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INTRODUCTION

ower electronics is considered to be a revolutionary field and an essential

part of electrical engineering due to the obtained insights and the discoveries

made during its development. The history of power electronics began in the
1900s when mercury arc rectifiers and thyratrons were developed and used in power
transmission systems. In the 1950s thyristors and silicone diodes were developed and
used in different electrical systems to overcome the problems caused by the previous
such as low efficiency, high manufacturing cost and high environmental risks.
A power converter is a fundamental part of almost any electric device; it allows the
conversion of electrical energy form one form to another. Power converters that convert
DC voltages into AC are called inverters, these converters are widely used in grid
connected and AC motor driving systems[1-3].
Many commercial, industrial installations and transportation systems require high
voltage to operate. Multilevel inverters were introduced in 1970s [4] these converters
were developed with the aim of overcoming the problems and limitations presented by
conventional converters, the topology can be simply achieved by connecting multiple
semiconductor devices in series in order to lower the voltage stress. Multilevel inverters
are well known for their ability to generate high voltage waveforms with low harmonic
content. However, increasing the number of switching devices will result in an expensive
and a complex system that is hard to maintain.
Asymmetric multilevel inverters are considered to be suitable solution to overcome the
disadvantages presented by conventional multilevel inverters [5]. Asymmetric converters

use different input voltage values for different parts and modules of the inverter, these
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voltages are added and subtracted in such way that allows the generation of multiple
voltage levels with fewer semiconductor switches.
This work investigates a new hybrid asymmetric multilevel inverter aimed for medium
power and low power precision applications, the proposed topology promises a significant
performance improvement and cost reduction compared to conventional asymmetric
topologies.
In the first chapter we will take a look at the basic multilevel inverter topologies and
also some of the recently developed topologies. We will discuss their main advantages
and drawbacks. Based on this, the hybrid asymmetric multilevel power converter will be
designed.
Multiple modulation methods have been developed to control multilevel power converters.
In the second chapter we will take a brief look at some of the widely used modulation
methods, we will focus particularly on a modulation method that is suitable for controlling
high power multilevel inverters called selective harmonic elimination due to its low
switching frequency and ability to produce high quality output voltage waveforms, which
extends the lifetime of the electronic components.
The use of the selective harmonic elimination method requires solving a system of non-
linear equations. Multiple mathematical methods have been proposed to solve these
equations such as newton-raphson or resultant theory but these methods are either
complicated or require guessing initial solutions which can be difficult especially for
a large number of variables. Another way to solve this problem it using optimization
algorithm such as genetic algorithms or particle swarm optimization, these methods are
efficient and do not require initial guess of the decision variables. In the third chapter
we present some of the well known and frequently used optimization methods along
with a recently developed optimization method called harmony search. The chapter also
investigates the application of artificial neural networks.

The neural networks are trained using data sets obtained from optimization methods,
then used to control multilevel converters in real-time without the need for performing

any computations. This method can be beneficial in the case of analyzing and studying
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complicated systems.

In the fourth chapter we demonstrate and analyze the proposed multilevel converter,
we also study the effect of combining the ability of the proposed converter of generating
high number of voltage levels and the selective harmonic elimination strategy on the

quality of the generated voltage waveform.



CHAPTER

MULTILEVEL CONVERTER TOPOLOGIES

ultilevel Direct current to alternating current (DC/AC) power conversion is

a very important technology. Inverters play a critical role in machine drives,

power transmission systems, induction heating, electric vehicles, and other
technologies. The recent advancement in power electronic devices and the increasing
demand on electrical energy have led to the development of multiple configurations of
DC to AC converters. Although the several advantages and benefits that multilevel in-
verters provide compared to conventional two level inverters such as low electromagnetic
interference and low harmonic distortion, the market penetration of these inverters is
still significantly low due to high semiconductor device count. Therefore many multilevel
inverter topologies with reduced device count have been developed in the last few years
to address this issue. This chapter presents an overview of the fundamental converter

topologies, the recently developed ones and their applications.



CHAPTER 1. MULTILEVEL CONVERTER TOPOLOGIES

1.1 Fundamental topologies

1.1.1 Diode clamped multilevel converters

The diode clamped topology was first introduced in 1981 by A.Nabae et al [6]. Figure
1.1 and 1.3 shows the three and five level configurations respectively. The topology uses
capacitors connected in series to generate multiple voltage levels.

A single leg is composed of four switching elements with four anti-parallel diodes. On
the dc side of the converter, the dc bus capacitor is split into two, providing a neutral
point N. the diodes connected to the neutral point are called clamping diodes. When the
inter switching elements (for example: S,9 and S,3) are turned on, the inverter output

terminal is linked to N through one of the clamping diodes.

Z S,.;
o I
£
Ve S | Scﬂ[?%
L
' H

FIGURE 1.1. Three level diode clamped topology

Table 1.1 shows the possible switching states. It can be seen from the table that the
switching elements S; and S3 function in a complementary manner which means, if the
first switch is turned on the other must be switched off. Similarly, So and S4 also operate

in complementary manner.
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Table 1.1: Switching States for three level diode clamped inverter.

Device Switching Status | Inverter Terminal

S1 So S3 Sy Voltage

On | On | Off Off Ve
Off | On | On Off 0
Off | Off | On On Ve

Figure 1.2 shows an example of a three voltage waveform generated by the inverter

and gating signal arrangements. The generated waveform has three voltage levels Vgc ,0

and — dc . V51,V Vi3 and Vg4 are the gating signals for S to S4 respectively.

sl|____ _ . . . |

s2w — — -

A e —————————————

Va4 Ll e — -
Val2{ i L

(:) 2:71
—Vic/2 =

FIGURE 1.2. Gating signals, and output voltage of three level diode clamped
inverter.
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O
A
Crl
(&)
Vdc
Cyl
Cs |
v
O

FIGURE 1.3. Five level diode clamped topology.

Although the extendibility of the diode clamped topology, the three level structure
is the most used topology in the industry due to capacitor voltage balancing issues for
higher number of voltage levels [7-10]. The NPC topology is mainly used for motor drive
applications [11, 12], but also has been used for photovoltaic applications [13, 14] and
grid applications [15, 16].

1.1.2 Flying capacitor converter

Figure 1.4 demonstrates different variants of what is called a flying capacitor multilevel
converter (FCMC). The topology was first introduced in 1992 by T'A. Meynard, H. Foch in
[17] .It is considered as a good alternative to the diode clamped topology. The converter is
composed of multiple switching elements connected in series with capacitor or multiple

capacitors connected to each leg of the converter as demonstrated in the figures. The
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capacitors in this topology are not connected to the DC bus therefore it is named flying

capacitor converter.

+ O
| Sai J} Shi # Ser #
C —I — —
i

TN
Saz /-TL Sy /} Seo /}
—a —Ia —a
Ca Cb Cc
Ve T~ to° .~ to° == to
A B C
Sas /_TL Sz /} Se3 /%
C, —a — I —Ia
=

Sas $ Sha 3 Seq #
-5

FIGURE 1.4. Three level flying capacitor topology.

The multilevel capacitor converter is a natural extension of the two level FC topology.

Figure 1.5 presents the five level version of the FC topology. Each leg of this converter

has six capacitor Cyq to C.g, x = {a,b,c} with voltage rating of VZC , the converter can

Vae V. —Vie Vg
] Zde Xdc 0,_4 c’_2 c.

generate five voltage levels per terminal —5¢,—¢,
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FIGURE 1.5. Five level flying capacitor topology.

Table 1.2 shows all the possible voltage levels that can be generated using the five

level FC converter and the corresponding switching states.

Vs1 N FE—

Vs .'ﬁ:.. . . —
Vss _ : : : : |
Vg7 ,_.—— : | : :
Vadd! -
0 _Vd0/4 ? I I 277:
—Vgq./2

FIGURE 1.6. Five level flying capacitor wave.
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It can be noticed from the table that some voltages can be generated with more than

one combination.

Table 1.2: Switching States for Five level flying capacitor inverter.

SlS w1t;}211ng SS ; ate; 1 Output voltage
On | On | On | On Vdc/2
On | On | On | Off

Off | On | On | On

On | Off | On | On Vde/d
On | On | Off | On

On | On | Off | Off

Off | Off | On | On

On | Off | Off | On 0
Off | On | On | Off

On | Off | On | Off

Off | On | Off | On

On | Off | Off | Off

Off | On | Off | Off

o [of [on [0 | V4
Off | Off | Off | On

Off | Off | Off | Off -Vde/2

The main disadvantage (drawback) of this topology is the high number of capacitor
required especially for larger structures and also additional circuits are required to
initialize capacitors charge []. The topology has been applied in high power applications

such as active power filtering [18],

1.1.3 Cascade H bridge converter

Figure 1.7 shows the Cascade H bridge (CHB) converter, the topology was first proposed
in 1975 by Baker Richard H and Bannister Lawrence H [19]. As its name suggests, the
converter can be formed by connecting multiple H-bridge modules in series; each module
is connected to its own isolated dc power supply. Normally the DC power supplies are

obtained by diode rectifiers or bidirectional DC-DC converters as figure 1.10 illustrates.

10
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T O
Ve Wer 1
L2 V o
Ve
Sj
o

FIGURE 1.7. Single phase cascade H bridge converter topology.

The converter shown in figure 1.7 is a single phase CHB converter that generate
five voltage levels. The converter is composed of two H-bridge modules connected in
series the first module is formed by the switching elements S1,S9,S3 and S4 and the
second one is formed by S5,Sg,S7 and Sg. When S1,S2,S5 and Sg are ON each of the
modules generate a voltage of V.1 = V.o = V4., the obtained voltage at the output is
Vout = Ve1+ Vea =2V;.. On the other hand, if So,S3,S¢ and S7 are turned on the output
voltage will be —2V ;.. Other levels can be generated using the switching combinations
in table 1.3. The table shows only the switching states of S1,S3,S5 and S7 only,because
the pairs (S1,S2), (S3,54),(S5,S¢) and (S7,Sg) operate in a complementary manner in
order to avoid shorting the DC power supplies. Figure 1.8 shows an example of a possible

gating signals combination and the corresponding five level voltage waveform.

11
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Table 1.3: Switching States for five level cascaded H-bridge inverter.

Device Switching Status
g Vcl Vc2 VaN

S; [ S; [ S5 | Sy
On | Off | On | Off Vie | Vae | 2Vg.
On | Off | On On Vae 0

On | Off | Off | Off Ve 0 v

On | On | On | Off 0 | Vi de
Off | Off | On | Off 0 | Vg

Off | Off | Off | Off 0 0

Off |[Off | On | On 0 0

On | On | Off | Off 0 0 0

On | On | On On 0 0

On | Off | Off | On Vae | —Vae

Off | On | On | Off | —Va. | Vg

Off | On | On On —Vie 0

Off | On | Off | Off | Vg | O _v

On | On | Off | On 0 | Vg de
Off | Off | Off | On 0 | Vg

Off | On | Off | On | Vi, | Vg | —2Vg

Vs | _—._|
Vss ,_;—— ' : : : |
Vg7 | ! ! ! ! ! [
: 2V : I | :
Vet -
(:) E E 2:71
_Vdc
-2V,

FIGURE 1.8. Gating signals, and output voltage of five level cascaded H-bridge
inverter.

A three phase CHB inverter can be constructed by connecting three converters as

demonstrated in figurel.9.

12
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Vicbi

Vacy2 |

Vdcbn

FIGURE 1.9. generalized three phase cascade H bridge converter topology.

One of the main advantages of the cascade H-bridge topology is that the control and
protection mechanisms of the H-bridge modules are modular; therefore development and

manufacturing costs are significantly reduced.

13
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(b)

Y
y
|

FIGURE 1.10. CHB inverter connected to different types of DC sources (a) DC
sources by isolated transformers and rectifiers (b) DC sources generated by

DC-DC converters.

1.1.4 Modular multi-level converter

Modular multilevel converter (MMC) topology was first proposed in 2003 by A. Lesnicar,
it was originally designed for high voltage direct current (HVDC) transmission systems.
Figure 1.11 shows a typical configuration of the modular multilevel converter topology, it
is formed by connecting multiple submodules in cascade in each of the converter’s arms.
Figure 1.12(a) shows the basic and the widely used configuration of a submodule. The

submodules can have different designs as illustrated in figure 1.12.

14
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|
4,
|
45\
H
4,

3
| Submodule

L.

C..

L.
L.

L.

o | | ]

FIGURE 1.11. Genralized modular multi-level converter topology.

