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ABSTRACT The nine-switch inverter is considered as a very interesting solution for three-phase dual
output applications, such as dual three-phase or six-phase motor drive systems. The main advantage of this
approach is a converter topology with a reduced number of power semiconductors. However, the AC output
voltages are limited to only two levels. This work proposes a new inverter topology for dual three-phase or
six-phase motor drive systems with multilevel output characteristics. The proposed topology is based on
two isolated inverters, but the number of legs is reduced from six to three. This structure creates a modular
multilevel inverter with a high number of voltage levels while using a comparatively smaller number of
power semiconductors. A modulation strategy, associated with the proposed topology, is presented to ensure
multilevel operation. The proposed topology and modulation strategy will be tested first through a simulation
in Matlab/Simulink and then by laboratory tests using an experimental prototype. The obtained results show
a good agreement between simulations and experiments, both confirming the theoretical studies.

INDEX TERMS Dual motor, six-phase motor, dual stator, multilevel inverter, nine-switch converter.

I. INTRODUCTION

Nowadays, many applications are using electric motors with
dual stator, two motors or even six-phase motors. These appli-
cations usually require tight control of the motor speed or
the electromagnetic torque. Thus, the use of power electronic
converters is essential as motor drivers. There are several volt-
age source inverter (VSI) topologies that can be used for the
drive of the above motors. The choice of the topology depends
on several factors. One of the areas on which researchers have
concentrated is the design of a VSI trying to decrease the
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number of passive and active components with the aim of
reducing the VSI overall costs.

Several approaches for the design of VSI for motor drives
with a reduced number of semiconductor switches have been
presented and studied. One of the approaches to reducing the
number of power semiconductors considers the elimination
of one inverter leg. To compensate for the elimination of
this leg, several proposals were made. One proposal uses
a DC-link midpoint (B4 inverter) [1], [2]. Another way to
compensate for the loss of the inverter leg is to adopt a
shared leg (five-leg inverter) [3], [4]. Both solutions reduce
the power semiconductor count by two. Another solution
to reduce the number of power semiconductors is by using
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two sets of three-phase interfacing terminals. This topology,
called nine-switch converter, saves three power semiconduc-
tors [5], [6], [7], [8]. However, this solution is characterized
by outputting AC voltages with just two voltage levels. It was
suggested to employ topologies that enable the delivery of
AC multilevel voltages for motor drives as an alternative
to the usage of two-level inverters. The multilevel topolo-
gies have a number of benefits over two-level topologies,
including AC voltages with lower distortions, an increase in
the nominal power of the converter, lower common mode
voltages, and lower dv/dt [9]. Given the referred advantages,
multilevel topologies have been successfully used in industry.
The best known and developed multilevel topologies are the
Neutral Point Clamped (NPC), Flying Capacitor (FC) and
Cascaded HBridge (CHB) [10], [11], [12]. These topologies
have also been applied to motors with open windings. This
is the case involving the dual-inverter topology, which has
been strongly suggested for use in Electric Aircraft Applica-
tions [13]. Various alternative multilevel configurations for
these motors have been suggested [14], [15], [16]. Nowa-
days, these configurations are deemed crucial for managing
three-phase motors in electric drives. Nevertheless, they have
found applications in other machine types, including dual
three-phase or six-phase motors. These motor drives have
been used successively in electric vehicles [17], [18], [19],
[20], [21]. In this context, many of the multilevel topologies
used in multiphase drives are adaptations of the conventional
three-phase configurations, featuring additional legs. Hence,
the established NPC, FC and CHB VSIs have been extended
to be used in drives for six-phase motors [22], [23], [24], [25],
[26], [27]. Nevertheless, alternative multilevel configurations
specifically designed for six-phase motors have also been
put forward. One proposal is derived from three-phase, two-
level VSIs. In [28], a particular example of this approach is
introduced as the ‘hexagram inverter.” However, it requires a
relatively high number of DC voltage sources, a high number
of switches, and interconnecting inductors. An alternative
approach is described in [29]. While it does succeed in reduc-
ing the count of DC voltage sources to five, it still demands
a substantial number of switches. In [30] and [31], novel
topologies are introduced that manage to curtail the number
of switches and DC voltage sources. Nevertheless, they still
maintain a significant number of switches and the need for
three DC voltage sources. In [32], a multilevel configuration
aimed at minimizing the requirement of DC voltage sources is
presented. However, the number of switches remains compar-
atively high and requires floating capacitors. Other solutions
that enabled the implementation of a multilevel drive for
dual or six-phase motors were presented in [33], [34], [35],
and [36]. Nevertheless, these solutions still required a high
number of switches, DC voltage sources, or even capacitors.

