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Preface

Power inverters as the most suitable solution to provide a variable voltage/current with ad‐
justable magnitude and frequency have been widely used in industry for several applica‐
tions including AC motor drives, AC uninterruptible power supplies (UPS), active harmonic
filter, induction heating, photovoltaic (PV) applications, etc., to be single phase or three
phases in their output. Depending on the existence of voltage or current source as the source
for DC link, there are two models of the inverter, which are known as voltage source inver‐
ter (VSI) and current source inverter (CSI), respectively.

Generally, six-step method and pulse-width modulation (PWM) techniques are two popular
methods for the inverters. However, the existing lower order harmonics of the six-step volt‐
age wave, which causes large distortions of the current wave and voltage control by the line-
side rectifier, are limitations of this switching method. Therefore, techniques such as pulse-
width modulation (PWM) techniques, the soft switching techniques, pulse density
modulation (PDM), etc. with regard to parameters such as cost, efficiency, lower harmonic
distortion, and transient state are the best options for applications in high-performance in‐
verters. Moreover, to control output voltage and switching losses, reduce the size of the re‐
active components and switching stress, as well as optimize the harmonics due to the power
electronic switching, the mentioned techniques alone or along with some changes in the
structure like reduction of the switching device and the several kinds of the multilevel inver‐
ters as compared to conventional two-level inverters have been applied to reach the men‐
tioned goals and have a suitable output.

This book develops and presents some methods and structures for improving the power in‐
verters for different applications in single-phase or three-phase output to recover the afore‐
mentioned problems in recent years. The reduction of the switching devices and multilevel
inverters as changing structure for the power inverters and PDM and PWM methods as
changing control methods for the power inverter are studied in this book. Moreover, power
inverters are developed to supply open-ended loads. Furthermore, the basic and advanced
aspects of the electric drives that are control based are taught for induction motor (IM)
based on power inverters suitable for both undergraduate and postgraduate levels.

The main objective of this book is to provide the necessary background to improve and im‐
plement the high-performance inverters. Once the material in this book has been mastered,
the reader will be able to apply these improvements in the power inverters to his or her
problems for high-performance power inverters.

To facilitate this goal, Chapter 1 introduces “minimum switch" converter topologies and
control of passive load as well as split-single-phase induction motor so that the total har‐
monic distribution (THD) of the inverter is improved. Two-stage connection including sim‐



ple VSI inverter and center-tapped series-parallel resonant LC filter (LCL2C2) both with
neutral point and half-bridge matrix converter has been applied in the two-phase inver‐
ters. Later one includes one-leg half-bridge matrix converter and the AC neutral point net‐
work as a new type of converter with two-phase outputs loading the resistive-inductive or
motoric loads. Besides, the running capacitor creating needed phase shift (90 deg.) has been
electronically switched due to varied load. Moreover, analysis and modeling of such a new
type of single-leg AC/AC converter with two-phase outputs have been done. The pro‐
posed inverter and converter topologies have been simulated by MATLAB/Simulink and
verified in LT-Spice environment. Combination of tuned LC filter and switched capacitor
brings a good quality of output quantities of converter and represents the main contribu‐
tion of the chapter.

This is followed by Chapter 2, where authors propose a new design of multilevel inverter
configuration to reduce the component count and improve the quality of waveform in a
photovoltaic system. The proposed configuration operates at the binary asymmetric condi‐
tion to generate high output voltage level with small amount of harmonic distortion. Unipo‐
lar trapezoidal reference with triangular carriers has been used in the proposed inverter to
produce the desired switching pulses and generate the required output voltage level. More‐
over, separate DC sources of proposed configuration are replaced by the array of photovol‐
taic panels to check the configuration with the renewable energy source. Finally, to show the
effectiveness of the proposed configuration, an experimental setup is implemented.

In Chapter 3, authors review the cascaded H-bridge based on current source inverter topolo‐
gy. The first description of the power topology has been presented from the point of view of
the current source single-phase inverter and its connection in series with other inverters.
Then, modulation of the single-phase inverter has been studied, and the use of multilevel
modulation techniques and their use in the proposed power topology have been reviewed
and simulated. Next, key design guidelines of the output capacitor and the DC inductor
have been reviewed. Finally, an application example for AC drives simulated in PSIM has
been presented. From the study, it can be concluded that the main advantages of the topolo‐
gy are the quality of both input currents and load voltage, while its main drawback is the
use of a bulky DC inductor because of the use of current source inverters and the oscillating
power drained by the inverter from the DC side. In the same way as classic cascaded H-
bridge topologies, the use of the proposal topology allows to use semiconductors and pas‐
sive component with lower voltage and current rating that are required by the load.

Authors of Chapter 4 present PDM control on the series resonance inverter, which led to ac-
ac converters with high efficiency (zero switching loss), small size (no storage capacity), and
the possibility of a self-power factor correction. The PDM control joins together between the
concepts of soft switching and hard switching. Due to the complexity of the operating analy‐
sis for these converters, the average modeling facilitates the analysis of the operation and
leads to establish (i) an analytical expression of the power factor, (ii) the linearity conditions
of the power characteristic, and (iii) a model of ac-ac series resonant multiconverter, which
is independent of the carriers. In the case of ac-ac series resonant multiconverter, the coordi‐
nation of carriers allows to shape the power characteristic. Among the three types of coordi‐
nation presented, there is an original coordinate that linearizes the power characteristic. The
results have been validated by simulations carried out in Matlab SimPower systems.
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PrefaceVIII

A general study of the dual-inverter topology for supplying open-ended loads is discussed
in Chapter 5, where the authors study a type of connection consisting on leaving both termi‐
nal ends of the load open as an alternative to standard wye or delta connection. To supply
loads with this type of connection, two power inverters (one at each terminal end of the
load) are required in a circuit topology called dual inverter. In this chapter, the advantages
and issues of such converter have been studied, and different modulation strategies have
been shown and discussed. Moreover, multilevel dual-inverter converters have been pre‐
sented as an extension to the basic two-level idea. For evaluation purposes, simulation re‐
sults have been presented.

The objective of Chapter 6 is to put into evidence the teaching aspects through the applica‐
tive research in the field of the electric drives. In this chapter, the author provides the basic
and advanced aspects of the electric drives control based on the most used electrical ma‐
chine: three-phase induction motor (IM). The research work has been presented in didactical
way, starting with the conventional vector control, followed by the integration of the model
reference adaptive control into the specific IM-based drive. The verified numerical simula‐
tion results push the research process through the implementation way. In order to increase
the IM drives’ efficiency, the real-time implementation of the most used modulation techni‐
ques has been provided. Based on the dSpace platform, interfaced by Control Desk, the ex‐
perimental results have been obtained. Both the performances of the cascaded control and
model reference adaptive control have been shown.

Ali Saghafinia
Department of Electrical and Computer Engineering

Isfahan University of Technology
Isfahan, Iran
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Chapter 1

Two‐Phase Inverters with Minimum Switching Devices

Branislav Dobrucky, Tomas Laskody and
Roman Konarik

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67743

Abstract

The chapter deals with two-phase inverters with minimum switching devices whereby
the main emphasis is devoted to ‘minimum switches’ converter topologies and control
of passive load as well as split-single-phase induction motor. Such a converter consists
of one-leg half-bridge matrix converter and the ac neutral point network as a new type
of converter with two phase outputs loading the resistive-inductive or motoric loads. As
harmonic content of the voltage of both phases gives very high value of total harmonic
distortion (THD), roughly 86%, the current waveforms should be improved by using
serial LC filter that brings much more suitable value of THD. Besides, the running
capacitor creating needed phase shift (90�) is electronically switched due to varied load.
Analysis and modeling of such a new type of single-leg ac/ac converter with two phase
outputs are done. The proposed topologies were simulated by Matlab/Simulink and
verified in an LT spice environment. Worked-out simulation results are in good agree-
ment with theoretical assumptions and make possible to give recommendation for the
fair and right design of the chosen type of converter. Combination of mentioned mea-
sures brings a good quality of output quantities of converter and represents the main
contribution of the chapter.

Keywords: two-phase inverter, matrix converter, one-leg VSI converter, LC resonant
filter, half bridge connection, bidirectional switch, modeling, LT Spice simulation

1. Introduction

In spite that the generation and transmission of electric power are done by means of the three-
phase ac system, today, the development of the two-phase system is still continued mainly to
split-single-phase IM motor supply that is documented in this chapter and given references.
So, the first venture into the realm of polyphase electric power has used only two alternating

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



current phases rather than three but with pulsating power flow to motor in contrast to constant
power of three-phase system [1]. In regard to topologies of the two-phase inverters, mostly
three-leg ones with six switches or two legs with four switches are used. Evaluation of low-cost
topologies for the two-phase induction motor (IM), which drives in an industrial application, is
analyzed and discussed in Refs. [2–4]. Half-bridge two-phase voltage source inverters (VSI) for
two-phase (IM) supply are described in Refs. [5–8]. Besides, there exists also a possibility to
supply three-phase induction motor by the two-phase inverter [9].

Regarding to minimum switching devices, two-phase one-leg VSI inverters for the two-phase
IM supply, there are works of Chomat et al. in Refs. [10–12]. In those, the operation of the
motor at nominal frequency is different from the reduced frequency operation when phase
shift of auxiliary phase is provided by a capacitor. Due to variable load, it is useful to change
the value of capacitance in auxiliary phase, so the electronically switched capacitor techniques
are used [13, 14]. Current pulse-width-modulation (PWM) or space vector modulation (SWM)
provides demanded sinusoidal waveform and feedback control [15, 16].

A new original topology of single-leg direct matrix converter was first published by authors of
this chapter in Ref. [17] based on the works in Refs. [10, 18]. The number of switches is
minimized, but total harmonic distortion (THD) of auxiliary-phase voltage is very high (86%
at 50 Hz, 69% at 33.33 Hz) and consequently current distortions too (68 and 43%, respectively).
Therefore, the improved two-phase one-leg matrix converter is completed by an LC filter [19]
designed by Dobrucký et al. [20]. Combination of tuned LC filter and switched capacitor
brings a new quality of output quantities of converter, which provides acceptable THD and
makes possible field-oriented control (FOC) of the IM motor.

The chapter is organized as follows. First, the basic topologies of one-, two-, three-, and four-
leg VSI inverters for two-phase application are described. Next, the special topologies using
matrix inverters for two-phase application are introduced. Possibilities of use of switched
capacitor for auxiliary circuit phase control providing the use of LC filter are described, and
simulation study of Matlab/Simulink and LT Spice with passive RL and active motoric loads
are given. Afterward, current controlled PWM (or hysteresis control) is worked out, and finally,
conclusion is described.

2. Basic topologies of VSI inverters for two-phase application

2.1. Two-phase voltage source inverter with two legs

The topology (Figure 1) consists of four semiconductor switches. A low number of a semicon-
ductor switches is the main advantage of the topology. Those switches create two half-bridge
inverters, each of them powers one of the windings. The disadvantage, which this topology
suffers from, is low magnitude of the output voltage. It is half of an interlink DC voltage in
Refs. [2, 21]. Another disadvantage is hidden in control of the switches, which is only bipolar
PWM can be used [6], which has further negative consequences.

It is also possible to supply three-phase IM motor by two-phase VSI inverter [9], Figure 2.
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In opposite, there is also a possibility to supply two-phase IM by three-phase three-leg inverter
(at the next).

2.2. Two-phase voltage source inverter with three legs

The topology shown in Figure 3 consists of six semiconductor switches. Two of the three-
leg are used for the power supply of the motor windings and third leg is used for creation
of common phase of the motor [2, 21]. As a control of the switches, the modified SPWM
[6, 22] can be used to describe the use of sin(ωt), cos(ωt), and –sin(ωt) as the reference
voltages. The advantage compared to the converter with two legs is in better usage of a
DC interlink. While inverter with two legs can put only half of DC voltage interlink

magnitude, inverter with three legs is able to use UDC=
ffiffiffi
2

p
.

Figure 1. Voltage source inverter with two legs.

Figure 2. Voltage source inverter with two legs for supply of three-phase IM.

Two‐Phase Inverters with Minimum Switching Devices
http://dx.doi.org/10.5772/67743
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2.3. Two-phase voltage source inverter with four legs

Another possible topology that can be used to fed the two-phase induction motor (Figure 4) is
created by eight switches. Each phase is fed by one full-bridge inverter.

The topology uses a larger amount of switches (eight ones), and therefore, the topology is able
to use entire magnitude of DC interlink voltage [7, 21].

Model of two-phase IM motor is well known [7–9, 13, 14]. So, the electric machine being
considered may be described by the following set of ordinary differential equations in the
αβ-stator reference coordinate frame under the commonly used simplifying assumptions:

Figure 3. Voltage source inverter with three legs.

Figure 4. Voltage source inverter with four-leg and four-output terminals.
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usα ¼ Rsαisα þ Lsα
disα
dt

þ LMα
dirα
dt

, (1)

usβ ¼ Rsβisβ þ Lsβ
disβ
dt

þ LMβ
dirβ
dt

, (2)

0 ¼ Rrαirα þ Lrα
dirα
dt

þ LMα
disα
dt

þþ 1
N
ωmðLrβirβ þ LMβisβÞ, (3)

0 ¼ Rrβirβ þ Lrβ
dirβ
dt

þ LMβ
disβ
dt

þ�NωmðLrαirα þ LMαisαÞ, (4)

Te ¼ pp NðLrαirα þ LMαisαÞirβ � 1
N
ðLrβirβ þ LMβisβÞirα

� �
, (5)

Te ¼ Tload þ J
dωm

dt
: (6)

where N is the ratio between the effective numbers of turns in the auxiliary and the main stator
windings, ωm is the mechanical angular speed, and pp is the number of pole pairs.

As control methods, it can be used modern control ones: field-oriented vector control as well as
space vector pulse width modulation [6, 15]. Some results of operation of two-phase IM supply
are shown in Figure 5a, start-up and steady state (b).

The topology VSI with two legs controlled by SVPWM is able to turn on a four active voltage
vector but not able to turn on a zero voltage vector, which is its major disadvantage [21].

Figure 5. Behaviour of two-phase IM supplied by two-phase VSI inverter; (top) start-up and (bottom) steady-state
operation [21].
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Substituting VSI topology by matrix one will be able to turn on eight active voltage space
vectors with turn-on times as shown in Figure 6 (top) but still no zero space vectors, Figure 6
(bottom).

Instead of VSI inverters with two, three, and four legs, there can be used matrix converter [21],
but the number of switching devices is rather higher, nearly two times.

Figure 6. Two-leg VSI; (top) turn-on times of active voltage vectors and (bottom) creating SVPWM [21].

Recent Developments on Power Inverters6



Substituting VSI topology by matrix one will be able to turn on eight active voltage space
vectors with turn-on times as shown in Figure 6 (top) but still no zero space vectors, Figure 6
(bottom).

Instead of VSI inverters with two, three, and four legs, there can be used matrix converter [21],
but the number of switching devices is rather higher, nearly two times.
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3. Two-phase inverters with minimum switching devices

3.1. Two-phase voltage source inverter with one leg

Minimum of switching devices: two switches for inverter, two diodes for rectifiers, are reached
by the one-leg VSI inverter [8, 10], Figure 7.

Anyway, it also needs two antiparallel diodes and two bulky capacitors. Schematic of VSI in
Figure 7 is dedicated for ac motors. In full speed operation, the one leg of VSI with switches
provides phase shift of 90�, since in reduced speed operation, the shift is created by a capacitor.

3.2. Two-phase voltage matrix converter with one and two legs

Instead of one-leg VSI inverters that can be used matrix converters is based on single-phase
matrix converter. The matrix converter has some specific advantages over voltage source
inverter in the size of the device, the lack of intermediate circuit, and also reduction in needed
capacity [18]. The disadvantages are higher cost and also higher number of switching ele-
ments. Matrix converter that consists of just one single leg is described as original one, in
Section 4.

3.3. Two-phase LCL2C2 inverter with two-leg matrix converter

One possibility for the first stage is to use a resonant converter, for instance an LCL2C2
resonant converter, Figure 8a. The second stage can be created as a two-leg two-phase matrix
converter. This resonant converter consists of four bidirectional switches. For his control, an
SVPWM modulation can be used, which is very like of SVPWM modulation for two-phase
two-leg voltage VSI inverter.

The difference is the need to monitor the voltage polarity in an intermediate circuit and
properly toggle the combination of active vectors. Unlike the two-phase two-leg voltage source

Figure 7. Schematic of one-leg VSI inverter [10].
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inverter, the two-phase two-leg matrix converter has double number of active vectors, Figure 8b.
It is necessary to switch on the active vectors V1–V4 when the voltage in intermediate circuit is
positive. If there is a negative voltage in the intermediate circuit, vectors V5–V8 are switched on.
Reference voltage for the switches is shown in Figure 9.

The operation of matrix converter with motoric load in an open-loop operation and detail of
stator currents and adequate stator voltages during two periods at steady state are shown in
Figure 10.

Anyway, number of switching devices using two-phase LCL2C2 inverter with two-leg matrix
converter is still high (2 þ 4 that means six switches).

Figure 8. Two-stage MxC; (a) with resonant converter as a first stage and (b) its space vectors [21].

Figure 9. Waveforms of reference voltages for two-phase matrix converter [21].

Figure 10. Stator voltages and stator currents of α-phase during two periods [21].
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4. Single-leg topology using matrix converters for two-phase application

Another possibility how to reduce number of switching devices is presented by the special
connection of one-leg matrix converter supplied direct from the network. As new type of two-
phase converters using matrix converter for two-phase applications has been developed for
single-leg matrix converter [17].

4.1. Basic topology of single-leg matrix converter

A novel supply system for two-phase induction motor by a single-leg matrix converter was
introduced in work [17] using principle of single-phase matrix converter where one phase is
substituted by harmonic network voltage, Figure 11a and b.

In the circuit operation of full speed regime, the voltage of auxiliary phase is possible to
express as

uauxðtÞ ¼ UMsign½sinðωtÞ�abs½ cos ðωtÞ�: (7)

For reduced speed, the voltage of both main and auxiliary phases is expressed as

umxcðtÞ ¼ UMsign½N sinðωtÞ�abs½ sin ðωtÞ�, (8)

N ¼ f mxc

f ac
¼ Tac

Tmxc
: (9)

The input and output waveforms of MxC in full speed mode and reduced speed mode are
shown in Figures 12 and 13. The switching logic of the control system that creates the desired
output voltage from input voltage is shown in Figure 14.

Figure 11. One-Leg MxC; (a) schematics for full speed at 50 Hz and (b) for reduce speed (<50 Hz) [17].
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Among various questions, the first question is how value of the fundamental harmonic of
auxiliary phase will reached. Using Fourier analysis of the one fourth of the waveform,
Figure 15, one can write equations:

Figure 12. Voltages of SLMxC in full speed mode 50 Hz; (top) input network voltage and (bottom) SLMxC output voltage.

Figure 13. Voltages of SLMxC in reduced speed mode 6.66 Hz; (top) input and (bottom) output voltages.
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Definite relations

f 1ðtÞ ¼ a1 cos ðω1tÞ þ b1 sin ðω1tÞ ¼ A1 sin ðω1tþ ϕ1Þ, (10)

A1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a12 þ b12

2
p

; ϕ1 ¼ arctag
b1
a1

, (11)

a1 ¼ 2
T

ðT

0

f ðtÞ cos ðω1tÞdt; b1 ¼ 2
T

ðT

0

f ðtÞ sin ðω1tÞdt: (12)

Then

Figure 14. The switching logic for main and auxiliary phases.

Figure 15. To harmonic analysis for the first part of the waveform.
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a1 ¼ 2
T

ðT4

0

cos 2ðω1tÞdt ¼ 2
T

ðT4

0

1
2
½1þ cos ð2ω1tÞ�dt

¼ 1
T

ðT4

0

½1þ cos ð2ω1tÞ�dt ¼ 1
T
½t�T=40 þ 1

T
1

2ω1
½ sin ð2ω1tÞ�T=40 ¼ 1

4
,

(13)

b1 ¼ 4
T

ðT=2

0

f ðtÞ sin ðω1tÞ ¼ 2
T

ðT4

0

cos ðω1tÞ sin ðω1tÞdt

¼ 2
T

ðT4

0

1
2
½ sin ð2ω1tÞ�dt ¼ 1

T
1

2ω1
½� cos ð2ω1tÞ�T=40 ¼ 1

4π
½ cos ð2ω1tÞ�0T=4 ¼

1
2π

:

(14)

Fundamental harmonic waveform

u1ðtÞ ¼ 1
4
cos ðω1tÞ þ 1

2π
sin ðω1tÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
4

� �2

þ 1
2π

� �2
2

s
sin ω1tþ arctag

1=2π
1=4

� �
: (15)

After calculation

u1ðtÞ ¼ 0:296 sin ðω1tþ 32:48�Þ: (16)

The value if fundamental harmonic at the middle of half-period

A1jπ
2
¼ 0:296 cosð32:48�Þ ¼ 0:249: (17)

The contribution from the second part of auxiliary-phase waveformwill be the same, Figure 16.
So, this means that maximal magnitude of auxiliary-phase fundamental harmonic is

2A1jπ
2
¼ 2� 0:249 ¼ 0:498 ≈ 0:5: (18)

Thus, the RMS value of the output voltage of the one-leg converter should be two times greater
than requested voltage of the main phase of the system.

Figure 16. Auxiliary-phase waveforms; (solid) total wave, (dashed) fundamental harmonic and (dotted) sum of higher
harmonics.
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Basic scheme of MxC converter for reduced speed is different from full speed and given in
Figure 11b. The phase shift of auxiliary phase is provided by the capacitor Caux. Vector
diagram for auxiliary-phase impedances is given in Figure 17.

By calculating Caux for ‘quadratic mean’ frequency band 33.33 Hz from vector diagram, the
capacitor value for auxiliary phase can be determined

jZauxj ¼ jZmainj, f qm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2lo þ f 2hi

2

s
, (19)

1
ωCaux

�����

����� ¼ jZauxjcosϕþ jωL2j, (20)

Figure 17. Vector diagram for reduce speed of auxiliary-phase impedances.

Two‐Phase Inverters with Minimum Switching Devices
http://dx.doi.org/10.5772/67743

13



Caux ¼ 1
ω

1
jZauxjcosϕþ jωL2j : (21)

There is equality of jωL2j ¼ jωL1j to be the same magnetic flux in both main and auxiliary
phases.

Analytical differential equations for main- and auxiliary-phase state-space variables (Figure 11b)
are:

dimain

dt
¼ � 1

τ
imain þ 1

τ
Um

R1
sin ðωtÞ, (22)

diaux
dt

¼ � 1
τ
iaux þ 1

L1
uC þ 1

τ
Um

R2
sin ðωtÞ, (23)

duC
dt

¼ 1
C

iaux, (24)

where τ is time constant accordingly R1 and R2 resistances.

After time discretization (e.g. using Euler's method), we obtain discrete dynamic model suit-
able for simulation in Matlab/Simulink.

Similar to one-leg VSI inverter [8, 12], the number of switches of single-leg MxC is minimized
but total harmonic distortion auxiliary-phase voltage is very high (86% at 50Hz, 69% at 33.33 Hz)
and consequently current distortions too (68% and 43%, respectively), see Figure 18 in Section 6
for simulation results where Figure 18a is for 50 Hz and Figure 18b is for 33.33 Hz.

4.2. Single-leg matrix converter supplying IM without LC filter and PWM

Due to very high THD of the main and auxiliary voltages and current, there is a problem
regarding to electromagnetic torque generated by two-phase IM motor. Therefore, neither the
operation at 50 Hz nor at reduced frequency (33.33 or 25 Hz), under nominal torque and
during start-up, could be provided successfully.

Figure 18. One-Leg MxC; (a) voltage and current of auxiliary-phase at 50 Hz and (b) at 33.33 Hz.
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Thus, we have to accept some measures for successfully operating PWM control, adding LC
resonant filter, and/or using switched capacitor.

Parameters of the two-phase IM used for simulation are therefore given in Section 5 with PWM
controlled motor.

4.3. Improving single-leg matrix converter using LC filter

Thus, it is necessary to improve current waveforms. Current-controlled PWM modulation
(CC-PWM) for full-speed operation is not possible to use because of decreasing of auxiliary-
phase voltage. Other possibility that has been used is using of LC resonant circuit that can be
used both in auxiliary and main-phase circuits, Figure 19a and b.

Analytical differential equations for main- and auxiliary-phase state-space variables
(Figure 19b)

dimain

dt
¼ � 1

τ
imain þ 1

L1
uCres þ 1

τ
Um

R1
sin ðωtÞ, (25)

diaux
dt

¼ � 1
τ
iaux þ 1

L2mod
uC þ 1

τ
Um

R2mod
sin ðωtÞ, (26)

duCres
dt

¼ 1
Cres

imain, (27)

duC
dt

¼ 1
Caux

iaux, (28)

where τ is time constant accordingly to R1 and R2 resistances, and Caux is series connected C
and Cres capacitors.

Figure 19. Schematics of SLMxC; (a) for full speed at 50 Hz and (b) for reduce speed (<50 Hz) with LC circuits.
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After time discretization (e.g. using Euler's method), we obtain discrete dynamic model suit-
able for simulation in Matlab/Simulink.

After realization of above measures, the total harmonic distortion of main and auxiliary-phase
currents will be much better such as 12.47% at 50 Hz and 8.47% at 33.33 Hz with LC circuits,
see Figure 20a for 50 Hz and Figure 20b for 33.33 Hz in Section 6. By suitable design of LC
elements [20], it is possible to reach the best value of main-and auxiliary-phase current THDs
(<5%) but the size of the LC elements will be rather high.

