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Nowadays, research on the design of new power converter topologies, more precisely
multilevel inverters, has greatly intensified due to reduced harmonic distortion rate.
The multilevel inverters topologies with fewer switches are most appreciated and
appropriate in embedded systems because of their small encumbrance, cost reduction and
greater efficiency. In this paper, a contribution to the design of a new multilevel inverter
topology with only six controllable switches to build three-phase seven-level inverter is
presented. The proposed topology provides very interesting features that makes it more
suitable for embedded systems, particularly in electric traction drive such as a reduced

number of switches. The topology is based on a combination of three-level elementary
modules. The proposed converter is tested by simulations on an inductive load and a
controlled PMSM vehicle actuator. The obtained results show the effectiveness of the

proposed topology.

1. INTRODUCTION

The conventional two-level inverter is widely used. This is
because of its advantages such as low cost, easy control and
high-reliability, however, it presents some disadvantages
among them the high switching frequency, high voltage
change rate and electromagnetic interference and a very low
level of operational safety, that would mean stopping the drive
in the event one components failure. These deficiencies do not
meet the design requirements of electric traction drive systems
such as electric vehicles [1].

In order to overcome the disadvantages of conventional
two-level inverter, multilevel topologies, as conventional
Neutral Point Clamped NPC inverters and cascade H bridge
CHB inverters, have been used as inverters for electric traction
in some paper [1-3]. Multilevel inverters have demonstrated
their superiority over two-level inverters in electric drives
applications, but the use of a large number of power switches
in these topologies is a major disadvantage which increases
system cost and control complexity.

Multilevel inverters have become industrial solutions for
applications requiring dynamic performance and high-power
quality [4, 5]. These inverters are potentially used in Electric
drive applications such as train traction, boat propulsion and
automotive applications [6].

The topologies indicated in the studies [7-12], being part of
modular structure, contain polarity change cells, switching at
the output voltage frequency. This topology needs a lot of
isolated DC sources and some of them [7] requires several
clamping diodes. This leads to making them more
cumbersome and reduce their application areas where the size
constraint is to be considerate. The topologies [13-15] involve
several floating capacities. Topology [16] need three H bridges
whereas two H bridges are sufficient in the conventional
asymmetric cascade topology the proposed topology [17-19]
their unique disadvantage is the high number of controllable
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switches.

All the above topologies, the major disadvantage is the high
number of controllable switches in addition to already
mentioned.

The previous research papers targeted optimization, either
on the number of controllable switches or of the number of DC
sources. Nevertheless, it will more interesting if a solution
taken into account the both optimization parameters be
proposed

This paper presents a new multilevel inverter topology with
the lowest number of switches. The topology is based on
single-phase seven-level inverters based in turn on a module
which consists of two DC sources and three bidirectional
switches.

This paper is organized in five sections. Section 2 is
dedicated to the description and operating modes of the
proposed topology, including its generalization either in
number of levels or number of phases. Section 3 is divided into
two parts. The first part is devoted to the control of the single-
phase seven-level inverter of the proposed topology, the
second part is for that of the derived three-phase structure. The
application of the seven-level structure of the proposed
topology in an electrical training based on the PMSM is
presented in section 4 with the results and comments. The
relevant conclusions are summarized in section 5.

2. PROPOSED TOPOLOGY

The proposed topology, presented in Figure 1, is a
combination of two three-level modules with DC sources of
Vdec and 2Vdc respectively, allowing to get a seven-level
inverter. The three-level modules consist of a bidirectional
switch combined with a two-level inverter leg. The
bidirectional switches of the two modules are noticed K2 and
K5 where those of the legs are K1, K3, K4 and K6 respectively.


https://crossmark.crossref.org/dialog/?doi=10.18280/ejee.220306&domain=pdf

The bidirectional switches are inserted to obtain all possible

combinations of DC sources providing a high number of levels.

These DC sources, in case of electric vehicles, can be a
batteries and/or capacitor in case of hybrid electric vehicles.

