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The purpose of this paper is to present a control strategy using Multiple Input/Multiple

Output (MIMO) Second Order Sliding Modes (SOSM) for a grid-connected variable-speed

Wind Energy Conversion System (WECS). The latter is based on a Double Fed Induction

Generator (DFIG) in a bidirectional configuration with slip power recovery. Its points of

operation can be electronically controlled and, with them, two independent control

objectives can be stated. Thus, a control is designed to maximize the energy captured from

the wind and to regulate the stator reactive power, contributing to the compensation of the

power factor according to grid requirements.

The proposed technique can be applied to nonlinear MIMO systems and allows to make

a separate design for each component of the controller. For these designs the Super-

Twisting algorithm is employed in this work, which possesses excellent properties

regarding simplicity of implementation and online operation, and robustness against

uncertainties and external disturbances.

Finally, representative simulation results are presented and analyzed.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction generatedenergy. Among the topmost subjects under research
The total wind installed capacity has been growing at a rate of

25% every year during the last decade, reaching 196GW

worldwide by the end of 2010. Nowadays, wind power

generate around 2.5% of the global electricity consumption [1].

The main reasons for this growth consist mainly in the

general concern about climate change and environmental

harming caused by traditional energy sources, as well as the

wide availability of the wind and fossil depletion. Moreover,

this industry has been supported by the global impulse it has

received regarding investment, research and technological

development of WECS. Such impulse is focused upon power

yield optimization and reduction of loads and mechanical

efforts, increasing thus the reliability and the life span of the

whole system and reducing the cost of production of the
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are the improvements on the generator, drive train and power

electronics, the search for new materials and designs for the

wind turbines, the use of statistic signal processing techniques

to estimate parameters or variables of interest, and the

exploration and development of novel control strategies [2].

Related to the latter, the use of control techniques based on

Sliding Modes (SM) is to be mentioned. Their several inter-

esting characteristics make them attractive to deal with these

kinds of systems, which rely on a random source as the wind,

have nonlinear behavior and operate under external distur-

bances and uncertainties in the model parameters. Some of

their main remarkable features are the following [3e7]:

� They can be applied to nonlinear as well as to linear

systems.
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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� The designed controllers result extremely robust against

several disturbances, uncertainties in the parameters and

unmodeled dynamics.

� The control laws are relatively simple and easy to imple-

ment, entailing low real time computational burden.

� Some high order Sliding Mode algorithms have the addi-

tional advantage of synthesizing continuous control actions,

consequently reducing mechanical efforts and chattering

(high-frequency vibrations of the controlled system, main

drawback of the first order SM originated in the practical

impossibility of working at infinite switching frequency).

A SOSM based MIMO control is designed in this paper to

maximize the extracted energy from the wind and to regulate

the stator reactive power of a variable-speed grid-connected

WECS based on a DFIG.
2. Brief description of the system and control
objectives

Regarding wind generating systems connected to the grid, the

ones based on DFIG which operate at variable speeds are

among the most employed. One of them in a bidirectional

topology with slip power recovery is considered in this work,

and has been widely used in the last two decades.

This configuration consists of a wound rotor induction

generator, where the windings of both stationary and rotating

parts are connected to the grid, directly from the stator side

and through a bidirectional converter on the rotor side, as it is

schematically depicted in Fig. 1. Although it operates at vari-

able speed, which can be higher or lower than the synchro-

nous speed, it generates and transfers power at grid constant

frequency. The mechanical power is fed in both through the

stator and through the rotor, delivering thusmore power than

the rated and increasing the efficiency. The system can be

electronically controlled bymeans of the frequency converter,

allowing to choose the points of operation by modifying the

amplitude and position of the spatial rotor voltage vector. Due

to these two degrees of freedom, two independent control

objectives can be stated and managed in this topology. Addi-

tionally, as the converter is fractional (i.e., it handles just the

recovered power), it results smaller and of lower price than in

other configurations.
Fig. 1 e WECS-DFIG with slip power recovery.
In relation to the generation of power by the wind turbine,

two zones can be distinguished within its range of operation,

depending on the wind speed n, as shown in Fig. 2 [2,8].