Unlike the CHB topology, where each H-bridge module needs an isolated power
supply, the MMC submodules do not require isolated DC sources, instead the submodules
use capacitors as the following figure shows. The voltage of the submodules is provided

by a DC bus with a voltage of V..

(a) (©

S, S Sj
(XN =
C= Sﬂi}
&J &j Sji} Vi
— o
Sﬂ/

FIGURE 1.12. Other submodules configurations:(a) Full bridge, (b) flying capac-
itor, (c) three level submodule.
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1.2 Symmetric multilevel topologies

The topologies presented previously (diode clamped, flying capacitor and cascaded
H-bridge) are considered as symmetrical inverters, because the voltages across the
intermediate-circuit capacitors are equal, and all the switching elements have the same
voltage rating (voltage blocking capability). One of the main disadvantages of these
topologies is the high number of switching devices especially for high number of voltage
levels, table 1.4 compares the number of switching devices required for each topology.

The switching elements are assumed to have the same power rating.

Table 1.4: Comparaison of different fundamental topologies.

Topology T D
diode clamped 4 6
3 Level flying capacitor 4 4
cascaded h bridge | 4 4

8
8
8

diode clamped 20

5 Level flying capacitor 8

cascaded h bridge 8
diode clamped 12 42

7 Level flying capacitor 12 12

cascaded h bridge | 12 12
diode clamped 2m | m?+m

m+1 Level | flying capacitor | 2m 2m

cascaded h bridge | 2m 2m

MRIRIE I IR NS SR

It can be clearly seen form the table that the cascaded H-bridge inverter is the most

advantageous topology especially for a high number of voltage levels.

1.3 Asymmetric multilevel topologies

In the recent years, the idea has risen to use multilevel asymmetric topologies with the
aim of reducing the number of switching devices. Most of asymmetric multilevel inverters
have almost the same structure as symmetric multilevel inverters. The only difference

is the amount of input DC voltage of each module and the voltage/current rating of the

16
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switching components. However the proprieties of these topologies are different such as
the number of voltage levels generated.

Asymmetric converters have the ability to generate the same number of voltage levels
as the symmetric topologies but with less switching elements, which increases their
reliability.

Figure 1.13 shows the symmetric (right) and asymmetric (left) nine level configurations.
It can clearly observed from the figure that the asymmetric topology uses way less
switching elements than the symmetric version. It can be also noticed that the H-bridge
modules in the asymmetric topology use different DC voltages. With unequal input dc
sources, the number of generated levels can be increased without necessarily adding
more modules. This combination is actually one possible case out of several. Other

combinations can be made using this configuration.

+

17
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51

51
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FIGURE 1.13. Single phase cascade H .
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The process of designing an asymmetrical converter can be generalized. The first step
towards designing a converter is modeling the basic structure that makes it which is
the H-bridge module. An H-bridge module can be controlled only using four switching
combinations,two of these combinations generate the same output voltage level as

demonstrated in figure 1.14.

(a) (b)

SJ
Vack I Vi=Vacr Vack IVk:' Vack

Sﬂ

| &

| &

O O
(c) (d)
2 "2
Vacr IVkZO Vaci IVk=0

- O + ! - O

FIGURE 1.14. Possible voltages generated by a single H-bridge module.

The voltages that can be generated from the module are three, the positive voltage,

the negative voltage and zero volt. The voltage generated by £ module can be expressed

by the following equation :

Vi =8 xVger with S e{-1,0,1} (1.1)

where S, is the switching state and V., is the input voltage of the H bridge module. The
overall voltage generated by £ modules relative to reference point can be computed by

summing the voltages generated by each module as the following expression indicates:

18
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k
Vo= Vi (1.2)
=1

The following equation allows us to compute the number of voltage levels N, which

depends on the number of modules and the the corresponding voltage sources.

12

k
N=2x ( Vdci)+1 (1.3)
=1

A tree of output voltages can be constructed in order map every possible module combi-
nation. The nine level configurations shown previously in figure 1.13 are taken as an
example. The tree starts with the reference point (the OV point). Three branches are
then extended from the reference point to the next possible voltages generated by the
first module. Other branches are then drawn from the voltages generated from the first
to the ones generated by the next cell. This process goes on in a similar manner until the

maximum number of possible voltages is reached.

possible voltages

FIGURE 1.15. Possible output voltages per unit (P.U.) using nine level H-bridge
symmetric topology .
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possible voltages

FIGURE 1.16. Possible output voltages per unit (P.U.) using nine level H-bridge
asymmetric topology.

Figure 1.15 and figure 1.16 illustrate the possible voltages can be generated using
symmetric and asymmetric nine level converters.. It can be noticed from the figures that
[some] branches in the symmetric configuration lead to the same voltage levels, which
means that the symmetric configuration has many redundant states.

2SSO PSP UO PO PRSPPSO
B Lo

5 .........................................................................
4 ........................ @

w

\)

=

possible voltages
(@]
0

Module £

FIGURE 1.17. Possible output voltages of each H-bridge module to generate 15
levels using k=3
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Obviously the topology can be extended beyond two modules, table 1.5 shows some
examples of possible voltage combinations using three H-bridge modules, it can be seen
from the table that the minimum number of voltage level can be produced 15, whereas

the maximum number of voltages is 21.

possible voltages

Module %

FIGURE 1.18. Possible output voltages of each H-bridge module to generate 15
levels using k=3

Figures 1.17, 1.18 and 1.19 show the possible voltages that can be generated using

k=3 H bridge modules with DC voltages (Vj.1 = 1,Vgico =2,Vice3 =4), Vge1 =1,Vgeo =
1,V4ie3 =5) and (Vg1 =1, Vg0 =2,V4.3 = 7) respectively.
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possible voltages

o+

0 L' Module £

FIGURE 1.19. Possible output voltages of each H-bridge module to generate 21
levels using k=3

Table 1.5: Examples of unequal DC-voltages.

Vdcl Vdc2 Vdc3 m
1 1 5 15

1 3 3 15
1 2 4 15
1 2 7 21
1 3 6 21

1.4 Hybrid Topologies:

In spite of their success, classical topologies (diode clamped, flying capacitor and CHB
converter) have multiple drawbacks such as high switching device count and circuit
complexity. Hybrid multilevel topologies have been proposed to overcome these problems.

Hybrid converters combine the advantages provided by the different basic topologies.

22
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1.4.1 DC-AC cascaded H-bridge multilevel boost converter

The DC-AC cascaded H-bridge multilevel boost converter was first introduced in 2009 by
zhong du et al [20] , the topology of the proposed converter is shown in figure 1.20, the
converter consists of a simple two level three legged inverter, each leg is connected to an
H-bridge module, the DC supply to the modules is provided by capacitors

The topology was proposed to overcome the problem of inefficiency caused by inductors
in boost DC-DC converters destined for electric vehicles. It must be noted that for some
applications the capacitors connected to the H-bridge modules can be replaced with DC
sources [21].

o ° °

Qalj Qbﬂ QaJ
Vdc]
O, ZJ szj chj

Sai Sﬂ Shi Sh3 Sei Scj

R /': VR

Sa2 Sgﬂ 4 sz Sb4 B ch Sﬂ

FIGURE 1.20. Single phase cascade H bridge converter topology.

1.4.2 Cascaded npc

The hybrid multilevel inverter shown in figure 1.21 is a combination of neutral point
clamped inverter and cascaded H-bridge topology, the main advantage of this topology

is the reduction of required isolated DC sources compared to a conventional cascaded
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H-bridge inverter [22]. Each module can generate five voltage level, therefore the overall

number of voltages generated is nine.

(@
C[
T~
Vd(:
C>
—
(@
(@
Cs
T
Ve
C4
=
S

FIGURE 1.21. hybrid multilevel inverter.

1.4.3 Nested Neutral Point-Clamped topology

Nested Neutral Point Clamped multilevel Converter (NNPC) is a combination of the
neutral point clamped topology (NPC) and the flying capacitor topology (FC). . Figure
1.22 shows the three phase four level NNPC topology. Each leg consists of six switching
elements S; to Sg connected series, two capacitors and two diodes. The FC topology
is formed by the inner components: S1 Sg, S5,S¢ and the two capacitors, whereas the
NPC topology is formed by the inner components: S9,S3, S4,S5 and the two diodes. The
switching elements S9 and S5 are shared by both topologies.
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FIGURE 1.22. Nested Neutral Point-Clamped topology

V|
/1

T T

Y
/1

T —p—T

In order to generate the desired four voltage levels, the capacitors C,; and Cyo with

x =a,b,c, must be kept at Vgc. Table 1.6 shows the switching states for the four level

NNPC inverter, it can be observed from the table that the pairs (S, Sg), (S2, S4), and

(S3) S5) work in a complementary manner. With these switching states the inverter can

Vae Vie —Va —Va
generate four voltage levels —5¢, £¢, —* and —*.

Table 1.6: Switching states for 4L, NNPC.

Switching States

Si S, | Ss | SaS: | Se Output voltage
On | On | On | Off | Off | Off Va2
On | Off | On | On | Off | Off _—
Off | On | On | Off | Off | On de
On | Off | Off | On | On | Off Ve
Off | Off | On | On | Off | On de
Off | Off | Off | On | On | On —Vao/2
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1.5 Topologies with reduced device count:

Multilevel Inverter

)|
[ )

{Reduced Device Count}

H-Bridge based Topologies without
topologies H-Bridge
DC-Link T-type Inverter
Switched Series/Parallel

Packed-U Cell
Sources

FIGURE 1.23. Categorization of Multilevel inverter topologies with reduced
device count

1.5.1 Topologies without H-bridge

Reduced device count multilevel inverter without H-bridge topologies have the ability
to generate an AC voltage waveform directly from multiple DC sources and switching
elements. The T-type and Packed U-cell converter are two of the most widely known

topologies in this category.

1.5.1.1 T-type multilevel inverters

The topology shown in figure 1.24 which presents a five level inverter was first proposed
in 2006 by G. Ceglia et al [23]. the topology presents a significant reduction in the
number of switching elements comparing to a conventional five level inverter. The
topology consists of two main parts an H-bridge converter formed by S1,S2,S3 and Sy,

and a bidirectional switch.
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FIGURE 1.24. Five level inverter with reduced device count.

Table 1.7: Output voltage levels with corresponding conducting switches for the five level
inverter proposed by Cegia.

«t | Switches in (ON) state
S1,82,83,84
S1,82,83,84
S1,82,83,84
S1,82,83,84
S1,82,83,84
S1,82,83,S4

QU W N O
N

A capacitor voltage divider formed by C; and Cy allows the generation of two voltage
levels from a single DC voltage source. Table shows all the switching states of the topology.
The topology can be extended to beyond 5 levels []; figure demonstrates a generalized

topology of the converter.
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FIGURE 1.25. generalized Cegia topology.

1.5.1.2 Packed U-cell multilevel inverter

Packed U-cell multilevel inverter topology was first introduced in 2011 by Al-Haddad et
al. Figure 1.26 shows a seven level version of the converter, it consists of six switching
elements S; to Sg, an isolated voltage source and a capacitor. Table 1.8 shows the
switching table for the topology. The pairs of switching elements (S1,S4), (S2,S5) and

(S3,S6) work in complementary manner.

O
Sj_ V del S4_ f%

SZ Sj /} Vout

- Viez —a
<de2

S3 C Ss ;}
A

FIGURE 1.26. Single-phase PUC inverter.
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Table 1.8: Switching states for 7L PUC.

Switching states v
Sl Sz S3 out
On | Off | Off Vidc1
On Off On Vdcl - Vdc2
On | On | Off Vieo

On | On | On 0

Off | Off | On —Vigeo
Off | On | Off | Vgea—Vqe1
Off | On | On Vi1

1.5.2 H-bridge based topologies

An H-bridge based topology is usually based of two parts; the first part is a series of volt-
age sources and semiconductor switching elements connected in various configurations,
their role is to synthesize a staircase shaped waveform. The second part of the topology is
the H-bridge converter, its role is to change the polarity of the voltage waveform created

previously in such a way that allows us to obtain an AC voltage waveform.

