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The present paper is a comparative study of two supplying modes of a wind
energy conversion system (WECS) based on Doubly Fed Induction
Generator (DFIG). This work is conducted with a multi-level neutral-point
inverter (NPC) supplying a DFIG.

The first method based on conventional pulse width modulation (PWM)
while the second is based on space vector modulation (SVM). This work
aimed to control active and reactive power delivered to the electrical
networks and satisfying the distribution requirements. The performance
evaluation of each method is performed using spectral analysis to calculate
total harmonic distortion (THD). Simulation results have showed that the
harmonic rate (THD) is reduced. Therefore; the quality of the produced
power by this type of wind chain is efficient. The results obtained with SVM
have revealed that this technique uses inverter DC bus voltage more
efficiently, reduces power losses and minimizes torque ripples.

RESUME

Le présent article propose une comparaison entre deux modes d'alimentation
d'un systeme de conversion d'énergie éolienne (SCEE) basé sur la génératrice
a double alimentation (GADA). Il est appliqué a un onduleur multi niveaux a
point milieu (NPC). La premiere méthode est basé sur MLI (modulation de la
largeur d’impulsion) conventionnel et le deuxiéme est basé sur le SVM
(modulation de vecteur spatial) .L’objectif visé par ce travail est de contrler
la puissance active et réactive délivré aux réseaux électriques et satisfaire les
exigences de cette distribution. L’évaluation des performances de chaque
méthode réalisée a 1’aide de 1’'analyse spectrale pour calculer la distorsion
harmonique totale (THD).

Les résultats de simulation ont montré que le taux d’harmonique (THD) est
réduit. Donc la qualité de puissance produite par ce type de chaine éolienne
est efficace. L'étude de la technique SVM dans les éoliennes révéle que cette
technique utilise la tension de bus continue plus efficacement, réduit les
pertes de puissance et minimise les ondulations du couple.
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1. INTRODUCTION

Besides to its obvious advantages compared to other conventional types of energy resources, wind
energy is one of the most promising and adapted renewable energy for generating electricity in economic
terms[1]. Algeria as world major country interests in wind energy and has launched a renewable energy
development program. The objective of this program is to achieve 5010 megawatts in 2030 [2]. This
demonstrates that wind energy is considered as one of the most challenges research areas in Algeria.

The wind turbines are all based on variable speed operation, using a Doubly Fed Induction
Generator (DFIG) or a direct driven synchronous generator (without gearbox) [3].

The DFIG used in several wind energy conversion systems. This machine has proved its efficiency
due to qualities such as robustness, cost and simplicity. It offers several advantages, including variable speed
operation (£33% around the synchronous speed), and four quadrants active and reactive power capabilities
Such system also results in lower converter cost and lower power losses compared to a system based on a
fully fed synchronous generator with full-rated converter [4]. Moreover, the generator is robust and requires
little maintenance [5, 6, 7, 8, and 9]. For this reason, DFIG become very popular in variable speed wind
turbine configurations.

In this system (wind turbine - DFIQG), the stator windings are directly connected to the grid, while a
frequency inverter interfaces between the standard wound rotor and the grid. In the same way and in wind
power systems applied to high voltage, the power supply can be obtained by multi-level voltage inverters (a
back-to-back two-level inverters), controlling two variables. The DC-bus voltage and the reactive power
accomplished by properly generating the grid current references [10].

In the new universal grid code for wind power generation, the power quality of wind energy is
included [11]. For this reason, multilevel inverters controlled by space vector modulation (SVM) are being
increasingly preferred for high-power applications [12, 13] such as wind power generation. The multilevel
topology not only increases the power rating, but also reduces stress across the switches and improves the
voltage waveforms with lower harmonic content.

Despite these advantages of the multilevel inverters, the greatest challenge of this type is the
appropriate choice of control type which applies to the power switches. Many research works have been
presented with different control schemes of VSI (voltage source inverter applied in a wind energy system
[12, 14, 15, 16].

