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Abstract: The aim of this research is the study of the performances of the Doubly Fed Induction Generator
(DFIG) in a wind turbine of high level powers at variable speed, comnected to the electrical grid. The stator of
the DFIG 1s directly connected to the grid, the rotor 1s connected to the grid fed by a direct frequency converter
(called matrix converter). The control of the powers transit (active and reactive) between the aerogenerator and
the grid 1s carried out by the adjustment of the rotor sizes of the DFIG. In a first part, the modeling of the various
parts of the aerogenerator is presented. The Maximum Power Point Tracking (MPPT) algorithm to maximize the

generated power 15 used. In a second part, the principle of powers control exchanged between the wind system
and the grid is exposed. Finally, the simulation results of the dynamic behavior of the studied system are

presented to justify the reliability of the model suggested and the order applied.

Key words: Wind turbine, DFIG, variable speed, matrix converter, power control, MPPT

INTRODUCTION

The application of the DFIG in the modermn wind
tubine becomes an imposing reality, by the performances
which 1t can offer. Indeed, it allows an operation out of
generator in the 2 quadrants torque-speed (Chang, 2002).
Generally, if a wind turbine contaimng the DFIG, the stator
15 connected directly to the grid; the rotor 1s commected to
the grid by the means of a static converter (Robyns and
Nasser, 2001). Being given that the power brought into
play in the rotor circuit remains lower than that of the
stator circuit; the constraints on the static converter will
be decreased, which leads to the reduction of the size and
the cost of the converter (Poitier, 2003 ).

The direct converter 1s proposed to substitute the
conventional converter (cascade rectifier-inverter) in the
purpose of mproving the performances of the wind
turbine. The Matrix Converter (MC) eliminates the de-link
filter elements and thus resolves the size, weight and
reliability issues and also provides an option for the
design of the converter as a compact/modular unit
(Har, 2004).

The control of the rotor sizes of the DFIG allows the
management of the transit of powers between the
aerogenerator and the grid (Ghedamsi et al., 2006).

The synoptic diagram of the studied system is
represented by Fig. 1.

Fig. 1: Power contor]l between the DFIG and the grid
MODELLING OF THE AEROGENERATOR

Modelling of the mechanical part: The total kinetic power
of the wind through a wind disc of radius R, 15 given by
the following relation (Chang, 2002).

1
Pwmd = 5

piR* v (1

* Y wind

The aercdynamic power, which 1s converted by a
wind turbine, P, is dependent on the power coefficient C,.
Tt is given by:

P, = ! C,(h)pmR7Y: 2)

- 5 wind

p represent the air density and v, ; the wind velocity.
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A wind twbine can only convert just a certain
percentage of the captured wind power. This percentage
1s represented by C(A) which 1s function of the wind
speed, turbine speed and the pith angle of specific wind
turbine blades (El Aimani, 2003; Chang, 2002).

Although, this equation seems simple, C, is
dependent on the ratio A between the turbine angular
velocity €, and the wind speed v, This ratio is called
the tip speed ratio

QR
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A typical relationship between C, and A is shown in
Fig. 2.

We can show i this figure the value of A for which
C, is maximum and that maximise the power for a given
wind speed. The peak power for each wind speed occurs
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Fig. 2: Power coefficient for the wind turbine model
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at the point where C, is maximised. To maximise the
generated power, 1t 18 therefore desirable for the generator
to have a power characteristic that will follow the
maximum C, . line.

The action of the speed corrector must achieve 2
tasks (Poitiers et al., N.D).

It must control the mechanical speed €, . in order to
get a speed reference Q. ¢

Tt must attenuate the action of the aerodynamic
torque, which 1s an mput disturbance.

The simplified representation in the form of diagram
blocks is given in Fig. 3.

