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Voltage source inviers have become widely used in the last decade primarily due to the fact that
the dangers and limitations of relying on fossil fuel based power generation have been seen and the
long term effects felt especially with regards to climate change. Polingtdaagets have bee
implemented such as from the Unitecthns climate change conference (COPxx) concerning
human activities that contribute to global warming from individual countries. The most effective
way of reducing these greenhouse gases is to turn to renewable energy sources such as the solar
wind etc nsteadof coal. Converters play the crucial role of converting the renewable source dc
power to ac single phase or multiphase. The advancement in research in renewablscemeegy

and energy storage hasade it possible to do things more efficientlyrilever before. Bgular or 2

level inverters are adequate for low power low voltage applications butdhawbacks when being

used in high power high voltage applications as switching components have to be rated upwards
and also switch between very hight@atial differencesTo lessen the constraints on the switching
components and to reduce the filt erpreferpedovee qui r
two |l evel voltage source inverters (VoSltypes) . T
of MLI&6s and compares four different pulse wi
in MLI under consideration: three, fivaeven and nine level inverters. Harmonic content of the
output voltage is recorded across a range of mtdualandices for each of the three popular
topologies in literature. Output from the inverter is filtered using an L only and an LC filter whose
design technigue are presented. A generalized prediction algorithm using machine learning
techniques to givéhe value of the expected THD as the modulation index is varied for a specific
topology and PWM switchingnethodis proposed in this study. Simulation and experimental
results are produced in five level form to verify and validate the proposed algorithm.
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1.1  Background to the study

Voltage Source Inverters (VSI) araow widely used to generate alternating output voltage when only a
DC power source is availableMultilevel inverters have developed since their debut in the 1970s.
Switches have also developed from diodes and thyristoris the early days of the invertor followed by
MOSFETS and IGBTs which are still improving to this very dayhere are basically three types of

i Oi OEI AGAT ET OAOOAOO j-,)606qaqnh TAIT AT U S$EITAA #I1AiD
Flying Capacitor(also called the Capacitor Clamped, CC) and Cascade@ridige that are extensively
employed in power applications. Different types of carrier based pulse width modulation (PWM)
techniquesare employed on each of thehiree topologies mentioned above.

It is generally agreed that phase disposition PWM produces outputs with the least harmonics. This is
verified both in simulation and hardware. The various switching techniques mentioned before are
employed across variednodulation indices to see their effect orthe THD and individual harmonics of
the output voltage and current.In the past few years various ways have been suggesttpredict the
harmonics in the output waveforms. Among these are methods that use neural networks to predict
harmonics in a particular level. Most of these methods use more than 50% of the data available to train
the network but this research shows that even less data can be used to train a network that can predict
harmonics correctly.

Output voltage and current aresent to a filtering device whose design is briefly discussed.

1.2  Objectives of this study

1.2.1  Problems to be investigated

These questions are going to be answered in this research: How are Multilevel inverters different from
regular or two level inverters?Is there significant reduction of harmonics as the levels are increased
and how do theychange witheach level of MLI? How are the MLIs implemented both in software and
hardware? How are the PWM switching schemes for the regular inverters modified to suit MLI$Pow
does one filte the output voltage or current from these MLIs? Is the design of the filter different from
the two level inverters? Can harmonics be predicted and what about the THD?

1.2.2  Purpose of the study

This research gives an easy to understand review orthe diode clamped, capacitor clamped and
cascaded Horidge multilevel invert er topologies. It details how the different topologies are built using
circuit illustrations, how the PWM switching is achieved PD-PWM, POEPWM, APOEPWM, PSPWM
and VSFPWM) for regular inverters and develops this so as to be applicable for MLIs. Thwntrol of
each MOSFETswitching gate is examinedand the output filter design (L only filter and LC filter) is
discussed both in software and practically in hardware Harmonics fromthese inverters are studied
and abetter way of predicting them is suggested using neural networksThe suggested machine
learning method uses about 20% less training data than the methods in literature as will be discussed
in literature review.

1.3  Scope and.imitations

This thesis reviews the available multilevel inverter topologies. The diode clamped, capacitor clamped
and cascaded #Horidge inverters are discussed in detail.Hybrids or modifications of the basic
topologies are also discussed. The basic tolpgiesare all implemented in softwarefor the 3, 5, 7 and 9
level MLI and results compared briefly before only the cascaded-bridge starts being the only one



being considered. The modulation index is varied from the lowest applicable to a maximum of one
(linear region). In terms of hardware verification, only the 5 level cascaded h bridge is looked at
because of time and resources. An L only and [fifer are designed and usedwith the inductors and
capacitors bought over the shelf and not specially madéor this project. Hardware will not be
implemented on the other two topologies and the three, 7 and 9 levels will not be verified by
hardware.

1.4  Plan of development

Chapter two is the Literature review. It looksinto what has been done akady in this field and what
will be contributed to by this work. Chapter three introduces the topic of voltage source inverterin
more detail than the small introduction section aboveThe basic topologies of MLIs are lookkat, the
PWM schemes talked abouaind assignment & switching patterns briefly discussedbut not in full.
Chapter four improves the discussion on the assignment of switching patterns from the previous
chapter and illustrates how this is done by implementingthem in MATLAB Simulink. This chapter also
gives motivation for the components used such as switches, switching scheme, and MLI topology.
Chapter 5 implements thesoftware simulations in real voltage source inverter hardware.The design

of the output filter is discussed here before finishing the chapter with the prediction of harmonics in
MLIs. All relevant results from both software and hardware are given in chapter 6. Gapter 7
continues the discussion on some of the significance of the results from chapt6. Conclusions and
recommendations follow in chapter 8 and 9. The list of references is made in chapter 10. Chapter 11 is
the appendix section which includes some of the figures which were put there favoid a lengthy main
section.



2. Literature review

Different methods have been proposed and implemented to predict harmonics and THD for either
voltage or current outputs. The first method involves the separation of the output fundamental
components and high frequency componamtbie frequency domai8] [9] [11]. A generalization

is made in[8] after assuming there are no distortions on the input AC side and understudying a
special case where the rtmdamental voltage components have a phase angle and magnitude that
varies Inearly with the fundamental component. Harmonics generated by nearby loads are also
accounted for but the assumptions and generalization only work for systems with a maximum
voltage THD of 12%. A slightly different approach [@] builds a THD model basedn current

ripples. The THD is split into two groups which are below and above thé&@nonic component.

The paper suggests excluding the electromagnetic interferences and so switching behaviors and
their harmonics are ignored. Assumptions of ideal switches and no load operations are made when
producing the harmonic distortion model[irL]. Also, in [11]a transfer function using-zansform

is generated that relates the output current to the input current.

The Harmonic Balance method, which was previously limited to nonlinear microwave circuits and
electromagnetic field analysis, was dga [31] to predict harmonics in power systems. It models
different subsystems at circuit level and also takes into account interferences induced during
operation. A similar approach is also dong28] which assumehat the noflinear load is supplied

from a network which has series impedances and disturbances from neighbor loads. It then predicts
multiple outputs at a specified measuring point, which are the real and imaginary components of the
fundamental and harmonic currents.

Sewral other publicatios such as [2], [5], [7and [43] have used neural networks to provide a
suitable approximation to harmonics by taking measurements at the filter connection point. Among
them,[5] takes in both the input voltage and current to train the prediction algousging 75% of

the data and validates it using the remaining 25%. The paper then compares the accuracy of
different data resolutions used when collecting data and training the algorithm. A slightly different
approach is taken ifY] where a two layer feetbrward network is used in the estimation of the
stator voltage THD. A good proportion of the data is used in training the network (70%) but the
paper only focused on distortions up to th& B@rmonic. A single layer network is used[#) in

which distations up to the 39 harmonic component are used when training the network but only
validated for up to the 28harmonic. The paper however does not reveal how much of the data was
used to train the network. Half of the data collected was used to h&inetwork in[43]. Two

different machine learning techniques were applied and it was concluded that both methods could
not predict THD values above 12%.

This proposal builds upon the foundations laid up in the above studies where a single layer feed
forward network is used to train the network. A sigmoid function, being global, is used as the basis
or activating function. Only 20% of the data was usedrmining the network and predictions of

both the low frequency harmonics and high frequency harmonics (above the switching frequency)
were made successfully. Popular multicarrier PWM techniques were used across the three
multilevel topologies and outputsompared for various levels of the inverter. Of the three



topologies, the CHBVILI topology is chosen for hardware validation as a five level inverter and the
results are compared against the output from the machine learning algorithm.



3. Vol tage Source I nverters

3.1 Two level Inverters

Invertersare primarily usd to convert a dc voltage to an output waveformWhere the output
waveform is an alternating voltage, the inverters are called voltage source inverters (VSIs). These
canalsobe used in theproduction of a multiphase voltage when only a single phase supply is
available.They are used in a number of adacluding uninterruptible power supplies (UPSs),
flexible AC transmission systems (FACTSs), static var compensators, adjustable speed drives
(ASDs), hybrid and electric vehiclesmongst other thingdf the ac output is a current waveform,

then the inveer is referred to as@urrent source inverter (CSI).

Power electronic switches are used in the construction of these inverters and as such the output
waveform features fast transitiorether than smooth onebghis makes the output waveform appear

non snusoidal even though its fundamental is. The behaviour of the output waveform is governed
by the modulation technique which monitors the amount of time and sequencéowdedhe
switching. There are different modulation techniques such as the carrier based sine pulse width
method and the space vector methblde fundamental building block of ¥Sin general is shown

in Fig. 3-1.

. -
Vde/2 TA+\ 1 DAY
vde( o A =
Vdd/ 2= TA-\ K DA
L

Fig. 3-1: One leg of a switched mode inverter.

The above figure shows a single leg (or phase) from a switched mode inverter. The switches T
and Ta. operate complementarily. This avoids short circuit conditidb&+ and DA are
freewheeling diodeslt is desired that the output of the inverter be sinusoidal with controllable
magnitude and frequency. The output (drawn from point A) with respeabe negative of the DC

bus (N above) is called the terminal voltage. The output goes high whes @N and the reverse

is true.

Cascading two such legs produces a full bridge as shown in circuit below.



Vdd2 tas| DA+ TBR, £DBH
vde(") o
Vdc/2 —— TA 2 DA- B DB
| N |
A B

Fig. 3-2: Single phase full bridge VSI

The switch combinations used to control the circuiFig. 3-2. are described in th&able below.
The load is connected between the two output terminals A and B.

Table 3-1: Switch sates for a full bridge single phase VSI

state switch Van VenN Vout
TA+ TA- TB+ TB-

1 ON off off ON Ve 0 Vdc

2 off ON ON off 0 Vdc -Vdc

3 ON off ON off Vde Vde 0

4 off ON off ON 0 0 0

If N (the negative of the dc link) is taken as the reference, terminal A swings vatkl respect to

N when switch TA+ is switched ON ihable 3-1 above. \4. is the resultant from subtracting the

output at B from that at AWhen three singlé egs ar e put in parall el 8
displaced by 120° (of the fundamental frequency), a three phase 2 level inverter is formed. A
schematic is shown below:

s
+
Vdd21  tas  ;DA+  TBA DB+ ToR, DG
vde (" o
Vdd2== 1A\ | fipa B\ | Aipg O\ | Aipe
\ N
A B C

Fig. 3-3: three phase inverter circuit

In Fig. 3-3, outputs A, B, and C are the three phase outputs from the 2 levellu&Idifferent
inverter topologies can be controlled using various schethéle above three phase two level
inverter tas its switching devices controlled by Sinusoidal Pulse Width Natidn, the resultant
voltages will take thehaps illustrated in below.
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Fig. 3-4: PWM signal generation and different outputs fromithwerter

o

Fig. 3-4 above showsisusoidal PWM waveforms for a 3 phase 2 level inveramusoids \Via,

Vme and Vinc arethe modulating signal$or leg A, leg B andleg C respectivelypeing compared to

the carrier signalV¢ (a triangle in this case)t can be seen that whemmVis greater than ¥/, a
Ohighd is sent f r otime ugpérswitdhd@ gvhich incunrgee®N.dahisowill t o
make the output My swing to e with respect to the negative terminal N. Alternatively, when Vma
is less than Vcr, the switchad is turned OFF and the complementary switgh i switched ON.

