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Abstract: With the growing expansion of renewable sources around the world, wind energy is among
those that stand out. With the advances of technology, wind turbine projects have considerably
increased their power, reaching higher power, mainly for offshore installations. One of the main
challenges is the power converters, more specifically the semiconductor components, which have
limited voltage and current capabilities. Thus, the concept of multilevel converters emerged, in-
creasing the voltage levels and thus carrying higher power levels. In addition to the application of
multilevel converters, it is possible to increase the voltage and power levels employing an open-
end winding (OEW) connection to the generator. In this context, the present work investigated
the application of a multilevel converter (three-level cascaded H-bridge back-to-back) driving a
squirrel-cage induction machine in an open-end winding configuration, connected to a wind energy
conversion system (WECS). The analysis of the proposed system was developed through dynamic
simulation of a 1.67 MW WECS, using PLECS software, including the modeling of the main system
components: generator, power converters, system control, filter, and grid connection. The results
show that the objective of obtaining a 5-level behavior in the output voltage is achieved by using
the OEW connection. Furthermore, a low harmonic content is achieved in the machine current as in
the current injected into the grid. In addition, it is possible to verify the power distribution between
the converters, demonstrating that converters with smaller power can be combined to reach higher
WECS power.

Keywords: multilevel converter; open-end winding; wind energy; distributed generated; squirrel-cage
induction machine

1. Introduction

In the last years, the expansion of renewable energy sources has increased around the
world; the significant increase in photovoltaic and wind systems has especially stood out.
In terms of wind generation, the expectation is that new installations around the world will
remain high in the coming years, as shown in Figure 1, in the study carried out by the Global
Wind Energy Council (GWEC) and the International Energy Agency (IEA). Reflecting this,
the expected annual growth in new installations is 6.6% [1,2]. Each year, offshore installations
have become a way to expand wind generation. From 2018 to 2021 (Figure 1), there was an
increase of more than 30 GW in the total installed capacity offshore, which represents about
7% of the total installed capacity of the wind energy conversion system. This was a highlight
for the year 2021, which was best year in terms of new offshore installations.

With the increase in the power of wind turbines, especially when referring to offshore
installation, power converters operate in the boundary limits of voltage and current. Thus,
several works were developed in order to allow the converters to operate at higher voltage
levels, with special attention to multilevel converters [3—-6]. Multilevel converters are
topologies composed of combinations of power semiconductor devices, connected together
and controlled in such a way that they produce, in the output, a voltage waveform with
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multiple steps of amplitude. These output voltage waveforms depend on the number
of converter levels, consequently increasing the output voltage, even when using the
same semiconductors previously used in traditional converters. Higher voltage levels are
reached, allowing them to be connected to high-power generators without compromising
the electrical limits of semiconductors, and also with advantages for the filter project and
output energy quality. Several multilevel topologies were developed, as Neutral Point
Clamped (NPC) [7], Flying Capacitor (FC) [8,9], and the Cascaded H-Bridge (CHB) [10,11].
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Figure 1. Evolution of wind energy around the world [1].

In this work, CHB topology was investigated, which has similar behavior to the NPC,
but it does not present an unequal loss distribution, nor the clamped diodes [12]. Among the
advantages of using the CHB multilevel converter, the following can be mentioned: greater
efficiency; uniform losses in switching components [13]; modularity; fault tolerance—as it
is possible to operate the system with reduced power even if there is a failure in any of the
components of the IGBT-diode pairs of the power converter (redundancy in the state of
switching) [5]; a smaller number of components when compared to the NPC and FC [14];
and, finally, it does not present the capacitor voltage balancing problem that occurs in
the NPC and FC topologies [4]. One of the disadvantages of the full bridge converter
and, consequently, of the CHB, is the necessity of isolated DC buses, that is, it must be
independent for each cell of the H-bridge converter [6].

Another possibility to obtain a multilevel voltage behavior at the terminals of an
electric machine is employing an open-end winding (OEW) connection [15]. In an OEW
configuration, the machine terminals are not connected in delta or star, so the six machine
terminals (for a three phase system) are available to be connected by power converters.
Several applications were proposed using this open windings topology: electrical vehi-
cles [16], photovoltaic-fed water-pump drive systems [17], motor drives with nine-level
inverters using conventional three-phase two-level voltage source inverters (2L-VSC) and
CHB [18], motor drives with six-level inverters using a cascade of two 2L-VSC and a single
2L-VSC [19], and wind systems [20].