1.5.2.1 Multilevel DC link inverter (MLDCLI)

In 2005 Gui-Jia Su [24] introduced a converter topology with reduced switching device
count figure 1.27(a) presents a generalized version of the proposed topology, which con-
sists of an H-bridge (formed by S to S4) connected to multilevel DC source, the main role
of the bridge is to control the polarity of the source and to create the zero voltage (0V).
The multilevel DC source is formed by connecting multiple half bridge cells each cell is
controlled by two switching elements. The two switching elements 7' and @ are operated
in complementary mode, the @ switching elements are used to bypass the voltage sources

whereas T switches are used to add voltage levels.
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(a)

(b)
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Table 1.9: Output voltage levels with corresponding conducting switches for the thirty-one

level MLDCL inverter.
Vbebus Switches in (ON) state | Vpcpus Switches in (ON) state
0 R1,Q2,Q3,Q4 Ve + Vaes Q1,T2,T3,Qq4
Vae1 T1,Q2,Q3,Q4 Ve + Vieq Q1,T2,Q3,T4
\£% R1,T2,Q3,Qq4 Vaces + Viea Q1,Q2,T3,Ty
Vaes Q1,Q2,T3,Q4 Vaer + Vaes + Vaes T1,T2,T3,Q4
Vies R1,Q2,Q3,Ty Ve + Vaes + Vies Q1,T2,T3,Ty
Vae1 +Vaez | T1,T2,Q3,Q4 Vaer + Vaes + Vies T1,Q2,T3,Ty
Vae1 +Vaes | T1,Q2,T3,Q4 Vaer + Vaes + Vs T1,T2,Q3,T4
Vae1 +Vaea | T1,02,03,T4 Va1 + Vaee + Vaes + Vaeq | T1,T2,T3,T4

The MLDCLI topology presents a significant reduction in the number of switching

elements compared to conventional cascaded H-bridge inverter. Figure 1.27(b) presents

a thirty-one level MLDCL inverter with four cells, the valid switching states are shown

in Table 1.9.
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FIGURE 1.27. DC bus and output voltage waveform generated by the DC link
CHB inverter
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FIGURE 1.28. Generalized form of the multilevel DC link inverter (a) and the
31 level DC link inverter (b)***.

1.5.2.2 Switched series/parallel sources (SSPS) multilevel topology

The Switched series/parallel sources multilevel inverter topology was introduced in 2009
by Hingo and Kiozumi [25-27]. Figure 1.5.2.2 presents the proposed SSPS topology. The
converter is composed of two parts, the voltage generation and the polarity-generation.
The voltage generation part is formed by voltage sources such as batteries or capacitors
and switching elements @1 to @9, the different voltage levels are generated by turning on
the switching elements in series or in parallel. The polarity part is an H-bridge formed

by S1,S92,S3 and S4. The valid switching states are shown in Table 1.10
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Table 1.10: Output voltage levels (p.u.) with corresponding conducting switches for the

FIGURE 1.29. Switched series/parallel topology

proposed 21-level inverter.

Voltage (p.u.)

Switches in (ON) state

Voltage (p.u.)

Switches in (ON) state

10

O H N WK IO 3 ®® ©

S1,84,Sp1,Sp4
S4,55,8p1,Sp4
S4,56,Sp1,Sp4
S2,54,8p1,Sp4
S3,85,8p1,Sp4
Sé’,SG,SpI,Spél
S2,83,5p1,Sp4
S1,54,8p2,Sp4
S4,S5,8p2,Sp4
S4,56,Sp2,Sp4
S2ys4,Sp27Sp4

-1

S3>S5,Sp2>sp4
S3,56,Sp2,Sp4
S2,53,Sp2,Sp4
S1,54,8p2,8p4
S4,S5,Sp2,sp4
S4,86,Sp2,Sp4
S2,84,Sp2,Sp4
S3,55,8p2,Sp4
S3,56,Sp2,Sp4
S2,53,8p2,8p4

1.6 Applications of multilevel inverters

Multiple multilevel inverter topologies are commercially available for High and medium
power and applications. They come in a wide variety of standard and customized products.

The neutral point clamped and NPC based hybrid topologies have found an important
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market in high power adjustable speed drive applications like conveyors, pumps, fans
and many other applications which offer solutions for various industries such as oil and
gas, mining and marine industry. On the other hand, inverters based on flying capacitor
topology have been successfully commercialized as medium voltage traction drives.

Converters based on the cascaded topology have found an important market in very high
power applications due to their modular nature and their capability of handling very
high voltages. These topologies have been also proposed for active filtering applications

and electric vehicles. This section presents some of these applications.

1.6.1 Electric vehicles

In the recent few years, hybrid and electric vehicles have been considered to be viable
replacements to conventional vehicles due to their high efficiency and low carbon emis-
sions. A hybrid electric vehicle driving system combines the use of internal combustion
engines (ICEs) with electric motors and batteries. This combination offers the benefits
provided by the electric motors such as efficiency and low carbon emissions, and the
conventional ICEs such as the extended range and the ability to refuel in few minutes.
From a structural point of view a hybrid electric vehicle (HEV) with a suitable internal
combustion engine and sufficiently sized battery pack allows the use of either series
topology or parallel topology. Heavy duty hybrid electric vehicles such as tractor or
military combat vehicles usually large electric motors that require a large number of
batteries and advanced electronic power converters in order to deliver the high electrical
power required for them. As mentioned in the previous sections, multilevel inverters
structures allow us to synthesize high quality and high voltage waveforms, for this
reason multilevel inverters are suitable for high power drive systems.

Figure 1.30 shows the parallel topology of HEV motor driving system, it consists of
an internal combustion engine (ICE), electric motor (motor / generator) and multiple
batteries. In this configuration the wheels can be driven either by the ICE or the electric
motor. Multilevel cascaded inverter topology is used in this configuration to drive the

electrical motor. In driving mode the electrical power flows from the batteries to the mo-
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tor,and in charging mode (from grid) the multilevel converter act as a rectifier electrical
power flows grid to the batteries. The electric motor and the multilevel converter can
be used to collect generated electrical power in case of breaking, in this case electric
motor will act as a generator and multilevel converter will act as a rectifier to charge the
batteries.

Figure 1.31 shows what is known as a series configuration, as the name suggests
the two energy sources which are : the internal combustion engine and battery pack
(or capacitors as demonstrated) are combined in succession. It can be seen from the
figure that the electric motor MG is connected directly to the differential which makes it
the only traction source, making it an electric-intensive vehicle, more suitable in urban
environment. the internal combustion engine is used to drive the electric generator
to maintain battery charge, by meeting the predetermined state of charge (SOC) re-
quirements. As it can be seen from the figure, the series configuration uses two level
npc converters in what is known as back to back configuration the converter on the
generator’s side is used as a controlled rectifier to control the amount of energy flowing
from the generator the batteries. the converteron the motor side can not only be used
to control the motor MG but also can be used to recover the energy generated from the
motor/generator in case of breaking, the converter in this situation will act as rectifier to

charge the batteries.
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Battery modules and cascade inverter
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FIGURE 1.30. H-bridge drive system for EV
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FIGURE 1.31. NPC drive system for EV
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1.6.2 Photo-voltaic systems

In the recent years, the interest in using solar panels to generate electricity has signifi-
cantly and rapidly increased due to environmental concerns and the rapid development
in semiconductor technology which lowered the manufacturing cost for solar panels and
power converters. The main advantage of solar energy is the ability to be used in any
place sufficiently sized and perfectly placed photo-voltaic arrays.

Multilevel inverters are one of the most important parts in a photo-voltaic based power
generation system. their role in such systems is to synthesize high voltage AC waveforms
from different DC voltages generated by PV panels. Usually off-grid PV installations do
not require the use of multilevel inverters due to the low voltage generated by the solar
panels, instead these installations use two level inverters.

Multilevel inverters are generally used in medium and high power applications such as
PV based industrial/commercial installations or High voltage PV generation systems
(grid connected).

Figure 1.32 shows multiple multilevel inverter fundamental configuration connected to
Photo-voltaic generators, these generators can be arranged in different configurations

(series, parallel or both) depending on the desired output power.
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FIGURE 1.32. Multilevel inverter configurations connected to PV generators
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Figure 1.33 shows a single phase of a hybrid cascaded multilevel inverter powered by
solar panels. The system consists of two conversion systems connected in series. The first
converter (up) is DC-AC converter with an auxiliary circuit, in this configuration the
converter can generate five voltage levels, whereas the second system is just H-bridge
inverter, connecting theses converters together will increase the number of voltage levels.

Both converters are connected to DC-DC boost converters to control the voltage produced

DC to DC converter

Sj Sj

FIGURE 1.33. Cascaded-hybrid multilevel inverter connected to PV generators
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by the PV panels. The presented topology is just an example of what can be used for such
systems (solar generation systems). Multiple scientists have proposed different multi-
level inverter topologies with the aim of optimizing the performance of these inverters

and reducing their cost.
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1.6.3 HVDC systems

High Voltage Direct Current (HVDC) transmission systems are used to interconnect
alternating current systems over a long distance using multilevel converters in back
to back configuration. Figure 1.34 shows a typical modular multilevel converter based
HVDC transmission system. Conversion stations I and II connected to their respective
AC grids through isolation transformers, and their DC system is interconnected through
a DC cable several kilometers long. The modular multilevel converter based conversion
stations provide high quality output voltage waveforms, which eliminates the need for

passive filters[28].
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C

FIGURE 1.34. Modular Multi-Level Converter based HVDC system

1.7 Conlusion

In this chapter, multiple multilevel inverter topologies have been presented, the topolo-
gies can be divided into three main categories fundamental, hybrid and reduced device

count topologies. The chapter focuses on the reduced device count topologies due to the
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various advantages that this category provides such as high reliability, low power loss
and simplicity. The chapter also presented some applications of multilevel inverter in
order to have better understanding of how these topologies are used in the industry.
From structural point of view, the T type inverter configuration is the simplest topology
that can generate multiple voltage levels with the least number of switching devices,
the number of voltages can be increased by adding more DC sources and bidirectional
switches, this can be advantageous in the case of designing a hybrid cascaded inverter.
In the next chapter we will introduce the different modulation methods used for control-
ling multilevel inverters , an adequate modulation strategy will be chosen to drive the

proposed multilevel inverter.
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CONTROL METHODS FOR MULTILEVEL INVERTERS

he performance of any electrical conversion system depends heavily on the

chosen modulation strategy. As demonstrated in figure 2.1, multiple modulation

methods have been developed to control multilevel inverters depending on the
power range and the nature of the load driven by the converter. Sinusoidal and space
vector modulation are two of the most commonly applied control strategies for multilevel
DC to AC converters, the main problem with these two techniques is the high switching
frequency of the semiconductor devices that leads to high switching losses. A more simple
yet efficient modulation method known as selective harmonic elimination can be used
for the control of multilevel DC to AC converters; this method is suitable for controlling
high power converters due its low switching frequency and better harmonic performance.
In this chapter the sine pulse width modulation (SPWM) and the space vector pulse
width modulation (SVPWM) methods are briefly reviewed along with a less renowned
low switching frequency modulation method called nearest level modulation followed by

a detailed analysis on the selective harmonic elimination pulse width modulation.
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FIGURE 2.1. Widely used modulation methods for multilevel inverters

2.1 Carrier based pulse width modulation

Sinusoidal pulse width modulation (SPWM) is the most used modulation method for the
control of multilevel inverter because of its simplicity and good power quality. The main
disadvantage of this strategy is the high switching frequency which reduces the lifetime

of the switching elements of the multilevel converters.
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FIGURE 2.2. Sinusoidal PWM method

2.1.1 Level shifted PWM

The basic idea behind the level shifted pulse width modulation (LS-PWM) is to use
multiple triangular carrier signals with the same frequency and amplitude shifted at
different levels, which are compared to a reference signal as figure 2.5 demonstrates,
the interaction between the carriers and the reference signal is used to generate gating

signals for the switching elements of the multilevel converter[29, 30].

Amplitude 4

7

Carrierl

Reference
/4

FIGURE 2.3. Generalized level shifted PWM method

Phase disposition, phase opposition disposition and alternate phase opposition dispo-
sition are the most common level shifted-PWM techniques used for controlling multilevel

inverters. The Phase disposition PWM technique uses multiple triangular carriers with
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one reference wave (per phase). In order to generate a waveform with m voltage levels
the technique uses m — 1 carriers of the same amplitude and frequency, figure 2.4(a)
shows the phase disposition carrier arrangement for a five level inverter [30].

Figure 2.4(b) demonstrates the arrangement of the carriers for the phase opposition
disposition PWM, the carriers above the zero are out of phase to the ones below zero by
180 degrees[30]. The alternate phase opposition disposition (APOD) can be obtained by

alternating the phase shift between adjacent carrier as demonstrated in figure 2.4(c)[30].

