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Abstract— Nowadays, wind energy is considered as
one of the most developing and promising renewable
energy sources. Because of power electronics
advancements, wind energy conversion systems
(WECSs) equipped with Doubly Fed Induction
Generators (DFIGs) for variable speed wind
turbines (VSWTs) are one of the most efficient
topologies for WECS. Further, due to the merits of
DFIG over other generators, it is involved in most of
wind power applications. Therefore, modelling and
simulation of DFIG coupled with VSWT has taken a
great attention by researches. In this article, power
generation control in variable-speed variable-pitch
horizontal-axis wind turbines operating at high wind
speeds is studied. Response of DFIG wind turbine
system to grid disturbances is simulated. The
simulation results show the effectiveness of the
proposed controllers for power regulation and
demonstrate  high-performance. A  dynamic
chattering torque control and a proportional
integral PI pitch control strategies are proposed and
validated using MATLAB software program.

Keywords - Wind Turbine, Variable-Speed,
Variable-Pitch, Voltage Regulation, DFIG.

I. INTRODUCTION

Due to degradation of fossil fuels and global
environmental concerns, a great focus on alternative
methods of electricity generation is increased.
Towards the energy market diversification, wind
power is the fastest growing sustainable energy
resource [1-5]. WTs with elementary control
systems that aim to minimize cost and maintenance

of the installation have predominated for a long time.

Recently, the increasing size of the turbines and the
greater penetration of wind energy into the electrical
utilities have encouraged the use of power electronic
converters and mechanical actuators. These active
devices incorporate extra degrees of freedom into
the design, allowing for active control of the
captured power. Static power electronic converters,
used as an interface to the grid, enable variable-
speed operation of the wind turbine. Due to external
perturbations, such as random wind fluctuations,
wind shear and tower shadows, variable speed
control seems to be a good option for optimizing the
operation of wind turbines [2]. WECSs are
challenging from the control system viewpoint.
Wind turbines inherently exhibit nonlinear dynamics

and are exposed to large cyclic disturbances that
may excite the poorly damped vibration modes of
the drive train and tower [1, 3]. In addition, it is
difficult to derive mathematical models that
accurately describe the dynamic behaviour of WTs
because of the particular operating conditions.
Moreover, this task is even more involved due to the
current tendency towards larger and more flexible
WTs. Lack of the accurate models of WTs is
countered by robust control strategies that capable of
securing stability and certain performance features
despite model uncertainties. Problems of WTs
control are become more challenging when WTs
operated at variable-speed and variable-pitch [4—6].
The best use of this type of turbine can only be
achieved with several controllers [7, 8]. WTs can
operate either at fixed speed or at variable speed. For
a fixed speed wind turbine (FSWT), the generator is
directly connected to the electrical grid. For a
variable speed wind turbine (VSWT), the generator
is controlled by power electronic equipment. There
are several reasons for using VSWTs; among them
are the possibilities to reduce the mechanical stresses
and acoustic noise and to control the active and
reactive powers. Most manufactures of WTs are
developing new large WTs in the range of 3-5 MW.
These large WTs operate on variable-speed with
pitch control using a direct driven synchronous
generator (without gearbox) or DFIG. Fixed-speed
induction generators with stall control are regarded
as unfeasible for these large WTs. DFIGs are
commonly used by the wind turbine industry for
larger wind turbines [8-14], because of the rotor
power of the induction generator depends on the slip
and at the same time the power from the rotor is not
wasted as in the case of induction machines with
external variable rotor resistance. But it is fed to the
grid, so varying the slip of the generator doesn’t
lower the efficiency any more. The system needs a
converter, and unfortunately a complicated control
system adjusting the slip to the given rotor speed.
Therefore, the overall system efficiency is improved
in comparison with fixed-speed generators.