Resonant LC filter can be tuned either for given frequency 50 Hz, schematic in Figure 19a, or
for ‘quadratic mean’ frequency band 33.33 Hz, schematic in Figure 19b. Design of LC filter has
been done using design procedure by Dobrucký et al. [20].

4.4. Improving single-leg matrix converter by combining switched capacitors and LC filter

Auxiliary-phase advancing using switched C or L elements can be provided by different ways
[13, 14]

- switched capacitor with four switches networks, Figure 21a

- switched capacitors with two switches and two capacitors, Figure 21b

- switched RLC (inductor and capacitor) circuit with two switches connected as series network,
Figure 21c

- switched inductor with two switches connected as parallel network, Figure 21d

Since first two possibility items operate with full controlled bidirectional switches the later two
can be operated by ordinary thyristors with uncontrolled switching-off of the circuit current.

A periodically reversed switched capacitor is connected in series with an RL load supplied
from a sinusoidal voltage source. To control the phase of the fundamental component of load
current, a suitable algorithm for the switching of the capacitor is derived and tested. The
operation of the switch pairs is complementary and supports a pulse width modulated regime
where the duty factor of the dominant pair, e.g. S1, is restricted to vary between 0.5 and unity.

Figure 20. Voltage and current of auxiliary-phase at 50 Hz (a) and at 33.33 Hz (b) with additional LC circuit.
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We have chosen a variant shown in Figure 21b because of variant Figure 19a that needs high
number of switches and variants Figure 19c and d operate with uncontrolled switching-off of
the circuit current only, with an auxiliary winding through the bidirectional choppers S1 and S2
controlled by PWM with a frequency of about 1 kHz. The capacitance is changed by variation
of the duty cycle

Dtc ¼ ton
ton þ toff

, (29)

from 0 to 1.

The switches S1, S2 are linked with each other by an inverted logic. One capacitor has high
capacitance and the other has low capacitance. The desired capacitance is set as a function of
duty cycle for the switching between these two capacitors.

The equation for the controlled switched capacitance C can be derived from the energy stored
in the capacitors [8]

E ¼ 1
2
CU2: (30)

From Fourier analysis, the dc component of periodic waveform is equal to its average value

Us ¼ 1
T

ðT

0

uðtÞdt ¼ Dtc U, (31)

where Dtc is the duty cycle and T is the switching period. Therefore, the average voltages on
the capacitors are

U1 ¼ Dtc U, U2 ¼ ð1�DtcÞ U: (32)

Figure 21. Possibilities of switched capacitor networks for phase shift control.
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Then, the total energy stored in the two capacitors is

1
2
CU2 ¼ 1

2
C1U2

1 þ
1
2
C2U2

2: (33)

Thus,

CU2 ¼ C1ðDtcUÞ2 þ C2½ð1�DtcÞU�2: (34)

After further simplification, we get the final equation for the switched capacitance as the
function of duty cycle

C ¼ C1Dtc
2 þ C2ð1�DtcÞ2: (35)

The absolute value of the auxiliary impedance jZauxj and the phase angle ϕ used in the
function calculations are given as

jZauxj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
2mod þ ðωL2Þ2

q
, (36)

ϕ ¼ tan �1 ωL2
R2

: (37)

Combining Eq. (21) for the auxiliary-phase capacitance Caux with Eq. (35) for switched capac-
itance Caux ¼ C yields

0 ¼ ðC1 þ C2ÞDtc
2 � 2C2Dtc þ C2 � CauxðωÞ, (38)

and

Figure 22. Main- and auxiliary-phase steady-state current (top) and SLLC MxC output voltage (bottom); (a) at 50 Hz and
(b) at 33.33 Hz.
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0 ¼ ðC1 þ C2ÞDtc
2 � 2C2Dtc þ C2 � 1

ω
1

jZauxjcosϕþ jωL2j : (39)

Finding the roots of the quadratic equation we get the duty cycle Dtc as a function of the
angular frequency ω that we can use for controlling the phase shift of the auxiliary phase

DtcðωÞ ¼ C2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CauxðωÞ ðC1 þ C2Þ � C1 C2

p
C1 þ C2

: (40)

In a similar way, we can derive a switching capacitor for the resonant filters, Lres and Cres.
From the resonant frequency equation, we can calculate the value of resonant capacitance

Cres ¼ 1
L ω2

res
: (41)

Again, combining Eq. (41) for resonant capacitance with Eq. (35) for the switching capacitance
Cres ¼ C yields

0 ¼ ðC1 þ C2ÞDtc
2 � 2C2Dtc þ C2 � CresðωÞ, (42)

and

0 ¼ ðC1 þ C2ÞDtc
2 � 2C2Dtc þ C2 � 1

Lres ω2
res

: (43)

On solving the equation, we get similar equation for control of resonant frequency

DtcðωÞ ¼ C2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
CresðωÞ ðC1 þ C2Þ � C1 C2

p
C1 þ C2

: (44)

Switched capacitor will provide a requested phase shift of 90�. Requested waveforms shape
should be provided by an additional LC resonant filter [19].

4.5. Single-leg matrix converter combining switched capacitors and LC filter
supplying IM

Accepting of measures mentioned in Sections 4.3 and 4.4, it is possible essentially to improve
quality of SLMxC. Combining switched capacitor in auxiliary phase and using LC resonant
filter between the center tape of SLMxC and neutral point, it will be possible to obtain
demanded current waveforms with lower value of total harmonic distortion of both main and
auxiliary phases.

Worked-out simulation results are given in Section 6. At first, the simulation results of SLMxC
with switched capacitors and LC filter under RL load are given in Figure 22a for 50 Hz,
Figure 22b for 33.33 Hz, Figure 23a for 25 Hz and Figure 23b for 10 Hz.
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Simulation results of SLMxC with switched capacitors and LC filter under motoric IM load are
shown in Figures 24–26 in Section 6. There are shown steady-state currents and voltages of
main and auxiliary phases in Figure 24 at 50 Hz, in Figure 25 at 33.33 Hz with PWM control,
and also start-up operation in Figure 26.

Figure 23. Main- and auxiliary-phase steady-state current (top) and SLLC MxC output voltage (bottom) at 25 Hz (c), and
10 Hz (d).

Figure 24. Main- and auxiliary-phase steady-state current of two-phase IM (top) and SLLC MxC output voltage (bottom)
at 50 Hz without PWM.
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main and auxiliary phases in Figure 24 at 50 Hz, in Figure 25 at 33.33 Hz with PWM control,
and also start-up operation in Figure 26.

Figure 23. Main- and auxiliary-phase steady-state current (top) and SLLC MxC output voltage (bottom) at 25 Hz (c), and
10 Hz (d).

Figure 24. Main- and auxiliary-phase steady-state current of two-phase IM (top) and SLLC MxC output voltage (bottom)
at 50 Hz without PWM.

Recent Developments on Power Inverters20

5. Current controlled PWM for single-leg topologies

5.1. Current control of single-phase induction motor fed by single-leg VSI voltage source
inverter

Simulation results, Figure 27, were worked-out without LC filter and switched capacitor [15].

Parameters used for the simulation with an induction machine:

Figure 25. Main- and auxiliary-phase steady-state current of two-phase IM (top) and SLLC MxC output voltage (bottom)
at 33.33 Hz with PWM.

Figure 26. Main- and auxiliary-phase current of two-phase IM supplied by SLLC MxC during start-up.
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f ¼ 50 Hz; Urms ¼ 230 V; Pav ¼ 150 W; Rmain ¼ 58, 85 Ω; Raux ¼ 66, 1 Ω; Lmain ¼ 95 mH;
Laux ¼ 120 mH; M= 250 mH; and Caux ¼ 20 µF:

It can be seen that the waveforms of currents of main and auxiliary phases are not shaped
sufficiently. Further improving would be possible using mentioned measures, i.e. LC filter and
switched capacitor.

5.2. Current control of single-phase induction motor fed by basic single-leg MxC

Basic single-leg MxC schematic is given in Figure 11a and b. As mentioned in Section 4.2, there
is a problem regarding to an electromagnetic torque generated by two-phase IM motor due to
very high THD of the main and auxiliary voltages and current. Therefore, neither the operation
at 50 Hz nor at reduced frequency (33.33 or 25 Hz), under nominal torque and during start-up,
could be provided successfully.

Parameters used for the simulation with the induction machine (the same as above):

f ¼ 50 Hz; Urms ¼ 230 V; Pav ¼ 150 W; Rmain ¼ 58, 85 Ω; Raux ¼ 66, 1 Ω; Lmain ¼ 95 mH;
Laux ¼ 120 mH; M= 250 mH; and Caux ¼ 20 µF:

Simulation results without LC filter and switched capacitor are given in Figure 28.

Figure 28. Stator currents of a single-phase induction motor fed by single-leg MxC; (a) in full-speed operation, and (b)
reduced speed operation without LC filter and switched capacitor [17].

Figure 27. Currents controlled by hysteresis control; (a) in common phase and (b) in auxiliary phase [15].
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Currents are also highly deformed in both full-speed and reduced-speed regimes. In 4.5 seconds,
it has changed the operation mode from full speed into reduced speed; speed of motor is
proportional to the frequency of stator voltage of 25 Hz. Moreover, the start-up of the IM is not
being successful. So, the main problem of single-leg matrix converter is high distortion of
auxiliary-phase voltage and currents.

The basic principle of used current controlled PWM feedback loop is given in Figure 29.

The resonant parts, Lres, Cres, have not been used at simulation of basic single-leg MxC in
Figure 28.

5.3. Current control of single-phase induction motor fed by single-leg MxC using switched
capacitor, LC filter and PWM control

Finally, combined solution with LC additional circuits and the current controlled PWM (hys-
teresis CC PWM) with current feedback closed loop is the best one. As mentioned in Section
4.2, simulation results of SLMxC with switched capacitors and LC filter under motoric IM load
with PWM control are shown in figures in Section 6. There are shown steady-state currents
and voltages of main and auxiliary phases in Figure 25 at 33.33 Hz

Using this solution, the total harmonic distortion of main- and auxiliary-phase currents will be
smaller than usually requested value of 5%.

Except the phase angle control, the amplitude of the phase currents must be controlled to
optimal FOC operation of the induction machine under different load conditions.

6. Reached simulation results and discussion

All simulations of SLMxC with RL load were worked out in LT Spice environment. All simula-
tions of SLMxCwith motoric IM loadwere done inMatlab/Simulink programming environment.

Main- and auxiliary-phase steady-state currents and SLLC MxC output voltages have been
worked-out at different frequencies 50/33.33/25/10 Hz.

Figure 29. Principle of used CC-PWM feedback loop of single-leg MxC.
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The simulated phase currents under the RL load show that by control of switched capacitor the
exact value of demanded capacitance is reached. Then, the phase angle between the mentioned
current is also equal 90� as in Figure 17. From the Figures 22–25, it is obvious that this
condition is satisfied.

Simulation of steady-state and start-up operation of two-phase IM is given in Figures 24–26.
The simulation was done both with switched capacitor and LC resonant filter (except 50 Hz).
Parameters are used for simulation with the induction machine:

f ¼ 50 Hz; Urms ¼ 230 V; Pav ¼ 150 W; Rmain ¼ 58, 85 Ω; Raux ¼ 66, 1 Ω; Lmain ¼ 95 mH;
Laux ¼ 120 mH; M= 250 mH, C50 ¼ 20 µF; Lres ¼ 274 mH, Cres ¼ 37 µF; and q ¼ 1:

The simulated phase currents of the two-phase induction machine show that by control of
switched capacitor reaches exact value of capacitance which in case of that the phase angle
between the mentioned current is also equal 90�. The effect of the filter in a common phase will
result in nearly the same magnitude of the IM currents during start-up; however, the time
during start-up is rather longer.

7. Conclusion

The chapter brings analysis, modeling, and computer simulation of two-phase inverters focused
on minimum switching devices. There are described two main types of switching devices: the
single-leg VSI inverter partially known from a literature and single-leg MxCmatrix converter as a
newone. Since one-legmatrix converter type features a non-harmonic currentwaveform, themain
emphasis is laid on the enhancement to their shapes. Because the use of classical PWM technique is
restricted by insufficiency of voltage under basic frequency operation, it is necessary to use an
additional hardware LC resonant circuit. After realization of above measures with LC filter, the
total harmonic distortion of main- and auxiliary-phase currents will be much better: about 12% at
50 Hz and circa 9% at 33.33 Hz with LC circuits, see Figure 24 in the text. By suitable design of LC
elements, it is possible to reach the best value of themain- and auxiliary-phase current THDs (<5%)
but the size of the LC elements will be high. Using that solution the total harmonic distortion of
main- and auxiliary-phase currents will be smaller than usually requested value 5%. Analysis and
worked-out simulation experiment results under RL load have shown that use of the LC filter can
significantly improve the harmonic of the current waveform in both main- and auxiliary-phase
windings. It should be also noticed that the simple LC resonant tank is always tuned to single
frequency only and therefore the right operation of the MxC converter is also limited to this one
frequency. To eliminate this disadvantage, the switched capacitor is supposed to use the capaci-
tance that can be continuously changed and adapted to actual requirement given byan operational
frequency. It is very important under field-oriented control of split-single-phase inductionmotor as
a load for the converter. The basic topology has been completed by the LC filters that have both
currents of main and auxiliary phases approximately sinusoidal waveforms. Main contribution of
the paper is combined with the control of auxiliary phase advancing to be 90 degree under entire
range of load operation and also pulse-width-modulation for field-oriented control.

Simulation experiments have been done using passive RL load and also split-winding single-
phase IM motor. Worked-out results under RL load operation have shown very good
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agreement with theoretical assumptions. Worked-out results under split-winding single-phase
IM motoring operation are just preliminary ones because it needs accurate real motor param-
eters and takes longer time. Cooperation of switched capacitor single-leg LC matrix converter
with split-winding single-phase IM is intended as for next work. The results reached can be
served for usage and analysis of systems with two-phase ac motor drive. So, the next work is to
focus on motoric load operation.
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Nomenclature

LCL2C2 Center tapped series-parallel resonant LC filter

THD Total harmonic distortion

VSI Voltage source inverter

MxC Matrix converter

PWM Pulse-width-modulation

SVPWM Space vector pulse-width-modulation

IM Induction motor

DC Direct current

MOSFET Metal-oxide-semiconductor field-effect transistor

CC-PWM Current controlled pulse-width-modulation

FOC Field-oriented control

uaux Converter output voltage for auxiliary phase

umxc Converter output voltage common for main and auxiliary phase

UM Voltage magnitude

fmxc Frequency of matrix converter output voltage

f ac Frequency of matrix converter input voltage

Tmxc Period of matrix converter output voltage

Tac Period of matrix converter input voltage

Zmain Impedance of main phase

Zaux Impedance of auxiliary phase

Caux Capacitance in auxiliary phase

Cres Capacitance in resonant filter

Lres Inductance in resonant filter
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Abstract

A new design of multilevel inverter configuration is proposed for reducing the component
count and improving the quality of waveform in a photovoltaic system. The proposed
configuration operates at the binary asymmetric condition for generating the large amount
output voltage level with small amount harmonic distortion. Unipolar trapezoidal refer-
encewith triangular carriers is used for generating the desired switching pulses to generate
the required output voltage level. The proposed configuration requires eight unipolar
switches for generating the 31-level output voltage level with total harmonic distortion of
3.18% without using any filters. The value of %total harmonic distortion (THD) satisfies
the IEEE 519 harmonic standard. Separate DC sources of proposed configuration are
replaced by the array of photovoltaic panels for testing the configuration with the renew-
able energy source. The proposed configuration is tested with an experimental setup for
proving the operation of it. Selected simulation and experimental results are shown for the
verification of proposed configuration ability.

Keywords: multilevel inverter, pulse width modulation, trapezoidal waveform,
reduced switch inverter
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1. Introduction

The theory of multilevel inverter has been discussed over 30 years ago. The multilevel inverter
(MLI) has many advantages when compared to conventional two-level inverter such as with-
standing high voltage capability, lower harmonic distortion, lower switching losses, lower
switching stress, and producing high quality of output voltage with better electromagnetic
compatibility [1]. Due to that numerous advantages, the adoption of multilevel inverter has
been tremendously expanded in the area of medium or high power and medium or high
voltage application [2]. Generally, diode clamped multilevel inverter (DCMLI), flying capacitor
multilevel inverter (FCMLI), and cascaded H-bridge multilevel (CHBMLI) are three remark-
able traditional MLI topologies [3]. The drawback of conventional MLIs is the total number of
components. The count of components is directly proportional to the number of levels. The
balancing of voltage across DC bus capacitor in FCMLI and DCMLI is the difficult task. Also,
the presence of clamping diodes and clamping capacitors in DCMLI and FCMLI, respectively,
makes the circuit complex, costly and large size [4]. To overwhelm those drawbacks, numerous
topologies for multilevel inverter have been introduced recently.

Reduced switch multilevel inverter configurations have their own advantages and disadvan-
tages. In Refs. [5–20], the configurations require bidirectional switches for achieving the
desired output voltage level. Utilizing of bidirectional switches increases, the total count of
switches in those configurations, because the combination of two unipolar switches makes one
bidirectional switch using the concept of emitter coupled to both switches. In Refs. [21–25], the
transformers have utilized for generating the required output voltage level. The usage of a
transformer in that configuration makes the system bulky, costly, less life span and requires
more maintenance. The transformer is connected to the secondary side in series to achieve the
required output voltage level. In Refs. [8, 10, 12, 14], configuration utilizes more diode and
capacitors for generating the required output voltage level. The balancing of capacitor voltage
is more important to achieve the particular level of the output voltage waveform.

In this chapter, the reduced switch configuration is proposed without any bidirectional switches
and transformer. Therefore, the proposed configuration size and cost are considerably low. It
requires only eight switches for generating the 31-level output voltage level with total harmonic
distortion of 3.18%. Multicarrier unipolar trapezoidal reference with triangular carrier pulse
width modulation technique is utilized for generating the switching pulses for the proposed
configuration. The proposed configuration has a minimum number of conducting switches for
generating per voltage level. Also, this configuration requires minimum power loss (switching
loss + conduction loss) for a different number of levels when compared to other MLIs. Also, the
proposed configuration is tested with the photovoltaic system for checking the ability of it.

The remaining section of this chapter is as follows: Section 2 describes the operation of proposed
multilevel inverter configuration with an asymmetric condition. Section 3 describes with the
multicarrier unipolar trapezoidal pulse width modulation with three different carriers such as
phase disposition, alternative phase opposition and disposition and variable frequency. Section 4
describes with proposed multilevel inverter configuration integrated with the photovoltaic sys-
tem. Section 5 describes with results and discussion of the proposed multilevel inverter. Section 6
ends with conclusion of this chapter.
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loss + conduction loss) for a different number of levels when compared to other MLIs. Also, the
proposed configuration is tested with the photovoltaic system for checking the ability of it.

The remaining section of this chapter is as follows: Section 2 describes the operation of proposed
multilevel inverter configuration with an asymmetric condition. Section 3 describes with the
multicarrier unipolar trapezoidal pulse width modulation with three different carriers such as
phase disposition, alternative phase opposition and disposition and variable frequency. Section 4
describes with proposed multilevel inverter configuration integrated with the photovoltaic sys-
tem. Section 5 describes with results and discussion of the proposed multilevel inverter. Section 6
ends with conclusion of this chapter.
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2. Proposed multilevel inverter configurations

The proposed multilevel inverter configuration is the combination of power semiconductor
switches and bypass diodes. Figure 1a shows the basic structure for the proposed MLI configu-
ration. The bypass diode is connected in parallel with the combination of power semiconductor
switch and DC voltage source. The basic structure has two different modes of operation. When
the switch T1 is turned on, the Vdc1 voltage appears across the diode D1. Therefore, the value of
output voltage is 2Vdc (Vdc1 + Vdc2). When the switch T1 is turned off, the bypass diode conducts
to generate the Vdc output voltage. The higher number of levels can generate the cascading
connection of proposed basic structure. Symmetric and asymmetric are the two different condi-
tions of multilevel inverter for generating the output voltage level. Generally, symmetric
multilevel inverter produces the minimum count of output voltage level when compared to an
asymmetric multilevel inverter. Figure 1b shows the proposed multilevel inverter configuration
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Vdc1

Vdc2

D1

S1
Vo

LOAD

Vdc1

Vdc2

Vdc3

Vdc4

T1

T2

T3

T4

D1 S1

S2

S3

S4

D2

D3

D4

Figure 1. Proposed configuration. (a) Basic structure. (b) Proposed multilevel inverter configuration.

Parameters Generalized formulas

Value of DC sources 2n where n = 0, 1, 2…

Ratio of DC sources 1: 2: 4: 8

Number of switches k + 4

Number of DC source k

Number of diodes k + 4

Number of driver circuit k + 4

Number of level 2k+1 � 1

Table 1. Generalized formula for the different parameters in proposed multilevel inverter.
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for generating the 31-level output voltage. The DC sources are assumed as an asymmetric
condition in which binary sequence is adopted. The ratio of binary sequence is 1:2:4:8. The
configuration is the combination of single phase H-Bridge inverter and reduced switch configu-
ration. The reduced switch configuration contains the set of single DC source, switch and bypass
diode is connected in series. Table 1 shows the generalized formula for the proposed multilevel
inverter configuration. Table 2 shows the switching table for the proposed topology for generat-
ing the 31-level output voltage in both positive and negative polarity.

3. Switching techniques

The pulse width modulation is the most important and effective switching technique for
controlling the multilevel inverter output voltage. Based on PWM technique, the output
voltage can be easily converted to sinusoidal waveform by utilizing the less size of passive
filters. Generally, sinusoidal pulse width modulation technique (SPWM) is utilized for gener-
ating the switching pulses to achieve the desired output voltage waveform [26–29]. In this
chapter, the proposed configuration switches are triggered by using the trapezoidal reference
with triangular carriers. Trapezoidal pulse width modulation technique is one of the types of
advanced pulse width modulation technique. This technique provides better performance
output voltage when compared with sinusoidal pulse width modulation technique which is
the main advantage [28]. The combination of two slopes and one horizontal line makes the
trapezoidal reference waveform. Generally, the waveform can be attained by the triangular
reference waveform by limiting the magnitude or peak value of the waveform.

Modes Conducting switches and
diodes

Output
voltage

Modes Conducting switches and
diodes

Output
Voltage

1 S1, D2, D3, D4, T1, T2 Vdc 1 S1, D2, D3, D4, T3, T4 �Vdc

2 S2, D1, D3, D4, T1, T2 2Vdc 2 S2, D1, D3, D4, T3, T4 �2Vdc

3 S1, S2, D3, D4, T1, T2 3Vdc 3 S1, S2, D3, D4, T3, T4 �3Vdc

4 S3, D1, D2, D4, T1, T2 4Vdc 4 S3, D1, D2, D4, T3, T4 �4Vdc

5 S1, S3, D2, D4, T1, T2 5Vdc 5 S1, S3, D2, D4, T3, T4 �5Vdc

6 S2, S3, D1, D4, T1, T2 6Vdc 6 S2, S3, D1, D4, T3, T4 �6Vdc

7 S1, S2, S3, D4, T1, T2 7Vdc 7 S1, S2, S3, D4, T3, T4 �7Vdc

8 S4, D1, D2, D3, T1, T2 8Vdc 8 S4, D1, D2, D3, T3, T4 �8Vdc

9 S1, S4, D2, D3, T1, T2 9Vdc 9 S1, S4, D2, D3, T3, T4 �9Vdc

10 S2, S4, D1, D3, T1, T2 10Vdc 10 S2, S4, D1, D3, T3, T4 �10Vdc

11 S1, S2, S4, D3, T1, T2 11Vdc 11 S1, S2, S4, D3, T3, T4 �11Vdc

12 S3, S4, D1, D2, T1, T2 12Vdc 12 S3, S4, D1, D2, T3, T4 �12Vdc

13 S1, S3, S4, D2, T1, T2 13Vdc 13 S1, S3, S4, D2, T3, T4 �13Vdc

14 S2, S3, S4, D1, T1, T2 14Vdc 14 S2, S3, S4, D1, T3, T4 �14Vdc

15 S1, S2, S3, S4, T1, T2 15Vdc 15 S1, S2, S3, S4, T3, T4 �15Vdc

Table 2. Switching table for generating 31-level output voltage in proposed configuration.
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Modes Conducting switches and
diodes

Output
Voltage

1 S1, D2, D3, D4, T1, T2 Vdc 1 S1, D2, D3, D4, T3, T4 �Vdc

2 S2, D1, D3, D4, T1, T2 2Vdc 2 S2, D1, D3, D4, T3, T4 �2Vdc

3 S1, S2, D3, D4, T1, T2 3Vdc 3 S1, S2, D3, D4, T3, T4 �3Vdc

4 S3, D1, D2, D4, T1, T2 4Vdc 4 S3, D1, D2, D4, T3, T4 �4Vdc

5 S1, S3, D2, D4, T1, T2 5Vdc 5 S1, S3, D2, D4, T3, T4 �5Vdc

6 S2, S3, D1, D4, T1, T2 6Vdc 6 S2, S3, D1, D4, T3, T4 �6Vdc

7 S1, S2, S3, D4, T1, T2 7Vdc 7 S1, S2, S3, D4, T3, T4 �7Vdc

8 S4, D1, D2, D3, T1, T2 8Vdc 8 S4, D1, D2, D3, T3, T4 �8Vdc

9 S1, S4, D2, D3, T1, T2 9Vdc 9 S1, S4, D2, D3, T3, T4 �9Vdc

10 S2, S4, D1, D3, T1, T2 10Vdc 10 S2, S4, D1, D3, T3, T4 �10Vdc

11 S1, S2, S4, D3, T1, T2 11Vdc 11 S1, S2, S4, D3, T3, T4 �11Vdc

12 S3, S4, D1, D2, T1, T2 12Vdc 12 S3, S4, D1, D2, T3, T4 �12Vdc

13 S1, S3, S4, D2, T1, T2 13Vdc 13 S1, S3, S4, D2, T3, T4 �13Vdc

14 S2, S3, S4, D1, T1, T2 14Vdc 14 S2, S3, S4, D1, T3, T4 �14Vdc

15 S1, S2, S3, S4, T1, T2 15Vdc 15 S1, S2, S3, S4, T3, T4 �15Vdc

Table 2. Switching table for generating 31-level output voltage in proposed configuration.
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The angle of horizontal line of the waveform is as follows:

2∅ ¼ ð1� σÞπ ð1Þ

where σ is called the triangular factor. If the triangular factor is σ = 1, the waveform shape will
become triangular waveform. The shape of trapezoidal waveform is purely depending on the
location of slope angle (α). Figure 2 shows the different angle of slope for the trapezoidal
waveform. The harmonic content and waveform quality will differ based on the different
locations of the slope angle (α). The mathematical formula for calculating the harmonic ampli-
tude for different slope of different order is given by

An ¼ 4
π

ðπ=2

0

FðθÞ sin nθ dθ ð2Þ

where

FðθÞ ¼ 1 α= 0
�
< θ < α

1 α < θ < 90
�

�
ð3Þ

So, the Eq. (8) can be written as follows

An ¼ 4
2π

�θkcosðnθÞ
n

� �� �α
0
þ 1

n

ðα

0

k cos ðnθÞ dθþ 4
π

ðπ=2

0

sin ðnθÞ dθ ð4Þ
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Figure 2. Different angle of slope in trapezoidal reference.
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The above equation can be simplified and rewritten as follows

An ¼ 4
n2π

·
sin ðnαÞ

α
ð5Þ

Figure 3 shows the harmonic content of different harmonic order for different slope angle. From
that Figure 3, it is evident that the harmonic order value increases when the slope angle near to
zero degree. If the slope angle moves towards to 90 degree, the harmonic order value decreases.
In this paper, the slope of the trapezoidal reference waveform is considered as 60�. Also, in this
paper, unipolar reference is considered for generating the switching pulses. In unipolar, the
carriers count is reduced half of the value when compared to bipolar PWM technique, which is
the main advantage of unipolar PWM method [26]. The proposed topology is tested with phase
disposition (PD) carrier arrangement. Phase disposition defines that the utilization of 15 carriers
is each in phase with same amplitude and frequency. The representation of unipolar trapezoidal
reference with phase disposition carriers is shown in Figure 4.
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Figure 3. Harmonic content for different individual order in different slope angle of trapezoidal reference.

