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ABSTRACT

In order to improve the wind power conversion chain performance on the grid side, this work proposes the use of multi-level inverter and a fairly high switching
frequency for an optimized LCL filter, while respecting the grid connection conditions. The method used consists of reducing the total harmonic distortion and
adjusting filter parameters to cancel the third order harmonic. For grid-side chain control, two cascaded current and voltage control loops are used to generate the
inverter pulse width modulation. To ensure synchronization even in the presence of grid faults or unbalance, a phase-locked loop (PLL) circuit with a multi-variable
band-pass filter (MVBPF) is adopted. To validate the theoretical study, simulations are performed for a 300 W chain with a two-level, three-level, and five-level inverter
using three different filters. A comparative study of the results shows that the use of the five-level inverter with the optimized filter effectively reduces ripples while

meeting grid coupling conditions.

Index Terms—|CL filter, multi-level inverters, multi-variable band-pass filter (MVBPF), phase-locked loop (PLL), sinusoidal pulse width modulation (SPWM), total
harmonic distortion (THD), wind turbine conversion chain.
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I. INTRODUCTION

According to the “World Energy Outlook 2015" study by the International Energy Agency (IEA), about
67% of the world’s electricity is generated from fossil fuels which constitute the main source of elec-
tricity produced globally [1]. However, the negative environmental impacts of fuel-based electric-
ity generation, climate change, depletion of fossil fuel reserves, and price fluctuations require the
increased use of renewable energy for electricity supply worldwide [2, 3]. The use of wind energy
for power generation was developed in the early 20th century, making it the most promising clean
and sustainable energy source [4]. Globally, wind energy has been growing at a rate of 30% per year
for the past decade [5]. According to the Global Wind Energy Council (GWEC), 2020 was the best
year in history for the global wind industry, with 93 GW of newly installed capacity [6]. The principle
of the wind turbine generator is to use the kinetic energy of wind to drive the rotor shaft and thus
transform it into mechanical energy, which is converted into electrical energy by means of an elec-
tromagnetic generator [7]. Several types of electrical machines can be inserted in the wind turbine
conversion chain, adjusted to the chosen installation control. The specifications for wind generators
vary according to the type and geometric dimensions of the wind turbine, where the synchronous
machine can be used in the case of direct drive [8]. The electrical energy produced by the wind
turbine can be stored by accumulators, distributed through a power grid, or absorbed by isolated
loads. Static converters such as inverters are an important part of the electrical energy conversion
chain and have a strong influence on the quality of the produced energy. In recent years, the use
of multi-level converters for power electronic applications has seen increasing demanded due to
their many advantages, especially in the medium and high-power range [9-11]. The control of the
inverter switches directly impacts the total harmonic distortion (THD) and the switching losses of
the inverter [12]. Among the techniques used is the sinusoidal pulse width modulation (SPWM).
This method has a simple structure to manipulate with a very low computation time, while pushing
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the harmonics to high frequencies, which makes filtering much easier
[13]. The insertion of a filter satisfies the conditions of coupling with
the grid, and the most commonly employed filters are L, LC, and LCL.
The major disadvantage of the L filter is the large value of the induc-
tance which leads to high voltage drops [14]. However, the use of an LC
filter is not recommended for renewable energy conversion systems
due to the direct connection instability of the capacitor in parallel with
the grid [15]. The LCL structure presents an alternative that reduces its
parameter dimensions and increases attenuation. However, the disad-
vantage of this filter design is the resonance, which can be reduced
by inserting a resistor in parallel or in series with the capacitor and
inductors [16]. Nonetheless, a connection with the grid requires good
synchronization, where the amplitude, frequency, and phase angle
of the grid voltage are the three essential elements to ensure it. The
phase-locked loop (PLL) is widely used to achieve the aforementioned
components [17]. Several synchronization circuit structures are used in
the literature such as zero-crossing detection (dg-PLL), direct system
extraction of voltages with dg-PLL (PSD-dg-PLL), and filtering of mea-
sured voltages with dg-PLL (FMVPB-dqg-PLL) [18]; the interest of this
last structure is to ensure a good synchronization with the grid even in
the presence of faults or unbalance of the latter [19, 20].

In order to improve the wind conversion chain, [21] proposed a com-
parative study of various methods to optimize the LCL filter. However
those techniques have many disadvantages such as complex design
and non-fulfillment of the imposed performance indexes. Furthermore,
very few research studies have been done in analyzing performance
of the conversion chain while using a multi-level inverter and an opti-
mized LCL filter at the same time.

