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Due to the growing of the power electronics, especial attention has been given to the use of

new generation of power converters, AC/AC matrix converter to which provide a direct

power converter AC/AC, bi-directional power flow, almost sinusoidal input and output

waveform. In this paper, we present the performance study of a variable-speed wind

turbine based on doubly fed induction generator fed by matrix converter using the

maximum power point tracking method to extract the maximum power available. The

whole system is presented in d-q-synchronous reference frame. The control scheme is

tested and the performances are evaluated by simulation results. The simulation results

obtained under MatLab/Simulink show the effectiveness and validity of the considered

control.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Starting from the principle of Lavoisier: Nothing is lost,

nothing is created, everything is transformed. Energy is the

motor of natural phenomena, it can be transformed from one

form to another. Wind energy is one of the cleanest sources of

energy because while producing electricity it does not

generate any gas greenhouse effect, does not degrade air

quality and does not pollute soils or water. Furthermore, it

does not produce toxic or radioactive waste [1e5]. Nowadays,

Owing to the increasing pollution of environment and atmo-

sphere, huge efforts have been made in promoting the wind

energy conversion systemsWECS to reduce costs and increase

reliability and robustness [6]. Indeed, it exists several WECS
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which allow transforming the wind kinetic energy into elec-

trical energy. In this work, the WECS is constituted, princi-

pally, of a turbine, a gearbox and a doubly fed induction

generator (DFIG). The DFIG is connected directly to the grid via

its stator but also via its rotor by means of matrix converter

(MC) to allow an exchange of energy between the network and

the DFIG at the synchronism speed. Wind turbine is a me-

chanical device, it ensures the conversion of the kinetic en-

ergy intomechanical energy, there after it will be converted to

electrical energy by coupling a generator to the wind turbine.

Nowadays, in the field of renewable energies, several types of

electric machines are used as generators in wind energy

conversion systems [6e8]. Therefore, the study of double fed

induction generator (DFIG) has regained importance because

it has become the most popular generators for wind energy
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applications. The converter consists of nine bi-directional

switches, arranged as three sets of three so that any of the

three input phases can be connected to any of the three output

lines. There is now competition between thematrix converter

and the voltage source inverter with a regenerative input

rectifier [9]. The MC is widely used in large wind farms, and

this for its many advantages: direct power converter AC/AC,

bi-directional power flow, quasi sinusoidal input and output

waveform, and allows to control: the rotor currents magni-

tude, frequency and input power factor [10e12]. Moreover, the

use of matrix converter instead of two converters allow the

reduce of maintenance, cost and number of components used

in conventional systems [13]. The wind turbine can be oper-

ated at the maximum power operating point (MPPT) for

various wind speeds by adjusting the shaft speed optimally to

achieve maximum efficiency at all wind velocities [14e16].

Pitch angle regulation is required in conditions above the

rated wind speed when the rotational speed is not kept con-

stant. Small changes in pitch angle can have a dramatic effect

on the power output [17].

The aim of this work is to show the importance of wind

energy conversion system (WECS) driven by matrix converter.

This paper is organized as follows, in SectionWind system

modeling, the modeling of the turbine and gearbox is pre-

sented. In Section Control structure, firstly, the mathematical

model of doubly fed induction generator is given, then, the

model of three phases converter matrix and its control strat-

egy are considered. The whole of the chain studied and

completed by the necessary details are established in Section

Simulation results. In Section Conclusion, computer simula-

tion results obtained under MatLab/Simulink are shown and

discussed. Finally, the reported work is concluded.
Wind system modeling

The wind energy conversion system considered in this work

includes the wind turbine, gearbox, double fed induction

generator, matrix converter and the electrical network. Fig. 1

shows the equivalent diagram of wind energy conversion

systems.

Wind turbine modeling

The mechanical power produced by the wind is given by Refs.

