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Abstract - This paper presents a control strategy
for a grid connected doubly fed induction
generator (DFIG)-based wind energy conversion
system. Control strategies for the grid side and
rotor side converters placed in the rotor circuit of

the DFIG are presented along with the
mathematical modeling of the employed
configuration. The maximum power point

extraction of the wind turbine, unity power factor
operation of the DFIG are also addressed along
with the proposed strategy. The developed
approach  control is then simulated in
MATLAB-SIMULINK and the developed model is
used to illustrate the behavior of the system. The
simulation results are presented and discussed at
the end of this paper.

Index Terms - Doubly fed induction generator
(DFIG), grid power, unity power factor, wind energy
conversion system, modeling, converters.

|. INTRODUCTION

The growing need for electrical energy
and the will to preserve the nature justifies
the use of renewable energy sources. The use
of renewable sources for electric power
generation has been a huge increase since the
past decade. Increased economical and
ecological woes have driven researchers to
discover newer and better means of
generating electrical energy. In this race, the
production of electricity by wind turbine is
actually the best method in comparison with
the energy produced by the solar source
conversion and this is due to the price per a
Kilo watt that is less elevated with respect to
the second [1]. Among the most used and
available technologies for wind turbines, the
doubly fed induction generator (DFIG) is the
most accepted because it presents greater
benefits for a reduced conversion structure

of wind turbine based on a conversion
(DFIG). The doubly fed induction generator
is the most popular option for harnessing
energy from the wind because of variable and
unpredictable nature of the wind speed. This
base structure (DFIG) offers the benefits of
improved efficiency, reduced converter, cost
and losses are reduced, easy implementation
of power factor correction, a variable speed
operation, and the control four quadrants of
active and reactive power. Due to variable
speed operation, the total energy production
is 20% to 30% higher and therefore capacity
utilization factor is improved and the cost per
kWh of energy is reduced.

In general, the stator windings of the DFIG
are directly connected the electrical network
and the rotor windings are powered via
bidirectional PWM voltage converters
(VSC). The control strategy is used to control
the rotor and the stator output power supplied
to the grid variable speed operation [2].
Decoupled control of active and reactive
powers is the used approach based on vector
control. Transfer of active power by a wind
turbine based on (DFIG) in the distribution
network can be carried out by the stator and
rotor. The transfer direction of the active
power is determined by wind speed and
hence the synchronous speed of the
generator. When a speed of the generator
below the synchronous speed then the
transfer of active power flows from the
network to the electric rotor machine. The
transfer is made by two cascaded converters.
The first is linked to the network operates as
a rectifier and the second operates as an
inverter is connected to the rotor of the
generator.
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Fig 1 : DFIG-based Wind energy conversion system

The Wind energy conversion system

configuration used in this work (DFIG with
converters cascade and a capacity energy
storage system in the dc link) is shown in
Fig. 1.
This paper is structured as follows. Section 11
presents the modeling of the DFIG system.
The detailed control strategy is discussed in
Section I11. Section IV presents and discusses
simulation and results followed by
conclusions in Section V.

1. Wind energy conversion system modeling

The wind turbine modeling is inspired
from [3]. In the following, the wind turbine
components models are briefly described.

a) The Turbine Model

The aerodynamic power P captured by the
wind turbine is given by :

P= %npRsz()l)v3 (1)

Where the tip speed ratio A is given by :
Rw

A=— (2)

v

and v is the wind, p is the air density, R is the
rotor radius, and Cp is the power coefficient.

A is the ratio of turbine blades tip speed to
wind speed and B is the turbine blades
rotational speed. In a wind turbine, C, can be
represented by a nonlinear curve in terms of
A in place of different B as illustrated in Fig
2:
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Fig 2 : Curve of Cp in function of A for different
value of the Pitch angle p

The rotor power (aerodynamic power) is also
defined by :

P=T,h. o (3)

where Tm is the aerodynamic torque and o is
the wind turbine rotor speed.

