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Abstract Due to several factors, wind energy becomes
an essential type of electricity generation. The share of this
type of energy in the network is becoming increasingly
important. The objective of this work is to present the
modeling and control strategy of a grid connected wind
power generation scheme using a doubly fed induction
generator (DFIG) driven by the rotor. This paper is to
present the complete modeling and simulation of a wind
turbine driven DFIG in the second mode of operating (the
wind turbine pitch control is deactivated). It will introduce
the vector control, which makes it possible to control
independently the active and reactive power exchanged
between the stator of the generator and the grid, based on
vector control concept (with stator flux or voltage
orientation) with classical PI controllers. Various simula-
tion tests are conducted to observe the system behavior and
evaluate the performance of the control for some
optimization criteria (energy efficiency and the robustness
ofthe control). It is also interesting to play on the quality of
electric power by controlling the reactive power exchanged
with the grid, which will facilitate making a local
correction of power factor.

Keywords wind power, doubly fed induction generator
(DFIG), vector control, active power, reactive power,
maximum power point tracking (MPPT)

1 Introduction

Wind energy is a source of energy used for centuries.
Initially, this energy has been exploited in the mechanical
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fields. Subsequently, this type of energy is used to produce
electricity. Wind systems integration within energy
systems in terms of cost growth requires efficiency, namely
the reduction of transaction costs and maintenance, and
increasing the power captured from the wind. The use of
the wind energy conversion system has been significantly
expanding over the last few decades due to the fact that this
energy source of production of electricity is emission free.
The capacity of this energy in the world is estimated at over
160 GW [1].

For a variable-speed wind turbine, the generator is
controlled by power electronic equipment. There are
several reasons for using variable-speed operation of
wind turbines, the possibilities to reduce stresses of the
mechanical structure, acoustic noise reduction and the
possibility to control active and reactive power [2].

The system studied in this paper consists of a three-
bladed wind turbine, horizontal axis, connected to the
network through a doubly fed induction generator (DFIG).
The stator windings are connected directly to the network,
while the rotor windings are supplied by a bi-directional
power converter. Such machines may present some
advantages in the field of production of variable-speed
wind energy compared to other types of induction
machines. This system has recently become very popular
as a generator for variable-speed wind turbines mainly due
to the fact that the power electronic converter only has to
handle a fraction (about 20%—-30%) of the total power [3],
which is an economic interest in minimizing losses and the
cost [4]. This cost depends on the size of frequency
converters and their cooling systems. Another advantage
of DFIG is increased power capture, which permits to
conduct the speed wind turbine to the desired value which
corresponds to the maximum power point tracking
(MPPT). This may be done by changing the speed of the
turbine in proportion to the change in wind speed. In
addition, wind turbines based on the DFIG to control
reactive power exchange with the network, and the
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problem of reactive consumption power does not arise
when using this type of generator. The aim of the control of
the grid side converter is to maintain the DC-link capacitor
voltage at a set value [5], it can be used for controlling
reactive power flow between the grid and the grid side
converter (the power factor is usually set to unity). The
rotor-side converter is used to control the behavior of the
machine in both sub- and super-synchronous modes as
well as tracking the maximum power output characteristic
of the wind turbine. The vector control for this converter
ensures the decoupling control of stator active and reactive
power drawn from the grid.

2 Wind turbine model

The wind recoverable energy Py, in the area swept by the
propellers of a wind turbine is given by

1
Py = 504V, M)

where p is the air density, 4 is wind turbine blades swept
area in the wind, and v,, is wind speed (in Fig. 1).
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Fig. 1 Evolution of wind speed field in a wake

The aerodynamic efficiency of a wind turbine with
horizontal axis is expressed by the power coefficient C,, In
1919, Betz provided the theory of the wind turbine in
which the maximum power coefficient is approximately
59% [6]. The maximum power coefficient is variable and
depends on the characteristics of the turbine and the wind
speed. It is often represented as a function of the tip speed
ratio A and the blade pitch angle f in a pitch-controlled
wind turbine. A, defined as the ratio of the tip speed of the
turbine blades to wind speed, can be expressed as

h RQturb

Vw

A

where R is the blade radius and Q,, is the turbine rotor
speed.
The output mechanical power of wind turbine is

Py = 5CopAvy. @)
The power coefficient C, can be approximated by

mathematical Eq. (3) based on the modeling turbine
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characteristics as

C, = {0.73 <%> —0.0028— 13.2] exp (‘i?"‘) 3)

with

2 =[1/(A+0.088)-0.035/(5> 4+ 1)]".

