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ABSTRACT

The aim of this paper is to propose different methods of
control for a Doubly-Fed Induction Generator (DFIG) used in
wind energy conversion systems. This paper presents a
comparative study on the performance of three control
methods for DFIG wind turbine. The study focuses on the
regulation of the active and reactive power exchanged
between the generator and the grid by the generator inverter
using the control algorithm based on vector control concept
(stator flux orientation), with classical PI controllers:
proportional-integral. The different methods of control for the
generator are simulated in MATLAB / SIMULINK and
discussed. Therefore, we conclude which is a suitable control
of DFIG in Wind Energy Conversion System.
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1. INTRODUCTION

Wind energy is one of the most promising renewable energy
sources due to the progress experienced in the last decades.
Governments are attracted by the Wind Energy Conversion
System (WECS) with its simple structure, easy maintenance
and management. With an average global annual growth rate
of 14% for the period 2002-2006. Wind energy is playing a
major role in the effort to increase the share of renewable
energy sources in the world energy mix [1], [2], helping to
satisfy global energy demand, offering the best opportunity to
unlock a new era of environmental protection [3], the world
energy crises can be solved in future.

DFIG has recently received much attention as one of preferred
technology for wind power generation. Compared to a full
rated converter system, the use of DFIG in a wind turbine
offers many advantages, such as reduction of inverter cost, the
potential to control torque and a slight increase in efficiency
of wind energy extraction. The wind turbines variable-speed
operation has been used for many reasons. Among these are
the decrease of the stresses on the mechanical structure,
acoustic noise reduction and the possibility of active and
reactive power control [1]. Most of the major wind turbine
manufacturers are developing new larger wind turbines in the
3-6-MW range. These large wind turbines are all based on
variable speed operation with pitch control using a direct-
driven synchronous generator (without gear box) or a doubly
fed induction generator (DFIG).

The main advantage of the DFIG is that the power electronics
equipment only carries a fraction of the total power (20-30%)
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[5]; this means that the losses in the power electronics
converters, as well as the costs, are reduced.

Motivated by the reason above, this paper provides a study of
the dynamics of the grid connected wind turbine with DFIG.

Many papers have been presented, with different control
schemes of WT to extract a maximum power from wind speed
variable, based on fuzzy controller as it is commonly done in
literature [1, 2 and 3]. The DFIG control schemes are
generally based on vector control concept (with flux
orientation) with Sliding Mode Control (SMC) as proposed in
[4]. SMC of Active and Reactive Power of a DFIG and
extracting maximum power for Variable Speed by WECS in
[5, 6]. Many works are done about decoupled control of DFIG
to improve power quality for WECS. In [7, 8] have studied an
advanced control of DFIG and power quality improvement. In
[9] a comparison of FACTS devices like STATCOM and
SVC for the voltage stability issue for 1G-based wind farm
connected to a grid and load.

This paper presents a three control methods for the generator
inverter in order to regulate the active and reactive power
exchanged between the machine and the grid. Such an
approach can manage easily the compromise between
dynamic performances and robustness or between dynamic
performances and the generator energy cost. These
compromises can easily be respected with classical Pl
controllers in DFIG control schemes proposed in this paper.

The paper is organized as follows: section Il presents the
entire system model under study. The three control strategies
of DFIG and the design of the PI controller are dealt, and then
are applied in section Ill. In section V, some results of
simulations, to validate the proposed DFIG control framework
are presented and discussed. Section VI concludes the paper.

2. MODELING OF WECS CHAIN

A Fig. 1 presents WECS, which uses DFIG. From the system
viewpoint, the conversion chain can be divided into three
interacting main components which will be separately
modeled: wind turbine, gearbox, DFIG:
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Fig 1: Wind energy conversion chain.

2.1 Modeling of the turbine and the
gearbox

Wind turbine generation systems’ (WTGS) convert power
from the kinetic energy of the wind, thus it can be expressed
as the kinetic power available in the stream of air multiplied

bya C factor called power coefficient or Betz’ s factor. The

Turbine

aerodynamic power is given by:
1
Pp=—Cp (2 B)pSV > ()

Where p is the air density, R is the blade length and V the
wind velocity.