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
0

5

10

15

Time in secs

stlov ni edutilp
m

A

Figure 4. Unipolar trapezoidal reference with PD carrier arrangement.

Recent Developments on Power Inverters34



The above equation can be simplified and rewritten as follows

An ¼ 4
n2π

·
sin ðnαÞ

α
ð5Þ

Figure 3 shows the harmonic content of different harmonic order for different slope angle. From
that Figure 3, it is evident that the harmonic order value increases when the slope angle near to
zero degree. If the slope angle moves towards to 90 degree, the harmonic order value decreases.
In this paper, the slope of the trapezoidal reference waveform is considered as 60�. Also, in this
paper, unipolar reference is considered for generating the switching pulses. In unipolar, the
carriers count is reduced half of the value when compared to bipolar PWM technique, which is
the main advantage of unipolar PWM method [26]. The proposed topology is tested with phase
disposition (PD) carrier arrangement. Phase disposition defines that the utilization of 15 carriers
is each in phase with same amplitude and frequency. The representation of unipolar trapezoidal
reference with phase disposition carriers is shown in Figure 4.

1 16 31 46
Slope angle

61 76 90
-0.1

0

0.1

0.2

0.3

0.4

edutilp
ma

cino
mra

H

15th
13th

5th
7th

3rd 

9th

Figure 3. Harmonic content for different individual order in different slope angle of trapezoidal reference.

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
0

5

10

15

Time in secs

stlov ni edutilp
m

A

Figure 4. Unipolar trapezoidal reference with PD carrier arrangement.

Recent Developments on Power Inverters34

4. Proposed MLI integrated with photovoltaic system

The proposed multilevel inverter requires four separate DC sources for generating the 31-level
output voltage. So, the separate DC sources are replaced by the photovoltaic panel or array
of photovoltaic panel depends on the input value of proposed multilevel inverter configuration.
In this work, 80W photovoltaic panel is considered. Figure 5 shows that the proposedmultilevel
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Figure 5. Proposed configuration integrated with photovoltaic system.
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inverter is integrated with the photovoltaic system. For a conventional type, the integration of
MLI with photovoltaic system requires separate solar panel with separate boost converter with
MPPT technique for achieving the required output voltage level. Therefore, the system becomes
complexity, and an initial cost of the system is too high. To overcome this drawback, this chapter
proposed that the array of PV panels is connected in the series manner to achieve the required
output voltage. The array of PV panels is directly connected to the proposed MLI for replacing
the each DC source of it. In future, the same study is further extended with the high gain multi-
output converters with appropriate MPPT techniques for reducing the count of PVarray panels.
The first DC source of proposed MLI is replaced by a single photovoltaic panel. The second DC
source of proposed MLI is replaced by the series connection of two 80W photovoltaic panel. The
third and fourth DC sources are placed by the series connection of four panels and eight panels,
respectively. Figure 6 shows the single diode model equivalent circuit for the photovoltaic cell.
Figures 7 and 8 show the I-V and P-V characteristics of the PV model. The generalized formula
for photovoltaic panel is modeled as follows [30, 31]

I ¼ IPV � Io exp
V þ RsI
aVt

� �
� 1

� �
� V þ RsI

Rp
; Vt ¼ VskT

q
ð6Þ

IPV ¼ ðIPV,n þ KIΔtÞ G
Gn

ð7Þ

Io ¼ Isc,n þ KIΔt

exp½ðVoc,n þ KVΔtÞ=aVt� � 1
ð8Þ

where k, a, T and q denote Boltzmann constant (1.3806503 · 10�23 J/K), diode ideality constant,
absolute temperature (K), and electron charge (1.60217646 · 10�19 C), respectively. IPV and Io
denote photovoltaic current and saturation current of array, respectively. IPV,n represents

Rs

Rp

Id
Ipv

V

Figure 6. Single diode model equivalent circuit.

Recent Developments on Power Inverters36



inverter is integrated with the photovoltaic system. For a conventional type, the integration of
MLI with photovoltaic system requires separate solar panel with separate boost converter with
MPPT technique for achieving the required output voltage level. Therefore, the system becomes
complexity, and an initial cost of the system is too high. To overcome this drawback, this chapter
proposed that the array of PV panels is connected in the series manner to achieve the required
output voltage. The array of PV panels is directly connected to the proposed MLI for replacing
the each DC source of it. In future, the same study is further extended with the high gain multi-
output converters with appropriate MPPT techniques for reducing the count of PVarray panels.
The first DC source of proposed MLI is replaced by a single photovoltaic panel. The second DC
source of proposed MLI is replaced by the series connection of two 80W photovoltaic panel. The
third and fourth DC sources are placed by the series connection of four panels and eight panels,
respectively. Figure 6 shows the single diode model equivalent circuit for the photovoltaic cell.
Figures 7 and 8 show the I-V and P-V characteristics of the PV model. The generalized formula
for photovoltaic panel is modeled as follows [30, 31]

I ¼ IPV � Io exp
V þ RsI
aVt

� �
� 1

� �
� V þ RsI

Rp
; Vt ¼ VskT

q
ð6Þ

IPV ¼ ðIPV,n þ KIΔtÞ G
Gn

ð7Þ

Io ¼ Isc,n þ KIΔt

exp½ðVoc,n þ KVΔtÞ=aVt� � 1
ð8Þ

where k, a, T and q denote Boltzmann constant (1.3806503 · 10�23 J/K), diode ideality constant,
absolute temperature (K), and electron charge (1.60217646 · 10�19 C), respectively. IPV and Io
denote photovoltaic current and saturation current of array, respectively. IPV,n represents

Rs

Rp

Id
Ipv

V

Figure 6. Single diode model equivalent circuit.

Recent Developments on Power Inverters36

nominal PV current, and Rs and Rp denote equivalent series and parallel resistance of solar cell
respectively. Vt denotes thermal voltage. Ns and Np denote solar cells connected in series and
solar cells connected in parallel, respectively. Voc,n and Isc,n indicate open circuit voltage and
nominal short circuit current, respectively; KV and KI represent the short circuit voltage/tem-
perature co-efficient and short circuit current/temperature co-efficient, respectively; Tn indi-
cates nominal temperature (K); G and Gn represent irradiation (W/m2) on the device surface
and nominal irradiation and Δt indicates T – Tn, difference between actual and normal temper-
ature. Table 3 shows the parameters value for the 80 W photovoltaic panel.

Figure 7. I-V characteristics of photovoltaic panel.

Figure 8. P-V characteristics of photovoltaic panel.
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5. Result and discussion

The conventional CHBMLI and proposed MLI configuration are tested with MATLAB/
SIMULINK for generating the 9-level and 31-level output voltage with trapezoidal pulse width
modulation technique for the same number of DC source. Here, the conventional CHBMLI
consists of four single H-bridge multilevel inverters which are connected in series. The con-
ventional CHBMLI and proposed MLI configuration are tested with laboratory-based experi-
mental set up for generating the desired output voltage using dSpace 1104 real-time controller.
The unipolar PWM trapezoidal reference with triangular carriers is utilized for generating the
switching pulses of the proposed multilevel inverter configuration switches in simulation and
experimental step-up. Insulated Gate Bipolar Transistor (IGBT-FGA25N120) is utilized as
switching devices and TLP250 as the IGBT driver for proposed topology. The main reason for
selecting this PWM strategy is to produce better harmonic profile as well as to radically reduce
the utilization of carrier count. Figures 9 and 10 show the simulation 9-level output voltage,
output current and their harmonics plot for output voltage, respectively, for conventional
CHBMLI. Figures 11 and 12 show the experimental result of 9-level output voltage and output
current and their harmonics plot for the conventional CHBMLI. The conventional CHBMLI is

Parameters Values

Short circuit current (Isc) 4.71 A

Open circuit voltage (Voc) 22.24 V

Maximum power point voltage (Vmp) 18.33 V

Maximum power point current (Imp) 4.37 A

Maximum power (Pmp) 80 W

Capacitors (C1–C4) 1500 µF

Table 3. Different parameters value for photovoltaic panel.
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Figure 9. Simulation results for output voltage and current in conventional CHBMLI.
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Figure 11. Experimental results for output voltage and current in conventional CHBMLI (CH1: 30 V/div, CH2: 5 A/div).

Figure 12. Experimental Harmonics plot for output voltage in conventional CHBMLI.
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Figure 10. Harmonics plot for output voltage in conventional CHBMLI.
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tested with the photovoltaic panels by replacing the separate DC sources. Figures 13 and 14
show the output voltage and output current and their harmonics plot for the CHBMLI with
photovoltaic systems. Figures 15 and 16 show the simulation output voltage, output current
and their harmonics plot for trapezoidal reference with PD carriers. Figures 17 and 18 show
the experimental result of output voltage and output current and their harmonics plot for the
proposed topology. Also, this configuration is tested with the photovoltaic panels by replacing
the separate DC sources. Figures 19 and 20 show the output voltage and output current and
their harmonics plot for the proposed configuration with photovoltaic systems. The power loss
is the addition of switching losses and conduction losses. The switching losses and conduction
losses can be calculated using the following formulas [18–19]

Lsw ¼
XNsw

k¼1

XNon,k

i¼1

Eon,k, i þ
XNof f ,k

i¼1

Eof f , k, i

0
B@

1
CA ð9Þ

LcðtÞ ¼
XNsw

k¼1

ðLc,sw,kðtÞ þ Lc,d,kðtÞÞ ð10Þ

Figure 21 shows that the total power loss versus a different number of levels for the pro-
posed configuration. Also, the proposed configuration is tested with different modulation
indices. Table 4 shows the comparison table for proposed configuration with conventional
MLIs in terms of many factors. From that Table 4, it is clearly understood that the proposed
configuration requires lesser component count for generating the desired output voltage
level. Also, the minimum count of conducting switches is required for generating each
voltage level when compared to conventional MLIs. Figure 22 shows the efficiency graph
for the proposed configuration for different modulation indices. Therefore, the proposed
configuration provides better results in terms of number of levels, efficiency and switching
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Figure 13. Output voltage and current for conventional CHBMLI integrated with PV.
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for the proposed configuration for different modulation indices. Therefore, the proposed
configuration provides better results in terms of number of levels, efficiency and switching
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Figure 13. Output voltage and current for conventional CHBMLI integrated with PV.
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Figure 14. Harmonics plot for output voltage in conventional CHBMLI integrated with PV.
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Figure 15. Simulation results for output voltage and current in proposed MLI.
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Figure 16. Harmonics plot for output voltage in proposed MLI.
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Figure 17. Experimental results for output voltage and current in proposed MLI (CH1: 100 V/div, CH2: 5 A/div).

Figure 18. Experimental harmonics plot for output voltage in proposed MLI.
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Figure 19. Output voltage and current for proposed MLI integrated with PV.
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Figure 19. Output voltage and current for proposed MLI integrated with PV.
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Figure 21. Power loss comparisons for proposed MLI with CHBMLI.

DCMLI FCMLI CHBMLI Proposed MLI

Number of switches 60 60 60 8

Number of DC sources 1 1 15 4

Total number of output voltage levels 31 31 31 31

Number of drive circuit 60 60 60 8

Clamping diodes 56 – – –

Clamping capacitors – 28 – –

DC bus capacitors 30 30 – –

Conducting switches/diodes per voltage level 30 30 30 6

Table 4. Comparison table of proposed configuration with conventional MLIs for 31-level output voltage.
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losses. Table 5 shows the %THD value for conventional CHBMLI and proposed MLI without
integrated solar and with an integrated solar system. From Table 5, it is clearly understood
that the proposed MLI with integrated solar system provides <5% THD value which satisfies
IEEE519 harmonic standard.

6. Conclusion

Multilevel inverter topologies have been more popular in renewable energy application.
The proposed reduced switch multilevel inverter configuration has many advantages such
as reduction of switches, driver circuits and the DC source count. Also, it is operated at
asymmetric condition so that it requires the minimum count of conducting switches per
voltage level generation when compared with conventional MLI topologies. Therefore, the
switching losses and conducting losses of this configuration are considerably low. The
proposed configuration utilizes unipolar PWM strategies for improving the quality of
output voltage. The operation of proposed configuration is tested with MATLAB/
SIMULINK simulation, and it is verified in hardware set up using dSpace 1104 real-time
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Figure 22. Efficiency comparisons for proposed MLI with CHBMLI.

Parameters %THD without solar %THD with solar

Simulation Experimental Simulation

Conventional CHBMLI 13.56 17.31 14.53

Proposed MLI 4.59 5.18 4.71

Table 5. Comparison table of %THD for proposed MLI with conventional MLI.
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controller. The proposed configuration is tested with photovoltaic panels for proving the
ability of it. As a result, the proposed configuration requires lesser component count for
generating higher output voltage level with lower %THD, and it is well suitable for the
photovoltaic system.

Nomenclature

MLI Multilevel inverter

PV Photovoltaic

THD Total harmonic distortion

CHBMLI Cascaded H-bridge multilevel inverter

PD Phase disposition

SPWM Sinusoidal pulse width modulation

PWM Pulse width modulation

IPV Photovoltaic current

Io Saturation current

Rs Series resistance of solar cell

Rp Parallel resistance of solar cell

Ns Solar cells connected in series

Np Solar cells connected in parallel

G Irradiation on the device surface

Lc Conducting losses

Lc,sw and Lc,d Conducting losses of switch and conduction losses of diode

DC Direct current

DCMLI Diode clamped multilevel inverter

FCMLI Flying capacitor multilevel inverter

I-V Current-voltage

P-V Power-voltage

FFT Fast Fourier transform

Ipv,n PV current

Vt Thermal voltage

Voc,n Open circuit voltage

Isc,n Short circuit current

KV Short circuit voltage or temperature co-efficient

KI Short circuit current or temperature co-efficient

Gn Nominal irradiation

Lsw Switching losses

Eon and Eoff Turn on energy loss and turn off energy loss

Nsw Number of switch
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Abstract

This chapter reviews the cascaded H-bridge (CHB) based on current-source inverter
(CSI) topology. First, the description of power topology is presented from the point of
view of the current-source single-phase inverter and it connection in series with others
inverters. Then, modulation of the single-phase inverter is studied, including the use of
multi-level modulation techniques and their use in the proposed power topology are
reviewed and simulated. Next, key design guidelines of the output capacitor and the DC
inductor are reviewed. Finally, an application example for AC drives simulated in PSIM
is presented. From the study, it can be concluded that the main advantage of the
topology is the quality of both input currents and load voltage, while its main drawback
is the use of a bulky DC inductor because of the use of current-source inverters and the
oscillating power drained by the inverter from the DC side. In the same way of classic
cascaded H-bridge topologies, the use of the proposal topology allows us to use semi-
conductors and passive components with lower voltage and current rating than the
voltage and current required by the load.

Keywords: single-phase current-source inverter, cascaded H-bridge converter based on
current-source inverter, oscillating power compensation

1. Introduction

Limited voltage and current rating of semiconductors are the main limitations of the different
static power converter topologies [1–4]. Diodes and thyristors are the power devices with the

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



higher voltage blocking levels and conduction current levels, but diodes work with natural
commutation while thyristors can only be communed to conduction condition. The above
operation conditions do not allow one to control the electrical power transferred by the power
converter—in diode-based topologies—or have poor power quality, increasing not only the
input harmonic but also injecting unwanted reactive power—thyristor-based topologies - . On
the other hand, force-commuted power semiconductors allow controlling the electrical power
transferred and increase the power quality in both input and output of the power converter.
The device's voltage and current ratings are lower than diodes and thyristors, and so in order
to reach higher voltage and current levels, the devices connection in series or in parallel are
typically used. From this kind of connection, and gating the devices in a convenient way, it is
possible to increase further the current and voltage quality, allowing reducing losses and the
size of the filter components.

The cascaded H-bridge (CHB) topologies are born under the next concept: to reach higher
voltage levels using power valves with lower voltage rating, while a high power quality is
keeping in the load and the power source [5–7]. Classical topology is based on H-bridge
voltage-source inverters, where the series connection is natural because each inverter works
as a controlled voltage source. Because of the series connection, each inverter can be discon-
nected from the whole array without this implying that the equipment should get offline,
which is highly convenient when an inverter fails, increasing the reliability of the equipment.
On the other hand, an array of nC cells per phase in a three-phase system allows dividing the
load power on 3nC cells [8] so that the electrical stress in each cell is lower than other power
topologies as three-phase inverters and their extension to multilevel topologies—as neutral
point clamped, for example. A drawback of the cascaded connection is the power device losses
which are mainly a function of the current level; in a cascaded connection, this current level is
equal in all the power devices. On the other hand, for current-source converter, the natural
multilevel connection is using inverters in a parallel connection. This allows summing the
current injected by each converter, increasing the current waveform capability. A drawback is
that the voltage rating in all the semiconductors is equal to half of the load voltage, while the
capacitive filter voltage rating is equal to the load voltage.

Cascaded H-bridge based on current-source inverter (CSI) is an emerging power topology that
uses a current-source inverter and a capacitive filter to synthetize a controlled voltage source
that can be connected in series with other controlled voltage sources in order to reach higher
voltage levels. It has been proposed for the first time in 2008 [9] for AC drive applications, and
its study has been focused mainly in reducing the size of the DC inductor, the use of control
techniques [10] and the compensation of using cells that are magnetically coupled [11–14], the
control of the inverters using linear control and non-linear control [15–17], and the modulation
and design of the power topology [18, 19].

This chapter study the cascaded H-bridge topology, without using any DC inductor reduction
technique, focusing the study in operation of the power topology, the series connection of
several current-source inverters in series, the use of multilevel modulation techniques, and
how it defines the size of the capacitive filter required for each inverter. Also, the effect of the
oscillating power drained by the inverter is described, including how it defines the size of the
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DC inductor is studied. Finally, the application in an AC drive computing the operation region
and the key waveform of the power topology for both steady states and step changes in the DC
current are studied.

2. Power topology

2.1. Power cell based on single-phase current-source inverter

Each power cell based on a single-phase current-source inverter fed by an isolated DC current
source is shown in Figure 1. In the single-phase current-source inverter, each power valve
requires symmetric blocking capabilities in order to block the AC voltages which have
positives or negative values. For the abovementioned requirement, power valves can be
implemented using gate turn-off thyristor (GTO) with insulated-gate bipolar transistor (IGBT)
with reverse blocking capability or an IGBT with a diode in series, in order to get the reverse
blocking capability. Also, new semiconductor technologies such as wide bandgap semicon-
ductors can be used, allowing increases in the switching frequency of the power converter.

In order to simplify the power cell analysis, let's assume that we can use an ideal DC current
source. This DC current source fed the single-phase inverter and, jointly, they injected a pulse
width modulated current to the capacitor Co and the load ZL. If the modulation functions si of
the CSI are given by

si ¼ s1s2 � s3s4, ð1Þ

then the current injected by the CSI and the voltage in the DC side are

io ¼ idcsi, ð2Þ

and

Figure 1. A power cell for CHB-CSI.
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vi ¼ vosi: ð3Þ

The modulation function si can be approximated to its fundamental component; then,

si ≈mi sin ωstþ αð Þ, ð4Þ

and the injected current and the DC voltage vi can be defined as a function of this simplifica-
tion

io ¼ idcmi sin ωstþ αð Þ, ð5Þ

and

vi ¼ vomi sin ωstþ αð Þ: ð6Þ

Using the above equations, the load voltage is equal to the capacitor voltage, vo, and both are
given by

vo ¼ vL ¼ io z!Ljjx!Co

� �
≈ idcmi sin ωstþ αð ÞZL: ð7Þ

The simplification can be made only if zL
!
<< xCo

! so that all the fundamental components
circulate through the load. This consideration must be included in the design requirement of
the output capacitor.

2.2. Modulation and harmonic compensation on CHB-CSI

Because of the use of single-phase current-source inverter, two conditions must be avoided—
(i) the electrical circuit of the DC current—typically based on an inductor—must not be open
and (ii) the AC side must not be shortcircuited. The first case is because of the use of an
inductor to synthetize the DC current source, and if it is open, the voltage on the power valves
will theoretically become infinity; the second case is because the use of a capacitor is on the AC
side. Then, if the capacitor is shortcircuited, the current on the semiconductor will be infinity.
Both conditions can destroy the semiconductors used to implement the power valves.

Single-phase current-source inverter has four valid conditions (Table 1). Each state avoids the
above conditions and allows transfer of electrical power to the load—state #1 and state #2—or
disconnects the load from the DC current source—state #3 and state #4—also called zero states.

State S1 S2 S3 S4 Io Vi

#1 1 1 0 0 Idc Vo

#2 0 0 1 1 �Idc �Vo

#3 1 0 0 1 0 0

#4 0 1 1 0 0 0

Table 1. Single-phase current-source inverter states.
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On the other hand, on transitions between states—Figure 2—it is necessary to ensure that the
electrical circuit of the current source is not open. For the above, an overlap must be
implemented when the inverter state is changed. The overlap should last long enough for the
power valve to complete the switch. In the example, the first state is #1 and final state is #4 and
in the transition between the states, the overlap is implemented.

Because of the use of a capacitive filter in each power cell, CHB-CSI topology is not a multilevel
power topology but in the same way as that of multilevel topologies, the use of an appropriate
modulation technique allows compensating some harmonics among inverters. In a typical
current-source multilevel topology, these harmonics will be harmonic currents; in a CHB-CSI
topology, the compensated harmonics will be voltage harmonics in the capacitive filter.

