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ABSTRACT

Wind energy systems based on doubly fed induction generators
(DFIGs) have been dominantly used in high-power
applications since they use power-electronic converters with
ratings less than the rating of the wind turbine generators. The
DFIG is very sensitive to unbalanced grid voltage as its stator
is directly connected to the grid. The rotor and stator currents
could be highly unbalanced even under a very small
unbalanced grid voltage. So there is much more importance of
designing and modelling of controllers for eliminating the fault
and sustaining fault ride through condition. Modelling of
controllers is different for steady state condition and transient
conditions with fault ride through conditions.This paper
presents an overview of trends and advancements in control
strategies of DFIG based wind turbine system in transient
conditions.

Keywords
DFIG,control strategies, DPC, DTC power quality, fault ride
through ,vVC

1. INTRODUCTION

Wind energy, recognized as the main contribution to low
carbon societies, has become one of the subjects of much
recent research and development globally. Recently, more and
more modern wind turbines are being installed in distribution
and rural grids with low X/R ratios, and in developing
countries,where the distribution grids are quite weak. As a
result, the application of wind generation systems based on
modern power electronics has promoted the development of
new functionalities for wind turbines, i.e., voltage or frequency
regulation, islanding operation, and uninterruptable operation
under nonideal gridvoltage conditions including symmetrical
voltage dips, network unbalance, and harmonically distortions.

Among the various types of wind turbines, the variable speed
wind turbines based on the doubly fed induction
generator(DFIG), which have many advantages over the fixed
speed induction generators or fully fed synchronous generators
with full-sized converters, including variable-speed constant
frequency(VSCF) operation, reduced flicker, independent
control capabilities for active and reactive powers, and
relatively lower converter cost and power losses, have attracted
extraordinary attention by researchers and manufacturers all
over the world.
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Fig 1: Complete Wind Energy Conversion system

Fig.1 represents the complete wind energy conversion systems
(WECS), which converts the energy present in the moving air
(wind) to electric energy. The power developed by the wind
turbine mainly depends on the wind speed, swept area of the
turbine blade, density of the air, rotational speed of the turbine
and the type of connected electric machine. As shown in Fig.1,
there are primarily two ways to control the WECS. The first is
the Aerodynamic power control at either the Wind Turbine
blade or nacelle, and the second is the electric power control at
an interconnected apparatus, e.g., the power -electronics
converters. The flexibility achieved by these two control options
facilitates extracting maximum power from the wind during low
wind speeds and reducing the mechanical stress on the wind
turbine during high wind speeds.

The aerodynamic wind power control is essentially intended to
control the input power of the wind turbine. There are three
ways to perform aerodynamic power control.

1. Pitch Control: The blades are physically rotated
around their longitudinal axis.

2. Stall Control: The angle of the blade is fixed, but the
aerodynamic performance of the design is such that
at high wind speeds the blades stall.

3. Yaw Control: In this technique the entire nacelle is
rotated around the tower to yaw (oscillate around a
vertical axis) the rotor out of the wind. Due to its
complexity and susceptibility to stress, this
technique is not commonly used.

Currently, Pitch Control is the most common method for
aerodynamic control. Almost all variable speed wind turbine
topologies (including the DFIG) use Pitch Control. At wind
speeds below the rated speed, it is used to maximize the energy
capture. At wind speeds above the rated speed, it is used to
reduce the mechanical stress on the system.
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Fig.2: DFIG controller topology

DFIG is an induction machine with a wound rotor, where the
rotor and stator are both connected to electrical sources. The
rotor is fed with a back to back converter the AC-DC-AC. This
template pro converter used on the rotor which consists of two
voltage sourced converters i.e., rotor side converter (RSC) and
grid side converter (GSC), between the components a dc-link.
Capacitor is placed as energy storage. In order to keep the
voltage variations (or ripple) in the dc-link voltage small With
the rotor side converter it is possible to control the torque or the
speed of DFIG and also the power factor at the stator terminals.
The main objective for the GSC is to keep the dc link voltage
constant regardless of the direction of rotor power. The RSC
works at different frequencies, depending on the wind speed

