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ABSTRACT A new multilevel topology for an open-end winding motor drive is proposed in this article,
presenting a similar structure to the cascaded H-bridge multilevel inverter. The proposed topology combines
three-phase and single-phase conventional H-bridge voltage source inverters. The topology is flexible,
allowing to increase the number of voltage levels through the simple integration of new single-phase H-bridge
inverters connected in wye. Based on this topology, it is possible to obtain two different configurations. These
modular multilevel topologies can be easily extended, both in terms of voltage level and the number of voltage
levels. The topology is characterized by the capability to a supply higher voltage to the motor windings or
use lower dc voltages when compared with classical solutions. Well-known modulation schemes, such as the
multilevel sinusoidal pulsewidth modulation technique, can be easily adapted to the proposed topology. The
operation and characteristics of the two configurations for the proposed multilevel topology are confirmed
by several experimental tests realized through a laboratory prototype.

INDEX TERMS Multilevel inverter, cascaded, H-bridge, open-end windings, sinusoidal pulsewidth

modulation (SPWM) modulation.

I. INTRODUCTION

Inductionmotors are widely used in transportation and indus-
trial applications [1], [2], due to their important and interesting
characteristics, such as simple and rough construction, high
reliability, low maintenance, and low cost. Nevertheless, over
the last decades this machine (especially the three-phase type)
has been extended to other areas, such as household appli-
ances [3], aeronautics [4], medical devices [5], new traction
applications (e.g., electric vehicles and electric scooters) [6],
[7], among others. In many industrial applications an ac motor
drive is required to control the motor speed. These drives are
also essential for the electrical transportation. The conven-
tional power circuit topology used in ac drives has been the

three-phase two-level voltage source inverter (VSI), especially
in low voltage. However, for ac medium voltage three-phase
two-level VSIs present many limitations, mainly the required
power semiconductors relatively high-blocking voltage capa-
bility. Multilevel topologies [8], [9], [10], [11] emerged as a
solution to mitigate this drawback since they allow the use of
power semiconductors with a reduced blocking voltage, while
reducing the ac voltage harmonic distortion. This last property
is valuable even for low-voltage applications.

Due to the abovementioned advantages, many multilevel
topologies have been developed and implemented in VSI
drives. The most known, studied and used are the neutral-
point-clamped (NPC), the flying capacitor, cascaded H-bridge
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topologies, and T-Type [12], [13], [14], [15], [16], [17], [18].
The first two topologies need to balance the capacitors volt-
ages, requiring more elaborated control systems [19], [20],
[21], [22]. Meanwhile, many multilevel topologies have been
proposed, mainly to overcome capacitor voltage balance is-
sues while retaining the multilevel advantages. Among the
new proposals, the modular multilevel converter (MMC) is
receiving special attention, even for medium voltage motors
[23], [24], [25], [26].

A different approach to provide multilevel voltages in
drives is to use induction motors with open-end windings
(with two accessible terminals per winding). This kind of
topology was initially described in [4] and is now considered
as an alternative approach, as it allows obtaining multilevel
phase voltage waveforms [14]. Associated with this kind of
drives, there are very interesting advantages over the conven-
tional ones, such as the reduced component count [9], [14]
(when compared with the classical equivalent neutral-point-
clamp and flying capacitor converters for example), operation
over a wider speed range (or use of switches with reduced
blocking voltage) and no floating neutral point [27], [28]. In
this way, one of the industry proven is the drive with two-level
VSIs. In this case, the resulting multilevel VST topology will be
connected to both terminals of each winding. This topology
uses two-level VSIs to increase the number of voltage levels
(NVL) with fewer modules and to improve the reliability
and resilience to VSI semiconductor faults [29], [30]. Earlier
topologies proposed for open-end winding motors use two
conventional three-phase VSIs, each one connected to one
of the sides of the open-end windings [31], [32], [33]. With
this multilevel VSI topology, considering the two dc voltage
sources with the same value, nine voltage levels can be ap-
plied to each winding. However, this topology does not allow
an easy extension of the NVL while control strategies and
modulators are complex. To extend the voltage levels, the new
solution first proposed in [34] uses two three-phase two-level
inverters fed by two dc sources and six single-phase two-level
inverters connected to floating capacitors. Another topology
that uses two two-level inverters in cascade connected in one
side of the motor windings and a single two-level inverter
from the other side was also proposed [35]. Multilevel inverter
topologies using a combination of single-phase two-level in-
verters with three-level NPC inverters were also proposed
[36], [37]. However, all these multilevel inverters require com-
plex control and modulator subsystems. On the other hand,
these last two structures require a high number of switches, as
well as, switches with different maximum blocking voltage. It
is also not clear how it can be extended to more voltage levels,
and in a flexible way. Therefore, a topology using just three
conventional two-level three-phase inverters was proposed
in [36]. This inverter topology allows implementing well-
known modulation techniques, such as sinusoidal pulsewidth
modulation (SPWM). However, the topology in [38] does not
allow an easy extension of the of voltage levels.

As described, drives using induction motors with open-end
windings present some advantages over the conventional ones,
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FIGURE 1. Basic multilevel inverter topology for open-end windings
induction motor drive [38].

leading in the last years to several research works addressing
open-end windings motor drives. As stated, several multilevel
topologies have been proposed for this kind of drives. How-
ever, some topologies do not allow increasing the NVL, while
some others do not use modular configurations and many
topologies require complex control systems. Taking into con-
sideration these aspects, a new multilevel modular topology
for open-end winding induction motor drive is proposed. This
new topology was developed to present the following features.

1) New modular multilevel topologies that can be easily
extended, both in terms of voltage level and NVL.

2) Multilevel topologies based on industry proven H-
bridges (three-phase and single-phase) in modular con-
figurations, ensuring industrial scalability, higher power
quality, and fault-tolerant capability.

3) Topologies that can operate using industry accepted
PWM modified modulators.

4) Topologies capable of operation in fault-tolerant mode
in the event of an open-switch fault without adding any
extra components or changing the modulation strategy.

The hereafter proposed solution is suitable for several

applications, including induction motor drives of electric
transportation vehicles.