Sinusoidal pulse width modulation (SPWM) will be studied as an example of a modulation
technique which can be used in CHB-CSI topologies. SPWM has the following advantages: it is
easy to implement using both analogic circuit and digital circuit, it has the facility to modify
SPWM techniques to use it in a multilevel application and the fundamental gain of the
modulation technique, which in single-phase inverters, is unitary. In SPWM, a reference signal
called modulator is compared with a triangular signal, also called carrier. Comparison gener-
ates a Boolean signal which is used to commutate the power valves. The inverters output
signal is a pulse width modulated signal which has a wanted fundamental component and
several unwanted harmonics which are the functions of the modulator frequency and the
carrier fundamental frequency, so, higher carrier frequencies not only displace the unwanted
harmonic to higher frequencies but also increase the commutations per period of the semicon-
ductor devices. In multilevel topologies, the connection of the power converters in series—in
the case of voltage-source converters—or parallel—in the case of current-source converters—
allows to sum up the DC voltage/current levels and compensate the unwanted harmonics if

Figure 2. Transition between single-phase CSI states and overlap: (a) transitions without overlap and (b) transitions using
overlap.
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they are generated and phase-shifted among them in an appropriate way. In case of phase-
shifted carrier (PSC) sinusoidal pulse width modulation, the switching signals are generated
comparing nC carriers phase-shifted at 180�/nC, among themwith a common modulator signal.
An example simulated in MATLAB is shown in Figure 3. In the first case, the modulator signal
is compared with the carrier, generating the pulse width modulation signal shown below
(Figure 3a). Multilevel cases are Figure 3b and Figure 3c for nC ¼ 2 and nC ¼ 3, respectively,
where the resulting waveform is of 5 levels for nC ¼ 2 and 7 levels for nC ¼ 3. Computing and
comparing the total harmonic distortion (THD) of the three PWM signals presented, these
values are 46, 25, and 14% for nC ¼ 1, nC ¼ 2, and nC ¼ 3, respectively, showing the reduction
of the distortion of the resulting pulse width modulated waveform without increasing the
commutation frequency. The above is valid for multilevel topologies. The effects of using PSC
SPWM in a CHB-CSI topology—which is not a multilevel topology—will be analyzed in the
next section.

2.3. Cascaded connection of single-phase CSI

Inverters with their isolated and controlled DC current source and their capacitive filter can be
connected in a series array because each power cell is working as a controlled AC voltage
source (Figure 4). With the above, the voltage of the array is the sum of all power cells
connected to it, allowing (i) to use components with lower voltage ratings than the voltage of
the application and (ii) to divide the power of the application in multiple power cells. Figure 4
shows multiple power cells—which will be named as 3nC—feeding a common three-phase

load. Each cell injects a controlled current to the load. Defining i
!j
oi;1 as the fundamental current

of the i ¼ 1, 2, …, nC cell feeding the j ¼ u,v,w phase and i
!j
L;1 as the fundamental component

of the load current of the same j phase, then

i
!j
L;1 ¼ i

!j
o1;1 ¼ i

!j
o2;1 ¼ … ¼ i

!j
onC ;1, ð8Þ

while the load voltage is the summation of the cell output voltage, each one is given by the
voltage on the capacitor filter so

Figure 3. Sinusoidal pulse width modulation and phase-shifted carrier sinusoidal pulse width modulation with a
modulation signal equal to 50 Hz; (a) modulator, carrier signals, and 3 levels of pulse modulation signal, (b) modulator,
carrier signals, and 5 levels of pulse modulation signal, and (c) modulator, carrier signals, and 7 levels of pulse modula-
tion signal.
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v!j
L;1 ¼ v!N j;1 ¼

XnC
i¼1

v!j
oi;1 ¼ i

!j
L;1 z

!
L;1: ð9Þ

From the equations, it is clear that the connection of single-phase inverters in a cascaded array
allows dividing the load voltage in N cells, allowing the use of a semiconductor with lower

Figure 4. Three-phase applications of CSC-CHB (nC ¼ 3).
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voltage rating than the required load voltage, but the current in each cell is equal to the other,
increasing semiconductor losses.

An advantage of the topology is the quality of the voltage waveform at the load. Because of the
use of a capacitive filter, the sum of all cell output voltages is not a multilevel voltage, but
through the multilevel modulation technique that is used in each inverter connected in series,
it is possible to compensate the dominant harmonic among cells. An example of the above is
shown in Figure 5, where the topology has been simulated using PSIM in order to obtain the
load voltage waveform for nC ¼ 1, nC ¼ 2, and nC ¼ 3. For nC¼ 2 and nC¼ 3, a multilevel
modulation technique—specifically phase-shifted carried pulse width modulation—is used.
For nC ¼ 1, one has THD ¼ 28.2% which is reduced to THD ¼ 9.6% in nC ¼ 3. The above is
because dominant harmonic presented in each capacitor is phase shifted with the dominant
harmonic in the other capacitor. Each capacitor voltage for N ¼ 2 and nC ¼ 3 can be seen in
Figure 5d and e, where each waveform is similar to the voltage capacitor in nC ¼ 1.

2.4. Isolated DC current source for power cells

Each power cell requires an isolated DC current source and there are several options to
implement the DC current source. For example, a controlled rectifier in series with a DC

Figure 5. Voltage features for nC ¼ 1, nC ¼ 2, and nC¼ 3, Co ¼ 17µF; (a) load voltage for nC ¼1 (THD ¼ 28.2%), (b) load
voltage for nC ¼ 2 (THD ¼ 14.2%), (c) load voltage for nC ¼ 3 (THD ¼ 9.6%), (d) capacitor voltage for nC ¼ 2, and (e)
capacitor voltages for nC ¼ 3.
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reactor can be used to get, from the viewpoint of the inverter, a controlled DC current source.
In order to isolate this DC current source from other DC current sources that feed other power
cells, a power transformer is required. With the above, the rectifier stage can be implemented
using single-phase or three-phase controlled rectifiers based on thyristor or force-commuted
semiconductors as IGBT or silicon carbide (SiC). Both cases require a DC reactor on the DC
side; in thyristor rectifier cases, it can be connected directly to the secondary transformer while
in force-commuted semiconductor rectifiers, an LC filter is required between the secondary
transformer and the rectifier. Another option is to use a diode rectifier and a DC/DC converter
on the DC stage. This case limits the power that can be transferred to the inverter stage but is a
good option for non-conventional renewable power source. Also, if the source is a DC power
source type, a DC/DC to regulate the DC current to the inverter stage can be used. This is the
case of photovoltaic arrays and fuel cells. A third case is when the inverters are directly
connected to the power grid. In this case, the DC current source can be implemented with the
single-phase inverter and the DC inductor. The DC current regulation must be implemented in
the inverter control scheme.

3. DC Reactor on cascaded H-bridge based on current source inverters

3.1. Oscillating power on single-phase current-source inverter

Using single-phase inverters involving the occurrence of an oscillating and continuous power,
it can be described as

po ¼ So cos φm

� �� cos 2ωitþ 2αi þ φm

� �� �
, ð10Þ

where So ¼ 1
2ZmIdc2Mi

2 is the load apparent power, Mi is the inverter modulation index—
considering fixed for this case—and Zm is the equivalent impedance of the load in parallel with
the inverter output capacitor as is shown in Figure 6. Then, the power drained from the cell
can be written in terms of the cell energy, and the charge and discharge of the DC inductor
current is

Pcell ¼ ΔEcell

Δt
¼

Ldc idcðt 2Þ2 � idcðt 1Þ2
h i

2 t2 � t1ð Þ ¼ poðt2Þ � poðt1Þ, ð11Þ

where idc(t1) ¼ Idc eidc(t2) ¼ Idckdc, and a kdc near to 1 means that there is no variation in the DC
current level. With the above, one can write

4ωiπ�1LdcIdc2 kdcð Þ2 � 1
h i

¼ So: ð12Þ

Then, the DC current variation, in per unit, can be written as
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kdc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π
8ωi

ZmMi
2

Ldc
þ 1

s
: ð13Þ

Considering that the power converter that feeds the DC inductor and the single-phase inverter
only injects to the DC side, the continuous power drained by the inverter—corresponding to
the active power delivered by the inverter to the load—and that the voltage imposed by power
converter in the DC side has mainly a DC component, another element must provide the
oscillating power so that it does not disturb the DC current.

The easier solution to avoid the DC current variation due to the oscillating power is to increase
the size DC inductor. This increases the losses in the DC link, along with the size of the
inductor and increases the cost of each cell. Other options consider the use of active compen-
sators in the DC side, tuned passive filters, or neutral leg. Specifically, for the case of an AC
drive, the active compensation adds complexity to the topology, adding semiconductors and
additional accumulators to DC link, besides requiring additional controllers to manipulate the
semiconductors incorporated, but it is a good option when the inverters are directly connected
to the electrical grid or when the CHB-CSI topology is used in photovoltaics application. On
the other hand, the passive techniques are mainly applied to cases where the frequency
inverter is fixed, making a complex application for AC drives.

Figure 6. Oscillating power and its effects in the DC current.
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3.2. DC inductor design

The main objective of the DC inductor is to limit the DC current variation. Due to the oscillat-
ing power drained by the single-phase inverter and its effects on the load current and load
voltage, the lower frequency that the DC inductor must limit to is the second harmonic of the
inverter frequency. Then, using Eq. (11) and defining kdc in Eq. (13), the DC inductor can be
computed with

Ldc ¼ π
8ωi

ZmMi
2

kdc2 � 1
� � : ð14Þ

4. Capacitive filter

4.1. Capacitive filter design as a function of the load voltage THD, nC = 1

For nC ¼ 1, the inverter output voltage vo is equal to the load voltage. Also, the output voltage
total harmonic distortion is given by

THDVo ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX∞

i¼2

Vo;h
2

s

Vo;1
, ð15Þ

where fundamental output voltage is defined by

Vo,1 ¼ IdcMiGacZm, ð16Þ

with Mi as the modulation index and

Zm ¼ j z!Mj ¼ jx!Cojjz!Lj: ð17Þ

On the other hand, output voltage harmonics are defined by the inverter current harmonics
that flow through the capacitor. Then

Vo;h ¼ Idcf iac;hXCo: ð18Þ

Hence, Eq. (15) can be written as

THDVo ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX∞

i¼2

Vo;h
2

s

Vo;1
¼

XCo

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X∞

i¼2

f iac;h
h

� �2
vuut

ZmMiGac
: ð19Þ

Eq. (19) shows that the output voltage THD is a function of the filter reactance, impedance Zm,
and modulation techniques, including the modulation index. Grouping the terms defined by
the modulation technique, Fiac can be defined as
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Fiac ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X∞

i¼2

f iac;h
h

� �2
vuut

MiGac
: ð20Þ

Considering Eq. (17) on Eq. (15) and solving for Co, it can be found that

Co ¼ ωi
2LL � ωi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
THDVo

2

Fiac2

� �
RLð Þ2 þ ωiLLð Þ2

� �
� RL

2

s !�1

, ð21Þ

where two solutions for Co can be computed due to the � sign in the denominator.

4.2. Capacitive filter design for nC inverters

The fundamental load voltage is the summation of each capacitor's fundamental voltage
(Eq. (9)) and this voltage will not change for nC 6¼ 1 in order to keep the performance of the
array, that is, there is a symmetrical distribution of the load voltage among cell output capac-
itors. The voltage in each capacitor is the function on the fundamental current injected by the
inverter, the load impedance, and the number of inverters connected in series, while the
current harmonics generated by the inverters must flow across the capacitive filter of each cell,
which will generate voltage harmonics in each capacitor and, therefore, the sum of these
voltage harmonics will be in the load voltage. Then, it is possible to write Eq. (15) as

THDVL ¼
XCo

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X∞

i¼2

XnC
j¼1

f iacj;h
h

0
@

1
A

2
vuuut

MiGac

XnC
j¼1

ZM

nC

¼ XCo

ZM
FiacM, ð22Þ

where the terms by the modulation technique can be summarized in one term defined by

FiacM ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X∞

i¼2

XnC
j¼1

f iacj;h
h

0
@

1
A

2
vuuut

MiGac
: ð23Þ

Finally, Co can be found solving Eqs. (22) and (23) for an RL load as shown in Eq. (24). Then,
with nC inverters in a cascaded device, nC capacitors are needed, one for each inverter, and
they can be computed using

Co ¼ ωi
2LL � ωi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
THDVo

2

FiacM2

� �
RLð Þ2 þ ωiLLð Þ2

� �
� RL

2

s !�1

: ð24Þ

Due to the series connection of the current-source inverters, it is not possible to sum up the
current level and obtain a multilevel current waveform—multilevel current source topologies
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Finally, Co can be found solving Eqs. (22) and (23) for an RL load as shown in Eq. (24). Then,
with nC inverters in a cascaded device, nC capacitors are needed, one for each inverter, and
they can be computed using

Co ¼ ωi
2LL � ωi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
THDVo

2

FiacM2

� �
RLð Þ2 þ ωiLLð Þ2

� �
� RL

2

s !�1

: ð24Þ

Due to the series connection of the current-source inverters, it is not possible to sum up the
current level and obtain a multilevel current waveform—multilevel current source topologies
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must be connected in a parallel array to sum up currents levels, but it is possible to compensate
voltage harmonic among the capacitor voltage. These harmonics are generated by the current
harmonic injected by the inverters and are a function of the switching function—see Eq. (22)—
therefore, if a multilevel modulation technique is used with the aim of generating current
harmonics that are phase shifted, the DC current level in each inverter is the same and all
outputs filters have the same capacitor value; some capacitor voltage harmonics will be phase
shifted and can be compensated among cells. The amplitude of the voltage harmonic in each
cell is a function of the capacitor value—see Eqs. (21) and (24)—so by increasing the capacitor
size, the voltage harmonic will be increased and, at the same time, the capacitor voltage rating.

As examples, values of Fiac and FiacM are computed for PSC-SPWM using MATLAB and they
are presented in Figure 7, considering modulation indexes 0.5 ≤ Mi ≤ 1 and different carrier
frequencies for each case. For nC ¼ 2 and nC ¼ 3, if a multilevel modulation technique is not

Figure 7. Fiac and FiacM as functions of the inverters number and carrier frequency (a) Fiac for nC ¼ 1, 3 levels, (b) FiacM for
nC ¼2, 5 levels, and (c) FiacM for nC ¼3, 7 levels.
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used, then FiacM is equal to nC times Fiac. For example, a CHB-CSI with a unitary modulation
index (Mi ¼ 1), three cells per phase (nC¼ 3), and a 6 p.u. carrier frequency (FiacM ≈ 0.038)
shows FiacM ≈ 0.114.

5. AC drive application

5.1. Description

An example of the use of the CHB-CSI topology is AC Drive, where the power converter is
connected in series to each phase of an electrical AC machine. In this case, a three-phase
machine is fed by nC cells by phase, so the AC drive has 3nC cells as is shown in Figure 8. For
this example, each cell is fed by a three-phase rectifier based on a current-source rectifier which
is connected to the AC grid through a power transformer. This power transformer typically is a
multistep transformer in classical CHB-CSI topology but can be simplified when active front
ends are used, as in this case. Due to the use of a current-source rectifier, an LC filter is required
at the cell input stage.

In the same way, the multicell topology is based on voltage-source inverters; the multicell
topology based on current-source inverters is designed to increase the load voltage, which is
the sum of the voltage on each cell. Due to the series connection, the current in each cell is the
same. Then, the fundamental load current shown in Figure 8 is given by

i
!j
L,1 ¼ i

!
oj1,1 ¼ i

!
oj2,1 ¼ … ¼ i

!
ojnC ,1: ð25Þ

Figure 8. Cascaded H-bridge topology based on current-source inverter in an AC drive application.
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The load voltage can be written in terms of the fundamental load current; thus,

v! j
L;1 ¼ v!Nj,1 ¼

XnC
i¼1

v!ji;1 ¼ i
! j

L,1 z
!

L,1: ð26Þ

For the transformer input current, if there is not a phase shift between the primary and the
secondary, one can write

iabcT ¼ 1
nT

XnC
i ¼ 1
j ¼ u, v, w

i abccji , ð27Þ

and the cell input voltage is defined as

vabcsji ¼ 1
nT

vabcT : ð28Þ

Every cell is built up by a current source active front end which feeds a single-phase inverter
through the DC link inductor. In order to obtain several controlled voltage sources connected
in series array to the load, single-phase inverters and their respective capacitors are connected
in series, achieving with this that each inverter-capacitor set behaves like a voltage source
controlled through their DC currents. Then, each cell, as is shown in Figure 9, can be modeled
in dq axis; thus

vdqr ¼ LC _i
dq
r þWidqr

h i
þ vdqC , ð29Þ

idqr ¼ CC _vdq
C þWvdqC

h i
vdqC þ Grmdq

r idc, ð30Þ

Grmdq
r

� �T
vdqC ¼ Ldc _idc þ siidc, ð31Þ

vo ¼ Rlio þ Ls
d
dt
io, ð32Þ

where

W ¼ 0 �2πf r
2πf r 0

� �
¼ 0 �ωr

ωr 0

� �
, ð33Þ

with f r as the network frequency. Using the dq model, it is possible to define a control strategy
for the rectifier stage. A control scheme must ensure the regulation of the DC current level in
each cell (see Figure 10), allowing the use of a fixed modulation pattern in the inverter stage.
The control scheme controls the active and reactive power using the currents at the input of the
cell. An active power controller is used to control the DC current and, through the DC current,
the cell output voltage, using the DC component of the output power of the cell. A reactive
power controller can be used to compensate the reactive power of the LC filter. The control is
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replicated in each cell and the references of the output voltage, frequency, and cell reactive
power are common to those controllers.

On the other hand, dqmodel allows to calculate the operation region of the topology and defines
the active power PMC, reactive power QMC and load voltage in terms of the number of cells nC,
the LC filter, the modulation at the rectifier stage, and the transformer voltage and its ratio; so

PMC ¼ Vd
TI

d
T ¼ 3nC

Vd
T
2

nT

KdcMd
r

1� ωr
2=ωLC

2� �2
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

PC

≈PLoad, ð34Þ

Figure 10. A control scheme for an AC drive based on CHB-CSI.

Figure 9. A power cell with an active front end stage.
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QC

, ð35Þ

where Pc and Qc are the active power and reactive power in each power cell, Gr is the gain of
the modulation technique for the fundamental component, Rdc can be used to simulate the
losses on the cell, and ωLC is the resonance of the LC input filter given by

ωLC ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
LCCC

p : ð36Þ

While the load voltage can be defined as

VL ωið Þ ¼ nC
Vd

T

nT

Md
r Zm ωið Þ Gr

2

Rdc þ Ri ωið Þ
� �

4Gr 1� ωr
2=ωLC

2� � , ð37Þ

and Ri ωið Þ is defined by

Ri ωið Þ ¼ 1
2nC

Zm ωið ÞMi
2cos φm ωið Þ� �

: ð38Þ

from Eqs. (34) and (35), it is possible to notice that for a required active power on the load
(PMC ¼ PLoad only if Rdc ¼ 0), it can be divided into 3nC cells, and the same for the load voltage
can be divided into nC cells. On the other hand, from Eq. (36), it is possible to notice that the
cell input voltage (i.e., the voltage at the secondary transformer) can be reduced when the cell
number, nC, is increased.

5.2. Examples

In order to show the performance of the CHB-CSI topology, an AC Drive is simulated using
PSIM with the parameters shown in Table 2, considering a 9.33 MVA load per phase and a 0.8
inductive power factor, using one cell per phase (nC¼ 1) and two cells per phase (nC¼ 2).

Figure 11 shows the operating region for nC¼ 1 and nC¼ 2 as functions of the DC current level,
including active and reactive power per cell (Figure 11a) and load voltage and inverter voltage
per cell (Figure 11b), where the RMS cell input voltage for nC ¼ 1 is equal to 4 kV and, in order
to get the same load voltage level, for nC¼ 2, the RMS cell input voltage is reduced to 2 kV—
reducing the semiconductor voltage rating with respect to nC ¼ 1).

In terms of steady-state performance, Figure 12 shows the key waveform nC ¼ 1 and nC ¼ 2
using a DC current level equal to 500 A per cell (Figure 12a) and a load frequency equal to 50

Cascaded H‐Bridge Converters Based on Current‐Source Inverters: Analysis, Design, and Application on AC Drives
http://dx.doi.org/10.5772/intechopen.68525

65



Hz. For this case, unitary displacement power factor at the input of the power converter has
been set in order to get input current in phase with the input voltage. It is possible to notice
that, for the same DC inductor parameters, the ripple by the oscillating power is lesser in nC ¼
2 than in nC ¼ 1—near to 50% less, while in both cases, the average value of the DC current is
500 A. About the load voltage, Figure 12b shows that both cases reach similar voltage levels,
but the harmonic distortion in nC ¼ 2 is lesser than nC ¼ 1 because of the use of a multilevel
modulation technique. About the quality in the input of the cell and the input of the power

Parameter Value Value p.u.

Load Rl 20 Ω 0.804

Ll 47 mH 0.593

Voltage at the transformer primary VTrms 8 kV

Transformer ratio for nC ¼ 1 nT 2

Transformer ratio for nC ¼ 2 nT 4

Lc Filter at the cell input Lc 12 mH 0.15

Cc 40 µF 3.2

DC inductor Ldc 15�36 mH 6.82

Output capacitor Co 20 µF 6.4

Switching frequency for rectifier stage 750 Hz 15

Switching frequency for inverter stage 500 Hz 10

Table 2. AC drive parameters.

Figure 11. Operation region for nC ¼ 1 and nC ¼ 2 (a) input active and reactive power, per cell and (b) load voltage and
inverter output voltage.
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transformer, Figure 12c and d shows voltage and current for both cases, where one can see the
low distortion in the input current—typically in current-source rectifier topologies.

Figure 13 shows the frequency spectra for the DC current (Figure 13a), load voltage (Fig-
ure 13b), and cell input current (Figure 13c). From the DC current frequency spectra, a second
harmonic can be noticed due to the oscillating power drained by the single-phase inverter
limited by the DC inductor design. This component is lesser in the nC ¼2 than nC ¼ 1, but the
effect in the load voltage—third harmonic—is similar. Finally, at the cell input current, there is
a third harmonic caused by the second harmonic in the DC current. This harmonic does not
exist at the transformer input current because it is compensated among cells that feed different
phases of the load.

Finally, for nC ¼ 1 and nC ¼2, the performance under load frequency changes and DC current
level change has been tested (Figures 14 and 15, respectively). For these tests, a non-linear
control has been implemented in order to control the load voltage using the DC current level,
which is controlled by the rectifier stage. In the first case, under frequency changes from 20 to
70 Hz (Figure 14b), the power topology is able to impose it on the load. For lower frequencies,
the amplitude of the second harmonic in the DC current increases because the DC inductor has
been designed to limit it at 50 Hz (Figure 14a) and decreases for higher frequencies. On the

Figure 12. Steady state key waveform for nC¼ 1 and nC¼ 2 (a) DC current in the cells, (b)load voltage, (c)cell input
currents, and (d) transformer input current and transformer primary voltage.
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other hand, at the input current (Figure 14c), it is possible to notice the effect of the second
harmonic in the DC current. This oscillation is not presented in the current at the primary
transformer because of the compensation of these components among cells that feed different
load phases.

Figure 13. Frequency spectra for nC ¼ 1 and nC ¼ 2 (a) DC current, (b) load voltage, and (c) cell input current.

Figure 14. Response for load voltage frequency changes (a) DC current, (b) load voltage, and (c) cell input current.
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About the DC current step change, Figure 15a shows a 10% step in t ¼ 100 ms. In both cases, it
can be notice that the load voltage increases by 10% (Figure 15b), while the input current
increases in the same rate due the increases in the load power (Figure 15c). In this case, the
dynamic is defined by the controller parameters and can be specified in the controller design
process.

6. Conclusions

Cascaded H-bridge topologies based on CHB-CSI are emerging topologies that use the same
principle of a cascaded H-bridge converter, allowing to divide the required load voltage level
and power into several single-phase inverters connected in series. Advantages of the proposed
topology are (i) high quality of voltage and current waveforms using lower switching frequen-
cies and (ii) inherent short-circuit protection because of the use of current-source inverter,
while its main drawbacks are (i) the use of a bulky DC inductor because of the use of current-
source inverters and (ii) the oscillating power drained by the inverter on the DC side, because
the use of single-phase inverters. With an appropriate control scheme, the CHB-CSI is able to
impose a desire frequency and load voltage level. In case of AC drive applications, an increase
in the number of cells allows reducing the voltage rating of the components without reducing
the operation region of the whole converter. At the same time, the DC current variation in each
cell decreases when the number of cells increases. On the other hand, load voltage can be
regulated through the DC current control, allowing the use of a fixed modulation index for the
inverter stage. The above allows designing the capacitive filter with the minimum FiacM
required for a given modulation technique and switching frequency.

Figure 15. Key waveform for 10% DC current step (a) DC current, (b) load voltage, and (c) cell input current.
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Abstract

The PDM control joins together between the concepts of soft switching and hard switching.
Its application to the series resonant inverter cancels the switching losses and uses dc bus
without storage capacity. Objectively, the PDM controls led to ac-ac converters with high
efficiency (zero switching loss), small size (no storage capacity) andwith the possibility of a
self power factor correction. However, the operating analysis of these converters is very
complex because the operation is done on two time scales and leaves questions unan-
swered. The average modeling facilitates the analysis of the operation and leads to estab-
lish: (i) an analytical expression of the power factor, (ii) the linearity conditions of the
power characteristic, and (iii) a model of ac-ac series resonant multi-converter which is
independent of the carriers. In the case of ac-ac series resonant multi-converter, the coordi-
nation of carriers allows to shape the power characteristic. Among the three types of
coordination presented, there is an original coordinate that linearizes the power character-
istic. The results are validated by simulations carried out in Matlab SimPower systems.

Keywords: pulse density modulation, series resonant inverter, multi-inverter ac-ac
converter, power factor correction, average modeling

1. Introduction

The soft-switching, appeared in the early eighties of last century, is a major event in the
development of power electronics [1, 2]. Numerous research and conference sessions devoted
to it reflect this importance. The soft switching is a conceptual breakthrough that led to
technological advances. Indeed, to reduce the size of the reactive components, something that
has a positive effect on the weight and size of converters, it is necessary to seek to increase the

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



switching frequency. However, to increase the switching frequency of power semiconductor
switches, it is imperative to create the conditions for reducing switching losses. Within the
framework of soft switching concept, one considers that the most effective way to achieve this
goal is to leave full-controlled power semiconductor devices to switch depending on their
changing voltages and/or currents [3–5]. The power part of the converter plays an active role
in determining the switching instants.