The aerodynamic torque is defined as the relationship
between the aerodynamic power and the angular velocity
of the turbme

T, = Do @
&
The machine torque shaft 1s given by:
T = Lam (5)
G

The mechanical speed evolution is determined from
the total torque T, applied to the rotor

1 9% _ g (6)
dt mec
TmEc - TtrEE - TEm _Tmsq (7)

The torque resist due to frictions T, 1s modelled by
a coefficient of viscous frictions f:

_Gigar box The tree

Q <I|< O

G
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> MI:_“ D ' : k,+£ | | e
Control speed

Fig. 3: Device control with control speed
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Tv1sq - f Qme: (8)

The expression of the optimal mechanical power

P oo 18 Obtained as follows.
5
_1 Gy pPTR o ©)
mec_opt 2 G3.7L3 . e

opt

The DFIG modelling: The DFIG dynamic model in Park's
reference is expressed as follows (Poitier, 2003).
Electric equations

. d
Vds - Rslds + a(pds - (‘Os(pqs
v.=Ri_+—¢ +o
gs 5 gs di (pqs s(pds (1 0)
d
vdr _erdr + _(pdr - (0‘)5 - 0‘)) (pqr
dt
d
Vqr _erqr a(pqr_._(ms _m)(pdr
(pds - Lsids +Lmidr
(pqs - Lsiqs +Lmiqr (11)
(pdr = Lrldr +Lmids
(pqr - Lriqr +Lmiqs
Electromagnetic torque equation
Tem - p((Pds 'iqs - (qu 'ids) (1 2)

The active and reactive stator and rotor powers are
given by:

qs'lqs

Qs - Vqs'lds _vds'lqs

P =v, 1, v

(13)

P =v,1,tv,1

qriogr
Q. = Vorrdgr "V g

And the powers exchanged between the system and
the grid are expressed by:

{

P, =P +P,
Q,=Q,+Q,

(14
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MODELLING OF THE MATRIX CONVERTER

The simplified three phases- three phases matrix
conwverter topology mcorporated in system of wind
turbine is shown in Fig. 4. Matrix converter consists, of
nine bidirectional switches and each output phase is
assoclated with three switches set comnected to three
input phases. This configuration of bidirectional switch
enables to connect any of input phase a, b or ¢ to any of
output phase A, B or C at any instant. Since the matrix
converter 15 supplied by the voltage source, the input
phases must not be shorted and due to the inductive
nature of the load, the output phases must not be open.
If the switch function of a switch S, in Fig. 5 is defined as:

S, (t)—{

1 S. 1s close

i

ic{a,b,c}, je{A B, C}

0 8, 1s opened
(15)
The constraints can be expressed as:
S, T8, +5,=1 (16)

i={AB,C}

Modulation strategy: The object of the modulation
strategy is to synthesize the output voltages from the
input voltages and the mput currents from the output
currents. The three phase matrix converter can be
represented by a 3 by 3 matrix from because the nine
bidirectional switches can connect one input phase to one
output phase directly without any intermediate energy
storage elements. Therefore, the output voltage and input
currents of the matrix converter can be represented by the
transfer functionT and the transposed TT such as.

v, =T xv, (17)
Va S Sy Sy ||V
Ve |T|5s S Sa ||V, (18)
VC SaC SbC cC vc

P =T a9)

Defining modulation strategy is actually filling in the
elements of the transfer matrix. Although, several
modulation strategies have been proposed {Chang, 2002).
The equivalent circuit of the indirect modulation is shown
in Fig 5.
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Fig. 4: Matrix converter topology
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Fig. 5 Matrix converter model with the fictive De-link
voltage

The basic 1dea of the mdirect modulation techmque
is to decouple the control of the input currents and output
voltage. The transfer function T for the matrix converter
Eq. (18) mto the product of the rectifier transfer function
and nverter transfer function.

T=R*I
. S al S
s M c B 7 8 S, S, S, (20)
SbA SbB Sbc - S9 10 g g
2 4 6
SCA ScB Scc Sn 12

This way to modelize the matrix converter provides
the basis to regard the matrix converter as a buck-to-buck
PWM converter without any De-link energy storage. This
means the well know space vector PWM strategies for
voltage source wnverter (V3I) or PWM rectifier can be
applied to the matrix converter.

By substituting Eq. (20) into Eq. (18).