Il. PROPOSED SOLUTION

The proposed circuit topology for the open-end winding in-
duction motor drive is derived from the topology using three
three-phase two-level inverters proposed by [38] (see Fig. 1).
The three three-phase two-level inverters are fed by separate
dc voltage sources and phase A in each one of the three invert-
ers are all connected together (in wye). The two remaining
output phases of each inverter are connected to the terminals
of two different stator windings (see Fig. 1). This topology
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FIGURE 2. Proposed new T-S cells multilevel inverter topology of the
n-level proposed multilevel inverter with the windings connected to the
single-phase inverters.

allows five voltage levels at the motor windings. It also al-
lows windings maximum voltages that double the dc voltage
sources value.

The topology of Fig. 1 lacks flexibility as it is not modular,
being unclear how to extend the NVL. In fact, the classic
approach of using more identical inverters (three-phase) to ob-
tain the extension to the NVL is not suitable for this structure.
Thus, instead of using the same type of inverters (as usually),
this work proposes a hybrid approach, where different types
of H-bridge inverters are merged. The hereafter proposed new
multilevel topology uses a combination of single-phase two-
level VSIs and three-phase two-level VSIs. This new approach
can achieve extended voltage levels just by increasing the
number of power converters, maintaining modularity. Fig. 2
illustrates the proposed cascaded topology for the extended
voltage levels. This new topology connects three-phase two-
level inverters with single-phase two-level H-bridge inverters
in a cascaded connection. The new inverter topology uses a
combination of three three-phase inverters (each called Cell 7)
with single-phase inverters (each called Cell S). The motor
windings are connected to the single-phase inverters (Cell
S), and one phase in each three-phase inverter (Cell T) is
connected to establish the wye connection. The modularity of
the 7=§ cells multilevel inverter is still maintained requiring
only two different cells.

Besides the increase of the voltage applied to the mo-
tor windings, the cascade 7-S cells inverter topology also
allows obtaining an important increase of the NVL. For ex-
ample, considering one set of cells S (one single-phase bridge
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FIGURE 3. Proposed new S-T cells multilevel inverter topology of the
n-level proposed multilevel inverter with the windings connected to the
three-phase inverters.

per leg), the NVL applied to each motor winding increases
from five to seven (+3Vpc, +2Vpc, +1Vpce, 0, —1Vpc,
—2Vpc, —3Vpc). These voltage levels are related to 64 pos-
sible switching combinations for each motor winding. This
high number of switching combinations means that there are
redundant combinations for some voltage levels. The redun-
dant combinations exist in the intermediate voltage levels. In
fact, for this proposed topology for the +2Vpc there are six
redundant switch combinations, for the Vpc there are 11
redundant switch combinations and for the zero-voltage level
there are 28 redundant switch combinations.

The generic expression for the NVL obtained using the
cascaded 7=S cells multilevel inverter with n sets of cells S
is given by

NyL=7+2(n—1). (1)

The TS cells inverter topology can be strongly improved to
allow the increase of the NVL without increasing the number
of bridge inverters. In the improved variant (see Fig. 3), the
position of the three 7 cells and the n sets of S cells are inter-
changed. Analyzing this new S-T cells inverter topology, it is
possible to see that the motor windings will now connect to
the three-phase inverters instead of the single-phase inverters.
The wye connection is now made through one terminal of the
three single-phase inverters.

Using the same example of the previous topology (one set
of cells §), it is possible to verify that the NVL applied to
each motor winding now increases from five to nine (4+4Vpc,
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+3Vpe, +2Vpe, +1Vpe, 0, —1Vpe, —2Vpe, —3Vpe, -4Vpe).
The number of possible switching combinations increases
from 64 to 256 in this new topology. As in the previous topol-
ogy, there are redundant switching combinations related with
the intermediate voltage levels. Thus, in this new proposed
topology for the £3Vpc, there are eight redundant switches
combinations, and 28 redundant switches combinations for
the +=2Vpc. For the £Vpc, there are 56 redundant switches
combinations, and for the zero-voltage level, there are 70
redundant switches combinations.

In this topology, considering a cascade inverter topology
with n sets of cells §, the generic expression for the NVL is
given by

NL=942(n—1). 2)

From the point of view of the NVL and maximum voltage
applied to the motor windings, the S—T cells inverter topology
is more advantageous regarding the 7=S cells inverter.

One of the aspects that can be pointed out to these topolo-
gies is regarding the low impact on their cost when comparing
with classical solutions. From the cost point of view, in high
voltage (HV), the proposed solutions is equivalent to usual so-
lutions (as the number of converters is the same), and the main
difference in cost is due to the substitution of one two-branch
converter by a three-branch converters. In this way, the in-
crease in cost can be compensated by the saving in energy (as
losses are lower taking into consideration the voltage levels)
or by needing smaller filters (as current quality is bigger).

It should be noted that the proposed topologies adhere to the
philosophy of multilevel cascaded H-bridge converters, which
prevents sharing the single dc voltage source. In the case of
a galvanic isolated dc/dc converter (with multiple winding
outputs), the different dc voltage sources can be implemented
in such a way that only a single ac/dc converter is used (single
connection to the ac voltage source).

IIl. PROPOSED CONVERTERS ANALYSIS

A. CONVERTERS MODELLING

The voltage level to be applied to each motor winding is
determined by the state of the power semiconductors. Indeed,
those power semiconductors can be modeled as binary vari-
ables (y), as shown by the expressions in the following (where
i€f{ab,c},je{l,..,n}, and k€{1,2,3}):

1 if Sy71 is ON A SiTk is OFF
YiTk = : : . 3)
0 if Si7r is OFF A Sirris ON

1 if SiSjk is ON A SiSjk is OFF
Visjk = : . = . “4)
0 if SiSjk is OFF A SiSjk is ON.