In resonant converters, implementing this concept, there is a shared determination of switching
instants between the control part and power part of the converter: if a commutation is caused by
the control, complementary commutation is caused by the voltage or current of the switch (ZVS
or ZCS). The transmitted power control is done by the frequency modulation.

Pulse density modulation (PDM) control, appeared in the mid-1990s [6, 7], joins together the
concept of soft switching and the traditional concept of hard switching by separating the roles
of the control part and power part. The power part is responsible for determining the
switching instants. The control part decides the nature of switching cycles (active or inactive).
Its application to series resonance inverters has the major advantage to cancel the switching
losses and to produce an output power factor near to unity [6–11]. The integration of these
inverters in the ac-ac conversion makes it possible to save the smoothing filter and to have a
sine-wave absorption at full power [6, 7]. Several recent researches are devoted to the devel-
opment of PDM control and to the valorization of its applications [8–11]. The operating
analysis presented in these papers focus on the output current. The input current (current
drawn from the ac-supply) analysis is forsaken. This aspect constitutes the poor relation in
the scientific literature dedicated to the PDM technique.

Fill this blank, clarify it why, and show how to exploit the benefits and manage the challenges
are the objectives of this work. More than a synthesis of previous work, this chapter provides
for the first time an average modeling of PDM inverters, an accurate determination of the
linear operating conditions and an original linearization technique.

This chapter is organized as follows: in Section3, we present the principle of PDM control and
its integration in ac-ac converter. Section4 is devoted to the description of a pulse density
modulator. The conventional analysis is the subject of Section5. The determinations of the
input current of the ac-ac converter and its power factor in the case of single and multi-inverter
configurations are presented. Section6 is devoted to the average modeling of ac-ac series
resonant converter in single- and multi-inverter configurations. Several cases of coordination
of the carriers are discussed in Section7. Simulation results are given in Section8, and conclu-
sion is presented in Section9.

2. Principle

Pulse density modulation (PDM) is a type of control applied to the series resonance inverters.
Turn-on and turn-off occur at zero crossings of the load current, because the switching fre-
quency is taken equal to resonance frequency of the load. All commutations are lossless and
without current gradient, and the input current of inverter is unidirectional. The inverter oper-
ation has the following improvements: (i) the switches are completely released from switching
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stress; (ii) dc bus has no storage capacity; and (iii) reduction of electromagnetic noise. But, as the
switching frequency is now fixed, it is impossible to use it to control the power.

To avoid this disadvantage, the control part generates a PDM pattern that determines whether
a switching cycle is active or inactive. An active cycle is a normal operating cycle of the single-
phase inverters. An inactive cycle is defined by the simultaneous state-on of same side
switches (e.g., high side) and the simultaneous state-off of the other side switches (e.g., low
side). It puts the output inverter in freewheel and, consequently, interrupts the flow of energy
between input and output of the converter. The power control is now done by the PDM pattern
duty cycle defined by:

d ¼ n=k ð1Þ

with k is the number of total cycles per PDM pattern period (called PDM pattern length) and
n¼1, 2, …. or k.

The power control is thus done in a discrete manner with a resolution which depends on the
length of the pattern.

Figure 1 shows the considered inverters and the transcription logic circuit of the PDM pattern in
the gate control signals of the switches. We propose in Figure 2 an operating model that clearly
shows the coexistence of the two concepts (hard and soft switching). The PDM inverter is divided
into soft inverter and hard buck. The transmitted power is controlled by the PDM pattern.

When the inverter is supplied by a single-phase diode bridge, the unit forms an ac-ac converter
(LF to HF) (Figure 3). Since the input current of PDM inverter is unidirectional, it is possible to
eliminate the smoothing filter (low frequency 2 · 50 or 2 · 60) and keep only a high frequency
decoupling capacitor CHF. The latter absorbs the high frequency ripple of the current in the

Figure 1. PDM inverter: topology, control and definition.
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rectifier. The result is a small-sized ac-ac converter because it is relieved of the smoothing
filter). The current drawn by the ac-ac converter is a sinusoidal form, but is intersected by zero
current phases when inactive cycles occur. In the following, we focus on the control, the
transmitted power and the quality of current drawn by this ac-ac converter that will be called
ac-ac PDM converter and noted PDMC.

3. PDM pattern generation

The PDM pattern generation is subject to two particular restrictions.

The first restriction concerns the adaptation of the PDM pattern frequency to the load reso-
nance frequency. So that the switching cycles are not truncated, the PDM pattern period must
be a multiple of the resonance period:

First restriction TPDM ¼ kTr with k is an integer ð2Þ

To satisfy this restriction, several options are possible. We present below a PWM type tech-
nique but adapted to PDM control. It is based on a synchronous comparison of a control signal
ðecÞ and a triangular carrier ðCarÞ [12]. The synchronous comparison is carried out by a
conventional comparator followed by a D flip-flop (Figure 4).

When the PDM inverter is integrated into an ac-ac series resonant converter, it is necessary that
the PDM pattern satisfies a second restriction: its period (frequency) must be a sub-multiple
(multiple) of the period (frequency) of the dc link voltage:

Figure 2. Decomposition of the PDM inverter in hard buck and soft inverter.

Figure 3. Ac-ac PDM converter (without smoothing filter).
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Second restriction Tdc ¼ qTPDM with q is an integer ð3Þ

If this restriction is not satisfied, a continuous component can appear in the current drawn
from the electrical network. The substitution of Eq. (2) into Eq. (3) leads to restriction:

Tdc ¼ NTres with N ¼ q � k is an integer ð4Þ

To check this restriction, a calibration of the dc-voltage period seen by the inverter is performed
by the definition of the ZCD signal (Zero Crossing Detector) [12]. This signal is determined by
the synchronous comparison of the ac-supply voltage with positive and negative thresholds. The
synchronous comparison is carried out here by the set two comparators—and logical gate—D
flip-flop. ZCD is at the zero level during a time which is a multiple of the period of resonance
and which can be very close to the period of the rectified voltage if the thresholds are close to
zero. ZCD, when it’s high, is used to reset the PDM pattern and the carrier’s generator. Hence-
forth, the useful (or usable) period of the rectified voltage is automatically adjusted with a
multiple of the resonance period, and the triangular carrier is synchronized to the latter. Figure 5
shows the pattern generation circuit for an ac-ac PDM converter. The PDM pattern duty cycle is
identified with the control signal because the carrier is triangular, whereas the carrier frequency
represents the PDM pattern length. As a result, the control signal controls the power while the
carrier frequency controls the power variation resolution. In the following section, we establish
the relation between the control signal and the transmitted power and the impact of the carrier
frequency on the quality of the current drawn from the ac-supply.

Figure 4. Adaptation of PDM frequency to resonance frequency by synchronous comparison.

Figure 5. PDM pattern generator performing synchronous comparison and calibration.
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4. Conventional analysis

4.1. Input current of ac-ac PDM converter

The drawn current from ac network and transmitted power by ac-ac series resonant converter
are determined under the following assumptions: (i) the load has a low damping coefficient;
(ii) CHF capacitor absorbs HF component (twice the resonant frequency) of the inverter input
current; (iii) the dc link voltage is assumed constant during a switching cycle; and (iv) no
restriction is imposed on the PDM pattern except the restrictions of definition.

One determines successively the load current, the currents after and before the HF decoupling
capacitor and the current drawn from the ac-supply. Then, one calculates the Fourier series of
the latter current. In Ref. [12], it is shown that if the PDM pattern is generated according to the
solution of Section3, the following results are obtained:

i. the transmitted power in pu varies linearly with the control signal:

p ¼ ec ð5Þ

ii. the spectrum of the drawn current consists of harmonic pairs spaced from 2qFac

iii. and the power factor, calculated from the harmonic summation, is as follows:

PF ¼ 1

, ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2

ec2
X∞

h¼1

�
sin
�
πhð1� ecÞ

�
=πh

�2s
ð6Þ

It is independent of the PDM pattern frequency. The power factor decreases continuously
when the transmitted power in pu varies from 1 to 0.

Failing to improve the power-factor directly, an increase in the pattern frequency brings a
better conditioning of the harmonic distortion (increase spacing and thus reject harmonics in
high frequencies). But, it is observed that the more the frequency increases, the more one loses
the linearity between power and control signal. We propose later in this chapter, a theoretical
determination of the maximum frequency which preserves this linearity.

4.2. Input current of ac-ac multi-PDM converter and power factor correction

Correction by mutual compensation requires the use more than one inverter and an adapted
control. The inverters are managed in such a way that the distortion produced by an inverter
(zero current phase) is completely or partially masked by the other inverters. The inverters do
not operate in inactive cycles simultaneously but successively. This management is based on the
use of a set of interlaced carriers. This idea was developed for a systemwith several inverters and
separate loads (each inverter feeds one load). Then, the idea was extended to the more realistic
case of a single load [13]. The considered converter and its carriers are shown in Figure 6. It is
called ac-ac multi-PDM converter and noted M-PDMCG. If this converter consists of G inverters
(Invg with g ¼ 1, 2,…, G), the carrier associated with an Invg is as follows:
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CargðθÞ ¼ Car1
�
θ� ðg� 1Þ2π=G

�
ð7Þ

and all inverters have the same control signal:

ec,g ¼ ec ð8Þ

This converter behavior is modeled by a bi-converter system with separate loads (ConvA and
ConvB) and variable parameters. The control signals, carriers and transformer ratios of ConvA
and ConvB vary according to the control signal. Figure 7 shows the topology of the bi-converter
system and the control parameters. The results, detailed in Ref. [13], are as follows:

i. Power versus control signal is piecewise linear:

p ¼ a1 ¼ gþ ðG:ec � gÞð2g� 1Þ ð9Þ

Where g� 1 ¼ f loorðG:ecÞ (integer portion of G:ec )

ii. the spectrum of the drawn current consists of harmonic pairs spaced from 2GqFac

iii. the power factor, calculated from the harmonic summation, is:

PF ¼ 1

,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2ð2g� 1Þ2
X∞

h¼1

�
sinðπhGecÞ=πh

�2

�
g2 þ ðGec � gÞð2g� 1Þ

�2

vuuuuut ð10Þ

The power factor is equal to 1 in G points when the transmitted power is equal to

ðj=GÞ2 100% of its maximum value with j ¼ 1, 2, …G, and

iv. the maximum power is G2 times greater than in the case of the PDMC.

Figure 6. Ac-ac multi-PDM converter (MPDMCG): topology and carriers in case G¼3.
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This modeling is empirical because it is based solely on the observation of the converter behavior.
However, since the behavior of a converter is defined by its topology and its control, the bi-
converter model is only valid for the control law considered during the observation phase.

5. Analysis by average modeling

The average modeling is a powerful tool for the regulation and simulation of power electronics
converters. Its main disadvantage is that it can predict only the mean value [14]. High fre-
quency ripple is lost or predicted with inaccuracy [15]. In the case of PDM converters, the dc
link between the rectifier and the inverter ensures high frequency decoupling. The rectifier’s
currents do not have high frequency ripple. The average modeling is thus a well-adapted tool
for the determination of the low frequency side currents in the PDM converters. This technique
is already applied successfully to the PDM-dual converters [16]. In the present work, it is
applied for the first time to the PDM converters.

5.1. Average model of ac-ac PDM converter

5.1.1. Modeling of series resonant inverter

The time is subdivided into half-periods of resonance. Each half-period is indicated by an
index n. The load voltage switches from �udc to þudc at instants nðTr=2Þ and from þudc to
�udc at instants ðnþ 1ÞðTr=2Þ with n even number. The capacitor voltage is as follows:

Figure 7. Bi-converter equivalent system when ðg� 1Þ=G ≤ ec ≤ g=G.
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vCðnþ 1Þ ¼ �vCðnÞ Aþ udc � ð1þ AÞ at the end of the ðnþ 1Þth half period ð11Þ
vCðnþ 2Þ ¼ �vCðnþ 1Þ A� udc � ð1þ AÞ at the end of the ðnþ 2Þth half period ð12Þ

Under compact form, Eq. (11) and Eq. (12) become:

vCðnÞ ¼ �vCðn� 1Þ Aþ ð�1Þnþ1udc � ð1þ AÞ with n even or odd ð13Þ

Eq. (13) gives the value of the capacitor voltage at the end of the nth half-period as a function of
the value taken at the (n � 1)th half-period. According to the initial value, Eq. (13) becomes:

vCðnÞ ¼ ð�1Þn
(
vCð0Þ An � udc � ð1þ AÞ Xn�1

i¼0
Ai

)
ð14Þ

Knowing that
Xn�1

i¼0
Ai ¼ 1�An

1�A , Eq. (14) becomes :

vCðnÞ ¼ ð�1Þn vCð0Þ An � udc � ð1� AnÞ 1þ A
1� A

� �
ð15Þ

The pic value of load current during the nth half-period is as follows:

îðnÞ ¼
ffiffiffiffiffiffiffiffiffi
C=L

p �
vCðnÞ � udc

�
expðαTr=4Þ for n odd ð16Þ

îðnÞ ¼ �
ffiffiffiffiffiffiffiffiffi
C=L

p �
vCðnÞ þ udc

�
expðαTr=4Þ for n even ð17Þ

During the nth half-period, the average value of inverter’s input current is as follows:

〈i〉ðnÞ ¼ 2
π
îðnÞ ¼ 2

π

ffiffiffiffiffiffiffiffiffi
C=L

p �
ð�1Þnþ1vCðnÞ � udc

�
∙ expðαTr=4Þ ð18Þ

Since the initial value of udc is zero, writing Eq. (18) for n¼0 leads to:

〈i〉ð0Þ ¼ � 2
π

ffiffiffiffiffiffiffiffiffi
C=L

p
vCð0Þ∙expðαTr=4Þ ð19Þ

It is deduced that

vCð0Þ ¼ �π
2

ffiffiffiffiffiffiffiffiffi
C=L

p
〈i〉ð0Þ∙expð�αTr=4Þ ð20Þ

The substitution of Eq. (20) into Eq. (15) yields:

vCðnÞ ¼ ð�1Þn �π
2

ffiffiffiffiffiffiffiffiffi
C=L

p
expð�αTr=4Þ〈i〉ð0Þ An � udc � ð1� AnÞ 1þ A

1� A

� �
ð21Þ

The substitution of Eq. (21) into Eq. (18) yields:
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〈i〉ðnÞ ¼ 〈i〉ð0Þ An þ udc
4
π

ffiffiffiffiffiffiffiffiffi
C=L

p expð�αTr=4Þ
1� A

1� An 1þ A
2A

� �
ð22Þ

Under the assumption:

ð1þ AÞ=2A ≈ 1 ð23Þ

(this assumption is justified by the fact that ðαTr=2 ¼ πξÞ is close to zero), expression (22) is
identified with that of the current in Req � Leq series branch supplied by a voltage udc with:

Req ¼ π
4

ffiffiffiffi
L
C

r
1� expð�αTr=2Þ
expð�αTr=4Þ ð24Þ

Leq ¼
Req

α
¼ L

π
4ξ

1� expð�αTr=2Þ
expð�αTr=4Þ ð25Þ

The inverter dc side can then be modeled by the average circuit constituted by Req � Leq series
branch.

5.1.2. Modeling of PDM inverter

Pulse density modulation is introduced by considering a fictitious hard buck that connects the
voltage source to the inverter, represented by its average model. The unit constitutes the
average model of PDM inverter (Figure 8). The current drawn by this converter is as follows:

idcðtÞ ¼ udc
Req

1�
1� exp

�
� ð1� dÞTr=τeq

�

1� expð�Tr=τeqÞ expð�t=τeqÞ
8<
:

9=
; for 0 ≤ t ≤ dTPDM ð26Þ

idcðtÞ ¼ 0 for dTPDM〈t ≤TPDM ð27Þ

Using Eq. (26) and Eq. (27), themean value, RMS value and form factor are calculated.We obtain:

〈i〉dcTPDM ¼ udc
Req

d� τeq
TPDM

1� exp �d TPDM
τeq

� �� �
1� exp �ð1� dÞ TPDM

τeq

� �� �

1� exp � TPDM
τeq

� �� �
8<
:

9=
; ð28Þ

〈Idc〉 ¼ udc
Req

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d� 2
τeq

TPDM

1� e�dTPDM
τeq

� �
1� e�ð1�dÞTPDM

τeq

� �

1� e�
TPDM
τeq

þ τeq
2∙TPDM

1� e�ð1�dÞTPDM
τeq

1� e�
TPDM
τeq

0
@

1
A

2

1� e�2dTPDM
τeq

� �
vuuuut

ð29Þ

Figure 8. Average model of PDM inverter.
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Figure 8. Average model of PDM inverter.
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FF ¼
d � τeq

TPDM

1�exp �dTPDM
τeq

� �� �
1�exp �ð1�dÞTPDM

τeq

� �� �

1�exp �TPDM
τeq

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d� 2 τeq
TPDM

1�exp �dTPDM
τeq

� �� �
1�exp �ð1�dÞTPDM

τeq

� �� �

1�exp �TPDM
τeq

� � þ τeq
2∙TPDM

1�exp �ð1�dÞTPDM
τeq

� �

1�exp �TPDM
τeq

� �
0
@

1
A

2

1� exp �2d TPDM
τeq

� �� �
vuuut

ð30Þ

5.1.3. Extension to ac-ac converter

Now, we consider that the voltage udc is supplied by a single-phase diode rectifier. During the
jth PDM pattern period, we suppose that this voltage is as follows:

udcðjÞ ¼ V̂ acsinðθjÞ ð31Þ

with θj ¼ π
q
2j�1
2 is the midpoint of jth pattern period.

By substitution of Eq. (31) into Eqs. (28) and (29), we obtain mean value, RMS value and form
factor of idc during jth pattern period:

〈idc〉TPDM ¼ V̂ ac

Req
d� τeq

TPDM

1� exp �d TPDM
τeq

� �� �
1� exp �ð1� dÞ TPDM

τeq

� �� �

1� exp � TPDM
τeq

� �
8<
:

9=
;sinðθjÞ ð32Þ

Idc ¼ V̂ ac

Req

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d� 2τeq
TPDM

1� e�ð1�dÞTPDM
τeq

1� e�
TPDM
τeq

1� e�dTPDM
τeq þ 1

4
1� e�ð1�dÞTPDM

τeq

1� e�
TPDM
τeq

0
@

1
A 1� e�2dTPDM

τeq

� �8<
:

9=
;

vuuut sinðθjÞ

ð33Þ

In the appendix, we show that the fundamental component and the RMS value of the current
drawn from ac-supply (Rectifier input current) and the mean and RMS values of the inverter
input current during the jth PDM pattern period are linked by the following relationships:

Î f
ðV̂ ac=ReqÞ

¼ 〈idc〉TPDMðjÞ
ðV̂ ac=ReqÞsinðθjÞ

ð34Þ

Iac
ðV̂ ac=ReqÞ

¼ IdcðjÞ
ðV̂ ac=ReqÞsinðθjÞ

1ffiffiffi
2

p ð35Þ

Knowing that in the case of a single-phase diode rectifier, the displacement factor is unitary,
and the power factor is assimilated to the distortion factor:

PF ¼ Î fffiffiffi
2

p
∙Iac

ð36Þ

Substitution of Eqs. (35), (34), (33) and (32) into Eq. (36) yields:
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PF ¼
ec � q2Facτeq

�
1�expð� ec=q2FacτeqÞ

��
1�exp

�
�ð1�ecÞ=q2Facτeq

��

1�expð� 1=q2FacτeqÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ec � q4Facτeq
1�exp � ec

q2Facτeq

� �� �
1�exp � ð1�ecÞ

q2Facτeq

� �� �

1�exp � 1
q2Facτeq

� � þ qFacτeq 1�e
� ð1�ecÞ
q2Facτeq

1�e
� 1
q2Facτeq

 !2

1� e�2 ec
q2Facτeq

� �
vuuut

ð37Þ

The transmitted power is defined by:

P ¼ 1
2
V̂ acÎ f ð38Þ

Substitution of Eqs. (32) and (34) into Eq. (38) gives the transmitted power in pu:

p ¼ ec � q2Facτeq

�
1� expð� ec=q2FacτeqÞ

��
1� exp

�
� ð1� ecÞ=q2Facτeq

��

1� expð� 1=q2FacτeqÞ ð39Þ

Its reference is as follows:

Pref ¼ 1
2
V̂ ac

2=Req ð40Þ

The expressions (37) and (39) can be greatly simplified, if we consider the hypothesis:

H1 : q2Facτeq ≪ 1 ð41Þ

They become:

PF ≈
ffiffiffiffi
ec

p ð42Þ
p ≈ ec ð43Þ

To establish the maximum value that q2Facτeq can take without the approximations becoming
imprecise, we calculate the relative errors in the most unfavorable case:

ΔPF
PF

¼ jPFðecÞ � ffiffiffiffi
ec

p j
PFðecÞ ð44Þ

Δp
p

¼ jpðecÞ � ecj
pðecÞ ð45Þ

It is checked that the most unfavorable case, that is, the errors are maximal, occurs when ec is
minimal. For different values of ec,min, we plot these errors versus q2Facτeq (Figure 9). It is
noted that the power error is not limited (it increase continuously). Eq. (43) gives values that
can be truly erroneous if q2Facτeq is not kept below a maximum value ðq2Facτeq Þmax. This
means that in order to maintain a relative error less than a given limit, when ec varies between
1 and ec,min, the coefficient q must respect the constraint:
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q ≤ qmax ¼ ðq2Facτeq Þmax=2Facτeq ð46Þ

This constraint means that:

Fcarτeq ≤ ðq2Facτeq Þmax ð47Þ

because

q¼ðFPDM¼FcarÞ=2Fac ð48Þ

In Figure 9, we can directly read ðq2Facτeq Þmax as a function of the maximum permissible error
and for different values of ec,min. If, for example, to maintain the error below 30%, the carrier
frequency must be less than the maximum frequency:

Fcar ≤ ðFcarÞmax¼0:023=τeq si ec,min¼0:1 ð49Þ

Fcar ≤ ðFcarÞmax¼0:119=τeq si ec,min¼0:5 ð50Þ

Eqs. (49) and (50) can be put in the general form:

Fcarτeq ≤Lxðec,minÞ ð51Þ

where Lxðec,minÞ is the maximum value that Fcarτeq must not exceed if we want Eq. (43) to give
the power with a tolerance less than x when ec varies from 1 to ec,min.

Eq. (26) shows that idc has a static component and a transient component:

idcsðtÞ ¼ udc
Req

for 0 ≤ t ≤ ðdTPDM ¼ ec=FcarÞ ð52Þ

idctðtÞ ¼ udc
Req

1� exp
�
� ð1� dÞTr=τeq

�

1� expð�Tr=τeqÞ expð�t=τeqÞ for 0 ≤ t ≤ ðdTPDM ¼ ec=FcarÞ ð53Þ

Figure 9. Power and power factor errors versus q2Facτeq.
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Eq. (53) shows that the more we reduce Lxðec,minÞ, the more transient component is damped.
Consequently, the currents become:

idcðtÞ ¼ udc
Req

� PDM_P ð54Þ

iacðtÞ ¼ uac
Req

� PDM_P ð55Þ

If the power and the power factor are determined from Eqs. (54) and (55), we find the
expressions (42) and (43). This proves that the hypothesis H1, which allowed the passage of
Eqs. (37) and (39) to Eqs. (42) and (43), indirectly signifies the predominance of the static
component in idc.

5.2. Average model of ac-ac Multi-PDM converter (MPDMC)

The converter considered is that shown in Figure 6. By replacing each inverter by its average
model, one builds the MPDMC’s average model (Figure 10).

According to this average model, the current drawn by the gth inverter is as follows:

• zero, if its pattern is at zero:

iac, g ¼ 0 if PDM_Pg ¼ 0 ð56Þ

• identical to the current drawn by a PDMC if its pattern is at 1, and the patterns of all the
other inverters are at zero:

iac, g ¼ iac if PDM_Pg ¼ 1 and PDM_Pj 6¼g ¼ 0 ð57Þ

• identical to the current drawn by a PDMC multiplied by the number of inverters whose
patterns are at 1, if its pattern is at 1:

iac, g ¼ iac
XG

j¼1

PDM_Pj ð58Þ

Eqs. (56), (57) and (58) can be written in the form:

iac, g ¼ iacPDM_Pg

XG

j¼1

PDM_Pj ð59Þ

The current drawn by the MPDMC is the sum of the currents drawn by the various inverters:
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iac,MPDMC ¼
XG
g¼1

iac, g ð60Þ

Substitution of Eqs. (59) and (60) into Eq. (55) yields:

iac,MPDMC ¼ vac
Req

XG
g¼1

PDM_Pg

0
@

1
A

2

ð61Þ

Comparing between Eqs. (61) and (55), we see that a M-PDMC is a PDMC that would be
modulated by the square of the sum of the different patterns.

6. MPDMC features: power factor correction and transmitted power

The behavior of the MPDMC is determined by three elements: the control signal, the carrier
and the coordination of all the carriers. In this section, we discuss three types of coordination.

6.1. First coordination: interlaced carriers

In Figures 11 and 12, we traced interlaced carriers, the patterns PDM_Pg and
XG

g¼1
PDM_Pg

� �2

in the cases G¼2 and G¼3.