Thus, the main contributions of the present work are about design-
ing an optimized LCL filter, PLL synchronization on the grid side with
multi-variable band pass filter (FMVPB-dqg-PLL), and the use of a
multi-level inverter, especially the three-level and five-level inverters.
A consistent comparative study has been made with three inverter
topologies and three designs of the LCL filter.

The method of optimizing the LCL filter parameters is suggested to
improve the output magnitudes by cancelling the third order har-
monic. The use of the five-level inverter with the optimized LCL filter
and FMVPB-dg-PLL allows a great THD mitigation, and a remarkable
reduction of the installation cost while meeting the requirements of
grid connection.

The paper is structured as follows: the architecture of the power con-
version chain with the two-level inverter, the sizing of the LCL filter,
the closed-loop control, as well as the FMVPB-dg-PLL synchronization
are represented in Section 2. Sections 3 and 4 are devoted to the con-
version chain with the three-level and five-level inverters respectively,
and their balancing loops are also presented. Sections 5 and 6 discuss
the methods adopted to optimize the filter and to cancel the third
order harmonic. The simulation results are presented and discussed in
Section 7, before closing with a general conclusion in Section 8.

Il. STRUCTURE OF THE ENERGY CONVERSION CHAIN WITH
THE USUAL TWO-LEVEL INVERTER

Fig. 1 shows the schematic diagram of the power conversion chain
on the grid side. It consists of a two-level inverter, an LCL filter, an
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internal current regulation loop, an external voltage regulation loop,
and an FMVPB-dg-PLL synchronization loop.

A.Two-level Inverter

Fig. 1 shows the topology of the two-level inverter, which is com-
posed of three arms with two electronic switches, with antiparallel
protection diodes placed in each of them to ensure freewheeling.
The switch type used depends on the inverter power and the switch-
ing frequency. In most applications, IGBT transistors with antiparal-
lel diodes are employed since they have high efficiency and good
robustness. The inverter is powered by a DC voltage source, either
from three-phase diode rectifier or from batteries [10].

The triangle sine pulse width modulation (SPWM) is realized by
comparing a low-frequency modulating wave (reference voltage) to
a high-frequency triangular carrier wave. The switching times are
determined by the intersection points between the carrier and the
modulating waves.

B. LCL Filter Design

The LCL filter remains the right choice compared to the other filters
mentioned in the literature, since it represents an attenuation of 60
dB/decade and its resonance is independent of the grid impedance.

This filter can be modeled by three identical single-phase electrical
diagrams, presented in Fig. 2.

To solve the resonance problem produced by LCL filter at its cutoff
frequency, it is necessary to insert a real damping resistor in the pas-
sive case and a virtual damping resistor in the active case.

The single-phase modeling of the LCL filter can be represented as
follows:

iy =iy +i,
v; =(R; +sL; )iy +v,

Ve :(Rg +sl, )i2 +v

:ic(l-ch]

sC
In the low-frequency range, the LCL filter behaves like an L-filter, thus
the LCL filter can be remodeled by neglecting the filtering capacity
C

g

v

[a)

i=iy=i
V,' :(Ri +5L,’)i1 +VC .
Ve :(Rg +ng)/2 +Vg

Considering the output voltage as an ideal source (v, = 0), the expres-
sion of the transfer function of the filter is presented as follows:

i(s) 1

3)

vis) (Ri+Rg)+s(Li+Lg)

The impedance and base capacitance are defined as [22]:
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Fig. 2. Representation of the single-phase electrical circuit of the
LCL filter with the passive damping resistor.
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2
Zb = in
1” (4)
Cp=—n
C()Zb

where S, is the nominal apparent power and E, is the nominal
voltage.

Assuming that the maximum variation of the power factor from the
grid side is equal to 10%, we get the following expression:

C=0.1*S—”2. (5)

oEy
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TABLEI. LCL1 FILTER PARAMETERS WITH 5 KHZ AND 10 KHZ SWITCHING FREQUENCIES

R (Q) L;(H) R. ()

5 kHz 10 kHz

C(4F) R,(Q) Ly (H)

5 kHz 10 kHz

LCL1 200 207 1.04 160.51

0.66 92110 23010

The maximum current ripple at the output of the inverter is given
by [22]:

Al zvlﬂ -m)mT,,, (6)

3L,

max —
where mis the modulation factor of the inverterand T, is the switch-
ing period.