Considering the application of multilevel converters and open-end winding in wind en-
ergy conversion systems (WECS), several works proposed different topologies: three-phase
two-level converters arranged back-to-back [21], neutral point clamped converters [22],
diode full-bridge rectifiers with an NPC inverter [23], and flying capacitor converters [24].

There is still a lack of studies that evaluate the wind energy conversion system using
a CHB multilevel converter in open-end windings drives. Therefore, this work aimed to
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investigate the use of three-level H-bridge converters in a cascade, which will result in a
behavior of a five-level voltage output.

The main contribution of this work resides in the topology of a CHB multilevel con-
verter (back-to-back 3L-HB) used to drive a machine in an open-end windings configuration.
In several applications, the grid side of the CHB back-to-back converter consists of a three-
phase full-bridge diode rectifier or a 2L-VSC [25]. For this reason, in this work, the great
contribution was the back-to-back topology using a 3L-HB converter on both sides. For this
purpose, a wind energy conversion system was simulated using an induction machine
with a squirrel cage operating with an open-end winding generator. The simulations were
developed using PLECS® software and considering a 1.67 MW WECS.

The structure of this article is organized as follows: Section 2 presents a theoretical
foundation whose main theme is dealing with the concept of a multilevel converter and
the topology of machines with open-end winding. In Section 3, the application of using the
five-level converter driving machines with OEW and the control techniques used in the
proposed system are presented. In Section 4, the proposed system was simulated and the
results obtained. Section 5 presents the conclusions and future works.

2. System Description
2.1. Wind Energy Conversion System

The function of a wind energy conversion system is to transform the kinetic energy
of the wind (captured through wind turbines) into electrical energy to be injected into the
electrical grid, as shown in Figure 2. In this work, emphasis was given to the electrical
subsystem, more specifically to the power electronic converter (multilevel converter) and
the electric generator (Squirrel Cage Induction Generator—SCIG). Power converters are
responsible for making this energy flow effective and reliable [26,27].
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Figure 2. Basic configuration of a WECS.

When considering the power extracted from the wind by the turbine, the efficiency
of this conversion is called the power coefficient, C, that is, the ratio between the turbine
power and the wind power, which is defined by:

Prurpi
C — urbine . (1)
: Pying
Thus, the mechanical power converter by a wind turbine is given by the follow-
ing equation:

1
Pryrpine = EP”TZCP ()\r ,B) Vz?;f (2)

where p is the air density, 7 is the radius of the swept area of rotor blades, and V,, is the
wind speed.

The power coefficient is dependent on two important variables, the pitch angle g and
the tip speed ratio (1), defined as:

witr
A=

=7 ()

where w; is the turbine rotational speed.
In order to obtain the maximum extraction of wind power from a variation in wind
speed, it is necessary for the wind generator to operate with variable rotor speed in order to
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obtain an optimal tip speed ratio (A, ptimar), 1-€., a value that results in the maximum value
of Cp. In this work, pitch angle control was not considered, since its objective is just power
limitation, so B was kept at zero.

2.2. Generator

In this work, the dynamic equations of the machine will be used in the synchronous
reference frame, so the dynamic equations of the machine become [28]:

Usqg = Rsisg + pAsg — wspdsq 4)

Usq = Rsisg + pAsq + wspAg 5)

Vpg = Ryipg + pArg — (Wsf — We)Arg (6)

Urg = Rylrg + pArg + (Wsp — we) Arg @)

Asi = Lsisg+ Lmig 5 Asg = Lsisg + Liirg 8)
Avd = Lyigg+Lmisa  ;  Arg = Lyirg + Lunisg, )

where p refers to d /dt and the indices d and g to the direct and quadrature axis, respectively;
the other indices s and r refer to the stator and rotor, respectively; vs and v, are voltages;
Rs and R, are winding resistances; A; and A, are flux linkages; is; and i, are currents; the
variable L refers to the self-inductance; L, is the magnetization inductance; w; 3 the speed
of the rotating frame; and finally, w, the speed, in electrical radians, of the machine.

