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Abstract

In this paper, a power production system containing a variable speed wind turbine equipped with a Doubly Fed Induction
Generator (DFIG) is presented, the DFIG stator is connected directly to the grid, and the rotor is connected by a three level
three phase inverter with a Neutral Point Clamping structure (NPC). This last must be then dimensioned to forward only the
available power of the rotor. In this work, a comparative study of two command strategies of the inverter is detailed, by
separate order control: Firstly Sinus Pulse Width Modulation (SPWM) and secondly Sinus Vectorial Pulse Width Modulation
(SVPWM). All the simulation models are built in MA TLAB/Simulink software and the performance of the control system is

evaluated through FFT analysis of results.

Keywords: DFIG, SPWM, SVPWM, FFT, THD analysis, three levels inverter

1. Introduction

Concerns about climate change and air pollution have at-
tracted great interest in technologies for the generation of
clean and green renewable energy. Among the various
renewable energy sources, wind energy has contributed
greatly due to its ready availability and economical aspect.
The total installed capacity of wind generation has been con-
tinuously increasing over the last fifteen years [1]. Wind en-
ergy systems are among the most successful technologies,
not only in technical terms but also in the industrial field.
Power converters have developed a significant role in the
integration of wind power into the electrical grid [2]. Power
converters allow for variable speed operation of wind tur-
bines and enhanced power extraction [3]. The use of power
electronics components has resulted in the creation of extra
degrees of freedom, thereby making it possible to implement
more complex control algorithms and optimize wind turbine
performances [4].

The variable speed wind turbine equipped with doubly fed
induction generator (DFIG) has gained popularity due to
the development in modern power electronics. DFIG has
many advantages, including variable speed constant fre-
quency operation, independent active and reactive power
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control, reduced flicker, low cost converters and reduced
power losses [5]. DFIG is basically a system consisting of
a wound rotor generator and stator windings directly con-
nected to a three phase grid. The rotor windings are fed
by a variable frequency converter (VFC). Hence the cost of
converters has been reduced greatly.

The wind turbine is modeled to find a relationship between
electromagnetic torque and mechanical wind speed. Sec-
tion 11l describes the mechanical and electrical model of the
DFIG. Two control strategies of the three level inverter are
given in section IV. Finally, the simulation and results are pre-
sented; performances are then evaluated taking into account
the Fast Fourier Transform (FFT) and THD analysis.

2. Wind turbine model

Mechanical power available on the shaft of a wind turbine is
expressed by [6]:

1 1
P, = EpSvi = Epﬂszi (1)
where: p—air density (1.25 kg/m3); R—blade length in me-
ters; v,— wind velocity in m/s.

The aerodynamic power extracted from the wind turbine can
be calculated as:

1 1
PTurb = Cva = Epsvg = EP”szi ’ Cp(/l’ﬂ) (2)
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where: C,—power coefficient; B—pitch angle (deg); A— tip
speed ratio; Qr,,,—turbine speed, rd/s.

No wind turbine could convert more than 59% of the ki-
netic energy of the wind into mechanical energy turning a ro-
tor [7]. This is known as the Betz limit, and it is the theo-
retical maximum coefficient of power for any wind turbine:
Cpmax = 16/27~0.593.

The multiplier is mathematically modeled by the following
equations:

A

Ty = Tu

Qrury = % (4)
Jr =4,

Trum = S;L:,};

where: Q,,, et 2,—turbine speed respectively before and
after the multiplier; 7,,,,—aerodynamic torque; T,,— torque
after the multiplier; G—gear ratio; J,— generator inertia;
Jr—total inertia; Jr,,»— turbine inertia.
The fundamental equation of dynamics to determine the evo-
lution of the mechanical speed from the total mechanical
torque (T..) applied to the rotor:

Jr = Tmec =Tmn—Ten

mec
dt
where: T,,— electromagnetic torque; C,—viscous friction
coefficient.