This makes the outputa{ go to zero.

The same logic applies to the other g s . Each | egds output with r
and the line voltage is the difference of two phase voltages as shownghywMich is the
difference between ¥and \s. Although Vas does not look sinusoidal, its fundamentahsV is
sinusoidal The phase voltage has 2 levels and the line voltage has 3dswetpected

3.1.1  Modulation techniques

There areseveral modulation techniqueshich can be broadly divided into two categories;
fundamental switching frequency and high switching frequenwjuding the sinusoidal PWM
method used above. This special case of carrier based PWM method occurs when the modulating
signal is a sine wave (hence the name sinusoidal PWM) and the carviegfoma is a triangular

wave. For a modulating wavenywhose magnitude is v and frequengythe modulation index g

is defined as

Q — (3.2)
where vi is the amplitude of the carrier wave. The normalised carrier frequen@iso called the
frequency modulation ratio) is defined as

& — (3.2)

where {i is the frequency of the carrier waveforAmalysis of the half bridge circuit (one leg) it
can be seen that the outpui:gatisfies

0 —a (3.3)
in the linear region (g0 This.makes sense as the output can swing to a maximum of half the
supply voltage (positive or negativd).h e out put | i néshownlbélavgeds spec
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Fig. 3-5: output voltage spectrum

The first fifty harmonics in the output voltalyas of Fig. 3-4 are shown irFig. 3-5 above
Harmonicscan be seen at locations

Q W Q a potB (3.4)
whee h is the harmonic | ocation, fork224 4Fora¢ é f or
switching frequency of 500Hz (illustrative purpose only), the biggest distortions are close to the
switching frequency (h=10) and multiples theréldierefore, harmdos appear as sidebands with
the centre being the switching frequency and its multiples,&m 3, and so onThis is true for
modulation indices in the linear range.
Other modulation techniqueghich will not be implemented in this papae the sgare wave
modulation the sdective harmonic elimination PWM, sub harmonic PWM and switching frequency
optimal PWM The square wave modulated invett@s an output ac voltage whose magnitude is
controled by varying the input dc voltage thus the inverter only controls the output frequency. In
other words, for square wave PWNerters, ¥u has a constant relationship t@ unlike in
equation (3.3)Selective harmonic elimination works by injecting aBge harmonic components
into the modulating signal thereby removing the selected harmonics in the output which may have
been generated by the original pure sinusoidal refer&uteharmonic PWM uses-incarriers for
an m level inverter. These identicarriers of magnitudeyvand frequency:f are arranged such
that the bands they occupy are contiguous. The reference or modulataigssipen continuously
compared to these carriers, output going high whenever the reference is greater thaiethe carr
Lastly, switching frequency optimal PWM is similar to sub harmonic PWM except that the third
harmonic(or zero sequencé added to each of the carriers. A different modified reference is used
unlike in the other modulation techniques. This modified reference is got from subtracting an offset
voltage (which is the instantaneous average of the three reference wavefotimee@hase
system) from the original reference voltage for that phase.

3.1.2  Unipolar and Bipolar PWM

Bipolar PWM switching involves simultaneously switching the two switch pairSable 3-1.
Therefore, TA+ idirectly connected witiB- while TB+ is directly conneci# to TA- and thus the

four switches are controlled by two signals instead of.f8imce the signalpowering onepair
complementshe other, the output from a circuit implementing bipolar PWM has leg A output being
the negative of leg B outpas illustraed inFig. 3-6 below.
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Fig. 3-6: Bipolar switching

Output \sa is obtained from subtractingaV from Ve, in Fig. 3-6 above.Thus bipolar switching
utilizes states 1 and 2 rable3-1.

Unipolar switching however can utilize all of the switching statefahle 3-1 to make the output
voltage. This means that the output voltage synthesised this wagkeavalues of W, O, andi Vqc

at any instant in timeA carrier based technique can be used to generate the pulses such as
illustrated inFig. 3-4 and the output cabe seen to occupy the three voltage states mentioned ealier.

3.2 Multilevel inverters (MLISs)

Multilevel inverters have become widely used in high power inverter applications as well as in the
renewable energy sect@xmong the converters, the DC/AC converters play a different role to their
DC/DC counterparts. DC/DC converters are used to generaigh output DC voltagedm a DC

source where a DC/DC boost converter cannot achieve the desired voltage level. They also can act
as the link between primary DC low voltage sources and high voltage multilevel inverters (DC/AC
converters). These sourcesutd be batteries, fuel cells, photovoltaic solar panels, wind turbines or
superconductingnagnetic energy storaged/hen interfaced with multilevel inverters, the DC/DC
converter balances the input voltage of the inverter thereby removing the need fidexcoontrol

for the multilevel inverteroés input voltage.
Multilevel inverters have an output AC voltage unlike their DC counterparts. They are useful in
many applications where AC voltage is required especially from a DC source as explained above.
Renewale energy and DC supplies can be interfaced to the grid using these inverters and their
output is closer to a perfect sinusoidal waveform than the two level invetiégrst applications
include those listed under the twavel inverters exceptith the dfference being the power ratings

of the applicationsThere are thredasictopologies used in multilevel inverter§hese arehe

Diode Clamped (D@MLI), Flying Capacitor (FEMLI) and Cascaded #Bridge (CHB-MLI)
multilevel inverters.Other forms of inveders can be produced as hybrids or derivatives of these
three basic topologies

The regular PWM methods for the two level inverters can be extended to multilevel inverters. With
multiple carriers(3.1) becomes

a — (3.5)

where the variables vivandma retain their meanings as earlier and m is the number of levels.



3.2.1  Diode Clamped Multilevel Inverter (DC-MLI)

This inverter uses clamping diodes and DC capacitors to produce multilaltedtepac voltage. In
two level form, this inverter is called thdeutral Point Clamped (NPC) inverter. Diode clamped
inverters have the basic configuration illustrated below.

cL = Vdd/2 Sﬁdgg— 8|1 SCAQ%
&xD1 zD1 #b1
SR =2 2
Q2 =Vdcd/ 4
xD2 ] x D2 L ~D2 a
SA3j— S=c iy SC3—
N z~ D3 &~ D3 D3
A B4 o
L a
b
~dl xdl ~di c
SHES D1 w15
L ~d2
&3 F-Vvdd/4 rd2 S22 ~d2 25— S22
= s >
&
xd3 SN 3 ® Sec
A== -Vdd/ 2 ]
Saps Sﬁ% Sﬁl}%

Fig. 3-7:three phase D®ALI

The midpoint of thecapacitors in the middlen Fig. 3-7 (C2 and C3) determines the neutral point
and the output voltagesn bereferenced to this pointhen availableEach of the 3 phase outputs
share a common DC bus voltage. This voltage igldds into m levelqor steps) each capacitor

having a voltage of—— across it. However, iis noted that some scholars prefer to assign each

voltage level a value of ¢ and also reference the output to the negativemiaith means thactual
DC bus volage will be a value of (ri)V4e, Where \4c is the voltage across one capagitoot
across the DC linkT he subtle differencis illustrated inFig. 3-8 below.

‘ n"r HF thﬂﬁll |'II"'|“I m'ﬁﬁ
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Fig. 3-8: Outputphase and lingoltage waveforms when different references are used
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When the midpoint N is used Fig. 3-8, the output with respect to this point is\V If the negative

rail was used instead of the midpoint, then the output will be as shown by theaplsihdving s
translation relationship between the two plétewever, the reference point does not affect the line
to line output as indicated by the identical plots @&V

As with 2 level inverters,hie switches makingp each leg (or phase) are complenaent In Fig.

3-7, 4 switches are ON at any given time. By considering different m level values of the inverter, it
can be seen that the circuit requiresircapacitors at the DC side.

The number ofreewheeling(antiparallel)diodes per phase is 2{ty) and this will @ the same as

the number of switching devices needed.

Table 3-2 below shows the switching states and the corresponding voltage levels for a 5 level DC
MLI when the migoint N is used as the reference

Table 3-2: switching states and their voltage levels for a five levelNdG

Voltage Switching States

Van Sa1 Sz Sas Saa Su Sz Sas Saa
Va=Va/2 |1 1 1 1 0 0 0 0
V3=Vu/4 | O 1 1 1 1 0 0 0
V>=0 0 0 1 1 1 1 0 0
Vi= 0 0 0 1 1 1 1 0
-Vyc/4

Vo= 0 0 0 0 1 1 1 1
-Vac/2

It can be seen that a top switch cannot be ON at the same time as a corresponding bottom switch in
Table3-2. It is also evident from the table that sosweitches will be ON for longer than others, for
example &1 and S1will be ON for twice as longasSaz and Q3 Thus the current rating of the inner
switches will be higher than that for the outer switches and as a result, the clamping diodes require
different current ratings for the appropriate amount of current they will be bloékitagal of (m

1)(m-2) clamping diodeper phasearerequired if it is assumed that every clamping diode has a
blocking voltage rating which is the same as the switchingcdeVhis is normally the case in
hardware implementation as it will be easier to replace diodes or any other component if the value
is the same throughoun this case, the D®ILI6 s wlill éake the configuration shown below:
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Fig. 3-9: DC-MLI with identical clamping diodes

FromFig. 3-9 above, a total of (r)(m-2) which equald.2 clamping diodefor the 5 level MLlare
required. As m is increased, the number of clamping diodes required rises even (@oliokang a
guadraticrule) and the design becomes bulky to implement. To illustrate howntineber of
clamping diodess achievedlet us say an output voltage ofiMs requiredbetween the output
terminal and the negative ralfromTable3-2, all switches & to Sas needs to be ON whilst all the
complementary switchesaS0 Sy are OFF. Each diode hageverse voltage blocking ofdy(m-
1). Now thevoltage between C1 and C2 is/¥, therefoe diodeD1 has to block W/4, diodeD2
block a voltage of 2\/4, and diode D3 block 33d4. Therefore D1 needs 1 diode rategy, D2
requires 2 similar ratediodesand D3 requiring 3 diode§he same logic is appliedthen a zero
output voltage is required and instead all the bottom switches are ON

Advantages

An advantage of D@/LIs is that since all of the phases share a common dc bus, the capacitor
requirements of the inverter aeasy to meet. This enablése implementation ofbackto-back
convertertopology for use in applications such as adjustable speed drivetn backto-back
topology, two converters are connected to one common DC link. One converter works as a rectifier,
and the otherworks as an inverter thus allowing for power transfer in both directidhs.
capacitors of a D@ALI can be precharged as a group. Efficiency is high as the devices can be
switched at the fundamental frequency. If the level is high enougimona content will be low

and there will not be a need for a filter. It is possible to control the reactive power flow.

Disadvantages:

A disadvantage is that real power flow is difficultachieve as it is dependent the DC levels in

the capacitordeing maintained41]. Without precise control and monitoring, current may have a
nonzero net flow through the cells in one period of the output voltage since the capacitor plates
may be&ome unbalancedduring operationAnother disadvantage is that as tegel (m) of the

12



inverter increases, so does the number of clamping diodes retyithe topologywhich makes
implementation bulky.

3.2.2  Flying Capacitor Multilevel Inverter (FC -MLI)

FC-MLIs were introduced more than two decades agoan alternative to D@ILIs. There are
similarities in the main structure with that of EMILIS but instead of using clamping diodes,-FC

MLI uses DC capacitors in a ladder forimh ei r name i s such because t
with respect to th eartlds potential Fig. 3-10 below shows the schematic of a five level-MCI.

. g =
sop- w2 2p
=Vdc/4 7
o
sap ] =k
DC 3 <3 a3
=2 Q2
" | sup Sp e
o3 —=Cal L 1 Las a1 .
b
TCa2 Slp =2 DL =2 S ¢
a3 =3 Qa3
+-Vdo/4 w2p w2p w2p
S8 D3 o B
==-Vdc/2
%% D4 %ﬁ

Fig. 3-10: Threephase 5 level FBALI topology.