2. RSC CONTROLLER TOPOLOGY

The RSC applies the voltage to the rotor windings of the DFIG.
The purpose of the RSC is to control the rotor currents such that
the rotor flux position optimally oriented with respect to stator
flux in order that the desired torque is developed at the shaft.
The RSC uses a torque controller to regulate the wind turbine
output power and the voltage (or reactive power) measured at
the machine stator terminals. The power is controlled in order to
follow a pre-defined turbine power-speed characteristic to track
the maximum power point. The actual electrical output power
from the generator terminals, added to the total power losses
(mechanical and electrical) is compared with reference power
obtained from the wind turbine characteristic. Usually a
proportional integral (PI) regulator is used at the outer control
loop to reduce the power error (or rotor speed error) to zero. The
g axis component controls the electromagnetic torque, Te,

The grid usually requires the wind generator to have fault ride
through capability during external AC fault. That means the
generators are not allowed to disconnect from the network
during disturbance such as voltage dip because of the relatively
small rating of the RSC compared to generator rating it only
provides partial control of the system. Therefore the overcurrent
on the rotor side converter and subsequent over voltage on the
RSC and subsequent over voltage on the converter DC link due
to excessive power coming from the rotor side during network
disturbance are easy to occur and become two main concerns of
the system safety. Thus the main objective of the control system
during network fault is to limit the rotor over current and DC
over voltage

2.1 Gsc Controller Topology

The GSC aims to regulate the voltage of the DC bus capacitor.
Moreover, it is allowed to generate or absorb reactive power for
voltage support requirements the function is realized with two
control loops as well: an outer regulation loop consisting of a dc
voltage regulator. The output of the dc voltage regulator is the
reference current 14" for the current regulator. The inner
current regulation loop consists of a current regulator
controlling the magnitude and phase of the voltage generated by

Vra = R lrd +—

converter from the 1 produced by the dc voltage regulator
and specified g-axis I,

3. VARIOUS CONTROL STRATEGIES

Modelling and control of DFIGs have been widely investigated
based on well-established vector control schemes in a stator
field-oriented frame of reference. The vector control is a fast
method for independent control of the real/reactive power of a
machine. Direct torque control (DTC) and direct power control
schemes (DPC) have been presented as alternative methods
which directly control machine flux and torque by selection of
suitable vectors. In the following sections vector control, DTC
and DPC are well explained for controlling of the grid side
converter as well as rotor side converter the voltage and flux
equations of a doubly fed induction machine are obtained from

(5]

3.1 Vector Control Scheme

The standard voltage oriented vector control strategy is used
for the machine side converter to implement control action.
Here the real axis of the stator voltage is chosen as the d-axis
[29]. The wvector diagram is shown in Fig. 4.1. The
mathematical modeling of the machine side converter is given
in the following equations. Since the stator is connected to the
utility grid and the influence of stator resistance is small, the
stator magnetizing current iy, can be considered as constant.
Under voltage orientation the relationship between the torque
and the dq axis voltages, currents and fluxes can be written as
follows. The stator flux Equations are written in Eq. (4.2)
neglecting leakage inductances:

Ysqa =0
lpsq = Lsisq +Ln irq
= (Lls + Lm)isq + Lm irq (1)
= Llsiqs + (Lmisq + irq)
= Lpi,

The rotor voltage equation can be written by substituting

the values of 1,4 and v, as follows:
. d (L% .
Urg = Rylpg + ( Iy, +0L lqr) + (w, —w,)ol,iyg (2)

On solving the above equation can be re written as:
. digr .
Vrg = Rylpg + ;Z oL, + (we — w,)oL,lirg (3)

Similarly the simplified d-axis voltage is given by:

dldr

oL, — (w, a)r)( iy +0L qu) (4)
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Fig.3: Vector Control Scheme for Rotor Side Converter
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The unit vector is found in similar way as in the case of grid
side converter. The reference value v,4* and v, *which are
being found from Eq. (3) and (4) are:

