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Abstract: Space Vector Pulse Width Modulation SVPWM Is the best modulation techniques to generate
sinusoidal voltage and current due to its facility and efficiency with low harmonics distortion. In this paper we
presents the study and power control of a variable speed wind energy conversion system based on a doubly Fed
Induction Generator (DFIG) using space vector modulation to achieve control of active and reactive powers
exchanged between the stator of the DFIG and the grid to ensure a Maximum Power Point Tracking (MPPT) of a
wind energy conversion system and to reduce significantly Powers and Torque ripples. The Simulation results
have shown good performances of the system under these proposed control Compared to PWM control strategies.
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INTRODUCTION

Nowadays wind energy has turned out to be one of
the most important and promising sources of
renewable energy after its progress during the last
three decades. It has been the subject of much
recent research and development; and he drawing
the most attention from government, utilities and
industry all over the world[2] due its smaller
environmental — impact and its  renewable
characteristic that contribute for a sustainable
development [3].

The advances in wind turbine technology and the
rapid development of power electronic devices and
thus decreasing equipment costs, let a lot of
researchers in wind power generation technologies
to made necessary the design of powerful control
systems in order to bring down the cost of electrical
energy produced by the WECS to be competitive in
the electricity market, and improved the dynamic
behavior, resulting in the reduction of the
mechanical Stress, fluctuation of the electrical
power, the increase of the power capture[3]. The
major part of the existing research works
concerning variable speed wind turbines control is
not only to capture the maximum power from the
wind but, also, to improve the quality of power [4]
and to converge the system for operating at unity

power factor. The doubly fed induction generator
(DFIG) which its stator winding is directly
connected to the grid and its rotor winding is
connected to the grid through a frequency
converter introduces itself as one of the most
important generators for wind energy conversion
systems because of the following reasons: a higher
energy yield, a reduction of mechanical loads, an
extensive controllability of both active and reactive
powers, less fluctuation in output power and a
simpler pitch control.

However, the performance of a DFIG depends not
only on the induction machine but also on the two
PWM converters as well as how they are
controlled. In order to comprehend DFIG power
generation characteristics under different control
conditions, this paper presents a detailed analysis
of the comparative advantage of PWM and space
vector pulse width modulation (SVPWM) control
technique.

SVM CONTROL STRATEGY

Diagram of voltage space vectors

Space vector pulse width modulation (SVPWM) is
a modulation technique that involves the
generation of a reference vector Vyf representing a
three phase sinusoidal voltage realized by
switching between two nearest active vectors and

© copyright Faculty of Engineering - Hunedoara, University POLITEHNICA Timisoara




one zero vector switching sequence of a given
power converter[6]. The desired output assigned
Vier will rotate in angular velocity equal to desired
output converter frequency. The magnitude of this
vector is related to the magnitude of the output
voltage (SVM) and the time this vector takes to
complete one revolution is egal as the fundamental
time period of the output voltage [12]. Rotating to
each active vector corresponds a switch sequence.
There are eight possible output voltage vectors, or
V1, Ve represented active switching ([011] [001]
[101] [100] [110] [010]), and two zero voltage
vectors, i.e. Vo and V7, corresponding to switching
states ([000] and [111]) These two vectors allocate
in the center of the circle. Figure 1 shows reference
voltage vector Vywerand eight voltage vectors, which
corresponds to the possible states of the inverter.

V(100

Figurel. Diagram of voltage space vectors
Implementation of the SVM Bloc
The vector Ve is given by two components Vi v,
and angle(a). From Figure 2 the Vg, Vy, Vi, and
angle (a) can be determined as follows:

1)
(2)

where:

(3)

Figure 2. Voltage space vector
and its components in (d, q).
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An algorithm for Research angular sector is used
to determine the sector (k=1, 2, 3 ....6) as shown in
Figure (3).

Figure 3. Algorithm for determining Sector K
In every sector, each voltage vector is synthesized
by basic space voltage vector of the two side of
sector and one zero vector. For example, in the first
sector, Ve is a synthesized voltage space vector
and expressed by:

Tz T,_ T,+T2_ T,_
[Vigr = [Vidt « [ Vyde + [V, 4)
0 0 T, T,+T,
Ty Ve =(T1V, + TV, +T5.Vy) (5)
%
T, = T and H=—r (6)
f, 2/3.V 4

where, To, T1 and T are the work times of basic
space voltage vectors vo, v1and vz respectively [8].

T, ..
T,V

Figure 4. Reference vector as a combination of adjacent
vectors at Sector 1.