For this work, it was considered an orientation of the d-axis of the rotating frame dg in
the rotor flux, thus,

Arg = 0. (10)

The power of the machine can be obtained by:

3 . . . .
P, = E(vsdlsd + Usqlsg + Updlyg + Urqqu)- (11)

However, for the squirrel-cage induction machine, the terms v,; = v, = 0. Substitut-
ing these null terms and the terms v,; and vs;, expressed in the Equations (4), and (5) in
Equation (11):

3 . .
P, = EweLm(zsqzrd — isgirg)- (12)

The electromagnetic torque developed in the machine can be obtained by dividing
Equation (12) by the mechanical speed of the machine, and with the orientation in the rotor
flux (Ayg = 0):

3P Ly, .
T, = Ezfr(/\rdlsq)/ (13)

where P is the number of poles in the machine.

2.3. Multilevel Converter and Electric Machines with Open-End Windings

As previously mentioned, by increasing the power of wind turbines, conventional
converters operate at their electrical limits. Multilevel converters and machine drives with
OEW are employed to reduce the individual power of the converters, also increasing the
voltage level of the arrangement [29].

In a CHB multilevel converter, the number of resulting levels, per phase, at the output
of this arrangement are given by 2n + 1, where 7 is the number of full bridge converter
(cells). Thus, a five-level converter, as employed in this work, needs two cells per phase to
reach this number of levels [6]. Figure 3a shows a schematic of cell connection to obtain
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a five-level CHB converter. In the same figure, Figure 3b, the waveform of the outputs of
each full-bridge cell and the CHB arrangement is represented, where the five levels in the
output phase voltage can be seen.
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Figure 3. CHB multilevel converter. (a) Structure of five-level CHB multilevel converter. (b) Wave-
forms of the output voltage of the individual H-bridges (v,; and v,,) and the CHB arrangement

(vaN)-

Considering the phase A, the output phase voltage equation of the CHB converter
shown in Figure 3 is defined as:

VN = Ug1 + Va2, (14)

where v,;; and v, are the output phase voltage of the top cell and bottom cell, respectively.

Given that the command signals from switching devices are defined as S;; C {1,0}
where i and j € {1,2} and ST] are the complementary, thus Equation (14) can be written
as a function of the command signals and the DC bus voltage. For example, the CHB of
Figure 3a can be described by:

vaN = (S12 — S11) Vige + (S21 — S22) V- (15)

Table 1 shows the output voltage values when using the CHB, according to the
topology of Figure 3a.

As can be seen in Table 1, the output voltage of the CHB shown in Figure 3 has five-
level voltage: —2Vj;., —Vj, 0, V. and 2V}, It is also possible to verify that the maximum
output voltage is obtained when the two DC sources are connected in series, resulting in
the output value of 2V, instead of V.

In each cell of the CHB converter, there are 22 = 4 possible switching states and, based
on the same reasoning, in each phase of the CHB multilevel converter (Figure 3 and Table 1),
there are 2222 = 16 possible switching states per phase. Considering the three phases of
the system, then there will be 212 = 4096 possible switching states in this CHB multilevel
converter under study. Among these switching states, there are several redundant states,
which become an advantage of the topology, since a certain output voltage is obtained with
several possibilities in the switching state of the switches. From the Table 1, it can be seen
that the V;;, output voltage is obtained by four different combinations of switch states.



Wind 2023, 3 237

Table 1. Output Phase Voltage and Switching States.

- Output Voltage
Switching States (Phase A)

S1 S12 521 522 CaN

0 0 1 0

1 0 0 0

. 0 1 1 Vdc

1 1 1 0

0 0 0 0

0 0 1 !

0 1 1 0

1 0 0 ! '

1 1 0 0

1 1 1 !

0 0 0 !

0 1 0 0

0 1 1 1 - Vdc

1 1 0 !

0 1 0 1 _ZVdc

Operating the machine with OEW), it helps to obtain high voltage levels in high power
applications [15]. In this type of drive, the machine windings are neither star- nor delta-
connected, as in a traditional drive but, instead, the six machine terminals are connected by
different converters at each end of the windings [21]. In Figure 4, a general schematic of an
electric machine drive with open-end windings is shown.

Electric Machine
with OEW
@ @
Grid ‘I -I Grid
CA CA

Figure 4. Generic drive of a machine with open-end windings.

Using the advantage of an OEW drive and also using multilevel converters, the num-
ber of voltage levels at the machine terminals can be further increased. For example,
if three-level converters are used to drive a machine with OEW, the waveform of the syn-
thesized voltages is equivalent to a five-level converter, which consequently increases the
redundancy in the switching states [30]. The redundancy in the switching states is useful
for the development of optimized switching patterns and also it is possible to continue the
operation with the failure of some semiconductors.