A wind turbine can only convert just a certain percentage of
the captured wind power. This percentage is represented by

Cp(A) which is function of the wind speed, the turbine
speed and the pith angle of specific wind turbine blades [5],
[6]. Although this equation seems simple, C , is dependent on
the ratio between the turbine angular velocity €; and the
wind speedV . This ratio is called the tip speed ratio:

Q -R
h=i @

The typical C p Versus curve is shown in Fig.3. In a wind

turbine, there is an optimum value of tip speed ratio for which
Cp is maximum and that maximises the power for a given

wind speed. The peak power for each wind speed occurs at the
point where Cp is maximised. To maximise the generated

power, it is therefore desirable for the generator to have a
power characteristic that will follow the maximum C max

line [7].

A figure showing the relation betweenC o B and A is shown
in Fig. 2.
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Fig 2: Power coefficient variation against tip speed ratio
and pitch angle.

The turbine torque is the ratio of the output power to the shaft

P
speed QO , Taer = L

The turbine is normally coupled to the generator shaft through
a gearbox whose gear ratio G is chosen in order to set the
generator shaft speed within a desired speed range. Neglecting
the transmission losses, the torque and shaft speed of the wind
turbine, referred to the generator side of the gearbox, are
given by:

@)

WhereTg the driving torque of the generator and Q, is the
generator shaft speed, respectively.

2.2 Modelling of the DFIG

A typical configuration of a DFIG wind turbine is shown in
Figl. It uses a wound-rotor induction generator with slip-rings
to transmit current between the converter and the rotor
windings and variable-speed operation is obtained by
injecting a controllable voltage in to the rotor at the desired
slip frequency. It is used to produce electrical power at
constant frequency whatever wind and shaft speed conditions.
The rotor winding is fed through a variable-frequency power
converter, typically based on two AC/DC IGBT-based
Voltage Source Converters (VSCs), and linked through a DC
bus. The variable- frequency rotor supply from the converter
enables the rotor mechanical speed to be decoupled from the
synchronous frequency of the electrical network, there by
allowing variable-speed operation of the wind turbine [10].

The equations for a DFIG are identical with a squirrel-cage
induction generator except that the rotor voltages are not
zeros. Using faraday’s law and ohm’s law, the expressions
relating the voltages with the currents and fluxes across the
stator winding in the PARK frame are written as follows[ 11]:

36



d¢ds Rs Rs H
Vgs = —> + —> (s — @ - hgs —M —i
ds at L, dgs — O ¢qs L, dr
dé R Rs .
as s s
Vgs = “bgs +—=gs —M —i
gs dt L, ¢qs L, qr

M di R M
Vgr ——Vds | =Ly Sar _52¢ds +—Odys +
Lg dt L Lg

(4)
M2 :
(Rr +—5Rs)igr — oLy oy
Ls
M digg: M
Vgr ——V, oLy L _To Rs oo+
( ar qs] it L s |—52 —5 {gs
: M2
oL, origr + Ry +L—2Rs)|qr
s

Where Rgand R, are, respectively, the stator and rotor

phase resistances. L, L, , M Stator and rotor per

phase winding and magnetizing inductances. @ =P - Qg IS
the electrical speed and P is the pair pole number.
The stator and rotor flux can be expressed as:

dgs =Lsligs +Migy

bsq = LsiqS +Miqlr

bgr =Lyrigr +Migs

Ogr =Lrigr +Migg

(5)

Whereigs ,igs ,igr » andig, are, respectively, the direct and

quadrate stator and rotor currents.

The active and reactive powers at the stator, as well as those
provide for grid are defined as:

(6)

{Ps =Vgs *lds +Vgs "lgs

Qs =Vgs “lds —Vds “igs
The electromagnetic torque is expressed as:

Tem zp(iqsq)ds _ids¢qs)
(7)

3. POWER CONTROL OF THE DFIG
3.1 Decoupling of the active and reactive

powers

When the DFIG is connected to an existing grid, this
connection must be established in the following three steps.
The first step is the synchronization of the stator voltages with
the grid voltages, which are used as a reference. The second
step is the stator connection to this grid. After that, the
connection can be effectively established. Once this
connection is achieved, the third step is the regulation of the
transit of the power between the DFIG and the grid a d—q
reference-frame synchronized with the stator flux is employed
[8]1, [12]. By setting the quadratic component of the stator flux
to the null value as follows [13]:
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bs =¢gs = ¢gs =0 (9)

In the park reference frame, approach is shown in Fig. 4.