(a) (b)
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FIGURE 2.4. Level shifted PWM strategies

The level shifted modulation methods are very suitable for neutral point clamped
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topology since each carrier can be associated to two complimentary switching elements
as figure 2.5 demostrates, the system presented in this figure is a simple analog so-
lution to generate gating signals for three level diode clamped inverter in which the
switching states of the four switching elements S1, So, S5 and S4 which are determined
by comparing a reference signal V,.r with a triangular signal (carrier) as mentioned

previously.
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FIGURE 2.5. Analog circuit for generating PWM

Figure 2.6 shows the carrier arrangement for variable frequency PWM which is a
modulation strategy derived from PD-PWM, this method was specially created to this
method was specially created to equalize the power loss distribution along the converter.
Whenever a converter is controlled using phase disposition PWM, the switching elements
controlled by the first and last carriers switch states more often than the switching
elements controlled by the intermediate carriers. In order to balance the number of
transitions, carriers with lower frequency are placed at top and bottom of levels as
demonstrated in figure2.6(a)[31, 32].

Figure 2.6(b) shows another case of variable frequency PWM, The intermediate car-
riers have lower frequency than the carriers situated at top and bottom levels, this

arrangement is used to distribute the working load according to the current rating of the
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switching elements[32].
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FIGURE 2.6. Variable-frequency carrier PWM

2.1.2 Phase shifted PWM (PS-PWM)

Phase shifted pulse width modulation (PS-PWM) is also a multi carrier modulation
method. Similar to the LS-PWM, an m level converter using bipolar phase shifted
modulation requires (m-1) carriers, all having the same amplitude, frequency and offset.

In this technique the carriers are shifted by 7 as demonstrated in figure 2.7[33, 34].

Normalized amplitude
<

0 T/4 ' 2 3T/4 T
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FIGURE 2.7. phase shifted PWM strategy
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The phase shifted pulse width modulation method is suitable for flying capacitor
and cascaded multilevel inverter based applications [35-38]. The strategy offers better

performance than the LS-PWM strategies|].

2.1.3 Hybrid modulation

The hybrid carrier modulation is in part a multi-carrier PWM-based modulation method
that is specially conceived for the cascaded and flying capacitor inverters. Phase-shift
disposition (PSD) and Carrier overlapping disposition (COD) are two of most widely used

hybrid methods.

2.1.3.1 Carrier overlapping disposition

The carrier overlapping disposition strategies (COD-PWM) are a combination of the
level shifted carrier overlapping (CO-LSPWM) and other level shifted PWM strate-
gies (PD, POD and APOD). The COD-PWM has multiple variations depending on the
arrangement of the carriers; Carrier overlapping-phase disposition (CO-PD), Carrier
overlapping-opposition disposition (CO-POD) and Carrier overlap-alternate phase oppo-

sition disposition (CO-APOD).
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F1GURE 2.8. Carrier overlapping disposition strategies: 2.8(a) carrier overlap-
ping phase disposition PWM, 2.8(b) carrier overlapping phase opposition
disposition PWM, 2.8(c) carrier overlapping alternate phase opposition
disposition PWM.

The carrier overlapping-phase disposition (CO-PD) method uses (m — 1) carriers

divided in two groups, the first group located above the zero reference point and the other

group is located above the zero reference point, the carriers in this method are in phase.

Figure 2.8(a) illustrates the carrier arrangement for this method. Similar to (CO-PD),

the Carrier overlapping-opposition disposition (CO-POD) uses (m — 1) carriers divided

in two groups to control an m-level inverter. However, in this method the second group

of carriers is shifted by [pi] as demonstrated in figure2.8(b). Carrier overlap-alternate
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phase opposition disposition CO-APOD is a combination of carrier overlapping and level
shifted APOD. Similar to the previous COD-PWM methods, this modulation technique
uses (m — 1) carriers divided in two groups to control an m-level inverter[39, 40]. Each

two adjacent carriers are placed in anti-phase as shown in figure 2.8(c).

2.1.3.2 Phase-shift disposition

Phase shifted disposition (PSD-PWM) is a combination of Phase shifted PWM and the
Phase disposition modulation method (PD-LSPWM). The algorithm uses two groups of
m_1 carriers shifted by [pi] to drive an m-level converter, the arrangement of the carriers

2
is shown in figure 2.9. The carriers for both groups are shifted by % [41].

1
/ AM

Normalized amplitude
[

0 /4 T 3T/4 T
Time (sec.)

FIGURE 2.9. Phase-shift disposition modulation strategy

The Phase shifted disposition modulation is popularly used to drive Multilevel flying

capacitor and neutral point diode clamped converters.

2.2 Nearest level modulation

Nearest level modulation also known as round method, is non-carrier modulation method.
In this method the voltage levels are determined by choosing the closest voltage that

can be generated by the converter to the reference voltage as demonstrated in figure 2.10.
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FIGURE 2.10. Nearest level modulation

The output voltage level can be simply computed using this equation.
V., =round (Vref.N) 2.1)

Where V, is the output voltage level, V,. is the reference voltage and N is the number of
attainable voltages. In this modulation method, the modulator is discretized by rounding
to the nearest voltage level attainable by the converter. The obtained voltage waveform

by this strategy is shown in figure 2.11.
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FIGURE 2.11. Nearest level modulation waveform

The NLM method is widely used in high-voltage direct current and other High voltage
modular multilevel converter applications[42—44]. Its simplicity makes very easy to be
implemented in digital controllers even for a high number of voltage levels[45]. Figure

2.12 shows the block diagram of the NLM method.
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FIGURE 2.12. Nearest level modulation block diagram

2.3 Space vector modulation

Space vector modulation is a well known modulation method. It is generally used to
control two level inverters due to its high performance and flexibility. But in the last few
years many scientists and engineers proposed the SVPWM as a modulation method for

multilevel inverters to improve performance.

022

002 102 202

FIGURE 2.13. Control region of a three-level converter a, f coordinates.

Figure2.13 presents a two dimensional representation of the control region of a three

level inverter in a-f plane. The idea behind this algorithm is to determine the space
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vectors, switching rimes and sequence in which they will be produced in order to ap-
proximate in average the reference voltage vector over the modulation period. Multiple
SVPWM algorithms have been proposed to control multilevel inverters and each algo-
rithm has its own advantages and drawbacks, but SVPWM algorithms generally perform

better than carrier based modulation methods.
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FIGURE 2.14. Control region of a three-level converter abc coordinates.

Most of the SVPWM proposed techniques are based on two dimensional representa-
tion of control region as demonstrated previously; these techniques are well suited for
topologies where the zero sequence voltage and the zero sequence current are zero.

In some topologies such as four phase converters, the zero sequence voltages and currents
are different to zero, therefore the modulation techniques have to consider a three axis
plane to perform the modulation without errors. Figure 2.14 shows representation of
control region of a three level three phase converter in adc frame. Although SVM modu-
lation methods have better performance than carrier based modulation methods, they
are only used to control either low or medium power converters because of the relatively

high switching frequency, using these methods to control high power converters may
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lead a significant reduction in life span of the switching elements.

2.4 Selective harmonic elimination (SHEPWM)

Sinusoidal and space vector modulation are two of the most commonly applied control
strategies for multilevel DC to AC converters, the main problem with these two tech-
niques is the high switching frequency of the semiconductor devices that leads to high
switching losses. A more simple yet efficient modulation method known as selective
harmonic elimination can be used for the control of multilevel DC to AC converters
[46-51]; the method was introduced for the first time in 1973 by Patel and Hoft in
[562]. The method was used to eliminate harmonics in single and three phase Thyristor
controlled inverters. The method provides a lot of advantages such as eliminating low
rank harmonics and operating the switching devices at a low frequency which leads to

increasing the lifetime of switching components[53, 54].
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FIGURE 2.15. Selective harmonic elimination
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The selective harmonic elimination pulse width modulation strategy is based on
the Fourier series decomposition of the waveform generated by a power converter, as
demonstrated in figure 2.15. For a uniform stepped waveform as the one demonstrated

in figure 2.16, it can be expressed in this form:

Vout (0)=Ag+ Y_ A, cos(nf)+B, sin(nb) (2.2)
n=1
with
1 2
Ap= —ff(t)dt (2.3)
2n
0
1211
A, = —ff(t)sinnwtdt 2.4)
b4
0
127[
B, = ;ff(t)cos nowtdt (2.5)
0

Where Aj is the DC component, A, is the sine Fourier coefficient, B, is the cosine
Fourier coefficient. Since the generated waveform has no DC component (average value)
and characterized by quarter wave and half wave symmetry, therefore Ay =0 and the
expression presented in equation (2.2) is reduced to:
4V, &

Zlde Z cos(nd;)
n .

=1

V)= )

n=1,3,5,...

sin(n0;) (2.6)

For a uniform stepped waveform with shifting polarity, the voltage waveform can be

expressed as follows[55, 56]:

p
Ve $ (1) cos (n;)

nw =1

V(6;)= i sin (n6;) (2.7)

n=1,3,5,...

The value of the parameter & defines each transition of the waveform where:

1 or the rising edge
b { ! §eas 2.8)

1 forthe falling edge
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Amplitude(P.U.)
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FIGURE 2.16. Uniform stepped waveform

To ensure a quarter waveform symmetrical and physically correct waveform the

switching angles within the quarter waveform must respect the following constraint:

0<91<02<93<...<0p<g (2.9)
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FIGURE 2.17. Generalized stepped waveform
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For n level inverter, it is possible to eliminate ((n — 1)/2) — 1 undesired harmonics
while maintaining the desired value of the fundamental voltage. From equation (2.6),
the magnitudes of the Fourier coefficients when normalized with the respect to V4. , can

be expressed as follows:

Hj =cos(01)+cos(02) +...+cos(0,) —m =0
Hy =cos(301) +cos(302) +...+cos (30,) =0

\ H3 = cos(501) + cos(502) + ...+ cos (50,) = 0 (2.10)

Hpy =cos(nf7)+cos(nz)+...+cos(nb,) =0

In order to eliminate the undesired harmonics the set of transcendental equations (2.6)
must be solved for a given value of m, where m = (N — 1)/2)r/4), r is the modulation
index.

Solving the system of non linear equation can be done by either using analysis or
optimization methods as it will be demonstrated in the next chapter. An objective
function is an essential element in any optimization process. The objective function must
be formulated in such a way that allows us to eliminate the low order harmonics and
maintain the fundamental component at a desired value; therefore it is chosen to be as
follows:

2p-1

P pr 2 P
F0)=F (61...0,) =) cos(6;)- v + ) cos(n0;) (2.11)
i1 n=35i-1

The objective function can be formulated depending on the targeted objective.

Changing the value of r can have a significant effect on the power delivered to the load
(fundamental component). Figures 2.18 and 2.19 show the impact of varying the value of
r.The figures also demonstrate the ability of eliminating independently any harmonic
using the SHEPWM strategy. The tests were carried out on a mathematical model and a

laboratory prototype of a five level inverter.
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FIGURE 2.18. Output voltage and the corresponding FFT analysis in the case
of eliminating 3rd, 5th and the 7th harmonic
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FIGURE 2.19. Experimental Output voltage and the corresponding FFT analysis
in the case of eliminating 3rd, 5th and the 7th harmonic

The left side of figures 2.18 and 2.19 show the generated waveforms in the case of
eliminating the third, fifth and the seventh harmonics respectively, and for different

modulation indices r where r1 = 0.7 , ro = 0.85 and r3 = 0.9, whereas the left side of the

59



CHAPTER 2. CONTROL METHODS FOR MULTILEVEL INVERTERS

same figures show the FFT analysis of the generated waveforms for the above mentioned
cases and also for different values of r. It can be noticed from the voltage waveforms
that by decreasing the modulation index, the switching angles will have higher values
and this will lead to a decrease in the amplitude of the fundamental component this
effect can be clearly observed in the FFT analysis figures. And also it can be clearly seen
from the FFT analysis that the undesired harmonics were successfully eliminated in
each case, for example in figure 2.19(b) the third harmonic was eliminated while the
fifth harmonic remained untouched, whereas in figure 2.19(d) the fifth harmonic was

eliminated while the third and the seventh harmonics remained untouched.