3. Proposed System

In this work, six full-bridge converters on the machine side (Machine Side Converter—
MSC) and six on the grid side (Grid Side Converter—GSC) were employed, connected in
such a way that they reproduced a CHB multilevel converter. In Figure 5, a schematic is
presented representing the proposed structure.
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Figure 5. WECS with CHB five-level back-to-back converters (MSC and GSC) driving an asyn-
chronous generator with open-end windings.

The MSCs were controlled to maximize the power extracted from the wind, making
the generator operate with variable speed. The grid-side converters were used to control
the voltages on the DC-links and also to control the injection of reactive power into the grid.

As shown in Figure 5, the system was fed by a transformer that had two secondary
windings because, as previously mentioned, each full-bridge cell on the grid side must be
connected by an independent voltage, as they need independent DC-links. In addition,
the inherent characteristic of the CHB multilevel converter require that the phases are
isolated from each other [12]. This structure has the disadvantage of having more converters,
but the total power is divided among them, thus the power of each one is a fraction of the
generator power and, consequently, semiconductors with smaller currents can be employed
as well as smaller voltages, taking advantage of the multilevel structure.

Regarding the CHB multilevel converter, several studies have been developed in order
to reduce the number of switched components, having as a comparison parameter the same
number of voltage levels, minimizing the cost and volume of the converter [31].

In systems with waveforms with low voltage levels, as in the case of the present
work, the conventional structure of the CHB multilevel converter does not present a major
disadvantage when compared to the recently developed topologies [32].

In order to support the choice of the CHB multilevel converter used in this work,
Table 2 presents a summary of the advantages and disadvantages of the most used multi-
level converters in the industry.

Table 2. Comparison of multilevel converter topologies.

Multilevel Converter Advantages Disadvantage

- Need to control the
difference between

- Ease of increasing the capacitor ‘s voltages [25]
number of levels [25] - Unequal loss
- Grid transformer is distribution [25]
NPC simple [33] - Unsymmetrical
- Bus capacitor is semiconductor-junction
small [33] temperature

distribution [25]
- Limitation on the
number of levels [34]
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Table 2. Cont.

Multilevel Converter Advantages Disadvantage

- Flying capacitor cost is
high for low and
medium switching
frequency operation [25]

- High number of
cells [25]

- Modular structure [25] _ As levels increase,

- Symmetrical the number of capacitors
semiconductor loss increases [34]
EC distribution [33] _ Complexity in the
- First carrier frequency control strategy due to
band is high [33] capacitor voltage

regulation [34]

- Pre-charge of the
capacitors, which
implies in the decrease
of the performance of
the system [34]

- Modular structure [25]
- Low switching
losses [25]

- LC filter with smaller - Separate dc sources [25]
components compared . Need a phase-shifting
to NPC and FC transformer in the
converters [33] grid [33]

CHB - First carrier frequency - Bigger DC-link capacitor
banc'l is high compared to NPC [33]
maximum [33] - Higher number of

- Does not require switching
clamped diodes or components [31]
flying capacitors [34]

- Reaches higher voltage
and higher power
levels [4]

3.1. Modulation Strategy

With multilevel topologies, if on one hand the control of the various switches of
the converter has become more complex, on the other hand the possibility of several
redundancies of the switching states is one of the advantages, as explained earlier. Different
algorithms of modulation techniques have been proposed for multilevel converters [4].

For the system proposed in this work, the phase-shift modulation technique, com-
monly called PS-PWM, was used. This technique is an extension of the traditional modula-
tion PWM, and is widely used in CHB converters [4]. In this modulation strategy, a phase
shift is introduced between the signals of the carriers of contiguous cells and, consequently,
the output of the converters has a phased behavior, resulting in a waveform with steps, i.e,
a multilevel output. The modularity characteristic of multilevel converters facilitates this
modulation strategy, as each cell is modulated independently, using the same reference
signal [6].

In order to achieve the lowest possible harmonic distortion in the output, the phase
shift between the carriers of adjacent cells (top and bottom cells) must be 180° or 360° /n for
the CHB and FC converters, respectively, where # is the number of converter cells. Based
on Figure 5, the cells of each phase—on the MSC side—will be modulated by PS-PWM
and the phase shift between the carriers of the top cells (top) and those of the bottom cells
(bottom) is 90° [6].