- Cmeec (5)

3. Modeling of the DFIG

The d-q axis representation of DFIG is used for modeling,
considering flux as variable based on Park’s model. All rotor
quantities are referred to the stator side. The d°-¢* notation
corresponds to the stator side axes and d” — ¢" corresponds
to the rotor side axes. The DFIG model represented by volt-
age equations (6), where w; is the rotational speed of the
synchronous reference frame, w,. The stator and rotor side
flux linkage equations are given as [5, 6, 8]:
Vi = Rylsq + dZYd - wsdssq
Vg =Rl + & 4 0, dy
Vrd = errd + 4P _ (ws - wr)(prq

t
Vig = R, + di +(wy — W) Dy

The stator and rotor flux can be expressed as:

Dyg = Lolgg + Lyl
By, = Ly + Ly, -
Dy =Lidg+ Lyly
qu = LrIrq + Lmlsq

Electromagnetic torque is also expressed in terms of cur-
rents and flux:

Ly,
Cem = PL_((Dsdlqr - (D.qudr) (8)

where: R, R,—are respectively the stator and rotor resis-
tances; L;, L,— inductances of the stator and rotor windings;

Figure 1: Three level inverter structure

L,— is the mutual inductance; Vg, V, Vg et V,—direct
and quadrate components of the space phasors of the stator
and rotor voltages; 1y, 145, 14 and 1,—direct and quadrate
components of the space phasors of the stator and rotor cur-
rents; wus, @qs, ar and g ,,—direct and quadrate components
of the space phasors of the stator and rotor flux respectively;
ws—rotational speed of the synchronous reference frame;
w,—rotor speed

p—number of pair poles.

Active and reactive powers at the stator (P, Q;), and the
rotor (P,, Q,) are defined as:

Py = Vialyg + VI,
Qs = Viglsa = Vsalsq
Py = Varlar + Vyrly
Or = Vyrlar = Varlyr

4. Three level voltage inverter theory

4.1. Structure of the three level inverter

The three level inverter [8, 9] is composed of three arms and
two dc voltage sources. Each inverter arm consists of four
pairs of diode-bidirectional switch and two median diodes al-
lowing the output voltage of the inverter to be at zero level.
The center point of each arm is connected to a dc source.

To avoid short-circuits of the voltage sources by conduction,
and in order to deliver the three levels of the desired volt-
ages, then one must make the inverter work in its commend-
able mode. A static converter commendable mode means
that the transitions between its various configurations de-
pend only on external control and not on its internal control.

4.2. Modeling structure of one inverter arm

The structure symmetry of the three level inverter facilitates
arm modeling, as shown in Fig. 2. One initially defines the
global model of an arm, and then deduces that of the com-
plete inverter.
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Figure 2: Modeling structure of one inverter arm

Table 1: Switches excitation

G Gu G Gu Vko
0 0 1 1 Vo
0 1 0 1 unknown
1 0 1 0 0
1 1 0 0 Ve

Three complementary controls can be applied to the three
level inverter arm.
Gis =@
G = Gro

G-y
Gz = G

Ge = Gu
Gis = Gy3

????With Gy, the trigger controls of the T, switch of the arm
K.???7? In order to have the total commendable mode of the
three level inverter, one must eliminate the case which gives
an unknown answer.

By translating this complementary control using the connec-
tion functions of the switches of arm K, one finds:

Fiz=1-Fpy (10)
Fro=1-Fy

One defines the connection function of the half-arms
noted as F? with:

_ 1 for the higher half arm composed of TDy; and TDy,
"™=""0 for the lower half armcomposed of TDy3 and TDyq

The connection functions of the half-arms are expressed by
means of the connection functions of the switches as follows:

Fb = F. F
{ k1 k147 k2 (11)

F,?, = Fi3Fa

The nodal potentials a, b, ¢ of the three phase three level
inverter compared to the medium point, are given by the fol-
lowing system:

Vao = F11F12ve1 = F13F 14V
Voo = Fo1F2ver — Fp3F4ve (12)
Veo = F31F30ve1 — F33F34ve

By introducing the connection functions of the half arms, one

will obtain:
Vao = F?lvcl - FI;QVCZ
b
Vbo = Fglvcl - Fz()VcZ (13)

—_ b b
Veo = F31Vc1 - F30Vc2

The inverter output phase voltages are deduced in terms of
the nodal potentials compared to the medium point by the
following relation:

Va = % (2Vao = Voo = Veo)
Vb = % (=Vao + 2Vho = Veo) (1 4)

Ve = % (=Vao = Vo + 2V¢o)