2.5 Dead time Insertion

The half bridge as a basic unit uses two switching elements connected in series across the
voltage source. The switching elements must be controlled in a complementary manner in
order to avoid short-circuit. Nevertheless there is always a possibility of unexpected short
circuit, due to the switching characteristics of the semiconductor devices. For instance
figure 2.20 shows the switching characteristics of an IGBT, it can be clearly seen from
the figure that the turn-off time is longer than the turn-on time[57, 58]. Therefore, when
the complementary gating signals are given to the switching devices at the same time, a
short circuit is likely to happen; because one of the switching elements is being driven

ON while the other is may be still conducting[59].
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F1GURE 2.20. IGBT switching characteristics

In order to avoid short-circuit of the DC-link, a time delay is inserted between the
gating signals as demonstrated in figure 2.21. This delay is known as dead time or

blanking time[60].
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FIGURE 2.21. Dead time insertion.
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Although the dead time, ensures safe operation of the converter, it causes serious

distortion in the output voltages[61].
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FIGURE 2.22. Gating signals with dead time insertion generated using a micro-
controller

2.6 Conclusion

In this chapter we presented some of the widely used modulation methods used to control
multilevel inverters. Our aim is to find a proper modulation method suited to control
high voltage high power multilevel inverter. Carrier based and space vector modulation
methods are known for their high switching frequency, these methods are usually used
to control systems with fast dynamic. Using these methods to control a high voltage
converter will lead to a significant reduction of the switching elements life span or even
cause instant damage to them which leaves us with two options, using the nearest level
or the selective harmonic elimination strategy. The nearest level strategy is the simplest
modulation strategy used to control multilevel inverters since it does not require a lot of
mathematical functions to use it; this means it can be easily implemented on a low cost
microprocessor. The main disadvantage of this strategy is the high number of harmonics,
for high voltage system this can have devastating effects on the load and the converter
alike. This leaves us with only option: using selective harmonic elimination strategy. As
shown in the chapter, the selective harmonic elimination is low frequency modulation
strategy, as its name suggests, it allows us to eliminate undesired harmonics while
controlling our converters at low switching frequency. The main disadvantage of this

strategy is that it requires solving a system of non linear equations in order to determine
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optimal switching angles. This can be done either by using numerical or optimization
methods. The next chapter presents several methods that can be used to solve this

problem.
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everal numerical methods have been used to compute the optimal switching

angles such as the theory of resultants and Newton-Raphson (N-R), but these

methods are difficult to use especially when it comes to solving large number
of equations. The (N-R) method requires an initial guess of the switching angles in
such a way that they are close to the optimal values. Guessing the initial solutions
of a set of nonlinear equations is extremely difficult especially for a large number of
variables (switching angles). Another approach to solve the optimal switching problem
is by using optimization algorithms, where the equations of SHEPWM are presented
in a cost function that can be optimized. Multiple optimization methods were used for
SHEPWM problem such as PSO [3] and genetic algorithms [5]. These methods allow the

determination of the switching angles without an initial guess.
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3.1 Application of optimization methods:

Newton-Raphson (NR) method is one of the most widely used and also one the fastest
iterative methods for root-finding.

In the optimal switching problem(SHE) the NR method is used to solve the system of
transcendental equations expressed in (2.10) to obtain the optimal switching angles. The

system can be written in following form:

F@©)=B 3.1)
Where:
cos(61) cos(B2) cos(O3)
F(0)= | cos(301) cos(302) cos(303) (3.2)
cos(501) cos(b62) cos(503)
And
rn
B={0 3.3)
0

Which represents the desired amplitudes for the fundamental component, 3¢ and 5"

harmonic respectively.
In order to solve this system of equations of any value of r the following steps must be

achieved:

e guess the initial values of the optimal angles 6° where:

0°= |90 (3.4)
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’ Set the initial value of r ‘

Set the initial values
of the switching angles

l

Evaluate F(°) using (3.1)

|

Update the value of the Compute d6°
switching angles using(3.7) | |using (3.6) and (3.5)

l

do® < e?

Increment the
value of r

Save the obtained
solutions

l

final r reached?

FIGURE 3.1. Flowchart of the NR algorithm..

¢ Evaluate F(0) and B(r) using (5) and (6) then compute the jacobian matrix J(0)
Where :

—sin(f1) — sin(09) — sin(03)
J(0)=| —3sin(361) — 3sin(363) — 3sin(363) (3.5)
—5sin(5601) — 5sin(502) — 5sin (503)
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* Compute d6 using the following relation :
dO=INV[J(O)](B-F) (3.6)
* Update the values of 6 using the following relation:
0%+ = 6% + dg* (3.7)

Where % is the current iteration.

* Repeat steps 2 (Evaluation) to 4 (update) for a number of iterations (k) to reach an

acceptable error value d6.

Figure 3.1 presents the computational process using NR algorithm for different values of

r.
(a) (b)
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FIGURE 3.2. Switching angles obtained by using NR and DE algorithm.
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FIGURE 3.3. THD NR and DE algorithm.

3.1.1 Particle swarm optimization

Particle swarm optimization is a population-based search method based on the simulation
of the social behavior of birds [62, 63], the algorithm was first introduced by James
Kennedy and Russell Eberhart in 1995 [64, 65]. The proposed algorithm has drawn
much attention from the scientific community and been successfully applied in many
complex optimization problems and industrial applications [66—71] .For the optimal
switching problem each particle of the population is composed of switching angles per
quarter waveform. To begin the search operation, the switching angles are generated
randomly is such way that satisfies the constraint expressed in (2.9) for the chosen
number of population. Using the generated values, individual harmonics are calculated,
which represents the fitness of a search point. The best set of switching angles among the
population at certain iteration is called present best solution (pbest). The best solution up
to present iteration is called the global best solution (gbest) for the variables 81 through
010. At each iteration, new search points are created from the current points and the
information regarding the pbest and gbest solutions using the following equations|
R+l k

i =wu;

+clroznd(pbest]ie —xf)+czrand(gbest? —xf) (3.8)
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and

xR+l :xf’ +vi.g+1 (3.9)

Generation of initial
population
i
Evaluation of searching
point of each particle
i
Modification of particls
speed and position

l

Max. iteration
reached?

FIGURE 3.4. particle swarm optimization (PSO) flowchart.

where v; is the velocity, w is the weight, rand is a random number between 0 and 1,

c1 and cg are the constriction factors, and % is the iteration number.

3.1.2 Genetic algorithms and differential evolution

3.1.2.1 Genetic algorithms

Genetic algorithm is a stochastic global search algorithm that can solve almost all

optimization problems by imitating biological evolution in nature [72], it was first

proposed by John Holland in 1975 [73]. GA has been successfully applied over the years

to a wide range of probelms of significant complexity [74—78]. The structure of a simple
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genetic algorithm consists mainly of three operators: a selection operator, a crossover
operator that acts on a population of strings to perform the required reproduction and

recombination, and a mutation operator [79, 80]. The process of a basic genetic algorithm

Initialization

|

Evaluation of
fitness function

|

Selection

|

Crossover and
mutation

l

Max. iteration
reached?

consists of four main steps.

FIGURE 3.5. Genetic algorithm (GA) flowchart.

Initialization: For any genetic algorithm it is necessary to initialize the population.
One of the most used methods is to randomly generate solutions (chromosomes)for the

entire population. Population size depends on the nature of the optimization problem.

Evaluation of fitness function: In order to test the efficiency of the generated so-

lutions, a fitness function is used as a measure. In the case of the optimal switching
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problem for n-level inverter, Equation (2.11) is defined as the objective function.

Selection: In this phase, parents are appointed based on selection rules to generate
offspring chromosomes (solutions). The selected parents are the main contributors to
form the next generation, where the fittest individuals are likely to survive and the less

fit are eliminated.

Crossover and mutation: In this phase, new individuals are generated by the method
of intersection; this phase is considered as a very important and a powerful genetic oper-
ator. Mutation is performed by altering genes and, finally, the new generated population
is ready for another cycle of the genetic algorithm.The genetic algorithm runs a certain
number of iterations as required by the user. Figure 3.5 shows the flowchart of a basic

genetic algorithm.

3.1.2.2 Differential evolution

The differential evolution (DE) is one of the most powerful optimization algorithms.
Since its introduction in 1997 [81, 82], the algorithm has drawn the attention of many
scientists over the world and has been applied in different optimization applications
[83—86], resulting in multiple variants derived from the original basic algorithm, with
improved performance. The DE is a simple yet powerful algorithm; it is composed of
three main operations mutation, crossover and selection [87, 88]. The algorithm uses
the difference of solution vectors to create new candidate solutions using the above-
mentioned operators.

The differential evolution algorithm (DE) is an optimization method is composed of three
main steps initialization, mutation and crossover. The general structure of a DE program
is shown in figure 3.6. The algorithm perturbs the population of vectors by employing
the mutation, whereas its diversity is controlled by the cross-over process [89].

In the case of SHPWM, differential evolution algorithm is used as an optimization tool to
perform a random search for the global minima, which is forcing the objective function

(2.11) towards an allowable error value.
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The optimization process starts by initializing the necessary parameters of the algorithm,
such as the population size (NP), crossover probability (CP), upper and lower bounds
(Omin and 60,,4,) and the maximum number of iterations. It should be noted that the
boundaries must satisfy equation (2.9). The next step is to randomly generate an initial

population of switching angles in this process the algorithm creates
953) = Hminij +rand; (emaxj - emznj) (3.10)

Withi=1,2,...,NPand j=1,2,...,N

Where HE(J).) is the initial population, i presents the population size, j is the number of
decision variables which represents the number of switching angles. After the initializa-
tion process, the generated population is evaluated, the evaluation of the fitness of each
individual is carried out by using (2.11).

The mutation process creates a mutant v;; vector based on the initial population; this

process is described by the following expression
vij = X1t F (X2 —X;3) (3.11)

X;1,X,2 and X,3 are vectors randomly sampled from the generated population, X, =
[6i1,0i92,...,0;n] the indices r1,r2 and r3 are integers randomly chosen from the range
[INP], they are also chosen to be different from the index i, the parameter F is the mu-
tation constant which controls the amplification of the differential variation (X,o — X,3),
the value of this parameter is randomly generated from the range [01], it should be noted

that multiple mutation methods were reported in[90].
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FIGURE 3.6. Differential evolution (DE) flowchart.

To improve the diversity of the population, the crossover operation comes into play,
after generating the mutant vector v;; through mutation, this operation assures the
production of fitter individuals, the result of this process is a vector u obtained by mixing

the components of v;; and X; the process can be expressed as:

vi;if rand<CPorj=j
u= ij f J =Jrand (312)

Xi otherwise

Where rand is a random number in the range of [01], CP is the crossover probability
constant, it controls the diversity of the population and it has a value between 0 and
1 [91], jrand 1s randomly chosen index. Once the crossover process is completed, the

selection process comes into play to decide whether the u; or X;vector survives for the
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next generation, this process is carried out to choose the fittest individual. The selection

process can be expressed mathematically as:

LLiG+1 lf f(uiG+1) < f(XzG)

X'G+1 _
; =
X6 otherwise

(3.13)

Where f(X) is the objective function to be minimized, and G is the generation count. Once
the selection operation is completed, the algorithm loop is repeated until the stopping

criteria is satisfied.
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FIGURE 3.7. Switching angles obtained by using DE algorithm versus modula-
tion index (a) THD versus modulation index (b).

Figure 3.7 show the optimal switching angles computed using the DE algorithm
versus the modulation index, these results demonstrate the ability of this algorithm of

solving the system of non linear system for a wide range of modulation index.

3.1.3 Simulated annealing

The simulated annealing is a stochastic global optimization method that can differentiate

between multiple local optima points[92, 93]. The algorithm is inspired from the process
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of cooling metal after heating it to get a perfect crystal structure with minimum defects

[94].

Initialize SA
algorithm parameters
J
Generate a new
solution

!

Evaluate using
objective function

|

Accepted?

Yes

Update the current
solution

|

Need to change
temperature?

l Yes

Decrease temperature

|

Stopping criteria
satisfied?

FIGURE 3.8. Simulated annealing algorithm (SA) flowchart.

While many optimization methods get stuck in a local minimum instead of converging
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to a global minimum, the simulated annealing solves this problem by performing a
random search. Figure3.8 presents a simplified flowchart of the simulated annealing
algorithm. The algorithm deals with the minimization of an objective function using
a parameter called temperature to evaluate the probability of accepting worst values
to escape local minima. The algorithm starts by defining the values of parameters and
algorithm operators, and also sets the temperature parameter T to an initial value with
initial set of solutions. In this algorithm new random solutions are generated for each
iteration, if the newly generated solution improves the objective function f(x) expressed
in (2.11) and gave better result than the previous one, then the proposed solution is
accepted. Another technique to evaluate the improvement of the system, is to accept the
new random solution with a likelihood according to a probability of e™*f) where Af is
the variation of the objective function, this variation can be expressed by the following
equation[95]:

Af = £ (x*) = £ (+47) (3.14)

Where £ is the current iteration.