Using the previous variables, expressions for the voltages
applied to the load function of the switch’s state can now
be established. As a result, the applied voltages to the motor
windings for the 7-S configuration (where # is the number of
cells S sets in cascade connection) will be given by

Voot = (Var3 — Yar1) VDC + (Ver1 — Ver2) VDC
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+ (Vus12 — Yas11) Voc + - -+ + (Vasn2 — Vasn1) Vbe
)

vy = (Vpr3 — vor1) Vo + (Var1 — Yar2) VDC

+ (Vbs12 — ¥us11) Voe + -+ - + (Vbsn2 — Vesn1) Ve
(6)

Veeo = (Yer3 — Ver1) Ve + (Vor1 — vor2) Ve

+ (Ves12 — Ves11) Vbe + -+ - + (Vesn2 — Yesn1) Vbe-
(7N

Regarding the S—T configuration, the applied voltages to the
motor windings will now be given by (where 7 is the number
of cells S sets in cascade connection)

Vaaw = (Vas12 — Yas11) Vbc + -+ + (Yasn2 — Vasn1) Vbe
+ (Vesi1 — Ves12) Ve + -+ + (Yesnt — Vesn2) Ve
+ (Yar3 — Yar1) VpC + (Yer1 — Yer2) Ve (3)
Vppy = (Vbs12 — Vbs11) Ve + -+ + (Vbsn2 — Vbsn1) Vbe
+ (Vasi1 — Yas12) Vbc + -+ - + (Yasn1 — Vasn2) Vbe
+ (vor3 — ver1) Ve + (Yar1 — Yar2) VDC ©)
Veer = (Yes12 — Yes11) Vbe + -+ + (Vesn2 — Vesn1) Vbe
+ (Vos11 — ¥bs12) Voe + - - + (Vosn1 — Vosn2) Vbe

+ (Yer3 — Yer1) Voc + (br1 — vor2) Vb (10)

These equations also confirm the number of switching com-
binations and the redundant combinations for each voltage
level.

From the previous equations, it is also possible to determine
the minimum level of the inverters dc voltage source. Thus,
considering a classical SPWM modulation strategy (explained
in the following sections), the minimum level is given in the
following for the 7S and S—T configurations, respectively:

VUwind_max

VbcT-s = . (11)
Vbcs—T = —vWiI;;max (12)

where Vyind_max 1S the maximum voltage applied to the motor
winding and # is the number of converters per leg.

To see that the open-end winding proposed topologies,
namely, the S—T configuration, allow using a lower minimum
level of the inverters dc voltage source, a comparison to the
classical cascaded H-bridge multilevel topology is done [15].
For the H-bridge topology, the minimum level of the inverters
dc voltage source can be determined by (13). Comparing this
result with the one associated with the S—7 configuration (12),
it is seen that the open-end winding S—7 configuration allows
a 50% reducing of the related minimum level of the inverters
dc voltage source.

Uwind_max

n

VDC cascaded_H—Bridge — ( 1 3)
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Regarding the dynamic model of the converter, it is given
by the following differential equations when considering the
simplified classical equivalent model of the induction motor
(RLE load):

d laa/ - % OR 0 laa' 1 E,
— | |=|0 -7 0 ||iw]|+7|E
di icc’ 0 0 - ILS icc’ L E3
1 | Vaa
+ 7 Upp' (14)
Uee!

As an example of a model of the proposed inverters, let
us consider the basic configuration (the one with the fewest
inverters, i.e., with only one set of cells S. The voltages applied
to the motor in this case will be given by (15) for the 7-S cells
and (16) for the S-T cells.

Vaa -1 0 1 YaT1 0 0 0
v | =Vpc| 1 —1 0 Var2 | +Voc | =1 0 1
Vet 0 0 O_ YaT3 1 -1 0

YbT1 1 =1 0] [yer
X|{ver2{+Voc| O 0 Of|vyer2
0 1

VT3 |1 YeT3
-1 1] 0 O
+Vpe| 0 O [VaSll] Ve | =1 1 I:VbSIIi|
i 0 0_ YaS12 0 0 VbS12
-0 o
+ VDC 0 0 [)/CSH} (15)
1 | LYesi2
Vaa' -1 0 1] [yar1 0O 0 O
v | =Vpc| I =1 O |Var2|+Vpc|—1 0 1
Vet 0 0 O YaT?3 1 -1 0
VT1 1 =1 0] [yer1
X |wr2|+Vpoc| 0 0 Of|vyer2
VT3 -1 0 1] |Vers
-1 17 0 0
Ve | 1 =1 [”“5“] +Voe | =1 1
0 0 YaS12 1 ~1
1 =1
% |:Vbs11] T Vol 0 0 [VcSll:| . (16)
VbS12 1 VeS12

The inverters’ applied motor voltages can also be expressed
as a vector equation (in the o plane) using the following
transformation:

Vad'
[5"] =P | vy (17)
p Vee!
where
2 (1 -1 -1
P == 2 18
3 [0 L —%3} (1%
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Using the above transformation, the applied voltages in the
af vector variables for 7§ cells and S-T cells are given by
the expressions:

v Vad'
[Q}ZP Vppy (19)
Vb Vee!
I e
|:Za:|=VDC i@ _\/i 6/6 |:7/aTai|
B «/i ﬁ yaTﬂ
o L _17r
ee| | [
IV RN R
(53 ]
+VDC \/1; \/; %g |:VcTa:|
W 0 -7 YeTp
r 2 7
+VDC V3 3 |:yaSoz
i 0 0 YaSp
1 l_
56 ~Ve6 YbT
TVoe| I 1 [mZ]
N
1 _/1r
Ve | V8 Ve J’:i“} 20)
R
I .
[za]_VDC R 6/5 |:VuTa:|
B 2 2 YaT B
o L __L
ee| Yy | [
i A A LT
B _\/E e
e[ VE E 5] ]
%2 0 _\/LE VeTB
-5 =
e YE VR[]
A
- -
2 V2 Ybr
+VDC _\/; [ [VhTﬂ
L v2 V2
[0 0
+Voc | /3 —ﬁ} [J’fiﬂ 1)
L C

After analyzing these two last equations and taking into
account all of the switching combinations, it is possible to
conclude that there are 187 different voltage vectors for the
T-S configuration and 197 different voltage vectors for the
S—T configuration. Taking the number of voltage vectors into
account, the second configuration is advantageous.