From the relation (13) and (14), one obtains the matrix sys-
tem linking the functions of the inverter half-arms to the
phase voltages at the load terminals given as:

Va T N IRt Fb
wo|=3 -1 2 -1 F%l Vel — F%’O Ve 4.6)
Ve -1 -1 2 [| F} F?
In the case where v, = v, = £, the relation (??) is
reduced to:
b b
vl g 2 Sl SU)[ER=FR ]y,
wo|=3| -l 2 S| By =Fy |5 (15)
Ve -1 -1 2 || F} -F

5. Three level inverter control strategy

5.1. Principle of triangular-sinusoidal control:

To determine in real time the instants of switches closing and
opening, one makes use of analogical or numerical control.
The pulse width modulation (PWM) allows us to achieve this
objective. lts principle consists in using the intersections
of a reference wave (the output wave image of what one
wants to obtain) generally sinusoidal, with a modulation wave
(known as the carrying wave) that is generally triangular.

5.2. Triangular-sinusoidal (SPWM) Characteristics

If the reference wave is sinusoidal, two parameters charac-
terize the control:

e The index of modulation (m): defined by the ratio of the
carrying and reference wave frequencies fp/fr.

e The modulation factor (r): defined by the ratio of the am-
plitudes of the reference and carrying voltages V,,,,/Vpm,
(also called the amplitudes ratio).

To have the maximum points of intersection between the two
signals (carrying and reference), the modulation factor must
be lower than 1(r < 1); when r is higher than 1(r > 1), we
obtain an over modulation, which means the disappearance
of certain intersections between the sinusoidal and triangular
waves.
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5.3. Space Vector PWM for Three level Inverters [10, 11]

The space vector concept, which was originally derived from
the rotating field of induction motors, is used in the ap-
plication of pulse width modulation. Space vector PWM
(SVPWM) is a more sophisticated technique for generating
modulation signals, and it has many advantages over con-
ventional SPWM techniques:

e reduced commutation losses,

higher amplitude of the modulation index,

greater DC-bus voltage utilization, and

lower total harmonic distortion (THD) of the output volt-
ages.

The above advantages have allowed this novel technique to
be increasingly used in industry over the last decade [12].
Unlike other methods, Vector PWM is not based on separate
calculations for each of the modulations of the inverter arm.
In this modulation the desired three sinusoidal output volt-
ages are represented by a single vector. This vector is
best approximated for each modulation interval by acting
on the control of the three sets of complementary switches.
SVPWM is not based on separate calculations for each arm
of the inverter, but the determination of a global control vec-
tor approximated in an over modulation T.

5.4. SVPWM characteristics in a three level inverter:
Vi, is related to the E voltage through (i = a, b, ¢):
E

Vio =Ci= 16
= (16)

The simple voltage Vin between the phase and the neutral
point depends on V;, via:
Vin = Vio = Vo (1

Assuming that the system is balanced, the sum of V;,, (i =
a, b, c) is equal to zero:
Van + Vi + Ven = 0 (18)

By the expressions (16), (17) we find:

-

1
Vio = g Vao + Vo + Veo) (19)

Replacing (18) in (16) the following matrix is:

2 -1 =
Van § . TZ _?] Vao
Vin | = 303, 3 (5.5)
Vcn 3 3 3 Vco

The Concordia transformation is applied to the Vin vector:

-1 -1 V
Vs ] \/5 l L an
= =5 Vbn (20)
3 3
[ Vﬁ 3 0 \/; - 2 Vcn
The variable can take the three states (C = 1,0,-1), and

with our three phase inverter the number of possible combi-
nations is 33 = 27 combinations or vectors.

Table 2: Space vectors voltages

Zero Voltages ~ Small Voltages =~ Medium Voltages ~ Full Voltages

V4 (1,0,0

V1 Eo 1 ,)1) V21 (1,0,-1) Vis (1,-1,-1)
V0 (0,0,0) Vz (1’1 b)

Vg (0,0.-1) V22 (0,1,-1) Vie (1,1,-1)

V3 (0,1,0

V3 ((_,1 ’0),1) Va3 (-1,1,0) Vi7 (-1,1,-1)
Vo (1) Ve (0.1

v:1 (1.0,0) Va4 (-1,0,1) Vig (-1,1,1)

V5 (0,0,1

V5 ((_1 _1) 0) V25 (0,-1,1) Vig (-1,-1,1)
Via (-1,-1,1) V12(1 0’1)’

V?g (6 -’1 0) Vs (1,-1,0) Vo (1,-1,1

p-axis
<111 IV "‘ III (11-1)

Figure 3: Three phase voltage space vectors in the o plane

Figure (3) shows the representation of 27 voltage vectors for
the three level inverter.