The determination of the amount of times T,and T,
is given by:

V3T -
T, = Z—(sin( LI uTT))
Vac 3 3 (7)
‘/?TZ vref n n
T, = —————(sin( —-ncosa - cos —msina) )
vdc 3 3
V3T,|V,ef -
T, = Z\ret (sin(a—(n ) n))
Vac 3 (8)
V3T;|V,ef - -
T, =Z—f‘(sinasin Mrt—cosasinurt))
dc
To=(T;-T,-T;) )
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where, the sector (n) =1 through 6. with : Ao 2 p (11)
The switching time at each sector is summarized in v

the following Table [8].
Table 1. The switching time

Switches(sy, s¢, S2)

Switches(ss, s3, S5)

where P; (w) the aerodynamic power; P, (w) wind
power available in the rotor swept area; p (kg/m3)
the air density; S (m?) the rotor disk area, R (m)

s=Ty+ Tyt To/2 5=Ty/2 the rotor radius; v (m/s) the wind speed; and Cp
1 5s=To+Ty/2 s6=T1+Ty/2 the power coefficient which is a function of the tip
s5=Ty/2 5:=T1+To+T/2 speed ratio A (ratio between blade tip speed and
s1=T1+To/2 s=To+Ty/2 wind speed) and p the pitch angle of rotor blades.
2 53=T1+T2+Ta/2 SG=T0/2
s5=Ty/2 $=T1+To,+Ty/2
S]=TQ/2 s4= T1+ T2+TO/2
3 s3= T+ T+ TQ/Z S6= To/Z
s5= Tot Ty/2 s2=Ti+ Ty?2
s1= Ty/2 sq= T1+T2+T0/2
4 s3= T+ To/Z s6= Th+ TQ/Z
5= Ir+ Tot To/2 5= Iy2 Figure 6. Wind turbine model
s1= T+ Ty/2 s Tt To/2 The power coefficient is defined by:
5 s5= To/2 se= Ti+ To+ To/2 P 4
cnnreicocnt a0
6 S3= Ta/2 se= T1+ T2+TO/2 where
S5= T1+ Ta/Z Sr= T2+ Ta/Z 1 1 0.035
WECS Modeling A A+0.08.8 1483 (13)

The general turbine model with doubly fed with: c1=0.5176,c;=116,c3=04, c4=5, c5 =
induction generator is shown in Figure 5.

21, c6 = 0.0068
On Figure 8 is represented this coefficient in

— function of A and for different values of pitch angle
P of the blades. This curve is characterized by the
optimal point (Aopt=9, Cp-max=0.5, p=2°)
corresponding to the maximum power coefficient
Cp and therefore the maximum mechanical power
recovered
06
05
04
30.3
PooerQuras  Prost Qeces Vacses 02
Figure 5. Wind turbine system with DFIG o
Wind Turbine Model %
The wind turbine is modeled in terms of optimal ' Lambda
tracking, to provide maximum energy capture from Figure 7. Characteristic Cp = f(hop.)
the wind. The aerodynamic model of the wind 0, - 7‘% v (14)

turbine gives a coupling between the wind speed

and the mechanical torque produced by the wind

turbine. The mechanical power Pt produced by the s s
Cpopm“Riv

wind turbine rotor can be defined as [11]: T, = Pe _RP. _ (15)

1 Q. Av 22
p: = Z—CP(/l,B).p. sv3 (10)

The torque at the shaft neglecting losses in the
drive-train is given by:
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= —_P (16)

For our model we'll assume the stiffness and
damping are neglected, and then the dynamic
equations of the drive-train can be obtained with a
model to a mass in this case described by:

and

dQ
T, - T, =1J m 17
g em dt ( )
The equivalent moment of inertia is:
J
Jo=dg 4 (18)

the gear ratio between the turbine and the
generator:

Q t

Q g
Doubly-Fed Induction Generator
The DFIG voltage and flux equations, expressed in

the Park reference frame, are given by.

(19)

G =

d
Vg =Rl +E(psd —WPgq

(20)
d
vsq :Rslsq +E(psq T WPy
Qg =Llsg + My
Psqg = lesq + erq 1)

@Qrg =Lilg + Mg
Prq = Lrqu + Mlsq
Moreover, the electromagnetic torque is given by:
M
Ce=p L_(Irq P sa

- Ird(psq ) (22)

The stator resistance of the DFIG is neglected and
the stator flux s is set aligned with the d axis and

assumed to be constant (it is the case of a powerful
and  stable grid) [12]. Then, we can
write(psd = (ps’(Psq = 0

Consequently, the stator voltages and fluxes can be
rewritten as follows:

d
V=20, =0
@ =gt P (23)
vsq =W P,
@0y =Ly + M
sd s'sd rd (24)
0=L,ly + M,

Hence, the torque equation can be written as follow

M
Tem = pL_Irq P g

N

(25)

The stator active and reactive power and voltages
are given by:
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P = Vsdlsd + Vsq/sq

(26)
Q= Vsq Isd - Vsd Isq
From equation (16), we obtain:
P=-V, Liqu
;4 (27)
Q = _Vs :Ird + vs (f_:

From the last equation, we can see that the
electromagnetic torque and the active power will
only depend on the g-axis rotor current, while the
reactive power may be controlled through the rotor
current Ina.