Wind 2023, 3 240

Figure 6 shows the implementation of PS-PWM for one phase of the CHB employed in
this work. For the other phases, the implementations are similar, but the reference voltage
(Vcontror) 18 120° or 240° shifted.

control carrier “Vearrier
v

control
®
L 4 »

—_
s
0

A

>

carrier

Cell 1
MSC-top

=

Output Cell 1
Voltage [pu]

'
—_

=
[

Cell 2
MSC-bottom

=]

Output Cell 2
Voltage [pu]

90°

0,5

J

>—> Si1 3 Al
S12 L L :
. ) A
A
s21 E A
S22
+

=
@ )

Figure 6. Modulation technique (PS-PWM) used in the switching of CHB multilevel converters.
(a) Two-cell (five-level) control diagram for CHB. (b) Reference signal and carriers waveforms for
five-level CHB. (Adapted from [6]).

3.2. Control Strategies

As previously mentioned, the GSCs have the function of controlling the DC-link
voltages, as well as executing the control of reactive power in the grid. The MSCs are
mainly responsible for the maximum power point tracking (MPPT) of the wind turbine
and the induction machine magnetization [35].

For machine control, the rotor flux orientation in synchronous reference frame dgq is
used. This well known technique has the advantage of decoupling the magnetization and
the torque of the machine through the direct and quadrature currents, respectively [28,36].

With the rotor flux-oriented control, it is possible, as shown in Equation (13), to vary the
machine torque just by controlling the quadrature current of the stator, since A,; = constant,
which means i;; = constant. Combining Equations (6), (9) and (10), it is shown that the
machine flux depends on the direct current:

L

Mg = ——————1lg4.
rd 1+(Lr/Rr)PZSd

(16)
The orientation angle of the synchronous reference frame can be obtained through

the slip ratio of the machine. Knowing that A,; = 0 and substituting i,; in Equation (9) on
Equation (6):

Ry L ;

— Isg. 17
LA 17)

(wsf — we) = swsy =

Therefore, with the control reference signals, A7, (Equation (16)) and i5, (Equation (17)),

and the measurement of the machine electrical speed (w,), the orientation angle can be
obtained, as shown in Figure 7, where w;; is the synchronous speed.
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Figure 7. Induction machine rotor flux position estimation for control orientation. (The superscript *
refers to reference value).

Figure 8 shows the MSC control loops; as noted, the direct axis current reference
(i%;, Equation (16)) is calculated from the machine flux (A,;). Given that the machine flux
has stabilized, the flux value will remain constant as long as the system remains below the
rated speed. The current required to maintain this flux is:

, A
it = TZ (18)
The quadrature axis current reference (i,) is related to the electromagnetic torque
to be applied to the machine. The torque is related to the speed of the machine, through
the maximum power coefficient curve of the wind turbine. The objective is to operate the
WECS on the maximum power points of the wind curves. The optimal generator speed
(wyer) is defined as the ratio between the tip speed ratio, the wind speed, and the blade
radius [37,38]. Therefore, in Figure 8, the machine reference speed is defined based on the
wind speed over the turbine:

A .
__ “‘optimal
Woptimal = ’ V. (19)
QL) lew
M 1 14| Be p PI
- L, Controller | el\f
vl ot
La—> abe Ly dq 7 —
Ly —— psPWM > O
1, —> > fabc TV, I
V., — —
et/ f sq

N
v, > Moptimat Do + PI s pL_*
7 Controller Controller
- +
®,

: L
0,0Li,+to, L—’"krd
R

Figure 8. MSC control structure for SCIG. (The superscript * refers to reference value)

In Figure 8, the variables ¢ = (1 — L%n/ LsL,) and (51-]- are the semiconductor com-
mand pulses.
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The compensation terms that appear after adding the PI controller are obtained from
the stator voltage equations:

. . L
Usq = Rsisq + 0LspAsq + wspoLsisg + wss L—m)\rd (20)
r
Usg = Rsigg + 0LspAgy — a)stLsisq (21)
where the compensation terms are: !
Ocomp,qg = wstLsisd + Wsr fmArd (22)
r
Ucomp,d = —Wsf0 Lsisg. (23)

As can be seen in Figures 8 and 9, proportional-integral (PI) controllers were employed
in both MSC and GSC current control loops. For the tuning of the PI controllers of current
control of the MSC, the method called Modulus Optimum (MO) was used, which is
commonly used in the tuning of controllers of control systems that involve inverters and
electrical machines [39,40]. The equations of the gains are:

L L K
T, = total; Kp _ tf)tal; K; = l’ (24)
Rtotul 2Tsw Ti

where L;y,; and Ry, are the electrical machine parameters defined by the sum of the
leakage inductances (Ls and L;) and the sum of the resistances of the stator and rotor
windings (Rs and R;), respectively, and Ty is the converter switching period.