—_—

& -
B 0
?‘\ g d, q Frame
Orq

> osa

Stator linked-Frame

Fig 4: Flux Orientation.

Using the condition above, supposing that the grid system is
steady, having a single voltageVy that leads to stator’s

constant flux ¢ , we can easily deduce the voltages as:

{Vds =0 (10)

Vgs =0 s =V

Per phase stator resistance is neglected, which is a realistic
approximation for medium power machines used in WECS,
the stator voltage vector is consequently in quadrate advance
in comparison with the stator flux vector.

By using equations (10) and (4), the rotor voltages are:

d
% 1 Rig —oL, i qr+M dbas

Var —GL d
dt L, dt

(11)

Vgr =0l dt +Rr'qr + oL, oig +SEV

WhereVg is the stator voltage magnitude assumed to be

constant and s is the slip range, the rotor voltages are
obtained as follows:

Vgr =ob, =& +Ryigr +femy

12
iy (12)
Vgr = oLy dt +Rr|qr+fem

with femy and femg| are the crosses coupling terms

between thed —axis and g — axis:

femy =-ol o iy

13
femy =ol;origr +s L&VS (13)
S

Consequently, with regard to (9), the fluxes are simplified as
indicated below:
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From (14), the currents can be deduced as:
= (I)ds _Midr
ds _—L
s (15)

lgg =——lgr
q Ls q

Using Equations (6), (10) and (15) the stator active and
reactive power can then be expressed only versus these rotor
currents as:

M .
PS :_VS L—lqr
N A (16)
: d
Qs =-Vs :('dr _VSJ

Using (12), (16), the active and reactive power are expressed
as:

M 1
P =V, — Vgr — fem
s SIIIZ(GL,,.?-+R|,)(‘1r q) ¢ 17)
v, 2 (v, —f V., . 2ds.
Qs Sl—s (GLr-p+R,)(Vdr em g )+V L,

Field oriented control of the DFIG can then be applied with
the active and reactive power considered as variables to be
controlled. Without taking into account the transfer function
of the inverter used to feed the rotor. We will consider that
this inverter dynamic is very fast; it can take a unitary
coefficient.

The block diagram of the system to be controlled is presented
in Fig. 5.
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'

Fig 5: Decoupled model of active and reactive stator
powers.

3.2 Direct power control

To realize an electrical production control of WECS, with
carrying out a decoupled control of the DFIG active and
reactive powers. For this purpose, we should eliminate the
cross coupling terms between the d-axis and g-axis by a feed
forward compensation. Therefore, we control each power axis
separately by adding a PI regulation in the loop. Thus, the
powers regulators control directly the machine rotor voltages.
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Thereby, this method is called direct power control, as shown
in Fig. 6.
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Fig. 6: Scheme of direct power control.

3.3 Indirect power control

The second method takes into account the cross coupling
terms and compensates them, with carrying out that the
decoupled control which includes two rotor currents loops,
which can be controlled by adding a PI regulator in each loop,
whose their references are directly deduced from the powers
references values, imposed for the machine. Thus, the rotor
currents regulators control indirectly the machine rotor
voltages, without using a power loop. Thereby, this method is
called indirect power control without power loop, as shown in
Fig. 7.

Fig 7: Scheme of indirect power control without power
loop
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To improve the indirect control, we can add a regulation loop
of powers to eliminate the static error while maintaining the
system dynamics. Therefore, we can distinguish the two
regulation loop for each axis using PI regulator, one for
controlling current and the other for power. Thereby, this
method is called indirect power control with power loop, as
shown in Fig. 8.

‘ \

! i

' |

1Hs - - - !

! L iqr Vari H

PNV, __=s 130 PI@ 3 '

pr—RPPT P |- o> . |
1

, ) .