The extension of the nine-switch inverter for a multilevel
converter with a reduced number of switches to be used in a
dual three-phase or six-phase motor drive system was also
proposed. Thus, a dual-output multilevel inverter based on
the NPC was proposed [37], [38]. Another extension was
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for the multilevel nine-switch inverter based on the T-Type
structure [39], [40]. Another solution was presented in [41],
in which a power circuit derived from the F-type inverter
was used to obtain a multilevel converter based on the nine-
switch inverter. These very recent multilevel solutions show
the interest that has appeared in these kinds of converters.
However, taking into consideration the number of voltage
levels applied to the motor windings, it is possible to see that
the reduction of switch numbers for this kind of applications
still remains a concern.

This work is focused on creating a multilevel converter
with dual outputs. The planned drive system will prioritize
the reduction of the number of power semiconductor compo-
nents. Consequently, the proposed topology will be based on
the dual inverter configuration but with a reduction number
of inverter legs. The proposed topology is also characterized
by its capability of applying a high number of voltage lev-
els to each motor winding. Besides the theoretical analysis,
amathematical model for this topology will also be presented.
Additionally, a sinusoidal pulse-width modulation scheme
will be introduced for the newly developed configuration.
The properties and functionality of the dual motor drive
concept will be validated via several tests, which will be
conducted using both a simulation program and a laboratory
prototype.

Il. DUAL TWO-LEVEL THREE-PHASE INVERTER VERSUS
NINE-SWITCH INVERTER

In this section, it is presented a comparison of six-phase
induction motor drive based on the dual two-level three-phase
inverter and the alternative solution based on the nine-switch
inverter with dual output, showing some advantages and
disadvantages. In modern industrial electric vehicles, the
most common solution for the traction system is given by a
two-level inverter feeding a three-phase induction motor. The
inverter is usually supplied by a bank of standard lead acid
batteries or lately by a bank of lithium-ion batteries, often
at very low voltage for safety reason. Due to this solution,
it is quite difficult to create AC drives for high power ratings
above 20 kW, due to the high cost of the resulting high-current
semiconductor power switches of the inverter.

This problem limits the expansion of the AC drives for high
power applications. Several solutions have been proposed
in order to reduce the current rating of the power switches,
such as the six-phase machine or dual three-phase machine
supplied by a six-phase inverter. This solution allows to size
the power switches at half of the rated current of an equiv-
alent three-phase topology, but requires the realization of a
six-phase machine and increases the control hardware and
costs. A six-phase induction motor drive based on the dual
two-level three-phase inverter can be seen in Fig.1 a). The
solution is applied to an asymmetric (¢ = 30°) six-phase
motor with star winding connection. Six-phase induction
motors with open windings allow different multilevel control
strategies but require more power devices, such as the solu-
tion presented in Fig. 2.
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Due to the high number of power devices for such appli-
cations, some topologies have been proposed in order to
minimize their cost and size. This is the case of the AC drive
based on the nine-switch inverter. A dual output nine-switch
inverter applied to a six-phase phase induction motor with
open windings can be seen in Fig. 1 b). Despite, the advantage
of reducing the number of DC power sources and power semi-
conductors, and consequently the cost, volume and control
complexity, it also introduces other disadvantages such as the
fault-tolerant capability and limitations on the control range
extension due to some unavailable voltage vectors as a con-
sequence of less power devices. Several schemes regarding
the dual two-level three-phase inverter applied to six-phase
induction motors, dual motors or other types of motors, can be
seenin [13], [41], [42], [43], [44], and [45]. In the case of the
nine-switch inverter topologies, some important references
can be used in [5], [6], [7], [40], [46], [47], and [48].
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FIGURE 1. Classic dual output inverter topologies applied to an
asymmetric six-phase induction motor: a) based on the dual two-level
three-phase inverter and b) based on a nine-switch two-level inverter
with dual output.
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The next table present a comparison of the classic topolo-
gies presented in Fig. 1. This comparison can give to readers
the perception of both advantages and disadvantages of such
solutions. Nevertheless, this comparison cannot be gener-
alized for all the topologies using similar structures and a
detailed analysis should be done. Since this paper is dedi-
cated to presenting a new multilevel topology, a comparison
between similar topologies is presented in the following
sections.

TABLE 1. Comparison of the classic topologies presented in Fig. 1.

Fig 1 a) Fig 1 b)
Number f)f power 12 9
devices
Number of DC ) |
power sources
N f
umb.er o ) |
capacitors
Number of voltage ) )
levels per phase
Max. voltage
stress over power Vbci or Vpez Vbci
devices
Max. current stress
over power 1 2
devices (pu)
Control Independent Dependent as a
independence between inverters single inverter
Control . .
on ro' high medium
complexity
Control .
o.n r.o r.ange low high
limitation
Fault tolerance .
. medium low
capability

The focus of this manuscript is only in the inverter stage,
where the energy can become from a bank of batteries or
another energy storage system, from any renewable energy
source (RES) or even from the power grid. The energy flow
can be bidirectional, depending on the control strategy and
capability of the DC power sources, since some RES are
not able to withstand bidirectional energy flow, such as solar
photovoltaic systems. Despite not represented in Fig.2 or
Fig.3, the DC bus circuit of the inverters can also be connected
to rectifiers and supplied by the power grid. In this case, the
capability to provide bidirectional energy flow depends on the
controllability of the rectifier topology.