For m=0.5, the maximum peak-to-peak ripple of the current is:

_ Vic
max 6f Ll

s

Al

@)

f

’ Tsw

where L, is the inductance on the inverter side
frequency, and v, is the DC voltage.

is the switching

A ripple of 1% of the nominal current is chosen to the design the
filter parameters:

Al =0.01% ®8)
with /ax :M
3E

where P is the active power and £, is the phase voltage.
Therefore, the expression of the inductance on the inverter side is:

— Vdc
6f,, Al

max

. )

L;

The formula of the inductance on the grid side is written in the fol-
lowing form [22]:

%4—1
L :ka_

I C coszw

(10)

where k,, is the attenuation factor and w,,, is the switching pulsation.

To calculate the inductance L, an attenuation factor of k,=20% is
imposed.

The R, resistor in series with the capacitor attenuates a part of the
fluctuations at the switching frequency to avoid the resonance
peak [22]:

. +Lg
with @, =

res

and 10f, <f, < 0.5f,,
i~g
where f_is the grid frequency and £, is the switching frequency.

Table | shows the filter parameters calculated for the frequencies
5 kHz and 10 kHz; according to the results, it is preferable to work
with the 10 kHz switching frequency to gain on filtering.

C. Control Strategy

The control method used in this paper consists of two cascaded con-
trol loops; the first one concerns the voltage control loop and the
second one presents the current control from the first loop.

1) Internal current regulation loop

The current control loops along the d-axis and g-axis have the same
dynamics; therefore, the setting of the controller parameters is done
only for the d-axis. Fig. 3 shows the internal current control loop.

The loop consists of Pl regulator, control block, sampling block,
transfer functions of the inverter, and the filter. The expressions that
define each block are expressed afterward.

The transfer function of the Pl corrector is:
K, +sKp

=

The control of the system is characterized by a transfer function of
the first order, which is written in the following form:

HPI(S):( (12)

H Control

—> Hriiter

H inverter

H sampling

Fig. 3. Current control loop.
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1

H (§)=——
Control 1+STS

1
where T, =—

s
The transfer function of the inverter is formulated as follows:

is the sampling time.

1

H -
1+5sTg,

inverter (5 )

where T, is the switching period.
The LCL filter can be expressed by the following transfer function:

__ 1 __Ke (15)
sly +Rr  1+5T,

Hfilter (s)

where L;=L+L,R=R+R, K, - ,and T, :L—T.
The system has a sampling delay which is expressed in the following

form:

1

samping =7 w057,
s

(16)

Considering the control, inverter, and sampling transfer functions as
delays, the open-loop transfer function of the internal current con-
trol loop is as follows:

Ko (K +5Kp)
H e it - 7) 17
col s(1+sT,) a7)

The expression for the closed-loop transfer function of the current
control can be written as follows:

H = Ke/Te (K/ +SKP) (—Is)
¢ 52+1+K€KPS+KGK/
T T,

e e

In order to determine the parameters K, and K, of the associated PI
controller, the closed-loop transfer function is rewritten as a second
order equation:

2,w,s + co,f

H(s)= (19)

52 +2¢w,s +a)§
where @, is the natural pulsation and ¢ is the damping factor. For

2 . 3. . . .
& = an equivalent value of @, =— is associated with t, which
r

is the response time. By identification, K, and K, can be expressed as
follows:

2
KI ZLTCOn ) (20)
Kp :2§a)nL7— —RT

2) External loop of the voltage regulation

The DC voltage loop, shown in Fig. 4, provides the reference current
along the d-axis. It consists of Pl control block, the closed-loop trans-
fer function of the internal current loop, and the differential equation
describing the voltage dynamics.

The DC intermediate circuit of the inverter is modeled as follows:

. dv .
ldc :Cdcd_:c""inv- (21)

The active and reactive power exchanged between the inverter and
the grid in the synchronous reference frame (d-q) are:

30 . . :
P= E(Vd’d +Vgliq ) =Vcide
(22)

Q =§(vqid ~vgig)

Assuming that the d-axis of the rotating marker is aligned with the
AC voltage of the grid (v,=0), the active and reactive power will be
expressed as follows:

3
P==v,i
> d'd

3 .
Q = —Evdlq

According to (21), (22), and (23), the dynamics of the DC voltage will
be articulated as:

dvi:iv_d,'d —ijpy - (24)

de dt 2 Vdc

The closed-loop transfer function of the current can be written in the
following form:

H =
ST 2sTy (14T )41 25Ty +1

*

de . %

Current

PI d

loop

ilinv T

Vdc

v

v

3vq
20,4 4’@_' SCqc

Fig. 4. Voltage control loop.
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OSTZ +1

bt i (25)
$Teq +1

cCL=

with T,,=2Ty and Ty, =2T,,
where Ts is the sampling period.