In addition, the use of DFIGs for VSWTs offers
other advantages regarding the power electronic
devices connected together [11]. The cost of power
electronic converter is reduced because its low
required converter power rating. The converter has
to deal only with approximately 25% of the total
power of the generator because the main part of the
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energy passes from the stator directly to the grid.
Therefore the required converter can be rated at a
quarter of the total system power [12]. Also the cost
of the converter filters and EMI filters are lower.
The power-factor control can be implemented at
lower cost, because the four-quadrant converter
together with the induction machine basically
operates similar to a synchronous generator. So, the
converter has to provide only the excitation energy.
Another important advantage of the above presented
scheme is that the four-quadrant converter in the
rotor circuit enables decoupled control of active and
reactive power of the generator.

In this article, a new control strategy for variable-
speed variable-pitch horizontal-axis wind turbine
(HAWT) is proposed. The proposed control strategy
is obtained with a nonlinear dynamic chattering
torque control and a proportional integral (PI)
control for the blade pitch angle. The proposed
strategy allows for a rapid transition of the WT
generated power between different desired values.
This implies that it is possible to increase or
decrease the WT power production with
consideration of the power consumption on the
utility grid. This electrical power tracking is ensured
with high-performance behaviours for all other state
variables: including turbine and generator rotational
speeds; and smooth and adequate evolution of the
control variables. The DFIG coupled with WT for
voltage, and var regulation control is modelled and
simulated. System response to a change in wind
speed, voltage sag on the 120kV system and single
line fault on the 25kV system are discussed in this
study.

I1. SYSTEM MODELLING

A. Wind Turbine

The WT consists of a rotor assembly, gear-box,
and generator. Rotor of WT extracts the energy from
the wind and converts it into mechanical power. A
simplified model of the rotor was presented in [15—
17] as:

Pu = 56,1, B)pmR?v} @)

Where p defines the air density, R is the radius of
the rotor, v, is the wind speed, c, is the power
coefficient of the WT, B is the pitch angle, and A is
the tip-speed ratio given by:

A=E )

Vw
Therefore, changes in the wind speed or rotor
speed produce changes in the tip-speed ratio, leading
to power coefficient variation, so, the power
generated is affected. The aerodynamic torque
coefficient is related to the power coefficient as

follows:

Pm = era (3)

The aerodynamic torque expression is described
as:

T, = 3¢,(4 B)pTRv @
c,@,p) = 2C2 (5)

For a perfectly rigid low-speed shaft, a single-
mass model for a wind turbine can be considered as
[18-21]:

]t(‘)r = Ta - Ktwr - Tg (6)

Where J, is the turbine total inertia (kg-m?), K, is
the turbine total external damping (Nm rad ' s), T, is
the aerodynamic torque (N.m), and T4 is the
generator torque (N.m). The scheme of the one-mass
model is provided in Fig. 1. The model is based on
the steady-state power characteristics of the turbine.
The stiffness of the drive train is infinite and the
friction factor and the inertia of the turbine must be
combined with those of the generator coupled to the
turbine. A generic equation is used to model c,(A,pB).
This equation, based on the modelling turbine
characteristics of [1], is given as:

Cp().,ﬁ) =0 (;_21 - C3ﬁ - C4_) 6_65/}” + CGA (7)

11 0.035
2, 2+0.088  B3+1

Where c; to ¢g are constant coefficients and given
as: ¢; =0.5176,¢c,=116,c3=0.4,¢c,=5,¢c5 =21 and
Cs = 0.0068. The cy-A characteristics, for different
values of the pitch angle B, are illustrated in Fig. 2.
The maximum value of ¢, (Comax = 0.48) is achieved
for B = 0 degree and for A = 8.1. This particular
value of A is defined as the nominal value (Apom). Fig.
3 shows wind turbine power characteristics. Pitch
angle B is used to display the power characteristics.
Beta must be greater than or equal to zero. The
mechanical power Pm as a function of generator
speed, for different wind speeds and for blade pitch
angle B = 0 degree. This figure is obtained with the
default parameters (base wind speed = 12 m/s,
maximum power at base wind speed = 0.73 pu (k, =
0.73) and base rotational speed = 1.2 pu).