Vrti = Vr’d +ira Ry — ((‘J - wr)[iqr L+ iqs Lm] (5)

Rr - (w - wr)[idrl‘r + idsLm] (6)

Where v’q and v’q are found from the current errors
processing through standard Pl controllers. The reference
current i", can be found either from the reference torque given
by Eqg. (9) or form the speed errors (for the purpose of speed
control) through standard P1 controllers. Similarly i*q, is found
from the reactive power errors. The reactive power and speed
is controlled using the current control loops

* ! .
Vig = Vg +irg

The electromagnetic torque can be expressed as:
Te = 22 Walsg = Ysglsa)

@)

The value of iy found using eq. (7) is:

TeXLg

lrd = Wog XLm (8)

And reference torque value is given by:
* __ meplnss
d = m_loss

©

The plant for the current loop is decided by the line resistance
and reactance, whereas dc link capacitor is taken as the plant
for the voltage loop. The plants for the current loop and the
voltage loop are given in Eq (10) and (11) respectively are:

ird (5) lw &) _
F( ) T d(s) vrq (s) O‘Lr+Rr (10)

Wy

3PL,y, K
4L, Us +B) _ (s+B)

G(s) = (11)

The main objective of the grid side converter is to maintain dc-
link voltage constant for the necessary action. The voltage
oriented vector control technique is approached to solve this
issue. The control scheme utilizes current control loops for iy
and iq with the iy demand being derived from the dc-link
voltage error through a standard P1 controller. The iy demand
determines the displacement factor on the grid side of the
choke. The iq demand is set to zero to ensure unit power factor.
The control design uses two loops, i.e. inner current loop and
outer voltage loop to provide necessary control action. The
plant for the current loop is decided by the line resistance and
reactance, whereas dc link capacitor is taken as the plant for the
voltage loop. The plants for the current loop and the voltage
loop are given in Eq. (12) and (13) respectively are:

ia(s) _ g(s) 1
F( ) - Ud(s) vd(s) - Ls+R (12)

Vae(s) _ 3my
Gs) =77 iq(s)  2v2C;
(13)
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Fig.4: Vector Control Scheme for Grid Side Converter

The active and reactive power is controlled independently
using the vector control strategy. Aligning the d-axis of the
reference frame along the stator voltage position is found by
Eq. (14), V4= 0, since the amplitude of supply voltage is
constant the active power and reactive power are controlled
independently by means of id and i respectively following Eq.
(15) are:

tan@, = 14
%
d

Py =2 (valq + vyig)

Qs = %(Udl'q - qud)
(15)

3.2 Direct Torgue Control

The next generation of power control methods is direct torque
control (DTC) [5], [6]. DTC decrease the use of machine
parameters and reduces the complexity of wvector control
algorithms. The DTC method directly controls machine torque
and flux by selecting voltage vectors from a look-up-table
using the stator flux and torque information. One problem with
the basic DTC scheme is that its performance deteriorates
during starting and low-speed operations. Variable switching
frequency and high torque ripple are the main limitations of
hysteresis based DTC [33]. To address these limitations, DTC
with space vector modulation based on synchronous reference
frame transformation, predictive control and deadbeat control
are reported here. A new DTC method where in rotor voltage
vector is generated in polar form. Hence, the implementation of
DTC using space vector modulation becomes simple compared
to above mentioned methods. The method is also capable of
independent control of torque and reactive power. The
magnitude and angle of rotor voltage vector are controlled
independently. The torque angle , is controlled in such a way
that torque pulsations are reduced. To achieve this, a
proportional-integral and resonant (PI1+R) controller are used.
The new DTC control method is a scalar control method, it
does not require multiple reference frame transformation,
sequential decomposition and notch filters to remove second
harmonic components. The scheme of (PI+R) control in
stationary frame is simple and complexity in calculations is
significantly reduced.
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Fig 5: New Direct Torque Control method

Fig.5 shows the schematic representation of new DTC method.
The torque developed by DFIG is also given by:

3P Ly,

Te =353 Lol Y5 sin§ (16)
LZ
Where Ly, = L — (7)