Ill. PROPOSED MULTILEVEL TOPOLOGY DERIVED FROM
THE NINE-SWITCH INVERTER

Multilevel AC drives are a very well-known and successful
solution used in industry due to the previously mentioned
advantages. As mentioned before, there are many multilevel
topologies. One of the modular topologies that uses classic
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two-level three-phase voltage source inverters is the dual
inverter. Although it uses two classical two-level inverters,
itallows obtaining 9 voltage levels across each motor winding
(considering both DC voltage sources are equal) [49], [50].
This topology, shown in Fig. 2 with its structure applied to a
dual or six-phase motor drive, enables the generation of a sig-
nificant number of voltage levels. Besides this characteristic,
it also allows increasing the voltage applied to each winding.
However, with the purpose to reduce the number of power
semiconductor components, a new topology is proposed for
a dual or six-phase motor AC drive, as shown in Fig. 3.
Although the open winding configuration with a dual side
supply is maintained, the number of legs for each of the sides
is reduced from 6 to 3 legs. To achieve this reduction, the
proposed topology uses legs with three switches.

SEZI SBI 1
F A

Sgs2 S22 Sgi2

Suiz Saz2 Sas2

FIGURE 2. Classic multilevel dual-inverter topology for the six-phase or
dual motor AC drive.

represented by a binary variable, as follows:

dAij =1, if Sajis ON

dA,'j = 0, lf SA,'j is OFF (1)
dpij =1, if Spuwk is ON

dBij =0, if Spwk is OFF

wherei=1.3andj=1.3

Upon examining each of the nine-switch inverters, exclud-
ing topological restrictions like open-circuits at the load
terminals and short-circuits across the DC links, it becomes
apparent that each leg can be seen as having only three
possible operating modes, as illustrated in Fig. 4. As a result,
in all possible combinations, it is ensured that for each leg,
just two switches are in the ON state.

PoLod

B Switch ON O Switch OFF

FIGURE 4. Possible operation modes for each leg of the proposed
converter.

The pole voltages of the output terminals A, B, C and
U, V, W, regarding the N terminal of each DC source,
dependent on the possible switch state combination, are listed
in Table 2. This table reveals that distinct winding voltages
may be generated when connecting each leg to each side of
the motor windings, even considering the physical constraint
that imposes a pole voltage applied by the upper switches
consistently higher than or equal to the voltage output in the
lower switches side.

P, Sﬂe} Sﬂe} S‘“H} _ {I}Sw {I)SBH {Ijqﬂ,, P, TABLE 2. Operation modes for the first leg.
KF KEF A i PP
2\ -
A, I,l, - — 4, Mode |Figure Switches Pole Voltages
B _Il_rm\_u_ | 5, St S12 Si3 VAN VUN
o Ay L PP | 4a) | 1 1 0 Ve Ve
Vbc a Sarz fo Sz | Sus2 / Sps2 | Sp22 | Smi2 Voc B PN 4 b) 1 0 1 Vi 0
Al | N= DC
T KF Kk £F 2 ! b d 3 7 NN |40 | 0 I I 0 0
U, v U,
v, Ly v, o
B Ll ’ The pole voltages of each dual nine-switch inverter, at the
A 7 . . . .
P I I N, Sassd Ss2s A Sz output terminals A, B, C regarding the respective N terminal,
N 'ﬁ} 'ﬁ} -“:I} ~7 {I;"' gf" {F" M denoted vy, v, and at similar pole voltages of terminals

FIGURE 3. Proposed dual-inverter topology with reduced number of
switches for the six-phase or dual motor AC drive.

To study the functionality of the suggested multilevel
inverter and obtain the respective voltage and current rela-
tionships for each of the motors, a dynamic model is needed.
The transistors and their associated antiparallel diodes are
assumed to be ideal switches (zero ON-state voltages,
zero OFF-state currents and negligible switching times).
Therefore, each transistor/diode ON or OFF state can be
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U, V, W, denoted v;1, v;2, can be mathematically described
in (2) as functions of the switches states (leg possible states
are depicted in Fig. 4).