L

Figure 1. Seven-level inverter of the proposed topology

2.1 Operation of seven-level inverter based on the
proposed topology

In order to well understand how the proposed topology
operates, it is imperative to define the seven-level of the output
voltage Vao. The different possible level could be generated,
by the association of the two three-level modules shown in
Figure 1, are seven: 3Vdc, 2Vdc, Vdc, 0, -Vdc, -2Vdc and -
3Vdc, as illustrated in Figure 2. For this purpose, the control
process, presented in Table 1 should be followed One can be
seen that each level is synthesized by a combination of the six
switches where two of them are ON and others are OFF.

All possible switching combinations are analyzed in this
section, as shown in Figure 3. There can be only one switching
combination for each output voltage level. The current flows
of these seven different cases of the proposed inverter are
shown in Figure 4, where the line in red means the conduction
path.

Table 1. Switching table of switches for a phase of the
proposed topology

K2 K3 K4 K5 K6 Vao IGBTs actives

1 0 0 1 0 0 3Vdc 2
1 0 0 0 1 0 2Vdc 2
0 1 0 1 0 0 Vdc 2
0 1 0 0 1 0 0 2
0 1 0 0 0 1 -Vdc 2
0 0 1 0 1 0 -2Vdc 2
0 O 1 0 0 1 -3Vdc 2
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Figure 2. Switching states of the proposed seven-level
inverter switches
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(1) Positive output level 3Vvdc (Figure 3 (a)): In the
switching case of Figure 3 (a), the total voltage applied to the
load is equal to 3Vdc when the two DC sources 2Vdc and Vdc
are connected in series. For the 3Vdc voltage the switches K1
and K4 must be ON and K2, K3, K5 and K6 are OFF.

(2) Positive output level 2Vvdc (Figure 3 (b)): In the
switching state of Figure 3 (b), the total voltage applied to the
load is equal to 2Vdc. For this amplitude voltage the switches
K1 and K5 are ON where and K2, K3, K4 and K6 are OFF.

(3) Positive output level 1Vdc (Figure 3 (c)): In the case
of configuration of Figure 3 (b), K2 and K4 are ON where K1,
K3, K5 and K6 are OFF, the total voltage applied to the load
is equal to Vdc.

(4)  Zero output level (Figure 3 (d)): To get zero voltage
switches K2 and K5 must be ON and K1, K3, K4 and K6 are
OFF.

(5) Negative output level -1Vdc (Figure 3(e)): -Vdc is
applied to the load in this switching case, switches K2 and K6
are ON where K1, K3, K4 and K5 are OFF.

(6) Negative output level -2vdc (Figure 3(f)): In the
switching state of Figure 3 (b), the total voltage applied to the
load is equal to -2Vdc. for this amplitude voltage the switches
K3 and K5 are ON where K1, K2, K4 and K6 are OFF.

(7)  Minimum negative output level -3Vdc (Figure 3 (9)):
In the switching case of Figure 3 (a), the total voltage applied
to the load is equal to 3Vdc when the two DC sources 2Vdc,
Vdc are connected in series. For the -3Vdc voltage K3 and K6
must be ON and K1, K2, K4 and K5 are OFF.

2.2 Extension of the proposed topology

The proposed typology can be extensible in terms of the
number of levels i.e. it is possible to increase the number of
levels (7,15, 31... (2 M*2-1)) by multiplying number of basic
module units (Figure 4) with asymmetrical DC sources
referring as illustrated in Figure 5, in this case the maximum
phase voltage is given by Eq. (1):

Vi = @M —1) Vg, (1)

M is the number of modules to be added. The calculation of
the number of levels N according to the number of modules to
be added is given by Eq. (2):

N =2M+2) _q ()

The number of phases is also possible to increase taking into
account the optimization of the DC sources number, Figure 5
illustrates the multiphase structure to this end, the structure of
the proposed three-phase seven-level inverter designed from
the base module (Figure 4) with an additional arm. Each arm
is connected with a single base module shown in Figure 5.