And dis the angle between stator flux vector and rotor flux
vector. Under balanced condition, the reference torque and
actual torque are steady (dc) quantities. Single PI regulator is
required to process the error between reference torque and
actual torque. The output of PI regulator generates the signal
proportional to (J+@). Under unbalanced grid voltage
condition, the stator flux vector consists of double frequency
component which results in the oscillation of torque at this
frequency. To eliminate the torque oscillation, it is required to
modulate the rotor flux vector by controlling J. Under
unbalanced grid condition, the actual torque has an average dc
value along with double frequency component. To process this
double frequency fluctuating component of torque, the resonant
regulator tuned at same frequency is used. Pl regulator offers
infinite gain for steady quantity, while resonant regulator offers
an infinite gain at the selected resonant frequency. In addition,
there is no phase shift and gain at other frequencies [36]. The
block diagram of Proportional-integral and resonant (PI+R)
controller is shown in Fig. 3. The output of PI regulator is a
steady value of angle (&+ &) which corresponds to steady error
between reference torque and average value of actual torque.
The output of resonant regulator is a double frequency
component of torque angle. As a result, the proposed PI+R
controller forces the steady state errors to be null for both
steady and double frequency components of torque. The open
loop transfer function (OLTF) of PI+R regulator is as follows:

OLTF = ky ++ 7 (19)
Pl regulator
. steady (0+0)
+
sKq oscillating § ’
g +(0(,:

Resonant regulator

Fig 6: Block Diagram of Proportional Integral Resonant
Controller

Where, A%is the gain of resonant regulator, «j is the tuned
resonant frequency, which is selected as, double the supply
frequency. It may be noted that a low value of A%gives a very
narrow frequency band. The block diagram for the
implementation of proposed control scheme is shown in Fig.
4.Under unbalanced grid voltage condition, the grid side
converter (GSC) maintains the dc link voltage constant.

3.3 Direct power control

Based on the principles of DTC strategy, direct power control
(DPC) was developed for three-phase pulse width modulation
(PWM) rectifiers [16]-[18]. From the previous researches it
has been shown that DPC is a more efficient approach
compared to modified DTC [26],[27], [28]. The main
drawback of the vector control system is that its performance
depends greatly on accurate machine parameters pertaining to
the stator, rotor resistances, and inductances. Thus, the
performance degrades when the actual machine parameters
depart from the values used in the control system. Direct power
control (DPC) abandons the rotor current control philosophy,
which is the characteristic of FOC. Also, DPC achieves bang-
bang active and reactive power control by the modulation of
the rotor voltage in accordance with the active and reactive
power errors. DPC is characterized by its fast dynamic
response, simple structure and robust response against
parameter variations. Converter switching states were selected
from an optimal switching table based on instantaneous errors
of active and reactive powers and the angular position of
converter terminal voltage vector [16],[17], or virtual flux that
is the integration of the converter output voltage[18]. More
recently, DPC control of DFIG-based wind turbine systems has
been proposed. Based on the principles of DTC strategy, direct
power control (DPC) was developed for three-phase pulse
width modulation (PWM) rectifiers [19]-[21]. Converter
switching states were selected from an optimal switching table
based on instantaneous errors of active and reactive powers and
the angular position of converter terminal voltage vector
[19],[20],0r virtual flux that is the integration of the converter
output voltage [21]. More recently, DPC control of DFIG-
based wind turbine systems has been proposed [22], [23]. In
[22], the control system was based on the estimated rotor flux.
Switching vectors were selected from the optimal switching
table using the estimated rotor flux position, and the errors of
the rotor flux and the active power/torque. The rotor flux
reference was calculated using the reactive power/ power factor
reference. Since the rotor supply frequency, which equals the
DFIG slip frequency, can become very low, rotor flux
estimation is significantly affected by the machine parameter
variations. In [23], a DPC strategy based on the estimated
stator flux was proposed. Since the stator (network) voltage is
relatively harmonic-free with fixed frequency, a DFIG’s
estimated stator flux accuracy can be guaranteed. Switching
vectors were selected from the optimal switching table using
the estimated stator flux position, and the errors of the active
power and reactive powers. Thus, the control system is very
simple, and the machine parameters’ impact on System
performance was found to be negligible. However a
conventional DPC has switching frequency that varies
significantly with active and reactive power variations,
machine operating speed(rotor slip), and the power controllers’
hysteresis bandwidth [22],[23]. In [24], the method predicts the
DFIG’s stator active and reactive power variations within a
fixed sampling period, which is used to directly calculate the
required rotor voltage to eliminate the power errors at the end
of the following sampling period. This method directly controls
the active power and the reactive power of the DFIM at
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constant switching frequency. Also, it has some privileges to
the other DPCs; such as improvement of transient performance,
negligible parameter effects on system performance and its
good dynamic response. In this method the d-axis of the
synchronous frame is fixed to the stator flux. As the stator is
directly connected to the grid, and since the influence of the
stator resistance can be neglected, the stator flux can be held
constant. For a synchronous frame (the stator flux speed), the
stator voltage vector is given as:

1]sq = welpsd (20)

In [5] the stator current is expressed as:

N — Lrps—Lmr — Yr _ Ly (21)
sdq LsLy =L LeLs LseLr
4 Lo
vl
s {1 Y— — ———
m - - ) f $
v o - . »

Fig.7: Schematic diagram of DPC

The stator active and reactive power inputs from the
network can be calculated as:

B =—k; 0P qu (22)

Qs = ko wetsa (- Psa — ra) (23)
1.5L,,

ko =" (oL,L,)

(24)

As the stator flux remains constant, according to (22)
& (23) the active and reactive power changes over a constant
period of Ts are given by:

AP = —k; wePgq Alprq (25)

Qs = _ka We wsd Alprd) (26)

In the synchronous d-q reference frame, the rotor
voltage is given by:

. . dy,,
Vrg = rlrd +]msl¢rd + lgtd (27)

Yrq
o (28)

d

Urqg =1 irq +jmslqu +

Combining equations (22) to (28) and neglecting the
rotor resistance, the rotor voltage required to eliminate the
power errors in the d-q reference frame is calculated as:

K . Py
vra = (Kng +1%/s5) (@ = 0D + 0 (29)

st kowesq

vpa = (kP + L5 B = 2 + 0 (K a -
0 ) (30)

kowesq

A schematic diagram of the DPC for a DFIG system is shown
in Fig.7. The controller contains two PI controllers, one for an
active power and one for reactive power, as well as a SVM
unit. The stator active and reactive powers can be calculated
directly. The stator flux is estimated using the measured stator
voltages and currents in the stationary reference. Considering
equations (21) - (30), a block diagram displays the dynamics
existing*between Ps and Vq,* on the one hand, and between Qs
and Vg on the other hand The overall control structure of a
DPC is essentially constituted by one power controller. Fig. 4.6
shows that both dynamics are identical. Furthermore, this stator
flux may be regarded as a constant disturbance whose effect on
Qs can be removed easily simply by closing the reactive power
control-loop via a compensator that includes an integral action.
It is fundamental to note that the error signals feeding the PI
controller are computed by subtracting the set-point of the
variable to be controlled, Qs* or Ps*, from its actual value, Qs
or Ps, respectively. This is due to the fact that Qs* and Qs are
strictly negative. As a result, both Qs and Ps closed-loop
dynamics can be represented by the following unique second-
order transfer function:

L Kpp kg @e
P Qs 52+kpp kewesas+Kipkswe
(1)

From the transfer function (31), the dynamics are
mainly influenced by constant ko values that are determined
via the stator and rotor leakage and the mutual inductance.
Substituting the stator and rotor inductances, the parameter ko

is rewritten as follows:
3 1

2 Lol —L%,

k, (32)

= o tad.

Fig.8: Overall Control System Of The DPC
4. CONCLUSION

In this paper dynamic modelling of DFIG using vector control,
direct torque control and direct power control are discussed. It
has been shown that DPC is a more efficient approach
compared to modified DTC and VC.
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