In the case G¼3, when 0 ≤ ec ≤ 1=3, we have 1 or 0 pattern at 1:

Figure 10. Average model of MPDMC.
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 XG
g¼1

PDM_Pg

!2

¼ 1 during dðTPDM=3Þ ð62:1:1Þ

 XG
g¼1

PDM_Pg

!2

¼ 0 during ð1� dÞðTPDM=3Þ ð62:1:2Þ

Figure 11. Interlaced carriers for MPDMC2.

Figure 12. Interlaced carriers for MPDMC3.
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with d ¼ 3:eC ð62:1:3Þ

when 1=3 ≤ ec ≤ 2=3, we have 2 or 1 patterns at 1 :
 XG

g¼1

PDM_Pg

!2

¼ 22 during dðTPDM=3Þ ð62:2:1Þ

 XG
g¼1

PDM_Pg

!2

¼ 12 during ð1� dÞðTPDM=3Þ ð62:2:2Þ

with d ¼ 3:eC � 1 ð62:2:3Þ
when 2=3 ≤ ec ≤ 3=3, we have 3 or 2 patterns at 1 :

 XG
g¼1

PDM_Pg

!2

¼ 32 during dðTPDM=3Þ ð62:3:1Þ

 XG
g¼1

PDM_Pg

!2

¼ 22 during ð1� dÞðTPDM=3Þ ð62:3:2Þ

with d ¼ 3:eC � 2 ð62:3:3Þ
Eqs. (62) can be generalized as follows:

when ðg� 1Þ=G ≤ ec ≤ g=G, we have g or g � 1 patterns at 1 :
 XG

g¼1

PDM_Pg

!2

¼ g2 during dðTPDM=GÞ ð63:1Þ

 XG
g¼1

PDM_Pg

!2

¼ ðg� 1Þ2 during ð1� dÞðTPDM=GÞ ð63:2Þ

with d ¼ G:eC � ðg� 1Þ ð63:3Þ
where ðg� 1Þ ¼ f loorðG:eCÞ ð63:4Þ

From Eq. (63), we determine average value and RMS value of
XG

g¼1
PDM_Pg

!2
0
@ :

 XG
g¼1

PDM_Pg

!2* +
¼ g2dþ ðg� 1Þ2ð1� dÞ ð64Þ

RMS

 XG
g¼1

PDM_Pg

!2
0
@

1
A ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g4dþ ðg� 1Þ4ð1� dÞ

q
ð65Þ

Using Eqs. (64) and (65), we determine transmitted power and power factor :
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 XG
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PDM_Pg

!2* +
¼ g2dþ ðg� 1Þ2ð1� dÞ ð66Þ
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g=ðg� 1Þ
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�
d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

��
g=ðg� 1Þ

�4
� 1
�
d

r ð67Þ

with d ¼ G:eC � ðg� 1Þ ð68Þ
and ðg� 1Þ ¼ f loorðG:eCÞ ð69Þ

We find: (i) the same characteristic power versus control signal as in Section 5 and (ii) the power
factor is determined by an analytic expression and not by a summation of the harmonics.

6.2. Second coordination: distribution in uniform bandwidths

Instead of reducing the total harmonic distortion by a mutual compensation of the individual
distortions (produced by each inverter), one can reduce it differently: all inverters operate at
full power or at standstill, and they do not produce distortion, except one that operates in
modulation to ensure power variation. To achieve this correction, the carriers are distributed in
uniform bandwidths. All carriers have the same peak value:

dCarg ¼ 1=G ð70Þ

In Figures 13 and 14, we plot uniformly superimposed carriers, associated patterns PDM_Pg

and

 XG

g¼1
PDM_Pg

!2

in the cases G¼2 and G¼3.

In the case G¼3, Eq. (70) leads to:

dCar1 ¼dCar2 ¼dCar3 ¼ 1=3 ð71Þ

when 0 ≤ ec ≤ 1=3, we have 1 or 0 pattern at 1:

 XG
g¼1

PDM_Pg

!2

¼ 1 during d:TPDM ð72:1:1Þ

 XG
g¼1

PDM_Pg

!2

¼ 0 during ð1� dÞ:TPDM ð72:1:2Þ

with d ¼ eC=dCar1 ¼ 3:eC ð72:1:3Þ

when 1=3 ≤ ec ≤ 2=3, we have 2 or 1 patterns at 1:
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 XG
g¼1

PDM_Pg

!2

¼ 22 during d:TPDM ð72:2:1Þ

Figure 13. Carriers distributed in uniform bandwidths, G¼2.

Figure 14. Carriers distributed in uniform bandwidths, G¼3.

Pulse Density Modulation Applied to Series Resonant Inverter and Ac‐Ac Conversion
http://dx.doi.org/10.5772/intechopen.68324

91



 XG
g¼1

PDM_Pg

!2

¼ 12 during ð1� dÞ:TPDM ð72:2:2Þ

with d ¼ ðeC � 1=3Þ=dCar2 ¼ 3:eC � 1 ð72:2:3Þ

when 2=3 ≤ ec ≤ 3=3, we have 3 or 2 patterns at 1:

 XG
g¼1

PDM_Pg

!2

¼ 32 during d:TPDM ð72:3:1Þ

 XG
g¼1

PDM_Pg

!2

¼ 22 during ð1� dÞ:TPDM ð72:3:2Þ

with d ¼ ðeC � 2=3Þ=dCar3 ¼ 3:eC � 2 ð72:3:3Þ

Eqs. (72) can be generalized as follows:

when ðg� 1Þ=G ≤ ec ≤ g=G, we have g or g � 1 patterns at 1:

 XG
g¼1

PDM_Pg

!2

¼ g2 during d:TPDM ð73:1Þ

 XG
g¼1

PDM_Pg

!2

¼ ðg� 1Þ2 during ð1� dÞ:TPDM ð73:2Þ

with d ¼
�
G:eC � ðg� 1Þ

�
=ðG:dCargÞ ð73:3Þ

where ðg� 1Þ ¼ f loorðG:eCÞ ð73:4Þ

Using Eq. (73), we determine transmitted power and power factor:

p ¼
 XG

g¼1

PDM_Pg

!* +2

¼ g2dþ ðg� 1Þ2ð1� dÞ ð74Þ

PF ¼
XG
g¼1

PDM_Pg

0
@
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A

* +2,
RMS

XG
g¼1

PDM_Pg

0
@

1
A

20
@

1
A ¼

1þ
��

g=ðg� 1Þ
�2

� 1
�
d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ

��
g=ðg� 1Þ

�4
� 1
�
d

r ð75Þ

with d ¼
�
G:eC � ðg� 1Þ

�
=ðG:dCargÞ ¼ G:eC � ðg� 1Þ ð76Þ

and ðg� 1Þ ¼ f loorðG:eCÞ ð77Þ
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It is because the carriers are distributed in uniform bandwidths that power and power factor
versus control signal characteristics are the same as in the previous case. The novelty is that the
power characteristic is defined by one and only one carrier depending on the value of ec. This is
an advantage which facilitates the search of the conditions to correct the non-linearity of power
characteristic.

6.3. Third coordination: distribution in non-uniform bandwidths

Using Eqs. (74) and (76), we determine the slope of the power characteristic

dp
deC

¼ g2 � ðg� 1Þ2
dCarg

ð78Þ

To linearize this power characteristic, all segments of the power characteristic must have the
same slope G2 (because, when eC varies from 0 to 1, power varies from 0 to G2):

dp
deC

¼ g2 � ðg� 1Þ2
dCarg

¼ G2 ð79Þ

It is thus deduced that to linearize the power characteristic, it is necessary that:

dCarg ¼
g2 � ðg� 1Þ2

G2 ð80Þ

The carriers are therefore distributed in non-uniform bandwidths defined by:

�
BLg�1 ¼

Xg�1

j¼1

dCarj
�
≤ eC ≤

�
BLg ¼

Xg

j¼1

dCarj
�

ð81Þ

Taking account of Eq. (80), the lower and upper limits of a bandwidth become:

BLg�1 ¼
Xg�1

j¼1

dCarj ¼ ðg� 1Þ2=G2

BLg ¼
Xg

j¼1

dCarj ¼ g2=G2

8>>>>><
>>>>>:

ð82Þ

For example, if one considers an MPDMC with three inverters, the three carriers and the three
bandwidths are (Figure 15):

Car1 : covers ½0 1=9�, its pic-value isdCar1 ¼ 1=9 and its upper limit: B1 ¼ 1=9

Car2 : covers ½1=9 4=9�, its pic-value isdCar2 ¼ 3=9 and its upper limit: B2 ¼ 4=9

Car3 : covers ½4=9 9=9�, its pic-value isdCar3 ¼ 5=9 and its upper limit: B3 ¼ 9=9

The pattern duty cycle is defined by:
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d ¼ ec � BLg�1

BLg � BLg�1
if BLg�1 ≤ ec ≤BLg ð83Þ

Substitution of Eq. (82) into Eq. (83) yields:

d ¼ G2ec � ðg� 1Þ2
2g� 1

with ðg� 1Þ ¼ f loorðG ffiffiffiffi
ec

p Þ ð84Þ

Substitution of Eq. (84) into Eq. (74) leads to the expression of transmitted power:

p ¼ G2ec ð85Þ
Substitution of Eq. (84) into Eq. (75) leads to the expression of transmitted power:

PF ¼ G2ecffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2ec

�
g2 þ ðg� 1Þ2

�
� g2ðg� 1Þ2

r with ðg� 1Þ ¼ f loorðG ffiffiffiffi
ec

p Þ ð86Þ

Eqs. (85) and (86) show that the power characteristic is linear and that the power factor is
unitary in G points:

PF ¼ 1 when ec ¼ BLg ¼ ðg=GÞ2 or when p ¼ g2 with g ¼ 1, 2, …G ð87Þ

7. Simulation results

Simulations are carried out in the Matlab SimPowerSystems environment. We consider a RLC
load ð1:85 Ω, 20 μH, 90 nFÞ, matching transformer ration 3/10 and an ac-supply 120V-60Hz. The
results of four simulation series are presented. Figures 16 and 17 show examples of currents
drawn by a PDMC and MPDMC2. Figures 18 and 19 show the theoretical and simulation results
of transmitted power and power factor characteristics in the case of PDMC. Figures 20 and 21
show the theoretical and simulation results of transmitted power and power factor characteristics
in the case of MPDMC2 and coordination’s types 1, 2 and 3. We note a good agreement between
theoretical and simulation results.

Figure 15. Carriers distributed in non-uniform bandwidths, G¼3.
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Figure 16. Current drawn by PDMC, ec ¼ 0:5.

Figure 17. Current drawn by MPDMC2 carriers coordination type 2, ec ¼ 0:75.
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Figure 18. Power versus ec characteristic of PDMC.

Figure 19. Power factor versus ec characteristic of PDMC.
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Figure 18. Power versus ec characteristic of PDMC.

Figure 19. Power factor versus ec characteristic of PDMC.
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Figure 20. Power versus ec characteristic of MPDMC2.

Figure 21. Power factor versus ec characteristic of MPDMC2.
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8. Conclusion

The reflections and results presented in this chapter can be divided into two groups: the
background and the novelties.

The background includes the PDM control principle, the PDM pattern generation and the
characteristics of the ac-ac PDM converter and ac-ac Multi-PDM converter. In the description
of the PDM control principle, we deliberately sought to present the PDM control as a form of
association based on role sharing between the concepts of soft switching and hard switching.
The role of soft switching is to produce lossless switching, while the role of hard switching is to
vary the power by deciding the nature of the switching cycles. This reflection on the nature of
the PDM control led us to represent the operation of the PDM inverter by a setting in cascade
of a chopper and a series resonant inverter. We have detailed a PDM pattern generation
method for the ac-ac PDM converter. It is a method inspired by PWM techniques, but adapted
to the specificities of the PDM control (adaptation of the pattern frequency to both the resonant
frequency and the ac-supply frequency). This method is based on a synchronous comparison
of a carrier with a control signal and a calibration of the useful period of the dc voltage.
Without the detailed, we have given the power transmitted characteristics and the spectrum
of the current drawn from the ac-supply by an ac-ac PDM converter. Without detailed, we
gave the characteristics of the transmitted power and the spectrum of the current drawn from
the electrical communication by a ac-ac PDM converter. The power-factor correction by a total
or partial mutual compensation is presented. It leads to the definition of a converter with
several inverters and interlaced carriers. This is the ac-ac multi-PDM converter. The behavior
of this converter is modeled by a system bi-converter.

The novelties include mainly the average modeling of ac-ac PDM converter and ac-ac multi-
PDM converter and the introduction of carrier coordination as a control parameter of ac-ac
multi-PDM converter. The application of average modeling leads to the representation of the
series resonant inverter by an equivalent RL branch. The replacement of the inverter by its
equivalent RL branch in the ac-ac PDM converter facilitates the analysis of this converter and
makes it possible to establish (i) the conditions to preserve the linearity of the power character-
istic and (ii) an analytical expression of the power-factor. The replacement of the inverter by its
equivalent RL branch in the ac-ac Multi-PDM converter allows modeling this converter by an
operating model (a model that integrates the operations of the components of the converter).
This makes it possible to envisage several types of coordination. Three types of coordination are
presented. Coordination by stratified carriers allows (i) a power-factor correction based on the
search for a minimal distortion (ii) and to linearize the power characteristic.

Appendix

By subdividing ½0 π� into q PDM pattern periods, the expressions of the fundamental compo-
nent and the RMS-value of the drawn current are written:
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Î ac, f ¼ 2
π

Xq

j¼1

ðjπ=q
ðj�1Þπ=q

idcsinðθÞdθ ðA:1Þ

Iac2 ¼ 2
π

Xq

j¼1

ðjπ=q
ðj�1Þπ=q

idc2dθ ðA:2Þ

Assuming that q is large enough so that the sin varies very little over the interval ½ðj� 1Þπ=q
jπ=q�, we write that:

sinðθÞ ¼ sin
�
θj ¼ ðπ=qÞðj� 1=2Þ

�
ðA:3Þ

Taking into account Eqs. (A.3) and (A.1) becomes:

Î ac, f ¼ 2
π

Xq

j¼1
sinðθjÞ

ðjπ=q
ðj�1Þπ=q

idcdθ ðA:4Þ

Knowing that average and RMS values of idc are as follows:

〈idc〉ðjÞ ¼ π
q

ðjπ=q
ðj�1Þπ=q

idcdθ ðA:5Þ

IdcðjÞ2 ¼ q
π

ðjπ=q
ðj�1Þπ=q

idc2dθ ðA:6Þ

It is established that:

Î ac, f ¼ 2
q

Xq

j¼1

sinðθjÞ〈idc〉ðjÞ ðA:7Þ

Iac2 ¼ 1
π

Xq

j¼1

π
q
IdcðjÞ2 ðA:8Þ

Substitutions of Eq. (32) into Eqs. (A.7) and (37) into Eq. (A.8) yield:

Î ac, f ¼ V̂ac

Req
d� τeq

TPDM

1� exp �d TPDM
τeq

� �� �
1� exp �ð1� dÞ TPDM

τeq

� �� �

1� exp � TPDM
τeq

� �
8<
:

9=
;

2
q

Xq

j¼1
sinðθjÞ2 ðA:9Þ

Iac2

V̂ ac
Req

� �2 ¼ d� 2τeq
TPDM

1� e�ð1�dÞTPDM
τeq

1� e�
TPDM
τeq

1� e�dTPDM
τeq þ

1� e�ð1�dÞTPDM
τeq

� �
1� e�2dTPDM

τeq

� �

4 1� e�
TPDM
τeq

� �

8>><
>>:

9>>=
>>;

8>><
>>:

9>>=
>>;

Xq

j¼1
sinðθjÞ2

q

ðA:10Þ

Knowing that:
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Xq

j¼1

sinðθjÞ2 ¼ q=2 ðA:11Þ

Eqs. (A.9) and (A.10) becomes:

Î ac, f ¼ V̂ ac

Req
d� τeq

TPDM
1� exp �d

TPDM

τeq

� �� �
1� exp �ð1� dÞTPDM

τeq

� �� �
=1� exp �TPDM

τeq

� �� �

ðA:12Þ

Iac2 ¼ V̂ ac
2

2Req
2 d� 2τeq

TPDM

1� e�ð1�dÞTPDM
τeq

1� e�
TPDM
τeq

1� e�dTPDM
τeq þ

1� exp �d TPDM
τeq

� �� �
1� exp �ð1� dÞ TPDM

τeq

� �� �

4 1� exp � TPDM
τeq

� �� �
8<
:

9=
;

8<
:

9=
;

ðA:13Þ
Taking into account Eqs. (32) and (33), we obtain:

Î ac, f ¼ 〈idc〉TPDM ðjÞ=sinðθjÞ ðA:14Þ

Iac ¼ IdcðjÞ=
ffiffiffi
2

p
sinðθjÞ ðA:15Þ

Nomenclature

A
�
¼ expð�αTr=2Þ

�
Intermediate constant

C Load’s capacitor

Fac ðTacÞ Ac-supply frequency (period)

L Load’s inductor

R Load’s resistor

Tdc ð¼ Tac=2Þ Period of voltage rectified
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Abstract

Power electronic converters are nowadays the most suitable solution to provide a variable
voltage/current in industry. The most commonly used power converter is the three-phase
two-level voltage source inverter which transforms a direct-current input voltage into
alternating-current output voltage with adjustable magnitude and frequency. Power
inverters are used to supply three-phase loads which are typically connected in wye or
delta configurations. However, in previous years, a type of connection consisting on
leaving both terminal ends of the load opened has been studied as an alternative to
standard wye or delta connection. To supply loads with this type of connection, two
power inverters (one at each terminal end of the load) are required in a circuit topology
called dual-inverter. In this chapter, a general study of the dual-inverter topology is
presented. The advantages and issues of such converter are studied and different modula-
tion strategies are shown and discussed. Moreover, multilevel dual-inverter converters are
presented as an extension to the basic two-level idea. For evaluation purposes, simulations
results are presented.

Keywords: voltage source inverter, dual-inverter, open-end winding, pulse width
modulation

1. Introduction

In industrial applications, typical loads generally require to be supplied with alternating voltage
of variable magnitude and frequency. To produce such voltages, power electronic converters are
nowadays the standard and more suitable solution. The most commonly used power converter

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



is the three-phase two-level voltage source inverter (VSI) which transforms a DC input voltage
into AC output voltage with adjustable magnitude and frequency (Figure 1) [1, 2]. Three-phase
VSIs typically supply loads connected in delta (called closed connection) or in wye (called semi-
closed connection) (Figure 2), depending on the load requirements of voltage and current.

Regarding the VSI, to produce an AC output voltage, a modulation scheme should be used.
The carrier-based pulse width modulation (PWM) strategy is a standard modulation technique
for power inverters [2] where a triangular (carrier) signal vtri is compared with a sinusoidal
(reference) signal vref , as shown in Figure 3. The following control logic is used to generate the
VSI-IGBTs gate pulses:

Figure 1. Two-level voltage source inverter.

Figure 2. (a) Delta connection and (b) wye connection.
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vref ≥ vtri ) Sxp ¼ 1
vref < vtri ) Sxp ¼ 0

where Sxp with x ¼ A, B, C is an upper switch of the inverter.

To modulate the three legs of the inverter, three sinusoidal reference signals are required of
equal magnitude and frequency but phase shift 120�.

The other standard PWM strategy for three-phase VSIs is the space vector modulation (SVM)
where the possible switching states of the inverter are expressed as space vectors (Table 1)
which when represented graphically form a hexagon divided in six sectors (Figure 4). The
reference vector (vref ) that represents the desired output voltage of the VSI should be
synthetized using the available switching states in a sector [2].

To apply the switching states of the inverter, the following duty cycles are considered for the
active vectors [1]:

dα ¼ m � sin π
3
� θref , o

� �
, dβ ¼ m � sin θref , o

� � ð1Þ

where θref , o is the angle of the output reference voltage vector and m is a modulation index.

The duty cycle of the zero vectors is given by

d0 ¼ 1� dα � dβ ð2Þ

Figure 3. Signals used in a carrier-based modulation strategy (one leg of the inverter).
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A representation of the switching sequence in a switching period for each leg of the VSI is
shown in Figure 5. As can be noted, the switching sequence aims to change the state of one
switch at a time, then reducing the switching losses of the inverter.

Independent of the modulation strategy used, the standard two-level VSI supplying delta- or
wye-connected loads has been widely studied for years and is a well-known and reliable
engineering solution in the industry. However, in previous years, a type of connection
consisting on leaving both terminal ends of the load opened has been studied as an alternative
to standard wye or delta connection (Figure 6). To supply loads with this type of connection,
two VSIs are required in a circuit topology called dual-inverter [1]. The dual-inverter circuit
can be supplied by isolated DC sources (Figure 7) [3, 4] or by a single DC source (Figure 8)
[5, 6]. It can be noted that when supplying the dual-inverter with a single DC source is
equivalent to supplying each phase load with a single-phase VSI (H-bridge), hence the modu-
lation scheme could be unipolar or bipolar [2].

Open-ended load connection offers certain advantages compared to wye or delta connections,
such as [7, 8]:

• Equal power input from both sides of the load; thus, each VSI is rated at half the load
power rating.

• Each load phase current can be controlled independently.

States of inverter SASBSC½ �

V1 ¼ 100½ � V2 ¼ 110½ � V3 ¼ 010½ � V4 ¼ 011½ �
V5 ¼ 001½ � V6 ¼ 101½ � V7 ¼ 111½ � V8 ¼ 000½ �

Table 1. Switching vectors of a VSI.

Figure 4. Graphic representation of the switching vectors.
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• Possibility to have twice the effective switching frequency (depending on the modulation
strategy).

• Possibility of reducing the common-mode voltage (CMV).

• Extensible to more phases, therefore multiphase loads can be considered if current reduc-
tion is required.

However, an open-ended load can have some drawbacks, such as:

• Possibility of zero sequence current flowing in the machine because of the occurrence of
zero sequence voltage (ZSV).

• More complex power converter requirements, i.e. more power devices, circuit gate drives,
etc.

• Complexity could affect the reliability.

• Greater weight and volume of the power converter.

When using two isolated DC sources to supply a dual-inverter (Figure 7), the main feature is that
the circulation of zero sequence current is avoided due to the circuit configuration; therefore, the
focus should be in reducing the common-mode voltage. Nevertheless, this topology requires two
isolated DC sources which means two isolation transformers, increasing the cost and volume of
the converter.

Several articles have been published with the use of this circuit configuration. For instance, Ref.
[3] proposes a voltage harmonic suppression scheme for the dual-inverter, whereby selecting a

Figure 5. Switching sequence in one period.
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specific magnitude ratio of the DC sources, certain harmonic components of the output phase
voltage can be eliminated. In Ref. [9], a method to extend the operating speed range of an
open-end winding electrical machine is proposed based on the voltage range enhancement.

In Ref. [10], a modulation strategy for reducing the voltage total harmonic distortion (THD) in
a dual-inverter is presented consisting on adjusting the pulses times of one of the inverters
with respect to the other. In Ref. [11], a unified SVM strategy is proposed for a dual two-level
inverter system in accordance with the voltage-second integral principle and the ratio of the
two DC sources can be arbitrary positive values.

To reduce the switching losses of a dual-inverter, a space vector modulation (SVM) strategy is
presented in Ref. [12]. The strategy does not require sector identification and allows a reduction
of 50% in the switching losses, in comparison to other dual-inverter PWM techniques where one
inverter is clamped at a determined switching state, while the other inverter commutates. In Ref.
[13], a comparative study between three different modulation strategies for open-ended wind-
ings AC machine drives is carried out. Simulation results are presented and the current ripple
under each PWM method is analysed.

Figure 6. Open-ended load.

Figure 7. Two two-level VSIs fed by isolated DC sources for an open-ended load.
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The extension of the three-phase open-ended windings ACmachine drive to multiphase machines
is presented in Refs. [14–17] where different modulation strategies are presented and discussed.
This extension is not straightforward because the number of possible switching states increases
exponentially with the number of phases.

On the other hand, the dual-inverter supplied by a single DC source is a cheaper and of lower
volume alternative, but circulation of zero sequence current could occur if zero sequence
voltage is produced. Therefore, the attention should be put on reducing the common-mode
voltage as well as the zero sequence voltage.

To eliminate the occurrence of zero sequence currents in the load, PWM strategies intended to
eliminate the zero sequence voltage are proposed in Refs. [5, 6]. In Ref. [18], a SVM strategy is
proposed to dynamically compensate the zero sequence current by applying the null vectors
with asymmetrical duty cycles in each switching period and, in Ref. [19], the effect of the null-
vector placement in the modulation for the dual-inverter system is thoroughly analysed. On
the other hand, a closed-loop compensation scheme to suppress the zero sequence currents in
the machine is developed in Ref. [20].

In Ref. [21], a vector control scheme for an open-end winding permanent magnet synchronous
motor (PMSM) is presented considering a regulation mechanism for the zero sequence voltage,
whereas in Ref. [22], a closed-loop control strategy intended to reduce the torque ripple in a
PMSM with non-sinusoidal back electromotive force (EMF) is proposed.

To obtain a common-mode voltage reduction, a SVM switching strategy is presented in Ref.
[23]. This modulation strategy considers only voltage space vectors that do not produce
common-mode voltage then reducing the problems associated to it such as the bearing cur-
rents.

A dual-inverter configuration fed by an active rectifier without DC-link energy storage ele-
ment (so-called direct-link converter) is presented in Refs. [24, 25]; in Ref. [24], three

Figure 8. Two two-level VSIs fed by a single DC source for an open-end load.
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modulation strategies are presented for the drive: a carrier-based PWM and two SVM strate-
gies. In Ref. [25], common-mode voltage suppression is proposed and an active filter is added
to the topology to inject compensating harmonic currents into the supply and allow controllable
input power factor.

