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The objective of this work is to study the contribution that the use of the
multi-level inverter can make compared to a conventional two-level inverter,
in a wind power production line (WPG) associated with a doubly fed
induction generator (DFIG). The DFIG is driven by a variable speed wind
turbine and operates in maximum power point tracking (MPPT) mode, for
optimum efficiency. The rotor of the DFIG is supplied by a DC/AC inverter
with five levels with MPC structure, controlled by the PWM technique,
while the stator is connected with the network. The active and reactive
powers exchanged between the DFIG and the network is achieved by
indirect vector control with oriented stator flux (IFOC), with conventional
regulators, ensuring zero reactive power and a unitary power factor. The
total harmonic distortion (THD) of the current signals/voltages of the entire
wind chain is exposed and criticized. The obtained results are very
promising, offering the possibility for wind turbines with multi-level inverter

to work in high voltage and large power.
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1. INTRODUCTION

Wind power is a relatively large and constantly evolving field. Over the past decades, wind power
has become the fastest growing renewable energy source in the world. It has known for about 30 years an
unprecedented boom due in particular to the 1974 oil crisis [1]. This energy is clean and non-polluting, it
doesn’t emit any greenhouse gas, and its raw material, the wind, is available everywhere in the world and
completely free [2]-[6]. Today, most wind turbines are equipped with a doubly fed induction generator
(DFIG), associated with a static AC/DC/AC converter, to extract kinetic energy from the wind and convert it
into electrical energy [7]. Indeed, this latter (DFIG) has several advantages, in particular: a better use of wind
energy, the reduction of torque oscillations, a great reliability and a great flexibility in the connection to the
network due to the use of power electronics converters [7].

The AC/D/AC converter is installed between the rotor of the DFIG and the electrical network in order
to control the rotation speed of the turbine and therefore the generated power [8]-[10].The main objective of
this work is to improve the research in the context of the production of electric energy by a wind conversion
system and to evaluate the performance of the wind generator based on the doubly fed induction generator
(DFIG), connected to the electrical network and integrated into the distribution network as shown in Figure 1.

The DFIG is supplied to the stator by a three-phase voltage source and the rotor by a two-level then
five-level voltage inverter MPC structure, controlled by the technique of pulse width modulation (PWM).The
operation of the DFIG is based on Indirect field oriented control (IFOC), with oriented stator flux, the purpose
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of which is to decouple the active and reactive powers generated by the stator from the generator [11]-[13].
Closed-loop active and reactive power regulation is provided by integral proportional controllers (PI). The
contribution made by the use of multi-level converters to our wind energy conversion system is evaluated at the
end of this work, by the THD of the voltage/current wave at the rotor and stator of the machine (DFIG).

2. RESEARCH METHOD

Given the positive impact of the multi-level inverter on improving the quality of electrical signals
(currents/voltages), by generating low harmonic distortion rates and the possibility of this type of converter to
work under high voltages, compared to the conventional two-level inverter. It is in this vision that we proposed
our work, which consists of the use of a five-level inverter in a wind energy production chain. Therefore, our
work procedure consists in implementing in the first place, a two-level inverter and seeing the contribution that
the latter can bring to the quality of the electrical energy in a wind energy production line (WPG), combined
with a doubly fed induction generator (DFIG). Second, replace the two-level inverter with a five-level inverter
in the same wind energy production chain and see the impact of the latter on the quality of the electrical signals
(THD voltages/currents), in comparing its results obtained with those obtained by a two-level inverter.

The work methodology is also developed with the aim of highlighting the possibility of inserting multi-
level inverters in a wind energy production line when it is to be worked under high voltages and high-power
ranges. Since the latter offer the possibility of increasing the voltage in the DC bus, each time the structure (the
topology) of the inverter takes a higher level (2 level, 3 level, and 5 level). This work aims only and essentially
at the contribution of the multi-level inverter to the reduction of harmonic currents and harmonic voltages at the
stator/rotor of the doubly fed induction generator in a low-voltage wind energy production chain.