(2MVde=

(Z\il\fdc___

The proposed basic
module

Figure 4. Extension of the proposed topology in terms of
level

2.3 Comparison
Many research papers, over the last decade, have dealt with
seven-level inverters. Hence, the proposed topologies are

compared with the relevant ones and summarized in Table 2.

Table 2. Comparison between seven-level inverters

Topologies IGBTs Diodes Voltage sources

Topology [7] 8 12 4
Topology [8, 11] 10 10 3
Topology [9] 12 12 3
Topology [10] 8 10 3
Topology [12] 8 12 3
Topology [13] 12 12 5
Topology [14, 18] 10 10 4
Topology [15] 8 8 4
Topology [16, 17] 16 16 3
Topology [19] 9 9 3
Proposed topology 6 12 4

The comparison is based on the number of power
components used such as the number of diodes, number of
bidirectional switches and a number of DC sources.

2Vde =
o g M The proposed |, pyoc0 2
basic module
i=2
2Vde = ™ 1

The proposed
basic module

—o Phase n

i=n

Figure 5. Extension of the proposed topology in terms of phase



The proposed topology, compared to those already
proposed, presents some advantages:

(1) The number of IGBT in the proposed topology is
reduced compared to any topology of a seven-level,
consequently reducing the cost and the complexity of the
control with keeping the same waveforms quality in addition
to the reduction of conducting and switching losses;

(2) The proposed topology can be generalized to N
voltage levels and N voltage phases as described in section 2.2.

Moreover, the novel proposed topology of seven-level
inverter keeps all advantages of the conventional multilevel
inverter and eliminates their disadvantages. Compared with
the NPC topologies, the proposed topology fixes the problem
of neutral point balancing and the high number of capacitors.
The CHB topologies have two drawbacks as the complexity of
the control and the high number of isolated sources which are
solved by the proposed one. Finally, the floating capacitor FC
topologies contains several floating capacitors where the
proposed topology is devoid of floating capacitors.

3. SIMULATION AND RESULTS

The proposed inverter topology and its control strategy may
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be tested by simulation in the following, the basic topology of
the inverter can be useful is that of a single phase the results
provided by seven-level single phase is presented that, in the
aim of include the seven-level inverter in electrical traction
drive, the three phase topology tested. Finally, performances
of an electrical traction drive base of PMSM and the proposed
three-phase seven-level inverter is shown.

3.1 Single-phase topology

In order to test the proposed multilevel topology, the single
phase of the proposed seven-level topology feeding a load
considered inductive. The control strategy of the inverter is
simplified by choosing T/2 as time duration of each level
where is the output voltage period (Figure 2).

The simulation parameters are as follow:

Vdc=25V and for the inductive load R=1 Q and L=10 mH.

Figure 6 shows the seven-level inverter with the different
control signals of each IGBT over a period T and Figure 7
illustrates the voltage or terminal of the inductive load RL and
the output current one can be seen that the seven voltage levels
(3Vdc, 2Vdc, Vdc, 0, -Vdc, -2Vdc and -3Vdc).

- vde

ooz @ Rl oo

Figure 6. Switching patterns of the single-phase topology
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Figure 7. Output phase voltage Vao and current i
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Figure 9. PWM Control technique of proposed topology

3.2 Three phases seven-level inverter derived from

the proposed topology

In order to show the compliance with the conditions for
reducing the number of controllable power components as
well as the number DC source in case of multiphase, the
description of the three- phase structure is given this latter is
adopted since the three-phase systems are widely used.

The structure of the proposed three-phase seven-level
inverter with is presented in Figure 8. The multi-carrier PWM
is the more suitable for the multilevel inverters. This is because
it is chosen to control the proposed seven-level topology as
depicted in Figure 9. The principle of this control is the
comparison of several overlapped high frequency triangular
signals and a reference sine wave of the desired output
voltages. In this work, the specifically control technique used
is that phase opposition disposition pulse width modulation
method (PODPWM) i.e. all operators have the same frequency
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and amplitude, all carriers below zero are antagonistic to those
above zero [20].