However, these algorithms have the following drawbacks. These techniques are unable to fully
utilize the available DC bus supply voltage of the VSI. This technique gives more total harmonic distortion
(THD) and does not smooth the progress of future development of vector control implementation of a drive.

Traditionally the sinusoidal PWM technique is widely used in variable speed drive; this algorithm
does not smooth the progress of future development of vector control implementation of ac drive. These
drawbacks lead to the development of a sophisticated PWM algorithm which is Space Vector Modulation
(SVM).This algorithm gives 15 % more voltage output compared to the sinusoidal PWM algorithm [17] thus
increasing the DC bus utilization. Furthermore, it minimizes the THD as well as the losses due to the
reduction of the inverter commutations number.

This paper presents an ideal combination of the modulation strategy known as SVM technique
applied to a three phase three-level VSI in order to optimize the power output. The proposed technique,
controls active and reactive powers of the wind turbine based on the DFIG via the control of rotor currents. In
the same context and in order to validate this work a comprehensive comparison has been conducted with the
conventional PWM technique applied in three phase three-level VSI.

2. MODELING OF SYSTEM COMPONENTS

2.1. General aspect

The three-level NPC inverter was initially presented by Nabae in 1981 [18]. It’s illustrated by
figure 1. The basic idea of the inverter NPC is to obtain an output voltage at three levels by the
superimposing two elementary switches and feeding each by a source of different DC voltage.

The inverter consists of three legs; each leg composed from a pair of semiconductors that are
mounted in back to back and two middle diodes to obtain the zero level of inverter output voltage. The
midpoint of each arm connected to the midpoint of the DC source.
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Figure 1: Three level inverter connected to DFIG

- Vdc

To simplify the complexity of the structure of three level-inverter, each pair (Transistor - diode)
semiconductors is presented by a single bidirectional switch Sk, and can be seen that, the structure is
symmetric. The configuration of a single leg as is shown in figure.2.

CDVmT

Dve T

Figure 2 :Three level NPC inverter leg

A leg (k) of the three level inverter can be represented by a switch having three states:
- Sk = -1 for the configuration C0; VKM = -Vdc.
- Sk = Ofor the configuration C1, C2, C3; VKM = 0.
- Sk = -1 for the configuration C2; VKM = Vdc.
VKM:This is the voltage at the output of an arm (leg).
The command of switches and the voltages at the output of an arm k of the inverter are given in table 1.
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Table 1: Electrical quantities of a k arm of the three-level three-phase inverter

Voltage at the output of an arm k with
regard to the point middle M

Configuration K; K, K; Ky S
1

Co 0 0 1 -1 Vim = -Ue
C 0 0 0 0 0 Vikm=0
C, 1 1 0 0 1 Vim = U.
C; 0 0 1 0 0 Vikm=0
Cs 1 0 0 0 0 Vikm=0

The voltages at the output of the inverter according to the point (n ) are :

I"Frzn 1 2 -1 -1 VEJ‘-‘I
Vin | = 3 -1 2 =1]|Vam (1)
I"Fcn -1 -1 2 VG;‘-’I

AS: I[I'FKJ'H- = SKUG (2}

Replacing the voltages Vi by their expressions in the equation (1) the phase to neutral voltages
applied to the machine become:

Van\ p.f2 -1 —1\/5a
Vin =§ -1 2 -1]l5 (3)
I'Ir:n -1 -1 2 55

The voltage vector V; according to sequences Sy and the direct voltage U, is:

— —

(2 12
Ve = \llgwm +aVy, +a?V.,) = ﬁ\llg(sﬂ +aS, + a5 )U. (4

2.2. Modeling of DFIG

In this section we are describing dynamic modeling DFIG in an d,q frame after Parck transformation
in order to build numerical simulation in Matlab/ Simulink environment to apply this model was based on
simplifying assumption[19].

-Winding is assumed distributed so as to give a sinusoidal EMF if powered by sinusoidal currents.

-The hysteresis, eddy currents and the skin effect is neglected and operation is not in the saturated

regime.

- In the end the zero sequence system is zero because the neutral is not connected.