Ca1, Ca2, and Gs are auxiliary capacitors ifrig. 3-10 which are precharged to specific levels;
Vad4, Vad2 and 3\4/4 respectivelyThe inverter comprises of a DC source, four capacitors for the
DC bus (equal to 1), 8 switches per leg (fosets of two switches complementing each other) and
clamping capacitorsThe ratios(1:2:3:4)of the clamping capacitors to the DC liake the classical
ratios usedfor the five level MLIand results in an output voltage that has levels equal to the
number of switches (half of the leg) plus ofi¢here are ways which have been developed
increase the number of levels just by altering the ratios in the capacitor vg28e3 he voltage
difference betweetwo neighbouringcapacitor legs gives the size of the voltage steps at the output
side. An advantage of FMILI is that it allows for different switching combinations to yield the
same voltage level for the inner voltage levels. Thikustrated inTable3-3 below.

Table 3-3: five level FGMLI switching states and voltage levels.

Voltage Switching State

Van Su Sw2 Sz Saa Su Sz Ses Saa
V4= 1 1 1 1 0 0 0 0
Vac/2

V3= 1 1 1 0 1 0 0 0
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Vac/4 0 1 1 1 0 0 0 1
1 0 1 1 0 0 1 0
V2=0 1 1 0 0 1 1 0 0
0 0 1 1 0 0 1 1
1 0 1 0 1 0 1 0
1 0 0 1 0 1 1 0
0 1 0 1 0 1 0 1
0 1 1 0 1 0 0 1
Vi= 1 0 0 0 1 1 1 0
-Vad/4 0 0 0 1 0 1 1 1
0 0 1 0 1 0 1 1
Vo= 0 0 0 0 1 1 1 1
-Vuc/2

Table3-3 above shows the switching states and the corresponding voltage levels for a 5 fevel FC
MLI. There are alternative/redundant switching states for voltage levels Vdc/4,i0/do@t. This
shows the phase redundancies ofM0. The number of DC link capacitors () requiredis
obviously the samas in DGMLIs. If the voltage rating of the capacitors is the same as that of the
switching devices (just like the diodes may have the same eolttgng as that of the switching
devices), then the number of auxiliary capacitors required per phaseligni)/2, which is six
when m is equal to fivelable3-3 also shows that unlike in B®ILIs, the FGMLI does not require

that all the switches that are ON (conducting) to be switched ON conseculiivetjier words, to

get a certain voltage at the output of IMLI requires a specific switchinggttern as shown by
Table 3-2 which is not the case for the A@LI in Table3-3. In fact, Su and Q1 in the above table

are divided by what mape thought of as a mirror line@herdy the columns at identical places
either side of the line are complementary.

Advantages:

Phase redundancies give the advantage that switching combinations can be chossinvfutage
balancing on the capacitor§his is done to ensure that the inner capacitors have net charge and
discharge cycles that are eqyél]. Thus with suitable control schemes the power flow can be
monitored and controlled (real and reactive). theo advantage is thahd charge stored in
capacitors ensures that the inverter is resistant to voltage surges or small power outages.

Disadvantages:

As the level of the inverter increases, the many capacitors involved become hard to accurately
chargeand dischargeTheir control becomes complex as tracking or monitoring of each capacitor is
neededAlso, the cost of the inverter goes up and so does the physical size of the dwerterthe
increase in the number of capacit@svitching utilizationand efficiency are poor.
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3.2.3 Cascaded HBridge Multilevel Inverter (CHBLI)

As the nameplate suggests, this topology is made of series conneBradhels that have separate
DC sources. The outputs of theBfidges are connected in series hence the need to use separate or
isolated DC sources. An illustration of this topology egi inFig. 3-11 below.

Fig. 3-11: threephase 5 level CHB/LI topology

In Fig. 3-11 above, &1 acts complementarily with §. Should these two be ON simultaneousty a
obviousshort circuit results. Each single phase or leg can generate three different output voltages.
The ouput of the cell at the top in leg A isp¥ if Sa1 and S2are ON. This swings to the negative

rail (-Vpc) if Sarand S are ON. A zero (0V) output results when either &d S2 OR Suand 32

are ON.The actual generation of switching pulses and hay #re assigned to each switch will be
detailed in the next chaptdn reality, a smoothing capacitor is put across the dc source and a small
pull up resistor in series with the capacitor. Hence, each cell will need a separate DC source parallel
with a cgacitor which will be connected to a series resistor.

When outputs irFig. 3-11 are all loaded and connected to a star common point the outputs can be
derived by use of equations. The star p¢iod sidewill be the zero or reference voltaged the
common point of ta bottom cells will be the neutral point Which is usually not equal to zero

volts as shown irFig. 3-11. Thus Va = Van T Von. The linevoltages can also be derived by
observation: M= VanT Von. These observed equations can be put in matrix form for all the line
voltages and for all the phase voltages.

The phase voltages will be expressed as:

w pT[T[('b w o
) w Omp MW W O (3.6)
w mTmp W « O

where the matrix with abc is just replacing the subscript xxig{(tywith a or b or ¢ depending on
phase.
The line voltages can be expressed a

® P p T @
&) w 0 m p p W (3.7)
@ p T p W
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where the matrix with abc is defined as in (3.6) ab&Veh both the phase and the line voltages,
the voltage of the star point created by joining the loads can be calculated:

W — (3.8)

Advantages:

The number of output voltage levels is more for the same number of input dc sources than for other
topologies. The individual Hridge cells can be made and assembled separately allowing for a
modular testingThis modularity allows individual cells to be controlled independently of the other
cells meaning different controllers can be used on different modules, unlike in the other topologies.

Disadvantages:

This topology requires separate DC sources as inputheoindividual Hbridge cells. This
obviously adds unwanted cosfEhe cost of separate DC sources may be mitigated by using
transformers or a single transformer with multiple tap points which are isolated.

3.3 PWM techniques in Multilevel Inverters

PWM techniques employed in regular thewel inverters can be modifiddr applications in

multilevel inverters These are Sinusoidal PWM (SPWM), Space Vector PWM (SVPWM),

Selective Harmonic Elimination PWM (SHEPWM) and Delta PWM (DPWM) anaihgrs.The
techniques can be classified by their switching frequémtoytwo groups; fundamental switching
frequency and high switching frequen8ome of the switching methods can fall into either of the
groups as it is possible for them to wardthatthe fundamental frequenend atany selected high
frequency. The switching method selected affects the DC bus utilization, which is the ratio of the
output voltage compared to the DC bus voltage.

The sine PWM method illustratedfing. 3-4 can be expanded and used in multilevel inverters as
well . This re¢guwi rcag rtiteeg suderofanémmmé | evel i nv
in the conventional sine PWM methdchis multicarrier PWM technique can also be referred to as
Sub-harmonic PWMHaving multiple carriers raises the possibility that they can be arranged in
several ways with respect to the modulating waveform. Of these ways, the popularly used methods
are considered and compared against each other. One phase stifted amd three level shifted
methods are described beléov a five level inverter
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Fig. 3-15. Phase Shifted PWM
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Fig. 3-16: Variable Frequency Pulse Width modulation

Fig. 3-12 shows four carriers evenly distributed about a modulating signal for a five level inverter.
The carriers are coiguous andare distributed evenly acro entire amplitude of the sinusoid

with the zero crossing separating the top two signals from the bottarRhase disposition PWM
(PD-PWM) hascarriersthatstart and finish at the same tiffearriersare said to be in phase) as
shownin Fig. 3-12. When the top two carrier signal are in phase but are 180 degree out of phase
with the two bottom carriers, the modulation techniggeome known as Pra§pposite
DispositionPWM (PODPWM) as illustrated byig. 3-13. If otherwise each carrier is 180 degrees
out of phase with the next then an Alternative Phase Opposite Disposition PWM (RAGA) is
producedas shown irFig. 3-14. The carriers can also occupy the same bands in amphitudeave
different angles thereforartat different points in their cycles as illustratedig. 3-15.

There are other switching schemes which will not be used in this project bbewi#ntioned for
completeness.fle Variable Switching Frequency PWMMSFPWM)in Fig. 3-16 recognises that

the top most and bottom most switches are ON most of the time when compared to innermost
switches. It therefore switches the outermost switches at a lower frequency tharett@niitches

all in pairs; topmost paired to bottom most, second from top paired to second from bottom and so
on. Anothersimilar switching techniquswaps the switching angles after a specific time int¢oval
ensure the switches are ON for similar tirhesice avoiding overcharging/oveischarging of one
capacitor more than the others

3.4  Other Multilevel Inverter Topologies

There are various derivatives or combinations of the basic multilevel inverter topologies discussed
before. These aim to fill in thgap that may be left by using the basic inverter topologies and
normally are just tailor made for specific applications. A few are discussed below for the sake of
completeness.

3.4.1 Generalised Multilevel Inverter Topology

A generalised multilevel topologydtted the P2 topology) proposed by Peng can be used to derive
the basic multilevel inverter topologies. This topology has a characteristic that its voltage levels can
O0selal anced I n situat iwhetBertoefeiswadive prircagpoweoflom. pat t
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Each capacitor and switch has a voltage Vdc across it which is \Adg¢/(fhis is shown irfrig.
3-17 below.
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Fig. 3-17: single phase generalized P2 MLI

Fig. 3-17 above shows the P2 MLI structure being composed of individual basic P2 cells. There is
therefore a similarity between and the GINR.I in the sense of being modular and being composed
of basiccells.

3.4.2  Mixed-level hybrid MLI

Multiple DC sources may be required in high voltage high power applications and the cost of
separate sources may inhibit the application of certain topologies. To reduce the number of sources,
several ways exists that caa bsed among them the use of DICI or CC-MLI as units or basic

cells to a CHBMLI. This is illustrated below.

It can be seen iRig 3-18 that the resultant hybridime level cascaded MLI is composed3dofevel

DC-ML | as the basic c e-ML svould fequibeptsepardte DIC sdurees ¢ol C
produce the same single phase output. This meand2he¢parate DC sources would be required

for a three phasklLI, which may be too expensive.
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Fig 3-18 Mixed-level hybrid MLI
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Fig 3-19: Mixed-levelhybrid MLI with unequal sources

In the above mixedevel hybrid MLI, the number of DC sources required per phase has been
reduced by half. The number of levels which can be achieved from a symmetritCHS8

a ¢ p (3.9
where m is the number of levels and n the number of dc sources.
On the other handniasymmetric CHBVILI more output levels can be achieved for the same
number of dc sources as with symme@idB-MLI. Where the DC sources are said to be binary
(taking values of multiples of two only) the number of levels expected is:
a ¢ p 06 € 61AQ 0 Odors k 6 (3.10

where m and n are defined as in 3.9
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Should the sources be ternary (thaldssource values being multiples of three) then the number of
levels beomes:

& o 08 £ 610AA O GOEBROME o 6 (3.13)

where m and n are defined as in 3.9

So for the example iRig 3-18, it can be deduced from 3.9 to 3thht 2 voltage sources on a single

phase will yield a 5 level CHBILI if the sources arequal in voltage. Should the sources not be
equalandinsuchawa t hat oneds voltage is twice-Mtlhe vo
is realisedas inFig 3-19. For dc sources where die/oltage is three times the otlieen a nine

level MLI is realised.
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4. 31 AFOxAOA 3 EI Ol AOET 1T

There are various ways to simulate voltage source inverters. Simulatisoftware allows
designers to test if their suggeste@thod or ideavorks before implementing it oa prototype.

This may save time and money and as such it is important that thorough experimenting and testing
is done in software. It therefore makes a lot oksetiw choose a software package that can simulate;

as much ass possible, the proposed idea in a way that resembles the finished pFadtiatately,

there are many software packages that exist today and some are even open source(free). Notable
examples are PSpice, Simplorer, MATLAB and LabVIEW.this project, MATLAB Simulink

software was used. Simulink allows drawing schematics that have editable parameters and runtime
environment similar to what real life components would do.

