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Abstract— large wind farms Consists doubly fed induction
generator (DFIG) variable speed wind turbines. They have
accurate models of doubly fed induction generator wind
turbines and their associated control and protection circuits.
The main aim of this paper is to study the theory and control
for the doubly-fed induction generator (DFIG) based wind
turbine, and establish its model by using mathematical
formulas. The work is done with the help of MATLAB
software, which accurately show the simulation results.
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I. INTRODUCTION
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Rotor angular frequency
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Stator active power

Rotor active power
Prhec Mechanical power
g 1 Electromagnetic torque
o Leakage coefficient
) Phase shift between the stator and rotor flux space

vectors.,

w Gnd angular frequency
DC bus current
i rde Modulate current from the stator side
There are various types of adjustable speed generators used
in wind turbines. The DFIG is a commonly used variable
speed generator in wind turbine applications. The DFIG-
based wind turbine consists of a wound rotor induction
generator with back-to-back voltage source converters
linking the rotor to the grid side. The rotor-side converter is
connected to rotor windings and is used to control the
generator speed and reactive power, where the grid-side
converter is used to control dc bus voltage and reactive
power. The operation of DFIG depends on how the wind
turbine is controlled. Thus, the role of power electronic
converters and their control is becoming increasingly

dominant. The advantages of cedefr3e3rZXXZXRQFDFIG
reduced inverter cost while the speed range is”33% approx.
the synchronous speed, which improved system efficiency,
and lower cost for power factor control. Generally there are
two control methods for rotor-side converter: direct torque
control (DTC) and direct power control (DPC). Direct torque
control (DTC) of induction machine drives was developed in
1980s. The DTC method controls the machine torque directly
by selecting appropriate voltage vectors using the stator flux
and torque. The stator flux is usually calculated by integrating
the stator voltage. Based on the principles of DTC for
electrical machine drives, direct power control (DPC) for
three-phase PWM rectifiers has been proposed in DPC
follows the same of DTC, but it also looks at the effect of the
stator and rotor fluxes upon the stator active and reactive
power. It can be shown that stator active power is
proportional to the rotor flux component perpendicular to the
stator flux where the stator reactive power is proportional to
the rotor flux component aligned with the stator flux. The
operation principle of DPC is to control directly the stator
active and reactive power by applying the proper voltage
vector in the machine rotor.

The aim of this paper is to study the theory and
control for the doubly-fed induction generator (DFIG) based
wind turbine, and further establish its model. The work
utilized the power system analysis software PSCAD / EMTD,
which can quickly and accurately show the simulation results.
Although MATLAB is a common software for simulation,
the wind turbine  simulation  implemented by
PSCAD/EMTDC is more quickly than MATLAB.
Additionally, there are many wind models in PSCAD. To
better understand the detailed characteristics of DFIG’s
components, this work did not apply the built-in components
of PSCAD.

Il. MATHEMATICAL MODEL OF DFIG

Mathematical model of DFIG is introduced in this work. The
stator voltage and flux can be represented as:
Vs = R.is 4 998
{Vs-Rsls+m s
U = Lgks + LIy
The rotor voltage and flux are:
- —  dyE -
{vls' ~ Rr'? + d_!l' ](‘)m“’;
PF = LI} + Lyl
Note that the superscripts “s™” and “r” indicate that space
vectors are referred to stator and rotor reference frames,
respectively. In subsequent sections, the magnitudes and
parameters of the rotor are all referred to the stator. From (1)
and (2), once can find:

(2)

aff _ _ LRoHwwldy s — j0m by Ly =L R, s+ Ly Vs — L v
dt Lle—Lh ® Ll —L Pl % LR T
5'1 = l‘rch*jm-u:Lkl-m]‘: )tua.L.lﬁ-i-gR. lﬁ‘ __Llm i \,: + Ls ) V,"
dt Lels—Lg, LeLs—L3, LyLs—15, Lels—L3,

(3)

All rights reserved by www.ijsrd.com 203



Mathematical Modelling and Simulation of the Direct Power Control of DFIG
(IJSRD/Vol. 9/Issue 08/2021/049)