The dynamic model of the DFIG is expressed by the following expressions [20]:

: dPsq
Via = Rs.igg +d—; — WP 1: }
5
dg
I";q = R_‘-"I_‘-'q + d_;'ﬁ‘ + W, P
A@rg
Vg =R,.lg+ = — (ms - mr}"{ﬂrq
t

d (6)

T (ms - mr}' O

©OUBMA 2019



Rev. Sci. Technol., Synthése Vol 25, numeéro 1: 00-00 (2019) A. Tarfaya & Al

Note that “s” and “r” indicate that space vectors are referred to stator and rotor reference frames,
respectively. On the other hand, the correlation between the fluxes and the currents in space vector notation is
given by the equations (7, 8, and 9).

The DFIG magnetic equations give the flux expressions as follows [21, 22]:

‘psd = Ls'isd + M'i’rd
{cp =i +Mi, D
2 g 2 g

{‘Pr‘d = Lr'ird + M'isd (S:]
Qg = Lr.irq + M.isq

The expression of electromagnetic torque based on stator field and currents [23] is given by:
M
Com= PL_ {'{psdir'q - '{psqi?"ﬁ!}(gj
=

Writing these equations in Park coordinate system that have been used to conduct the vector control
making possible the simulation of DFIG in order to facilitate its study and its simulation under MATLAB /
SIMULINK.

3. DFIG FED BY THREE-LEVEL NPC INVERTER

The DFIG is studied when is fed by three-level NPC inverter with SPWM and SVM control to show
the importance of the control strategy on the inverter performance.

3.1. DFIG fed by three-level NPC inverter with SPWM control

The control signals of the NPC switches were obtained from the intersections of three sinusoidal
reference waves shifted by 120 ° and a triangular carrier wave. The algorithm of control is a SPWM
(sinusoidal pulse width modulation) for three level inverter is given in Table 2 and Table 3 illustrating the

output voltages of three level inverter according to the various configurations of switches.

Table 2: Three level inverter control Algorithm

Test Ureri>0 U:er<0
UrerizUport Urefi<Uport UreizUpor Urei<Uport
Ui E2 0 0 -E/2

The algorithms of control and the results of simulations are obtained when tests were performed for
a control index r = Aref/Aport = 0.85 and an index of modulation m = fp/fr = 21.

3.2. DFIG fed by three-level NPC inverters with SVM control

This part deals with the improvement of the control of the indirect power when the DFIG was fed
through three level-NPC inverter controlled by SVM with 21 vectors in 13 sectors.

Table 3: Representation of 21vectors

dgﬂ I'iE‘B
- S] Sz S3 S4 S5 Sﬁ S7 S& S9 Sw SII SIZ Sli

dit dt
0 0 ) V3 \ ALY Zvy Vs Vo Vi3 Zvy Vis V7 Vis ALY
1 0 ) V3 ALY vy Zvy Vo Vio Zvy \uT Vis V7 Zvy Vig
0 1 i Zvv Vs Vs ALY Vg ALY Vi3 V2 Vis ALY Voo Vig
1 1 Zww vy Vg Vs Zvw Zvwv Vio Vi2 Vi Zvwv Vig Vo Vig

A combinatorial analysis of all the possible states of the switches has made possible the computation
of the components of each voltage vector U_saet U_sf. It is then necessary to determine the position of the
reference vector in the reference frame o, B and the sector in which it is located. This is limited by the two
vectors vi and vi + 1
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Table 4: Vector representation of 21 outputs of 3-level inverter in a, B frame