There are various switching devices that are used in power electaomicgjthem bipolar junction
transistors (BJTS), intrinsic gate bipolar transistors (IGBTs) and metallic oxide semiconductor field
effect transistors (MOSFETSRBJTs are made by fusing two diodes back to back which results in
two PN junctions sharing a common P or Nntenal. The P or N denotes positive or negative
semiconductor material8y applying a small voltage, the transistor carcoetrolled to operaten
different zones, namely; active regifzan be forward active or reverse active), saturation and cut
off. BJTs have three legs (emitter, base and collector) which can be paired in different
configurations when connected in an electrical circuit with one connection common td beth.
common emitter (or grounded emitter) has the emitter connected to both thandpoutput sides

of the circuit. Therdas also the common base and common collector configurafioa different

ways of connecting the transistor legs means that the output behaves differently in each case.
Common emitter has both current and voltagie gamplification). Common base onhas voltage

gain whilst common collector only current gaiApplications of these different transistor
configurations can be seen in amplifiers, oscillators, on/off switches, rectifiers and filters. For the
purposes neked in this research, only the configuration that makes a BJT operate as a switch will
be consideredlo operate as a switch, logically the BJT has to be operated in the saturation and cut
off regions alternatelyThe downside is that even in cut offode, there will be some leakage
current flowing through the transistoEurthermore, BJTs are relatively slow to turn off (a
characteristic feature called current tail) and are susceptible to thermal runaway due to their
negative temperature coefficiemtlso, when the transistor is fully on, there is also some voltage
dropped across the internal resistance of the transistor.

Similar in structure and properties to the BJTs are the Field Effect Transistors (FETS) which differ
in that they are voltage contiled and not current controlled three legged representation is shown

in Fig 4-1. Just as amall current is used in BJTs to switch on a much higher mutheougha

circuit, so is a small voltage required at the gate of the FET to operate a much higher current in the
circuit. FETs can be made smaller than equivalent BJTs anddwgepower consumptiorFETS,

unlike BJTs, also havkigh input impedance, whicheans they put little or negligible load on the
external components or circuitrfhey can be classified as Junction Field Effect transi§léisSTs)
andthe more commoetallic Oxide Semiconductor Field Effect Transistors (MOSHBEA¥KIich

are also called Insulated Gate Field Effect Transistors.

Unlike the BJTs which were made from two Fdinctions, JFETs are made from a piece of high
resistance semiconductor materdiich may be doped (impurities intentionally added to alter the
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electrical properties)When the doped material has a lot of positive charge carriers or holes it is
referred to as being-typgor p-channel) Alternatively, the doped material may contain a lot of
negative charge carriers or electrons and will be rafdeas being Htype (or n-channel) At each

end of the semiconductor material are two ohmic contadksd the gate and drain.

Drain Drain

Gate < Gate

Source Surce

Fig 4-1: Schematic of a MOSFET

So thechannel of the JFET is a resistive path through which a voltage between drain and source
causes a arent to flow through the drain. JFETs can conduct current either way through them
depending on theoltage applied between the gate and source which biesgmtesource pn
junction thereby widening or restricting the depletion layer (region on channel that does not have
mobile carriers)The amount of current flowing between the drain and source is controlled by the
voltage applied at the gate, whiclréverse biased.

It is possible to connect JFETs in 3 different ways just like in BJTs. There is the widely used
commonsource configuration wheog the input is applied to the gate and the output taken from the
drain. This way, the JFET will have high irtgmpedance. Another way of connecting the JFET is

the common gate configuration which does not have high input impedance andihpsttapplied

to the source with the output taken from the drain. Lastly is the common(draaurce follower)
configurationwith unity voltage gain, high input impedance and low output impedance.

Another type of FET besides the JFETs is the MOSFETs whose input gate is electrically insulated
from the current carrying channdlhe name of MOSFEs can be a bit of mis
or O0oxi ded p amnanacteaf metaltor amaxige sirdifferentodielectric materials can

used for he semiconductor, e.g. silicondust lik the JFETs, MOSFETs also hakigh input
impedance and shiol be handled appropriately as they can easily be damaged with static
electricity. The actual three leg chip comes either as a normally ON or normallgé€peRding on
enhancement type. The former indicates that current can flow through the channel gaen if
voltage is zero whilst the later means no current flows through the channel with zero applied gate
voltage.

The last switching device considered is the Insulated Gate Bipolar Transistor (IGBT). This mixes
the advantages of a BJT namely; the low sdion voltage and combines them with those of the
MOSFETS; high input impedance and high switching spkedssence, this is a Darlington type of
transistor made from an FET and a MOSFEMe only drawback is the relative cost of this device
compared to BTs and MOSFETSs.

Choosing between the various switching components has become more complex than before, not
that it is difficult but thathere now exisa wide range of choices. For the task at hamy of the
switching devices discussed above vank, with some better than others. To elaborate, the BJTs
can be used as switches in this application (operation in saturation aoifl iI@gions alternately),

but being current controlled means the leakage current results in too much unwanted p@ser loss
(which may compound on heating problems as wélg relatively large tus®N current requed

is just dissipated as heat atha current tails negatively affect the tu@FF characteristics of BJTs.

23



On the contrary, FETs are voltage controlled amd OFF or ON without significant current tails.

As such,the voltage controlled devicésnd to be preferredhis leaves the IGBTs and MOSFETSs

as the switching devices of choice.

Previously, MOSFETs were preferred in low applications whilst IGBTs wbeldreferred for
medium to high voltage applications. In terms of switching frequency, IGBTs were considered for
applications below 20khz whilst MOSFETS would generally be useduoh higher switching
frequencies. This is depictedfig 4-2 [53] below.

1400 %
1200 - IGBT
= 1000 >
S 800 -
£ 600 IGBT 7?7 MOSFET
o
> 400
200 1 MOSFET
0 T T ]
1 10 100 1000
Frequency (kHz)

Fig 4-2: guide for selecting MOSFET or IGBT

The criteria set iffig 4-2 have@reydareas where each thfe two switching devices has absolute
advantge over the other thus leaving the choice of switch to the desf@hatmost importance to

the designer ishe breakdown voltage rating (amongst other voltage ratings) and switching
frequency. From figure above, a breakdown voltage of below 260V automatically meant MOSFETs
would be used whilst switching below 20kHz meant IGBTs would be the default choice. Hpweve
research has since improved on either of the above two switching devicéseasttides inthe
advancemenbf eachso vast that the overlap region is even bigfs8]. This means device
selection is application specific taking into accouatiables such as costs, heat dissipation, size
and maybe speed as wdllpical operations for MOSFETSs are high frequency, wide load variation,
low power (or voltage) applicatiorsich as in switched mode power supplies and battery charging
systems. IGBT=on the other hand are prevalent in low frequency, small load variations, high
voltage (or power) applications such as in motor control, UPS and weldiiggproject will utilize
MOSFETSs as the switching devices as it will focus on low voltdger powerapplications.

The previous chapter introduced how the control or gate signals are generated for eachtswitch.
also included a summary of the most common PWM modulation techniques that are applicable to
MLIs. As previously mentioned, five level DRILI requires the use ofour carriers (rdl).
Depending on PWM method, the carriers can be arranged to mimic the illustrations in chapter 3.
Below isthe Smulink block diagram showing[®»>PWM.
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Fig. 4-3: Generation of signals usindPPWM
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The amplitude of the carriers can be calculated using the modulation index equation (3.5). Suppose
the modulation index is g+ 0.8 and that the modulating signal is the normal household ac voltage
(220V), then the carrierdés amplitude is calcu

0.8=

Hence the carriera@s @@ plThetabod ealculadon is iwhaetlke blocks
on the right inFig. 4-3 are accomplishing and since the Ml is varied in this study it is necessary to
have a block just to adjust one parameter and not all numbers.

|

AR
Y IR

v N T T T Y T T I I

= A ALARAR AR AN

Fig. 4-4: Generation of carrier waves

Theillustration above irFig. 4-4 shows how the carriers are made using Simulink block diagrams
in Fig. 4-3. First the carrier is amplified (by multiplication to the required amplitugi®j then
translated (by addition or subtraction of multiples of carrier amplitude) to the required voltage level.
The four carriers will occupy contiguous bands as their centre values only differ by multiples of
carrier amplitudeThe other carriers are made by adding or subtracting multiples of the amplitude
as described above to shift the carrier to the desirdducen
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Fig. 4-5: block diagrams combined into subsystems

The block diagrams for the production of the gate signals can be combined to form a subsystem and
connected to the main VSI circuit askig. 4-5 above.Fig. 4-3 is transformed by the subsystem
function in Simulink to become a single block suchd@kase A block in Fig. 4-5. The block
namedd&hree phase V8lis the Simulinkrepresentation oFig. 3-7 and each of the phasese
controlled by the blocks named phase A, phase B and phase C. As described above, each of the
blocks has eight signals, four from the original output and four from complemehgéngriginal

output Voltage and current measurement blocks are added before the scope

The blocks for generating pulses used for the DG will resemble those for the FMILI due to

the similaritiesin the structure of these topologigss such,Simulink diagrams both lookkie the

above figures Kig. 4-3 and Fig. 4-5) except for the routing of eachgsal to the gates as that
depends on topology.

To view the contents of each subsystelocks suchas inFig. 4-5, simply rightclick on the block

and select |l ook 6under subsystemdéd or O6maskbéb.

4.1  DCMLI Voltage Sourcenverter Simulink setup

Thethree phase five level B®ILI with similarly rated diodes ig®wn inFig. 4-8. As described in

the previous c hapidpewitchesantd the sdrdel nunber $or tiie morresponding
bottom switcheger leg or phase The number of top switches is also equal to the number of
capacitors that are required for establishing the DC link, which can be shared in the case ef the DC
MLI or the FGMLI. A t ot a-I)(m@f) 66 cmampi ng diodes are need
identically ratedThe bl ock named 6t hree phase VSIO6 is
phase blocks such as the one shown belokign4-8. With regards to the control signals for each
switch,t he t opmost contr ol signal (going to the
control signal 6phase _Alsignal(Tcheael |ceodmpdspednbtaibe AoS5F 0
compl ement of the topmost switch, which is 6
bottom half set of switches. Similarly, the second switom the topset of switchedrom Fig. 4-8
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isnamed O Mnodsig§centrdledl bythe signal namedphase A8 whi | st t he coc
control signal O6phase_A606 c ontsrfcelTHe @thdr eontrele ¢ 0 n
signals all power the remaining gates in the very same way described @be\distribution of the

control signals is illustrated iRig. 4-6 below.

| Vo2 mé
D1 W?
TVdd4 K2 WJ%
e ] ]

\H‘ ‘
MB
i
B . TTL’_(T

d1im

4 _vdo/4 2nd2

113

~d3
=-Vdc/ 2

Mostet7
g

Fig. 4-6: gate control signals distribution DKILI

The topmost signal (for OMosfetdé, colour blue
signal of the bottom switchgs\osfet4d ¢olour blue) inFig. 4-6 above.

4.2  FCGMLI Voltage Source Inverter Simulink setup

Fig. 4-9 shows the configuration for the fiveviel FGMLI in Simulink. Just like the DEMLLI, this

t oo Rlabés téoop switches with the same number of
Likewise, the number of top switches is also equal to the number of capacitors that makes up the
DC link. In the place of clamping diodes which the IML| uses are clamping capacitors. A total

o f ——6—— 6clamping capacitors per phase are required, meaning tidLF@ill have half

the number of clamping components than itssB0 counterpart.Although theFC-MLI and DG

MLI have a similar VSI structure, the switching or control of gates is different. For thellD&he

topmost gate was controlled by the topmrwst gnal whi |l st the gateds co
by the complement of the first signal. Here, tlgput line (the middle section dividing the top four
switches from the bottom four switches) acts as a mirror line for the gate control signals. This
meais the complement of the signal powering the topmost switch goes to control the bottom most
switch. Similarly, the bottom switch from the top set of switches is complemented by the topmost
switch in the bottom haliThe switching combinations are illustedtinFig. 4-7 below.
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Fig. 4-7: gate control signal distribution CRILI

Mosfet4 (orange) is the last switch from the top group of switches and has the next switch
(Mosfet5) as its complement fig. 4-7 above.The consequences of not axtly assigning the
switches or their complements will be discussed in the following chapter for all the inverter
topologies.