For different values f, the graph of C, function A is given
below (in Fig. 2), which presents a maximum for a well-
determined tip speed ratio, denoted by A,

0.5
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Fig. 2 Power coefficient C,, versus tip speed ratio A

3 Optimal controller of a wind turbine

The objective of the control is to follow the maximum
power curve between starting wind speed and rated wind
speed (11.7 m/s). To extract the maximum power gener-
ated, the turbine rotates at the speed related to the optimal
specific ratio Aoy for which the power coefficient C, is
maximum (following the curve of the maximum power
according to section 4B, demonstrated in Fig. 3).
The turbine torque T, is the ratio of the output
mechanical power to the shaft speed Q,,
P
T ., =_m
turb erb
The turbine is normally coupled to the generator shaft
through a gearbox whose gear ratio & is chosen in order to
set the generator shaft speed within a desired speed range.
Neglecting the transmission losses, the torque 7, and shaft
speed Q.. of the wind turbine, referred to the generator
side of the gearbox, are given by

T, =

T
tkurb and Qpec = k.
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Fig. 3 Mechanical power depending on speed of wind turbine at
different wind speeds

The system dynamics, neglecting the friction loss, is given
by

Jdeec
dt
where J is the generator and the turbine moment of inertia
and T, is the electromagnetic torque.
To maximize the power extracted from the wind, the tip
speed ratio should be kept around its optimal value Ay

The reference speed of the turbine Qy_..r can be deduced
from the expression

:Tngema 4)

_ RQturb—ref

Aopt - Ve

The block diagram of the turbine model with the control
of the speed is represented in Fig. 4. This model is
expressed in Refs. [7-10]. The controller forces the rotor
speed to track a desired speed reference signal chosen
according to the fundamental operating modes.

The different configurations of variable speed wind
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Fig. 4 Block diagram of speed control

turbines need power converter structures based on two AC-
DC converters. Each converter needs active and reactive
power control capability in order to extract the optimum
power from the wind turbine while exchanging the
appropriate reactive power with the power grid [11].

4 DFIG model and control objectives

The electric and magnetic relationships governing the
operation of the DFIG using Park Transformation is given
by Egs. (5) and (6) [12].

. doy
Usg =Rgigq + d—:_ws¢sqa
dg
Ugqy :Rsisq d—:q + 05054,
5
D dq’rd ( )
Urq *errd =+ ?_ wr§0rq,
. de
Ury :errq =+ d_;l] + 0145
Psa =Lgisq + Miy,
Psq =Lsisy + Miyy, 6)

Prad =Lyiyg + Migq,
Drq :Lrirq + Misq;

where R, R,, Ly and L, are the resistances and leakage
inductances of the stator and rotor windings; M is the
mutual inductance; ugy, Usg, Urg, Urgs Isas Isgs Tras Irgs Lsas Lsgs
by Lrgs Psar Psg> Pra and @y, are the d and g components of
the space vectors of stator and rotor voltages, currents, and
fluxes. ws and w, are the angular frequencies of stator and
rotor currents.

5 Vector control and control strategy

To achieve an independent control of the active and
reactive power, the equations between the powers and rotor
variables of the DFIG were established [13]. The vector
control strategy based on proportional-integral (PI) con-
trollers was proposed and widely used in the industry [14].

If the per phase stator resistance is neglected, which is a
realistic approximation for medium and high power
machines used in wind energy conversion, the stator
voltage vector is consequently in quadrature advance in
comparison with the stator flux vector [15]: ¢s; = ¢ and
¢sq = 0. In the stator voltage oriented reference frame, the
d-axis is aligned with the supply voltage phasor ug, and
then ugy = us = s g and uy, = 0. Hence, the active and
reactive powers (Ps, Os) exchanged between the stator of
the DFIG and the grid can be written according to the rotor
currents as
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. Ly,
P Slgglsy = fusL—mqu,
: (7
. ug usLm .
O =Usglsg = mf L lIeg-
Rotor voltages can be expressed by
: M?
Urg :errd_gws Lr_L_ lg»
' ®
: M\ Mug
Ury :errq + gy erL— Ig + gL—’
S S

where g is @,/w;. The resulting block diagram of the DFIG
is presented in Fig. 5.

The direct control method is based on a direct control of
the active and reactive powers of the DFIG, by comparing
references and calculated values of active and reactive
powers [10]. The machine side converter control diagram
is depicted in Fig. 6.

An important feature of the vector-controlled DFIG is
the possibility to achieve decoupled control of the stator
side active and reactive power in both motor and generator
applications. The quadratic component of the rotor u,,
controls the active power (the electromagnetic torque) and
the direct component u,; controls the reactive power
exchanged between the stator and the network.

6 Simulation results
6.1 First case of simulation

Simulations are performed with a random wind speed,
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Fig. 6 Block diagram of DFIG power control (two PI controllers
are used)

varying between 6 m/s and 8.5 m/s. A step is applied on the
reactive power reference, from 0 kvar to 0.5 kvar, at ¢ =
1.3s,0.5 kvarto 0.5 kvar, att=1.5 s and 0.5 kvar to 0 kvar,
att=3.5s.