Vao Vo Veo vo/E vwE Van Vin Ven vo/E vwE _>
0 -E/2 -E/2 0.408 0 E/3 -E/6 -E/6 0.408 0 -
0 -E/2 0 0.204 -0.354 E/6 -E/3 E/6 0.204 -0.354 —:
0 0 -E/2 0.204 0.354 E/6 E/6 -E/6 0.204 0.354 -
0 0 0 0 0 0 0 0 0 0 -
0 0 E/2 -0.204  -0.354 -E/6 -E/6 E/3 -0.204  -0.354 -
0 E2 0 -0.204 0.354 -E/6 E/3 -E/6 -0.204 0.354 -
0 E2 E2 -0.408 0 -E/6 E/6 E/6 -0.408 0 —:
0 E2 -E/2 0 0.707 0 E/2 -E/2 0 0.707 —*
0 -E/2 E/2 0 -0.707 0 -E/2 E2 0 -0.707 —:
E2 0 0 0.408 0 -E/6 -E/6 -E/6 0.408 0 -
E2 0 E2 0.204 -0.354 -E/6 -E/3 E/6 0.204 -0.354 —:
E2 E2 0 0.204 0.354 -E/6 E/6 -E/6 0.204 0.354 -
E2 E2 E2 0 0 0 0 0 0 0 i
E2 -En2 0 0.612 -0.354 E/2 -E/2 0 0.612 -0.354 -
E2 0 -E/2 0.612 0.354 E/2 0 -E/2 0.612 0.354 —:
E2 -E/2 -E/2 0.816 0 2E/3 -E/3 -E/3 0.816 0 —*
E2 E/2 -E/2 0.408 0.707 E/3 E/3 -2E/3 0.408 0.707 —:
E2 -E/2 E2 0.408 -0.707 E/3 -2E/3 E/3 0.408 -0.707 —*
-E/2 -E/2 -ER2 0 0 0 0 0 0 0 —;
-E/2 -E/2 0 -0.204  -0.354 -E/6 -E/6 E/3 -0.204  -0.354 -
-E/2 0 -E/2 -0.204 0.354 -E/6 E/3 -E/6 -0.204 0 —:
-E/2 0 0 -0.408 0 -E/3 E/6 E/6 -0.408 0 -
-E/2 E2 0 -0.612 0.354 -E/2 E/2 0 -0.612 0.354 —'
-E/2 0 E2 -0.612  -0.354 -E/2 0 E2 -0.612  -0.354 —*
-E/2 E/2 -E/2 -0.408 0.707 -E/3 2E/3 -E/3 -0.408 0.707 —'
-E/2 E2 E2 -0.816 0 -2E/3 E/3 E/3 -0.816 0 —*

-E/2 -EN2 E/2 -0.408  -0.707 -E/3 -E/3 2E/3 -0.408  -0.707 —

w

The objective of this strategy is to control separately the active and reactive powers produced by the
wind turbine and transmitted to the electricity network. This indirect control is based on the space vector by
controlling rotor hysteresis currents. The power circuit of this control strategy illustrated in figure 3.
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Figure 3: The voltage of DFIG fed by three-level SVM inverter

In this work 13 sectors were defined as shown in figure 4. After several tests, the hysteresis became
limited to the following values:
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Figure 4 : Representation of 13 sectors
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The figure 5 Represents the simulation block under Simulink of GADA fed by three level SVM inverter

whilst
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Figure 5 : Simulink block diagram of DFIG fed by three-level SVM inverter

4. RESULTS AND DISCUSSIONS
4.1. The results of WECS simulation based on DFIG controlled by SPWM

The stator of DFIG is directly connected to the grid and the rotor was fed by a three level PWM
NPC inverter. The results of simulations were obtained for a constant wind speed (9 m/s) corresponding to a
mechanical speed of 120 rad/s. The DFIG supplied by a three level NPC inverter controlled by PWM for a
frequency modulation index m=21 and amplitude modulation index r = 0.85. Figure 6.a, illustrates the
control signals of multi-level inverter switches.

Figure 6.b, shows the voltage and the rotor current of phase a. It is observed that the shape of the
rotor voltage approaches progressively from sinusoidal waveform. Figure 6.c presents the measured active
and reactive powers.

