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ABSTRACT 
The actual wind turbines are provided with adjustable 
speed generators.Iike the double feed induction generator. 
that are capable to work in variable speed operations. One 
of the main advantage of adjustable speed generators is that 
they improve the system efficiency compared to fixed speed 
generators because twbine speed is adjusted as a function 
of wind speed to maximize output power. However this 
systems requires a suitable speed controller in order to track 
the optimal wind turbine speed reference. In this work, 
it is proposed a sliding mode control for variable speed 
wind turbines. The robustness analysis of the proposed 
controller under disturbances and pararneter uncertainties 
is provided using the Lyapunov stability theory and simu
lated results show that the proposed controller provides a 
good performance. 
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1 Introduction 

Wind energy is an abundant renewable source of elec
tricity by converting the kinetic energy of moving air 
mass into electricity. Wind power is characterized as dis
tributedldispersed local generation with the exception of 
large offshore wind farms. which are considered as local 
power plants with range sizes over 100 MW in ratings. 

The expected development of wind power technol
ogy will affect the extent of the impact that wind power 
will have on the power system. Very Jarge wind farms 
(hundreds of MW) are a new trend that can pose serious 
technical challenges. However, large wind farms will also 
pave the way for other new technologies that will help with 
the full electric grid integration. Increasingly sophisticated 
power electronic and computerized control schemes. will 
lead to excessive improvements and full controllahility of 
available wind power. Large wind energy plants will mean 
that there are new interface requirements regarding the full 
integration of emerging wind power into the power grid 
system. Increasingly, wind farms will be required to be 
fully connected to the electric grid. Reactive power com
pensation is an important issue in the control of distribu
tion and transmission systems. Reactive current increases 
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feeder system losses, reduces system power factor. and 
can cause large-amplitude variations in load-side voltage. 
Moreover. rapid changes in the reactive power consump
tion of large load centers can cause voltage arnplitude os
cillations (e.g., voltage flicker in the (iaSe of are fumaces) 
[12). This can lead toa change in the electric system real 
power demand resulting in power oscillation. 

This paper investigates a new robust speed control 
method for variable speed wind turbines with Double Fed 
Induction Generator (DFIG) [6), [9). The objective is to 
make the rotor speed track the desired speed in spite of sys
tem uncertainties. This is achieved by regulating the rotor 
current of the DFIG using the sliding mode control theory. 
In the design it is used a vector oriented control theory in 
order to decouple the torque and the flux of the induction 
machine. The proposed control scheme leads to obtain the 
maximum power extraction from the different wind speeds 
that appear along time. Finally, test of the proposed method 
based on a two-bladed horizontal axis wind turbine is con
ducted using the Matlab/Simulink software. In this test, 
severa! operating conditions are simulated and satisfactory 
results are obtained. 

2 System modelling 

The power extraction of wind turbine is a function of three 
main factors: the wind power available, the power curve 
of the machine and the ability of the machine to respond 
to wind fluctuation. The expression for power produced by 
the wind is given by [IJ, [14): 

1 
Pm(v) = 2 Cp(>-.,{3)¡nrR2v3 (1) 

where p is air density, R is radius of rotor, v is wind speed. 
Cp denotes power coefficient of wind turbine, ).. is the tip
speed ratio and /3 represents pitch angle. The tip-speed ra
tio is defined as: 

Á=Rw 
V 

(2) 

where w is the turbine rotor speed. Therefore, if the rotor 
speed is kept constant, then any change in the wind speed 
will change the tip-speed ratio. leading to the change of 
power coefficient Cp, as well as the generated power output 
of the wind turbine. However. if the rotor speed is adjusted 
according to the wind speed variation, then the tip-speed 



ratio can be maintained at an optimal point. which could 
yield maximum power output from the system. 

For a typical wind power generation system, the fol
lowing simplified elements are used to illustrate the funda
mental work principie. The system primarily consists of an 
aeroturbine, which converts wind energy into mechanical 
energy, a gearbox, which serves to increase the speed and 
decrease the torque and a generator to convert mechanical 
energy into electrical energy. 