From the analysis of these equations and the obtained
voltage vectors, modulation methods, such as space vector
modulation and discontinuous pulsewidth modulation [39],
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[40], can be developed and implemented for the proposed
topologies. However, industry proven traditional techniques,
such as the SPWM, can also be adapted for these inverter
topologies, as will be shown in the next section.

B. POWER LOSS AND EFFICIENCY THEORETICAL ANALYSIS
Power losses in converters are mainly due to the nonideality
of the power semiconductors devices (PSDs). Parasitic resis-
tors and saturation voltages together with the PSD switching
process generate conduction and switching power losses,
lowering the system’s efficiency. The presence of parasitic
resistors and voltage drops in PSDs has significant impact. In
PSDs, such as the insulated gate bipolar transistor (IGBT), the
saturation voltage drop (vcgsa) must be considered, being the
ON-state collector—emitter voltage (vcg) given as

VCE = UCEsat + Rcic (22)

where R¢ the collector—emitter ON-state resistance and i¢ the
collector current.

A similar approximation can be used for power diodes.
Taking this into account, the conduction losses of IGBTs and
diodes can be estimated as:

(23)
(24)

. )
Peond IGBT = VUCEsat iC_av + RC I¢ s

. 0
P cond_diode = VFO ID_av + Rp ID rms

where v is the diode ON-state zero-current forward voltage
drop, Rr is the diode ON-state resistance, and ip.q, and ip.yms
are the diode current average and root-mean-square (rms)
values, respectively.

The conduction power losses of metal oxide semiconductor
field effect transistors (MOSFETS) can be estimated as

2
Peond MOSFET = RDS ip 1ms (25)

where Rps is the drain—source ON-state resistance and ip is
the drain current of the MOSFET.

Regarding the switching loss, it is associated with the
turn-ON or turn-OFF delay of the power semiconductor. In
accordance with this, these losses can be determined by

Pswitching = Pswitching_ON + Pswitching_OFF (26)
where
TON .
Pywitching ON = [ Jo”" ver ic dt =
foN V( I 1
= fs Jy Kt (=L (0 = 1o0) di =} fsVieslcton

@7

P5w1tch1ng OFF — fS flOFF UcE ic dt =
= fs Iy 2t (= ¢ = tore)) di = & fsViglitorr
(28)

being fs is the switching frequency, Vcg and V(' are the ON-
state voltage and OFF-state voltage, and /¢ and I/, are the ON-
state current and OFF-state current.

The efficiency of the proposed topologies can be estimated
by determining the power losses of the converters PSDs.
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FIGURE 4. PD-SPWM applied to proposed multilevel inverter with two
bridges per leg.

IV. IMPLEMENTATION OF THE MODULATORS

A. TRADITIONAL SPWM TECHNIQUES

One of the characteristics of the proposed 7-S cells and S-T
cells multilevel inverter topologies for the open-end induction
motor is that the traditional SPWM techniques can be adapted
for these inverter topologies. This can be achieved by the
application of the phase disposition sinusoidal PWM method
(PD-SPWM) to the proposed inverter topologies. To analyze
the implementation of PD-SPWM, both the 7-S cells and S-T
cells of multilevel inverter topology with two bridges per leg
(one T cell and one S cell) will be considered. The PD-SPWM
modulation concept is presented in Fig. 4. Four triangular
carrier waveforms are used to generate seven or nine voltage
levels.

It should be noted that the modulation strategy can be
applied in both 7-§ cells and S-T cells inverters. Indeed,
although the voltage levels are different, the number of bridges
and semiconductors are exactly the same. Therefore, no
change is required in the modulation strategy of the 7-S cells
and S-T cells inverter variants.

The detailed operation of the circuit taking into considera-
tion this proposed modulator technique can be seen through
the analysis of the generation of the transistors gating sig-
nals associated with the stator winding of phase A. Thus, in
this case, it is considered the reference signal Vier ; and the
four carrier signals. The result of these comparisons will give
those transistor gating signals. So, for the 7-S topology, those
signals will be generated by the circuit presented in Fig. 5.
Regarding the S—T topology, the circuit that will generate the
transistors gating signals can be seen in Fig. 6.

Several other SPWM techniques used in multilevel in-
verters, such as the phase opposition disposition PWM
(PODPWM), alternative PODPWM, and phase shift PWM
(PSPWM), can also be adapted for the proposed topologies.
This can be verified through the application of the PSPWM
technique to the proposed topologies. For this implementa-
tion, it is considered again both the 7-§ cells and S-T cells
of multilevel inverter topology with two bridges per leg (one
T cell and one S cell). In this implementation, carrier signals
with sinusoidal references are considered, as shown in Fig. 7.
In this case, only two triangular carrier waveforms are used,
but six sinusoidal references are needed (three of which are in
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phase opposition). Again, this modulator can produce seven
or nine voltage levels.

The circuits that allow the switch signals to be generated
can be seen in Figs. 8 and 9, where the first is associated with
T-S cells and the second with S—T cells. These are only related
to the phase A stator winding.
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FIGURE 9. Circuit for the generation of the transistor gating signals for the
S-T proposed topology for the PD-SPWM implementation.

B. OPERATION OF THE CONVERTERS UNDER A POWER
SEMICONDUCTOR FAILURE
One of the most interesting features of a multilevel converter
is its fault-tolerant capability in the event of a power semi-
conductor open failure. This critical feature is also present in
the proposed topologies. In fact, they can operate in a fault-
tolerant mode without the addition of additional hardware.
This is possible while retaining the modulation strategy.

When a power semiconductor fails (open-state), the NVL
available to the motor winding associated with that semi-
conductor is reduced by one. To keep the drive running, the
healthy controlled power semiconductor of the leg where the
open-switch fault occurs should be turned ON during all the
time. However, because the NVL applied to the motor will
only affect the winding associated with the faulty power semi-
conductor, voltage imbalances may occur. As a result when
the drive is nearing its nominal power (requiring all voltage
levels), this issue must be considered. One strategy that can be
used with minimum effect in the required modulation changes
is to permanently turn OFF the power semiconductors in the
same position as the one under the open fault.