vii = dait Vpc_a
vit = dai1 dai2 Ve A ?)
vi2 = dpi1 Vpc_s
vi2 = dpi1 dpi2 Vpc_s
where hl = Ay, By, Cy, I = Uy, Vi, Wi, h2 =
Ar, By, Cr and 12 = U,, Vo, W>.
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The voltages applied to each set of motor windings will
be the combinations of the differences vj1- v for the upper
windings and v;1 - vy, for the lower ones. This provides several
advantages for the AC drive. Firstly, it will extend the applied
voltage to the windings. In effect, considering equal DC
source voltages (Vpc 4 = Vpc B = Vpc), the maximum
applied voltage will be 1.5 Vp¢ in each motor winding set,
instead of the 2/3 Vpc when the drive was powered by just
one nine-switch inverter. Secondly, it will allow multilevel
winding voltages. In fact, with this proposed topology, con-
sidering equal DC source voltages (Vpc), it will be possible
to obtain 19 voltage levels in each motor winding set. Fig. 5
illustrates the positive voltage levels during the positive half
cycle for the motor winding A|_A>. This visualization leads
to the conclusion that the following 19 voltage levels, —3/2
Voc, —4/3 Vpe, —=7/6 Vpc, —1 Vpc, —5/6 Vpe, —2/3 Vpe,
—1/2 Vpe, —1/3 Vpc, —1/6 Vpe, 0, +1/6 Vpce, +1/3 Vpc,
+1/2 Vpe, +2/3 Vpe, +5/6 Vpe, +1 Vpe, +7/6 Vpce, +4/3
Vbc, and 4-3/2 Vpc can be applied to each motor winding.
The determination of the voltage levels applied to winding
A1_Aj can also be achieved through analysis of the corre-
sponding equivalent circuit, which is derived based on the
specific switch combination. Fig. 8 illustrates the correspond-
ing equivalent circuits for each of the voltage levels presented
in Fig. 7. So, for example, at the zero voltage level, it is pos-
sible to see (Fig. 8a) that we have a series connection of the
parallel combination of two sets of three windings. Since the
voltage sources have opposite polarities, the applied voltage
is zero. The other equivalent circuits result in two loops with
equivalent inductances that change according to the different
parallels. Thus, by analyzing these circuits, it will be possible
to obtain the 19 voltage levels for motor winding A.

To develop the dynamic model of the voltages applied
to the two sets of motor windings by the two nine-switch
inverters as a function of the switches combination, the
superposition theorem is used. Therefore, the motor wind-
ing sets applied voltage will be given by the algebraic sum
of the applied voltages by each nine-switch inverter. Con-
sidering the AC terminals of the inverters as a three-phase
voltage system, their voltages regarding a virtual neu-
tral point of those voltage sources (vp,) Wwill be given
by eq. (3) and (4).

_VA10 B 2 -1-10 0 O ] VA,
VB0 -1 2 -10 0 O VB,

VCi0 _l —-1-12 0 0 O Ve, (3)
vooo | 31 0 0 0 2 —1—11] vy

1272%0) 0 0 0 —-12 -1 vy,
_leo_ L 0O 0 0 —-1-1 2 i _le_

[ va,0 ] [ 2 =1 =10 0 0 ][ va, |

VB,0 -12-10 0 0 VB,
VG0 1 12 0 0 O VC,

1l =
vo | =310 0 0 2 =11 ||w, | @
YV,0 0O 0 0 —1 2 —1 Vv,
o | 00 0 -1-12 ||w,
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However, the voltages applied to the motor windings given
by (3) and (4) do not consider the dependence between
upper and lower legs. This dependence is due to the fact
that there will be only one virtual neutral point (vp+) being
the inverter AC voltages, a function of the switching states.
Thus, regarding the AC voltages of the upper and lower
legs of the left nine-switch inverter, they will be given
by (5) and (6), as shown at the bottom of the next page.
As shown in these equations, there is an influence between
the upper and lower AC terminals in the switching com-
bination. The AC voltages of the right nine-switch inverter
can easily be obtained from (5) and (6) since they are
similar.

A further aspect to be considered in the determination of
the winding voltages applied by each nine-switch inverter is
the fact that the virtual neutral point of the motor windings
(vy) could be different from the virtual neutral point of the
voltage sources (vp+). The voltage difference between these
virtual points can be given by (7), as shown at the bottom of
the next page.

where:
1
Vororx = 6 (VAkO** —+ VB 0** —+ VL 0% =+ VU, 0
+vv0m + Vo) (8)
with k= 1,2,

Finally, the voltage applied to each motor winding will
be determined by the contribution of the two nine-switch
inverters, namely:

Vhlh2 = VhlO0*™ — Vh20** 9)
V12 = V1o — VI20**

Analysing the expressions of the motor windings applied
voltages and assuming Vpc 4 = Vpc B = Vpc, it is possible
to confirm the aforementioned 19 voltage levels in each motor
winding set. It is also possible to verify that the maximum
voltage applied to the motor windings is higher than the value
of the DC voltage sources, namely 1.5 Vpc. Taking into
account the number of possible operation modes for all the
legs of the proposed two nine-switch multilevel inverter for
open-end motors, it is concluded that this double nine-switch
multilevel inverter presents 729 possible switch combina-
tions. On the other hand, it is important to highlight a critical
aspect commonly encountered in multilevel converters: the
voltage balance between the upper and lower legs can be
affected by the influence of switching states on the virtual
neutral point. However, in the case of the proposed topology,
both inverters are directly connected to voltage sources. As a
result, the voltage sources maintain a fixed voltage value,
ensuring that the virtual neutral point remains stable, even
in scenarios involving asymmetrical loads or unequal current
draw from the phases.