3. WIND TURBINE MODELING AND CONTROL
3.1. Modeling of the wind turbine

Figure 1 represents the block diagram of the wind energy production chain based on the dual fed
induction generator (DFIG), associated with a DC/AC converter, and connected to the electrical network.
The exerted torque by the wind on the turbine shaft can be deduced directly from (1) by dividing the
expression of the mechanical power by the speed of rotation of the engine shaft [14]—[18].
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Figure 1. The block diagram of a wind system

The (1), gives the value of the wind torque, created on the turbine shaft by the mass of air having a speed.

PaeTO 1
Tourp = Qeurd = 200mrd Cp(/Danzl/Vs3 1)

With: R the radius of the wind turbine blades, p the density of the air (1.25 kg/m?) and Ws the wind speed, Cp
the Betz power coefficient. Knowing that 1 is the speed ratio such that:
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(o) : The angular speed of the rotation of the wind turbine.
B : Wind turbine blade pitch angle, expressed in degrees.

The fundamental mechanical equation of the system on the electrical generator side is giving
by (3) [19], [20].
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The overall model of the turbine is illustrated in Figure 2.
Where:

Tuwrb IS the wind turbine torque;

Toric is the DFIG torque (load torque for the wind turbine);
f is the viscous friction;

G is the gearbox ratio.
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Figure 2. Overall diagram of the wind turbine

3.2. Wind turbine simulation

The used parameters of the wind turbine [21]; number of blades=3; radius of the surface swept by
the blades: R=3m; multiplier gain: G=28; moment of inertia of the turbine J=315 kg.m2; viscous coefficient
of friction: f=0.0024 N.m.s/rd. The wind profile appears in Figure 3(a), with an average value of (8 m/s)
applied to the wind turbine. The power coefficient Cp, the blade pitch angle  and the relative speed ratio A
are shown in Figure 3(b), Figure 3(c) and Figure 3(d), respectively.
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Figure 3. Wind profile (a) associated with the (b) power coefficient Cp, (c) pitch angles and (d) speed ratio A
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The coefficient Cp correctly follows its reference, stabilizing at the value of 0.48. The same thing
for the speed ratio A, which takes the value of 8 in static conditions. The setting angle B is set to zero, in order
to extract the maximum power from the wind.

3.3. Maximum power point tracking with speed control

The power captured by the wind turbine can be maximized by adjusting the Cp coefficient. This
coefficient is dependent on the speed of the generator. Using a variable speed wind turbine maximizes this
power. The control algorithm without speed regulation is illustrated in Figure 4 [22], [23]. In this work, we
discuss the development of the DFIG oriented stator flux vector control, the flux will on axis (d) and stator
voltage on axis (q). Thus, we obtain a decoupled linear model [24].
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Figure 4. MPPT control without speed control

4. DFIG MODELING AND CONTROL

We can write:
Bas = D5 ; qu =0 (4)
The power equations according to the previously considered hypotheses become as follows:
VsM .
P =- E—S lgr (%)
_ VWM, 6
Qs - wsLs Lg Lar ( )

It emerges from (5) and (6) that the control of the active and reactive powers at the stator is decoupled. The
active stator power produced by the machine is controlled by the iqy component.

Whereas, the reactive power is controlled by the component iqr, eventually controlled at zero to
obtain a unitary power factor at the stator. The rotor voltages, which are the outputs of the current controllers,
are given by [25].

. Mm%\ di M2 .
Var = Rylgr + (Lr - L_s) % — gws (Lr - L_s) lgr (7)
s M2\ digy M2\ . VsM 8
Vqr _erqr+(Lr_L_s)7+gws (LT_L_S) ldr+gwswsLs ( )