3.1.4 Harmony search

The harmony search (HS) is a new optimization algorithm inspired by the music impro-
visation process [96]. It was first introduced in 2001 by Geem in [97] and it was initially
used to solve pipe network design problems in 2002 [98]. As a new population-based
optimization algorithm the HS has drawn the attention of engineers and scientists all
over the world and gained great success in multiple areas of research, especially in
process control, electrical power and vision systems [99-102].

It draws inspiration from harmony improvisation, when an artist tries to create harmony;
he usually tries different combinations of music pitches on his instrument to obtain
better harmony. Composing a perfect harmony is a very similar to the process of finding

an optimal result for an optimization problem.
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FIGURE 3.9. Harmony search (HS) flowchart for solving SHEPWM problem.

HS depends on two important parameters, harmony memory considering rate (HMCR)
and pitch adjusting rate (PAR) [103, 104]. The algorithm is composed of three main
steps: harmony memory generation, harmony improvisation, and harmony memory
update[105]. In the case of SHEPWM control strategy the HS is used as an optimization

tool to perform a random search for the global minima, which means forcing the objective
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function (2.11)towards a minimum value. Figure 3.9 demonstrates a flowchart of the HS
algorithm used to solve the SHEPWM problem.

The HS algorithm begins by initializing the necessary parameters such as harmony
memory size (HMS), HMCR, PAR, upper and lower limits (x,,;, and x,,,,) and the maxi-
mum number of improvisations (NI). It should be noted that upper and the lower limits
must satisfy Eq. (2.9).The next step is to create the initial harmony memory (HM).

The HM is a memory space in which the possible solutions can be stored. The initial HM
matrix consists of many initial solution vectors randomly generated. The initial solutions

are generated using the following equation:

X = Xmin +rand (Xmax — Xmin) (3.15)

rand is a random number with a value ranging from 0 to 1 and x,,;, and x,,,, are
minimum and the maximum limit values of the desired solutions. For n dimension and

HMS size, harmony memory can be writer as the following expression:

1 1 1
Xy X x;
— 2 2 2
HM = 2 .2l (3.16)
HMS HMS HMS
x] X, R

The next step of the algorithm is the solution improvisation. The improvisation of a new
set of solutions (harmony vector) [xi,xé, ... ,xfl] is based on HMCR, PAR, and random
selection. The HMCR, is the selection rate of a candidate solution stored in the harmony
memory (HM), the HMCR can have a value between 0 and 1, it is usually set between
0.7 and 0.95 in order to obtain good results[106]. (1 - HMCR) is the selection rate
of a random possible solution. The improvisation process can be written in following

expression:

x; € {xl,x2,..., xfMS) with probability HMCR
X %o (3.17)
x;€X; with probability (1 -HMCR)
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with i €[1,2,...,n] and X; € [xnin,. .. Xmaxl-

If the HMCR value is set to be 0.95 it means that the algorithm will choose the
decision variable value from the harmony memory with a probability of 95% or a value
form all the possible range (from 0 to § for the SHEPWM problem) with a probability of
(100 —95)% . Every element of the obtained solutions is subjected to whether it should be
pitch adjusted, which is determined by the PAR, whereas the 1 - PAR value is the rate

of doing nothing. The equation below describes the adjustment operation.

Yes with probability PAR
No with probability (1-PAR)

(3.18)

If the pitch adjustment decision is "No” the solution x; will not be modified, if the

decision is "Yes” x; will be replaced using the following equation:
x; =x; +rand x by, (3.19)

where rand is a randomly generated number with a value ranging from 0 to 1, and b,,
is an arbitrary distance bandwidth.

The next step of the algorithm will be the update of the HM . Once the improvisation is
achieved, the stored HM elements must be updated. In this process the HM is updated
according to the overall value of the targeted objective function presented in equation
(2.11). If the new improvised harmony vector [xi,x;, ... ,x,il] has a better fitness than the
worst solution vector in the HM will replace it [107].

The last step of the algorithm is checking the stopping condition, which in this work is
the number of improvisations. If the number of improvisations reached the maximum
value (N1) , the computation process stops. Otherwise the improvisation and the update

processes are repeated.
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FIGURE 3.11. Seven level inverter optimal switching angles obtained by using
HS algorithm versus modulation index (a) THD versus modulation index

(b).

Figures 3.10 and 3.11 show the computed optimal switching angles for five and seven
level configuration computed using harmony search algorithm versus the modulation,
and the resulted total harmonic distortion versus the modulation index, these results
demonstrate the ability of the algorithm of solving the optimal switching problem for a
wide range of modulation index, it can also be seen from the figures that by increasing the

number of voltages, the total harmonic distortion drops in some parts of the modulation
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index.

3.2 Application of artificial neural networks

3.2.1 Fundamental theory
3.2.1.1 Biological neurons

The processing of information in a human brain is done by biological processing system
composed of different elements, operating in parallel in order to produce function such
as learning and thinking. The most basic element of the processing system is called a
neuron, and its role is to transmit signals under certain operation conditions. Figure3.12
shows the basic structure of a biological neuron, and it’s composed of three main parts:cell
body,dendrites and axon. The cell body of the neuron, which includes the neuron’s nucleus,
is where most of the neural computations happen[108].

Synaptic terminal
Cell nucleus

Cytoplasm

Axon

Cell membrane

Dendrite

FIGURE 3.12. Structure of a biological neuron.

The role of the synaptic terminals is to transmit the signal from the axon to dendrites
of other neurons as demonstrated in figure 3.13 it’s worth noting that there are no
physical connection between the neurons forming a synaptic junction, so the neurotrans-
mitter elements released from the synaptic terminals are in charge of weighting the

transmission from the synaptic space to the dendrites of the next neuron.
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FIGURE 3.13. Structure of a biological neuron.

3.2.1.2 Artificial neurons

Artificial neural networks (ANNs) are mathematical functions modeled after biological
neural networks. the processing elements of an ANN are called artificial neurons.The
ANNSs imitate the mechanism of the brain. As the biological network (brain) is composed
of connections of multiple biological neurons, an artificial neural network is built using

elements that correspond to biological neurons called nodes.

0

X;j—™ Wy

X2—> W, Y gO)—vy

X n Wl’l

FIGURE 3.14. Structure of an artificial neuron.

[x1,x9,...,x,] are the input signals or samples coming from the external environment,
w1, wg and w, are the weights of each corresponding input, and 6 is is the bias.

The input signals coming from the external environment are multiplied by the weights
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before they reach the summing node (}°). The weighted sum u is called "activation

potential" and it can be expressed by the following equation:

X;. Wi +0 (3.20)

n
u =

=1
The output signal () expressed in equation (3.21) is the final result generated by the

network, this signal can also be used as an input to another network.
y=8w) (3.21)

g is known as "activation function" and its role is to limit the value of the generated

output within a reasonable range.

3.2.2 Main artificial neural network topologies
3.2.2.1 Single layer feed-forward topology

The single layer neural network topology is composed as its name suggests of one neural
layer which is also the output layer. Figure(3.15) presents the generalized single layer
topology, composed of n inputs and m outputs. The number of neurons that can be used
in this topology correspond to the number of outputs. this architecture is often used in

classification, system identification and pattern recognition problems[109-111].

FIGURE 3.15. Single layer feed-forward topology.

3.2.2.2 Multiple layer feed-forward topology

Unlike the previous architecture, the multiple layer topology has multiple hidden layers

and an output layer as figure (3.16) shows. This configuration is usually used for pattern
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recognition classification, system identification, process control, optimization and robotics
[112-120] .

Figure (3.16) shows an example of a multiple layer neural network topology composed
of a single input layer with n inputs, two hidden layers composed of n; and ng neurons

respectively and a single output neural layer composed of m neurons.

Vi
x>
M2
X3
Vm
x?‘ﬂ
Input layer 1*" hidden Output layver

laver
- 2" hidden

layer

FIGURE 3.16. Multiple layer feed-forward topology.

it can be noticed from figure(3.16) that the number of neurons used to construct
the hidden layers can be different from the number of signals composing the input or
output layer, in fact the hidden layer size depends on the complexity of the problem being
mapped by the ANN.

3.2.3 Training Process

One of the most important features of artificial neural networks is their ability to learn.
‘Learning’ or ’training’ process, forms the the interconnections between the different
neurons in the network. This process can be done by providing input and output data
(also known as targets) collected from the system or the problem to be mapped. The
network then is given a learning algorithm to follow and to compute the new weights
that will lead the generated output value closer to the given target.

Artificial neural networks can be a subject to either unsupervised or supervised learning.
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The unsupervised learning method does not require the knowledge of the desired output
values, this method is usually used for density estimation (statistics) [121] and commu-
nication systems [122].

Different from unsupervised learning supervised leaning method require as mentioned
previously the knowledge of desired output values for a given set of inputs. These in-
put/output data sets will act as teacher for the artificial network. The weights {w1,ws,...,w,}
and thresholds of the neural network are constantly tuned during the training process,
executed by a learning algorithm that supervises the difference between the generated

values and given targets with respect to the desired input signals.

3.2.4 Real-time selective harmonic elimination using artificial

neural networks

ANNSs are a very efficient tool inspired by the behavior of biological neurons; these
neurons can be trained to execute a particular task by adjusting the width of the
connections (also called weights) between nodes. As mentioned before, the purpose of
using ANNSs is to perform online SHEPWM control of the multilevel inverter. Figure 3.18
demonstrates the ANN structure proposed in this work. The proposed ANN structure
consists of three layers: input layer, hidden layer, and output layer. The input layer is
formed by a single node and takes the desired modulation index r as input. The output
layer is formed by ten nodes that correspond to the switching angles.The neural networks
are trained so that the input (modulation index) leads to a desired output (switching
angles). The training process (flowchart presented in figure 3.17) requires the knowledge

of a vast set of switching angles and their corresponding modulation indices.
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FIGURE 3.17. Artificial neural network training process for the SHEPWM
problem.

In this process, the weights (the connection between the nodes) are adjusted, based
on a comparison of the output generated by the neural networks for each modulation
index and the switching angles obtained by the optimization algorithm, until the network

output matches the data set obtained by the optimization algorithm.
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FI1GURE 3.18. Block diagram of the ANN based SHEPWM mechanism
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FIGURE 3.19. Comparison between switching angles generated by optimization
algorithm and artificial neural networks (for three switching angles left,
five switching angles right).

Figure 3.19 shows switching angles generated by optimization algorithm and artificial
neural networks for a system with three and five switching angles, it can be seen from

the figure that the artificial neural networks, were not only able to generate the same
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switching angles but also create intermediate results which allows us to use those

networks to control inverters in real-time.

3.3 Conclusion

This chapter focused on the different methods used to solve the optimal switching problem
(SHEPWM). As mentioned before, optimization algorithms offer a lot of advantages
compared to analytical such as the ability to converge towards a solution or multiple
solutions without the need for initial guess and the ability to escape local minima. The
chapter demonstrates also a real-time selective harmonic elimination based on artificial
neural networks, using this method can be useful in the case of studying these systems,
this approach allows us to generate solutions instantly without the need for computation
methods. This method will be applied on the proposed multilevel topology in the next
chapter.
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imulation and computer calculations have been extensively used in this chap-

ter to develop the proposed control methods. Multiple prototypes of multilevel

inverters have been built to validate the calculations obtained by optimization
methods. The developed prototypes and control methods have been the subject of ex-
tensive tests. The chapter starts by showing simulation and experimental results of
applying the SHEPWM strategy on a five, seven and nine multilevel inverter in order to
show the impact of increasing the number of voltage levels on waveform quality. Then
we discuss the possibility of using passive filters and their influence on the harmonic
performance of the converters. The chapter ends by presenting the proposed multilevel
inverter topology is a hybrid asymmetric multilevel topology with reduced device count
converter. The topology generates up to 21 voltage levels, combining this feature with the
selective harmonic elimination modulation method will lead to an excellent harmonic

performance, which makes the use of passive filters unnecessary.
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4.1 Application of selective harmonic elimination on
multilevel inverters

In this section, tests were carried out on multiple configurations of the cascaded H-bridge
topology demonstrated in figure 4.1, the number of voltage levels is increased each time
in order to see its influence on the waveform quality. A small scale prototype of the

cascaded converter was built in order to validate the obtained simulation results.

