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Abstract — In this paper, we present a control strategy in
order to optimize the power produced by the wind turbine.
This strategy allows the calculation of a control law basing
on the study of the stability of nonlinear continuous systems
and the second method of Lyapunov. We have two parts to
be controlled. In the mechanical part, the control law is used
to optimize the rotational speed of wind turbine for low wind
speed. In the electrical part, the control law is designed to
optimize the electrical produced power.

Keywords: Wind Energy, Doubly fed induction generator
(DFIG), System stability, stator-flux-oriented vector.

1. INTRODUCTION

Wind energy produced from the wind force is an efficient,
powerful and sustainable means of production. It has the
advantage of being cleaner, safer and quicker to
implement. This energy produced current using wind
turbine from the kinetic energy of moving air like a
nuclear reactor, a hydroelectric dam or a coal fired power
station, but the environmental impacts on are not the
same.

Captured by a wind turbine, the wind's kinetic energy i
converted into electricity using a generator. In this pa

we will use the Doubly Fed Induction Generator 1G
which is the most used generator in the win y
sector.

power.

The control system is composed of two In the first
part the control law allows to the me, speed of the
turbine to follow the variations of d. In the second

part the control law must al power produced to

follow its optimized value ca from the mechanical

speed of the turbine.

Many previous stydi addressed the problem of

optimizing the pro& ower by the wind turbine. In
u

reference [1] waQ the fuzzy-PI control to optimize
the power. In ce [2], a sliding mode controller has

The paper aims to optimize the produce(%g
nic

been prop eference [3] proposes an adaptive
feedback rization controller. In reference [4] an LQG
co a linearised model of the wind turbine has
been . In reference [5] a robust fuzzy controller is

developed. Reference [6] proposes a cascaded nonlinear
controller for a VSWT to optimize the power. In reference
[7] a hierarchical control structure is adopted to optimize
the rotor speed and the produced electrical power.
Reference [8] presents direct power control using classical
PI regulators. Indirect power control using Sliding Mode
controller has been used in [9]. In reference [10] a hybrid
controller composed of several LPV controllers has been
used.
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This paper is organized as follows. In section II the
description and the modeling of the wind turbige are
presented. In section III is shown the cont od
proposed in [11], this approach will be applied t&) imize
the power. In section VI simulation resu®‘300 kW
wind turbine are presented.

II. SYSTEM DESCRIPTIOQ&ODELING
*

0, t Dinec
v WIND P
— oo X GENERATOR |5
Cinec Cem
. %o
\\ X
bsn‘ucture of the wind turbine system.
Like i is pr€sented in Fig.1, the wind turbine is composed

of rotor, a gear system and a generator. The wind

T ncludes the blades for converting the wind's kinetic

gy into mechanical energy, the gear system adapts to

tor speed to that of the generator and the generator
converts mechanical energy to electricity for distribution.

The energy captured by the wind rotor is given by,

P = C, (5pmR?v?). )
Where, p is the air density “ Kg/m3.”, R is the blade
length “m.”, v represents the wind speed “m/s.”. C,, is

the power coefficient, it depends on the tip speed ratio (1)
and the pitch angle of the blades (B). It is given by [12],

1 0.035
A4+0.088  B3+1

C,(B) = 0.5109 (116 ( ) - 0.4p -

1 0.035
5) o 2w ) 4 0.00681 @
Where,

L 3)

o

Where, 2; is the mechanical angular speed of the turbine
“rad/sec.”.

The mechanical torque on the axis of the generator is
given by,

1 _ 1Pt _

2,3
C -1 — — 0.5CppmR*V
mec Gt G .

O¢

“4)

1
G
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Where, 0, is the mechanical angular speed on the axis
of the generator, it is given by,

Dnec = Ghy. (5)
Where, C; is the mechanical torque available on the axis

of the turbine “N.m.”, G is the multiplication ratio.