The mechanical equations of the system can be char
acterized by {10]: 

Je'lhe+BeWe 
TtWe = 

Tm+T 

Tt+Te 
-Tw 

(3) 

(4) 

(5) 

wbere Jm and Je are the moment of inertia of the 
turbine and the generator respectively, Bm and Be are the 
viscous friction coefficient of the the turbine and the gen
erator, Tm is the wind generated torque in the turbine, T is 
the torque in the transmission shaft before gear box, T¡ is 
the torque in the transmission shaft after gear box, and Te 
is the the generator torque. w is the angular velocity of the 
turbine shaft and We is the angular velocity of the generator 
rotor. 

The relation between the angular velocity of the tur
bine w and the angular velocity of the generator We is given 
by the gear ratio 7: 

We 
'Y=w 

(6) 

Then, using equations 3, 4, 5 and 6 it is obtained: 

with 

J = Jm+'Y2Je 
B = Bm+""t2Be 

(7) 

(8) 

(9) 

From equations 1 and 2 it is deduced that the input 
wind torque is: 

Tm(v) = Pm(v) = P~(v) =kv. V2 (10) 
w ;¡ 

wbere 

(11) 

Now we are going to consider the system electrical 
equations. In this work it is used a double feed induc
tion generator (DAG). This induction machine is feed from 
both stator and rotor sides. The stator is directly connected 
to the grid while the rotor is fed through a variable fre
quency converter (VFC). 

In order to produce electrical active power at constant 
voltage and frequency to the utility grid. over a wide op
eration range (from subsynchronous to supersynchronous 

149 

speed), the active power flow between the rotor circuit and 
the grid must be controlled both in magnitude and in di
rection. Therefore, the VFC consists oftwo four-quadrant 
IGBT PWM converters (rotor-side converter (RSC) and 
grid-side converter (GSC)) connected back-to-back by a 
de-link capacitar [8], [9]. 

3 DFIG control scheme 

In order to extract the maximum active power from the 
wind, the shaft speed of the WTG must be adjusted to 
achieve an optimal tip-speed ratio ..X.,t. wbich yields the 
maximum power coefficient c'Pm.aa' and therefore the max
imum power [4]. In other words, given a particular wind 
speed, there is a unique wind turbine speed required to 
achieve the goal of maximum wind power extraction. The 
value of the ~t can be calculated from the maximum of 
the power coefficient curves versus tip-speed ratio, whicb 
depends of the modeling turbine characteristics. 

The power coefficient e,. can be approximated by 
equation 12 based on the modeling turbine characteristics 
[3]: 

-es 

Cp(A,,B) = C1 (~: - C3,B- C4) e .X¡ + C(;.,X (12) 

where the coefficients c1 to C6 depends on the wind turbine 
design characteristics, and A¡ is defined as 

1 1 0.035 
A¡ =A +0.08,B- ,83 + 1 (13) 

The value of Aopt can be calculated from the roots of 
the derivative of the equation 12. Then, based on the wind 
speed, the corresponding optimal generator speed com
mand for maximum wind power tracking is detennined by: 

• ~t·V w =---
R 

(14) 

The DAG wind turbine control system generally con
sists of two parts: the electrical control on the DAG and 
the mechanical control on the wind turbine blade pitch an
gle. Control of the DAG is achieved controlling the vari
able frequency converter (VFC), which includes control of 
the rotor-side converter (RSC) and control of the grid-side 
converter (GSC) [5}. The objective of the RSC is to gov
em both the stator-side active and reactive powers indepen
dently; while the objective of the GSC is to keep the de-link 
voltage constimt regardless of the magnitude and direction 
of the rotor power. The GSC control scheme can al so be de
signed to regulate the reactive power or the stator terminal 
voltage of the DAG. A typical scheme of a DAG equipped 
wind turbine is shown in Figure l. 

The RSC control scbeme should be designed in or
der to regulate the wind turbine speed for maximum wind 
power capture. Therefore, a suitably designed speed con
troller is essential to track the optimal wind turbine speed 



Figure l. Scbeme of a DFIG equipped wind turbine 

reference w• for maximum wind power ex.traction. This 
objective are commonly achieved by electrical generator 
rotor current reguJation on tbe stator-flux oriented reference 
frame [7}. 