The following simplified model is adopted
for the turbine :



a
]d_i)=Tm_Tem_K-(‘) (4)

where Tem is the generator electromagnetic
torque, J is the turbine total inertia, and K is
the turbine total external damping.

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

(Rs = Vsalsa + V;qlsq

{ Qs = Vsqlsd - VsdIsq )
B = Viglyg + V;*qqu

kPr = V;‘qlrd - V;"qqu

To improve system efficiency, turbine
speed is adjusted as a function of wind speed
to maximize output power. Operation at the
maximum power point can be realized over a
wide power range. Fig. 2 illustrates typical
output power-speed curves as a function of
turbine speed and wind speed [4].
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Fig 3 : Electrical output power as a function of
turbine speed. Parameter curves are plotted for
different wind speeds.

b) The DFIG Model

The control system is usually defined in
the synchronous d-q frame fixed to either the
stator voltage or the stator flux [5]. For the
proposed control strategy, the generator
dynamic model written in a synchronously
rotating frame d-q is given by:

ddgg

(Vea = Rs Igq + o~ Ws-Isa
Ao
Vog = Rs Isq + dt" + wg. Isq
Add,q
VTd = RT ITd + dt — (l)r.qu
Aoy,

{ Vg =Rr g + 7t wrlra  (6)
Tem=PM (Ird Isq - Irq-Isd)
d)Sd = LS I.S‘d + m.Lm.Ird
By = L Isg + M.Lpp.Ipg

d)T'd == LT IT'd + m.Lm.ISd

\ @=Ly Iy + MLy Iy

where V is the voltage, | the current, @ is the
flux, R is the resistance, L is inductance, M is
the mutual inductance, Ten IS the
electromagnetic torque, and P is the pole pair
number.

c) Modeling of GSC and Grid

In this section, we focus on the
modeling of the AC/DC converter connected
to power grid via the RL filter as illustrated
in Figure 4.
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Fig 4 : Grid connected to AC/DC converter

The model of the three-phase grid
connected AC/DC converter is presented by
the following equations:

( £Vee _ Irec — Iond
dt
Vs1=Vgl-Rg.Igl— Lg. "
; (7)
dlg2
Vs2=Vg2—-Rg.1g2 — Lg.——
\Vs3 =Vg3 —Rg.1g3 — Lg.%

dt
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Fig 5 : Control strategy of wind energy conversion system

With

Vgi : voltages of the electrical network,

Igi : currents of electrical network,

Irec, lond : output current of the AC/DC
converter and input current of the DC/AC
converter respectively,

Vdc, Ic : voltage and current of the DC link
capacitor respectively

Vsi @ input voltages of the AC/DC converter
Si : IGBT transistor

1. Control Strategy

The architecture of the controller is
shown in Figure 5. It is based on the
three-phase model of the electromechanical
conversion chain of the wind system [6].

The control strategy has three objectives:

- Control of extraction of maximum wind
power using "MPPT" (Maximum Power
Point Tracking),

- Control of the RSC by controlling the
electromagnetic torque and reactive power of
stator of DFIG,

- Control of the GSC by controlling the DC
bus voltage, active and reactive power
exchanged with the network.

a) MPPT strategy :

Figure 6 shows the principle of MPPT
control of wind turbine without control of the
rotation speed [7]. The control objective is to
optimize the capture wind energy by tracking
the optimal torque Tem*.
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Fig 6 : MPPT control strategy

b) Control of the DC/AC converter

Controls the electromagnetic torque
and stator reactive power will be obtained by
controlling the dg-axes rotor currents of the
DFIG.