The GSC controls are also implemented in the synchronous frame, with orientation
angle based on grid voltages. To obtain this angle, the present work uses the SOGI-PLL
technique [41]. The equations that describe the dynamic behavior of voltage and current in
the grid, in the synchronous reference frame, are:

. di .

Oconv,d = Rrig + LTT? + Ugrid,d — (ULqu (25)
o, |

Oconv,g = Rqu + LTE + Uerid,q + wLriy, (26)

where Ucop 4 and veony,q are the converters voltage; Rt and Lt are the total filter resistance
(Rg and Ry) and inductance (L and Ly); and w is the grid angular frequency.

The controls of the mains converters are single-phase, which implies that the control
loop of the DC-link is individual for each GSC. Figure 9 shows the current control structures
for the grid-side converters. For simplicity, only the phase-A current control loop has been
presented, but the controls of the other six converters are identical.

The current control loop of the grid-side converters (GSC) is an internal loop, with faster
dynamics; however, the operating frequency of that loop cannot be faster than the switch-
ing frequency, otherwise the system will not have enough time to react to a command of
that loop. For this reason, it was decided to tune it at a frequency ten times lower than
the system’s switching frequency. The external DC-link voltage loop was tuned slower
(167 times smaller than the current loop) in order to follow the inherent power oscillations
coming from the fact that the GSC is in truth three single-phase converters, as shown in
Figure 5. As can be seen in the same figure, from the phase current, the second-order
generalized integrator-based quadrature signal generator (SOGI-QSG) is used to obtain the
currents in the af stationary reference frame.

The DC-link voltage oscillation in single phase converters is a well known problem of
this kind of system. The DC capacitor can be increased to reduce the oscillation or this can
be treated by the control, as done here. In order to avoid high oscillation of the DC-link
voltage, resulting from a harmonic at a frequency of 120 Hz (2 - w); the measured signal of
the DC voltage is filtered using a notch filter tuned at this frequency.

The variables shown in Figure 9 are: Lt is the sum of filter inductances; I, I, I are
the grid phase currents; Vy,4 is the voltage grid; Vg, 4 and Vy, 4 are the grid voltage in the
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synchronous reference frame; w is the grid angular frequency; Q* and Q are reactive power
reference and measured reactive power, respectively; and finally, V; and V. are the dc-link
voltage reference and measured dc-link voltage, respectively.

At the output of the grid-side converters, LCL filters are connected in order to minimize
the harmonic content of the currents flowing into the grid. The design of the LCL filters was
developed so that a maximum ripple of 3% occurs in the output current of the converters,
following the procedure presented in reference [42].
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Figure 9. GSC control structure. (The superscript * refers to reference value).

4. Results and Discussion

The simulation carried out in this article is based on five-level back-to-back converters
(two three-level converters connected in OEW), as shown in Figure 5, to evaluate the
behavior of the proposed system, using PLECS® software.

The main parameters of the squirrel-cage induction machine as well as the parameters
of the converters and LCL filter are presented in Table 3. The Infineon IGBT power modules
chosen for this proposed system were the FZ825R33HE4D module ([43]) for the GSC and
the FF450R33T3E3 module ([44]) for the MSC. Both have a blocking voltage of 3300 V and a
current capacity of 825 A and 450 A, respectively.

Table 3. Parameters of squirrel-cage induction machine [45], LCL filter and converters.

Parameter Value
Rated output power 1677 kW
Nominal line stator voltage 2300 V(rms)
Nominal stator current 421.2 A(rms)
Nominal Frequency 60 Hz
Nominal rotor speed 1786 rpm
Number of poles pairs 2
Rated mechanical torque 8.9 kNm
Stator winding resistance, R 29 mQ)
Rotor winding resistance, R, 22 mQ)
Stator leakage reactance, Ljg 0.226 mQ)
Rotor leakage reactance, L;, 0.226 mQ)
Magnetization reactance, L, 13.04 mQ)
Moment of inertia 63.87 kgm2
Nominal line grid voltage 1150 V(rms)
Nominal grid frequency 60 Hz




Wind 2023, 3

244

Table 3. Cont.