Finally, multiphase open-ended windings induction motor drives are presented in Refs. [26–29],
where the proposed PWM techniques are intended to reduce the common-mode voltage at the
machine terminals; simulation and experimental results are also shown.

In this chapter, a general study of the dual-inverter topology is presented. The issues of zero
sequence and common-mode voltages are thoroughly studied and different modulation
strategies for the converter are shown and discussed; for evaluation purposes, simulations
results are presented. Although the chapter is mainly focused on a two-level dual-inverter
system supplied with isolated and non-isolated DC source, multilevel dual-inverter topolo-
gies are also discussed briefly.

2. The dual two-level inverter

In this section, a mathematical model of a two-level dual-inverter system will be developed.
The model allows understanding the generation of the phase output voltage produced by the
dual-inverter by means of the output voltage produced by the individual VSIs. The basic
circuit configuration for supplying an open-ended load consists on connecting a standard
two-level VSI at each side of the load (Figures 7 and 8). The output pole voltage of Inverter 1
(vo1) and Inverter 2 (vo2) with respect to the negative DC-link rail, is defined by

vo1 ¼ Si1 � vDC, vo2 ¼ Si2 � vDC ð3Þ

where the switching matrices of Inverter 1 (Si1) and Inverter 2 (Si2) are as follows:

Si1 ¼
SA1
SB1
SC1

2
64

3
75 ¼

SAp1 � SAn1
SBp1 � SBn1
SCp1 � SCn1

2
64

3
75 , Si2 ¼

SA2
SB2
SC2

2
64

3
75 ¼

SAp2 � SAn2
SBp2 � SBn2
SCp2 � SCn2

2
64

3
75: ð4Þ

and Sxpx ¼ Sxnx ∈ {0, 1} with x ¼ a, b, c, k ¼ 1, 2. The output phase voltages correspond to the
pole voltage difference of both inverters:

vph,o ¼ vph, oa vph, ob vph,oc
� �T ¼ vo1 � vo2 ¼ Si1 � Si2ð ÞvDC ð5Þ

The three voltages produced by both output VSIs are depicted in Figure 9. These voltages are
measured with respect to a midpoint of the DC link. Then it is possible to calculate the sum of
the voltage vectors:
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measured with respect to a midpoint of the DC link. Then it is possible to calculate the sum of
the voltage vectors:
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_vsum ¼ _vA1 þ _vB1 þ _vC1 þ _vA2 þ _vB2 þ _vC2 ð6Þ

_vsum ¼ vA1ej0 þ vB1e�j2π3 þ vC1ej
2π
3 þ vA2ejπ þ vB2ej

π
3 þ vC2e�jπ3 ð7Þ

Using the Euler’s formula, ejα ¼ cos αþ j sin α, it is obtained as follows:

_vsum ¼ vA1 � vA2 � 1
2

vB1 � vB2ð Þ � 1
2

vC1 � vC2ð Þ
� �

þ j

ffiffiffi
3

p

2
�vB1 þ vB2 þ vC1 � vC2½ � ð8Þ

that can be rewritten as follows:

_vsum ¼ vA1A2 � 1
2
vB1B2 � 1

2
vC1C2

� �
þ j

ffiffiffi
3

p

2
vC1C2 � vB1B2ð Þ ð9Þ

Finally, the output voltage space vector can be defined as:

_vo ¼
2
3
_vsum ¼ 2

3
vA1A2 þ vB1B2e�j2π3 þ vC1C2ej

2π
3

� �
¼ voejθ ð10Þ

where vo is themagnitude andθ the angle of the space vector. The coefficient 2=3 is a scaling factor
that has been added to keep constant magnitude of the vectors during the transformation [1].

In general, each inverter can produce eight independent voltage space vectors. Thus, there are
a total of 64 vector combinations for the dual-inverter system, resulting in a space vector locus
similar to a three-level neutral point clamped (NPC) inverter [4]. The space vectors for both
inverters are shown in Table 2. A representation of the individual inverters space vectors is
shown in Figure 10.

Figure 9. Voltages vectors of the individual inverters.
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Let Vij ¼ V1
i V

2
j

h i
with i, j ¼ 1…8, be the phase voltage vector combination of the dual-inverter

system; hence, a diagram of the vector locations is shown in Figure 11 [4], where the availabil-
ity of redundant switching states for some voltage space vectors of the dual-inverter can be
appreciated. This diagram is obtained by carrying out the vector sum of all the possible space
vector combinations of inverters 1 and 2 (Figure 10).

The magnitude of the active space voltage vectors can be calculated considering that each phase
load can be supplied with a voltage of �VDC, 0 or þVDC. For instance, the vector V14 applies
þVDC to the phase-a load and �VDC to phase-b and phase-c loads. This results in:

_V14 ¼ VDC � VDCe�j2π3 � VDCej
2π
3 ¼ 2VDC < 0� V½ � ð11Þ

The same procedure can be used to calculate the magnitude of each active space voltage vector
of the dual-inverter system. This is summarized in Table 3.

As can be noted from Table 3 and Figure 11, the six largest vectors have a magnitude of twice
the DC-link voltage and have no redundancy. On the other hand, the higher redundancy is
present for the lowest vectors each having six switching states available to produce the same
output voltage.

States of inverter 1 SA1SB1SC1½ �

V1
1 ¼ 100½ � V1

2 ¼ 110½ � V1
3 ¼ 010½ � V1

4 ¼ 011½ �

V1
5 ¼ 001½ � V1

6 ¼ 101½ � V1
7 ¼ 111½ � V1

8 ¼ 000½ �
States of inverter 2 SA2SB2SC2½ �
V2

1 ¼ 100½ � V2
2 ¼ 110½ � V2

3 ¼ 010½ � V2
4 ¼ 011½ �

V2
5 ¼ 001½ � V2

6 ¼ 101½ � V2
7 ¼ 111½ � V2

8 ¼ 000½ �

Table 2. Switching states of the individual inverters.

Figure 10. Space vectors representation of the individual inverters.
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3. Common-mode and zero sequence voltages in dual-inverters

As aforementioned, one of the main features of a dual-inverter circuit is that it allows reducing
the common-mode voltage in the load then reducing the problems associated to it. On the other
hand, it has been also stated that when supplying the dual-inverter with a single DC source, zero
sequence current can flow in the load because of the generation of zero sequence voltage. In this
section, a detailed explanation about the common-mode voltage and zero sequence voltage
issues is given and solutions to reduce them are indicated.

Figure 11. Space vector locations of the dual-inverter scheme.

Space Vectors Magnitude

Largest V14, V25, V36, V41, V52, V63 2VDC

Medium V15, V24, V35, V26, V31, V46, V51, V42, V53, V62, V13, V64
ffiffiffi
3

p
VDC

Lowest V65, V17, V18, V23, V84, V74, V85, V16, V34, V28, V27, V75 VDC

V38, V45, V21, V76, V37, V86, V48, V47, V71, V81, V32, V56

V43, V57, V58, V72, V82, V61, V12, V83, V73, V68, V54, V67

Table 3. Magnitude of the dual-inverter active space vectors.
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3.1. Common-mode voltage

A typical three-phase sinusoidal power supply is balanced and symmetrical under normal condi-
tions; that is, the sumof the three instantaneous voltages is zero. Thus,when supplying a balanced
three-phase load, the voltage between an equivalent neutral point of the load and the neutral
point of the voltage source is zero. Usually, the neutral point of the power source is grounded.

On the other hand, a three-phase PWM inverter is a source of asymmetrical voltages that
switches a DC bus voltage (VDC) into the three-phase terminals of the load, with a switching
pattern that generates the proper fundamental frequency output voltage [2]. Since the output
pole voltage of a two-level inverter, with respect to the negative rail of the DC bus, can be
either þVDC or zero, it is not possible to have the three terminal voltages added to zero at any
instant of time. The average voltage applied to the motor (over a cycle) is kept zero, but the
instantaneous sum of the voltages at the load terminals is non-zero. Then, a voltage will
appear between an equivalent neutral point of the load and the electrical ground of the system.
This voltage is called common-mode voltage [30].

In an open-end load, such as depicted in Figure 8, the common-mode voltage is given by [23]:

vcm ¼ 1
6

vA1G þ vB1G þ vC1G þ vA2G þ vB2G þ vC2Gð Þ ð12Þ

where vAiG, vBiG, vCiG, with i ¼ 1, 2, are the pole voltages of each inverter with respect to the
grounded neutral point of the power source (assuming in Figure 8 that the DC voltage is
provided by the rectification of a grounded AC system).

Because of the typically high switching frequency of a PWM inverter in the kHz range, the
common-mode voltage has a high rate of change with respect to time (high dV=dt) and will
generate common-mode currents due to capacitive couplings (Icm ¼ CdV=dt). Moreover, higher
inverter switching frequencies will originate higher common-mode currents.

In AC motor drives, the capacitive couplings between different parts of a machine originate
many potential paths for these common-mode currents to flow. The most common paths are [31]
stator to rotor, stator winding to frame, rotor to shaft and shaft to frame. Therefore, the circula-
tion of common-mode currents via the motor bearings back to the grounded stator case is
possible. The so-called bearing currents have been found to be a major cause of premature
bearing failure in PWM inverter motor drives [31]. Thus, a common-mode voltage reduction
has been a topic of interest for many years.

3.1.1. Common-mode voltage in open-ended loads

One of the main advantages of an open-ended load connection is that it allows the possibility
of reducing the common-mode voltage, then reducing the problems associated to it.

In the power converter topology shown in Figure 8, the pole voltages vAiG, vBiG, vCiG, with
i ¼ 1, 2, can be expressed as follows:
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vAiG ¼ SApivpG þ SAnivnG

vBiG ¼ SBpivpG þ SBnivnG

vCiG ¼ SCpivpG þ SCnivnG

ð13Þ

where vpG and vnG are the positive and negative rail voltages of the DC link with respect to the
grounded neutral point of the power source, respectively. Sxpi, Sxni ∈ 0, 1f g with x ¼ A, B, C,
and i ¼ 1, 2 are the switching functions of the inverter devices (0: switch closed, 1: switch
opened) and Sxni ¼ 1� Sxpi (due to the complementary operation of the upper and lower
switches of each inverter leg). Hence, the common-mode voltage of Eq. (12) can be rewritten
as follows:

vcm ¼ 1
6

SAp1 þ SBp1 þ SCp1 þ SAp2 þ SBp2 þ SCp2
� �

vpG
�

þ SAn1 þ SBn1 þ SCn1 þ SAn2 þ SBn2 þ SCn2ð ÞvnG�
ð14Þ

Let Nsw ¼ SAp1 þ SBp1 þ SCp1 þ SAp2 þ SBp2 þ SCp2, and considering that vnG ¼ �vpG, thus

vcm ¼ 1
6

NswvpG þ 6�Nswð Þ �vpG
� �� � ¼ 1

6
vpG 2Nsw � 6½ � ð15Þ

where Nsw is the number of upper inverter switches closed.

The squared RMS value of the common-mode voltage is as follows:

v2cmRMS
¼ 1

36T

ðT

0

2Nsw � 6½ �2dt ð16Þ

where T is the period of vpG. Further expansion yields:

36v2cmRMS
¼ 4N2

sw � 24Nsw þ 36
� � 1

T

ðT

0

dt ¼ 4N2
sw � 24Nsw þ 36 ð17Þ

Differentiating Eq. (17) with respect to Nsw and equating to zero, it can be found that v2cmRMS

(and implicitly vcmRMS ) achieves a minimum value at Nsw ¼ 3, which means that in order to
reduce the RMS common-mode voltage at the machine terminals, only three upper inverter
switches should be closed at each switching period.

This can be further investigated by considering a virtual midpoint of the DC link as a reference
point. Then, Eq. (12) can be rewritten as follows:

vcm ¼ 1
6

vA10 þ vB10 þ vC10 þ vA20 þ vB20 þ vC20ð Þ þ v0G ¼ vcm0 þ v0G ð18Þ

Dual‐Inverter Circuit Topologies for Supplying Open‐Ended Loads
http://dx.doi.org/10.5772/intechopen.68450

115



where vcm0 is the common-mode voltage produced by the dual-inverter circuit with respect to
a midpoint of the DC link and v0G is the voltage between a midpoint of the DC source and the
ground of the system.

The common-mode voltage produced by the 64 switching states combinations of the dual-
inverter topology (vcm0) can be calculated with Eq. (18) and is shown in Table 4.

Therefore, reducing the common-mode voltage in an open-end load is feasible if voltage
vectors contained in the fourth row in Table 4 are used.

However, it can be noted from Table 3 and Table 5 that the space vector combinations of the
dual-inverter topology which eliminate the zero sequence voltage are not the same vectors
which reduce the common-mode voltage.

Vcm0 Voltage vector combinations

�VDC=4 V88

�VDC=6 V85, V83, V81, V58, V38, V18

�VDC=12 V84, V86, V82, V55, V35, V33, V51, V31

V15, V13, V11, V48, V68, V28, V53

0 V14, V25, V36, V52, V87, V54, V34, V56, V32, V16

V12, V45, V43, V41, V65, V63, V23, V21, V78, V61

þVDC=12 V17, V57, V37, V44, V46, V64, V24, V42

V62, V26, V22, V75, V73, V66, V71

þVDC=6 V47, V74, V76, V67, V72, V27

þVDC=4 V77

Table 4. Active space vectors producing null common-mode voltage.

Vzs Voltage vector combinations

�VDC=2 V87

�VDC=3 V84, V86, V82, V57, V37, V17

�VDC=6 V85, V83, V54, V34, V81, V56, V52, V36

V32, V47, V14, V16, V12, V67, V27

0 V88, V55, V53, V35, V33, V44, V51, V31, V46, V42

V15, V13, V64, V24, V11, V66, V62, V26, V22, V77

þVDC=6 V58, V38, V45, V43, V18, V65, V25, V63

V23, V74, V41, V61, V21, V76, V72

þVDC=3 V48, V68, V82, V75, V73, V71

þVDC=2 V78

Table 5. Zero sequence voltage contributions from different space vector combinations.
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3.2. Zero sequence voltage

It is well known that unbalanced three-phase voltages (or currents) can be transformed into
three sets of voltage components [32]. These so-called symmetrical components are known as
positive, negative and zero sequence components and can be schematically represented as
shown in Figure 12a. Positive and negative sequence components correspond to three-phase
balanced rotating phasors and zero sequence components are phasors with zero-phase shift
angle. Figure 12b shows a decomposition of an unbalanced three-phase voltage into symmet-
rical voltage components.

Unlike the positive and negative sequence currents, the main issue of the zero sequence currents is
that they do not cancel but add up arithmetically at the neutral point of a four wire three-phase
system, eventually overloading the neutral line or producing a higher neutral to ground voltage.
Additionally, harmonic currents of any sequence circulating in an AC drive may give rise to
increased RMS current, thus increasing the system losses, high current/voltage THD and machine
over-heating and vibrations.

3.2.1. Zero sequence voltage in open-end loads

An open-end load supplied by a dual-inverter with a single DC source may suffer from zero
sequence current caused by zero sequence voltage. This zero sequence voltage is produced
because of the asymmetry of the instantaneous pulse width modulated phase voltages applied
to the load phases (due to the voltage space vectors used). The zero sequence voltage is given
by [18]:

vzs ¼ vA1A2 þ vB1B2 þ vC1C2
3

ð19Þ

or in terms of Eq. (5) as follows:

Figure 12. (a) Symmetrical components and (b) decomposition of unbalanced three-phase voltage into symmetrical
components.
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vzs ¼ 1
3

X
k ¼ a, b, c

vph, ok ¼ vDC

3

X
k ¼ A, B, C

Sk1 � Sk2ð Þ ð20Þ

Thus, in order to make vzs ¼ 0, the following relationship must be satisfied:
X

k ¼ A, B, C

Sk1 ¼
X

k¼A,B,C
Sk2 ð21Þ

Therefore, to eliminate the instantaneous zero sequence voltage in the load is necessary and
sufficient to have the same number of upper (or lower) switches closed on both output inverters
at every switching period.

By using Eq. (19), the zero sequence voltage contribution from the 64 space vector combina-
tions of the dual-inverter topology can be calculated and is shown in Table 5. As can be noted,
there are 20 space voltage vectors that do not produce zero sequence voltage, thus satisfying
Eq. (21). Hence, in order to avoid the circulation of zero sequence current in the load, only
these space voltage vector combinations could be used in the modulation strategy for the dual-
inverter [24].

Moreover, from Table 5 and Figure 11, it can be noted that there are two different but equivalent
sets of active voltage vectors producing null zero sequence voltage (see Table 6), which could be
used along with the zero voltage vectors: V11, V22, V33, V44, V55, V66, V77 and V88.

Besides the use of space voltage vectors producing null vzs, the occurrence of low order triplen
harmonics in the load phase currents could be avoided performing a dynamic balance for the
zero sequence current as proposed in Ref. [18]. This dynamic compensation method will be
further discussed in Section 5.

4. Two two-level inverters fed by isolated DC sources

This circuit configuration is shown in Figure 7, where a standard two-level VSI is connected at
each side of the load. The VSIs are supplied by isolated DC power sources. In general, the main
characteristic of this topology is that circulation of zero sequence current in the load is avoided;
however, it requires two isolation transformers to supply the DC sources increasing the cost
and volume of system.

As the circuit configuration does not allow to have circulation of zero sequence current, the
modulation strategy should aim to reduce only the common-mode voltage.

Set 1 V15 V35 V31 V51 V53 V13

Set 2 V24 V26 V46 V42 V62 V64

Table 6. Active space vectors producing null zero sequence voltage.
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4.1. SVM strategy for common-mode voltage reduction

It has been shown that an open-end load offers the possibility of reducing the common-mode
voltage by using certain voltage space vector combinations of the dual-inverter [23], as shown
in Table 4. The locus of the vectors that theoretically eliminate the common-mode voltage of
the system is shown in Figure 13.

As can be noted in the locus, the vectors that reduce the common-mode voltage are the largest
and some of the lowest, then depending on the output voltage requirement, the modulation for
the dual-inverter could use the vectors of Figure 13a or b. Moreover, for the lowest vectors,
there is switching states redundancy, opposite to the situation for the largest ones where all the
voltage vectors can be produced by a unique switching state combination of the inverters.

Figure 13. Locus of vectors for reduced common-mode voltage.
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However, despite the aforementioned advantage of the lowest vectors, for the modulation strat-
egy proposed, only the largest vectors will be used attending to maximize the output voltage and
because the using of all the vectors available will complicate the modulation algorithm and the
benefits in terms of current/voltage THD of applying the lowest space vectors are not significant.
Once selected, the space vectors to be used, Eqs. (1) and (2), are valid for calculating the duty
cycles and the switching sequence is the standard used in two-level VSIs (Figure 5).

4.1.1. Simulation results

The modulation strategy for common-mode voltage reduction has been simulated in PSim/
Matlab simulation platform for the topology depicted in Figure 7, considering an R-L load and

Symbol Parameter Value

R Load resistance 4 Ω

L Load inductance 6 mH

f s Switching frequency 10 kHz

f o Output voltage frequency 50 Hz

VDC DC voltage source 300 V

Table 7. Simulation parameters.

Figure 14. Circuit implemented in PSim.
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the parameters of Table 7. The modulation index used is the maximum possible without
overmodulation. The circuit implemented in PSim is shown in Figure 14 where the modula-
tion algorithm is programmed in ‘C’ language in a special block provided by PSim software.
The sub-circuits VSI1 and VSI2 (Figure 14) contain the standard two-level inverter shown in
Figure 15. These circuits are used to simulate the required system and the obtained results
(data tables) are then exported and plotted in Matlab environment.

The results are shown in Figures 16–18. Figure 16 shows the output phase voltage (top) and its
frequency spectrum (bottom). It can be noted that three levels are obtained in the load phase
voltage. The frequency spectrum contains a fundamental component of 50 Hz and some low
harmonic content around the switching frequency.

Figure 16. Output phase voltage (top) and its frequency spectrum (bottom) with SVM for reduced CMV and dual-
inverter supplied with isolated DC sources.

Figure 17. Output currents with SVM for reduced CMV and dual-inverter supplied with isolated DC sources.
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The output currents are shown in Figure 17 and the common-mode voltage is shown in Figure 18.
It can be seen that the sinusoidal characteristic of the currents is due to the inductive nature of the
load. Moreover, it can be noted that the CMV is eliminated due to the space vectors used in the
modulation.

5. Two two-level inverters fed by a single DC source

The circuit configuration for a single DC source supplying a dual-inverter has been presented
in Figure 8. The main disadvantage of this converter is that zero sequence current could
circulate through the load due to the generation of output zero sequence voltage. Hence, a
possible solution is to modulate the dual-inverter using only the space vectors that do not
produce zero sequence voltage (Table 5). On the other hand, if the requirement is to reduce the
CMV, the vectors of fourth row of Table 4 can be used. However, it can be noted from Table 4
and Table 5 that the space vectors that reduce the CMV are not the same vectors that reduce
the ZSV; therefore, to reduce both voltages at a time, a special modulation strategy is presented
in this section.

5.1. SVM strategy for zero sequence voltage reduction

As mentioned above, the zero sequence voltage applied to the load can be eliminated by using
certain voltage space vectors as shown in Table 5. Moreover, it has been mentioned that there
are two equivalent sets of active vectors producing vzs ¼ 0 that can be used along with eight
null vectors available in the dual-inverter. The locus of the vectors producing null vzs is shown
in Figure 19.

As can be seen in Figure 19, the hexagon is divided into six sectors and among the eight null
vectors available, only six are finally used (three null vectors per set) [24]. Moreover, the null
vectors should be mapped depending on the sector information [24] in order to reduce the
commutations in a period. The mapping is shown in Table 8.

Figure 18. Common-mode voltage with SVM for reduced CMV and dual-inverter supplied with isolated DC sources.
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From Tables 6 and 8, it can be noted that in each sector, one of the inverters keeps clamped in a
specific state and the other inverter commutates between three different switching states. This
allows reducing the switching losses of the converter output stages.

The zero vectors V77 and V88 are not considered for this modulation scheme since none of the
active vectors (Table 6) use the states V7 ¼ 111½ � or V8 ¼ 000½ � for the individual inverters.
Hence, the application of V77 or V88 in the output stages will result in more commutations per
period and thus in higher switching losses than the strategy proposed with the mapping of
Table 8. However, these zero states are available if vectors redundancy is required.

Figure 19. Locus of vectors producing null zero sequence voltage.
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The space vector modulation presented allows reducing the output zero sequence voltage,
then reducing the undesirable effects of the zero sequence currents. Moreover, there is voltage
vectors redundancy thus allowing choosing between two equivalent sets of vectors producing
the same phase voltage.

5.1.1. Simulation results

The modulation strategy for zero sequence voltage reduction has also been simulated in PSim
considering the parameters of Table 7 and the circuit shown in Figure 14, but considering a
single DC source to supply both individual inverters. The modulation index used is the
maximum possible without overmodulation. The results are shown in Figures 20–22. Figure 20
shows the output phase voltage produced by the dual-inverter (top) and its frequency spec-
trum (bottom). The output PWM voltage obtained is unipolar and it has a fundamental voltage
of 300 V, 50 Hz and harmonic content around the switching frequency (10 kHz). As can be
seen, the frequency spectrum is similar to that of SVM for CMV reduction supplying the dual-
inverter with a single DC source (Figure 16).

The output currents are shown in Figure 21. Due to the inductive nature of the load, the high
frequency components of the voltage have a negligible effect on the current. Figure 22 shows

Sector I II III IV V VI

Set 1 zero vectors V55 V33 V11 V55 V33 V11

Set 2 zero vectors V44 V22 V66 V44 V22 V66

Table 8. Mapping of zero vectors.

Figure 20. Output phase voltage (top) and its frequency spectrum (bottom) with SVM for reduced ZSV and dual-inverter
supplied with single DC source.
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the zero sequence voltage that has been eliminated due to the space vectors used in the
modulation of the dual-inverter.

5.2. SVM strategy for CMV reduction and ZSV compensation

It has been shown that an open-end load offers the possibility of reducing the common-mode
voltage by using certain voltage space vector combinations of the dual-inverter [23], as shown
in Table 4. Moreover, it has been mentioned that the vectors reducing the common-mode
voltage will produce zero sequence voltage as can be noted in Tables 4 and 5. Therefore,
compensation must be performed in order to avoid the circulation of zero sequence currents
in the machine.

The compensation consists on eliminating the average zero sequence voltage within a sampling
interval by forcing the zero sequence volt-seconds to zero [18]. This can be done by applying the
null voltage vectors with unequal times [18], then modifying the standard switching pattern
shown in Figure 5 and commutating the inverters with the switching pattern of Figure 23.

Figure 22. Zero sequence voltage with SVM for reduced ZSV and dual-inverter supplied with single DC source.

Figure 21. Output currents with SVM for reduced ZSV and dual-inverter supplied with single DC source.
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As it is known which space vector will be applied in every switching period, it can be known
what the zero sequence voltage will be in every switching period as well. The value of x, which
causes the cancellation of the zero sequence volt-seconds, is calculated at every sampling
period to satisfy [18]:

2vzs1xd0 þ vzs2dα þ vzs3dβ þ vzs4 1� xð Þd0 ¼ 0 ð22Þ

where vzsk with k ¼ 1, 2, 3, 4, is the zero sequence voltage value (calculated with Eq. (10)) at
intervals xd0, dα, dβ and 1� xð Þd0, respectively.
The x coefficient must be calculated at every switching period to allow a correct reduction of
the output zero sequence volt-seconds. The modulation strategy that is presented reduces the
common-mode voltage produced by the output VSIs of the power converter and compensates
the occurrence of zero sequence voltage.