The DFIG can be regarded as a traditional induc
tion generator with a nonzero rotor voltage. The dynamic 
equation of a thee-phase DFIG can be written in a syn
chronously rotating d-q reference frame.Then, ussing tbe 
stator-fiux oriented reference frame, tbe d-axis ís aligned 
witb tbe stator flux linkage vector 'ljJ8 , and tben, 1/Jt~.8 """/J8 
and t/Jqs=O . This yields the following relationshlps: 

Íqs 
Lmiqr 

(15) -¡;;-
ids 

Lm(Íms - Ídr} 
(16) 

L .. 

Te 
-LmÍmsÍqr 

(17) 
Ls 

Qs 
~ WsL~ims(ims- ic~.-) 

(18) 
2 Ls 

Vdr 
. L diqr L . 

rrZdr +u r-;¡¡- SW11 U rZqr (19) 

Vqr 
. L diqr 

r,.lqr +u r-;¡¡ (20) 

( CTLridr + L~.ims) 
+sw_. La (21) 

where w .. is the rotational speed of tbe synchronous refer
ence frame, sw8 = w.,- We is tbe slip frequency and s is 
the slip, We is the generator rotor speed, and 

Íms 
Vqs- rsÍqs 

(22) 
W 8 Lm 

C1 1- L~ 
LaLr 

(23) 

Since the stator is conectad to tbe grid, and the inftu
ence of tbe stator resístance ís small, the stator magnetizing 
current (im .. ) can be considered coostant [8]. Therefore, tbe 
electromagnetic torque can be defined as follows: 

(24) 

ISO 

where Kr is a torque constant, and is defined as follows: 

(25) 

Then, from equations 7 and 24 it is deduced that the 
wind turbine speed can be contro11ed by regulating the q
a.xis rotor current components ( iqr) while equation 18 indi
cates that the stator reactive power (Q.) can be controlled 
by regulating the d-axis rotor current components, (ids). 

Consequently, the reference values of iqr and Ídr can be 
determined directly from Wr and Q. references. 

From equations 7 and 24 it is obtained the following 
dynamic equation for the system speed: 

w J (Tm- ¡Kriqr- Bw) 

= -aw+f-biqr 

where the parameters are defined as: 

B b rKr f = !Jm ·, a=-¡• =--¡-, 

(26) 

(27) 

(28) 

Now, we are going to consider the previous dynamic 
equation (27) with uncertainties as foUows: 

w =-(a+ óa)w + (J + 6!)- (b + ób)iqr (29) 

where tbe terms óa, b.b and b.f represents the uncertain
ties of the terms a, b and f respectively. 

Let us define define the speed tracking error as fol· 
lows: 

e(t) = w(t)- w*(t) (30) 

where w• is the rotor speed command. 

Taking the derivative of the previous equation with 
respect to time yields: 

e(t) = w- w· = -ae(t) + u(t) + d(t) (31) 

where the following terms have been collected in the signal 
u(t). 

u(t) = f(t) - biqr(t) -a w*(t) - w* (t) (32) 

and the uncertainty terrns have been collected in the signal 
d(t), 

d(t) ""' -b.a w(t) + óf(t) - 6b iqr(t) (33) 

To compensate for the above described uncertaínties 
that are present in the system, it is proposed a sliding con
trol scheme. In the sliding contr()l tbeory, tbe switching 
gain must be constructed so as to attain the slidíng condi
tion (13]. In order to meet this condition a suitab!e choice 
of the slidíng gain should be made to compensate for tbe 
uncertainties. 



Now, we are going to define the sliding variable S(t) 
with an integral component as: 

S(t) = e(t) + kt (k+ a)e{r) dr (34) 

where k is a constant gain. 