Parameter Value

DC-link Voltage 2100V
DC-link Capacitance 12 mF

Switching frequency (MSC and GSC) 5 kHz

Converter side inductor, L f 6.3 mH
Converter side resistor, R f 23.8 mQ)
Grid side inductor, Lg 0.63 mH
Grid side resistor, R 23.8 mQ)
Parallel capacitor, C 10.03 uF
Damping resistor, Ry 2.52 mQ)

A sequence of tests was performed in the simulation to verify the system behavior
and Table 4 presents the stages of the simulation process.

Table 4. Simulation stages of the proposed system.

Description Time
Start of simulation 0.0s
Machine magnetization start at 12s
Machine acceleration starts at 18s
Machine reaches the rated speed at 50s
Reduce equivalent to 20% in machine torque at 83s
Increase of approximately 17% in machine torque at 113s
Reactive power injection at 13.0s

Considering the steps described in Table 4, the first variables to be stabilized were
the DC-link voltages of the six single-phase converters (H-bridge). This control is crucial,
since the DC-link is responsible for the power flow through the system. Figure 10 shows,
after the initial transient, the behavior of the DC-link control. It can be seen in the figure
that the bus reached steady state during the machine magnetization period (before 1.8 s).
The first oscillation of the bus occurred at the moment of starting the induction generator,
in 1.8 s, when a load torque was applied to the machine, resulting from the action of wind
on the turbine.

It is noticed that, at around 5 s, the DC-link voltage oscillates again, because in this
moment the machine reaches its nominal speed. At 8.3 s, there is a torque variation on the
generator, representing an abrupt wind variation in the turbine. The detail in Figure 10b
shows the maximum oscillation on the DC-link, approximately equal to 3% of the DC
nominal value. All the other DC-link voltages present the same behavior, and will be
not shown.

After the initial transient of the DC-link, the magnetization of the machine started
and, during this period, the direct axis current increased until it reached its nominal
value, as shown in Figure 11a. After that, the magnetization of the machine kept constant.
In Figure 11b, it can be seen that the behavior of the quadrature current followed the
behavior of machine torque. In the instants between 8 and 11 s, there was an abrupt
variation in the wind speed, which implied variations in torque of the machine, and such
variations were also observed in the quadrature current. In both cases, the direct and
quadrature currents followed the reference accordingly.
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Figure 10. Behavior of the DC-link voltage, where V_ refers to DC-link voltage reference, while V.
is the measured value. (a) DC-link voltage phase A. (b) Detail, zoomed in, showing the maximum
oscillation of the DC-link voltage.
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Figure 11. Machine side—converter currents, where I3, and I, are the direct and quadrature current
reference; I;; and Is; are the measured value. (a) Direct axis component. (b) Quadrature axis component.

After the machine was magnetized, it was allowed to accelerate up to rated speed.
Next, in Figure 12, the behavior of the generator speed is shown. It is seen that the generator
speed followed the reference well. In this case, the variation of speed was simulated from
standstill until the rated speed (rated power extraction) was reached. It is noticeable that,
even during the abrupt torque variation (detail of Figure 13), relevant variation in machine
speed was not observed.

With the machine operating in a steady state, load torques were applied in order to
simulate the action of winds on the turbine. Figure 13 shows the behavior of the turbine
torque, and the detail of the same figure shows the abrupt variation at the instant of time
8.3 s and, around 11.3 s, the torque returns to approximately 97% of the nominal value.
In the simulation, the dynamics of the wind turbine was not considered, thus, an abrupt
torque variation was analyzed to verify the control behavior. Additionally, Figure 13 shows
the electromagnetic torque of the machine, varying according to the turbine torque and
acceleration. The positive torque means generation and the torque was negative during the
transient acceleration to reach the maximum wind power extraction.
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Figure 13. Turbine and machine electromagnetic torques. (a) Behavior of torques throughout the
simulation. (b) Detail, zoomed in, showing abrupt variation in wind speed, reflecting on turbine
torque and, consequently, on electromagnetic torque.