4.3  CHBMLI Voltage Source Inverter Simulink setup

CHB-MLI has a different structure the above two topologidsit the block diagrams at subsystem
level may be made to be similafhis topology usesess DC bus capacitors in single phase
applications when compared the other two topologies, but more when used in three phase

application as each dc source may meg@a smoothing capacitor. A total of—— cascadedatells

per phase are required for tfmeblevel inverter as illustratenh Fig. 4-10. The advantages and rules

pet ai ning to how dc sources are reduced have
Multil evel Il nverter t op eBlroigdigees oMLalnod  wnudsetr | i G
topologies, this topology requires a certain patiarorder to work poperly. Some combinations

may seem to work under open circuit or no load conditions but fail to work properly when under
load. Again, this will be illustrated in the following chapt@&he distribution of the gate control

signal is shown irfrig. 4-10 below.
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it can be seen

Fig. 4-8 above shows the Simulink model for a five levelMCI. From Fig. 4-6

that the contrb

t opmos

he

16 powers t

6PhaseA

signal

O6PhaseA 506.
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It can be seen that

MLI).
plements by the help of the illustratiorFig.
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Fig. 4-10: Single phase 5 level CHBILI

In Fig. 4-10, the subsystem bloa#®hase Acontains the model circuit for the generation of signals

as illustrated irFig. 4-3. In essence, if the subsystem block was to be recreated it would be identical

to the one shown there. As showrFig. 4-3, two complementing signals are sent to out port named
PhaseA_th by means of a mux. Above iRig. 4-10, a demux is used to separate the combined
signal into the constituent signals to be sen
a compliment of signal O0PhaseA 56 and -MWdt h ar
model which reqines complement signals to avoid short circuit conditions within the leg of-the h
bridge.

The above figures have illustrated héwevel MLIs are appliedrig. 11-1 up until Fig. 11-3 show

how 3 level MLIs are implemente&jg. 11-4 up until Fig. 11-7 show how the 7 level MLIs are
implemented and lastlyig. 11-8 up untilFig. 11-11 show how the 9 level MLIs are implemented.
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Hardware implementation and testing follows from satisfactory software simulation. A good design
allows the hardware setup to mimic as much as is possible the software setup of the VSI circuits. A
few conversion or modifying blocks such as an analoguagital(ATD) or digital to analogue
converter (DAC) and gain amplifiers may be added to the hardware setup whereas it may have been
not necessary when doing software simulation. This is to be expected when working with hardware
components from software sutations. This will be explained in detail below.

The output from hardware will require some form of filter before being usednbrits storage or

into the grid This is becausaormally there are unwanted harmonics that are within the output and
areremoved or reduced to the allowable percentages by using filters. The steps when designing a
suitable filter will be explained.

Finally, the unwanted harmonics can be predicted in several waysw of theseways are
described before a novapproach is sed employing statistical analysesbetter predict harmonics.

5.1 Hardware Implementation

Since software simulations are done in Simulink, it is logical first to search for microcontrollers or
microprocessors which have MATLABiImulink support. This would ean that instead of codding
everything from the beginningnly a few registers are necessary to set up or initialize and the rest
the support package will do. This means either converting Simulink diagrams into code for the
controller and running fromtheont r ol Il er after O6buildingd thi
some sort of bridge that links the Simulink software to a specific runtime routine runoimghie
controller. In the event thato support is offered for Simulink with a desired microcoligr or

should more control be needed oVieer details in what igranspiring within the converted code,

then it would be necessary to code everything from the beginning although this would be more time
consuming.

A Texas Instruments controller waslesgted for this project. The reasons for selecting this were
that it has a powerful 32bit CPU, many I/O ports, good precision with an IEEE754 single precision
floating point and that it has support for Simulink hence no need for extensive c8dimgort
packages for the Texas Instruments Digital Signal Processing unit (DSP) are downloaded which
runs almgside Code Composer software. As said befdrese enable users to run simulations
diredly off MATLAB -Simulink into aDSP controller. Pulses for the gatef the inverter drivers

are generated in MATLAB and are passed out via the 1/0 ports on the controller. The controller
used is an F28335 in the Texas Instruments c2000 roamtvoller family. The output signals from

the controller are between3Y. The® are for controlling the gates of the switches. However, the
MOSFETs wused require gate signals of 15V for
level shifter is usedA block diagram summarises the process for hardware implementation below
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Fig. 5-1: Block diagram for hardware implementation

The DC battery system fig. 5-1 is assumed to bselfreliantwith its own charge controllers and
regulators Simulink simulations are run on a computer generating the regsigmals which are
sent out fronthe 1/0O ports of the controller. The controller outputs a® \0 so there is need of
level shifting the sigals to the required voltages depending on switching componentQrseteg
implementation of the five level CHBILI is shown below

: -;~,-' ‘&,«\l\

Cascaded \ \
H-Bridges \

A
“ g

l Voltage Leve
Blshifter/Interlock “,___

Flg 5—2 smgle phase |mplementat|on for the 5 Ievel CMBI

Fig. 5-2 above shows the hardware setup before the filter and load are connected to the 5 level
CHB-MLI. Switching dgnals are generated from a computer whose specifications are as follows;
Intel corei7 4GHz, 16Gb ddr3 Ram. Thesignals run from the computer to the DSP controller
through a USB cable shown connected to the contriobber which they are sent to the level shifter
circuit. The level shifter circuiensures that the signals that are abtoube sent to the actual
MOSFElTsar e in fact within the right range, for
would not be high enough to switch the MOSFET ON. Therefore, without the level shifter circuit
the switch would interpret the 3Vdhsame way as the 0 volssr 6 L o w @hick is goh the
desred outcome. Besides shiftirthe voltage values to the correct rangies level shifter circuit
incorporatesnterlocks to ensure that there are no short circuit conditions just in casevibcte s
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tries to go ON before its complement is fully OFF. From the level shifter, the signals are then sent
to their respective Hbridges. The DC bus voltages are 25.5V for both DC sources supplying the
two H-bridges in the single leg above. The oscillogcap from Agilent Technologies, model
DSO6012A, 100MHz and can sample up to 2GSa/s. The high voltage differential pfige5H2

is a Tektronix P5200 model, withanut put t ol er an dhe componeNts Bedand, 1]
their key specifications are given Trable11-1 in the appendisection. Theesults from hardware

will be shown and discussed in the next chapter.

5.2  Output filtering in MLIs.

The goal of using MLIs as opposed to 2 level inverters is taeaehmore sinusoidal output which

has fewer distortions than that of the regular inverters. Howewtput from a MLImay have a

good reduction ofharmonics but still requires a filter to further reduce them to meet IEEE
standards. Several methods haverbdiscussed by various authors of how best to design the output
filter for a VSI. Some designs are based on the current ripple calculations, iterative algorithms, and
power losses optimizatid3]. Internationally acceptable output voltage distortionsganeerned by
different standard$ IEEE 5191992 (revised slightly in IEEE 512014), EN620403:2005 and

IEC 610002-2 are examples. IEEE Std 519 requires that the output THD be less than 5% and that
the largest single harmonic be less than 3% of theafueatal. It is therefore important to note both

the fundamental switching harmonics and the THD when examining the harmonics spEajrum.

5-3 belowshow how the filter is connected between the output of the VSI and the load

L L R
MM
 —
Vg Output (0 Load VS Cutput (v Load
()
L R

G

VS Output —~C = lLoad Vg Qutput c —load

(b)
Fig. 5-3: VSI output filtering circuit and equivalerd) L only filter and equivalent, b) LC filter and
equivalent.

In Fig. 5-3 above,(a) isthe L only filter whose actual model may include the internal resistance
from the filter inductor Rf. (b) shows that when two components are connected their internal
resistances may be included separately as shown by the two filter resistances RS inigeaiher

the inductor or the capacitor. However, in the last scenario, the internal resistances may be lumped
into one internal resistanddow suppose the impedance of the capacitog,ishe impedance of the
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inductor 4, and the impedance of ti@ernal resistance combined is. Z'he output voltagéor (b)
can be found by:

@ W (5.1)
Thus the transfer functioni() 1 s found by:
L
W
01 O O W p gf] -
e VY
N

(5.2)

When these equations are derived, there are many assumptions that are made and more still when
they are being interpreted. For instance the last term in the denominator of (5.2) may be neglected if
it is assumed that because of the small equivalent series resistance value of the inductor that
] 68l |'Q &Y

If the load current is treated as a disturbance thet) (@il hold, otherwise there is a term which

needs to be included in it shoulie load current be non linear or when applied to a varying load.

The finer details of other filter selection or design will not be discussed further. Rather, a paper
which goes into good detail and easily satisfies the filter requirements of this sheséslihefd4],

[45]. It gives equations to determine the LC filter parameters for each phase which will satisfy IEEE
Std 519. These are applicable to any of the basic topologies. For more than 3 levels:

a —— =Y (5.3)

where { is the filter inductor whose value is to be found, m is the number of levels, M is the
modulation index, is the switching frequency and R is the load resistance JVal@esimilar way,
[44], [45]defines the capacitor value i@ an LC filter as:

5 @ — - - (5.4)

For a three level VSI, the equations are:
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a - Y (5.5)

5 - - (5.6)

As for the two level VSI (excluding the cascaded H bridge topology) the filter parameters are found

in the same way as the parameters for more than 3 levels. The only difference will be thatthe (m
term would disappear as m is 2 in a two level V&suts of unfiltered output andhoseafter
implementing the filter are shown inthe nexaptera ppr opr i at ely call ed 6RE

5.3  Prediction of harmonics using machine learning

The principle behind machine learning is based on the fact thatfuarggion f(x), can be
approximated with arbitrarily a small error as a linear weighted sum of a finite number of distinct
basis functions. These basis functions should fit the points and interpolate smoothly between the
points. This makes it possible toeglict the function value for new points outside the training data.

I n other words, given a known small value U,
single layer feed forward network (SLFN) with a sufficiently large number of hidden layehs, L
illustration using basic functions is shown below.

04

Fig. 5-4: example of addition of functions

The blue waveform (fx) = sin x) and the red waveform({f) = x) can be added to form tigeeen
waveform f(x) = sin x + x irFig. 5-4 above. It can be said that f(x) is composedi©f) fand (x) as

the basic building bldes. Similarly, more complicated waveforms can be thought of as being made
up of many distinct basic functions coming together to produce one complex wavéftien. a

large number and layers (which may do functions like multiplication for gain or addiion f
translating points linearly) is approximated, there is obviously an error which may arise as
approximations are not always equal to the functions being approximated. This can be seen in
equation below.

Ifl(x) 1T f (x) | < U (5.7)
where L is the number of hidden nodes.
Consider the SLFN shown in below where i1 nputs
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o Output nodes

L Hidden nodes

Input nodes

Fig. 5-5: single layer feed forward network

Fig. 5-5 shows the process of using neural networks to determine an unknown function or value
through the output of the neural network.
The hidden nodes output is determined by the equation

G(a, b, x)=g(@.x+h) (5.8)

where aare the input weights connecting thehidden nodes and input nodes,idthe hidden
nodes threshold or bias factor, X are the ing
the output and 606 is the output of the SLFN.
The output of the network is:

flx) B 1 G(a hb,x) =t (5.9)
and can be written in matrix form as
Hb = T (5.10)
where H is the hidden layer output matrix (from training dhtnce the tr subscrjpand T is the

output or target matrix.
Using the same matrix form, the individual matomponents in (30) can be written as:

OGho  E "0 R ho
H@, e b, 2i,x béns x € E € (5.11)
Owhwhw E "Owhw ho
f
b =6 (5.12)
f
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By,

T= (5.13)

a
"y

where HisanNL mat r i xn,mathx aadnT arNm matrix.

In summary, ELM involves a three step process. Firstly, assign randomly the input wegights a

then the hidden nodes impact/bias factorTis will enable the alculation of the hidden node
matrix, H, the secondstep Lastly, calcul ate the output wei (
of interest in (5L0) to yield

b =mwTH (5.14)
where Hyy is the pseudoinverse of the matrix H. The pseudwerse is taken in order to ensure
that H is invertible
From (5.7, a cost function, C, can be derived so asit@ the design parameters.