With:

Fig. 1 One-mass model of a wind turbine
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Fig. 2 cp-A characteristics for different values of the
pitch angle B

Turbine Power Characteristics (Pitch angle beta = 0 deg)

Turbine output power (pu of norinal mechanical power)
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Fig. 3 Wind turbine power characteristics

B. Wind Turbine Induction Generator

Wind turbine induction generator (WTIG) system
is shown in Fig. 4. The stator winding is connected
directly to the grid and the rotor is driven by the
wind turbine. The power captured by the wind
turbine is converted into electrical power by the
induction generator and is transmitted to the grid by
the stator winding. For high wind speeds, the pitch
angle is controlled to limit the output power of the
generator to its nominal value. In order to generate
power the induction generator speed must be slightly
above the synchronous speed. But the speed
variation is typically so small that the WTIG is
considered to be a fixed-speed wind generator. The
var power absorbed by the induction generator is
provided by the grid or by some devices like
capacitor banks, SVC, STATCOM or synchronous
condenser [22-25].

Turbine ‘

—_— Dive ———

Wird train Stator
Fitch Control

Fig. 4 WTIG system

Induction
Gererator

C. Wind Turbine Doubly-Fed Induction Generator
WT-DFIG

Efficient wind power plants use variable-speed
generators for electrical generation [22]. There are
several advantages of using such generators [23].
They can reduce mechanical stresses by storing the
energy from windstorm in the mechanical inertia of
the turbine, creating a sort of elasticity that reduces
torque pulsations and improve the power quality.
The system efficiency can be slightly improved by
adjusting the turbine speed to maximize output
power. The applied converters can also supply
reactive power to the grid if the converters are rated
for this purpose [24]. Several types of adjustable-
speed generators are used for such purposes [25].
The most common one is the DFIG. Practically, the
stator of the DFIG is connected directly, or through a
three phase transformer to the grid. The rotor
windings are coupled by slip rings to the same grid
through a four-quadrant AC-AC converter as shown
in Fig. 5 [26]. The AC/DC/AC converter is divided
into two components: the rotor-side converter Cgor
and the grid-side converter Cgq. Both converters are
voltage-source converters (VSCs) that use forced-
commutated power electronic devices IGBTs to
synthesize an AC voltage from a DC voltage source.
A capacitor connected on the DC side acts as the DC
voltage source. A coupling inductor L is used to
connect Cgiq to the grid. The three-phase rotor
winding is connected to C,oo by slip rings and
brushes and the three-phase stator winding is
directly connected to the grid. The power captured
by the wind turbine is converted into electrical
power by the induction generator and it is
transmitted to the grid by the stator and the rotor
windings. The control system generates the pitch
angle command and the voltage command signals V,
and Vg for Cuor and Cgyrig respectively in order to
control the power of the wind turbine, the DC bus
voltage and the reactive power or the voltage at the
grid terminals. The power flow, illustrated in the Fig.
6, is used to describe the operating principle [27-30].

I
Turbine AC/DC/AC comverter i
Croor Carid
DC — AC

)q}

—_— L

—* | { Duive train ———1 v *v

Wind ‘ Stator L L E Three-phase
Induction Grid

| Conero:
I 1
M -

Fig. 5 WT-DFIG system
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Fig. 6 WT-DFIG power flow

The mechanical power and the stator electric
power output are computed as follows:

Pm = merps = Temws (8)

For a lossless generator the mechanical equation
is: to

] dt = Tm - Tem (9)

In steady-state at fixed speed for a lossless
generator Tm = Tem and Pm = Ps + Pr. It follows as:
B =P —R=Thw —Thews; =T, %ws

S
= —sT,,ws = —SP, (10)

Where s is defined as the slip of the generator;
s = (ws—or)/ws.