The relation between the stator angular frequency and the
rotor angular frequency is:
W, = Wy — Wy (4)
The rotor and stator voltage equations of DFIG in the
stationary reference frame are given as follow:
{V, = R0, + sjogLyd, + sjogLi (T + 1)

JegE ; 3 (5)
Vs = Rlg + l(‘-‘sl-‘asis + jwgLp (Ir + Ts)

W=
where s =—
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I11. DIRECT TORQUE CONTROL (DTC)

DTC technique achieves good transient and steady-state
performances [14]. This technique provides better quality on
reducing stator current distortion. Generally, DTC is superior
to vector control field oriented control (Field Oriented
Control, FOC [15]). This work compared the advantages and
disadvantages between DTC and FOC and summarized the
results in TABLE I.
IFABLE | Companson between DTC and FOC
Comparison R .
ezl DIC FOC

Coordinates reference |

frame @ — [(stator) D-Q (rotor)

rotor flux, torque current
Controlled vanables | torque and stator flux | g and rotor flux current
id vector components

Required (cither sensor or

Rotor position

measurement DgLEciqspac cstimation)
Current control Not required Required
PWM modulator Not required Required

Coordinate
transformations Notyopuing ocuecy
Fypacal f::::m o 10-30 microseconds 100-500 microseconds
Complexity/processing . Higher

requirements

The DTC is based on the direct control of two
magnitudes of the electromagnetic torque and the rotor flux
of the generator. The control block diagram of the DTC
method is shown in Fig.1. By measuring the current on both
generator stator side and the rotor side, the generator torque
and flux vector at the rotor side can be calculated. As
inputting the amplitude of torque and rotor flux vector into
the electromagnetic torque comparator and flux hysteresis
comparator, one can obtain the output values from these
comparators. Using the error value and the position of rotor
flux vector, one can obtain the voltage space vector.

IV. DIRECT POWER CONTROL (DPC)

Direct power control that doesn’t employ the Park’s
transformation is based on the same control principles as the
direct torque control technique. The stator active and reactive
powers of the machine can be calculated from the following
equations of DFIG model:

: Loly le”‘l)ran‘s ]
- - 9)
Z,L . (=5 - 5] cos )
where 0 =1- Lm /LsLy.

P Vde

s B
—
Vector ‘ Pulse s /
=
Teveem— Locssetl
|

Sector + Wy bate
J,| — P ./
Estimation b +
Tem < \ l I I

The direct control variables are the stator active and
reactive powers. Based on the and references, the control
method us utilized to calculate the duration time of pulses for
the controlled semiconductors of the two-level voltage source
converter.
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Fig. 2: The control block diagram of DPC

V. VOLTAGE ORIENTED CONTROL (VOC)

agh Filter.

—

n. no

The gnd is represented as an ideal symmetrical three-phase
voltage source, Fig. 3 shows the simplified equivalent
single-phase grid circuit. The electrical model of the grid in
the three-phase referential axis 1s given by (10)
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diy
Vag = LRy +L52

Vpg = IpRp + L%"+V,b (10)

+ Via

dl,
Vg = IR+ LH*- Vie
where:
Ra = Ry = R = R =resistive part of the grid side filter (©2)

Consequently, by decomposing the three-phase voltage into
d-q referential axis, the basic equations for vector orientation
are obtained by:

Vo = 4R + LS8~ Lalg + Vg i

Vo = IgR+ LS2 4 Lalg + Vig
Where:
V4 and V,, are grid voltages (V) in two-phase synchronous
rotating d-q coordinates, where Vy = SV, and V, = S Vy,.
Va=Vx+AV; +V N
{ V, = Vy — AV, (12)
The detail of V, and V, in the equation (12) is

ve=13 g
= d

Vv Lc"q RI

Y=l
AVg = wll,
{AVq = wLl,

Thus, there are three parts in the equation (12) on d-q axis,
AVy and AV, are voltage compensation terms; Vx and
Vy are decoupling items, and

Via — Va " )
y, —y, are correction terms
fq~ ¥q

The reference current component generated mn the power
control loop is expressed as follows:

o _ P'Veg+Q'Viq
d v;d2+v;q3 (13)
. . = ]
[*= P VfE—Q Vid
q \’fd2+qu2
where:
P = b Vae =1V (14)