0 B sQw Qws (5.15)
To minimize the cost function, the parameters of the netwgrk@nd b) ar e adj ust e

There are various basis/activating functions which can be used to estimate unknown functions in
SLFN. Examples include the sinusoidal, radial and sigmoidal functions. For this paper, the
sigmoidal basis function is used. Varying tiamber of basis functions then recording how far the
true values are from the predicted values gives the rms error, which is related to the costifunction
(5.15 that is to be minimizedResults for choosing the number of basis functions are shown in the
next chapter.
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6. 2 A00I1 OO

Various performance markers or indices can be used when evaluainiffédrence between the
numerousMLI topologies. They can be quantitative markers such as the magnitude of the output
voltage(Vou) or current(low), or qualitative indices, such as the amount of distortions in the output
voltageor curent. In this researclhe magnitude of the outpuoltage (and current under specified
load), the THD in the output and the filter components required to bring the harmonics to
acceptable levels are discuss8oftware results are introduced first and later in the chapter they
will be compared with theutput from hardware.

6.1 PWM schemes comparison

PD PWM, POD PWM and APOD PWM all work in a similar manner with slight differences in the
orientation of individual carriers with respect to each other. The other PWM technique which will
be compared to the lelshifted PWM techniques is the PS PWM which differs from the previously
mentioned ones as being the only orfech does not do level shifting. To determine how the
different switching scheme affects the output voltage, 3, 5, 7 and 9 levels of MLIsdre us

40 I }; —PD
35 | POD
—APOD
£ 30 IR —— —ps
= \\
15 t .
0.6 0.7 0.8 0.9 1 1.1 1.2

modulation index

Fig 6-1: PWM comparison 5 leveVILI

Fig 6-1 shows the effects of the various PWM schemes on a sta@itBeMLI circuit that has all

the other things kept constant except for the PWM switchiiig. PD PWM producethe least

THD acrosshe range of Ml useds is expected’HD ranges from just below 15% to a maximum

of about 37% when ®D-PWM is used. The modulation range alowed to go into the over
modulation region just to illustrate how these PWM methods differ when in that region but this
researchwill only focus on modulation indices less thanegual to 1. Similar plots a@btained for

the seven and nine level ML Iwith PD-PWM having the least THD across thesMisedThese are
shown inFig. 6-2 andFig. 6-3 below.
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Fig. 6-2: PWM comparison 7 level MLI

—PD
14 POD
° —APOD
2 b \\/\ —ps
8 0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2

modulation index

Fig. 6-3: PWM comparison 9 level MLI

The abovefigures verifythat PD PWM gives the least THD across the Ml used fodifierent
level of MLI selected and is used as the PWM switching scheme of choice from this point onwards.

6.2  Output Voltage and Current waveformsom simulations

Real life scenarios often exposewer inverters to different non ideal conditions under which they
should work. These range from open circuit (no load), load conditions, fault conditions, starting
conditions (especially for machines and motors which may require large start up clanantg)
others. Some of these conditions are briefly described below.

6.2.1  Correct inverter configuration with no load

Harmonic signatures for the three basic topologies for MLIs are almost the same as THD is
dependent more on the switching scheme used ardItheith switching frequency held constant.

Each topology has its own unique advantages which have been discussed in the early chapters.
Shown in figures to follow are the outputs from the CGMBI whose outputs are representative of

the other basic topolags, except in special cases where it will be mentioned which topology is
being referred to.
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Five steps (or levels) are expected at the phase output of the five level MLI and (2istdpsn

the line output of the same MLI. Similarly stepsin phaseoutputand 13 step# line outputare
expected for the 7 level MLI whilst 9 stepsphaseoutputand17 steps in line output are expected.
Fig. 6-4, Fig. 6-5, andFig. 6-6 confirm that the expected outputs are achieved.

6.2.2  Level Utilization outputs

Suppose the Ml used is outside the nominal range, the levels or steps deteriorate and eventually are
absorbed to produce less steps in the output wavefaohe M| is smaller than a certain valughe

minimum MI governs the operation of MLIwjth lower Ml resulting inlossof intermediate

voltage levels in the output waveform. This phenomenon is called Level Utilization. For example,

in a seven level diode clamped inverter, the minimum MI allowed without losing any levels is

0,667. The minimum MI using multcarrier based PWN§ [41]

aQ — (6.1)
AN AWANAW,
A EVETRERY
o R TRTRTRTAT
-200
0 0.02 004 006 0.08 0.1 0 0.02 0.04 006 0.08 0.1
Time (s) Time (s)

(a) (b)
Fig. 6-7: (a) distorted phase output fromexel MLI

(b) line output from 7Aevel MLI with less Level Utilization

As mentioned befer, Fig. 6-7 shows the output of the MLI when an MI of Gs7used. Notice that
although the phase output still has 7 levels, the steps are already showing some deviations from the
normal waveforms expeadl from a 7 level MLI. The topmost and bottommost levels have lost a bit

of OONOG6 time as they would have been ON for
switching scheme used. It can be seen from the line output that some of the levels iputbawe

already been lost. Should the MI be reduceal figurebelow the minimum M, then even the phase
output will be affected as shown in below.

< 200
2 CONN I N B Y | | |
= g9 | | I|
> g | | |

: 200 | | |

0 0.62 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
Time (s) Time (s)
(a) (b)

Fig. 6-8: (a) phase output from 7 level MLI with less level utilization

(b) line output from 7 level MLI with less level utilization
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Fig. 6-8 shows the output shrinking fewer levels because the Ml has been allowed to go below
the minimum MI allowable. Both the phase and lowgputs havéost some levelsind the effect of
this is seen as making the output waveforms less sinudikidal

6.2.3  Simulation outputs with load connected

The output waveforms from the MLI simulations are considered. For simplicity, the single phase or
leg will be considered so as teatch the hardware implementation.

5 level MLI output without filter 5 level MLI output without filter
AL
S < 2
S 3-2
>-500 ; 3 4J:kl:l:lﬂ:klilil
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Time (s) Time (s)

Fig. 6-9: five level MLI unfilteredoutput waveformsleft) voltage right) current

5 level MLI output with L only filter 5 level MLI output with L only filter
| | | 4 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
<500 =
% <2
g 0 g 0
o 5.2
>.500 CJUVUVUYUYYYY

0 0.05 0.1 015 02 O 005 _01 015 02
Time (s) Time (s)

Fig. 6-10: five level MLI outputwaveformswith L filter; left) voltage, right) current

5 level MLI output with LC filter 5 level MLI output with LC filter
4 - - - |

5500 < 2“ “

) -

g 0 g 0

© 5 2

> O

500 |f | / a0\ JU |

0 0.05 0.1 0.15 0.2 0 005 0.1 0.15 0.2
Time (s) Time (s)

Fig. 6-11: five level MLI output waveformsvith LC filter; left) voltage, right) current

Fig. 6-9 up toFig. 6-11 showsthe variation of the output voltage and current when there is no filter,
filtering with an L only filter and lastly filtering with an LC filter. The$igures shown abovare
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all for an MI of 0.95 and so the unfiltered phase voltage will show 5 stephddive level MLI

under consideration. The current waveform will follow the voltage in profile since the load is purely
resistive.For completeness and to observe the effects of varying Ml across the acceptable range in
MLI, the results for the three lelyeseven level and nine level are recorded in the appendix section.
Fig. 11-12 up until Fig. 11-17 all show outputs for the three level inverter; the first figure shows
output volage without a filter connected whilst the second figure shows the output current when no
filter is connected to the same 3 level MLI. Third and fourth figures show first the output voltage
when an L only filter is connected to the 3 level MLI and secotigdyoutput current whethe

same L only filter is connected to the three level MLI. Lastly, the last two figures are the voltage
output waveform and current output waveform when using an LC filter.

The same format is done fgetting the waveforms fdhe 7 level Fig. 11-18 up until Fig. 11-23)

and 9 level Fig. 11-24 up until Fig. 11-29) MLI. The three level outputs apdottedin pink, five

level in blue, 7 level in green and nine level in browst to differentiate which set of results are
being looked at

To illustrate the effects of the MI on the filter, the following table is created. It focuses only on just
one performance marker of each level of MLI, the filter size in H or F or bothe creation of the

table, onlya small range in the values of the Mlused to ensure that there is complete level
utilization. However, the simulations were done in the entire applicable MI range for each level
with and without an output filter.

Table 6-1: THD variation with M| on different filters

Without filter L Only filter LC Filter
THD% | V A L THD% | V A |L C THD% | V A
(mH) (mH) | (UF)

08 |77.1 636.2 | 4.0 2.6 617.5| 3.9 2.2 639.5 | 4.0

0.85| 70.4 677.7 |42 | 130 |23 657.7|4.1|3.3 12.8 | 2.0 681.1 | 4.3
5 0.9 |64.6 715 |45 2.1 693.8 | 4.3 25 7185 |45
o | 095583 756 | 4.7 1.8 731.8 | 4.6 1.8 759.5 | 4.7
™ 1 52.5 794.8 | 4.9 1.7 7712 | 4.8 1.8 798.4 | 5.0

Without filter L Onlyfilter LC Filter
THD% | V A L THD% | V A L C THD% | V A
(mH) (mH) | (uF)

0.8 | 384 634.9 | 4.0 | 60 2.7 631.1|39|18 7.0 | 3.0 635.8 | 4.0

0.85| 36.2 673.4 | 4.2 | 60 2.6 669.3 | 4.2 | 1.7 6.8 |3.1 674.2 | 4.2
5 0.9 |336 713.3 |45 | 50 2.8 710544 | 1.7 6.6 |28 7142 |45
E) 0.95 ] 30.5 752.8 | 4.7 | 50 2.5 749.7 | 4.7 | 1.6 6.4 |28 753.5 | 4.7
o |1 27.1 761.6 | 4.9 | 50 2.2 788.3149|1.6 6.3 |26 792.3 | 5.0

Without filter L Only filter LC Filter
THD% | V A L THD% | V A L C THD% | V A
(mH) (mH) | (uF)

0.8 | 244 632.1 | 4.0 | 40 2.6 630.5[39|15 57 |28 632.5| 4.0
5 0.85| 23.8 6715 | 4.2 | 40 2.5 669.8 | 4.2|1.4 55 | 3.2 671.8 | 4.2
3 |09 |225 710.2 | 4.4 | 40 2.4 7084 44|14 54 | 3.0 7106 | 4.4
~ 10.95| 20.7 749.4 | 4.7 | 30 2.9 7485 (4.7 | 1.3 52 | 3.2 749.7 | 4.7
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|1 |183 |788.1]49 [30 [25 [787.1]49[13 |51 |30 |7884[49 |

Without filter L Only filter LC Filter
THD% | V A L THD% | V A |L C THD% | V A
(mH) (mH) | (UF)

0.8 |17.3 629.4 | 3.9 | 30 2.3 628.6 | 3.9 | 1.2 49 |3.2 629.5 | 3.9
0.85|17.2 668.1 | 4.2 | 30 2.4 667.2 42|12 48 |33 668.2 | 4.2
0.9 |16.8 707.2 |1 4.4 | 30 2.4 706.3 44| 1.2 47 | 3.3 707.3 | 4.4
0.95]| 15.7 745.6 | 4.7 | 30 2.2 7447 | 4.7 | 1.2 45 |33 745.7 | 4.7
1 13.8 784.3 |1 4.9 | 30 1.9 783.3 49|11 44 |34 784.3 | 4.9

9 level

Table 6-1 above shows the variation of THD and how the filter components changes when Ml is
varied.

6.3  Hardware output

When the 5 level CHBALI was being set up, there were numerous challenges that were
experienced such as having to put isolating transformers on the inputs of the DC batteries. This was
because at times two halves of the 5 level @B would work separately but not when put
together. This then is interpreted as either the switchingotf CHB cells interfering with each

other (which it was at first whilst using bipolar switching techniqoe)that the independent DC

cells may not be properly isolated (which could have been because they were charging from the
same controller and one maisspply which may have a common grounthus at first only the

three level output voltage and current waveforms were realised.