[13,18]:
Fig. 1 e Block diagram of wind
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Ptur ¼ Cpðl;bÞ$r$Sv
2

2
(1)

The power coefficient of wind turbine Cpðl;bÞcan be

defined as a function of the blade pitch angle (b) and the tip-

speed ratio (l) which is given by Refs. [13,19e21]:

l ¼ R$Utur

V
(2)

Cpis different from a turbine to another, and is usually

provided by the manufacturer and can be used to define a

mathematical approximation. Generally, the used expression

of the power coefficient can be approximated by the following

Eqs. (22) and (23):

Cpðl; bÞ ¼ 0:22

�
116
li

� 0:4b� 5

�
e
�12:5
li (3)

1
li

¼ 1
lþ 0:08b

� 0:035

1þ b3 (4)

So, the aerodynamic torque is expressed by Refs. [13,22]:

Ttur ¼ Ptur

Utur
¼ Cpðl;bÞ$r$S$V

3

2
$

1
Utur

(5)

Modeling of the mechanical part

Fig. 2 show the mechanical part of the wind turbine. The

gearbox is installed between the turbine and the generator to

adapt the turbine speed to that of the generator. Thus, we

define the mathematical expressions of the chain as follows

[24]:

Umec ¼ G$Utur (6)

Furthermore, In the case where: friction, elasticity and

energy losses in the gearbox are neglected.

G ¼ Ttur

Tmec
(7)

The mechanical equations of the system can be charac-

terized by:

J
dUmec

dt
¼ Tmec � Tem � fUmec (8)

with: J ¼ Jtur
G2 þ Jgen

Fig. 3 show the block diagram of the wind turbine shaft

model associated with the turbine model.
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Fig. 3 e Wind turbine model.

Fig. 2 e Mechanical part of wind turbine.
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Based on the mathematical expressions programming of

the model previously developed, Fig. 4 exposes the computed

relation between the power coefficient Cp and the tip-speed

ratio l for different blade pitch b using wind turbine param-

eters given in the appendix. The power extracted from the

wind is maximized when the power coefficient is optimal

Cpopt. Therefore, we must set the tip speed ratio on its optimal

value lopt. For each wind speed, the machine rotates so that it

captures the maximum available power. Based on previous

relationships, the Power-Velocity characteristic can be plotted

for different wind speeds (see Fig. 5). From this figure we may
Fig. 4 e Power coefficie
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notice that there is one specific point ðlopt; CpoptÞ which en-

sures the maximum power captured from the wind for each

pitch angle.

Fig. 6 summarizes the rotational speeds Umec calculated as

a function of the optimal tip speed ratio lopt value for different

blade pitch angle. These speeds allow extracting maximum

powers.

Modeling of the DFIG

DFIG model is presented in synchronous dq reference frame.

The d-axis is alignedwith the stator flux linkage vector 4s, and

then, ð4sq ¼ 0;4sd ¼ 4sÞ[18,25]. Considering that the resistance

of the stator winding ðRsÞ is neglected and the grid is supposed

stable with voltage ðvs Þ and synchronous angular frequency

ðusÞ constant what implies 4sd ¼ cst, the stator voltage equa-

tions windings can be simplified in steady state as [5]:

8<
: Vsd ¼ d4sd

dt
¼ 0

Vsq ¼ us$4sd ¼ Vs

(9)

Hence, the DFIG mathematical model can be written as

follow:

8>><
>>:

Vsd ¼ Rs

Ls
4sd �

Rs

Ls
Lmird

Vsq ¼ �Rs

Ls
Lmirq þ us4sd

(10)

8>><
>>:

Vrd ¼ Rrird þ s$Lr
dird
dt

þ erd

Vrq ¼ Rrirq þ s$Lr
dirq
dt

þ erq þ e4

(11)

8>>><
>>>:

4rd ¼
�
Lr �M2

Ls

�
ird þMVs

usLs

4rq ¼
�
Lr �M2

Ls

�
irq

(12)
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8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

Ps ¼ �Vs$M
Ls

$irq

Qs ¼ V2
s

Lsus
�M$Vs

Ls
$ird

Pr ¼ g$
Vs$M
Ls

$irq

Qr ¼ g$
Vs$M
Ls

$ird

(13)

with:

8>>>>>>>>><
>>>>>>>>>:

erd ¼ �s$Lr$ur$irq

erq ¼ s$Lr$ur$ird

e4 ¼ ur$
M
Ls
$4sd

s ¼ 1�
�

Mffiffiffiffiffiffiffiffiffi
LsLr

p
�2

(14)

