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Abstract: The advancements in power electronics have supported the widespread penetration
of wind energy conversion systems (WECS) in electric grids. In this context, power converters
have crucial functionality in the control of active and reactive power injection, moreover they are
directly related to voltage and current harmonic distortion levels, mechanical and thermal stress
that are experienced by the wind turbine. Currently, several topologies have been tested in order
to improve the performance and increase the power processing of WECS to support the network
demand. Based on the relevance of this issue, this paper presents a performance comparison of
a Double Fed Induction Generator(DFIG)-based WECS employing three topologies of back-to-
back converters: two-level voltage source converter topology (2L-VSC), neutral point clamped
(NPC) and modular multilevel converter (MMC). The analysis is accomplished considering
DFIG currents, voltages, torque, speed and the total harmonic distortion (THD), highlighting
the performance improvement employing multilevel topologies and the impacts of using each

topology.
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1. INTRODUCTION

The wide penetration of WECS in electric grids has
brought challenges to the power system, especially regard-
ing to the reliability, efficiency and power quality of wind
turbines (Infield and Freris, 2020). At the same time, ad-
vancements in power electronics have been permitting the
implementation of more robust generators due to increased
efficiency and power processing capability (Séguier and
Labrique, 2012; Yazdani and Iravani, 2010). In this sense,
DFIG is one of the most widely used generators in the
wind energy market, representing over 50% of wind farm
installations currently (Abad et al., 2011). The adoption of
this technology was mainly due to its flexibility at variable
speed, decoupled control operation of active and reactive
power and the reduced volume of the power converter, usu-
ally 30% of the generator rated power (Abad et al., 2011;
Sumathi et al., 2015). Traditionally, DFIG is used with
a 2L-VSC back-to-back converter, one for the grid side
(GSC) and another for the rotor side (RSC). The GSC has
the function of controlling the dc-link voltage and reactive
power delivered to the grid, while the RSC is responsible
for the maximum power point tracking (MPPT) of the
wind turbine. However, the use of two-level topology has
technical limitations, with higher harmonic distortion, the
need of switches with the bus rated voltage, and conse-
quently with larger losses (Séguier and Labrique, 2012).

Development of new converter topologies has been leading
to the reduction of losses, improving of power quality
and increasing of the power processing capability. In this
context, multilevel converters have stood out due to their
capability to distribute voltage on power switches and
to synthesize more output voltage levels. These features
improve the reduction of voltage and current distortions,
in addition to the equity of losses on switches with lower
thermal stress (Bollen and Hassan, 2011; Dugan et al.,
1996; Gupta and Bhatnagar, 2017). From the machine
point of view, the choice of a back-to-back topology reflects
directly on the electrical, thermal and mechanical features
(Ma, 2015). Reduction in internal losses due to hysteresis,
conductor overheating and electromagnetic torque oscilla-
tions increase the life of the gearbox coupled to the wind
turbine (Vijeh et al., 2019; Abdelbaset et al., 2018). At
the industrial level, the main multilevel topologies used for
several applications are NPC (Nabae et al., 1981), flying
capacitors (FC) (Meynard and Foch, 1992), and cascade
H-bridges (CHB) (Mcmurray, 1971). The NPC topology
is composed of clamping diodes that fix voltage levels
through the connection with the DC bus central point.
The FC uses capacitors instead of clamping diodes. The
CHB uses H-bridges associated in series in order to syn-
thesize voltage levels, with independent voltage sources.
Recently, one topology that has stood out with half-bridge
submodules is the MMC, which has been promising for
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back-to-back use in WECS due to its high modularity and
expansion flexibility (Lesnicar and Marquardt, 2003; Du
et al., 2017).

In Hossain et al. (2018), multilevel topologies were em-
ployed for a comparative analysis of transient stability
during a voltage sag using a DFIG-based WECS, between
a 3L-NPC, 2L-VSC, and a 3L-FC, observing the improved
transient response during a grid fault. The results pre-
sented a fast reestablishment to the pre-fault period with
improved controllability.

Hossam-Eldin et al. (2020) presented a comparison using
an NPC converter with different numbers of levels and
employing two modulation techniques, the sinusoidal pulse
width modulation (SPWM) and third harmonic injection
pulse width modulation (THIPWM) under different wind
speeds. The increase of the number of levels combined with
the THIPWM technique obtained the best performance,
reducing the THD of the DFIG.