Depending on the size of the voltage, vectors are divided into
four groups, as represented in Table 2:

6. Simulation results

The power system described above was simulated by MAT-
LAB/Simulink, as is shown in Fig. 5.

The stator of the machine is connected directly to a three
phase grid, the rotor is powered by a three phase, three level
inverter controlled primarily by SPWM, and then by SVPWM.
The parameters of the DFIG are given in the appendix. A
random wind profile (Fig. 5) is applied to the system. Fig. 7
shows the time trend of the mechanical speed of the turbine.
From the curves of electromagnetic torque (Fig. 8 and 9),
a difference can be seen. Indeed, torque obtained with the
SVPWM command of the inverter is much better than the
SPWM technique (oscillations in this case are more signifi-
cant and this is caused by the fact that direct stator currents
ids and quadrature igs, which are represented respectively in
Fig. 10 and 12, show less oscillation in the SVPWM relative
to the SPWM.
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Figure 4: Three level inverter hexagons [13]

In Fig. 13, the three phase system of stator currents wave
forms are closer to the suitable sinusoidal signal, However,
the ripples in powers are more significant in the SPWM strat-
egy. The same report is felt in the stator active and reactive
power.

To achieve a fair comparison, we used the Fast Fourier
Transform (FFT) algorithm; it is commonly used in digital sig-
nal processing to transform discrete time domain data to the
frequency domain.

Fig. 19 shows the waveforms and the harmonic spectra of
the voltage obtained at the output of the three level inverter
for the two strategies (a: SPWM, b: SVPWM).

The results between the two (SPWM- SVPWM) control
strategies are compared and summarized in Table 3.

The simulation and the analysis of the curves deliver very
similar results for both control techniques, with a slight ad-
vantage for the control system with vector PWM.

This is verified by the FFT analysis results, where it can
be seen that the Total Harmonic Distortions (THD) of the
SVPWM technique are reduced compared with SPWM for
all parameters (inverter voltage, the stator currents is, and
even for active and reactive power).

7. Conclusion

This paper deals with control of a wind producing energy
system based on a DFIG.
The rotor voltage is generated by a three phase, three level
inverter with NPC structure. A comparative study of two con-
trol strategies is made; first SPWM then SVPWM.

e TE T HE

Figure 5: Global structure of the power system

Table 3: THD Values for PWM and SVPWM

Settings THD SPWM (%) THD SVPWM (%)
command command
Output inverter 66.05 42.63
Voltage
stator current 0.66 0.65
Electromagnetic 4.30 0.96
torque
Current isd 37.02 34.99
Current isq 21.42 14.80
Active power 20.50 15.11
Reactive power 36.99 34.52

The modeling of the inverter and the DFIG has been de-
tailed. The comparative study addresses two control strate-
gies, which are slightly different for the two types of control.
It is verified by the FFT analysis

The THD spectra showed that SVPWM offers a better
choice. The system studied in this paper is part of a com-
plete system that can be of interest in a wind power gen-
eration system. Future experimental works will validate our
simulation results.
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Wind turbine parameters [14]

Blade length , R, m 35.25
Number of blades 3
Air density, kg/m? 1.225
Viscous friction coefficient, f, Nm/s 0.0024
Gearbox ratio, G 90
DFIG parameters

Moment of inertia, J, kg/m? 1000
Stator rated voltage, Vs, v 398/690
Stator rated frequency, f, Hz 50
Stator resistance, Rs, Q 0.012
Rotor resistance, Rr, Q 0.021
Stator inductance, Ls, H 0.0137
Rotor inductance, Lr, H 0.0136
Mutual inductance, Lm, H 0.0135
Number of pair of poles, p 2
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Figure 28: Harmonic spectrum of active power SVPWM
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Figure 29: Harmonic spectrum of reactive power SPWM
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Figure 30: Harmonic spectrum of reactive power SVPWM
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