5.2.1. Simulation results

The modulation for common-mode voltage reduction and zero sequence voltage compensation
is simulated considering the parameters shown in Table 7. The modulation results in a bipolar
PWM waveform can be seen in the output voltage of Figure 24 (top). Figure 24 (bottom) shows
the frequency spectrum of the output voltage where the high frequency components (around

Figure 23. Modified switching sequence.

Figure 24. Output phase voltage (top) and its frequency spectrum (bottom) with SVM for CMV-ZSV reduction and dual-
inverter supplied with single DC source.
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10 kHz) are of higher magnitude than the modulation for zero sequence voltage reduction
(Figure 20). This is due to the bipolarity of the PWM.

The output currents are shown in Figure 25, where it can be noted that zero sequence compo-
nents are not present due to compensation method used. Figure 26 shows the common-mode
voltage that has been eliminated due to the space vectors used in the modulation.

6. Multilevel topologies

Several multilevel power converters have been developed for open-end loads, specifically open-
end winding drive. For example, Figure 27a shows a three-level inverter [33] and Figure 27b
shows a five-level inverter [34]. It can be noted that the five-level inverter presents the same
topology of the three-level inverter but considering isolated DC supplies. The main advantage of
the multilevel topologies is that the machine phase voltage presents lower voltage distortion
increasing the performance of the drive but on the other hand, the complexity and cost of the
system is also increased.

Figure 25. Output currents with SVM for CMV-ZSV reduction and dual-inverter supplied with single DC source.

Figure 26. Common-mode voltage with SVM for CMV-ZSV reduction and dual-inverter supplied with single DC source.
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6.1. Carrier-based modulation strategy

In a standard two-level inverter, a sinusoidal (carrier-based) pulse width modulation (SPWM)
strategy requires the comparison of a triangular wave (carrier) with a sinusoidal reference signal
(Figure 3). However, in multilevel inverters, more than one carrier signals are needed to perform
a SPWM strategy [35]. Considering the five-level inverter of Figure 27b, four triangular carriers
are required to be compared with three sinusoidal reference signals (one reference signal for each
phase). The carriers and a reference signal for one phase are shown in Figure 28. The reference

Figure 27. (a) Three-level inverter and (b) five-level inverter for open-end winding AC machine drives.

Figure 28. Signals used in a five-level carrier-based modulation strategy (one phase of the inverter).
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signals of the other two phases are phase-shifted �120� and the control logic for triggering the
power devices of the converter is similar to that shown in Section 1.

6.1.1. Simulation results

A SPWM strategy for a five-level dual-inverter is simulated in PSim platform. The circuit
implemented in PSim is basically the same as Figure 14, but the sub-circuits inside VSI1 and
VSI2 are those corresponding to the five-level inverter shown in Figure 27b. The simulation
considers the parameters of Table 7.

Figure 29 shows the output phase voltage (top) and its frequency spectrum (bottom). The
benefit of five-level operation in terms of voltage quality can be noted in the almost negligible
harmonic content of the waveform. The output currents are shown in Figure 30which presents
a sinusoidal waveform due to the inductive nature of the load.

Figure 29. Output phase voltage (top) and its frequency spectrum (bottom) with SPWM for five-level inverter.

Figure 30. Output currents with SPWM for five-level inverter.
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7. Conclusion

The dual-inverter circuit to supply open-ended loads has been presented. The possibility of
supplying the VSI either from different or the same DC voltage sources have been emphasized,
stating the main advantages and disadvantages of both alternatives. The main features of the
topology have been studied and different modulation strategies have been developed attending
the reduction of common-mode voltage when the topology uses different DC power sources and
the reduction of common-mode voltage and/or zero sequence voltage when the topology uses a
single DC power supply for both VSIs. Simulation results showing the performance of the
modulation strategies proposed have been presented where isolated and non-isolated DC power
supplies have been considered. Moreover, multilevel dual-inverter circuits have been discussed
as an alternative to produce higher quality voltages and a standard SPWM strategy has been
commented and simulated. The results are encouraging and demonstrate the applicability of the
topology for open-end terminal loads.
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Abstract

The fast growing development of both the numerical equipment and power electronics
allows the rapid prototyping of the innovating idea. The objective of this chapter is to
put into evidence the teaching aspects through the applicative research in the field of the
electric drives. The chapter provides the basic and advanced aspects of the electric drives
control based on the most used electrical machine: three-phase induction motor (IM).
The research work is presented in didactical way, starting with the conventional vector
control, followed by the integration of the model reference adaptive control into the
specific IM-based drive. The verified numerical simulation results push the research
process through the implementation way. In order to increase the IM drives efficiency,
the real-time implementation of the most commonly used modulation techniques is
provided. Based on the dSpace platform, interfaced by ControlDesk, the experimental
results are obtained. Both the performances of the cascaded control and model reference
adaptive control are shown.

Keywords: DS1104, Matlab®, Simulink, PWM, THPWM, OHPWM, power inverter,
efficiency, sustainability

1. Introduction

The technical literature subject to teaching of the adjustable AC drives, at the undergraduate
and post-graduate levels, offers various techniques of learning based on the computer tools [1–5].
The fast growing of the digital technology conducts to the inherent replacement of the analog
control by the numerical ones. A successful AC drive-based teaching tool should include at

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



least the parameter identification/estimation task, the adequate control, and one friendly
interface between the student and the computer. One of the first approaches of including the
computer as an interactive learning environment and real-time implementation in adjustable
drive teaching process is presented in Refs. [1, 2]. The virtual education environment allows
the hands-on exercises to be tested and solved in a real-time environment [1, 2].

By using the obtained values from the no-load and short-circuit tests and the Matlab/Simulink
software facilities [3], the electrical and mechanical parameters of the three-phase induction
motor are determined. In order to teach and well understand the complex electromechanical
phenomena of an adjustable speed drive based on the IM, the authors [4] use the Matlab/
Simulink software as a teaching tool. The teaching tool based on the intelligent control is
presented by the authors of the chapter [5]. The fuzzy logic is one of the controlled ways in
order to avoid the parameter identification/estimation task of the AC drive. The modern
electric drives include the increase of the efficiency in the control design process. Despite the
above presented state of the art, the author of this chapter provides an original robust model
reference adaptive control of the three-phase induction motor in which the parameters of the
controller are provided on-line; the parameters being adapted through the on-line estimator.

A major key-enabled technology for sustainability of the electrical energy is the enhancement
of the efficiency characteristics in power inverter applications. Therefore, both energy saving
potential and optimization of the energy consumption should be explored [6]. For the electric
drives area, combining variable speed drives with modulation techniques could be one way of
sustainability of both the electrical energy producers and consumers. Another way of assuring
the sustainability of the electric drives is the use of the optimal control theory [6]. The power
electronics is other key enabling technology in energy efficiency, as well in production, distri-
bution and energy transport [5]. This chapter provides solutions both to increase the power
quality and efficiency of the static power inverter. The chapter offers, in the didactical manner,
the basic theoretical concerns regarding the static conversion by means of the power inverters,
mathematical modelling of the power inverter, the modulation strategies, the numerical simu-
lation and the experimental results for the presented modulation techniques. The chapter is
addressed to the future and current changeable actors: the students, researchers and engineers.
The chapter contains the basic concepts and techniques to design, simulate and implement the
efficient power inverters through a Matlab-Simulink well-structured technical guide. In this
manner, the chapter is addressed both to the students and researchers in the field of the electric
drives. The mathematical model of the power inverter combined with the rotor field vector
control of the three-phase induction machine (IM) is provided in Section 2. In Section 3, an
overview of the modulation techniques is given with the purpose to point out the development
trend in the power inverters technology. Moreover, the original model reference adaptive
control of the three-phase induction machine is provided in Section 4.

2. Field-oriented control of the three-phase induction machine

In industry, the most commonly used electric drive is based on the three-phase induction
machine (IM). It is well known that the mathematical model of the three-phase induction
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machine is nonlinear (the nonlinearities type are product, saturation and hysteresis), being a
multivariable coupling of the control structure. For the same size, weight and inertia, the
performances of the IM are higher than that of the DC motor. Therefore, the efficiency and the
maximum speed are superior to that of the DC motor, in the lower price. From the electrical
drive point of view, there are mainly two types of control: scalar and vectorial. At the constant
flux, due to the decoupling control, the performances of the vector-control IM drives are better
than of the scalar drives.

The field-oriented control concept allows independent control of the mechanical and electrical
circuits through the stator active and reactive components. The field-oriented control could be
in direct form or indirect form, depending on the flux vector position determination. The
invariance propriety of the electromagnetic torque to the reference frames conduct to the three
basic field-oriented schemes: stator field-oriented control, rotor field-oriented control, air-gap
or arbitrary field-oriented control. The most used one is the rotor-magnetizing current refer-
ence frame [6] that rotates synchronously with the angular speed of the rotor-magnetizing
current phasor. In order to apply this type of the vector control, the phasor of the rotor-
magnetizing current should be known. This requirement assumes the real-time calculus of
the position and the modulus of the magnetizing current phasor.

Due to the orthogonality between the stator and rotor magnetic fields, by neglecting the
saturation, the magnetic flux depends on the stator current, without being influenced by the
rotor current. By aligning the rotor-magnetizing phasor with the d axis of the synchronously
(d, q) quadrature reference frame, the components of it are as follows:

λqr ¼ 0, λdr ¼ λr ¼ λ ¼ ct: ð1Þ

In rotor field reference frame, the mathematical model of the three-phase induction machine is
as follows [6, 7]:

σTs
dids
dt

þ ids ¼ νds
Rs

� ð1� σÞTs
dimR

dt
þ σTsωmRiqs

σTs
diqs
dt

þ iqs ¼
νqs
Rs

� ð1� σÞTsωmRimR � σTsωmRids

Tr
dimR

dt
þ imR ¼ ids

J
dωr

dt
¼ kTimRiqs � TL

ωmR ¼ ωr þ ωsl, ωsl ¼ Rr

Lm

iqs
imR

ð2Þ

By taking into account the above mentioned system equations (2), the coupling between the d
and q voltage components could be noticed. By adding the adequate feedforward electromotive
voltage components, Ed and Eq, the IM mathematical model could be decoupled (Figure 1)
[6, 7]:
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ν�ds ¼ Ki

ðt

0

eddtþ Kped � ωmRσLsids � Ed

ν�qs ¼ Ki

ðt

0

eqdtþ Kpeq þ ωmRσLsids þ Eq

ð3Þ

Eq ¼ ωmR
Lm
Lr

λdr, Ed ¼ ωmR
Lm
Lr

λqr ¼ 0, ð4Þ

In Figure 2, the block diagram of the Field Oriented Control (FOC) based on three-phase
induction motor in rotor field magnetizing current reference frame is depicted:

The mathematical model of the rotor-magnetizing field of the three-phase induction machine
consists of the electrical and mechanical transfer functions (Figure 1).

Figure 1. FOC of IM in rotor field-magnetizing current reference frame.

Figure 2. Simulink block diagram of the rotor field vector control of the three-phase induction machine.
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In order to supply adequate power to the IM, the three-phase power inverter is necessary. By
comparing the v*ds (v

*
qs) d-axis stator reference voltage and q-axis stator reference voltage with

the carrier signal, the adequate switching states are delivered. This task is accomplished by the
modulators.

In Figure 2, the Simulink implementation of the rotor field vector control of the three-phase
induction machine is shown.

The Proportional-Integral (PI) speed and flux controllers are shown in Figure 3.

In Figure 4, the rotor magnetic flux position is shown [8]. In the Simulink group shown in
Figure 5, the PI d-q current controllers and voltage decoupling terms are added.

In Figure 6, both the inverter transfer function and the stator equivalent d-q windings are
shown.

By using the Simulink program described in this chapter, the references and the output state
variables are presented in Figure 7. The inner torque control loop is tuned by using the
modulus criterion. The speed outer loop control is performed based on the symmetrical

Figure 3. The control side of the FOC with IM.

Figure 4. Determination of the synchronous reference frame position.
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criterion. Based on the nameplate motor data presented in Table 1, the Matlab script provid-
ing automatically the parameters of the tuned speed and current controllers is depicted in
Ref. [8].

Figure 6. The power inverter transfer function and the equivalent stator windings of the three-phase IM.
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Figure 5. Current control and the voltage decoupling block.
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3. The modulation techniques

In order to increase both the efficiency and the harmonic contents of the three-phase power
inverter, four types of modulation strategies have been implemented in real time using dSpace
platform. The implemented modulation strategies [9–12] are as follows: (1) sinusoidal modula-
tion— Sinusoidal Pulse Width Modulation (SPWM), (2) Third harmonic insertion—Third har-
monic Pulse Width Modulation (THPWM), (3) space vector modulation—space vector Pulse
Width Modulation (SVPWM) and (4) optimized modulation—optimized modulation Pulse
Width Modulation (OPWM). The first approach is the rectangular pulse modulation. This method
raises harmonic distortion problems, and the amplitude of the fundamental component of the
output voltage is fixed. However, the frequency could be varied. In order to obtain adjustable
amplitude, a derivative method has been deducted: the quasi-rectangular pulse modulation. Now-
adays, the most used method is the Sinusoidal Pulse Width Modulation (SPWM) due to the
introduction of three degrees of freedom—the phase, the frequency and the amplitude of the
fundamental component of the alternative output voltage. Additionally, the harmonics content
of the output signal is considerably diminished. Another issue of the static power inverters is the
DC link voltage utilization. By means of the modulation techniques significant improvement of
the power inverter efficiency and harmonics content of the output signals could be obtained. The
most common modulation technique is the sinusoidal pulse width modulation (SPWM). The
SPWM method introduces an important advantage: generates the high order harmonics, there-
fore the lower weight of the filter inductance is obtained in order to compensate them.

In Figure 8, the three-phase power inverter schematic is shown (νs1,n, the voltage between the 1
and n potentials; Vdc, the DC link voltage).

Based on the analysis of the control signal and the carrier signal, by deducting the conduction
time, ton, the analytic formula of the SPWM duty cycle is deducted as follows:

d1 ¼ 1
2

� �
þ 1
2

νs1, n
Vdc=2

� �
ð5Þ

The modulator has been implemented in real time through the dSpace platform (Figure 9):

By using the implemented cascade control (Figure 2) in the dSpace platform, the speed
reference has been followed and the following three-phase inverter output currents have been
obtained (Figure 10).

Parameters Value Parameters Value Parameters Value

Rated power Pn=45 kW Power factor 0.86 Rated flux 0.67 Wb

Rated speed 2980 rpm Rated efficiency 0.92 J 0.15 kgm2

R.m.s line voltage 380 V Rs 0.0763Ω ImN 18.86 A

Rated frequency 50Hz Rr 0.0261Ω Rated load torque 144 Nm

Rated current 87 A Lsσ 0.0009 H

Table 1. The nameplate data of the three-phase induction motor.

Real-Time Implementation of the Advanced Control of the Three-Phase Induction Machine Based on Power Inverters
http://dx.doi.org/10.5772/intechopen.68217

141



The real-time implementation results of the speed control are shown in Figures 11 and 12. The
speed is reduced through the speed reference. In Figure 11, the performances of the speed control
are shown (The step signal is the speed reference and thedelayed one is the feedback speed).

Figure 8. Three-phase power inverter schematic.

Figure 9. Matlab-Simulink implementation of the sinusoidal PWM modulation technique.

Figure 10. The output currents of the three-phase power inverter with sinusoidal modulation.
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By using the adequate modulation techniques, the efficiency of the power conversion could be
increased.

By inserting the third harmonic component in the sinusoidal waveform (Figure 13), the three-
phase reference voltages are obtained (Figure 14a). The improved efficiency and the decreased
harmonic content will be obtained by means of the space vector modulation technique
(Figure 14b). In order to minimize the number of the switching, the optimized modulation
technique could be applied (Figure 14c).

The optimized modulation could be applied for the isolated three-phase load as IM. The
optimized modulation (Figure 14c) minimizes the number of commutations by subtracting a

Figure 11. The real-time speed control of the IM based on the dSpace platform.

Figure 12. The corresponding three-phase power inverter output voltages.

Figure 13. The Simulink implementation of the third harmonic component insertion and of the sinusoidal PWM.
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zero sequence signal, u�z [Eq. (6)], from the sinusoidal voltages [Eq. (7)]. In this way, the usage
of the DC link voltage is increased. In Figure 15, the dSpace implementation of the OPWM is
shown.

u�z ¼ �min
Udc

2
�maxðu�a , u�b, u�c Þ,

Udc

2
�minðu�a , u�b, u�c Þ

� �
ð6Þ

u��a ðtÞ ¼ u�aðtÞ � u�zðtÞ
u��b ðtÞ ¼ u�bðtÞ � u�zðtÞ
u��c ðtÞ ¼ u�c ðtÞ � u�zðtÞ

ð7Þ

4. The advanced control of the three-phase induction machine based on
power inverter

In this section, the advanced control of the IM drive is provided taken into consideration the
on-line estimation of the controller parameters. Therefore, the variation of the parameters does
not affect the controller performances. The presented adaptive control is robust to unmodelled
parameter variations and structural uncertainness. The model reference adaptive control, in
direct form, unnormalized of the three-phase induction machine has been used (Figure 16)

Figure 14. The reference signals for different modulation techniques (a) the TH-PWM, (b) space vector SV-PWM and (c)
optimized modulation (O-PWM).

Figure 15. Block diagram of the dSpace implementation of the optimized modulation.
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[13, 14]. The adaptive control u(t) contains two components: the gradient (θg ∈R2n) and the

variable structure (θν ∈R2n):

uðtÞ ¼ θTðtÞνðtÞ,θ ¼ θg þ θν ð8Þ

In Figure 17, the Simulink implementation of the rotor field-oriented control of the IM (sup-
posing the constant magnetizing current at the rated value) is shown.

In order to obtain the adaptive control (8), the vector of the filtered signals should be known:

νðtÞ ¼ ½ νTu ðtÞ νTypðtÞ ypðtÞ rðtÞ �T ∈R2np , ð9Þ

where r(t) is the reference of the adaptive system; yp (t) the output signal of the process;
νu ∈Rnp � 1 the dynamic of the filter connected at the control, νy ∈Rnp � 1 is the dynamic of
the filter connected at the output of the plant [14]

Figure 16. The block diagram of the three-phase IM model reference adaptive control.

Figure 17. Simulink implementation of the model reference adaptive control with unity relative degree.
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ν
o
u ¼ Λνu þ hu

ν
o
y ¼ Λνy þ hyp

(
ð10Þ

where

νuðsÞ ¼ ðsI�ΛÞ�1hUðsÞ
νyðsÞ ¼ ðsI�ΛÞ�1hYpðsÞ

ð11Þ

The adaptive control is formed by two components (Figure 18): gradient and variable struc-
ture. The specific parameters of the above-mentioned components are calculated via Figure 18.

The parameters vector with gradient-adjustment control [14, 15]:

θg ∈R2np ¼
�
θT
guðtÞ θT

gyp
ðtÞ θgpðtÞ θgrðtÞ

�T
ð12Þ

The dynamics components of the gradient parameters vector are calculated as (Figure 18):

θ
o
gu ¼ �γg � sign ðkpÞ � νu � e0 ð13Þ

The gradient component assures stability and makes smooth transient response and zero
tracking error. The asymptotic performances will be assured by gradient-adjustment component.

The variable structure control [14]

uνðtÞ ¼ θT
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where the parameters vector with variable structure adjustment control are as follows:
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Figure 18. The gradient and variable structure components of the adaptive control. The calculation of the specific
parameters (θg,θν).
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The variable structure adaptive component assures a fast time response of the control by
introducing a signum function [14]:

θνu ¼ θνusign ðkpÞ sign ðe0νuÞ: ð16Þ

In order to eliminate the small oscillations around the equilibrium point, the enhanced feature
is included in the variable structure adaptive component [16, 17] through the k-sigmoid
function [14, 15]:

θνu ffi θνu
eke0νu � 1
eke0νu þ 1

sign ðkpÞ ð17Þ

where

θ
o

νu ¼ �λνuθνu � γνje0νuj: ð18Þ

In Figure 19, calculation of the parameter θνu(mentioned in Figure 18) is based on Eq. (18):

In Figure 20, according to Eq. (10), the filtered vector calculation is shown.

In Figure 21, the Simulink implementation of the IM mathematical model is shown.

The differential equation of the circular motion is solved by using the Laplace transform as in
Figure 22. The Reverse Park and Clarke transformations are implemented in Simulink [13] as
in Figures 23 and 24. The performances of the model reference adaptive control are shown in
Figures 25–27.

Figure 19. The parameter θνu calculation.

Figure 20. The filtered vector calculation.
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The advanced control consists of the model reference adaptive control of three-phase
induction machine. It could be noted that a robust MRAC drive system has been provided,
the speed being almost insensible to load torque disturbances (Figures 25–27). Figure 25
shows the obtained adaptive control (isq) at the constant rotor-magnetizing current, the
reference and the actual values of the speed references and the evolution of the tracking
error. Taking into account the gradient and variable structure parameters (Figure 26), the
resulted adaptive control, isq, assures the stability, robustness to load variation (Figure 27),
smooth transient response of the adaptive controller parameters and zero-tracking error
(Figure 26). The asymptotic performances are assured by the gradient component. In

Figure 21. Simulink implementation of the IM mathematical model.

Figure 22. The solution of the mechanical equation.

Figure 23. The Reverse Park and Clarke transformations.
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Figure 27, the three-phase stator currents of the IM under the step load torque variation
are shown.

In Annex I, the dSpace implementation of the stator current control of the three-phase IM with
sinusoidal modulation is provided.

The first figure from the Annex I contains: (1) at the left side: the reference values of the
stator frequency and the r.m.s. reference value of the stator current, the initiation of the
control process (pwm_enable), the confirmation of the normal operation of the dSpace
platform (dspace_ok); (2) in the middle: the control system; (3) the outputs: the duty
cycles, the estimated three-phase stator voltage supply and the measured three-phase
stator currents.

The second figure from the Annex I contains the measuring system of the three-phase stator
currents, the stator currents references and the control system based on the proportional
integral regulators. The outputs of the PI regulators are used in order to generate the sinusoi-
dal modulation duty cycles (duty_abc).

Figure 24. The Simulink implementation of the reverse Park transformation.
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5. Conclusions

The switching function-based mathematical modelling methodology of the full-bridge single-
phase power inverter is provided. The adequate Matlab-Simulink implementation has been
shown. The advantage of increasing the switching frequency by two times is taken through
the unipolar asymmetric PWM modulation. Additionally, the harmonic spectrum shows a
decreasing distortion in spite of the bipolar symmetric PWM modulation [8]. The chapter
includes the basic theoretical aspects, followed by mathematical modelling, numerical simula-
tions and implementation of the proposed modulation techniques capable both to increase the
DC voltage usage and decrease the harmonic content of the output signals; therefore, by using
Matlab/Simulink software, an efficient and clean power converter is obtained. The three-phase
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Figure 27. The three-phase stator currents under the step load torque variation.
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power inverter connected to the three-phase induction motor is considered. The four types of
the modulation techniques for the three-phase power inverter have been presented and
implemented through a real-time platform: sinusoidal PWM, third harmonic insertion PWM,
optimized PWM and Space Vector PWM. Moreover, the increased efficiency of the power
inverter is obtained through both DC link voltage utilization and harmonic distortion reduc-
tion. In order to prove the feasibility of the provided solutions the inductive load based on the
three-phase induction machine has been used supplied by means of the three-phase voltage
power inverter. The SVM–PWM is considered as optimal switching modulation and due to
only one transition between the two switching states excursion takes place. The flat top
discontinuous PWM or optimized PWM has the advantages of minimum switching modula-
tion and increased DC link voltage [18] is used [9]. Therefore, higher efficiency is obtained and
electromagnetic compatibility is improved [10]. By inserting the third harmonic, the funda-
mental of the output voltage increases by 15.5% comparative with the sinusoidal PWM. The
original advanced electric drive system based on the MRAC has been presented.
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Nomenclature

ωsl Slip angular speed

ids (iqs) Longitudinal stator current component d (transversal stator current component q)

ν*ds (ν
*
qs) d-axis stator reference voltage (q-axis stator reference voltage)

Ls (Lr) Stator inductance (rotor inductance)

Lm Mutual inductance

Ts=Ls/Rs Stator time constant

σ Total leakage factor

TL The equivalent load torque reduced to the rotor shaft

Tr=Lr/Rr Rotor time constant

KT Torque constant

J The equivalent inertia moment

p Number of the pole pairs

Rs,Rr Stator and rotor phase resistance, respectively

ωmR Angular speed of the synchronous rotating frame

ωsl Slip angular frequency

ωr Rotor angular speed

eds=i
*
ds � ids, eqs= i*qs � iqs The d-q components of the current error

i*ds, i
*
qs The d-q components of the stator current references

Kp, Ki The proportional and the integral coefficients
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Annex I. dSpace implementation of the stator current loop control

MRAC Model reference adaptive control

λdr The longitudinal (reactive) component of the rotor magnetising flux

λr The rated value of the magnetic flux

λqr The quadrature (active) component of the rotor magnetising flux
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