1 i '

' qr fem, '

e |

' Lsog igr *fem,d . '

, i Var 1], Var] !

o Ls |9 & JPIi o :

Qi —Xp{PIQy) %}»—MVS X &) ;

! 1

Ll

1
1 Qs !
\\

Fig 8: Scheme of indirect power control with power loop.

3.4 PI controller synthesis

The controller terms are calculated with a pole-compensation
method. The time response of the controlled system will be
fixed at 10 ms, this value is sufficient for our application and
a lower value might involve transients with important
overshoots.

It is possible to generate the reference voltages from given
reference powers. The design of this controller is simple. Fig.
9 shows the block diagram of the system with P1 controller.

*

Pl Kl [ A Ps.Qg
+%_ Ps 14T s

Fig 9: Power-control loop.

In fact, the (Ps* —Pg) and (Q: —Qg ) errors are processed
by PI controller to give vq, and Vg, .

Using the Laplace Transform, the plant can be represented by
the Closed Loop Transfer Function (CLTF) below:

Ay s+Ki)
CLTF =. T (19)
) (1+A-Kpj A-K;

S™+S +

T T
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_ A:—MVS
With: LR,
T =oT,

The calculated terms are in these tables:

Table 1. The calculated PI gains for the stator active

power
vaps Ki,PS

Pl controller | (2.T £-wg -1 /A T ~w% /A
Value -9.1470e-004 0.1185

Table 2. The calculated Pl gains for the stator reactive
power

Kp’ps Ki,PS
P1 controller 2T -&og-1)/A T ~m% /A
Value -9.1470e-004 0.1185

It is possible to generate the reference voltages from given
reference currents. The design of this controller is simple Fig.
10 shows the block diagram of the system with P1 controller.

" K Ki,id v JoA I
+ pid T g 1+T s

v

Fig 10: Current-control loop.

In fact, the (igr —igr) and ( igr —igy ) errors are processed

by PI controller to give vq, and Vg, .

Using the Laplace Transform, the plant can be represented by
the Closed Loop Transfer Function (CLTF) below:

A(Kp~S+Ki)
CLTF =— T (20)
2 1I+A-Kp ) AK;
ST +S +
T T
1
With: A‘E
T =oT,

Table 3. The calculated P1 gains for the direct axis

Kpid Kiid
Pl controller | (2&wo6T, —1R, (D(Z)GTrRr
Value 0.0331 3.7576
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Table 4. The calculated P1 gains for the quadrate axis

Kpiig Kilig
P1 controller (2&wooT, —DR, (D%CTr R,
Value 0.0331 3.7576

The pole- compensation in not the only method to calculate Pl
Controller but it is simple to elaborate with first-order
transfer-function and it is sufficient in our case of study.

In fact, the (Ps* —Pg) and (Q: —Qg ) errors are processed
by PI controller to give vq, and Vg, .

Using the Laplace Transform, the plant can be represented by
the Closed Loop Transfer Function (CLTF) below:

Qs Ps + +ﬁ M [Qs,Ps

K

A4
<
|
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p

1%
A

S

CLTF =— =~ (21)

With considering ©=1.0000e-004a time constant, (21)
becomes:

1
1+1p

CLTF =

(22)

With:

A=V, M
L and
T =0

1
At
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Table 5. The calculated PI gains for the stator active

power
K p'Ps K i,PS
P1 controller 0 1
At
Value 0 27.0331
Table 6. The calculated P1 gains for the stator reactive
power
Kpp, Kipe
PI controller 0 1
A1
Value 0 27.0331

4. SIMULATIONS RESULT

In this section, the wind speed is taken as constant value.
Then, the maximum power extraction isn’t taken into account;
the wind turbine is driven around synchronous generator
speed (312 rd/s). Besides, the turbine and the generator are
considered as working over ideal conditions (no perturbation);
their parameters are shown in the appendix.

The simulation is performed by imposing the active and

reactive power reference (PS*,QS* ). PS* range between 0, -

7500, -5000 and -2500watts, Q: range between 0, -2500 and-
2500 VAr.