Therefore, the open-loop transfer function of the DC voltage in a
simplified way is as follows:

1+5T,_dc] 1T 3 vy (26)

H =K 5 ’
dc,0L p_df[ STi de ) STeq +12 5CqcVyc

Applying the criterion of optimal symmetry, the parameters of the Pl
controller could be written as :

— 2Vdccdc

2
= ;T =a‘T,, and a=3.
p _dc r li_dc eq
3aTequ

Moreover, in steady state v;=v,.:

de = 2Cdc _ Cdc
p_dc
3dT, 6ar,
Then e 5, 27)
KI dc = Cdc
72a°T,?

C. dg-Phase-Locked Loop and Multi-variable Band-Pass Filter
Synchronization

This PLL strategy is designed with a Multi-Variable Band-Pass Filter
block (MVBPF) and the usual dg-PLL. By applying this structure,

reliable frequency and phase detection will be achieved even if volt-
age imbalances and distortions are produced. The schematic dia-
gram of the dg-PLL+MVBPF is shown in Fig. 5.

The filter, called the multi-variable filter can extract directly the fun-
damental signals (voltage or current) in the af axis without leading
to either phase shift or change in voltage amplitude. However, it can
also be used to reduce the direct and inverse harmonic components
of input signals.

The equivalent transfer function of the integration in the synchro-
nous reference frame is expressed by [20]:

Vi 1=e* [elu, . (28)

After Laplace transformation, the transfer function can be expressed
as follows:

V .
is)=Leer® SRl (29)
Vap(s) (s+K¢) +a,
K¢ o,
Vi () ==LV () Vi () ] ==V (s)
S S (30)

vﬁf(s)='(s—f[v,,(s)—vﬁf(s)]—% (5

with:

o, :Cut —off pulse
K¢ :Dynamic gain
Vop tInput voltage
Vo pr :Output voltage

Uﬁf vaf

> 0
i |
1 |
1 AV
5 [ <y [
. (e | o8
| o e—TF
| /X\‘
| v = b
1 v ‘Uﬁ abc
] & [~ &<
: T
i v vy v

Fig. 5. dg-PLL+MVBPF synchronization.
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11l. CHAIN STRUCTURE WITH THE THREE-LEVEL NPC INVERTER

The power conversion chain with the three-level inverter, shown
in Fig. 6, consists of a three-level inverter, an LCL filter, an internal
current regulation loop, an external voltage regulation loop, and a
dg-PLL synchronization loop, plus an MVBPF with a balancing loop.

A.NPCThree-Level Inverter

The main circuit of the three-phase three-level NPC inverter is shown
in Fig. 6. This topology consists of three arms each with four power
switches with two antiparallel diodes. Each phase shares a common
DC bus, subdivided by two capacitors providing the neutral point N.
The NPC reduces both current and voltage harmonics at the outputs
[23]. The input DC bus of the three-level inverter is composed of two
capacitors in series (C, and C,), forming a midpoint that allows the
inverter to access an additional voltage level compared to the con-
ventional two-level inverter.

Sine pulse width modulation (SPWM), which is used to determine
in real time the closing and opening states of the switches, consists
of using the intersections of a reference wave, generally sinusoi-
dal, with a triangular signal (known as the carrier). Two parameters
characterize this control: the modulation rate and the modulation
index [10].

B. Balancing Loop

The NPC inverter has an inherent problem of asymmetrical voltages
across the DC link capacitors, a disadvantage which occurs due to
the irregular charge/discharge and non-identical properties of the
DC bus capacitors supplied by the manufacturer. For the three-level
inverter, and in order to solve the above-mentioned anomaly, a bal-

:V ch.

ancing loop is required by putting % =

The modulation signals are appropriately selected to generate
the balanced AC voltage at the output terminals of the inverter.

= —
‘ lvdcz ¢v5{cr

1| Vdc1

[
L
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[

“‘ - - - -
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Fig. 6. Schematic diagram of the power conversion chain on the grid side with the three-level NPC inverter.
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This balancing of the DC voltage of the inverter reduces the har-
monic content and maintains the voltage stability in the neutral
point [24].