From the previous equations, it is also possible to derive
the voltage vectors for the six-phase drive. Thus, the voltage
vectors in the o and xy reference frames, can be obtained
using the amplitude-invariant Clarke transformation matrix
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(equations 10 and 11).

[Tsix]
L—1/2 —1/2 V3/2 -J3/2 0
1]0V3/2 =32 12 12 -

31 =12 <12 V32 V3/2 0
0-v3/2 V32 12 12 -1

(10)

[Vor VB Vx "y]
= [Tyix] [va14; VBB, VCLCo VULUL VWiV, VW W3 |

(11)

The dual-inverter six-phase drive offers a significantly
higher number of switching state combinations com-
pared to the single-sided supply. Here, the two invert-
ers can be controlled independently; therefore, in total,
64 x 64 = 4096 switching state combinations are avail-
able. This will result in 535 distinct voltage space vec-
tors in the of and xy planes, respectively, as illustrated
in Fig. 7.

IV. MODULATION SCHEME

Regarding the suggested multilevel inverter, a modulation
strategy can be devised based on a sinusoidal pulse-width
modulation (SPWM) approach. However, existing SPWM
modulator methods must be adapted to accommodate the
multilevel modulation requirements, namely modulating
waveforms for the upper and lower terminals of each
nine-switch converter. Taking this into consideration, the nor-
malized modulating signals for the upper AC terminals are
expressed as follows:

VA = my sin (a)t + ¢U)
v = my sin (a)t — ZT” + ¢U) (12)
ve = my Sin (wt + 2T7z + ¢U)

Similarly, the normalized modulating signals for the lower
AC terminals are given by:

vy = my, sin (wt + ¢r)
vy =my sin(wt — 2 + ¢p) (13)
vw = my, sin(wt + Tn + ¢r)
where w=2nf, being f the fundamental frequency, ¢y and
¢, are the phase-shift angles, my and my are the modulation
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da1da2ndazidasy
va, 0+ = (danda2idazi) (1 — dai13daz3dass) (dA12VU10 + (1 —dar2) (1 - +) ((da21da22vv,0)
Vbc
+ (das1das2vw,0))) + (1 — ((dar1da21das1) (1 — da13dazsdass)) va,0 + (dar1dazidast) (da13da23dass) DZ‘A
dat1da1ndazid
vgox = (da11da21da31) (1 — da13dar3dass) (dAZZVV10 + (1 — da2) (1 - W) ((dandarzvu,0)
V
+ (daz1dazavw,0))) + (1 — ((dar1da2idaz) (1 — da13da23das3))) v o + (dar1da21dast) (dai3dazzdas3) ch’A
dar1da1ndanid,
veyor = (dandaoidast) (1 — da13dansdass) (dA32VW.0 + (1 — daz2) (1 - W) ((dar1daizvu,0)
V
+ (da21da22vv,0))) + (1 — ((da11daz1daz1) (1 — da13da23dazs))) ve,o + (daridazidazt) (da1zdazzdass) ch_A
Q)
dan2danzdazadass
vuor = (I —dandazidast) (1 — dar2dazadaz) (dA12VA10 + (I — dar) (1 - W) ((da22da23vB,0)
V
+ (da32daz3ve,0))) + ((dar1dazidast) + (da12dandazn)) vu,0 — (daridazidazt) (daizdazzdass) peA
dar12da13da32da3s
wior = (1 —dardaz1daz1) (1 — dar2dazadas?) (dA22VBlO + (1 — da22) (1 - %) ((da12dar3va,0)
Vbc_a
+ (das2dazzve,0))) + (daridazidazt) + (da12da2das)) vvo — (da1dazidast) (daizdazsdass) DL
da12da13danad
v+ = (1 —dandaaidazi) (1 — daindardaszz) (dA32VC10 + (1 — da32) (1 - W) ((da12da13va,0)
Vbc_a
+ (da22dA23vB,0))) + ((da11da21da31) + (da12da22da32)) v 0 — (dar1da21das1) (dar3da23dazs) >
(6)
VhlO® = Vh10* + Voro*
VI1Io= = Vi10* + Vor0o** 7
Vh20%x = Vi2o* + Vorox
V2o = Vo* + Voror*
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FIGURE 5. Example of the different voltage levels applied to the motor
winding A;_A, for the positive half cycle.