Figure 7 shows, respectively, the wind gust (Fig. 7(a)),
the power coefficient (Fig. 7(b)), the angular speed of the
DFIG (Fig. 7(c)) and the mechanical power of wind turbine
(Fig. 7(d)). The stator active and reactive power and its
zoom are demonstrated in Figs. 8(a) and (b) according to
the quadratic component of the rotor u,, and the direct
component u,,. The rotor phase current and voltage
according to the rotor speed changes are given in Fig. 9.
On the other hand, Fig. 10 shows the variation of the stator
phase current.
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Fig. 5 Diagram of the machine
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Fig. 7 Evolution of mechanical quantities of the wind turbine conversion
(a) Wind speed; (b) power coefficient; (c) angular speed of DFIG; (d) mechanical power of wind turbine
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As afirst observation, the simulation results presented in
Fig. 7 indicate that a small variation in the wind velocity

Fig. 8 Reference and measured active and reactive power
(a) Active power; (b) reactive power

can induce a large variation in the extracted power
(mechanical power), because of the proportionality of
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Fig. 9 Evolution of rotor currents and voltages following the slip
(a) DFIG slip; (b) rotor phase current; (c) rotor phase voltage of DFIG
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Fig. 10  DFIG stator current of a phase
this power to the average value of cubic wind speed.

It can be seen from Fig. 7(b) that the PI controller
achieves a better speed tracking for maximum power
generation, and then a better power extraction from the
wind is achieved (C, ~ 0.41).

From Fig. 8, it can be noticed that the stator active and

reactive power flow in an acceptable way in accordance to
their references at all time of the simulation. However, the
effect of coupling between the active and reactive power
can be observed, because a step on one of these two axes,
or a variation on the second can lead to oscillations on the
other. These oscillations appear apparently on the stator
reactive power if a rapid change is made on the active
power (at ¢ = 1s, at £ = 2s and at ¢ = 3 s). Besides, the
influence of variation of reactive power on the change of
the error between the active power and its reference (for
example at time ¢ = 1.3 s) can also be noticed.

The current and voltage according to the rotor speed
changes are given in Fig. 9. From Fig. 9, it can be seen that
the electric frequency of the rotor variable varies with the
rotor speed.

Globally, it can be found that most mechanical or
electrical variables are related to the wind speed.

6.2 Second case of simulation (Robustness test of the
control against the wind speed)

The robustness can be tested against external disturbances
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such as speed and density of the wind or the fluctuation of
frequency on the network. It can also be tested against the
changing characteristics of the turbine. To test the
robustness of the control against the wind speed, the
behavior of the system is studied using three different wind
profiles (vy1, Va2 and vy3). For each simulation test, the

377

turbine starts in a different gust, approximately 4.5 m/s, 6
m/s, and 8 m/s.

Under different wind speed profiles, the simulation
results of the active power according the MPPT and its
zoom are shown in Fig. 11.

By comparing the results obtained for the three wind
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Fig. 11 System response for the three profiles of the wind
(a) Wind profiles; (b) simulation results of stator output active power for three profiles of the wind; (c) zoom of active power for the first
profile of the wind; (d) zoom of active power for the second profile of the wind;(e) zoom of active power for the third profile of the wind

THE AUTHORS WARRANT THAT THEY WILL NOT POST THE E-OFFPRINT OF THE PAPER ON PUBLIC WEBSITES.
http://journal .hep.com.cn/



378

profiles, it can be seen that the response for active power
increases at low starting wind speeds. It can also be seen
that the active power has a lower error in the case where the
turbine starts in a gust of approximately 6 m/s, (vy,), and
this error increases with the two other cases of wind
profiles (v, and v,,3). The error between the active power
and its reference appears apparently in the test results by
changing the wind velocity; this makes it possible to
highlight a remarkable degradation of the performance of
the PI control.

7 Conclusions

The aim of this paper is to study a system which converts
wind energy into electrical energy. In this paper, the overall
system is represented, a classical PI mode vector control
for a DFIG drive is used in order to control the output
variables which are the stator active and reactive power of
the DFIG injected in the grid, and a variable speed control
of wind turbines is studied in order to maximize energy
extraction from the wind. Simulation studies are conducted
to verify the performance of the proposed PI controller
under random wind fluctuations and variations of reactive
power. It is noted the influence of the change in the wind
speed at control power can reduce system performance.
The proposed controller does not provide high-perfor-
mance dynamic characteristics. On the one hand, this
scheme is not perfectly robust against wind variations; on
the other hand, it is preferable to estimate instead of
measuring the speed, because the measurement of wind
speed is generally not accurate.
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