Then the sliding surface is defined as: 

S(t) = e(t) + fo'ca+ k)e(r)dr =O (35) 

Now, we are going to designa vañable structure speed con
troller i1_1 order to control the wind turbine speed. 

u(t) = -ke(t)- ¡3sgn(S) (36) 

where the k is the constant gain defined previously, ¡3 is 
the switching gain, S is the sliding variable defined in eqn. 
(34) and sgn{·) is the signumfunction. 

In order to obtain the speed trajectory tracking, the 
fol1owing assumptions should be formulated: 

(A 1) The gain k must be chosen so that the term (k+ a) 
is strictly positive, therefore the constant k should be 
k>-a. 

(A2) The gain ¡3 must be chosen so that ¡3 ~ ld(t)l for all 
time. 

Note that this condition only implies that the uncer
tainties of the system are bounded magnitudes. 

Theorem 1 Consider the induction motor given by equa
tion (29). Then, ifassumptions (Al) and (A2) are veri
fied, the controllaw (36) leads the wind turbine speed w(t), 
so that the speed tracking errore(t) = w(t)- w*(t) tends 
to :.ero as the time tends to infinity. 

The proof of this theorem will be carried out using the 
Lyapunov stability theory. 

Proof: Define the Lyapunov function candidate: 

V(t) = ~S(t)S(t) 
Its time derivative is calculated as: 

V(t) = S(t)S(t) 

=S· [e+ (k+ a)e) 
=S· [(-ae +u+d) + (ke+ae)) 

=S·[u+d+ke) 

=S· [-ke-¡3sgn(S) +d+ k e] 

=S· [d- ¡3 sgn(S)} 

~ -(/3 -ldi)ISI 

~o 

(37) 

(38) 
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It should be noted that the eqns. (34), (31) and (36) 
and the assumption (A 2) have been used in the proof. 

Using the Lyapunov's direct method, since V(t) is 
clearly positive-definite, V(t) is negative definite and V(t) 
tends to infinity as S(t) tends to infinity, then the equi
librium at the origin S(t) = O is globally asymptotically 
stable. Therefore S(t) tends to zero as the time tends to 
infinity. Moreover, all trajectories starting off the sliding 
surface S = O must reach it in finite time and then will re
main on this surfaée. This system's behavior once on the 
sliding surface is usually called s/iding mode [13]. 

When the sliding mode occurs on the sliding surface 
(35), then S(t) = S(t) = O, and therefore the dynamic 
behavior of the tracking problem (31) is equivalently gov
emed by the following equation: 

s(t) =o => e(t) =-(k+ a)e(t) (39> 

Then, under assumption (A 1). the tracking error e(t) 
converges to zero exponentially. 

It should be noted that, a typical motion under sliding 
mode control consists of a reaching phase during which 
trajectories starting off the sliding surface S = O move to
ward it and reach it in finite time, followed by sliding phase 
during which the motion will be confined to this surface 
and the system tracking error will be represented by the 
reduced-order model (eqn. 39), where the tracking error 
tends to zero. 

Finally, the torque current command. i;r(t), can be 
obtained from equations (36) and (32): 

i;r(t) =~[k e+ /3sgn(S)- aw•- w• + /} (40) 

Therefore, the proposed variable structure speed con
trol resolves the wind turbine speed tracking problem for 
variable speed wind turbines in the presence of uncertain
ties. This wind turbine speed tracking let us obtain the max
imum wind power extraction for all values of wind speeds. 

4 Simulation Results 

In this section we will study the variable speed wind turbine 
regulation performance using the proposed sliding-mode 
field oriented control scheme. The objective of this reg
ulation is to maxirnize the wind power extraction in order 
to obtain the maximum electrical power. In this sense, the 
wind turbine speed must be adjusted continuously against 
windspeed. 

The simulation are carried out using the Mat
Jab/Simulink software and the turbine model is the one pro
vided in the SimPowerSystems library [JI]. 