Let us consider a fault in the power semiconductor S,g12 as
an example of the above strategy. The other power semicon-
ductor of the correspondent leg (S,512) will be permanently
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TABLE 1. Comparison of the Characteristics Between the Proposed and
Other Multilevel Inverters for Open-End Winding Motor Drive

Topology [34] [35] [36] [37] [T-S cells|S-T cells|
Number of voltage]
levels for the basicf 9 6 7 5 5 7
configuration
Number of switches 36 24 48 36 30 30
IDC voltage sources 2 3 6 4 6 6
IDC voltage Sources
with the same voltagel no no no yes yes yes
level
IRequiring floating]

. yes no no no no no
capacitors
TSV, 12 10.5 14 15 10 7.5
Maximum - Blocking /14 | 55 | 1 | 12 | 12 | 15
voltage (pu)
Control complexity high | high |medium|medium| low Low
Easily extended to|
higher voltage levels 1o no no no yes yes

turned ON in this faulty situation. Furthermore, the power
semiconductors in the same position as the one under fault
(Sps12 and Scs12) will be turned OFF permanently. The other
power semiconductors in the correspondent leg (Sps1> and
Scs12) will be turned ON permanently.

V. COMPARISON ANALYSIS
With the purpose to compare the proposed topologies with
other ones that have been presented for the open-end winding
motor drive, in Table 1, is presented a comparison of their
characteristics. From Table 1, it is possible to see that the
proposed topologies are the ones that require more dc voltage
sources. However, they do not require floating capacitors. On
the other hand, they are among the ones that require less
number of power semiconductor switches. It also allows using
dc voltage sources with the same voltage level. However, they
can also use dc voltage sources with different voltage levels,
allowing in that case to extend the NVL. Another important
aspect, is that, in the case of the proposed S-T cells, is the
one that requires switches with lower maximum blocking
voltage considering the maximum voltage level that appears
at the motor windings. A comparison of the voltage stress of
power semiconductors is also presented, taking into account
not just one, but all of the semiconductors in the converter.
The total standing voltage (7.SV) was used for this comparison
[41], [42]. In per units (p.u.), the TSV, is the sum of the
peak hold-off voltages of all power semiconductors divided
by the output voltage amplitude. In terms of TSV, it is
possible to see that the proposed S—T cells have the lowest
TSV value. Another feature of the proposed 7-S cells and S-T
cells inverters is that their control complexity is low due to the
ease with which multilevel SPWM techniques can be adapted.
Finally, the proposed topologies can be easily extended to
higher voltage levels by simply introducing new single-phase
two-level H-bridge inverters in a cascaded connection.

Other specificity associated with the proposed topolo-
gies is that the control complexity is low, since multilevel
SPWM techniques can easily be adapted. Finally, the proposed
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FIGURE 10. Obtained simulation waveforms for the T-S cells topology and
PD-SPWM technique: (a) winding voltage aa’ and (b) winding currents.

topologies can also be easily extended to higher voltage levels,
since simply what is need is to introduce new single-phase
two-level H-bridge inverters in a cascaded connection.

This analysis revealed that the proposed solutions are com-
petitive, particularly the topology with S—T cells, which is an
interesting alternative to the others already presented.

VI. SIMULATION RESULTS

The verification and confirmation of the theoretical assump-
tions were first made through several simulation tests. These
tests were carried out using the MATLAB/Simulink platform.
The simulations considered one set of cells S, with dc source
voltages equal to 80 V. It was also used the SPWM methods
with triangular carriers with 4 kHz.

The first tests of the drive were made with the PD-SPWM
method. Initially, a 50-Hz reference frequency and modulation
index of 0.9 equal for both 7=S cells and S-T cells topologies
were used. The output ac voltage and current waveforms of
each of the proposed topologies are presented in Figs. 10-13.
Figs. 10 and 11 present the applied voltage waveform of one
of the motor windings, as well as the motor three-phase cur-
rents for the topology with the three-phase inverters connected
in wye. The voltage waveform in Fig. 10(a) shows the seven
voltage levels applied to the motor windings. On the other
hand, Fig. 10(b) shows that the motor currents are very close
to the desired sinusoidal waveform shape. However, Fig. 10(a)
also shows that the voltage waveform has some asymmetry
(bilateral). It is apparent that the PD-SPWM modulator in
this topology presents some limitations when the maximum
number of levels is used.

To verify the quality of the waveforms, it was measured
the total harmonic distortion (THD) of the motor voltages
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FIGURE 11. FFT of the obtained simulation waveforms for the T-S cells
topology and PD-SPWM technique: (a) winding voltage aa’ and (b) winding
currents.
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FIGURE 12. Obtained simulation waveforms for the S-T cells topology and
PD-SPWM technique: (a) winding voltage aa’ and (b) winding currents.

and currents. The THD of the load voltages and currents was
measured to verify the quality of the waveforms. This mea-
surement yielded a voltage g of 24.97% and a current THD
of 3.67% well within the acceptable limits of most harmonic
distortion standards. The fast Fourier transform (FFT) of these
waveforms can be seen in Fig. 11. One of the aspects that
can be seen is the presence of a small but noticeable third
harmonic. This third harmonic is due to the fact that the gen-
erated voltage waveform is not perfectly symmetrical. This
low-frequency harmonic is the main component in the THD
of the inductive load current. High-frequency harmonics with
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FIGURE 13. FFT of the obtained simulation waveforms for the S-T cells
topology and PD-SPWM technique: (a) winding voltage aa” and (b) winding
currents.

similar amplitude around the frequency of the carriers (4 kHz)
can also be seen, as expected with negligible effect on the
current. Higher frequency harmonics centered on the carriers’
frequency double, triple, are residual and not represented.