The stator field rotates in steady state at
the synchronous speed. This field is
symbolized by the stator flux vector which
gives a visual idea of the phase and flux
amplitude. By choosing the two-phase dq
related to rotating stator field, and placing the
stator flux vector on the d-axis, we can write

[8]:

dsd = Ps
{ ®sq =0 ©)

Considering the choice of reference related
to dq rotating stator field and neglecting the
resistance of the stator windings, a
simplification of the equations of DFIG in
the dq reference can be obtained from
equation (6):

( Vsq=(‘)s(psd i Vsa=0
do,

{ Via = Ry Ig + dtd — wy I (10)
Ao,

Vg = Re g + —* + @y Lng

From the equations (6) of the stator and

rotor flux in dq axes, the stator currents can

be obtained from the following expressions:

Dsq— MLy Irg
LS

__ mlLy
ISC[ —_ L—Squ

Iyq =
(11)

These expressions are then substituted into
the equations (6) of the rotor flux which
then become:

m.Lpy)? m.L
Dpq = (Lr - %) drg + L_Sm-(psd

(m.Ly)?
g =Ly 1y — LS’" Lq =Ly.o.Ly
(12)
With
Lm)? . . .
o= —(nz :1) is the dispersion

coefficient of thg DFIG.

By replacing the expressions of direct and
quadrature components of rotor flux (12) in
equations (10), we obtain:

VTd = RT‘ IT'd + Lr.o. dlrg + €rd

dt
di,
Viq =Ry I,q + Lr.o. dtq teqt+ ep
(13)

Where:

erg = —0.Ly.wy. Irg

erq = —0. Lr.a)r.lrd (14)

m.Ly,
€p = Wr. L, - Psq

The electromagnetic torque Tem can be
expressed from the flux and the stator
currents by:

Tem = P. ((psd-lsq - (psq-lsd) (15)

It can also be expressed in terms of the
rotor currents and stator flux:

MLy,

Tem = P-L—S((psq-lrd — Dgy. Irq) (16)

From equation (9), the electromagnetic
torque becomes:
Tem = —P. 2 Dy I (17)

S

The active and reactive stator powers are
expressed by:

Mm.Ly,
Fs= —Voq- = Psa-Irq (18)
18
Vsg-Ps. m.Ly,
Qs = Vsq- qLS ‘- L, -Vsq]rd

Expressions (17) and (18) show that in the
case where the stator flux ®sq is kept
constant (this condition is ensured in the
case of a stable network connected to the
stator of the DFIG), the choice of dq
reference makes the electromagnetic torque
produced by the DFIG, and therefore the
stator power will be proportional to the
g-axis rotor current. Reactive stator power
is not proportional to the d-axis rotor
current due to constant imposed by the
network. Thus, the reactive stator power
can be controlled independently [9].
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The DFIG model in dq reference
related to stator rotating field shows that we
can establish a rotor currents control given
that
the influence of couplings can be controlled
of each current independently. The
reference values for these regulators will be
the g-axis rotor current and the d-axis rotor
current.

To establish control loops of the rotor
currents, we assume that the RSC (rotor
side converter) is ideal (which corresponds
to neglecting the dead time imposed by the
drivers of the power switches) and using the
state averaging method, the DC/AC
converter (RSC) may be represented by a
gain G whose expression is:

_ Vic
G = 2, (19)

with:

Vy: the amplitude of the triangular carrier of
the generation of the PWM.

Vyc : voltage of the DC link capacitor.

Furthermore, we assume that the rotor
voltages are equal to their references Vy*
(k€ {1,2,3}), which means that the
amplitude V, of the carrier must be secured
to Ve / 2, implying a gain G = 1.

The block control loops of the dqg axes rotor
currents diagram is shown in Figure 7. The
controllers used are Pl correctors.

The reference of the g-axis rotor current is
derived from the MPPT control via
reference  of  electromagnetic
(Equation 17 and 8).

torque

The reference current of the d-axis rotor
current is derived from the control of the
stator reactive power.

Figure 8 shows the control block diagram
of the RSC. This approach can
independently control the dg axis rotor
currents and therefore active and reactive
power of the stator.