S
A 7 8 S S S a
v =S, S, ||t v, @D
S s, S, S.
C 1 12 c
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v,] [8,.8+8,8 88+85 §5+558 ][v

Ve =] 8084808 S8 +808  S..8 48,5 || v,
C S‘ll'S'l+Slz'SZ Sl'l'S3 +S'12'S4 S‘ll'Sﬁ +SlZ'Sé v
(22)

Therefore, the indirect modulation technique enables
well-known space vector PWM to be applied for a rectifier
as well as an mmverter stage (Chang, 2002).

In what follows we describe two independent space
vector modulations for current source rectifier and voltage
source inverter stages and then the two modulation
results are combined to a modulation for the matrix
converter.

Space vector modulation for the rectifier stage: From
Fig 5, 1t 1s seen that a virtual De-link 1s established. In the
indirect space vector modulation, all quantities are
referred to this virtual De-link. The mput currents and
de-link voltage can be found from the switch states as
seen1 in Eq. (23) and (24).

ia Sl SZ I 1
i =8 g DC+ (23)
b 3 41" I
i S. S be-
c 5 & -
v
AV S1 Sz Ss b
{ b | _ v (24)
V. 1F
pe s, S, 8,
VC

The possible switch combmations of the rectifier are
shown in Table 1 and the space vector hexagon is seen in
Fig. 6. For one such set of vectors the span is shown on
Fig. 7 where also the vector lengths are shown. The duty
cycles for the adjacent vectors on Fig. 7 can be calculated

using Eq. (25)
(m T
d, = mc.sm(E-OCJ = /Ts

d, :mc.sin(ec):TyTﬁ (25)

0<m, =1
:[*
m, =
IDC
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Table 1: Switch states and generated vectors for the rectifier

VDC

0

1 0 0 0 1

T
Type Vecteurs 508 5 } i, in Ic L <L Ve
_S2 S4 S7
r —T
Actifs  L[ab] 1o Tncs Ine. 0 ilm _n Ve
o | NE] 6
r —T
L[ac] 100 Tncs 0 Inc. ilm ul Ve
0 0 1] 3 6
r —T
L{be] 1o 0 Tcs Inc. ilm T Vi
0 0 1] NE] 2
r —T
L[ba] 01 Ioc. Inc. Incs ERN 5n Vou
10 0] NG 6
r T
Lfca] 001 e 0 Ince ilm Sn Vo
10 o] 3 6
r —T
Lfch] 01 0 Ine. Ince 2 I, .T Ve
0 1 0] NE] 2
r T T T
Nuls L[aal[bbl[cc] Lo opjo 1 opjo ol 0 0 0
1 o 0o]lo1o0]|0 01
1, (ba) L, (ac)
vl
Fig. 7. Synthesis of references vector current (m = 1)
L (ca) 1, (ab)
V. 1 00 1 0 0 Ve
{ Hd { }d { U wl @
k4 & b
i A%

Fig. 6: Rectifier current hexagon

The modulation index m. is often chosento be 1, as
no amplitude control of the cumrent 13 deswed. The
calculated duty cycles can then be multiplied with the
switch matrix to calculate the mean value of the input
currents and the de-link voltage as shown 1 Eq. (26) and
(27). The switch states S, are replaced by the vectors
shown on Fig. 7 for an angle between -30° and +30°.

i, 10 Lot
i, | =d.L+d,L,=[d |0 1|+d.|0 O .LDﬂ
i 0 0 0 1 e

(26)
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From the De-link voltage, the output voltage can be
calculated and the modulation function for the mnverter
can be derived.

Space vector modulation for the inverter stage: The
output voltages can be found as the wvirtual de-
link voltages multiplied by the switch state of the
inverter and at the same time the de-link current can be

found by using the transposed matrix as seen in Eq. (28)
and (29).

A%
& ST 8 V
v =g Do+ (28)
B E 10 V
DcC
Ve Sn 12
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Vo

v, (010)

v, (110)

v, (011)

BoV,*

(29)

Figure 8 shows the vectors that the output inverter
can form by applymg the de-link voltage to the output
terminals. Table 2 shows the possible switch states and
the resulting length and direction of the vector. Looking
at one sector, the span of the vector and the output
voltage relationship shown on Fig. 9 can be found.