Vaer v
I
‘o I Load
Ve T{L»z
I
o

FIGURE 4.1. Circuit of the CHB converter used in the experiment

4.1.1 Five level inverter

In this case the input voltages of the converter are equal (V;.1=V4.2), which allows us
to obtain a five level voltage waveform. Table 4.1 shows the switching states for each

voltage level.
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Table 4.1: Output voltage levels (p.u.) with corresponding conducting switches for the a
5-level asymmetric cascaded inverter.

Voltage (p.u.) | Switches in (ON) state
2 S2,84,86,S7
1 S2,S3,S6,Ss
0 S2,84,S6,Ss
-1 S1,54,56,Ss
-2 S2,54,85,Sg

The system of non linear equations that describes the uniform five level waveform

can be written as follows:

Hq{=cos(61)+cos(B)=M @)
Hy =cos(301)+cos(302)=0
Where H; is the fundamental component and Hs is the 3" 4 harmonic. In this case the
system allows us to control the fundamental and eliminate a single harmonic since there
are only two switching angles. The third harmonic was set to be eliminated because
it has the highest amplitude in the spectrum. The system was previously solved for

multiple values of M. Figures 4.2 and 4.3 show the generated voltage waveform and the

corresponding FFT analysis (simulation and experimental) for =0.75.
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FIGURE 4.2. Output voltage waveform and the corresponding FFT of 5-level
H-bridge inverter
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CHLfe4aU M 25.8ms Hammirig

FIGURE 4.3. Output voltage waveform and the corresponding FFT of 5-level
H-bridge inverter

It can be seen from the obtained simulation and experimental results that the

targeted harmonic has been successfully eliminated.

4,1.2 Seven level inverter

In a seven level asymmetric configuration the voltage of the second power source (V;.9)
must be twice the voltage of (V;.1).The switching states of the semiconductor devices for

are presented in table 4.2 .

Table 4.2: Output voltage levels (p.u.) with corresponding conducting switches for the a
7-level asymmetric cascaded inverter.

Voltage (p.u.) | Switches in (ON) state
3 S2,S3,86,S7
2 S2,54,86,S7
1 S2,S3,S6,Sg
0 S2,84,86,Ss
-1 S1,84,86,Ss
-2 S2,54,55,Sg
-3 S1,54,85,Sg
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H{ =cos(01)+cos(62)+cos(B19)—m =0
{ Ho = cos(301) + cos(302) + cos(3019) =0 (4.2)

H3 = cos(501) + cos(509) + cos(5019) =0

Figure 4.4 presents the obtained simulation (top) and experimental results (bottom),
it can be clearly seen that the results are in perfect agreement. All the targeted harmonics

(8" and 5" ) were eliminated
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FIGURE 4.4. Output voltage waveform and the corresponding FFT of 7-level
H-bridge inverter
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FIGURE 4.5. Output voltage waveform and the corresponding FFT of 7-level
H-bridge inverter2
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Figures 4.6(a), 4.6(c), 4.6(b) and 4.6(d) show respectively simulation and experimental
results of the generated voltage patterns generated by the upper bridge and experimental
results of the generated voltage patterns generated by the lower bridge for the seven level
asymmetric configuration. Simulation results fit perfectly the obtained experimental
results. Both bridges generate same number of voltage levels with different patterns in

order to generate the seven level voltage waveforms.
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FIGURE 4.6. Voltage waveforms generated by the upper and lower cells of the
7-level H-bridge inverter

4.1.3 Nine level inverter

In the case of the nine level asymmetric configuration the voltage across the lower
H-bridge must be three times the value of the upper one (V.2 =3 x V4.1) to obtain the

desired voltage waveform.
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Table 4.3: Output voltage levels (p.u.) with corresponding conducting switches for the a
9-level asymmetric cascaded inverter.

Voltage (p.u.) | Switches in (ON) state | Voltage (p.u.) | Switches in (ON) state
4 S1,54,55,Sg -1 S2,S3,S4,Sg

3 S92,54,S5,Sg -2 S71,84,5¢,S7

2 S92,S3,S5,Sg -3 S2,54,54,S7

1 S1,S4,S6,Ss -4 S2,S3,S6,S7

0 S2,S4,S6,Ss

Simulation and experimental results of the generated waveforms and FFT analysis

presented in figure 4.7 show that all undesired harmonics are successfully eliminated.
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FIGURE 4.7. Output voltage waveform and the corresponding FFT of 9-level
H-bridge inverter
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FIGURE 4.8. Voltage waveforms generated by the upper and lower cells of the
9-level H-bridge inverter

Figures 4.8(a),4.8(b),4.8(c)and 4.8(d) present respectively the simulated voltage wave-
forms generated by the upper and the lower cell and experimental results of the voltage
waveforms generated by the same modules, It can be seen that the lower module func-
tions the same way as the seven level configuration, generating a simple three level
voltage waveform. Similar to the seven level configuration, the upper module generates
a three level waveform but in a different pattern, adding and subtracting the voltage

values is what allows us to generate the nine level waveform.
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4.1.4 Selective harmonic elimination for three phase inverter

In this experiment the selective harmonic elimination strategy was test was tested on a
three phase seven level asymmetrical inverter. and since the triplen harmonics (the odd
multiples of the third harmonic) are naturally eliminated in a three phase system.

The system tested in this experiment is a three phase seven level asymmetric inverter.
Each phase consists of two H-bridge module connected in series with unequal DC voltage

sources. Figure 4.9 shows the block diagram of the experiment .

STM32F4 PC(for Saving
data)

A

Microcontroller

Control signals
y

Optocouplers and Mosfet gate drivers | | Osciloscope

) o= A

Ui % H-Bridgel g % H-Bridgel Uy —-E H-Bridgel
u_.;_«—_EH-Bridch ar_.;_«—_EH-Bridgcl u.r;—-E H-Bridge2

FIGURE 4.9. Block diagram of the experiment

As mentioned earlier in a three phase system, the triplen harmonics are naturally
eliminated, therefore there is no need to eliminate them using the SHEPWM. So, the set

of non linear equations representing the system can be written as follows:

Hq{ =cos(01)+cos(0g)+cos(03) =M
Hy = cos(501) + cos(502) + cos (5603) = 0 (4.3)
Hg =cos(7601)+ cos(703) + cos(703) =0
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Where H,Hs and H3 present respectively the fundamental component, the 52 and the
7t harmonic.The system was solved for multiple modulation indices using the harmony

search method.
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FIGURE 4.10. Simulated output voltage (phase to neutral) waveform and the
corresponding FFT of three phase 7-level H-bridge inverter with m=1

(b)

FIGURE 4.11. Output voltage (phase to neutral) waveform and the correspond-
ing FFT of three phase 7-level H-bridge inverter with m=1

Figures 4.10 and 4.11 show simulated and experimental results of the generated
phase to neutral voltage waveforms and the corresponding FF'T analysis for a modulation

index of r=1. The simulation and the experiments results are in good agreement according
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to the figures. The FFT analysis shows that the targeted harmonics (5t and 7*) are
successfully eliminated. Figures 4.12 and 4.13 show simulated and experimental results
of phase to phase voltage waveform and the corresponding FFT analysis for the same
modulation index, it can be seen from the FFT analysis that triplen and the targeted

harmonics are completely eliminated.
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FIGURE 4.12. Simulated output voltage (phase to phase) waveform and the
corresponding FFT of three phase 7-level H-bridge inverter with m=1

FIGURE 4.13. Output voltage (phase to phase) waveform and the corresponding
FFT of three phase 7-level H-bridge inverter with m=1

In order to demonstrate the ability to control the fundamental component using

the SHEPWM for a three phase system, the value of modulation index is reduced, the
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resulting switching angles were applied to the mathematical model of the system and the
prototype. Figure 4.14,4.15,4.16 and 4.17 show simulated and experimental results of the
generated phase to neutral and phase to phase voltage waveforms and the corresponding
FFT analysis for a modulation index of r=0.5. The experimental results match perfectly

the obtained simulation results.
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FIGURE 4.14. Simulated output voltage (phase to neutral) waveform and the
corresponding FFT of three phase 7-level H-bridge inverter with m=0.5
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FIGURE 4.15. Output voltage (phase to neutral) waveform and the correspond-
ing FF'T of three phase 7-level H-bridge inverter with m=0.5

It can be clearly seen from the FFT analysis results that the value of fundamental
component has been significantly reduced compared to the fundamental value for r=1. It

can also be noticed that the targeted harmonics were successfully eliminated as expected.
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FIGURE 4.16. Simulated output voltage (phase to phase) waveform and the
corresponding FFT of three phase 7-level H-bridge inverter with m=1
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FIGURE 4.17. Output voltage (phase to phase) waveform and the corresponding
FFT of three phase 7-level H-bridge inverter with m=0.5

4.2 Application of SHEPWM and passive filters

In this section we study the effect of adding LC filters on the waveform quality. The aim
of adding LC filters is to smooth the generated waveform and to eliminate high order
harmonics while the selective harmonic elimination strategy eliminates the low order
harmonics. The number of voltage levels is increased in order to observe any significant
change in the waveform quality. A laboratory prototype is built to validate simulation

results.
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4.2.1 proposed topology

Figure 4.18 illustrates the structure of the proposed single-phase inverter, it consists
of two H-bridge modules connected in series. V4.1 and Vg9 are the isolated DC voltage
sources for the H-bridge modules. An LC filter is added to each of the modules as the
figure demonstrates.In this study the inverter is operated in two configurations 5-level
and 7-level in order to observe the impact of adding more voltage levels on the quality of
the generated AC voltage waveform, and also adding and removing the filters to observe

their effect on the output voltage.
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FIGURE 4.18. Proposed multilevel inverter with LC filter
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A laboratory prototype of a proposed single-phase CHB multilevel inverter was
built using IRF840 (500V, 8A) MOSFETSs as the switching devices, and IR2112 as
MOSFET gate drivers, 4N25 optoisolators for protection, and two laboratory variable
power supplies. Atmel SAM3X8E microcontroller was used to generate control signals.

SDS1000 siglent digital storage oscilloscope was used to capture voltage signals. Fast
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Fourier Transform (FFT) and THD calculations were performed by computer linked to
the SDS1000 digital oscilloscope via USB connection. Fig. 8 shows the experimental
setup used in this study.

FIGURE 4.19. Experimental setup of the Proposed multilevel inverter with L.C
filter

oDC power supply gMultilevel inverter 60scilloscope @Load eLC filters

4.2.2 Five level configuration

The 5-level configuration can be achieved by using equal DC sources (V;.1 =Vy.2) The

voltage levels for this configuration are generated using table 4.1.
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FIGURE 4.20. Simulated output voltages and the corresponding FFT of 5-level
inverter without LC filter (left) and with LC filter (right)
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FIGURE 4.21. Simulated output voltages and the corresponding FFT of 5-level
inverter without LC filter (left) and with LC filter (right)

Figures 4.20, 4.21, 4.22 and 4.23 show respectively simulated and experimental
output voltages generated by the Hybrid Genetic Algorithm based SHE and the corre-
sponding FFT without LC filter (unfiltered output voltage) and with LC filter (filtered
output voltage) of 5-level inverter for r = 0.86 (i.e. 81 =7.0540 , 62 = 67.05) with V.1 =
Vico = 15V.
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FIGURE 4.22. Experimental output voltages and the corresponding FFT of
5-level inverter without LC filter (left) and with LC filter (right)
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FIGURE 4.23. Experimental output voltages and the corresponding FFT of
5-level inverter without LC filter (left) and with LC filter (right)

4.2.3 Seven level configuration

the7-level configuration is obtained by using the asymmetrical configuration by setting

Vieo = 2V4.1. The voltage levels for this configuration are generated using table 4.2.
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FIGURE 4.24. Simulated output voltages and the corresponding FFT of 7-level
inverter without LC filter (left) and with LC filter (right)
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FIGURE 4.25. Simulated output voltages and the corresponding FFT of 7-level
inverter without LC filter (left) and with LC filter (right)
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FIGURE 4.26. Experimental output voltages and the corresponding FFT of
7-level inverter without LC filter (left) and with LC filter (right)

4.3 Proposed topology

4.3.1 Topology analysis

The proposed hybrid topology aims to generate high quality AC waveform without using
passive filters in order to avoid any loss in power. This can be achieved by using by
using non-equal DC input sources (also called asymmetric topology) and using a hybrid
configurations of simple H-bridge topology and bidirectional switches in order to generate
higher voltage levels with fewer switching devices than conventional topologies. Figure

4.27 shows the structure of the proposed hybrid inverter.
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FIGURE 4.27. the proposed hybrid inverter topology.