The behavior of the generator shaft power can be seen in Figure 14a; as the generator
received the turbine torque, the power started to be delivered until it reached its nominal
value of approximately 1.677 MW. The same analysis developed on the load torque can
be performed here as well, where the abrupt variation in power due to the change in
machine torque was seen.

Figure 14b presents the active power delivered by each of the six converters (GSC)
implemented in the proposed system. It was noticed that there was distribution of the
power between them, since each one delivered approximately 0.280 MW to the grid, when
operating at nominal power. This power distribution is one of the advantages of this system,
because individual converters with smaller powers can be employed. Furthermore, if one
or more converters fail, it is possible to continue the operation (operation under faults is
out of the scope of the present paper). The oscillations in this power are due to the single
phase connection to the grid.
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The same analysis can be performed in terms of the reactive power supplied to the
grid. Figure 15 shows the behavior of the reactive power control loop, phase A, when a step
is applied to the power reference. By analyzing the response to step variation in reactive
power, it is possible to verify that the rise time is approximately 0.18 s with an overshoot of
7.5%. The oscillation seen at the output of the converter was again due to the single phase
connection of each converter. Considering all converters, this oscillation was in the range
of 2% in relation to the reference reactive power. All other reactive powers delivered by the
converters presented the same behavior, and will not be shown.

Figure 16a shows the voltage synthesized at the terminals of the induction machine
due to the operation of the converters. As seen, the synthesized voltage was five-level,
with a peak value equal to 4200 V (2Vdc). The semiconductors employed in each converter
need to support Vdc (2100 V), instead of 2Vdc (4200 V), therefore the IGBT blocking voltage
can be 3300 V, as stated previously. In the same way, Figure 16b presents the current at the
machine terminals.
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Figure 14. Active power in generator and converters. (a) Behavior of total active power throughout
the simulation. (b) Distribution of active power among GSC.
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Figure 16. Machine voltage and currents. (a) Machine Voltage. (b) Machine Currents.

Figure 17a shows the behavior of the grid currents and the consequences of variations
in machine torque and power can be seen in the behavior of the currents. Furthermore,
the graph shown in Figure 17b shows, in detail, the grid currents, which have a sinusoidal
waveform with small harmonic distortion.
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An important analysis to be performed on the current obtained at the machine termi-
nals and grid current was the harmonic spectrum of these components. Figure 18 shows the
harmonic spectrum of the current at the machine terminals. The machine current THD,; 4.1,
was about 4.05%. Figure 19 shows the harmonic spectrum of the grid current, showing
the small harmonic distortion attained. The THD,; 4,4 value of the grid current was 0.69%.
Both THDs wer relatively low, proving another advantage of using multilevel converters.
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5. Conclusions

In this work, a squirrel-cage induction machine drive was presented in an open-end
windings configuration, supplied by a five-level back-to-back converter, in a CHB multilevel
topology. The proposed work was based on a wind energy conversion system. The PS-
PWM modulation technique used in this system allowed it to present a good performance
with regard to the low harmonic content in the machine currents, whose THD; ,,,0, value
was approximately equal to 4%. After the designed LCL filter, the currents in the grid
presented harmonic content lower than 1% (THD; ¢ig around 0.7%).

The great advantage in the development of multilevel converters is the modularity,
reliability and redundancy in the switching states. It can be seen that the proposed sys-
tem was carried out within what was expected, that is, the voltage synthesized at the
machine terminals was five-level and low current THD value. The good performance of
the control loops can also be seen in the response time of the reactive power loop, which is
approximately 0.18 s, with an overshoot of around 7.5%.

The implemented control also demonstrated a good performance. The machine
speed was controlled without overshoots and following the references even during abrupt
turbine torque variations. During such variations, the DC-link voltage was also well
controlled, permitting the delivery of power to the grid. This can be seen in the low
value of the oscillation present in the measured DC-link voltage, which in a steady state is
approximately equal to 3% of its nominal value.

Future work will include obtaining experimental results on a prototype of a low-power
WECS, under development. Furthermore, strategies to operate the system under converter
fails will be investigated, in order to take advantage of the multi converter structure.
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Abbreviations

The following abbreviations are used in this manuscript:

CHB Cascaded H-Bridge

FC Flying Capacitor

GSC Grid-side Converter

MSC Machine-side Converter

NPC Neutral Point Clamped

OEW  Open-end Winding

SCIM  Squirrel-Cage Induction Machine
WECS Wind Energy Conversion System
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