The carrier signals which are Crl, Cr2, Cr3, Cr4, Cr5 and
Cr6 with reference wave arrangements are as shown in Figure
10.

To verify the performance of the proposed seven-level
three-phase inverter, simulation work was performed in the
MATLAB/Simulink environment. The simulation parameters
are: Vdc=400/6 V, switching frequency of 5 kHz and R=1 Q
and L=10 mH for the inductive load.

Figures 11, 12 and 13 show the different output results of
the load voltages, phase voltages, and current waveforms.
Figure 12 clearly shows that the output voltage of proposed
topology is a seven-level waveform. This has a direct impact
on the currents waveforms which will be more interesting to
show the enhancement of the performances of an electric
traction drive system where it will be used.
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4. APPLICATION FOR ELECTRIC TRACTION DRIVE
BASED ON PMSM

The usefulness of the proposed topology can be shown by
inserting it into an application. One of the promising
applications is that of electric traction, case of electric vehicle

PMSMs are the most widely used in the field of motion
control applications. This main is because reasons of their
high-power density and high efficiency [21, 22].

The proposed seven-level inverter is used to feed the PMSM
controlled by FOC technique as illustrated in Figure 14.
Performances of the present global system have been verified
by simulation with MATLAB Simulink.

Simulation results are shown in Figure 15-19 for 10 kHz
switching frequency and PMSM parameters summarized in
Table 3.
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Figure 13. Output phase voltage Vabc

Table 3. Parameters of the permanent magnet synchronous

machine

Parameters

Specification

Rated Speed

Rated Torque
Rated Voltage
Number of Poles

Lq
Ld
rs
Flux(o)
Inertia (J)
Friction

3000 RPM
111 N.m
560 V
4
0,000635 H
0,000635 H
0,05 Q
0,192 Wb
0,011 kg.m?
0,001889 N.m.s

proposed
T seven level
inverter
Va Sa ‘
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Figure 14. Electric traction system based on seven-level inverter of the proposed topology
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Figure 20. Voltage and current harmonic distortion analysis at the synchronism speed and maximum torque

It is well known, in FOC technique, that the target control
parameter is the motor speed. In our case, a speed cycle
representing a different situation. Such as high, medium and
low speed (Figure 14(a)) respectively (314 rad/s, 147 rad/s and
21 rad/s). Under load variation condition as depicted in Figure
14(b).

Figure 15(a) shows that the motor speed follows its
reference throughout the cycle. This is because of the good
waveforms of voltage provided by the seven-level inverter of
the proposed topology as show in Figure 17(a), 18(a) and 19
(a). Moreover, the current (Figure 17(b), 18(b) and 19(b))
presents also sinusoidal waveforms which has a direct impact
on the motor torque.

The good quality of the current waveform is resulting from
that of the supplying voltage as it is illustrated in Figure 20.

5. CONCLUSION

This paper presents a novel multilevel inverter topology
dedicated to Electric Traction drive based on proposed three-
level module unit. The proposed multilevel topology provides
some advantages over those already proposed in literature. The
main advantages are the reduced number of controlled
switches with the possible extending the number of levels and
phases, and also to design a modular or compact topology. The
reduced number of switches provides a costs reduction and
low complexity of control. Moreover, the proposed basic
module unit topology can be inserted with any other compact
multilevel inverter to increase its level number.

A three phase seven-level inverter of the proposed topology
is used in electric traction drive system based on PMSM with
field-oriented control technique. The obtained results, in
terms of motor speed, show a good reference tracking because
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of the high quality of voltage and current waveforms. This will
increase the battery lifetime and the reliability of the global
electric traction system.
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NOMENCLATURE

Cr Carrier

DC Direct Current

FC floating capacitor

FOC Field Oriented Control

IGBT Insulated Gate Transistors with
Bipolar junction

J Moment of inertia

NPC Neutral Point Clamped

N Number of levels

M Number of modules to be added

PWM Pulse Width Modulation

PODPWM Phase Opposition Disposition Pulse
Width Modulation

THD Total Harmonic Distortion

Vdc Continuous voltage
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