The corresponding waveforms for the S-7 topology can
be seen in Fig. 12. From Fig. 12(a), it is confirmed that
the NVL applied to the motor windings has increased from
seven to nine. Besides that, the peak voltage applied to the
motor windings has also increased from nearly 240 to 320
V. This suggests that, for the same dc voltage, the S-T cells
topology is able to increase the output power, or reduce the dc
voltage sources rating decreasing the blocking voltage of the
switches, for the same output power. In terms of waveform
distortion, this topology yielded a voltage THD of 17.41%
and a current THD of 0.31%. It is possible to see that the
waveform distortions have been reduced. This was expected
because the voltage levels have increased with this topology.
Furthermore, with this converter assembly, the problem of
the third harmonic is eliminated, as shown in Fig. 13, which
shows the FFT of the voltage and current waveforms. There
are some harmonics with noticeable amplitude, but they are
centered on the carrier frequency (4 kHz) and on the double,
triple, and so on, of this frequency.

The efficiency of the T-S and S-T topologies for the pre-
sented test conditions was also determined. The efficiency for
the T-S cells topology was 95.2%, whereas the efficiency
for the S-T cells topology was 94.3%. However, the S-T
cells topology efficiency was not measured at the same output
power because the S—T cells topology allows for higher volt-
ages to be applied from the same dc voltage source values. To
achieve a fair comparison, the efficiencies must be measured
for the condition in which the TS cells topology has the same
output currents amplitude as the S-T cells topology. Taking
this new condition into account, the efficiency of the T-S cells
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TABLE 2. Comparison of the Power Losses for the Two Proposed
Topologies and PD-SPWM Technique (Simulation Tests)

Topology IGBT’s losses | Diode losses | Total losses
S-T cells 4.5% 0.4% 4.9 %
T-S cells 53% 0.4% 57%
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FIGURE 14. Obtained simulation waveforms for the for the T-S cells
topology and PD-SPWM technique subjected to a reference frequency and
modulation index step changes with open-loop control: (a) winding
voltage aa’ and (b) winding currents.

topology was 95.1%. This confirms that the T-S cell topology
is more efficient. This was expected given the lower number
of power semiconductors in the load current’s path. The power
losses are distributed among the IGBTs and diodes. However,
as given in Table 2, the IGBT losses have higher impact.

To compare the efficiency of the proposed topology over
existing topologies, a conventional cascaded H-bridge inverter
operating in equivalent conditions was considered as the stan-
dard. In this case, a converter with two cascaded single-phase
H-bridges per leg was considered. The cascaded converter is
fed from two 160-V dc voltage sources to deliver the same
maximum voltage at the machine windings. Operating in these
conditions, the cascaded H-bridge inverter presents an effi-
ciency of 95.1%. This result shows that the efficiencies of the
proposed topologies, ranging from 94% to over 95%, are in
the range of the conventional cascaded topology.

A transient test was performed, in which suddenly the
reference frequency is changed from 50 to 25 Hz and the
modulation index was changed from 0.9 to 0.45. The resulting
voltage and current waveforms for 7-S cells and S-T cells
topologies are presented in Figs. 14 and 15, respectively. Both
figures show the change of the frequency of those waveforms
in accordance with the reference, as well as the reduction of
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FIGURE 15. Obtained simulation waveforms for the S-T cells topology and
PD-SPWM technique subjected to a reference frequency and modulation
index step changes with open-loop control: (a) WINDING voltage aa’ and
(b) winding currents.

the voltage levels when the modulation index is reduced. The
number of levels of the voltage applied to the motor winding is
always equal or higher in the 7-S cells topology. The voltage
waveforms in Figs. 14 and 15 show that after the modulation
index reduction to 0.45 (leading to a reduction in the NVL
used), the PD-SPWM voltage asymmetry is mostly eliminated
when compared with the results for high modulation indexes
in the 7-S cells topology [see Fig. 10(a)]. An important over-
current appears after the reference frequency changes (see
Fig. 15). This is due to the load being an induction motor. In
fact, the angular speed of the rotating field decreases almost
immediately while the rotor is at higher speed due to inertial
load conditions. Because the rotor speed exceeds the rotating
field, the rotor and stator currents increase and reverse direc-
tion to produce braking torque until the rotor speed stabilizes
in a new operation condition. This overcurrent happens as the
test is done in open loop, without current or torque control,
just to illustrate the capability of the topology to simultane-
ous step-change the reference frequency and the modulation
index. The results show that there is no response limitation
in the proposed topology regarding the step-changes. Using
closed-loop control, the current overshoot can be strongly
limited. To illustrate this, a simulation is presented in which a
closed-loop V/f controller was used. The simulation considers
a step-change in the motor speed reference from 1500 to 750
r/min (as considered in open loop). The results of this simula-
tion for the S—T cells topology are seen in Fig. 16, showing a
strongly reduced current overshoot.

Tests with alternative SPWM techniques applied to the pro-
posed multilevel topologies were also made. The alternative
considered in this case is the PS-SPWM, as described in
Section IV. Thus, identical tests were performed as with the
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FIGURE 16. Obtained simulation waveforms for the S-T cells topology and
PD-SPWM technique subjected to a reference frequency and modulation
index step changes with a closed-loop V/f controller: (a) motor speed and
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FIGURE 17. Obtained simulation waveforms for the T-S cells topology and
PS-SPWM technique: (a) winding voltage aa’ and (b) winding currents.

previous SPWM technique, namely, using references with a
frequency of 50 Hz and a modulation index of 0.9 for both
T-S and S-T cell topologies. Fig. 17 depicts the obtained
results of the output ac voltage and current waveforms for
the 7-S cells topology. The applied voltage waveform of one
of the motor windings is shown in Fig. 17(a), and the motor
three-phase currents are shown in Fig. 17(b). These diagrams
also show seven voltage levels applied to the motor windings
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FIGURE 18. FFT of the obtained simulation waveforms for the T-S cells
topology and PS-SPWM technique: (a) winding voltage aa” and (b) winding
currents.

and nearly sinusoidal currents. THD voltage was 32.71% and
THD current was 0.45% for the PS-SPWM technique. The
voltage TDH in this case is higher than that obtained with
PD-SPWM technique.