The converter can be configured in multiple arrangements to generate several voltage
levels. This can be done by changing the values of the input DC voltages table 4.4 shows
the possible voltage levels that can be generated by the converter. The converter can

generate up to twenty-one voltage levels.

Table 4.4: Possible voltages that can be generated by the proposed hybrid inverter.

Vic1,Vac2,Vaes | Vaea | m
1 1 9
3 2 11
2 3 13
2 4 15
3 5 17
2 6 19
2 7 21

Figures 4.28, 4.28 and 4.30 show examples of possible voltage combinations, it can be
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clearly seen that by increasing the voltage of the fourth DC voltage source (Vy.4), the
less we have redundant states, which increases the number of voltage levels that can be

generated.

possible voltages
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FIGURE 4.28. Possible voltage levels with V;.1=1, V;.9=3.
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FIGURE 4.29. Possible voltage levels with V;.1=1, V;.0=4.
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FIGURE 4.30. Possible voltage levels with Vj.1=1, Vj.0=7.

When compared to the flying capacitor and clamped diode configurations, the cas-
cade H-bridge multilevel configurations offers a lot of advantages; however, the cascade
configurations exhibits an important limitation for higher number of voltage levels. It
requires a large number of switching devices, protection circuits, and heatsinks, thereby

increasing production cost.
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FIGURE 4.31. Experimental setup of the proposed inverter.

The proposed hybrid single phase inverter is composed of two cells connected in series,
the upper cell comprises a simple H-bridge formed by S1,S2,S3,S4 and two bidirectional
switches S5,Sg and three DC sources with equal voltage values. The function of the
bidirectional switches S5 and Sg is controlling the connection of the DC sources to
construct the desired staircase output voltage waveform. The lower cell is a simple
H-bridge formed by S,1,Sp2,S,3 and Sp4, connected to an isolated DC source. The
valid switching states for all possible combinations (for twenty-one voltage levels) are
presented in Table 4.5, it should be noted that these combinations are only valid for the
following conditions:

Vdcl = Vdc2 = Vdc3 (4.4)
Vdc4 =7x Vdcl (4.5)

It means the voltage source connected to the second cell has to be seven times greater
than a single voltage source used in the first cell in order to obtain twenty-one voltage
levels. It can be seen from Figure 4.27 and equation (4.5) that the switching devices
Sp1,Sp2,Sp3 and S,y are under higher voltage stress comparing to the switching devices
used in the upper bridge, therefore switching devices with high voltage rating must be

used in the lower bridge.
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Table 4.5: Output voltage levels (p.u.) with corresponding conducting switches for the
proposed 21-level inverter.

Voltage (p.u.)

Switches in (ON) state

Voltage (p.u.)

Switches in (ON) state

10

O HN WK IO 3 0 ©

S1,584,8p1,Sp4
S4,55,8p1,Sp4
S4,56,Sp1,Sp4
S2,54,8p1,Sp4
Sg,S5,Sp1,Sp4
S3,S6'>Sp1,Sp4
S2,53,8p1,Sp4
S1,54,8p2,Sp4
S4,S5,8p2,Sp4
S4786,Sp2ysp4
S2,84,8p2,Sp4

-1

S3,S5,Sp2,Sp4
S3,56,Sp2,Sp4
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S4,86,Sp2,Sp4
S2,54,8p2,Sp4
S3,55,8p2,Sp4
S3,56,Sp2,Sp4
S2,53,8p2,8p4

4.3.2 Simulation and experimental results

A small scale laboratory prototype of a single phase 21-level inverter is built in order
to verify the analytical and simulation results. HIS5NA50 (500V, 15A) NPN MOSFETSs
were used as the switching devices for S1,S2,53,54,Sp1,Sp2,Sp3 and Sp4 . IRG4PH30K
(1200V, 10A) IGBT were used as used as the bidirectional switchesS5 andSg. RHRP1560

(600V, 15A) fast switching diodes were used for the bidirectional switches.

The laboratory prototype is shown in Figure 4.31. The control board consists of a

STM32F407 microcontroller, the board is used to generate control signals. The gate

driver board is built using TLP250 Photocouplers in order to provide electrical isolation

between the control board and power circuits and also to provide proper and conditioned

gating signals to the MOSFETs. SDS1000 oscilloscope 100MHz 500MS/s was used to

capture voltage waveforms.
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FIGURE 4.32. Voltage waveform generated by the proposed multilevel inverter
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FIGURE 4.33. Voltage waveform generated by the upper cell(simulation(a) ex-
perimental(b)) and the lower cell (simulation(c) experimental(d))

Figure 4.32 shows simulated and experimental of twenty-one voltage waveform
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pattern, it can be seen from the figures that the simulated pattern matches perfectly
experimental result.

Figure 4.33 shows the voltage waveforms generated by the upper and the lower cells.
It can be seen from the figure that the first cell is responsible for generating seven voltage
levels, whereas the second cell is responsible of generating three voltage levels. It should
be noted that the generated voltage patterns stay the same for any modulation index.

Figure 4.34 presents the optimal switching angles (in degrees) found by genetic
algorithms, particle swarm optimization, and the HS versus modulation index r with
r€[0.4,1.4] ; these angles are computed with a step size of 0.001. It can be seen clearly
that the some switching angles by genetic algorithms exceeded the upper limit of the
constraint expressed in equation (2.9) for » €[0.4,0.75] , whereas the HS algorithm was
able to generate solutions for all values of r within the desired range. It can be also seen
that the particle swarm optimization was not able to generate solutions, particularly
at angle 0; for r € [0.45,0.5] and also r € [0.65,0.7] , whereas the HS was able to find
all angles. The values of the HS algorithm parameters used in this simulation are as
follows:NI =1000,HMS =200,HMCR =0.95 and PAR =0.1..
Figure 4.35 shows the optimal switching angles (in degrees) generated by the trained

ANNSs versus modulation index r; the angles are generated with a fine step size of1075.
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FIGURE 4.34. Switching angles versus modulation index generated by optimization algo-

rithms: (a) genetic algorithm; (b) particle swarm optimization; (c) harmony search
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Figure 4.36 shows the output voltage waveforms generated by the inverter using
ANNSs trained by different methods for the same modulation index r = 0.975. The spectra

of the output voltage of the corresponding voltage waveforms are shown in Figure 4.37
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and it can be seen from the results that the ANN-HS method was capable of eliminating
all the targeted harmonics (from the 3% to 19**), whereas the other methods were not
capable of eliminating all harmonics, as can be seen from the results that the 3" d gth
and the 7** harmonics.
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FIGURE 4.36. Voltage waveform generated by the proposed inverter: (a) genetic
algorithm; (b) particle swarm optimization; (c) harmony search. (simulation
results)
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4.4 Conclusions

This chapter is divided into three main parts, in first part the selective harmonic elimi-
nation strategy was applied to conventional cascaded H-bridge converter; the strategy
was tested on the five, seven and nine level configuration in order to see the effect of
increasing the number of voltage levels on the quality of the generated waveforms. The
strategy also was applied on a three phase seven level converter in order to see its
effect on a three phase system. In the second part of this chapter a passive filter was
added to the converter, combining the SHEPWM strategy with the ability of the LC
filter of filtering high order harmonics resulted in much better harmonic performance
than the previous part. Although the great results obtained by combining LC filters with
SHEPWM strategy, this method is not suitable for high voltage high power applications
due to the nature of the passive filters. In order generate high voltage waveform with
minimal power loss, a filterless power converter is needed. The third part of this chapter
introduces the proposed multilevel converter, which is a hybrid asymmetric multilevel in-
verter that can generate up to twenty-one voltage levels, combining this advantage with
the selective harmonic elimination strategy resulted in better harmonic performance

than the previous configuration.

121



CONCLUSIONS

new hybrid asymmetric multilevel inverter with reduced device count is pre-

sented was presented, the main advantage of the proposed topology is the high

number of voltage levels generated with less switching elements compared to
conventional converters. This topology promises a considerable improvement in terms of
voltage waveform quality, cost and efficiency.
A real-time harmony search based selective harmonic elimination modulation technique
was applied to the proposed inverter topology with the objective of improving performance
and extending its life span. The real-time modulation technique is based on artificial
neural networks trained using off-line solutions found by harmony search optimization
algorithm. In order to validate the theoretical assumptions and simulation results, a
small scale prototype of the proposed topology is built, the prototype was a subject to
extensive testing. In order to evaluate the performance of the proposed control technique,
it was compared to two of the most used optimization algorithms in engineering (genetic
algorithm and particle swarm optimization).
The real-time harmony search SHE-PWM has been successfully applied. The method
was able to eliminate all the targeted low order harmonics, and performed better than
other methods.
The thesis also investigates the possibility of using passive filters along with the selective
harmonic elimination modulation strategy. The purpose of using the filters is eliminating
high order harmonics. By combining the two techniques, the inverter can generate a
high quality voltage waveform with low number of switching devices and switching fre-

quency.However using this approach will lead to a slight loss in power. Using a filterless
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multilevel asymmetric inverter will result in better performance in terms of AC voltage
quality and energy efficiency. Future work will be focused on exploring new multilevel
inverter topologies with reduced device count that can generate a greater number of

voltage levels and study the impact of other optimization methods on drive systems.

123



CHAPTER

APPENDIX A

5.1 Schematics

5.1.1 Optocoupler power supplies

The purpose of this circuit is to provide voltage to the gate driver integrated circuits
(ICs), the circuit is based on 7815 voltage regulator IC. Figure 5.1 shows a 7815 based
power supply for a half bridge circuit.

U1

TR1
n J 7815
E;— . vo |2
o
From230AC BR1 J2
1
== C1 A == C2 I@
T 2200uF T 1000uF
15V
BRIDGE

TR2
u2
7815
v vo |2
S
BR2 o] J3

1
—=C3 o ——c4 2 g
T™ 2200uF T™ 1000uF

15V

GND

BRIDGE

FIGURE 5.1. Optocoupler power supplies
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Table 5.1: List of components used in the optocoupler power supplies.

Component index Value
C1/C3 2200 uf
C2/C4 1000 uf
TR1/TR2 myrra 44087 (primary: 230V 50/60Hz, Secondary: 12V 1.5VA )
U1/02 7815

5.1.2 Driver board

Figure 5.2 the driver board circuit used in the experiments, the circuit uses the TLP25
IC driver/optocoupler to drive the switching elements. the circuit can drive four IGBTs

independently. Table 5.2 shows the list of components used in the driver board circuit

15V D1
R1 Ut |
From MCU(Signal_1) >———_—"21 2 fn w S R11
romMEUGignlb 10 s, 2 — > To Switch_1(Gate)
TLP250 J_ > To Switchﬁl(Source)
15V D2
I/I
RO U2 N
From MCU(Signal 2) >———{——% 21n w2 R22
omEN el 100 s | orst — £> To Switch_2(Gate)
TLP250 J_ > To Switch_2(Source)
15V D3
From MCU(Signal_3) >——_T—1 2 fa v jﬁ R33
romMEUGignld 10 s |, o — > To Switch_3(Gate)
TLP250 J_ > To Switch_3(Source)
15V D4
I/I
R4 U4 N
From MCU(Signal_4) > 1 2 1n vl R44
romMEUSienal.h 100 s | Yorst — &> To Switch_4(Gate)
TLP250 J_ > To Switch_4(Source)

FIGURE 5.2. Driver board circuit
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Table 5.2: List of components used in the driver board circuit.

Component index | Value
R1/R2/R3/R4 100 Q

R11/R22/R33/R44 | 10 Q
U1/U2/U3/U4 TLP250
D1/D2/D3/D4 MR856

5.1.3 H-bridge

Figure 5.3 shows the schematic for an H-bridge module. The H-bridge used in some of

the experiments is based on HI5NA50 power MOSFET with built-in freewheeling diode.

Vdc
S1 S3

From TLP230 >—||]g HISNASO g T30 D_Jl]g HISNASO

Ql Q
From TLP230 5 [E HISNASO s oo —] [E HISNASO

FIGURE 5.3. H-bridge circuit

5.1.4 Bidirectional switch

The bidirectional switch used in the experiments is composed of an IGBT (IRG4PH30K)
with four fast switching diode (RHRP156) as figure 5.4 shows.
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FIGURE 5.4. Bidirectional switch
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