From Eq. (13), we can deduce that the active and reactive

powers can reach decoupling control. The electromagnetic

torque is as follows [22]:
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Fig. 6 e Presentation of lookup table data for WEC system.
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Tem ¼ 3P$
M
2

�
ird$isq � irq$isd

�
(15)

Modeling and control of matrix converter

TheMC studied in this paper is 9�3 bidirectional switch single

pole power converter. It is used to convert nine AC phase input

voltage into three AC phase output, with a control of magni-

tude and frequency current output. Venturini algorithm is

used to control 27 switches of 23�3 combinations Dependent

on the semiconductor switching states of thematrix converter

[26,27]. The MC structure is shown in Fig. 7.

The three phase output voltages (Va,Vb,Vc) are represented

in terms of input voltages (VA, VB, VC) as follows [23e28]:

2
4Va

Vb

Vc

3
5 ¼

2
4SAa SBa SCa

SAb SBb SCb

SAc SBc SCc

3
5
2
4VA

VB

VC

3
5 (16)
Fig. 7 e Matrix Converter structure.
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The transfer matrix of MC is defined by the switching

function (Sjk) as:

Sjk ¼
�
1/Sjkclosed
0/Sjkopen

; jεfA;B;Cg; kεfa;b; cg (17)

Knowing that the transfer matrix of calculating input cur-

rents is the transpose of the transfer matrix, in Eq. (16). The

input currents (IA, IB, IC) can also be calculated in terms of

output currents (Ia, Ib, Ic) as:
Fig. 8 e Control structure of wind tu
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2
4 IAIB
IC

3
5 ¼

2
4SAa SAb SAc

SBa SBb SBc

SCa SCb SCc

3
5
2
4 IaIb
Ic

3
5 (18)

Calculation time of each output phase voltage tjk is a frac-

tion of the switching frequency period Ts:

tjk ¼ Sjk$Ts (19)

with.
P

tja ¼
P

tjb ¼
P

tjc ¼ Ts
rbine fed by matrix converter.

6.5 7 7.5 8
ime (s)

machine.
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To eliminate open circuit to the output terminals or short

circuit between input terminals, the switching constraint is

defined as follow:

X
Sja ¼

X
Sjb ¼

X
Sjc ¼ 1 (20)

Taking into account the Venturini algorithm, he is defined

of the three place input (VA, VB, VC) and output (Va, Vb, Vc)

voltages at each sampling instant and is convenient for closed

loop operations.

q ¼
ffiffiffiffiffiffiffi
V2

os

V2
is

s
(21)

The maximum ratio between output and the input voltage

is 86,6% [12].

Based on Eqs. (20) and (21)matrix transfer can be calculated

by the following three equations:

Sjk ¼ 1
3
þ 2
3

VjVk

V2
iS

þ 2
9

q
qS

sin
�
uitþ∅j

�
$sinð3uitÞ (22)

Vj ¼ ViS cos
�
uitþ∅j

�
(23)
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The desired output voltage is done by:
Vd ¼ qViS cosðqo þ qdÞ � q
6
ViS cosð3qoÞ þ 1

4
q
qS
ViS cosð3qitÞ (24)

Furthermore, ViSand qiis given in function of the measured

VBCand VABin the following form [22]:

V2
is ¼ 4 =

9
�
V2

AB þ V2
BC þ VAB$VBC

�
(25)

qi ¼ arctan

 
VBCffiffiffi

3
p �

2
3VAB þ 1

3VBC

�
!

(26)

So, we can write Vosand qoas:

Vos ¼ 2 =

3
�
V2

a þ V2
b þ V2

c

�
(27)

qo ¼ arctan

�
Vb � Vcffiffiffi

3
p

Va

�
(28)

Control structure

From Eq. (13), it notices that the active and reactive stator

powers can be controlled by means of the DFIG current irqand
3 6.31 6.32 6.33 6.34 6.35
e(s)

e stator currents.
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ird, respectively. Indeed, the model of DFIG in d-q reference

frame with stator field orientation shows that the rotor cur-

rents can be controlled independently. The control structure

of the wind conversion system based on DFIG fed by matrix

converter is presented in Fig. 8.