While operating in the partial load zone, wind speeds

between ncut�in (lower speed at which the turbine starts

generating) and nrated (corresponding to the maximum power

of the turbine), it is desirable to maximize the conversion

efficiency, to obtain the maximum energy available in the

wind. In a variable-speed WECS, the control in this zone is

performed electronically, maintaining fixed the pitch angle of

the blades. Between nrated and ncut�out (upper limit speed from

which the turbine should be disconnected to prevent

damages) the extracted power should be limited to the rated

value, which is usually regulated by a pitch controller.

The power a turbine captures is only a fraction of the power

available in the wind. It can be written as [8]:

Pc ¼ 1=2prR2CpðlÞn3 (1)

where r is the air density, R the blades length and CpðlÞ the

power coefficient of the WECS. This is a nonlinear function of

the tip-speed ratio lbwtR=n ¼ wrmR=ðkgbnÞ, with wt and wrm

the angular rotation speed of the turbine and of the generator

shaft respectively, and kgb the transmission ratio of the gear

box. The Cp depends on the shape and geometrical dimen-

sions of the rotor and the blades and, considering fixed pitch,

presents a unique maximum for l ¼ lopt. The curve Cpel

considered for the turbine in this work, modeled as

CpðlÞ ¼ c1ðc2=l� 1Þexpð�c3=lÞ with c1, c2 and c3 constants, is

shown in Fig. 3, where its maximum has also been indicated.

The proposal in this paper consists in the application of

a SOSM MIMO technique [9] to control the WECS with two

objectives:

� maximize the extracted power, by tracking a torque refer-

ence to control the points of operation so that l ¼ lopt for all

wind speeds within the partial load zone, and

� tracking a reactive power reference in stator, contributing to

compensate the grid power factor.

3. WECS model

A quite complete description of the WECS dynamics is

attained by the five nonlinear differential equations usually

referred as the Park model. Four of the equations consider the

electric dynamics of both stator and rotor in a synchronously

rotating direct-quadrature (d-q) frame and the fifth one

accounts for the mechanical dynamics.
vrated
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Fig. 2 e Zones of operation of a wind turbine.
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Fig. 3 e Power coefficient Cp(l).
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Making some geometrical considerations and an electrical

simplification (i.e., neglecting the stator resistance), a reduced

order model can be obtained, which consists of three states

accounting for the mechanical rotation speed and the electric

rotor variables, whereas the stator currents are linked to them

algebraically [10]:8>>>>>>>>><
>>>>>>>>>:

_iqr ¼ �
 
LmVs

Leq
þwidr

! �
1� p

w
wrm

�
� RrLS

Leq
iqr þ Ls

Leq
vqr

_idr ¼ �wiqr
�
1� p

w
þwrm

�
� RrLs

Leq
idr þ Ls

Leq
vdr

_wrm ¼ 1
J

�
Ttðy;wrmÞ � 3pLmVs

2wLs
iqr
�

(2)

iqs ¼ �Lm
Ls

iqr (3)

ids ¼ Vs

wLs
� Lm

Ls
idr (4)

where vqr and vdr are the voltage control inputs, p is the

number of pole pairs of the generator, w and Vs are the line

frequency and voltage, Rr is the rotor resistance,

Leq ¼ LsLr � L2m, Ls and Lr are the leakage inductances of the

stator and rotor windings respectively and J is the inertia of

the whole combined rotating parts. Te and Tt are the electrical

resistant torque of the generator and themechanical torque of

the turbine, the latter rendered to the generator side through

the gear box relation. Their expressions are:

Te

�
iqr
� ¼ 3pLmVs

2wLs
iqr (5)

Ttðn;wrmÞ ¼ 1
kgb

0:5prR3Ct

�wrmR
kgbn

�
n2 (6)

where CtðlÞ ¼ CpðlÞ=l is the torque coefficient of the turbine.