Analyzing the FFT of this waveform, the amplitude of the
harmonics is nearly zero up to frequencies around 5 kHz.
Despite the fact that the carriers frequency is the same (4 kHz)
as in the PD-SPWM technique, harmonics with noticeable
amplitude appear at a much higher frequency. In this case, har-
monics with perceivable amplitude appear around the double
of the carrier frequency, the quadruple, and so on. In contrast
to the load voltage THD, the current THD is significantly
lower. This is because the third harmonic is highly attenuated
using this technique, as shown in Fig. 18. The high-frequency
harmonics will be also strongly attenuated because the motor
acts as a low-pass filter.

The corresponding waveforms for the S—T topology are
depicted in Fig. 19 for PS-SPWM. Fig. 19(a) depicts the in-
crease in voltage levels, whereas Fig. 19(b) depicts the motor
currents. Again, the peak voltage applied to the motor wind-
ings has increased, this time from nearly 240-320 V. This
confirms that with the S-T topology, for the same dc voltage,
it is possible to increase the output power or to decrease the
dc voltage source rating and therefore lowering the required
blocking voltage of switches for the same output power.

With PS-SPWM, the waveform distortion decreased, as a
voltage THD of 27.04% and a current THD of 0.39% were
obtained. The FFT of these waveforms also revealed that the
third harmonic is practically nonexistent, as shown in Fig. 20.
The first harmonics with significant amplitude appear only
around the quadruple of the carrier frequency.

The efficiency of these two topologies with the PS-SPWM
technique was also determined. The values obtained for the
T-S cells topology and the S-T cells topology were 95.9%
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FIGURE 19. Obtained simulation waveforms for the S-T cells topology and
PS-SPWM technique: (a) winding voltage aa’ and (b) winding currents.

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency [Hz]

(a)
12 r .
10,
z 8
z
& 6
5
O 4
2
% 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Frequency [Hz]

(b)

FIGURE 20. FFT of the obtained simulation waveforms for the S-T cells
topology and PD-SPWM technique: (a) winding voltage aa” and (b) winding
currents.

TABLE 3. Comparison of the Power Losses for the Two Proposed
Topologies and PS-SPWM Technique (Simulation Tests)

Topology | IGBT’s losses | Diode losses | Total losses
S-T cells 3.7% 0.4% 4.1 %
7-S cells 4.9% 0.8% 5.7%

and 94.3%, respectively. Table 3 shows that the IGBTs have
higher impact on power losses, as expected.

VIl. EXPERIMENTAL RESULTS
The proposed multilevel power converter topologies theoreti-
cal assumptions and simulation results were confirmed using
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FIGURE 21. Experimental setup. (1) Three single-phase two-level H-bridge
inverters. (2) Three three-phase two-level H-bridge inverters. (3) Induction
motor. (4) Electromagnetic brake. (5) Six regulated dc power sources. (6)
Digital Signal Processor DSPACE DS1103 Controller Board. (7) Auxiliary dc
power source for gate drive circuits. (8) Gate drive circuits.
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FIGURE 22. Obtained experimental waveforms for the T-S cells topology
and PD-SPWM technique: (a) winding voltage aa’ and (b) winding currents.

a laboratory prototype. This prototype allows to provide an
output power of 2.5 kW. The controller used to implement
the described SPWM modulators was Digital Signal Processor
DSPACE DS1103 Controller Board. The frequency of the car-
riers is 4 kHz. Several experimental tests were carried out with
dc voltage sources at 80 V and open-end windings induction
motor as load with a nominal power of 2.2 kW, 220/380 V
(A/Y), 50 Hz, and 1430 r/min. Fig. 21 depicts a photograph
of the experimental setup displaying the main devices used.
Initially the drive was tested for the reference frequency of
50 Hz and the same modulation index of 0.9 for both 7-S cells
and S-T cells topologies. The resulting voltage and current
waveforms for the 7-S§ cells topology are presented in Fig. 22.
Fig. 22(a) presents the applied voltage waveform in one of
the motor windings, whereas Fig. 22(b) presents the motor
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Obtained experimental waveforms for the S-T cells topology
and PD-SPWM technique: (a) winding voltage aa’ and (b) winding currents.

three-phase currents. The voltage waveform [see Fig. 22(a)]
confirms that seven voltage levels are applied to the motor
windings. Fig. 22(b) shows that the motor currents are nearly
sinusoidal shaped. The THD of the motor voltages and cur-
rents were measured to be 27.1% and 4.8%, respectively. The
experimental current THD is slightly higher than the simula-
tion result (3.67%). This is due to experimental imperfections
that increase the third harmonic amplitude characteristic of the
T-S topology and PD-SPWM technique, as shown in Fig. 11.
Tests with the same conditions, but now for the S-T cells
topology, were also done. As a result of this, similar wave-
forms for this cells topology can now be seen in Fig. 23. The
voltage waveform [Fig. 23(a) confirms that the NVL applied
to the motor windings are increased from seven to nine]. It is
also possible to verify that the peak voltage applied to the mo-
tor windings also increased. This confirms that the S-T cells
topology can increase the output power, for a given dc source
voltage, or can reduce the blocking voltage of the switches
required for a given output power. Another advantage of this
topology is that it allows for higher waveform quality. In fact,
the voltage and current THD obtained are 19.12% and 0.39%,
respectively.

The efficiency of these two topologies was also measured
under the same power conditions. The efficiency obtained
for the T-S cell topology was 94.1%, whereas the efficiency
obtained for the S-T cell topology was 93.1%. As with the
simulation tests, the efficiencies were also measured using the
same amplitude in the output currents. According to this test,
for the T-S cell topology, an efficiency of 93.9% was now
obtained. Although the efficiency was increased, it still has
a lower value than the T-S cells topology. This is expected
given there are fewer power semiconductors in the path of the
load current. As demonstrated by the simulation studies and
the power losses given in Table 3, it is possible to confirm the
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Comparison of the Power Losses for the Two Proposed
Topologies and PD-SPWM Technique (Experimental Tests)

Topology | IGBT’s losses | Diode losses | Total losses
S-T cells 5.5% 0.6% 6.1 %
7-S cells 6.2% 0.7% 6.9 %
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(b)

Obtained experimental waveforms for the T-S cells topology
and PD-SPWM technique with reference frequency and amplitude step
changes: (a) winding voltage aa’ and (b) winding currents.