In this section, two control loops are presented: control

loop of the aero-turbine and control loop of the electric
Fig. 13 e Direct and quad
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generator via matrix converter. In effect, we firstly aim to

extract maximum turbine power from the wind speed and the

pitch angle control. So, 2-D lookup table is used to predict

Cpoptand loptat which the turbine power reaches its maximum

value. The 2-D lookup table provides the reference speed (

U*
mec) of the second loop. Furthermore, the rotor currents can

be calculated independently. The current i*rqis calculated from
rature rotor currents.

5.5 5.6 5.7 5.8 5.9 6
me (s)

s Qr

or reactive powers.
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Fig. 16 e Stator voltage and current.
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the speed control, and to get unity power factor in the

connection of the MC with the grid we must settingQs�ref ¼ 0.

In effect, i*rdis given by the equation bellow:

i*rd ¼
4sd

M
� Ls
M$Vsq

$Qs ref (29)

Simulation results

In order to analyze the performance and feasibility of the

system, the studied system is simulated using MatLab/Simu-

link software. The simulation results of the proposed study

are shown in Figs. 9e15. Indeed, the wind profile considered in

simulations under constant wind speed corresponding at

rotational speed of the machine 1655rd/mn as shown by the

Fig. 9 and the switching frequency has been chosen as 2 Khz.

In this condition, the waveforms of the voltage (Vra) and

current (ira) rotor are illustrated in Fig. 10. The voltage is that

which is synthesized at the output of matrix converter fed

double fed induction generator. Otherwise, Figs. 11 and 12

show, respectively, the stator and rotor currents and Fig. 13

shows the direct and quadrature rotor currents.
Please cite this article in press as: Bedoud K, et al., Study of a doub
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Here one can observe that the wind system works with a

unity power factorwhereby stator reactivepowerQs_ref¼ 0. In

point of fact, Fig. 14 shows the zoom of the simulation results

for the proposed direct power control strategy of DFIG based

WECS, the rotor and stator reactive powers are given as 2 KVar

and 0KVar, respectively. Also, Fig. 15 presents the active stator

power (Ps) and active rotor power (Pr). Finally, the shape of the

voltage and the current of a stator phase are given in Fig. 16. It

observes a very good synchronization of these two quantities.
Conclusion

In this paper, the modeling and control of wind conversion

system based on DFIG fed by matrix converter has been

considered. The fact of the control of these powers separately

permits to adjust the power factor of the installation and in

consequence obtain better performance. The model of wind

conversion chain is developed and the technique ofmaximum

power point tracking has been applied to provide all of the

active power generated to the grid with unity power factor.

The simulation results showed that the active and reactive

power of the wind energy present a high quality.
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 Nomenclature

Ps;Qs stator active and reactive power

Pr;Qr rotor active and reactive power

Tem electromagnetic torque (N m)

d; q synchronousreference frame index

Vsd$q stator deq frame voltage

Vrd$q rotor deq frame voltage

isd$q stator deq frame current

ird$q rotor deq frame current

4sd$q stator deq frame flux

4rd$q rotor deq frame flux

Rs;Rr stator and rotor resistances

Ls; Lr stator and rotor self Inductances

M mutual inductance

uS,ur synchronous and rotor angular frequency

r air density

V wind speed

R rotor radius

l tip-speed ratio

Utur aeroturbine rotor speed

Um generator speed

G gearbox ratio

J turbine total inertia

s coefficient of dispersion

q demand voltage ratios

ViS peak input voltage

ui angular frequencies of input voltage

uo angular frequencies of output voltage
Appendix

Font Simulated DFIG Wind Turbine Parameters:

Rs ¼ 0.435 U, Rr ¼ 0.62 U, Ls ¼ 0.084 H, Lr ¼ 0.081 H,

M ¼ 0.078 H, Number of pole pairs P ¼ 2, J ¼ 0.35 kgm2,

F ¼ 6.73e�3 N.m.s., R ¼ 3 m, r ¼ 1.25 kg/m3, G ¼ 12.3, f ¼ 50 Hz.
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