In this example simulation it is used a variable speed 
wind farm with a rated power of 9 MW. The fann consists 
of six 1.5 MW wind turbines connected toa 575 V bus 



line. The wind turbines use a doubly~fed mduetion genera
tor (DFIG) consisting of a wound·rotorinduction generator 
andan ACIOCJAC JGBT-:baseli~ COflV'e~ -~ stator 
wiridi~ is ~tOO <Urectti lQ tb~ 6Q ni grid: wfuie :~ 
~r is fedát Varlable_ífequéncy thróugh the'AClJJCfAC. 
converter. 

. The sy~ tuls dte following mecliániéaf~ 
The combined generatorand turbine inértia constantis J-=· · 
5.04$ expressed in seconds.lhe-combined viscóus fñction · 
factor B = Q,Olpu in pu based on the generator rating and· · 
there are three pole pairs [11]. 

,út tbis sipmlation ex.amples it is ,a.s-sumed tbat th~ is 
an uncertá¡ñty around iO % in the 'systém Paráffieten, that 
wiU Pe overcome by tbe proposed slidíng control.· · 

~ ~· . . ' . . . . . 

Fmally, the following values-havebeen chosen for the 
controller paramcitets. k:::; 100, {3.= 30. 

In tbis case study, tbe rotor is runtúng at subsyn
cbronous speed for wind speeds lower than lO mis and it 
is running at a. super-syncbronous spee<Uor .Jri$her wind 
speeds. In figure 2, the turbine .mechanical p()wer as func.
tion of turbine speed is displayed in, for wind speeds rang-
ing from 5 m/s to 1 6.2 m/s. · · 

o.s · o) o.a o.t 1 u 1.2 
T~~(pud~~'l'"!ll 

Figure 2. Tu.rbine Power Characteristics 

In this simulation it is used a variable _wind s~. and 
figure 3 shows the Wind speed u~ in ~is. sim!llation. As 
it can be seen in the figure. tbe wind s,Peed varíes between 
Om/s and 28mfs. . . 

Figure 4 show the reference ( dashed line) and the real 
rotor speed ( solid line ). As it may be observed. after a tran~ 
sitory time in whicb the sliding mode is reached. dte rotor. 
speed t.racks the .desirt:d speed in spi.te of sys~ uncertain
ties. In tbis figure,,tbe ~-is exPI"CSsed in tbe per unit sys
tem (pu), that is ba$ed in tbe generator synchfonous speed 
w., = 125.60rad/s .. ·. 

Figure 5: shóws tbe geilerated active power, wbose 
value ·is maximized by oor proposed sliding mode éOntrol 
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scherne. As it can be observed in tbis figure, at time 13.3s 
tbe mechanical puwer (and t:berefc()Te the generated ~ve 
power) sbould be 1imited by the pítch angle so as not ío 
exceed the rated power of tbis system. 

5 Conclusion 

In this paper a sliding mode vector control for a doubly 
feed induction generator drive, used in variable speed wind 
power generatioti is desét'Íbed. It is·proj:iosed a new vari
able sttucture control whicb has an integral sliding swface 
to relax the requirement oof: the acceleration -!lígnal. tbat 
is uswd in conventional sliding JllOde speed, control tech
niq~. Due to the nature of'the slíding ci>ntrofthis control 
scbeme ís robust under uncertaintíes tbat appear in the real 
sys.tems. ·Tbe closed loop stability of the presented design 
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Figure 5. Generated active power 

has been proved througb Lyapunov stabílity tbeory. 
The implemented control method allQWs the wind .tur

bine to qperate witb !he optimum power effici~y over a 
wide range of wind speed. 

The simulatíons show that the control method suc" 
cessfully controls the variáble speed wind- turbine effi
ciently, within a range of normal operational conditions. 

At wind speeds less than the-rated wind-speed, the 
speed controller seeks to maximize the power according 
to the tnruti.mwn coe:fficient curve. As result. the varia
tion c>f the generator spee4 follows the slow variation in 
rhe wind speed. At Jarge wlnd speeds, the power limitation 
controller sets the blade angle to maintain rated power. 

Finally, by means of simulation e)(amples, it has been 
shown. that the proposed control scheme peñorms ~n
ably well in practice, and that the speed tracking objective 
is adlieved in order maintain tbe máximum power extrac
tion under system uneenainties. 
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