Ouadi et al. (2017) presented a non-linear control imple-
mentation using the DFIG-based WECS with a 3L-NPC
in the GSC for active filtering. Simulations under differ-
ent wind speeds, voltage sags and frequency deviations
demonstrated that the implemented system improved the
performance using a multilevel topology in the GSC.

Merahi et al. (2014) presented a DFIG-based wind farm
implementation using a 5L.-NPC GSC. The converter feeds
the four 2L-VSC connected to generators through the four
available capacitors, eliminating the transformer between
the generator and the grid. The control is performed by
means of a supervisory algorithm that controls the DC
bus voltages. In addition, the RSC controls are made sep-
arately for the 2L-VSC converters, emplyoing the conven-
tional vector control in dq0 coordinates, and a hysteresis
current control for the GSC employing the 5L-NPC in
order to control the active and reactive power of each
generation unit. Simulation results have shown that the
supervision algorithm was effective to control the gener-
ated power. In addition, the 5L-NPC topology provided
cost reduction with only one GSC converter instead of four
2L-VSC converters.

Morais et al. (2017) presented a comparison between
two structures using 3L-NPC, a conventional three-branch
structure (3L-NPC-3B), and a two-branch structure (3L-
NPC-2B). The performance of both was evaluated to verify
the feasibility of replacing the standard structure with the
3L-NPC-2B. The results demonstrated the applicability
of the 3L-NPC-2B, showing a reduction of performance
compared to the 3L-NPC due to the limited structure of
the two-branch topology. The control of active and reactive
power and electromagnetic torque presented larger oscilla-
tions. However, in some phases the 3L-NPC-2B structure
presented lower harmonic distortion, which means it can
improve the power quality.

Sujod and Erlich (2013) presented a comparison of har-
monics and common mode voltage, this voltage is gen-
erated between the neutral point of the load and the
ground, leading to current distortion disturbances in the
machine windings for 3L-NPC and 2L-VSC back-to-back
in a DFIG-based WECS. Two modulation techniques were
employed: the phase opposition disposition (POD-PWM)

and phase disposition (PD-PWM). The results demon-
strated that the common mode voltage is reduced by 66%
employing the 3L-NPC with the POD technique.

Merahi and Berkouk (2013) presented a new method to
establish the voltage balance of capacitors of a 5L-NPC
connected to a DFIG-based WECS. The voltage control
is performed by means of two loops, in which the first
one controls the average voltage value of the capacitors
and the second controls the voltage difference in each half
arm of the converter employing a voltage clamping bridge.
The results demonstrated that the used control method
minimized oscillations in the DC bus.

Based on the relevance of this context, this paper deals
with a comparative approach in the back-to-back con-
verters of a DFIG-based WECS using three topologies,
which are 2L-VSC, 3L-NPC and 3L-MMC. The analysis
demonstrates the internal structural aspects of the pair
of converters as well as the impacts on the generator, by
verifying currents, voltages and electromagnetic torque of
DFIG. The results demonstrate superior performance in
current distortions, DC bus and torque oscilation employ-
ing the MMC topology. This work is divided as follows:
section II presents the DFIG-based WECS implemented;
section III presents the three converter topologies ; section
IV presents the obtained results; and at the final it presents
the conclusions.

2. DFIG-BASED WECS IMPLEMENTED

The implemented system consists of a DFIG-based WECS
with two back-to-back converters sharing the same DC
bus and connected through the common coupling point
(PCC) to a three-phase grid. Fig. 2 depicts the system
architecture. In this scenario, the DFIG is modeled using
the abc coordinate system, and the converters uses IGBT’s
as power switch (Abad et al., 2011). The control system
implemented for the DFIG was realized in the synchronous
reference dq0 using PI controllers for the direct axis
and quadrature loops (Abu-Rub et al., 2014). For the
comparative analysis, the three abovementioned back-to-
back converter topologies are used in the DFIG-based
WECS. In order to ensure a adequate comparison, the
same control structure with their respective modulation
techniques are considered for each converter.