indexes with the linear range between O and 1. From the
analysis of (12) and (13), it turns out that it is necessary to
DC shift the modulating signals associated to the upper and
lower AC terminals, so that they are far apart in the linear
modulation range. In this way, it is necessary to add offsets
(Voffser) in the modulating signals given by (12) and (13).
Hence, the offset modulating signals will be given by:

-

va =my sin (ot + ¢u) + Vuoger

vg = my sin (wt — 2?” + ¢U) + Vuoffser (14)
ve = my sin ((1)[ + ZTH + ¢U) + VUoﬁ’set

and:
[ vy =my sin (or + ¢>L) + Vioffser

vy = my, sin (a)t — T + ¢L) + VLoﬂset (15)
vw = my sin (a)t + 27” + ¢L) + Vioffser

where VUoffser = (I-my) and Vioffser = (mp-1)
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FIGURE 6. Equivalent circuits obtained from the different voltage levels
applied to the motor winding A, _A, for the positive half cycle (see Fig. 5).

Using these modulating signals, the voltages of the inverter
upper and lower terminals will contain the required funda-
mental components.

To generate the gating signals of the inverter A switches,
the modulating signals given by (14) and (15) should
be compared with a high frequency carrier. Regarding
the nine-switch inverter B switches (inverter in the right
part of Fig. 3), the modulating sinusoidal functions given
by (14) and (15) shifted by one half period must be
used. Additionally, the high frequency carrier should be
shifted by one quarter of the high frequency period. The
modulation strategy and the gate signals applied to the
A legs of the two nine-switch converters are presented
in Fig. 8.

The schematic circuits for the generation of the transistor
gate signals considering the first leg of each nine-switch
converter can be seen in Fig. 9. For the middle switch S412,
the state of all other switches needs to be considered. Thus,
the S412 switch state is the logic XOR of the upper and lower
signal switches (S411 and S413) of the same leg.
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FIGURE 7. Voltage space vectors in the «8 and xy planes for the six-phase
drive.

As shown by the schematic circuits, this topology
can still be operated in a way that is not very com-
plex, since it is possible to implement a modulator like
the SPWM.

To mention that multi-phase motors (such as six-phase IM)
offer typically several advantages, such as reduced torque
ripple, improved fault tolerance and lower harmonic content
in the generated electromagnetic torque. This modulation
strategy allows for the implementation of an open-loop volt-
age/frequency (v/f) control technique for six-phase induction
motors powered by this multiphase multilevel inverter. Thus,
this provides a straightforward way to control such motors,
which is sufficient for some applications. However, there
are some applications that require other closed-loop con-
trol. Thus, for this type of multi-phase motor and control
drive in closed-loop control, even when certain limitations
of these motors, such as harmonic content, must be miti-
gated, it becomes easier to analyze and control the machine’s
behavior by isolating the components in each subspace.
In this way, other approaches, such as Variable Space Decom-
position (VSD) transformation, can be used to simplify
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FIGURE 8. Modulation strategy and gating signals associated to the first
leg of each nine-switch converter.
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FIGURE 9. Schematic circuits for the generation of the transistor gate
signals considering the first leg of each nine-switch converter.

the analysis and control of six-phase machines by split-
ting the six-phase variables (e.g., currents and voltages)
into orthogonal subspaces. These include the oB-subspace,
which shows the fundamental torque-producing components,
the xy-subspace, which represents the non-torque-producing
components associated with harmonics, and for higher
phase-count motors, an additional z-subspace representing
higher-order harmonic components.
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TABLE 3. Comparison between multilevel topologies based on similar structures for dual or six-phase motors.

Topology [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [Proposed
INumber of switches 24 48 36 84 18 36 20 21 18 21 20 18
INumber of extra diodes - - - - - - 12 -

INumber of capacitors - 12 2 23 - 8 2 2 2 2 2 -
INumber of DC voltage 3 | 1 1 3 4 1 1 1 1 1 5
sources

INumber of voltage }evels 9 17 9 13 11 9 9 9 9 9 19
to each motor winding

Maximum voltage applied| | 335, 1 6o, [0.667nc| Voe | Voe |1.33Vc|0.66V0c|0.6670c]0.66Vbc|0.66V0c(0.66Vc| 1.5 Ve
to each motor winding

IAll switches must

withstand the same yes no yes no no yes no yes no no yes
blocking voltage

Z)‘Ltfl Blocking Voltage  », | 1566 | 185 | 32 30 | 125 | 125 | 125 | 12 | 125 | 125
Scaled for motors no es es es no es es no no no no
requiring higher voltage y y y y y