Generally the absolute value of slip is much lower
than unity and, consequently, P, is only a fraction of
Ps. Since Tm is positive for power generation and
since s IS positive and constant for a constant
frequency grid voltage, the sign of P, is a function of
the slip sign. P, is positive for negative slip and it is
negative for positive slip. For super-synchronous
speed operation, P, is transmitted to DC bus
capacitor and tends to rise the DC voltage. For sub-
synchronous speed operation, P, is taken out of DC
bus capacitor and tends to decrease the DC voltage.
Cyia is used to generate or absorb the power Py in
order to keep the DC voltage constant. In steady-
state for a lossless AC/DC/AC converter Py is equal
to P, and the speed of the wind turbine is determined
by the power P, absorbed or generated by C,yr. The
phase-sequence of the AC voltage generated by Cqor
is positive for sub-synchronous speed and negative
for super-synchronous speed. The frequency of this
voltage is equal to the product of the grid frequency
and the absolute value of the slip. Cror and Cgyig
have the capability of generating or absorbing
reactive power and could be used to control the
reactive power or the voltage at the grid terminals
[31-33].

The actual electrical output power is illustrated in
the Fig. 7, measured at the grid terminals of the wind
turbine, is added to the total power losses and is
compared with the reference power obtained from
the tracking characteristic. A Proportional-Integral
P1 regulator is used to reduce the power error to zero.
The output of this regulator is the reference rotor
current lg_rs that must be injected in the rotor by
converter Cqo. This is the current component that

produces the electromagnetic torque T, The actual
I, component of positive-sequence current is
compared to I s and the error is reduced to zero by
a current regulator PI. The output of this current
controller is the voltage Vq generated by Cioor. The
current regulator is assisted by feed forward terms
which predict V. The voltage or the reactive power
at grid terminals is controlled by the reactive current
flowing in the converter C,yo. AsS long as the
reactive current stays within the maximum current
values (-lmax, Imax) imposed by the converter rating,
the voltage is regulated at the reference voltage Vet
However, a voltage droop is normally used (usually
between 1% and 4% at maximum reactive power
output), and the V-1 characteristic has the slope
indicated in the Fig. 8 [34-36].
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Fig. 8 Wind turbine V-1 characteristic

In the wvoltage regulation mode, the V-I
characteristic is described by the following equation:
V=V — Xl (11)

The output of the voltage regulator or the var
regulator is the reference d-axis current Iy ¢ that
must be injected in the rotor by converter Crotor.
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The same current regulator as for the power control
is used to regulate the actual ls component of
positive-sequence current to its reference value. The
output of this regulator is the d-axis voltage Vg
generated by C,uor- The current regulator is assisted
by feed forward terms which predict Vg. The
converter Cgrg is used to regulate the voltage of the
DC bus capacitor. In addition, this model allows
using Cgig converter to generate or absorb reactive
power. The control system is illustrated in Fig. 9.
The maximum value of this current is limited to a
value defined by the converter maximum power at
nominal voltage. When lgy_ref and Iy s are such
that the magnitude is higher than this maximum
value the lq r component is reduced in order to
bring back the magnitude to its maximum value [34-
36].
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v 7 Idge_ref
de  _ DiC Voltage | 9EC
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Ldge _C
—I Cument Ve

Regulater |

Tae Curent
Ie=nzurement)
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Fig. 9 Grid-Side Converter Control System

D. Pitch Angle Control System

To assist the torque controller with regulating the
wind turbine electric power output, while avoiding
significant loads and maintaining the rotor speed
within acceptable limits, a pitch proportional integral
Pl controller is added to the rotor speed tracking
error. A Pl controller is used to control the blade
pitch angle in order to limit the electric output power
to the nominal mechanical power. The pitch angle is
kept constant at zero degree when the measured
electric output power is under its nominal value.
When it increases above its nominal value the Pl
controller increases the pitch angle to bring back the
measured power to its nominal value [37]. The
control system is illustrated in the Fig. 10:

B = Kp(w, — w,) + K, [ (@, — w,)dt,
and K, >0; K; >0 (12)

Where o, is the rotor speed and o, is the nominal
rotor speed, at which the rated electrical power of
the wind turbine is obtained. To disable the
proportional term when ®,; < ®,, the final proposed
controller is described with the following expression
as:

B = %KP((UT - wn)(l + Sgn(wr - wn)) +
K; fot(w, — w,)dt,and K,>0 (13)