3. BACK-TO-BACK CONVERTER TOPOLOGIES

The structures of 2L-VSC, 3L-NPC, and 3L-MMC em-
ployed in the study are depicted in Fig. 3. Details of the
presented topologies and the possible switching combina-
tions with their respective output voltages are shown in
(Abu-Rub et al., 2014). Among the topologies presented,
the MMC presents a particularly modular structure with
the capability of synthesizing the output voltages by means
of the sum of the active submodules per converter arm.
Representing the active submodules by means of a switch-
ing function, it is possible to relate states of the submod-
ules switches with capacitor voltages and output voltages,
thus:

e If S1 =1 and 52 = 0, V¢qp = ON;
e If S1 =0 and S2 =1, V,,, = OFF;
e Else V¢qp = OFF.



The capacitor submodule average voltage is given by:

‘/bus

‘/cap = NSJW’

(1)

where Ngjs is the number of active submodules per arm
and the number of output voltage levels is given by
Ngyr + 1. Each arm in the MMC can be represented by a
controlled voltage source, with magnitude given by:

SMac iueV us
Varm = ! bus 5 (2)
Nsm

where SMciive is the number of active submodules. Con-
sidering Vsps the submodule voltage which is the capacitor
voltage, the converter arm voltage is a function of the

number of submodules, inductance, and resistance arm as
follows:

dlarm

dt + Rarmiarm- (3)

arm - Z VSM + Larm
n=0

Thus, the output voltage levels of the MMC are given
by the sum of the submodule voltage in the arm (Byung
Moon Han and Jong kyou Jeong, 2014). In addition, an
classification algorithm is used for the voltage balancing
of the MMC. The schematic diagram is depicted in Fig. 1.
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Capacitor voltages
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Figure 1. MMC capacitor voltage balancing algorithm.
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For the 2L-VSC converter, SPWM technique was used,
where a triangular carrier is compared to the three-phase
reference voltages for the switch pulse generator (Abad
et al., 2011). For the 3L-NPC and 3L-MMC multilevel
topologies, the PDPWM technique was employed, which
is also based on triangular carrier, with the number of
carriers Ni.; defined by N-1, where N is the number of
converter levels. In this modulation scheme the carriers are
shifted in level, having the same amplitude and in phase
with each other (Abu-Rub et al., 2014).

4. SIMULATIONS AND RESULTS

Matlab/Simulink platform was used to the DFIG-based
WECS smulation implementation. The system and DFIG
parameters are shown in Table 1. In order to compare the
three converter topologies, stator currents (Ig), rotor cur-
rents (Ig), electromagnetic torque (Tg), DC bus voltage
(VBus) and total harmonic current distortion for Is and
I were analyzed. The results obtained using 2L.-VSC, 3L-
NPC and 3L-MMC bak-to-back topologies are shown in
Fig. 3.

Table 1. System and DFIG Parameters

Parameter Value
Nominal voltage 311/220 V
Stator voltage 311V
Stator frequency 60 Hz
Nominal power 3400 W
Switching frequency 5 kHz
DC bus voltage 600 V
Submodule capacitance 3000 uF
Cgus 3000 uF
Larm 1mH
Rarm 0.5 Q2
Ls 0.214067 H
L, 0.214067 H
R 2.8237 Q
R, 2.8237 Q
Ly, 0.29835 H
P, 2
Fm 0.00146 N-m-s/rad
M -0.0994 H
M -0.0994 H
M, 0.1989 H
Im 0.0133 Kg.m?

4.1 Back-to-Back 2L-VSC Topology

Considering DFIG-based WECS employing back-to-back
2L-VSC topology, Is does not have high distortions, pre-
senting a sine-shaped pattern with low THD;g of 2.56%.
However, the waveforms of Ir indicate a larger harmonic
distortion, with THD;g of 8.34%, leading to a reduction
in DFIG efliciency during the generation process, as well
as directly impacting the internal loss rates of the gen-
erator. On the other hand, low oscillation around Vpyg
was verified with 0.16% of the reference value. In addition,
the behavior of Tg was evaluated, where it was verified
oscillations in steady-state. This issue can generate losses
due to friction, mechanical stress and shorter life of the
gearbox due to vibrations in the DFIG shaft.

