATEGY FOR SCIG-WIND TURBINE Equations (19) and (20) indicate that the virtual
controls should be in order to satisfy the control
The basic idea of the backstepping design is tee ugbjectives. So they provide the references for the
of the “virtual control” quantities to decomposenext step and try to make the signalsand igs
systematically a complex non-linear controlbehave as desired. So, we define again the error
structure problem into simpler and smaller onessignals involving the desired variables in (19) and
Backstepping design is divided into two varioug20):
design steps. In each one we deal with an easier an
single-input-single-output design problem and each _ ;= _; (21)
step provide a reference for the next design @p [ '@~ * %
From the presented above model it seen that the Y
squirrel cage induction generator is a nonlinedfias = las ~ las (22)
multivariable system with coupling between direct
and quadrature axis. (
This model is dependent on the stator electrica

Finally, we extended the Lyapunov function in
iL?) to include the states variabi&gg , &4 as:

speedws , this variable can be calculated if d

reference frame synchronized with rotor flux.
Fixing the d-axis of the rotating reference frame

on the rotor flux vector, we hawg=k; andiq=0. Control laws are derived by differentiating the

In this case, two state variables have been pm’bosﬁyapunov function with respect to time.
for describing the SCIG model in order to

1
99 =5 (e2 +ef +ef + eizqs) (23)

extracting maximum power from turbine, 1 /di]
mechanical speed and rotor flux, as follows: Vgs = —( ® — (—ayigs + wsigs + azdar)

a, \ dt (24)

. . +a56,1+kidseids>
Wy = a72-drlqs — gy, — a9Tm (15)
1 (di;;S ( ] ]
Aar = Asigs — aghar (16) Y5 T a, \ dt ftes — Ostas
- a3wmldr) + a; g€, (25)
Therfore, the error is defined using the rotational + kiqseiqs)

speed e, = Wp_rer — Wy and rotor flux e; =
Arer — Aqr and the first Lyapunov function is |n this case, the Lyapunov function derivative is
defined as given by

62

. ) Vo = —kyed —kief — kel — kel (26)

— 2

The time derivative o¥ is given by

ids

The controller of nolinear MPPT is implemented
V=¢éye,+ 66 (18) by (24) and (25) which is introduced in Fig. 4 and
simulated by using Matlab/simulink.
igs andigqs are considered to be the virtual controls
input. Thus, there references are obtained as:
1

is0 = = |Wm—rer + Agwy, + aoT,
sq a7)ldr[ m-ref 8Wm 9im (19)

+ kwew]
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Equation (16) Adr-est
Equation (24) > vy
oma — o 4]
On —»
Equation (25) |——p v
lgg —P
»| Equation (20) e
loe —

is

Equation (19)

Figure 4. Detailed diagram of the nonlinear backsteppingtroller scheme
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4. SIMULATIONSRESULTS stability and effectiveness of this strategy of

control. The validity of this proposed method is
The model of the SCIG based variable speed wirebnfirmed by theoretical analysis and simulation
turbine system of figure 1 is built usingresults. The nonlinear backstepping control theory
MATLAB\SIMULINK dynamic system simulation can be easily exploited in the wind power
software. The parameters of the turbine and SCigeneration systems equipped with SCIG-based
used are given in appendix, respectively in Tablevariable speed.

and Table Il. The VSC and the nonlinear
backstepping control algorithm are  alscAPPENDIX:
implemented and included in the model. The PWM TABLE |
VSC is operated at 10 kHz. PARAMETERS OF THE TURBINE
Figure (5) shows the response of the system fgra_ €M Symbol Value
change of wind velocity, from 10 m/s to 12 m/s to|9_Density of at|)r Z 16212 ';9”“23
m/s and then comes back to 10 m/s. Fig (a) shg wg\rea swept by om
. . L B blades
the wind velocity profile imposed. At t=0.5 s th S
. . . Speed-up gear G 23
mechanical speed reference provides by MPPT is ™+
applied. During test, the power coefficie@} is "Base wind speed v 12 mls
kept at their optimal valueCe=0.47), simulation [ Turbine inertia 3 50 kg.m2
result is shown in Fig (b).
Fig (c) illustrates the mechanical speed tracking TABLE Il
trajectory for a change in the wind velocity wittet PARAMETERS OF THE SCIG
proposed nonlinear backstepping controller, Item Symbol Value
according to the wind turbine characteristics, the Rated power Pn 300 kw
optimal mechanical speed of SCIG is calculate ag:__No. of poles p 2
Rated speed Wy 158.7 rad/s
Gv5apt 23x81Xv Stator_resistance R 0.0063Q2
Wm_ref == = Stator inductance L, 0.0118 H
R 14 Mutual L 0.0116 H
. inductance
So, SCIG mechanical speed reference 'Rotor resistance R 0.00480
Winrer = 14X V. Rotor inductance L, 0.0116 H

According towm.re, When wind velocity is 10
m/s, the optimal mechanical speed is 140 rad/s, a
when wind velocityv is 12 m/s, the optimal
mechanical speed is 168 rad/s, etc. Itis sedrirtha [1] M. Pahlevaninezhad, A. Safaee, S. Eren, A.
MPPT control, the generator speed has to change to Bakhshai, P. Jain, “Adaptive
keep at any wind velocity maximum power Nonlinear Maximum Power Point Tracker for a
coefficient (C,=0.47) and so, extraction of WECS Based on Permanent Magnet
maximum power. Synchronous Generator Fed by a Matrix

Fig (d) shows the rotor flux, as desired, the direc  Converter,” Energy conversion congress and
rotor flux component is perfectly tracked to their exposition, ECCE 2009 IEEpp. 2578-2583.
input references with the proposed nonlineal2] Y. Oguz, |. Guney, “Adaptive neuro-fuzzy
control strategy. As can be seen, the adopted inference system to improve the power quality
control strategy is capable of providing accurate of variable-speed wind power generation
tracking for mechanical speed and flux references system,"Turk. J. Elec. Eng & Com. Saiol. 18.
and, meanwhile, keeping good decoupling of No. 4, 2010, pp. 625-646.
electromagnetic torque and flux regulations, fipall [3] X. Zheng, L. Li, D. Xu, J. Platts, “Sliding Med
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