Pitch angle mm:.
P ele i
Contraller (FL
7

clﬂ-

P_mec_nominal

Fig. 10 Pitch angle control system

I11. THE MATHEMATICAL MODEL OF THE DFIG

In general terms simulations are helpful in gaining
insights to the dynamic behaviour of any electrical
drive system. They offer a fast and economical
means by which they can conduct studies to learn
more about these components [13]. The main goal of
our research was to study the decoupled control of
active and reactive power in wind power plants
having doubly fed induction generators. This
practically could not be performed without high
performance simulation programs. The first step
towards the dynamic simulations was to build up the
mathematical model of the doubly fed induction
generator. The widely used dq reference frame was
chosen to model the generator. In this case both the
three-phased stator and rotor symmetrical windings
are transformed in orthogonal two axis systems upon
Park’s transformation. Hence the model machine has
only 4 windings (two on the stator and two on the
rotor) in quadrature. The fixed reference frame was
selected for writing the equations. The angular speed
of the reference frame in this case will be:

w. =0 (14)

For the stator windings the generator convention
will be used, and for rotor windings the load one
[14]. The saturation effect of the magnetic cores also
will be taken into account. Using the above
conditions the following set of voltage equations
results for the four windings as:

. . da
Vo = —Riq — 54 and V, = —Ryi, — =t (15)
. . da
VD:RTI’D +d;_tD+0JAQ,andVQ=erQ +d_tQ_

wlp (16)

The d and q indices indicate the direct and
quadrature axis components, respectively. With
uppercase are marked the rotor quantities. The s and
r indices refer to the stator and rotor quantities,
respectively. It should be mentioned that all the rotor
quantities are referred to the stator of the machine.
To be able to solve the problem another set of
equations is required, the flux-current equations,
written also for the four windings:

Ag = Liglg + M(ig +ip),and 4, = L, i, +

M(i, + ig) (17)
Ap = Lygip + M(ig +ip) , and Ay =L,,ig+
M(iy +ip) (18)
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Where Ly, and L, are the leakage inductances,
respectively M = My = Mg is the main magnetizing
inductance. The mathematical model of the
generator must be completed by to equations due to
the load connected on its terminals:

Vd = Rlild + Ll diiand
V = Rlllq + Ll dllq (19)

Where R, and L, are the resistance and inductance
of the load, respectively iq and i are the two
orthogonal components of the load current. The
saturation effect of the non-linear iron cores is taken
into account by defining a transient (dynamic)
magnetizing inductance, M; = dAi/di,, being
function of the magnetizing current. Finally the
mathematical model of the DFIG will be obtained by
substituting equations (17), (18) in the voltage
equations (15), (16):

. di d d
V, = —Riy —Lq, dd—j - M, (ddlj d;f) (20)
. L 1 L
Vo = =Rsig = Lo dtq M, (dtq dtQ) (21)
d d
V, =R, llE+Lm)d +Mt(lj ’D)+wLle
Mw(i, + iy (22)
_ . ! sz dlq dLQ .
Vo = Ryig + Lyy = +Mt(dt dt)—a)LmlD—
Mw(ig +ip) (23)

These equations must be transformed in a way to
be in a practical form for implementing in any
simulation environment: Equations (24), (27)
together with the equations of the load (19) form
together the mathematical model of the DFIG, which
was used in our simulations.

Vi (Lrg +M) =MV p—Rs(Lyg +Mp)iq+oM Meig+

dﬁ _ RthiD+wMt(Lr0-+M)iQ (24)
dt LsgLyg +Lsg M+Lyrg M

—Vq (Lyg +M)—M, Vo—Rs (Lyg +Mt)iq —wM M¢ig+
dﬁ — RthiQ—wMt(Lm+M)iD (25)
dt Lsg Lyg +Lsg M+Lyrg M

VaMi+(Lsg+Me)Vp +RsM¢ig =Ry (Lsg +Mp)ip—
dip oM (Lsg +Mp)ig—w (Lsg +M)(Lrg +M)ig (26)
dt LsgLyg +LsgM+Lyrg M