To generate the reference current of the
rotor, it is necessary to estimate the stator
flux according to the d-axis. In our study,
the grid is assumed to be stable and the dq
reference chosen is related to the stator
rotating field. Thus, the d-axis stator flux
can be estimated from measurements of the
d-axis stator and rotor currents in open
loop :

Dsg-est = Ls Isq + M. L. Iqg  (20)

Once the stator flux is estimated, it is
necessary to generate the dg-axes rotor
reference currents. The electromagnetic
torque is proportional to the g-axis rotor
current (according to Equation 17), so we
can establish a relation between the iq*
current and the electromagnetic torque Tem™
from block MPPT control by:

L
Irq o= em
PM.LypPsq est

(21)
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FIG 8 : Control approach of the Rotor Side Converter (RSC)

Regarding the rotor d-axis current
reference, two methods are developed in the
literature:

- This current is established to control the
reactive stator power,

- This current is established to minimize the
Joule losses in the rotor and stator.

In the context of this paper, we retain the
first solution because we have chosen to
control the value of the reactive power.

_ ¢sd est Ls
M. Ly Vg

Qs * (22)

c) Control of the AC/DC converter

The GSC (Grid Side Converter) is
AC/DC converter connected between the DC
bus and the electrical network via a RL filter.
This converter has two roles:

- Maintain the DC bus voltage constant,
regardless of the magnitude and direction of
flow of the rotor power of the DFIG,
- Maintain a unity power factor at the point
of connection to the electricity grid.

Figure 9 describes the command of the
AC/DC converter. This command performs
the following two functions:

- Control of the currents flowing in the RL
filter,

- Control of the DC bus voltage.

In the dq reference related stator rotating
field, equation (7) becomes:

d
Vea = Vga = Rg-Iga = Ly —25 + egq 23)
dI
Vsq = Vsq = Rg-lgq = Lg-—; + €gq
With :
{ ega= Ws- Lg.1gq (24)
egq = gd — Wg. Lg'Igd

Modeling of the connection of the AC/DC
converter (GSC) to the network in the
following rotating dg stator field reference
shows that we can set up a control of the
current flowing through the RL filter, and the
influence couplings near each axis can be
controlled independently. The magnitudes for
these regulators are RL filter in dg axes
currents.
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As for the regulation of rotor currents, the
model of the GSC converter is gain G equal
to 1.

Block control loops of dq axes current
scheme is described in Figure 10 . The
regulators used are PIl. In these block,
diagrams control shows the compensation
terms and dq axis decoupling and GSC
models and link it to the network.

The reference dg-axis currents lgg* and lgg™*
are respectively provided in the block of the
DC bus voltage control and reactive power
control at the connection point of the GSC to
the grid.

Active and reactive power exchanged with
the electric network are given by the
following relationships:

{Bq = Vga-Iga + Vgq-Igq (25)

Qg = Vgq-1ga = Vga-Igq

Neglecting the losses in the Rg resistance of
RL filter and taking into account the
orientation of the dq reference related to
stator rotating field (Vg = 0), the equations
(25) becomes:

{Rg = VQQ' ng (26)

Qg = Vgq-1ga

From these relations, it is possible to impose
the active and reactive power reference,

denoted by Pg* and Qg *, imposing
reference currents lgg* and lgq*:
_ Pg*
lgq *= Voq
(27)
I *:: ggj
g Vgq

The direct current component is used to
control the reactive power at the connection
point of the GSC with the grid. The
quadrature component is used to regulate the
DC bus voltage. With this principle, a null
reference of reactive power can be imposed
(Qg *=0 VA).

From equation (7), we can write the powers
in the DC bus:

Bec = Vac- Irec
B =V 1.
Pona = Vac-lona

(28)

These powers are linked by the relation:

Bec = B+ Pona (29)
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If we neglect all Joule losses to the power
exchanged between the rotor of the DFIG
and the Grid (losses in the capacitor, the
converter and the RL filter), we can write:

P

7 (30)

By adjusting the power Pg, it is possible to
control the power Pc in the capacitor and
thus regulate the DC bus voltage. To achieve
this aim, the Py,hg and Pc powers must be
known to determine Pg *.

The reference power of the capacitor is
connected to the current reference flowing in
the capacitor:

= Pec= B+ Pona

P.x= Vy.. 1. * (31)

The regulation of the DC bus voltage is then
effected by an external loop to maintain a
constant voltage on the DC bus, with a PI
corrector generating the reference current in
the capacitor ic*.