If we suppose that the low-speed shaft is rigid [13], the
mathematical model of the turbine is given by,

]*Qmec = Cimec = Cem — [ Qmec- (6)
Where, | is the total inertia of the rotating parts
“Kg. m2 ”, f is the coefficient of viscous damping, C,,, is
the electromagnetic torque of the generator “N.m.”

The gearbox is supposed rigid; it is modeled by a simple
gain G.

The generator used is the DFIG; its electrical and
magnetic equations in the Park reference frame are given
by [14],

da
( Vsd:RIsd+_(Psd_

Vsq =R Isq + (psq + WsPsq

WsPsq
: (7
- anec)(prq

Via = Ryelrg + a‘prd - (ws
da
lqu = R‘rqu +E(prq + (ws -

P-Qmec)(prd

Psq = lesq + Lmqu
Qra = LylLg + Liplsq’
k‘Prq = Lylq + Linlsg

{q)sd = Lolsqg + Linlyqg

&‘ stator axes.
on the rotor axes.

currents. Irq, g,
s> the stator currents
e poles pairs. Qgq, Psq5

Where,

Vs, Vsgq, direct and quadrature voltages
Vi, Vrg, direct and quadrature volta
Isq,lsq» direct and quadrature
direct and quadrature rotor cu:
pulsation. P, the number of
direct and quadrature st UX. @rg, Prq, direct and

quadrature rotor flyx. e stator inductance. L., the
rotor inductanceb utual inductance between the

stator and the ro
The stator @and reactive powers of the DFIG are
given by 0
3
Q {Ps = E(Vsdlsd + Vsqlsq)

= %(Vsqlsd - Vsdlsq).

III. CONTROL STRATEGY OF THE WIND TURBINE

)

The control procedure that we will use in this paper is
based on the work of [11]. The control law is calculated
from the study of system stability and by using the second
method of Lyapunov.

For a nonlinear system given by,
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x(t) = f(x, t) + G(x, Hu(t)
{ ¥(6) = h(x, ) (10)

The control law that ensures the stability of the reference
trajectory y, is given by,

u(®) = (HeG(x, 0) " [ye(6) = Hef (x, £) — a(y(2) —

ye(®)]- (11)
With the condition H, G (x, t) invertible.
0! . Q
=2, N\ 12
The coupling between stator and rotor he control

te it model to
is 1n the direction

of the DFIG difficult. For that we ap
that of a DC machine by 0r1ent1
of the flux ¢, [16].

The expressions of active t1ve powers are given

by,
w Veqlrq
\_ + 3Vsq?" (13)
6 s rd 2Lsws
The exp€gsppns of direct and quadrature rotor voltages
use cgmmand variables for active and reactive powers
a by,

Vea = Relrg + (L

{ Vg = Relrg + Ly
|
\

L2\ ; L%,

r L_s) Ird — Wg (Lr - L_s) Irq
L2\
L_T:) Irq t wg (Lr -5

+w LmYsq

sl Lsws
A.  Synthesis of the control law

From (1), (3), (6), (13) and (14), the global mathematical
model of the wind turbine is representing by the following
nonlinear system,

{J'C =f(x)+ G(x)u.

y = h(x) 4>

Where,

X = (Qmec, Lq, Irq) is the state vector.

f kik,
[ _7Qmec +— ] Qrznec ]
R,
f(x) = - oL Iq + wslqu g
r
R L,V
k3Qmec - wsllrd - O__erqu GTTZ
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klkz mec
3W”
sq rd 2sts|

o ][ s
[ Sq rq

The number of variables to be controlled is equal to the
number of control variables. So, we can compute for each
subsystem of (15) a control law, which enables us to avoid
the invertibility problem of H,.G.