higher impact of the IGBTSs losses (see Table 4). Regarding
the comparison with the conventional cascaded H-bridge in-
verter, a laboratory test of this classical converter operating in
equivalent conditions was also done. Thus, the obtained effi-
ciency of the classical cascaded H-bridge inverter was 94.1%,
confirming that this is the range of the proposed topologies.
Similarly, to the simulations, transient tests were carried
out, with the fundamental frequency being reduced from 50
to 25 Hz and the modulation index reduced from 0.9 to
0.45. The resulting voltage and current waveforms for the
T-S cells topology are presented in Fig. 24. The change of
the frequency is clearly seen in Fig. 24(a), also showing the
reduction of the voltage levels due to the reduction of the
modulation index to 0.45. The corresponding motor currents
can be seen in Fig. 24(b) showing that after the frequency
reference change there is a transient in these currents. During
the transient, there is an important overshoot. However, as
mentioned before, this large overshoot is due to the fact that
there are step changes in reference frequency and modulation
index. As the load is an induction motor, the step changes
originate an almost immediate decrease in the angular speed
of the rotating field, while the rotor is at higher speeds due
to inertial load conditions. Because the rotor speed exceeds
the rotating field speed, the rotor and stator currents increase
and reverse direction to produce braking torque until the rotor
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Obtained experimental waveforms for the S-T cells topology
and PD-SPWM technique with reference frequency and amplitude step
changes: (a) winding voltage aa’ and (b) winding currents.

speed stabilizes in a new operating condition. This open-loop
experiment was done without current or torque control to
illustrate the proposed topology capability to simultaneously
step change the reference frequency and the modulation index.
The results show that the proposed converter is very fast in
applying the step-changes to the motor. This overshoot can be
limited using a closed-loop control, as shown in the simulation
results. Fig. 25 shows similar transient results from the S—T
cells topology. It can be seen that the number of levels of the
voltage applied to the motor winding is higher at the rated
voltage for the S—T cells topology [see Fig. 25(a)], regarding
the 7-S cells topology [see Fig. 24(a)].

The developed laboratory prototype was also driven using
the PS-SPWM alternative SPWM technique. The test condi-
tions were identical to those that were shown in the simulation
tests. Fig. 26 shows the load ac voltage and current waveforms
for the 7-S cells topology. It is possible to identify the seven
voltage levels that are distinctive of this topology, resulting
in a voltage THD of 43.5%, which is higher regarding the
PD-SPWM technique. The currents exhibit a nearly sinusoidal
shape with a THD value of 0.58%, an important reduction
due to the fact that the PS-SPWM third harmonic is almost
nonexistent.

Fig. 27 shows the corresponding waveforms for the S-T
topology when using the PS-SPWM. It is again possible to
confirm the increase in the NVL. The peak voltage applied
to the motor has increased, which is may be advantageous.
Regarding the waveform quality, the S—T topology with PS-
SPWM outperforms the S—T topology with PS-SPWM because
a voltage THD of 31.5% and a current THD of 0.47% were
obtained. However, it is obvious that the PS-SPWM technique
yields worse results when compared with PD-SPWM.
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Obtained experimental waveforms for the T-S cells topology
and PS-SPWM technique: (a) winding voltage aa’ and (b) winding currents.

100 V/div

10 ms/div

(@)

2 A/div 10 ms/div

19060006 90.000000
AXIAXARIAKNIIAN

i

(b)

Obtained experimental waveforms for the S-T cells topology
and PS-SPWM technique: (a) winding voltage aa’ and (b) winding currents.

Comparison of the Power Losses for the Two Proposed
Topologies and PS-SPWM Technique (Experimental Tests)

Topology IGBT’s losses | Diode losses | Total losses
S-T cells 4.8% 0.5% 52%
T-S cells 6.1% 0.7% 6.8 %

The efficiency of both topologies was also measured using
the PS-SPWM technique. The obtained losses are given in
Table 5. Analyzing these values reveals that they are con-
sistent with what was expected. In terms of power losses,
however, the IGBTSs continue to have the highest impact, as
demonstrated by previous tests.
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VIil. CONCLUSION
A new multilevel inverter topology for drives feeding in-
duction motors with open-end windings was proposed. The
topology is characterized by a cascaded inverter in which it
is possible to increase the NVL through the introduction of
conventional single-phase H bridge inverters. Two topology
configurations, the T-S cells topology, and the S—T cells topol-
ogy were presented. It was verified that the S—7 cells topology
supplies a higher number of levels and higher voltages to the
motor windings, with the same dc voltage source. This advan-
tage can instead be used to use lower dc voltages and lower
blocking voltage semiconductors needed for a given output
power. Both the T-S cells topology and the S-T cells topol-
ogy allow to use adapted conventional modulation strategies,
such as PD-SPWM. Obtained experimental results confirm
the number of levels and higher output voltages for ST cells
topology. When using the maximum number of levels at high
modulation indexes, the PD-SPWM method for the 7-S cells
topology applies asymmetric voltage waveforms to the motor
windings. Consequently, the motor current shows a noticeable
but still acceptable level of third harmonic. This issue almost
disappears when using a lower NVL. The proposed inverter
topology with two cascaded 7-S cells or two S-T cells can
apply to the motor winding a maximum voltage that is three
or four times the value of the dc voltage sources, respectively.
Output currents are nearly sinusoidal with measured THDs
lower than 4.8% down to 0.39% when using PD-SPWM.
Although the proposed solution has been simulated and
tested at low voltage (LV) scale. However, it can especially
be appropriate to HV motors, where usually MMCs and the
higher number of voltages applied improve the quality of cur-
rents requiring in this way smaller filters and produce lower
losses than other solutions (as discussed in the paper). From
the cost point of view, in HV, the proposed solutions are equiv-
alent to usual solutions (as the number of converters is the
same) and the main difference in cost is due to the substitution
of one two-branch converter by a three-branch converters.
Thus, the increasing in cost can be compensated by the saving
in energy (as losses are lower taking into consideration the
same NVL) or by needing smaller filters (as current quality is

bigger).
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