These quantities respectively track their reference values and the change of active power at the
instants 2s and 4s have no influence on reactive power. The same observation can be made on the change of
the reactive power at the instant t = 5s. While, Figure 6.d, presents the torque with fluctuations of
AC=0.6.Whereas, Figure 6.e presents the evolution of stator current and voltage. According to zooms made
on these two values, it is noticed that the frequencies of the voltage and stator current are constant and equal
to SOHZ while the amplitudes of the stator voltages are equal to 220v representing conditions of connecting
the DFIG to electricity grid. Whereas, the spectral analysis of the stator current with a THD equal to 0.96 %
is shown in Figure 6.f.
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4.2. Simulation results of WECS based on DFIG controlled by SVM

Figure 7.a represents areas I; II and III and Figure 7.b the evolution of current will be aligned according to
running irf and we found that it represent a circular path in the plane a, B frame.
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Figure 7: Representation i, and i in a-f frame
(a) Representation of areas,  (b) current iaccording to ig
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The results of Figure 8.a show that the active and reactive powers are perfectly decoupled, only
fluctuations due to modulation control technique, while Figure 8.b presents the torque with an oscillation rate
AC = 0.3. It is also noted that the three-phase stator current generated by the DFIG are proportional to the
supplied active power. The waveform of Figure 8.c the stator current and voltage are almost sinusoidal,
which means that good quality of energy supplied to the network is obtained. We notice according to the
same figure that the frequencies of stator voltage and current for the period of simulation are constant and
equals to 50Hz.While, the amplitude of stator voltage is constant and equal to the network voltage. On the
other hand, the amplitude of the current varies with powers variation
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Figure 8 : Results of DFIG fed by three level SVM inverter for sector 21

(a) The active and reactive power, (b) electromagnetic torque, (c) statorique voltage Ugand statorique
current i, (d) Spectral analysis of the stator current

The SVM inverter allows the control of the rotor voltage in amplitude and the phase angle with
flexibility. Thus it can be used for the control of DFIG active and reactive power in a wind installation. The
control specially designed to reduce harmonic distortion of the stator current generated by the DFIG and the
fluctuations of active and reactive powers. reported that the direct control of DFIG active and reactive powers
in a wind installation fed by a three level SVM inverter with 21 vectors in 13 sectors. The results obtained
with this control strategy gave a stator current with a THD = 0.96 while with the same supply and indirect
control of power, it could improve the quality of the stator current (see Figure 8.d THD = 0.81).

5. CONCLUSION

For the control of wind turbine active and reactive powers based on the doubly fed induction
generator, the modeling and control of a doubly-fed induction generator based wind turbine-generator
system have been considered. More specifically, a new configuration of current control has been presented
in this paper. The control scheme was applied on a three-phase and three-level VSI that supplies the rotor
winding of DFIG, controlling by that its rotor currents.

The proposed control scheme using SVM was applied to a three-level NPC inverter that supplies the
rotor of the DFIG in order to obtain a reduction of harmonic distortion.

For a three-level inverter controlled by SVM strategy using hysteresis controller designed with a
control of 21 vectors. The results have showed that a DFIG fed by a three level inverter controlled by SVM
has better results compared to DFIG fed a three level inverter controlled by PWM.

The results of comparison have illustrated that the SVPWM modulation has higher amplitude
of modulation index and generates less total harmonic distortion (THD) on output voltages. Multi-level
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inverters have showed significant advantages over the conventional inverter for medium and high power
applications. This is due to their ability to meet the increasing demand of power ratings and power
quality associated with reduced harmonic distortion, lower electromagnetic interference, and higher
efficiency.

As perspective the present work can be completed by implementing the proposed scheme on reel
experimental platform to validate the theoretical developments and simulation results.
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NOMENCLATURE

Vsd ,Vsq : d-q stator voltage components

Vrd ,Vrq: d-q rotor voltage components

isd ,isq : d-q stator current components

ird ,irq : d-q rotor current components

osd ,psq : d-q stator flux components

ord ,prq: d-q rotor flux components

ws: stator angular frequency

wr: rotor angular frequency

Cem: electromagnetic torque

Rs: Stator resistance

Rr: rotor resistance

Ls: stator inductance

Lr: rotor inductance

M: mutual inductance

p: number of pole pairs

Aref: amplitude of the reference voltage (V)
Aport: amplitude of the carrier voltage (V)
fref: frequency of the reference (Hz)
fport : frequency of the carrier(Hz)

Uio: voltage between the phase point i and the middle point (o)
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