the rotor voltage equations can be defined as:

Vig =Rog +(Ly —%}%—g«ugm —%ﬂrq
28
M di, M MV, (28)
‘/rq:RrIrq+(Lr _:) dt + 8w (L, _Z)Ird""g L

Rotor Side Converter

This converter controls the active and reactive
powers generated by the stator of the DFIG and
delivered to the grid by controlling the rotor
currents of the DFIG (Figure 8). The real active
and reactive powers are compared to their
references, and then two PI controllers are used.
The outputs of these controllers represent the direct
and quadrature components of the current
references [14]

[l N =]

Figure 8. Control of the RSC
Grid Side Converter
The objective of the grid side converter is to
regulate the DC-link voltage and to set a unit
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power factor. The topology of grid-side converter is
shown in Figure 9.

L L
B k5 = TS
EORORS
is L Be g
y LU () I
" T__ b o _
S 11— E
Vi
- [Viz
N o
AN =N Iy i

Figure 9. Grid side converter
Based on the circuit topology, the mathematical
model of inverter in three-phase static abc
coordinates can be drawn as follows:

. di

Vf1 =_Rf,f1 _lf dt + Vg
. di

sz __Rf,fz _lf #4— VSZ (29)
| di 1

Vf3 =_Rf'f3 _lf #4— V3

In the d, q reference frame:

digg
Vfd = _Rf’fd _lf dt + 0] lf’fq +VSd
(30)

difq
Vf Rf’fq_lf dt +(Ulf fd +V

The active and reactive powers (Prand Qy) can be
both expressed by using Park components of
supply voltage(vp and vg) and line current(im and
ify) as follows:

Pf = Vfdifd + tifq (31)

Qs =Viqlsa ~Valsg
we can find the reference currents (ifaref ifgref),
which allows setting the desired reference active
and reactive powers (Prre, Qfre), as follows:

. Q f - ref
1 fd - ref V—
S" (32)
i _ P f - ref
fq - ref v

sq
The unity power factor is obtained simply by
setting the reactive power reference null. The DC
reference voltage Vicrf is compared to the
measured DC voltage across the capacitor V. . The
DC voltage corrector requlates the DC bus and sets
the active power Pcref which is necessary to charge
the capacitor to the desired value. The reference

active power Pf- ref is obtained after being
calculated the Pc-ref. The evolution of the DC
voltage Vac is given by the following equation:

dv , ,
C. dtc-ic = (’red _’o)

(33)

Ie =lpeqg — 1o

Figure 11. Grid side converter control
SIMULATION RESULTS
In order to made a comparison between the
proposed control strategies PWWM (SV-PWM) for a
doubly fed induction generator (DFIG)-based wind
energy conversion system shown in Figure (5), all
the matlab simulations are carried out in the same

operation conditions.
15

Figure 13. Mechanical speed
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) N O N N N S N N with PWM

o Tz 8 Tfs) A Variable speed operation in the DFIG tracking

Fundamental (50Hz) = 728.2, THD= 162.03% curve effects higher power output from the wind.

S 10 [ S A A R — The direction of the power flow through the

e [ e i i R converters depends on the operating point of the
el e e A generator.

z 222: | In the sub-synchronous operation mode, the stator

Sl N S S U IR of DFIG supplies power to the grid and also the

Do I R N S O N S slip power to the rotor via the slip rings and the

= Jdmmemmenmii power converter. In the super-synchronous

0 5 10 15 20 25 30 35 40 .

Reactive power Harmonic order operation mode, both the stator output power and

Figure 15. (a) Stator active and reactive powers tﬁe rotqr slip power are fed into the grzd: In all

with SVM simulation results presented, by comparing the

current, torque, active and reactive power THD
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between the proposed control strategies it can be
observed a much better behavior of the SV-PWM
performance as compared to PWM, achieving the
objectives of the present work, which was to reduce
the torque and power ripple and consequently
improve the power exchanged between the stator of
the DFIG and the power network.
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Figure 16(a). Torque and rotor currents with SVM
CONCLUSION
The paper has presented a model for a wind turbine
generation system based on a doubly fed induction
generator with a stator directly connected to the
grid and a rotor connected to the grid through
SVPWM converte.
A detailed modeling of the mechanical dynamics,
the wind turbine electrical system, and the
converter been presented.
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Figure 16(b). Torque and r((Jz‘or currents with PWM

Simulation results show good decoupling between
stator active and reactive power and proven that
both control strategies are able to offer convergence
of the dynamic response of the system to the
reference wvalues despite wind wvariations. The
proposed scheme ensures perfect tracking of
maximum captured power and improves good
dynamics and provides less harmonics in rotor
currents.

The obtained results demonstrate that the proposed
DFIG system control operating at the variable
speed may be considered as an interesting way for
problems solution in renewable energy area.
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