By geometric considerations the duty cycles can be
calculated as shown in Eq. (30). By projecting the V,
vector on to the V,and V;; vectors.

e T
d =m_sin| —-96 |= /
a 14 [3 VJ TS

dy =m,.sin(8,)= T T

d, =1-d_+d, :To%
B

(30)

m, = ————, 0<m <1; ev :(mv't)mod(n/3)

From the duty cycles, the mean value of the output
voltages and the De-link current can be written as shown
mn Eq. (31) and (32).

v, 1 0 1 0]
v, |=d, V. +d,. V,=|d_ |0 1|+d;|0 1
Ve 1 0 0 1]
(31)
I 1 01 1 00 L |
Rt = d,. +d,. A 1g
Lo 01 0 01 1 ]
1. |
(32)
Now, when the modulation functions for
both the rectifier and the inverter have been

expressed, the combined modulation function cen be
bult.

v, 1 0 1 0]
vy = d [0 1|+d,0 1
Ve 1 0 01
,Va
o) oo
vV
't ool M1 oo b
V.
(33)
01 0 0 1
dd,l1 0 0/+dd,|l 0 0
Va 01 0 10 of ||
Vo |[= v
" 00 1 00 1 °
VC Vc
+dds|1 0 0l+dds|l 0 0
00 1 1 0 0
(34)

For the remaining time of a switch period, zero vector
is applied, circulating output currents and disconnecting
input voltages.

The duty cycles equation can now be written as
shown mn Eq. (35).
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Table 2: Switch states and generated vectors for the inverter

Va Vp Vi
— . T T T T
Type Vecteurs S5 0§ } Vap Ve Veu [Wol <V Inc
5% S0 S
23V 1/3Voe 13V
— ST T T
Actifs Vil 0 0] 100 Vie 0 Ve 23V, 0 i
_0 1_
r -T
Vi[11 0] 110 113V Ve 1/3Vie 213Vpe
00 1]
0 Vi Vg 243V, /3 -
- -T
v,[01 0] 010 1/3Vps 23Voo 1/3Vpg
10 1)
-V Ve Voo 23V 2m/3 ig
- -T
v, [010] 011 23V, 1/3Vs 1/3Vs
10 0]
Ve 0 Voo Y3Vs T [
- -T
vi[011] 00 1 1/3 Vg 1/3Vpg 23Voo
11 0]
0 0 Voo Y3Vs 23 i
- -T
V,[001] 1 o1 1/3 Vg 1/3Ve 1/3Ve
01 0]
ch VDC 0 2/'3ch _1'[/3 -iB
T T
Nuls vooov11 |9 2 0 1 1 0 0 0
1 1 1 0 0 0
i i T stage 1s the connection of the stator to the grid. While the
d, =d,d, =m,sm| —-0, |sin| —-0, |= 7 voltages of the two devices are synchronized, this
¥ ks 3 3 T 2 ¥
) connection can be made without problem. Once this
(T . T connection is carried out, the third stage is the adjustment
ds=d,.d;=m_ sin| —-0_ |[sin(Q )= ‘1‘% ’ & ! _
w0 et i {3 V} ( C) T, of powers forwarded between the DFIG and the grid
- T (Fig. 103,
d, =ds;.d, = mv.sin(ev ).sin(—@cj =B T By choosing a diphasic reference frame d-q related
3 s to the stator spinning field pattern and by aligning the
. . T stator vector flux @, with the axis d, we can write
d.=d .d, =m_ sin(0,)sin{6, )= = : ’
5 = dy-d; = m, sin (0, ) sin(0, ) T, {Aouzellag et al., 2006).
T
d,=1-(d_+d_ +d —+d :% =
o 71-(diy 7y =y ) T, {cpds - (36)
Py =0
(35) :
Active and reactive power control exchanged between the The Eq. (12) become then:
aerogenerator and the grid: When the DFIG is connected
toan e.xisting gri.d, this copnection 18 done 1n three stages. T, =- PLiiqr®s (37)
The first stage 1s the adjustment of the stator voltages L

with the voltages of the grid as a reference. The second
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Fig. 10: Block diagram of DFIG power control

By neglecting R, per phase stator resistance, we can

then write:
vds = 0 (38)
Vi = V,

While, aligming itself on the reference mark chosern,
we can sunplify the voltages equations and stator flux as:

Vis =0 ; Vqs = Vs :msqjs
(Pds :(Ds :Lsiqs +Lmiqr : (Pdr :Lridr +Lmids (39)
(pqs - OZLsidS TLo1, (pqr =L iqr +Lmiqs

modr 2 5

The following expressions for the active and reactive
stator powers are given by:

psi_VsLimiqr
L, (40)
VO VL .
=_s7s __s7mq
2 L L. *

The expressions of the rotor voltages become:

| 12 \di Y
Vdr_erdr_’_[Lr_L_}T:r_s'ms [Lr—L—qur

s s

. L, |di Ll LV
v, =Ri +/L -=™ | Ftg@|L -—™ i +s—m=
! K L, ) dt L L

g g s

(41)

Fig. 11: Block diagram of the RST controller
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(= 2@

(6]

s

(42)

The expressions of the powers exchanged between
the DFIG and the grid become

L, .
Pg = (S-I)VS.L—.lqr
2

Y L
= 4 (s-1V. =2
% @ L ( )SL «

57 s

s

(43)

The active reference power is determined by the

following expression:

g ref = _n'Pmeciopt

With 1 1s the efficiency of the DFIG

(44)
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The blocks R, and R, represent active and reactive
power regulators. The aim of these regulators is to obtain
high dynamic performances in terms of reference tracking,
sensitivity to perturbations and robustness. The RST
regulator is studied and it is detailed below.

The block diagram of a system with its RST controller
is shown in Fig. 11.

The system with the transfer function B/A has Y,,;as
reference and is disturbed by the variable yv. R, Sand T are
polynomial which constitutes the controller. Tn our case,

we have
LZ
A=L_R_+pL, (Lr - L—m] andB=L_V, (43

g

BT BS

Y= Y+ v (46)

AS+BR ™ AS+BR

The equation characteristic of the system is
D=AS+BR=CF (47)

Where C is the command polynomial and F is the
filtering polynomial. ITn order to have good adjustment
accuracy, we choose a strictly proper regulator. So if A is
a polynomial of n degree we must have

deg (D) =2n+1
deg(S)=deg{A)+1
deg(R)=deg(A)

In our case
A=apta, . B=b,
R=rp+r > S:SZPZ+Slp+SO (48)

D=dp’+d,p*+d,p+a,

To find the coefficient of polynomial R and S, the
robust pole placement method is adopted.

RESULTS AND DISCUSSION

We present the dynamic simulation of the behaviour
of the studied aerogenerator. The control of powers
exchanged between the wind tubine and the grid is
carried out by the low directed control lever. The shown
results are obtained with a reactive power of reference
Quee=0andP, ;=1 Po o

The wind velocity is represented by Fig. 12 and that
of the slip by Fig. 13 which is wind velocity image and
varies from -0.3 to+0.3. Figure 14 represent the mechanical
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Fig. 12: Wind speed
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Fig. 13: DFIG slip
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Fig. 14: Generator mechanical speed
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Fig. 15: DFIG efficiency

speed which is the slip image. The output pace of the
generator is shown by Fig. 15; this last varies between 97
and 98% that justifies that the power losses are reduced
in the high level powers machines. Figure 16 represents
the optimal mechanical power absorbed by the DFIG.
Figurel7a and b show the active and reactive powers,
respectively exchanged between the rotor and the grid,
their flow direction depends on the sign of the slip, for



hat T Flec. Power Bng, 2 (5} 353-364 2008

n-
_u'j-
14
1-1-51
_z-
'as L] L] 1
a 0 40 [
)

Fig. 16: Turbine mechanical power
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Fig 17a Eotor active powsr

Fig 17k Rotor reactive power

P, puer (VW) Qy, Cref (VIVAE)

Fig. 18 Gnd active and reactive powers

(=<0} the powers are transmitted rotor to the gnd (DFIG
operates in super-synchronous), for (=0 the powers are
transmitted from the to the rotor (OFIG operates in sub-
synchronous) and for a zero slip the rotor absorbs an
active power of about 2% of the stator norunal output

and the reactive power 15 null. Figure 15 shows the

powers exchanged between the wind turbine and the grid
which follow perfectly the reference scales and we notice