Vq Mi+(Lgo +Mt)VQ +RsMtig—Ry (Lsg +Mt)iQ+
dﬁ — WM (Lsg +M¢)ig+w (Lsg +M¢)(Lrg +M)ip (27)

dt Lsg Lyg +Lsg M+Lyg M

IV.STUDIED SYSTEM

Fig. 11 illustrates the performance of a 9 MW
wind farm connected to a distribution system. The
wind farm consists of six 1.5 MW wind turbines
connected to a 25 kV distribution system exporting
power to a 120 kV grid through a 30 km, and 25 kV
feeder. A 2.3 kV, 2 MVA plant consisting of a motor
load (1.68 MW induction motor at 0.93 power factor)
and of a 200 kW resistive load is connected on the
same feeder at bus 25 kV. A 500 kW load is also
connected on the 575 V bus of the wind farm.

Both the wind turbine and the motor load have a
protection system monitoring voltage, current and

machine speed. The dc link voltage of the DFIG is
also monitored. Wind turbines use a DFIG
consisting of a wound rotor induction generator and
an AC/DC/AC IGBT-based PWM converter. The
stator winding is connected directly to the 60Hz grid
while the rotor is fed at variable frequency through
the AC/DC/AC converter. The DFIG technology
allows extracting maximum energy from the wind
for low wind speeds by optimizing the turbine speed,
while minimizing mechanical stresses on the turbine
during gusts of wind. The optimum turbine speed
producing maximum mechanical energy for a given
wind speed is proportional to the wind speed.
Another advantage of the DFIG technology is the
ability for power electronic converters to generate or
turbine and the turbine power characteristics absorb
reactive power, thus eliminating the need for
installing capacitor banks as in the case of squirrel-
cage induction generators. In this case study, the
rotor is running at sub-synchronous speed for wind
speeds lower than 10m/s and it is running at a super-
synchronous speed for higher wind speeds. The
turbine mechanical power as function of turbine
speed is displayed in for wind speeds ranging from 5
m/s to 16.2 m/s. These characteristics are obtained
with the specified parameters of the turbine
characteristics as shown in Fig. 12. The power is
controlled in order to follow a pre-defined power-
speed characteristic, named tracking characteristic.
Fig. 12 shows the turbine and tracking characteristic,
by the ABCD curve superimposed to the mechanical
power characteristics of the turbine obtained at
different wind speeds. The actual speed of the
turbine or is measured and the corresponding
mechanical power of the tracking characteristic is
used as the reference power for the power control
loop. The tracking characteristic is defined by four
points: A, B, C and D. From zero speed to speed of
point A the reference power is zero. Between point
A and point B the tracking characteristic is a straight
line, the speed of point B must be greater than the
speed of point A. Between point B and point C the
tracking characteristic is the locus of the maximum
power of the turbine. The tracking characteristic is a
straight line from point C and point D. The power at
point D is 1.0 pu and the speed of the point D must
be greater than the speed of point C. Beyond point D
the reference power is a constant equal to 1.0 pu [37].

120KV Ne 25KV
I Y<? A I 20 km line I 10 kmlme\f2 g A
Equivalent sysem | >
2500 MVA
XXy

6%2 MVA
Load Wind Farm
S00KW IMW

Plant 2 MVA
Grounding
Transformer /\
= X=4.7Q

Fig. 11 Slngle line diagram of the wind farm
connected to a distribution system
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Turbine Power Characteristics (Fitch angle beta =0 deg)
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Fig. 12 Turbine power characteristics
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V. RESULTS AND DISCUSSIONS