After using isolating transformers on the output of the DC batteries, the CHB cells started working
properly; producing 3 levelmdividually and the required five levels when cascaded. The outputs
are shown in figures below.

Fig. 6-12 shows output from one of the two cells that make up tlev@& ICHBMLI. As expected,

the waveform has three distinct levels. The outputs from both-fHBcells are shown alongside

each other irfrig. 6-13. It should be noted that the components used had some tolerances associated
with them and the lengthy wires used introduced interferences and probably also picked up noise
from nearby machiree Shortening the connecting wires from the cells, tightening all connections
and properly grounding the ground signals of the level shifting circuit through a separate metallic
pl ate 6écleanedd the signals and b ahbetter lodkihge ou
output as shown byig. 6-14. Depending on how clean the signals are transmitted, various
imperfections could be seen in the output as illustrayeeidn 6-15.

46



o !I L 0 I I\II

LD
'\”’ " !H”M”h U ”'} u'" W

I|l L | ‘H I VI\ }ll

L {
UL
b Ly R b




0 250v/ & 00s 10005/ Stop f 3.20v

Print to USB storage device completed successfully.

Freq(1): 50.0Hz
Pk-Pk(1): 112V
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Fig. 6-14: proper unfiltered 5 level output from VSI
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Fig. 6-15: unfiltered5 level output; left) withnterference, rightusingcleaner outputs

6.3.1  Calculation of harmonics from VSI hardware

The calculation of harmonics is straightforward when done in softwidis. is because most
software such as Simulink has ways of manipulating the data or extracting it from plots and with
just a simple command, they can calculate things like the nth harmonic and Haw&ver, it
becomes complicated to do in hardware as ragailableoscilloscopesuch as the one used in this
research does not have the function of doing power analysis at this level. The best way forward will
be to save the plots manually as comma separated files (CSV) format which automaticalijesaves
plots of x and y plots time stamped and with a very high resolution. This gives the ability to



calculate manually what the harmonics were and what the THD of the voltage or current waveform
IS.

With the x and y values extracted from the plots, a simple cominiag function exists in
MATLAB which can be applied here. Here i1s th
THD:

>>>//matlab command line/a = thd (y, § n) //end of function

The functiontakes in the y values from theyxplots, needs swihing frequency sfand n the
number of harmonics needed to be calculated from-thplmt.

The result given out will be a decibels that is units are dB.

To convert from dB to normal percentage, first convert output to a power ratio x, then afterwards
takethe root of x to get the amplitude ratio, which will be a decimal or multiply by 100 to convert
to percentage.

For example, if dB value €10, then power ratio x value will be the value of x from the logarithmic
equation:
prtlaC pn
pTt pTt
e p
W pT
Therefore x8.1. from this, the amplitude ratio is taken as the root of theepoatio x. so the
amplitude will be root of 0.1 which is 0.3162r 31.62% as the THD.

6.3.2  Filter results

When a 25.5V DC bus is connected to each H bridge module in a five level VSI, and a load whose
resistive value is 160 ohms, a 16.4mH induct
according t0%.3) and 6.4). Doing a Fast Fourier Transform (FFT) on a waveform in Simulink will
give the frequency spectrum of the waveforntle amount and location of individual harmonics.

The current flowing in the load has tharimonic spectrum shown on ldfefore fitering and on

right after filteringin Fig. 6-16.

"""Fundamental (50Hz) = 0.305 , THD= 34.63% Fugdamental (50Hz) = 0.3054 , THD= 2.82%
%25’ 32.5
‘E c
g 20, % ol
] o
©
= 5
5 ©
< 10 S 1
- =)
g gl ] o5
. !’HJ J!’h J’M h[ e, i wm“‘“m" i
0 0 5000 10000 15000 20000 0 5000 10000 15000 20000
Frequency (Hz) Frequency (Hz)

Fig. 6-16: fft of output waveforms; leftunfiltered, right) filtered
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Fig. 6-17: filtered output from 5 level VSI with LC filter

The above figure shows a smooth sinusoidal output from the filtering action of an LC filter on the
output of a five level CHBMLI. The frequency spectrum iaig. 6-16 shows that the THD is indeed

less than 5% but does not show individual harmonics values hence a need arises again to further do
another FFT analysis to check them. This is showsign6-18 below.

FFT anahsis
rrrrrrrrrrrr

Samples per cycle = 10000 3222 ]]Z (h98) : ggg: 17?).;0
DC component = 5.015e-06 4920 Hz 0.00% 0.0°
Fundamental = 48.87 peak (34.56 rms) 4930 Hz 0.00% 0.0°
THD = 2.82% 4940 Hz 0.00% 0.0°
4950 Hz (h99): 0.01% -1.3°
0 Hz (DC): 0.00% 90.0° 4960 Hz 0.00% 0.0°
10 Hz 0.00% 0.0° 4970 Hz 0.00% 0.0°
20 Hz 0.00% 0.0° 4980 Hz 0.00% 0.0°
30 Hz 0.00% 0.0° 4990 Hz 0.00% 0.0°
40 Hz 0.00% 0.0° 5000 Hz (h100): 2.48% -1.4°
50 Hz (Fnd): 100.00% -0.2° 5010 Hz 0.00% 0.0°
60 Hz 0.00% 0.0° 5020 Hz 0.00% 0.0°
70 Hz 0.00% 0.0° 5030 Hz 0.00% 0.0°
80 Hz 0.00% 0.0° 5040 Hz 0.00% 0.0°
90 Hz 0.00% 0.0° 5050 Hz (h101): 0.01% 178.7°
100 Hz (h2): 0.03%  179.6° :ggg sz 0.00% 0.0°
z 0.00% 0.0
110 Hz 0.00% 0.0° 5080 Hz 0.00% 0.0°
120 Hz 0.00% 0.0: 5090 Hz 0.00% 0.0°
130 Hz 0.00% 0.0 5100 Hz (h102): 0.21% 179.6°

Fig. 6-18: fft analysis of filtered output to show individual harmonics

Fig. 6-18 above shows parts of the harmonics spectra until th& h@2monic. It can be seen that
none of the individual harmonics are greater than 3% hence the IEEE std 519 rules are not violated.

6.4  Harmonics prediction outputs
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Fig. 6-21: 9 levelrmstest error fomumber otbasis function selection

The above figures show how many basis functions would be ideal for each of the 5, 7 and 9 level
topologies.Since the functions being looked at are not varying too randomly, a small number of
basis functions (less than 20) is adequate to use for predititiather words, the rms test error
shows the variation in accuracy as different number of lfasdtions are used.

When the number of basis functions is decided using the above reasoning, running the simulations
and predicting the THD will resulhinumbers which closely foretediow much THD is expected

with high accuracyThis is illustrated below.

51



—5 level simulation THD
X 30 \ —predicted THD
o)
E 20 e
0.5 0.6 0.7 0.8 0.9 1
20 —7 level simulation THD
o\o —_— .
% 15— predicted THD
|_
\\
0.7 0.75 0.8 0.85 0.9 0.95 1
12 - -
S —9 Ie(;/el s(;rq_m:_lgmn THD
2 10 ~ predicte
[ —
0.75 0.8 0.85 0.9 0.95 1

modulation index

Fig. 6-22: predicted vs simulation results for five, seven and nine level VSIs

S b Lo H inducto
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The figure above the simulated vs predicted waveforms for the five, seven and the nine level MLIs.
Since the test error was very small and the number of basis functions oiethan adequate (an h

of 100 was used as the computational resources allowed!) the plots show that the predictions were
within very close range to the simulated results. This is when 20% of the data is used for training
and the rest used for testing shiwgvmarked improvements from the authors which applied similar

techniques to their harmonics predictions.
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It has been seen from the results how well the simulations are representing what actually happens in
hardware. A lookat some of the results already given before but side by side will further strengthen
this view. Beginning with the unfiltered five level output, the hardware and software results are
compared below.
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Fig. 7-1: five level VSI vs softwareinfilteredresults

From Fig. 7-1, it can be seen that the hardware results closely resemble the software simulation
results. The peak to peak output shown from the VSI is 112V as the oscilloscope measures peak to
peak of thesignal, not of the fundamental which will be slightly less (sinusoidal component is about
102V peakpeak). Applying the method of filter desigrom the filtering section, the following
outputs are observed.
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Fig. 7-2: LC filtered output from 5 level VSAnd software

The output from the VSI ifigure aboveagain is the same as the expected output from simulation
and the THD is found to be within the allowed range
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In interpreting resultor the unfiltered signals, the fundamental signal of the stepped waveforms is
assumed to be an equivalent sinusoidal, hence the peak fundamental recorded on scope and
calculated by Simulink will be slightly different.

To compare how simulatiomelate to practical hardware, a table with measurements of peak values
of voltage and current taken from both is shown below.

Table 7-1: hardware and softwaresultscomparison fofiltered and unfiltered VSI outputs

Without filter LC Filter

THD% | Vpk | Apk | THD% | Vipk | Apk
simulink | 34.6 48.8|1 0.3 (2.8 48.9(0.3
hardware| 35.9 52.210.3|3.0 52.21 0.3

Before filtering, the THD differed by 1.3% whilst after filtering ttiéference dropped to 0.2%.

The measured voltage is slightly different (by about 3V) probably due to the tolerances on the
measurement device (differential probe) and in the inductor values.

The results section has shown that more levels means less THiaramohics, and that some
switching techniques may be slightly advantageous is certain circumstances, how th.CidB
advantageous when it comes to the output voltage or current values when compared to the other
topologies.

The filtering exercise has aWwn that a good filter can be designed just by following a few basic
principles and not designing from scratch when tolerances of the filter values required are not tight.
With regards to predictionhé results achieved by appigi the techniques tfie harmonics

prediction sectioprovewith a good design of the number of basis functions, a very close and
accurate prediction of the THD and harmonics in the output waveforms can be made.
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The aim of this paper waes compare and contrast the basic multilevel inverterlogpes. It has
illustrated how to implement each topology from gate signal generation to assigning of the signals
to the individual gatesA description ofnow the gates should loentrolledhas ben given with the
DC-MLI and CGMLI showing similarities in both structure and switching pattern. Only in the
switching sequence did the two topologies differ slightly. The @Q#B is different in the way it is

built and also in the way it is switched. dRering separate DC sources has been shown to be a
disadvantagef the CHBMLI but the uses imenewable energgourcesor when a center tapm
transformer is availableds shown that the CHBILI is the topology of choice in these applications
with addedadvantagesuch as distributed control, modularity and better voltage output (quantity
wise) when compared to the other two topologies. The advantadgetobuted control has been
illustrated inhardwaresspecially when controlling or balancing individigalls of the CHBMLI .
Comparison of the PWM schemes confirmed thatAFR@M produces the least THBs expected
from theory

It was confirmed that machine learning can be used to predict harmonics within a systemith

very limited data (both for teisfy and training) By using 20% of the collected simulation data,
machine learning algorithm wasuccessfullyemployed and proved to be able to save time in
estimating the variation of THD with MI, as the predictions we¥g/ accurate.

In this sensetime is saved if a designer tig/ing to fine tune the invertérs oper ating p.
(range of applicabl&ll, output voltage) or when trying to choosehich level of MLIs to use from
theinfinite number of levels possible

Lastly it was shown that morkevels reduce the size of the filter components and also produces
higher output voltage with fewer distortions than a similarly rated inverter with a lower level count.
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This paper has shown how MLIs can be ubeth for reducing harmonics and filter components
size and costs. It also provided a walkthrough on how to design an L only filter or LC filter that
suites most designs without much hasstehas been shown that as litikess 20% of the data
collected inmachine learning can be used for training, with the rest being used for testing. Using
more training data basically points to a less intelligent predasomany simulations need to be
done to collect the data to train the prediction algorithm

There isstill work that can be done especially in filter designs suitable for both grid connected or
off-grid systems.Most authors either look into the physical side of the filter design such as
materials, gaps in capacitors, dimensions, heating or cooling pespe&tc, or look into the
frequency response and attenuation of the filter to meet their needs theoretically. However, very few
look into both. It may also be recommended to use DC sources which are being charged
independatly from renewable sources. Thisoject used DC sources which were separate but were
charging fromthe samenainssupply This caused valuable time to be lost that may have been used
elsewhere in this project.