V. COMPARISON ANALYSIS

A comparison of the characteristics of the suggested topology
with other ones that have been given for multilevel topologies
for the dual three-phase or six-phase motor drive system
based on similar structures, is presented in Table 3. From
this comparative table, it is possible to see that, the pro-
posed and [35] topology are the ones that need fewer power
semiconductors and passive components. However, topol-
ogy [35] requires more DC power supplies, presents lower
voltage levels and apply a lower maximum voltage applied to
each motor winding. Another particular aspect that is possible
to see is that, compared with some topologies, it does not
require voltage divider capacitors nor a system to control the
balance of its voltages. Another relevant aspect taken from
this comparative table is that the proposed topology presents
an important improvement is the number of voltage levels.
In fact, it allows for obtaining a much higher number of
voltage levels, 19, when compared with the maximum of
13 obtained by one of the other solutions (the other ones
present fewer voltage levels). Another positive aspect is that
the proposed topology is characterized by a higher maximum
voltage level that can be applied to the motor winding. This
allows for an expanded voltage range applied to the motor
windings or a reduction in voltage stress across the switches.
Another advantageous aspect of the proposed topology, but
also of [31], [33], [35], [37], and [39] topologies is that
all the switches must withstand the same blocking voltages.
An analysis of the Total Blocking Voltage is also presented in
the comparative table. The results indicate that the proposed
topology ranks among those with the lowest values. Another
aspect that is analyzed is the scalability of the converter
for motors requiring higher voltage or power ratings. The
proposed solution, as well as those presented in [31] and [35],
lack the flexibility to incorporate module extensions, which
is necessary for scaling the converters. Indeed, this is a lim-
itation of the solution compared to other modular solutions.

VOLUME 13, 2025

However, it is important to note that, compared to the classical
two-level solution, the proposed approach enables its appli-
cation to motors requiring higher voltages. This is because
the proposed solution allows for an increase in the maximum
applied voltage from 2/3 Vpc to 1.5 Vpc.

VI. SIMULATION RESULTS

The proposed multilevel converter for a dual-motor drive was
firstly tested through several computer simulations. These
tests were done using the well-known Matlab/Simulink.
The main parameters of the simulated system included
two 200 V DC voltage sources and a carrier frequency
of 5 kHz.

Initially, both motors were driven with the fundamental
frequency of 50 Hz and a modulation index (MI) of my =
my, = 0.8. The obtained waveforms for the voltages between
the upper and lower AC terminals (first A leg) of the drive and
the negative terminal of the DC voltage source are shown in
Fig. 10. These results confirm the multilevel operation of the
inverter, showing three levels. Regarding the voltages applied
to the upper and lower motor windings (Va142, Vuiu2), they
are presented in Fig. 11 a) and b). It is seen that the obtained
waveforms are very similar, being the multilevel operation
confirmed. It is possible to distinguish the nineteen voltage
levels. Regarding the Total Harmonic Distortion (THD) of
the 19-level voltages a value of 29.7% was found, given the
high amplitude of switching harmonics. It is also confirmed
that the maximum peak voltage applied to the motor wind-
ings (300 V) is higher than the value of the DC voltage
sources (200 V). The three-phase currents of the upper and
bottom motor windings are presented in Fig. 12 a) and b),
the currents being practically identical in both upper and
bottom windings. The THD of the currents is much reduced,
compared to the voltage THD, presenting a value of 1.26 %.
Another aspect that was considered was a comparison with
the conventional two-level topology (Fig. 1). In this way,
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FIGURE 10. Waveforms of the voltages between the AC terminals of the
inverter and the negative terminal of the DC voltage sources (first leg)
obtained by simulation: a) Voltage over A;-N;; b) Voltage over A-N,;
c) Voltage over U, -N;; d) Voltage over U,-N,.

the conventional topology was also tested under the same
conditions. This test resulted in a voltage THD of 72.4%. This
clearly demonstrates that the increased number of voltage lev-
els in the proposed solution significantly reduces the voltage
THD (from 72.4% to 29.7%).

For a test in transient conditions, the drive was initially
operated at 50 Hz and with a MI of my = my = 0.8. After-
wards at t = 1.6 s, the drive imposed a sudden change both
in the frequency to 35 Hz and in the MI to my = myp = 0.6.
Fig. 13 shows the winding voltages. It is seen that the upper
and lower motor winding voltage waveforms share similar
patterns. Therefore, the three-phase currents of both upper
and lower motor windings, presented in Fig. 14, are also very
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FIGURE 11. Waveforms of the voltages applied to the windings of the
upper and lower motors obtained by simulation: a) VA1A2 b) VU1U2.
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FIGURE 12. Waveforms of the three-phase currents of the motors
obtained by simulation: a) upper motor b) bottom motor.

similar. This similarity is maintained after the transient due
to the change of the modulating signal and M1.