The block diagram of the DFIG electrical system, fit to the regulation and control of powers (P, Q),
is shown in Figure 5. The Indirect control goes through two important steps, the first consists of calculating
the reference currents from the set points of the active and reactive powers in a closed loop, the second
calculates the reference voltages (Var ref and Vgr rer) from the rotor currents calculated by the first subsystem,
as shown in Figure 5. The block contains on each axis, two types of classical Pl regulator, axis of active
powers: (Kpg = 50, Kig = 70000, Kpg = 1, Kig = 1500) and the other of reactive powers: (Kpd = 50,
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Kid = 70000, Kpd = 1, Kid = 1500). The first regulator designed to control the powers while the second is to
regulate the rotor currents.
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Figure 5. Block diagram of the indirect control of the DFIG

5. MODEL OF FIVE LEVEL PMW INVERTER
5.1. Five level inverter modeling

The MPC structure of the three-phase five-level inverter is shown in Figure 6. The complementary
control retained [26], [27] is characterized by a relationship between the connection functions of the switches
of an arm k as follows (9):
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Figure 6. Five level inverter MPC Structure

The output voltages vin of the inverter are expressed according to the system (10), as follows:

Vi) [2 -1 -1 FP + Ff* Fp F? + F" FP

[UZn] = 5[—1 2 1 P2+ FP Uy + | FE U, = | P + B2 Ui + | B3P |U'c, (10)
VU3n -1 -1 2 F3b + Fz?l F?? Féb + Fébl Féb

Knowing that:
FI? = Fi1FioFrsFra
Fléb =F'F ioF k3 Flia
Flgl = Fi1Fi2Fis (1 — Fia)
Flébl = F’le’k2F1k3(1 - F,k4)

(11)
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5.2. Strategy control of a five-level inverter

The inverter is controlled by the sinusoidal pulse width modulation (SPWM) strategy [28]-[30]. The
control signals of an inverter arm are determined by comparing the four carriers with three sin wave reference
shown in Figure 7. This technique is characterized by the modulation index (m) and modulation rate (r). The
control algorithm of the switches of the first arm of the inverter at five levels is illustrated in Figure 8. The
results of simulations obtained during the implementation of the three-phase inverter with five levels in open
loop (for V4=1600V, r=0.8 and m=18), clearly show the five levels of the voltage Vau, illustrated in the Figure
9, as well as the voltage of the first phase Van and its fundamental as illustrated in Figure 10.
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inverter (m=18, r=0.8, V4=1600 V) the five-level inverter (m=18, r=0.8, V4:=1600V)

6. RESULTS AND DISCUSSION

The parameters of DFIG used in the energy conversion are [21]: 4 kW, 220/38 0V, 50 Hz, 15/8.6 A,
1440 rpm; Moment of inertia: J=0.2 kg.m?; Viscous coefficient of friction: f=0.001 N.m.s/rd. The DFIG, is
driven by the wind turbine, at a wind speed of 8 m/s. Controlled by the oriented stator flux indirect vector
control (IFOC), whose active and reactive powers are decoupled.

6.1. The rotor of the DFIG is supplied by two-level inverter

The results obtained in Figure 11, Figure 12 and Figure 13, show that the variation of the electrical
power is adapted to the variation of the speed of the DFIG, the latter is adapted to the variation of the wind
speed. This shows the influence of the variation of the mechanical speed according to the wind speed on the
electrical power. The speed and mechanical torque of the turbine are shown in Figurell (a) and Figure 11(b),
respectively. On the other hand, the Figure 12(a) and Figure 12(b) respectively represent the speed of rotation
and the mechanical torque of the doubly fed induction generator (DFIG). Figure 13(a) and Figure 13(b)
respectively show that there is also good monitoring of the active power set point as well as of the reactive
power, generated by the doubly fed induction generator. The latter is maintained at zero in order to ensure a
unity power factor on the stator side, so as to optimize the quality of the energy returned to the network.