1
SklkZ-Qrznec 0 0 [__]
0 3L v, 0 1]
H,G = 2L %9 =>
oL,
3Ly,
$ oL,
_ 3kaka0%ec
]
3Lm
H,G = 2oL, sa | (16)

3L
l_ ZG'LZZS Vqu

This column matrix cannot be inverted. Therefore, 1n
following sections we will calculate each co

separately
— Z kl k2 2 ‘66
] -Qmec !2 2

B.  Generator speed control law
We have,

Dimec =
= [ (2mec) + GCe 17
klkzﬂ‘rznec
_ 3k1kzﬂmec
And, @ =-— 0 .
_f kik
0 k2 mec -Qmec 2 Qrznec)
So, mand of the generator speed is given by,
f
Cem = 3k1k29$nec [Pref - 3k1k2~012nec ( 7~Qmec +
k1]k2 -Qrznec) _ a(Pt _ Ptref)]_ (18)
3
with, P =k k, 5l

C. Stator reactive power control law

We have,
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. R, 1
lq =— oL, Lg + wslqu +—"V

gL,
= f(ﬂmecv Irdrqu) + GVyq. (19)
3L
H, = _fvsq
3Lm
And, H.G = - 20L,Lg 54
3L Ry
xf - = 2;: sq( oL Ird + wslqu)

So, the command of the stator reactive power 1§®y,

_ 20LyLs

R‘r
3LmVsg [Qref + 2Ls sq 1®%qu
a(Qs — QZef)]-
With, QI =

s\ (20)
The reactive power muw in order to ensure the

Vrd =

unity power factor (if it han one, it means that will
have transmission 1osses)

D. Stator a % 7 control law
We have
g R Lmvsq
—R3 $mnec wsllrd — Irq +

1
to Ve 2D
3L
H, = —=2YV,
x 2L, 'S4
3L
H,G=——=1 5q
20LyLg
Ry LmVsq
xf - ZLS sq (k3 mec wsllrd _r rq oLyLs

So, the command of the stator active power is given by,

qu = 2Zre [me +- - 3Lm V (k3Qmec - wsllrd -
3LmVsq

R, LV
ol + U’ZTLSZ) —a(P, - Ps”f )]. (22)

2Lg pn’C{,"“st 3
3LmVsq 223,63 TTmee

With, P =

The reference active power is calculated using the
generator speed previously controlled.

IV. SIMULATION RESULTS

The control strategy is applied to a 300 kW wind turbine
using Matlab/Simulink software. We start by presenting
the wind profile [17], it is comprised between 5m/s
and 12 m/s.

The parameters of the wind turbine are given by [18],
Rs; =0.0063 Q,R, = 0.0048Q,L; = 0.0118 H,
L.=0.0116H,L,, =0.0116 H,P =2
J=50Kg.m% f=0,R=14m,G = 23,
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1.225 Kg/m3,2