IV. CHAIN STRUCTURE WITH THE FIVE-LEVEL INVERTER

The difference between the power conversion chain with the
three-level NPC inverter and that with the five-level inverter is
the balancing loop. The three-level NPC inverter adopts a single
balancing loop, while the five-level inverter has three balancing
loops.

A. Five-level Inverter
Multi-level inverters have been the subject of several researches in
recent years and are now widely used in large and medium power
conversion chains. These inverters are capable of minimizing total
harmonic distortion and surge stress in the system by spreading
the switching over multiple semiconductors [11]. Among the many
multi-level topologies, the five-level blocking diode inverter is the
most frequently used, consisting of three symmetrical arms each
consisting of eight bidirectional switches in series with antiparal-
lel diodes. These switches must not be opened or closed simul-
taneously, in order to avoid short-circuiting the DC source at the
inverter's input. The number of blocking diodes is six per arm,
ensuring the application of different voltage levels at the output.
Each arm is connected to the DC supply V,. which is divided into
four equal parts using four capacitors (Fig. 7). This inverter is called
five-level because it delivers five levels of the single output voltage
(Vi Ve o Voo Ve

C C
214::412

The POD-PWM phase opposition technique uses four carrier signals
to generate switching pulses. The carrier waves are in phase with a
level above zero reference and the other two are taken with a phase
shift of 180° below zero [11].

B. Balancing Loops

To solve the DC voltage unbalance problem across the four capaci-
tors at the input of the five-level inverter, the control strategy
requires three balancing loops to generate the control voltages of

the SPWM with the condition —2<=V =V, =V, 3=V,
V. FILTER OPTIMIZATION

From the simulation results of the first filter with the multi-level
inverter, it can be concluded that the THD is decreased, thus a fil-
ter sizing minimization is possible by reducing inductances on the
inverter and grid sides.

- Inductance on the inverter side

Following the relationships found in the LCL filter design section, the
inductance on the inverter side can be optimized by increasing the
ripple factor of the rated current (Aly, =0.013* /., ).

- Inductance on the grid side

The attenuation factor is a value to be imposed to perform the
numerical calculation. In the case of the filter parameter optimiza-
tion, K,=27% is chosen.

34

VI. CONSTRAINT ON THE THIRD ORDER HARMONIC

According to Fig. 8 and 9 from simulation results section, the third
order harmonic is preponderant. In order to eliminate this constraint,
it is necessary to resize the filter by considering the star-delta con-
version method. This latter consists of defining the filter parameters
by cancelling the equivalent impedance for a pulse equal to three
times the fundamental pulse. Fig. 10 shows the principal star con-
figuration of the LCL filter.

In order to determine the elements of the LCL filter presented ear-
lier, an equivalent triangle configuration is proposed (Fig. 11).

The impedances of the LCL filter in star configuration are presented
as follows:

Z,=R;+jL,o
2, =Ry +jLyo (31)
z_ Rc +L

jCw

By making the star-delta conversion equality of the two previous
circuits, the expressions of the impedances of the delta circuit are
then written as:

— N>~ N > N

Zpy=—12p=—;Z=— (32)
Zq Zp Zc

with

N=z, zb +zbz +z_z_ (33)

By replacing the impedances z_a z_b, and z_c by their expressions,

the new formula of N is:

N=z aZbtZpZ +2Z.2,

= (Ri+ jLyo)(Rg + jLgw ) +(Rg +jL9w)(RC +JC1_]

[RC+—] (Ri+jLiw) )
[R

Ry -+ JRiLgo+ jRoLio—LiL wz}

+

Ly
RgR +—+La)R +—=
ch J C C}

L

g

L .
,ng2)+[RgRC +?9]+[RCR,- +LE'H
. Ry R;
+J (Ring+RgLi(l)) L Rcw—a RCL a)—a .

The expression for the equivalent impedance of the delta circuit is:

+

RcR; + jRcLio +.i+
jCw

ﬁ(R,-Rg -L
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The grid-side inductance is expressed as:
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The inductance and resistance on the inverter side will be defined

as follows:

To cancel the third order harmonic, the LCL filter parameters are cal-

culated in order to have Z,, =0 for w,=3w:

Zquo = IF(z_a+z_c):0.

(36)

36

(38)
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Fig. 9. Spectral analysis of the output current of the second filter with (a) three-level and (b) five-level inverters.
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Fig. 10. Star configuration of the LCL filter.