For a unity power factor, we set 1" = 0; then one can
obtain reference angle by (15), where the correction on
reference angle of the VOC system is expressed.

v

= =tan—1-£ 5
8 = [ wdt = tan 5 (15)

Fig. 4 1s the block diagram of grid voltage oriented vector
control. The total active power and reactive power into the
grid can be calculated by:

S ara .
{ P= ;(led+Vqlq)

I .
Q= ';(Vqld - vd'q)
Because the gnid voltage vector (V) is oriented in the d-axis

direction and the g-axis component is 0, the calculation for

active and reactive power can be simplified:
30
P _';‘hd
B
Q = —';qu
Consequently, we can adjust iy and i
power and reactive power.

(16)

(17)
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Fig. 4. Block diagram of voltage Oriented Control

VI. SIMULATION RESULTS

A complete DFIG wind power generation system has been
developed based on PSCAD/EMTDC in this study. Fig. 5
shows the established DFIG model with mathematical
formulas, which mainly includes wind turbine, generator, DC
link, inverter, as well as estimation and control systems. To
verify the performance of the established DFIG model shown
in Fig. 5, several simulations were implemented in this work.
It is highlighted that the established model is fully constructed
by mathematical equations instead of the existing
components in PSCAD software. Table Il shows the
parameters of the simulation system. In the back-to-back
converters of the DFIG system, the grid-side converter is used
to maintain the DC bus voltage. The DFIG wind turbine can
transmit power to the network through both the generator
stator and the converters.
DFIG Paarameters

Magnetizing inductance | 0.0035 H
Rotor inductance 0.003587 H
Stator inductance 0.003587 H
Rotor resistance 0.0031 0
Stator resistance 0.0027 o

Grid Parameters

Voltage 720V
Frequency 50 Hz
Capacitor 15F

DC voltage reference (@) | 1100 V
Inductance(L) 0.0005 H
Resistance(R) 0.010

Table Il: Parameters of the DFIG system and grid"

Figs. 6 and 7 show stator’s and rotor’s three -phase
currents respectively. To analyze the dynamic process of
DFIG from sub-synchronous to over-synchronous condition,
one can refer to the simulation results of Fig. 7. This figure
shows the rotor’s current waveform. It can be observed that
the sub-synchronous status is transferred to over-synchronous
status at 5s. Additionally, phase sequence is changed in
accordance with theory, which verifies the usefulness of the
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established DFIG model. Fig. 8 shows the voltage at the DC
bus, which must be stable to help the control of the rotor-side
converter. Fig. 9 shows the reference values for stator’s active
power (changing from 1.2 MW to -1.2 MW at the time 5s)
and reactive power (zero at all the time). Figs. 10 and 11 show
the active and reactive power from stator and rotor
respectively. As the DFIG system is interconnected into the

grid, the total active and reactive power is shown in Fig.12.
Because the current at the stator and rotor sides is stable and
symmetry, the trajectory of the flux space vector at the stator
and rotor sides is circular, which are shown in Figs. 13 and
14. Therefore, the established DFIG model can work
effectively. r
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Fig. 5. Mathematical DFIG model
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Fig. 7. Rotor current
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Main : Graphs
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Fig. 8. Voltage at DC Bus
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Fig. 11. Active and reactive power from rotor
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Main : Graphs
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Fig. 12: Active and reactive powers of DFIG
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Fig 14 Rotor flux

VII. CONCLUSIONS

The work on the modelling and simulation of commercial
wind turbines is significant, especially in a high penetration
of wind power system. The doubly-fed induction generator
plays an important role on modern wind turbine markets. This
paper has studied the theory and control for the doubly-fed
induction generator based wind turbine, and further
established its model by using the power system analysis
software PSCAD / EMTDC. This study has implemented the

voltage-oriented control and virtual flux-oriented control for
the grid-side converter, and direct torque control and direct
power control for the rotor-side converter in DFIG.
Additionally, this study also implemented coordinate
transformations, dynamic model, wind turbine model, space
vector modulation techniques, as well as phase-locked loop
technology, and finally integrated everything into a complete
wind power generation system.
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