p

.\Q

o o
T ﬁ#,w,ﬁ T T T =} T T T S
| | | = L | | = I r | |
| | | | | o Bl | | o % | |
| | | | ,{IWW I | | = ,Q =4 | | ©v
(I =S 1= ! ! o -~ Lo s <
TESCT T T =] T I ) al I A el e -1 =
,nﬁ&ﬂv | V.m | | ‘m | | | =t
[ T | “ | | I | | | |
| | | - A ( | | | « I | | | | ©
G~ ~
Lot 173 o Gy &) | | | o 8~ I | | | | . )
=] © o) I [~ r——r e~ 2% i S S H Bl R %] =
[ M| | | @ N ~ W/. | | | L~ I I | | | sz O
N A N o 2 g ) I I I o %= A R T o 4
| | | =gy E w E 5 | | | 1S o I | | | | £ <]
P =12 8 = T ai b L-ARN I SRR e A S A
= .
,F.MK | — = | | | w I | | | | i<}
| | \VU, = ~ | | | m I | | | | w
L1 _ o ==_1_19O . | | | . .
T A== | B &b I e ity I g 1R R
[ N R B =y . [ I I | vTuu I I I I | H
| | T | S5 | | | < | | | | |
e ﬁ@ | | , | | | 0 =3 | | | | N
X L L — 1 L L o e 1 L L o on x I I L L o en
n ® ;v N 0 - 0 O o o o [=] o rﬂ @ ®© © ¥ « o R
’ A>>ﬂm>>oa uwm>8mw_0 A ’ @ . M (dVA) Jemod aagoeey
* (V) Juauna Jojos Joa11Q
. . S [ e N i
-0 | e © | | |
[ 9 I I [P
| ,ﬂw Qm ! ! !
[ — o =2 - e -
| | | o T | |
ﬂlw,\\\\,\\\\oo |m g J“MTLU, |
N ﬁﬂv, | - = Ce ” ”nﬂTJv”
3 [l 3 KO e b 4 . <7 \g N I S
£ = 2 B -
r=— 8 & OS] @ I—_r
T | « © ! o=
nﬁ\lﬁ ! ! [0} 1m m fm 151 ! ! WQV
- E = oy fooro o=
I P e Y - 2 = = |
w T ¥ N Q «Tn.. =1 ,
I \IWATU | | en k5 T o B
$ = | | o) 5] < " N -
—~ I = = | ol | |
e = - - _ ]2 — | Ml | |
i 39 jam =
I a1 | | |
L|\|W\T/b | on 1 L
= ch 8 88 8 ° 8 g g g °©
—— | | . 0 o o
= i 8§ 8 8 g SIE)C
o © (wN) e 2 oo\

o ) quam - ~ (s/peJ) paads uojesous (wrN) anbuoy opsubewosnos|3 . 0

www.edlib.asdf.res.in

1 978-81-925233-8-5

ISBN

Fig.5 Trajectory of Cp,ec
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Quadrature rotor voltage (V)

-200

Quadrature rotor current (A)

Fig.11 Trajectories of Irr;f and I,

Active power (W)

Time (s)

Fig.12 Trajectories o@f&fmd P;

The obtained results allow the
operation for low wind speed
follows perfectly its reffr

command is shown in g he role of this command is
to oppose the mech orque shown in Fig.5 in order

that the generato? follows its reference.
In Fig.6 is sh (Tt r

tion of wind turbine
ig.3 the generator speed
trajectory. The applied

ecovered power by the turbine, this

power wi sed as a reference for the stator active
pow
In is shown the direct rotor voltage, it is the

comma¥id of stator reactive power shown in Fig.9. The
result is perfect; a null reactive power involves unity
power factor and full energy transmission to the
consumer.

In Fig.10 is shown the quadrature rotor voltage, it
represents the command of stator active power shown in
Fig.12. The result shows that the active power follows
perfectly its reference (the recovered power by the turbine
shown in Fig.06).
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Stability test

The system is stable if there is a return to equilibrium after
the disappearance of the disturbance. In this test we inject
a disturbance to the generator shaft between t =10s
and t = 15 5; the results are presented in the following
figures.
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Fig.13 Trajectories o and (1, with disturbance
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Fig.14 Trajectory of C,,, with disturbance
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Fig.15 Trajectory of C,.. with disturbance
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Active power (W)

Time (s)

Fig.16 Trajectories of Psref and P; with disturbance
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The obtained result shows that the measured output
rejoined quickly its equilibrium state after the
disappearance of the disturbance. This result shows the
effectiveness of the approach and that the system is stable.

V. CONCLUSION

In this paper a strategy was presented to control the
electrical produced power whose purpose is to optimize
the energy supplied to the consumer. It is based on the
study of the stability of nonlinear systems and the second
method of Lyapunov. This approach is composed of two
parts (mechanical and electrical). In the first farth the
control law enables to the generator speed to the
variation the wind. In the second part, t oatrol law
allows the active power to follow its g which is
the recovered power by the wind rot @also allows to
obtain a null reactive power in e ensure the unity
power factor. To facilitate t nwol of powers the
decoupling between the stator the rotor is necessary.
This strategy was applied wind speed and it is
simulated on a 300 kW bine.
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