Fig. 12, 13 present the simulation results of the direct control,
indirect control without power loop.
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Fig 12: (a) Stator active power of direct control (b) Stator active power of indirect control without power loop (c) Stator
reactive power of direct control (d) Stator reactive power of indirect control without power loop.

2000

Ps directe

-2000
-4000
-6000
-8000

-10000
0.7 0.8 0.9 1 11 12 13

Ps indirecte

e

Zoom of Active Power P(w)

@

C 0 --------- *s

< os

> Qs Indirecte

= -500 )

g \\ Qs directe

£ 1000

S .1500

g N\

S -2000

£

é 1.45 15 1.55 1.6 1.65 17
(©)

Zoom of Active Power P(w)

Zoom of Reactive Power (VAr)

A\

45000 f" \ace

5500 / Ps directe
/ --------- P*S

6000 | Ps indirecte

2 2.1 2.2 2.3 24 2.5

(b)
-1600 ......... Q*S .
Qs Indirecte
Qs directe
-1800 “\
-2000 e
-2200
2.45 25 2.55 2.6 2.65 2.7
(d)

Fig 13: (a) Stator active power response (b) Stator active power (c) Stator reactive power response (d) stator reactive power

It can be seen in Fig 12 (a), 12(c) that the active and reactive
powers of the direct control represent a good tracking of their
references and a very good decoupling, except that the
presence of the oscillations during the transient state. The
changing of one’s powers doesn’t affects other’s ones.
Therefore, their control is independent.

We notice in Fig 12 (b), 12 (d) that the active and reactive
powers of the indirect control without power loop represent a

response.

good tracking and performances in terms of dynamics and
responses. Then, their control is decoupled.

While, in Fig 13 (a), 13 (b), 13 (c) and 13 (d) (figures zoom
respectively) reveal a static error on the active and reactive
powers which is mainly due to the method of indirect control
without power loop in contrast to the direct control of powers.

Moreover, the error of the indirect control without power loop
is clearly more important on the reactive power than on the
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In order to test the robustness of the indirect control with
power loop based on traditional controllers, simulation studies
with known parameters variations of the rotor resistance and
inductance. Fig. 14 presents the simulation results of the

indirect control with power loop.
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Fig 14: (a) Stator active power of direct control (b) Stator active power of indirect control without power loop.

Fig 14 (a), 14 (b) show that the proposed control satisfies the
system dynamics with zeroing the static error. The references
are correctly tracked. The dynamics react quickly and without
exceeding. Indeed, it doesn’t pose a problem for the generator
exploitation. And then in Fig 14 (c), 14 (d), 14 (e), 14(f) the
indirect power control with power loop provides distinctly
better robustness against the known parameters variations.

The last control is more powerful than the direct control,
which presented no disturbances in tracking, In other words,
for the security measures the machine; this control is able to
limit the generator rotor currents by fixing a limit in power
loop.

5. CONCLUSION

Three control method of DFIG was proposed in this paper.
The direct control ensures the performances. It is useful and
presents low complexity and cost of implementation. While,
the indirect control required a complex implementation, but it

offers an advantage on integrating the rotor currents regulation
loop. Consequently, the indirect control with power loop
ensures an electrical protection for machine, by setting current
limitations, which direct control did not allow. For instance,
the suitable control of DFIG in wind energy conversion
system is the indirect control with power loop.

Indeed, we have seen that direct control is the simplest, but
not the most efficient. The indirect method allows us, in
combination with the closure of powers, having a powerful
and robust. It is more complex to implement, but will have an
optimal system of power generation by minimizing any
concerns related to changes in the parameters of the generator
and the wind system.
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7. APPENDIX Nominal speed 955 tr/m
Parameters values Stator resistance 0.455Q
Turbine Rotorique resistance 0.62 Q
number of blades 3 Stator inductance 0.084 H
turbine radius 3m Rotor inductance 0.081 H
Gear box ratio 8 Mutual inductance 0.078 H
DFIG (Turbine+DFIG)
Power 7.5KW Generator inertia 0.3125 Kg.m2
Nominal voltage 220/380V (Y/D) Friction factor 0.00673Kg.m/s
Frequency 50 Hz
Number of poles pair 3
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Fig 15: Simulink model of WECS.
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