As for the stator reactive power, its expression in the three-

equation model is:

Q ¼ 3pV2
s

2wLs
� 3pLmVs

2Ls
idr (7)

4. SOSM MIMO control

Second Order Sliding Modes aim to take to and maintain in

zero a function of the system states and time, s, and its first
time derivative. This function is chosen according to the

control objectives, so that they are accomplished when the

condition s ¼ 0 is hold.

The points where s ¼ _s ¼ 0 in the state space determine

the sliding manifold. The SOSM algorithms allow to synthe-

size a control law that takes the state trajectories onto the

sliding manifold in finite time and robustly keeps the system

operating in that condition. The algorithmwhich is employed

in this work has the additional advantage of providing

a continuous control action. In the sequel, the SOSM proce-

dure is described, to design the control for a MIMO dynamic

system of the form:

_x ¼ Fðt; xÞ þ Gðt; xÞu (8)

where x˛ℛn, u˛ℛm are the control inputs, fið Þ and gijð Þ are

C 1-functions, for i ¼ 1;.;n; j ¼ 1;.;m.

The control objectives for system (8) are posed in m sliding

variables, si, i ¼ 1; 2;.;m, setting thus sðt; xÞ˛ℛm. Each si has

to be a C 2-function with relative degree well defined, i.e.,

matrix B ¼ s0xG must be nonsingular, where s0x denotes the

partial derivative of s with respect to x.

Given that the design procedure [9] requires matrix B to be

upper triangular, the well-known Gauss procedure of variable

exclusion is to be performed on B, obtaining ~B. It is necessary

that ~B is bounded and nonsingular and all its elements

maintain their sign unchanged for all t, x (this is,

they are never zero), and the equivalent control

ueqðt; xÞb� ðs0xGÞ�1ðs0t þ s0xFÞ and its time derivative are also

bounded. Then, it can be shown that each control component

ui can be associated to the corresponding component of the

sliding variable si and designed independently. This means

that the MIMO SOSM design of the m-component control is

simplified to designm SISO SOSM (Single Input/Single Output)

controllers, using for each of them any of the already known

SISO SOSM algorithms, like Twisting, Super-Twisting, “with

a prescribed law of variation”, Sub-Optimal, etc. [4,11,12,9].
5. SISO super-twisting control

As it was mentioned in the previous section, the MIMO SOSM

design problem turns into m SOSM SISO designs. The inter-

esting characteristics of the Super-Twisting algorithm [12]

made it the selected option for the SISO controllers.

The Super-Twisting algorithm was developed to have

a continuous and robust controller with the advantages of

first order SM, but reducing its main drawback in sliding

variables with a relative degree of 1, the chattering effect. It

is very simple to implement and it has the advantage over

other SOSM algorithms of needing to measure only the

sliding variable and not requiring information of its time

derivative, _s.

Once chosen the functions siðt; xÞ, their time derivatives

can be written using (8) as:

_siðt; x;uÞ ¼
�
s0
it þ s0

ixfi
�

|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
aiðt;xÞ

þ �s0
ixgii

�
|fflfflfflffl{zfflfflfflffl}

biðt;xÞ

ui (9)

After this, positive constants UMi, Ci, Gmi, GMi and qi˛ð0; 1Þ
must be found such that:
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>>>< j _aiðt; xÞj þ j _biðt; xÞjUMi � Ci

0 < G � b ðt; xÞj � G
Fig. 4 e Wind speed time profile.
8
>>>:

Mi j i Mi����aiðt; xÞ
biðt; xÞ

���� < qiUMi

(10)

Under these conditions, the state trajectories will converge

to the sliding manifold s ¼ _s ¼ 0 in finite time and the system

will operate in SOSM on it if the following control action is

applied, given by the Super-Twisting algorithm:

ui ¼ zið � lijsij1=2signðsiÞ þ u1iÞ (11)

_u1i ¼
��ui; juij > UMi

�aisignðsiÞ; juij � UMi
(12)

where zi ¼ signðbiðt; xÞÞ, called the influence sign, is fixed for

every t, x, and the parameters ai and li verify:

Gmiai > Ci

li >

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

Gmiai � Ci

r ðGmiai � CiÞGMi

�
1þ qi

�
G2
mi

�
1� qi

� (13)