A. Turbine Response to a Change in Wind Speed

Initially, wind speed is set at 8 m/s, and then at t=
5s, wind speed increases suddenly at 14 m/s.
Waveforms for a Gust of wind for voltage regulation
illustrates in Fig. 13. At t= 5s, the generated active
power starts increasing smoothly (together with the
turbine speed) to reach its rated value of IMW in
approximately 15 s. Over that time frame the turbine
speed increases from 0.8pu to 1.21pu. Initially, the
pitch angle of the turbine blades is zero degree and
the turbine operating point follows the red curve of
the turbine power characteristics up to point D. Then
the pitch angle is increased from Qo to 0.760 to limit
the mechanical power. Observe also the voltage and
the generated reactive power. The reactive power is
controlled to maintain a 1.0pu voltage. At nominal
power, the wind turbine absorbs 0.68Mvar to control
voltage at 1.0 pu. While, for var regulation with the
generated reactive power Qs set to zero, you will
observe that the voltage increases to 1.021pu when
the wind turbine generates its nominal power at
unity power factor as shown in Fig. 14.
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Fig. 13 Turbine response to a change in wind speed
for voltage regulation
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Fig. 14 Turbine response to a change in wind speed
for var regulation

B. Simulation of a Voltage Sag on the 120 kV
System

Now observe the impact of voltage sag resulting
from a remote fault on the 120 kV system. In this
simulation the mode of operation is initially var
regulation with Q=0 and the wind speed is
constant at 8 m/s. A 0.15 pu voltage drop lasting 0.5
s is programmed, in the 120 kV voltage source menu,

0 10 20 30 40

to occur at t= 5s. The simulation results are
illustrated in voltage sag on the 120 kV system for
wind farm in var regulation. Observe the plant
voltage and current as well as the motor speed. Note
that the wind farm produces 1.87 MW. At t=5 s, the
voltage falls below 0.9 pu and at t= 5.22 s, the
protection system trips the plant because an under-
voltage lasting more than 0.2 s has been detected
(exceeding protection settings for the plant
subsystem). The plant current falls to zero and motor
speed decreases gradually, while the wind farm
continues generating at a power level of 1.87 MW.
After the plant has tripped, 1.25 MW of power is
exported to the grid. Now, the wind turbine control
mode is changed to voltage regulation and the
simulation is repeated. You will notice that the plant
does not trip anymore. This is because the voltage
support provided by the 5 Mvar reactive power
generated by the wind turbines during the voltage
sag keeps the plant voltage above the 0.9 pu
protection threshold. The plant voltage during the
voltage sag is now 0.93 pu voltage sag on the 120
kV system wind farm in voltage regulation.
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Fig. 15 Voltage sag on the 120 kV system for wind
farm in var, and voltage regulation

C. Simulation of a Fault on the 25 kV System

Finally, now observe the impact of a single phase-
to-ground fault occurring on the 25 kV line. At t=1.0
s a 9 cycle phase-to-ground fault is applied on phase
A at 25kV bus. When the wind turbine is in voltage
regulation, the positive sequence voltage at wind
turbine terminals drops to 0.8 pu during the fault,
which is above the under-voltage protection
threshold (0.75 pu for at > 0.1 s). The wind farm
therefore stays in service as shown in Fig. 16.
However, if the var regulation mode is used with
Qref=0, the voltage drops under 0.7 pu and the
under-voltage protection trips the wind farm. We can
now observe that the turbine speed increases. At
t=40 s the pitch angle starts to increase to limit the
speed.
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Fig. 16 Wind farm waveforms during fault at bus
25kV

VI1.CONCLUSIONS

Due to its many advantages, the variable-speed
wind turbine connected to DFIG is studied in this
article. The system under study is modelled and
simulated using MATLAB software program. A
control strategy of DFIG-WT system is proposed.
The proposed control strategy ensures the
independent control of the active and reactive power
generated by the induction generator. WT controller
under turbulent wind conditions is presented. The
proposed controller achieves strong performances in
rotor speed and electrical power regulation with

acceptable control activity. The results show that the
proposed controller allows the WT generated power
to transit between different desired set values. This
achievement implies that it is possible to increase or
decrease the WT power production in response to
the power consumption of the network and to
participate in the primary grid frequency control,
which allows for a higher level of wind penetration
in electric networks without affecting the quality of
the generated electric power. Further, compared to
other strategies, the advantages of the proposed
controller are presented.
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