)

Zxvar V) et ix (k)

tig)
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[uju]
—
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[
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=]
=
=
(=]
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ujx]
[3:]
[ X]
=
=1y
:
g

v [RY) ot inikis)
(=]

Fig 1% Rotor voltage and cumrent (5<0)

=

Jrve V) et in ks

i ' i ' ‘
15 1é 17 1% 14 20
t(s)

Fig 19d: Voltage and current (s =10}

that the active power 15 transmutted from  the
aerogenerator to the grid and this for the three operating
modes Figure 1%a shows the woltage and the rotor
current, Fig. 19b zoom rotor tension and current (s<0) (the
cutrent 15 behindhand to the woltage from an angle
ofip=n/2) and Fig 19c zoom voltage and current (s=0)
{the dephasing angle between voltage and current p=1/2),
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s
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Fig. 22: Eotor corret 5 pe cte

Fig.20a has shown tlat the voltage is imposed by the grid
and the mrrent amplimde irjected fo the grid varies
according to the slip and the zoom voliage mnning shows
that the latter are in opposition of phase for all the
operating modes (the system prowdes power fo the grid)

3a3

13
THIXN) =13M9

Fig. 23: Fotor voltage spectre

THD{%) = 54535

1% X

Dodew

K

Fig. 24: Gride curent spectre

(Fig. 20b). Fignre 21 represents the stator active and
reactive powers and that active and of negative sign that
ustifies that this stator power i5 tansmitted o god
The spectre analysis of vollage and curemt shows in
Fig. 22-24, ilnstmte the high quality of the chtained
signal.

CONCLISION

The meseamh presemed in this article i5 devoted to
the armlysis, modelling and sittilation of an ae mgenemtor
with varahle speed based on a double fed asynchronons
nachite controlled by the rofor using a matnx conerer
The power comtml of the machine i5 carried out by the
technique of directed flow control lever. The results of
sittmlation presented showr that the DFIG fonctions in the
w0 couple-speed quadmnts in genemting mode sub-
symchronoons and super-synchronons. For a zero slip, the
DFIG finctions as synchromized asynchmonos genemtor
and the rotoris supplied by contitmons scales. The active
poaer provided to the god varies according o the wind
v locity and follows the power of mference tlat mstifies
it the power irjected in the grid i5 tiat recovemsd by the
application of MPPT algorittum. "Work is onhand in order
to associate the stdied system with stomge of ere gy in
the iredtial form allowing opemtion either ona grid or on
isolated loads.
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Appendix

Aerogenerator parameters

v L=1,=00137H R=365m
¢ 1,=00135H G=124
. R,=0.0126) f=0.0071
+ R, =0.0210% T=500 kgn?
. V., =690V, P=2
Nomenclature:

Q, . Turbine speed. (rd/s).

Q.. : Mechanical speed of the DFIG.

Qe et Mechanical speed reference.

P o Mechanical Optimal.

T Aerodynamic torque.

T, Generator torque.

8 Generator slip.

C, Power coefficient.

A Tip speed ratio.

P Arr density.

R Turbine radius.

Vi Wind velocity.

G Gear ratio.

n DFIG efficiency.

Vi Voo Van Vyr

o by b by

Rotor fluxes.

Two-phase stator and rotor voltages.
: Two-phase stator and

Ligs oo Lgro Ly Two-phase stator and rotor currents.

R.R, Per phase stator and rotor resistances.

L.L, Total cyclic stator and rotor
inductances.

L. Magnetizing inductance.

P Number of pole pairs.

I Inertia.

f Viscous fricton

P Laplace operator.

P_Q, Active and reactive power.

P.Q, Rotor active and reactive power.

Pore Qp e Reference of DFIG active and reactive
power.

P.Q, Active and reactive gride power.

Vo Vip Vg Input phase voltages.

1, 1p, 1c Output phase currents.

1, 1y 1, Input phase currents.

S; Function switch.

T, : Switching interval.

0, : Angle of the reference mput current
vector.

0, : Angle of the reference output current
vector.
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