Figure 11 shows the block diagram of the
control of the DC bus voltage. We consider,
(to simplify the control chain) the reference
current lg* is always equal to the current Iy
because the response time of the inner loop is
very small than that of the outer loop.

P ond |

e =l
Tt N N
(26)— Vdc Cp | dc

2 |

DC BUS voltage control

DC BUS, GSC and RL filter model

Fig 11 : DC BUS voltage control
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Fig 12 : Diagram block control of the Grid Side Converter

In Figure 11 Py, corresponds to the rotor
power: It is a considered as a regulation
disturbance and will be compensated in the
control chain.

Figure 12 shows the diagram block control of
the GSC. This diagram includes the terms of
decoupling and compensation in order to
independently control the dg axes currents
flowing in the RL filter and active and
reactive power exchanged between the GSC
and the electrical network.

\V2 Simulation results

In this section, we present the choice of
different parameters of the wind system
based on DFIG and analyze the simulation
results for the operating points characterized
by a constant speed of the wind. We show
that the various powers involved can be
controlled independently.

Various electrical and mechanical
parameters of the studied wind system are
summarized in the following table:

The simulations were performed using
Matlab/Simulink  software. In order to
validate the control approach discussed in
this paper, we present an operating point
when the wind speed is constant equal to
12m/s. For this simulation, we consider that
the wind system is steady and produces
maximum power as a function of wind speed.

System Parameter
Turbine Jt=1.4 10°kg.m?,
Vt, =13m/s, R =40m
Multiplier M =100
DFIG Us= U, =575V
Pn=3 Mw, f=50Hz,
R =4mQ, R<=3mQ,
Lm=12mH, Ls=120uH,
L=50Mh, J,=114kg.m?
pP=2
DC BUS C=20mF, V4=1000V
RL Filter R;=0.1Q, L= 0.6mH
GRID Uy =575V, f=50Hz




The reference of the DC bus voltage denoted
Vg™ is set at 1000V. The reference value of
reactive power (Qg*) exchanged with the
network through the converter GSC is set to
(OVAr), which guarantees a power factor
close to unity. The reactive power of stator
Qs is regulated to reference value
(Qs* = 0Var) in the control of RSC. The
switching frequency of the power switches of
the GSC and RSC is set to 10 kHz.

To validate our control approach, we
applied a wind speed equal to 12 m/s on the
blades of the wind, which corresponds to an
operating speed of the DFIG in MPPT
control about 1600 tr/min, as shown in
Figure 13.a.

Figure 13.b shows the power extracted
from the wind turbine which corresponds to a
MPPT operation.

We also observe in Figure 13.c that the DC
bus voltage is well regulated to 1000 V.

Figure 13.d shows the active and reactive
power in the stator of the DFIG. We note that
the active power extracted from the wind
turbine is injected into the network and the
reactive power is controlled to zero. Fig 13.e
illustrate a zoom of the reactive stator power.
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Fig 13 : simulations results

V. Conclusion

This paper has addressed the modeling
and control of a wind system with constant
speed of the wind based on a DFIG. At first,
we explained why this wind system is the
most used now including the economy
realized through the design of static
converters implemented.

Then we are interested in modeling of
various components of wind system. In fact,
the aerodynamic and mechanical models of
the turbine have been developed. Then, in
order to establish different controllers of two



converters, we have developed models of
DFIG and Liaison of the GSC to the network
via the RL filter.

In the rest of this paper, we considered
that the wind was in its optimum range of
operation and it worked steady regardless of
the wind speed applied to the blades. We
have focused our study on the control in this
area of operation allowing the wind to extract
the maximum power available. We used an
indirect method of MPPT control without
adjustment of the rotational speed. The
various controls of GSC and RSC were
detailed to provide independent control of
active and reactive power while ensuring
optimal operation of the turbine.

To validate the modeling and control of
the global wind system, we have performed a
simulation for an operating point at constant
wind speed. The results showed that the
active and reactive power of the wind system
based on the DFIG could be controlled
independently while ensuring optimal active
power supplied to the grid.
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