4.2 Back-to-Back 3L-NPC Topology

The 3L-NPC back-to-back topology reduced the THD;g
in 49.60%, being 1.29%. In addition, the TH D;r obtained
a better performance, being 5.01%, representing a reduc-
tion of 39.92%. The value of Viyg in comparison to 2L-
VSC also showed less oscillation around the nominal value
0.5 V, representing a reduction of 50%. Regarding the Tg
in steady-state, it is observed that there was a reduction
of torque oscillations in the DFIG shaft, which reflects in
the preservation of the lifetime of the gearbox, as well as
the internal mechanical structure of the DFIG.
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Figure 2. DFIG-based WECS implemented.
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Figure 3. Three-phase back-to-back converter topologies: 2L-VSC, 3L-NPC, and 3L-MMC.

4.8 Back-to-Back S3L-MMC Topology

The 3L-MMC back-to-back topology presented similar
performance to 3L-NPC with some variations. There was
a slight increase in THD;s being 1.59%, as well as ver-
ified in THD;g, being 5.32%. This result is due to the
larger amount of capacitors present in the submodules that
compose the structure of the MMC, representing no sig-
nificant performance reduction. On the other hand, Vpyg
presented the smallest oscillation around the nominal value
in the steady-state, with 0.3 V. In addition, the behavior
of Tg showed low oscillation levels with values close to the

3L-NPC topology, allowing the reduction of internal losses
and providing greater efficiency to the DFIG.

4.4 Comparison of 2L-VSC, 3L-NPC, and SL-MMC
Back-to-Back Topologies

Based on the results obtained from DFIG-based WECS
using 2L-VSC, 3L-NPC and 3L-MMC, it is possible to
highlight the characteristics of the back-to-back set for
the three cases using the same control structure. The
2L-VSC provided the largest harmonic distortion, besides
the largest oscillation in Vpyg, as well as in Tg. This
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Figure 4. Obtained results for DFIG-based WECS back-to-back 2L-VSC, 3L-NPC, and 3L-MMC.

is due to the structural aspects of the converter and the
limitation of synthesizing the output voltage levels, which
generates higher levels of losses and harmonic distortion in
the DFIG, as well as higher stress in the internal switches
of the GSC and RSC converters. The 3L-NPC topology
presented a significant improvement for the harmonic
distortion rates, minimizing oscillations in DC bus and
electromagnetic torque, due to the increase in the number
of converter levels. However, the NPC requires the use of
clamping diodes to fix voltage levels, besides having the
inconvenience of unequal losses in the semiconductors with
the increase in the number of levels, leading to the series
association of diodes for a better voltage distribution. The
3L-MMC topology also presented a good performance,
although having a lower performance than the NPC, it
obtained lower oscillations in the voltage Vpyg. In despite
of the need to use a voltage balancing algorithm for the

submodule capacitors, its modular characteristic presents
a structural technical advantage in comparison to the other
topologies, with easy expansion of the number of levels,
losses equally distributed in the submodules and without
the need to use clamping diodes. In addition, performance
improvement can be achieved by increasing the number
of levels. These characteristics bring more reliability and
robustness to the MMC in DFIG-based WECS.

5. CONCLUSIONS

This paper presented a Double Fed Induction Generator-
based Wind Energy Conversion System using three types
of back-to-back converter topologies: two-level voltage
source converter, three-level neutral point clamped, and
three-level modular multilevel converter. The use of mul-
tilevel topologies provided a better performance regarding
the conventional topology. The lower complexity level of



conventional topology implementation limits the structure
of converters with regards to the level of the total harmonic
distortion, voltage oscillation in the continuous current bus
and electromagnetic torque. All these variables directly
spoil the behavior during generation, deteriorating the
current waveforms in the stator and rotor, affecting the
mechanical characteristics in relation to the machine shaft
and gearbox. On the other hand, the use of three-level
neutral point converter provided a better response among
the presented topologies, with the lowest total harmonic
distortion considerably, improving the aspect of the cur-
rents in steady-state. However, the neutral point clamped
topology has a complex structure, with unequal losses in
semiconductors, and requires the association of clamping
diodes, leading to a higher final implementation cost. The
three-level modular multilevel, besides presenting higher
implementation complexity and a slightly low performance
than neutral point topology, has a flexible structure with
easy expansion, which can be implemented with lower
costs for a higher number of levels, thus overcoming the
performance due to the inexistence of clamping diodes.
This comparative study contributed to verify the main
impacts of using back-to-back multilevel topologies, pro-
viding an adequate choice of converters in face of the great
expansion of wind power generation.
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