VII. SIMULATIONS

This section is devoted to the simulation results of the previously
studied installations. Firstly, a comparative study of the three struc-
tures with the three different inverter topologies using the same
filter is adopted; the first structure represents the installation with
a two-level inverter while the second and the third have the same
architecture as the first one except that they are connected to the
three and five-level inverters, respectively. Secondly, after the criti-
cal analysis of the first study, a new simulation with two inverter
topologies (three- and five-level inverters) is made after optimiza-
tion of the first filter. Closing with the exploitation of the installa-
tion results in the five-level inverter with the new filter that cancels
the third order harmonic. The simulation tests are performed under
MATLAB/SIMULINK platform, with the parameters presented in
Table II.

Fig. 8 shows simulation results of the first filter with the three inverter
topologies. The spectral analysis in Fig. 8(a) shows a THD of 5.11%
accentuated in the low-frequency region. This finding shows the
insufficient synchronization conditions with the grid. The harmonic

Zc

C= =C

Fig. 11. Equivalent delta configuration of the LCL filter.

distortion rates in Fig. 8(b) and 8(c) show a remarkable decrease of
0.32% and 0.24%, respectively, which proves the amazing efficiency
of the multi-level inverters.

Fig. 9 shows the harmonic ratio of the two installations, namely the
three- and five-level inverters, with the optimized filter. It should be
noted that even though the filter parameters were reduced after
resizing, the THD decreased (0.30% for the three-level inverter and
0.19% for the five-level inverter) which means a reduction in the cost
of the installation.

This simulation test is performed to discover the behavior of the five-
level inverter installation with the third filter. The most important
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TABLE Il. SUMMARY OF THE THREE FILTERS'THD

TABLE V. FILTER PARAMETERS WITH 10 KHZ SWITCHING FREQUENCY

LCL1 (%) LCL2 (%) LCL3 (%) R, (Q) L, (H) R_(Q) C(uF) R, (Q) L, (H)
2N 511 - - LCL1 200 1.04 160.51 0.66 8 230% 107
3N 0.32 0.30 - LCL2 200 0.8 160.51 0.66 8 1.8x10°°
5N 0.24 0.19 0.25 LCL3 160.51 0.17 160.51 6.61 8 355%x 10
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Fig. 12. Spectral analysis of the output current of the third filter

with the five-level inverter.

TABLE IlIl. PARAMETERS OF THE INSTALLATION

Active power, P 300 W
Reactive power, Q 0VA
Grid frequency, f 50 Hz
Compound grid voltage, E, 380V
Simple voltage, E,, 220V
Direct voltage, V. 400V
Switching frequency, f,, 5or10kHz

TABLE IV. CONTROL PARAMETERS

Current Loop

Voltage Loop

K, 087

0.37

K, 339%10°

339x10°

observation in Fig. 12 is the reduction of the third order harmonic and

optimization of the filter parameters. Moreover, the THD of the line
current of the installation ensures the coupling with the grid since it
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presents a minimal value of 0.25%. Table | shows the parameters of the
LCL1 filter with the switching frequencies 5 kHz and 10 kHz.

Table lll shows the harmonic distortion rates for the installations pre-
viously presented in the simulation section. From this comparative
study, it appears that the five-level inverter shows the best result
in the case of the THD and therefore a good waveform. The second
filter LCL2 represents an improvement of the THD compared to the
first filter LCL1 by minimizing the cost of the installation and by
respecting the coupling conditions. Concerning the optimized filter
LCL3, the harmonics of the signal are strongly reduced while ensur-
ing the criteria of the connection to the grid and by cancelling the
third order harmonic.

The parameters of the voltage and current control loops using the
identification method and optimal symmetry are shown in Table IV.

The component parameters of the three LCL filters with the 10 kHz
switching frequency are shown in Table V.

VIIl. CONCLUSION

This paper presents performance improvement of the grid-side wind
power conversion chain. Such enhancement will be provided by adopt-
ing multi-level inverter topologies, namely, the three-level NPC inverter
and the five-level inverter. The use of multi-level inverters significantly
improves the THD of the outputs, which offers, firstly, a gain margin
concerning the filter parameters, while respecting the requirements of
grid connection imposed by the Institute of Electrical and Electronics
Engineers (IEEE) Recommended Practices and Requirements for
Harmonic Control in Electric Power Systems. Secondly, the possibility of
resizing the filter taking into account the cancellation of the third order
harmonic is the most disturbing criterion.
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