Figure 14 and Figure 15, show respectively the stator and rotor current of the first phase, where the
good sinusoidal alternating shape is observed. Figure 16(a) shows the rotor voltage produced by the two-level
inverter powered by a DC voltage bus of V=650 V, of which fp=5 kHz and r=0.8. This voltage has a
harmonic distortion rate of 10.3% for a simulation time of 0.1 second, as shown in Figure 16(b). The total
harmonic distortion of the current (67%) at the rotor in Figure 17 is very far from international standards,
which require a rate of less than 5%. This is mainly due to the lack of a filtering mean on one hand, the
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drawbacks of PWM modulation with natural sampling and the topology of the inverter on the other hand.
On the other hand, the stator current in Figure 18 has a very acceptable THD (1.26%), because it presents
almost sinusoidal shapes as shown in Figure 14. It is pointed out here that the rotor current following the d-q
mark (lq and Irq) correctly follows the law of the indirect control of the active and reactive powers of the
DFIG. Since we can clearly see that the current l4 depends on the reactive power by taking the same shape of
Qrer, then the current Iy, depends on the active power by taking the shape of Pyt shown in Figure 19(a) and

Figure 19(b) respectively.
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6.2. The rotor of the DFIG is supplied by a five-level inverter

It in this case, the rotor is supplied by an inverter with five voltage levels, the latter is supplied by a
direct voltage bus V= 650 V, controlled by the multi-level PWM technique (f,=5 kHz, r=0.8 at four
carriers). What should be noted from the results obtained during the simulation is that all the quantities,
namely: speed, torques, powers and stator currents have the same appearance as the quantities obtained
above, when the rotor is powered by a two-level inverter. With the exception of the rotor voltage, which
contains five voltage levels (Vav, Vom, Vem, Visualized in Figure 20), which gives a phase voltage Vi,
approaching a sinusoid, the case of Figure 21(a). While presenting a harmonic distortion rate (THD V,) of
9.85%, mentioned in Figure 21(b), for a simulation time of 0.1 seconds, lower than that obtained by a two-
level inverter (10.3% of Figure 16(b)).

The same goes for the rotor current Ira of the first phase, delivered by the five-level inverter,
mentioned in Figure 22(a), it has a distinctly sinusoidal shape with a THD equal to 7.45% as shown in
Figure 22(b), of better quality compared to that obtained by a two-level inverter (THD 1,:,=67%, of
Figure 17).The current form at the stator Isa gets improved much more when the rotor is supplied by a
five-level inverter (THD 1sa=0.0978%, Figure 23), comparing it to the two-level one (THD 15=1.26%,
Figure 18).The Table 1 summarizes the rate of distortion of the rotor and stator quantities, depending on the
structure of the inverter which supplied the circuit of the rotor
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Table 1. Currents/voltages THD for converters with two and five levels
Power supply to the rotor  THDV/a(%) THDIa(%) THDI(%)
Two-level inverter 10.3 67 1.26

Five-level inverter 09.85 07.45 0.0978
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7. CONCLUSION

We have developed in this article the method of indirect control in active and reactive power at the
stator of the DFIG, in a wind energy conversion system based on a PWM inverter with two then with five
levels. The results show that the indirect vector control (IFOC) developed, using control algorithms
associated with PI regulators, makes it possible to obtain good decoupling of the powers at the stator of the
machine, with good monitoring of the values of reference, where the reactive power is kept zero at the
moment when the DFIG machine produces active power on the electrical network. The static inverters used
in the rotor circuit of the DFIG (inverter with two then five levels), controlled by the PWM technique, gave
satisfaction for their contributions to the decoupling of the powers and the correct operation of the DFIG. The
five-level inverter responds well by giving better harmonic distortion rates of currents to the rotor and stator
of the DFIG, compared to the two-level inverter. The five-level inverter therefore offers the possibility of
reducing the THD of the electrical signals in the absence of a filtering device.

Therefore, as a valuation of the research results, considering the large number of switches per arm of
the five-level inverter, the possibility of the latter to increase the DC bus voltage and thus overcome the
obstacle the maximum reverse voltage of each switch. This means, as prospects, the possibility of increasing
the power supplied to the electrical network within the limits where the currents do not take unacceptable
values in the coils of the machine. The conversion of wind energy based on multi-level inverters is entirely
possible in the field of high powers and high voltages, with good quality electrical energy.
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