The inclusion of bounded perturbations in the equations and

their consideration in the computation of the bounding

constants in (10) guarantees the robustness of the designed

controllers against the accounted disturbances.
Fig. 5 e Time variation of electromagnetic parameters.
6. Design of MIMO Controller for the WECS

When the system is operating at the pointswhere l ¼ lopt, that

is, where the extracted power is maximum, the mechanical

torque of the turbine equals

Ttopt ðwrmÞ ¼ prR5Cpmax

2k3
gblopt

¼ kow
2
rm (14)

If the electrical torque is compelled to track this Ttopt , which

varies with the wind speed, the system is forced to operate on

the points of maximum captured power points, where

wrm ¼ loptkgbn.

Considering the mentioned condition and Eq. (5) for the

first control objective and using (7) for the second, the sliding

variables are selected as:

s1 ¼ Ttopt � Te ¼ kow
2
rm � 3pLmVs

2wLs
iqr (15)

s2 ¼ Qref � Q ¼ Qref � 3pVs

2Ls



Vs

w
� Lmidr

�
(16)

The total time derivatives of (15) and (16) can be written

using (2) as functions of the states:

_s1 ¼ 2kowrm _wrm � 3pLmVs

2wLs
_iqr

¼ a1

�
t; iqr; idr;wrm

�þ b1

�
t; iqr; idr;wrm

�
vqr (17)

_s2 ¼ _Qref þ
3pVsLm
2wLs

_idr ¼a2

�
t; iqr; idr;wrm

�þb2

�
t; iqr; idr;wrm

�
vdr (18)

with

a1 ¼ 3pLmVs

2wLs



LmVs

Leq
þ RrLs

Leq
iqr þ ðw� pwrmÞ � pLmVs

wLeq
wrm

�

þ 2kowrm

J
ðTt � TeÞ (21)
b1 ¼ �3pVsLm
2wLeq

(22)
a2 ¼ _Qref þ
3pLmVs

2Ls



ðw� pwrmÞ � RrLs

Leq
idr

�
(23)

b2 ¼ 3pVsLm
2Leq

(24)

As it can be observed, in the case of theWECS described by the

third order model given by (2) and for the selected sliding

manifold, the time derivatives of the sliding variables depend

each on one of the control inputs, vqr and vdr. Consequently,

the matrix B mentioned in Section 4 is in this case a diagonal

matrix, a particular case of an upper triangular one, not being

necessary to perform the Gauss procedure.

Then, the bounding constants stated in (10) and the influ-

ence signs appearing in (11), necessary to design vqr and vdr,

are to be found directly for (21)e(24). To get the bounds,

a thorough analysis of the derived equations was carried out,

complemented with computer simulations of the system

operating within the partial load zone, fed with varied wind

profiles and several reactive power references. In both cases,

the analytical evaluation and the simulations, it was taken

into consideration the effect of external disturbances as well

as errors in the parameters of the models, such as variations

in the electric resistances and in the electromagnetic induc-

tances up to 10% of their rated values, and in the grid voltage

and frequency up to 10% and 2% of their rated values,

respectively. Finally, it was determined:

UM1 ¼300; q1 ¼ 0:7; C1 ¼ 51;100; z1 ¼ �1; Gm1 ¼ 1600;

GM1 ¼ 2000; UM2 ¼ 300; q2 ¼ 0:1167;

C2 ¼ 2;876; 000; z2 ¼ þ1; Gm2 ¼ 694;000;

GM2 ¼ 7� 105 (25)
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Fig. 6 e Time variation of grid parameters.
Fig. 8 e Reactive stator power and its reference.

Fig. 9 e Captured and maximum available power.
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7. Simulations and results

The final tuning of the parameters for each component of the

MIMO controller was set after new simulations. Maintaining

the system in the partial load zone and under the same kind of

disturbances, the fine tune was made prioritizing the reduc-

tion of mechanical efforts and chattering. The resulting

selection was:

a1 ¼ 60; l1 ¼ 4:5; UM1 ¼ 300 (26)

a1 ¼ 10; l1 ¼ 0:1; UM2 ¼ 300 (27)

It is important to point out that although the computation of

the bounding constants and the selection of the values of the

parameters are not simple processes, they are made off-line

during the tuning procedure. The online operation of the

controllers, on the contrary, is quite simple.