VIii. LABORATORY PROTOTYPE RESULTS

A prototype version of the proposed dual nine-switch inverter
was built for practical tests in a laboratory environment.
For comparison purposes, the prototype was built using the
same parameters of the simulations and subjected to the same
simulation tests already presented in section V. Fig. 15 shows
a photography of the experimental setup of the proposed
solution. In this picture it is possible see: 1 — Main DC power
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FIGURE 13. Waveforms of the voltages applied to the windings of the

upper and lower motors with a sudden change of the modulating signal
frequency and MI obtained by simulation: a) VA1A2 b) VU1U2.
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FIGURE 14. Waveforms of the three-phase currents of the motors with a
sudden change of the modulating signal frequency and Ml obtained by
simulation: a) upper motor b) bottom motor.

sources (2 independent power sources); 2 — Oscilloscope;
3 — Digital Signal Processor DSPACE DS1104 Controller
Board to generate the modulation scheme; 4 — Isolated gate
drive circuit boards; 5 — Auxiliary DC power source for the
isolated gate drive circuits; 6 — Dual Two-Level Nine-Switch
Converter (2 independent power circuits) using individual
modules Semikron SK 120 GAL 12F4 T (1200V, 120A)
power IGBTs; 7 — Two open-winding induction motors;
8 — Mechanical loads imposed by coupled DC motors;
9 — Current probes for oscilloscope.
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FIGURE 15. Photography of the experimental setup in the workbench.
Devices identified in the text previous to this figure.

et

{100V/div 10 ms/div

L 100V/div! 10 ms/div

b)
FIGURE 16. Waveforms of the voltages between the AC terminals of the
inverter and the negative terminal of the DC voltage sources (first leg)

obtained in laboratory: a) voltage over A;-N; (Ch1) and A,-N, (Ch2);
b) voltage over U;-N; (Ch1) and U,-N, (Ch2).

The first laboratory test was done using the fundamental
frequency of 50 Hz and a MI of my = my = 0.8. As shown
in Fig. 16, the obtained waveforms for the voltages between
the upper and lower AC terminals (first A leg) and the
negative terminal of the DC voltage sources are simi-
lar to those obtained in simulation (Fig. 8). The same
applies to waveforms of voltages at the upper and lower
motor windings (Va1a2, Vyivz), which can be seen in
Fig. 17. The THD of V142 and Vyjyz voltages is of
32.3%, only slightly higher than the simulation results. The
obtained waveforms of the three-phase currents, presented
in Fig. 18, also confirm low distortion, presenting values
of 2.92%.
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FIGURE 17. Waveforms of the voltages applied to the windings of the
upper and lower motors obtained in laboratory: a) Vg b) Vyy.
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FIGURE 18. Waveforms of the three-phase currents of the motors at 50Hz
obtained in laboratory: a) upper motor b) bottom motor.

Laboratory tests in transient conditions, similar to the tran-
sient simulation, were also made. The converter initially was
operated with a modulating signal of 50 Hz and with a modu-
lation index of my = my = 0.8, conditions that were suddenly
changed to a frequency of 35 Hz and modulation index my =
my, = 0.6. The obtained results, presented in Figs. 19 and 20,
show that the obtained waveforms are comparable to the ones
obtained by simulation in Fig. 14.
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FIGURE 19. Waveforms of the voltages applied to the windings of the
upper and lower motors with a sudden change of the modulating signal
frequency and Ml obtained in laboratory: a) V45 b) Vyy.
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FIGURE 20. Waveforms of the three-phase currents of the motors with a
sudden change of the modulating signal frequency and Ml obtained in
laboratory: a) upper motor b) bottom motor.

[ia

VIIl. CONCLUSION

A multilevel converter derived from the nine-switch inverter
for three-phase dual output applications, such as dual
three-phase or six-phase motor drive system, was proposed in
this article. The multilevel converter is modular and maintains
the concept of reduced number of switches. It is characterized
by the use of two nine-switch inverters in a dual inverter
configuration. The proposed multilevel converter is
characterized by a high number of voltage levels, as well
as a comparatively small number of power semiconductors
as inherited from the nine-switch inverter. Associated to the
proposed topology, a PWM modulation was also presented
to allow the operation of the proposed dual nine-switch
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multilevel inverter as a sinusoidal PWM (SPWM) driven
converter. The verification of the operation of the dual
nine-switch multilevel inverter as well as its characteristics
was made using computer simulations in Matlab/Simulink
and a laboratory prototype. Both computer simulations and
the laboratory prototype showed the multilevel waveforms
and the number of levels. The high number of voltage levels
and the dual motor drives allowed very low current THDs
(1.26%-2.92%), which is a significant advantage taking into
consideration the number of power switches.
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