Some results obtained in a representative simulation are

shown and discussed in this section. They correspond to the

WECS operating for 10 min under realistic conditions within

the partial load zone, controlled according to the proposed

strategy, with the controller developed in the previous

sections. The wind speed profile that was used is presented in

Fig. 4.

Fig. 5 shows the time variations of the electromagnetic

parameters appearing in the third order model. The value of

the rotor resistance is displayed in the upper box, while the

values of the leakage inductances and of the magnetic

coupling are in the box at the bottom.

The variations of the grid parameters are presented in

Fig. 6. The variations of the parameters in the simulations lie

within the range considered for each one in the design stage.

The electrical resistant torque of the generator, Te and the

torque reference being tracked, Ttopt ¼ kow2
rm, are depicted in

Fig. 7. The overlapping of both curves indicates the accom-

plishment of the first sliding objective, given by (15). The error
Fig. 7 e Electrical torque and torque reference.
in s1 ¼ Ttopt � Te is kept below 1� 10�3 Nm despite the

disturbances, proving the robustness of the control algorithm.

Finally, the power profiles of the controlledmachine can be

seen in Figs. 8 and 9. Fig. 8 presents the temporal variations of

the stator reactive power, Q, and of the reactive power refer-

ence, Qref. One curve is exactly over the other, showing the

successful achievement of the second sliding objective, s2 ¼ 0

(s2 ¼ Qref � Q, in Eq. (16)). The accuracy and robustness of the

controller is shown in the small error attained while tracking

the reference under the described perturbations, maintained

below 0.1 VAr once operating in SOSM.

The captured power and the maximum power available in

the wind are portrayed in Fig. 9. Instead of overlapping, which

would indicate maximum extracted power, it can be observed

the first curve is a kind of delayed version of the second. The

reason for this resides mainly in the choice of the corre-

sponding sliding variable based on torques, resulting in

a lowpass tracking of the maximum power.
8. Conclusions

A controller for the active and reactive power of a grid-

connected variable-speed WECS based on a DFIG has been

designed in this work. The WECS was modeled considering

the electric currents in the rotor and the mechanical rotation

speed of the shaft. For the wind turbine operating at wind

speeds in the range between ncut�in and nrated, a SOSM MIMO

technique was utilised to design the two-component

controller.

Each of these components was designed separately, based

on a SOSM SISO algorithm, the Super-Twisting. One of them

was designed to track a torque reference so that l ¼ lopt,

http://dx.doi.org/10.1016/j.ijhydene.2011.12.080
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aiming to maximize the conversion efficiency. The other, to

track a reactive power reference in stator, contributing to the

compensation of the grid power factor.

To determine the bounding design constants, the system

was thoroughly analyzed and simulated during the off-line

tuning procedure, considering realistic operating condi-

tions and several bounded disturbances. The reduction of

mechanical efforts and chattering were prioritized when

fine-tuning the controller. It should be pointed out that

while the determination of the bounds is carried out off-line,

the control law is rather simple and it can be easily imple-

mented, therefore it operates online with low computational

burden.

Finally, simulations of the controlled system operating in

the partial load zone, under realistic working conditions,

showed the achievement of both control objectives and the

robustness against external disturbances and variations of

the parameters of the models with respect to their rated

values.
Appendix A. Rated values and other parameters

Vs ¼460
ffiffiffiffiffiffiffiffi
2=3

p
V; w¼ 2p60 rad=s; Pr ¼ 50 HP; p¼2;

Rs ¼ 82 mU; Rr ¼ 228 mU; Ls ¼ 35:5 mHy; Lr ¼35:5 mHy;

Lm ¼35:7 mHy; r¼ 1:224 kg=m3
; J¼3:662 kgm2; R¼7:3 m;

kgb ¼ 25; Cpmax ¼0:4; lopt ¼7:5; c1 ¼9:5946; c2 ¼12; c3 ¼20
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