The prediction algorithm had to be trainethenever the number of levels arkanged, ie, a five

level predictor only worked for 5 level predictiofihe prediction algorithm trained with five level
data would not work properly to predict harmonics fronewes level MLI.A prediction algorithm

that can be trained onfynce to work on all levels would be a wonderful improvement

56



7

10.2 AAZAOAT AAO

[1] D. Ahmadiet al, "A universal selective harmonic elimination method for higkpower inverters,"
IEEE Transactions on Power Electronie®|. 26,(10), pp. 2743-2752, 2011.

[2] N. Ananiet al, "Prediction of line current harmonics in an A€DC converter using neural networks,"

in Industrial Electronics & Applications (ISIEA), 2010 IEEE Symposiun20a0, pp. 6669.

[3] M. F. Arman An'Active'Passivé-ilter Topology for Low Power DC/AC Inverg2011.

[4] C. R. Balamurugaret al, "A Review on Modulation Strategies of Multi Level Inverterlhdonesian
Journal of Electrical Engineering and Computer Sciena#, 3,(3), pp. 681-705, 2016.

[5] J. Balcellset al, "Influence of data resolution innonlinear loads model for harmonics prediction," in
Industrial Electronics Society, IECON 2648nd Annual Conference of the IEED]16, pp. 65636565.

[6] H. Belkamelet al, "Novel threephase asymmetrical cascaded multilevel voltage source inverter,"
IET Power Electronics/ol. 6,(8), pp. 1696-1706, 2013.

[7] Y. Birbir, H. S. Nogay and S. Taskin, "Prediction of current harmonics in induction motors with
artificial neural network," in Electrical Machines and Power Electronics, 2007. ACEMP'07. Inteonati
Aegean Conference 0007, pp. 707711.

[8] D. S. Braga and P. R. Jota, "Prediction of total harmonic distortion based on harmonic modeling of
nonlinear loads using measured data for parameter estimation," ifdarmonics and Quality of Power
(ICHQP)2016 17th International Conference 02016, pp. 454459.

[9] B. Cao, L. Chang and R. Shao, "A simple approach to current THD prediction for setalle grid
connected inverters," inApplied Power Electronics Conference and Exposition (APEC), 2015 #BEE,
pp. 3348-3352.

[10] I. Colak, E. Kabalci and R. Bayindir, "Review of multilevel voltage source inverter topologies and
control schemes,"Energy Conversion and Managemewtl. 52,(2), pp. 11141128, 2011.

[11] P. J. Crawley and G. W. Roberts, "Predicting harmonic distortion in switchedrrent memory
circuits," IEEE Trans. Circuits Syst. Il Analog Digital Signal Process.41,(2), pp. 73-86, 1994.

[12] S. Daher, J. Schmid and F. L. Antunes, "Multileeverter topologies for stand-alone PV systems,"
IEEE Trans. Ind. Electronupl. 55,(7), pp. 2703-2712, 2008.

[13] de Almeida Cacau, Ronny Glaubet al, "Five-Level T-Type Inverter Based on Multistate Switching
Cell,"IEEE Trans. Ind. Appkpl. 50,(6), pp. 3857-3866, 2014.

FPTY "8 , 8 $1 EPBwerEfettrénicsSpringer] 20150 A A h

FPUY %8 #8 $1 O 3ATO1T O AT A #AAOAT AA 3EI OAh %AEOI
"AAEZOI zZ" AAE AdvahcedOFowed Eléxtdnics ConverserPWM Converters Processing AC
Voltagespp. 324-346, .

[16] Z. Du et al, "Fundamental frequency switching strategies of a sevdevel hybrid cascaded H
bridge multilevel inverter," IEEE Transactions on Power Electronies)|. 24,(1), pp. 2533, 2009.

[17] L. G. Franqueloet al, "The age of multilevel converters arrives,"lEEE Industrial Electronics
Magazine vol. 2,(2), 2008.

[18] Y. Guo, J. Zhu and M. R. IsldPower Converters for Medium Voltage Networl&pringer, 2014.

[19] D. Huanget al, Advarced Intelligent Computing Theories and Applications. with Aspects of Artificial
Intelligence: Fourth International Conference on Intelligent Computing, ICIC 2008 Shanghai, China,
September 1818, 2008, ProceedingSpringer, 20085227.

[20] G. Huang, "Annsight into extreme learning machines: random neurons, random features and
kernels," Cognitive Computationyol. 6,(3), pp. 376-390, 2014.

57



[21] G. Huang, L. Chen and C. K. Siew, "Universal approximation using incremental constructive
feedforward networks with random hidden nodes,"IEEE Trans. Neural Networkspl. 17,(4), pp. 879
892, 2006.

[22] G. Huang, Q. Zhu and C. Siew, "Extreme learning machine: theory and applications,"
Neurocomputing,vol. 70,(1), pp. 489-501, 2006.

[23] J. Huang and K. A. Cdne, "Extended operation of flying capacitor multilevel inverters,"I[EEE
Transactions on Power Electroniceol. 21,(1), pp. 140-147, 2006.

[24] P. Kala and S. Arora, "A comprehensive study of classical and hybrid multilevel inverter topologies
for renewable energy applications,"Renewable and Sustainable Energy Reviewd, 76, pp. 905931,
2017.

[25] N. Karnik, D. Singla and P. Sharma, "Comparative analysis of harmonic reduction in multilevel
inverter," in Power India Conference, 2012 IEEE Fif2012, pp. 15.

[26] V. Karthikeyan, V. Vijayalakshmi and P. Jeyakumar, "Selective Harmonic Eliminat(®&HE) for 3
Phase Voltage Source Inverter (VSI)American Journal of Electrical and Electronic Engineeringl. 2,

(1), pp. 17-20, 2014.

[27] H. Ke and W. Li, "Extreme learning machinkased stable adaptive control for a class of nonlinear
system," inControl and Decision Conference (2014 CCDC), the 26th ChR@ké, pp. 387391.

[28] M. Lamich et al, "Non linear Loads Model for Harmonics Flow Prediction, Using Multivariate
Regression,"lEEE Trans. Ind. Electror2017.

[29] K. Lee and K. E. Willog "Structural integrity assessment via structural response predictions using

a certified reduced basis model," irb4th AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics,
and Materials Conferenc&013, pp. 1625.

[30] S. Lee, P. Fajri and M. FerdowsiA robust hybrid multilevel rectifier with adjustable output
voltage and variable load," irPower Electronics and ECCE Asia (IGRECE Asia), 2015 9th International
Conference org015, pp. 1420.

[31] J. Luet al, "Harmonic balance method used for harmonics calculation and prediction in power
systems," inPower Engineering Conference (AUPEC), 2016 Australasian Universtds, pp. 16.

[32] S. Mariéthoz, "Systematic design of higherformance hybrid cascaded mltilevel inverters with
active voltage balance and minimum switching losseslEEE Transactions on Power Electronies). 28,

(7), pp. 3100-3113, 2013.

[33] A. Massoud, S. Finney and B. Williams, "Higlower, high-voltage IGBT applications: series
connection of IGBTs or multilevel converters?'International Journal of Electronicsyol. 90,(11-12), pp.
763-778, 2003.

[34] B. P. McGrath and D. G. Holmes, "Multicarrier PWM strategies for multilevel inverters£EE
Trans. Ind. Electronyol. 49,(4), pp. 858-867, 2002.

[35] A. Namboodiri and H. S. Wani, "Unipolar and bipolar PWM inverter|hternational Journal for
Innovative Research in Science & Technology, 1,(7), pp. 237-243, 2014.

[36] Y. Park, J. Yoo and S. Lee, "Practical implementation 0¥ synchronization and phaseshift
method for cascaded Fbridge multilevel inverters based on a standard serial communication
protocol," IEEE Trans. Ind. Appkol. 44,(2), pp. 634-643, 2008.

[37] M. A. Perez and S. Kouro, "Asymmetric cascaded converter solar PV applications,” inindustrial
Electronics (ISIE), 2014 IEEE 23rd International Symposium 2014, pp. 24842489.

[38] A. Prayag and S. Bodkhe, "A comparative analysis of classical three phase multilevel (five level)
inverter topologies,” in Power Electronics, Intelligent Control and Energy Systems (ICPEICES), IEEE
International Conference or2016, pp. 5.

[39] P. Rajeevanet al, "A sevenlevel inverter topology for induction motor drive using two-level
inverters and floating capacitor fedH-bridges," IEEE Transactions on Power Electroniesl. 26, (6), pp.
1733-1740, 2011.

58



[40] S. N. Rao, D. A. Kumar and C. S. Babu, "New multilevel inverter topology with reduced number of
switches using advanced modulation strategies,” inPower, Energy ad Control (ICPEC), 2013
International Conference or2013, pp. 693699.

[41] M. H. Rashid, EdRower Electronics Handbook: Devices, Circuits and Applicati@®rsl edition ed.)
Burlington, United States of America: Elsevier, 2011.

[42] J. Rodriguez et al, "Matrix converter controlled with the direct transfer function approach:
analysis, modelling and simulation,'International Journal of Electronicsyol. 92,(2), pp. 63-85, 2005.

[43] J. Rodwayet al, "Prediction of PV power quality: Toth harmonic distortion of current,” in
Electrical Power & Energy Conference (EPEC), 2013 IRBE3, pp. 4.

[44] Z. Rymarski, "The discrete model of the power stage of the voltage source inverter for UPS,"
International Journal of Electronicsyol. 98,(10), pp. 1291-1304, 2011.

[45] Z. Rymarski and K. Bernacki, "Different approaches to modelling singpdase voltage source
inverters for uninterruptible power supply systems," IET Power Electronicsyol. 9,(7), pp. 1513-1520,
2016.

[46] Y. Song, J. Crawoft and J. Zhang, "Automatic epileptic seizure detection in EEGs based on
optimized sample entropy and extreme learning machine,J. Neurosci. Methodsgol. 210, (2), pp. 132-
146, 2012.

rTixY *8 30AAT A AT Aap'mstricéuiflithe geAerabed fdbilityerdaigii," irsAdvanced
Techniques for Clearance of Flight Control Ladwsnymous Springer, 2002, pp. 575.

[48] R. P. Vishvakarma, S. Singh and T. Shukla, "Multilevel inverters and its control strategies: A
comprehensive review," in Power, Caotrol and Embedded Systems (ICPCES), 2012 2nd International
Conference or2012, pp. :9.

[49] L. Wang et al, "Ground Leakage Current Analysis a Suppression in a-B®/ 5-Level T-Type
Transformerless SiC PV Inverter,JEEE Transactions on Power Electronje®l. 33,(2), pp. 1271-1283,
2018.

[50] J. Wuet al, "Novel power electronic interface for gridconnected fuel cell power generation
system,"Energy Conversion and Managemewgtl. 71, pp. 227234, 2013.

[51] R. Yadav, P. Bansal and A. R. Saxena, "fediphase 9level inverter with reduced switching
devices for different PWM techniques,” inPower India International Conference (PIICON), 2014 6th
IEEE,2014, pp. 16.

[52] C. Yeuet al, "A new machine learning paradigm for terrain reconstruction,'|EEEGeoscience and
Remote Sensing Lettergol. 3,(3), pp. 382386, 2006.

fruvoY "1 AEAR #AO01 0O " Ol 1 h oChis'&RdctifierOnternatiGn@l@0ag8) # ET | OA

59



S TP

Fig. 11-2: three phase 3 level DNILI
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Fig. 11-4: singlephase 7 level CHBALI
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Fig. 11-7: switche®connections for a three phaséevel CCMLI
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Fig. 11-8: three phase 9 level CHBILI
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Fig. 11-9: 9 level DGMLI subsystem blocks
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Fig. 11-10: 9 level DGMLI switches'connections

Fig. 11-11: 9 level CGMLI switches' connections

Fig. 11-12: output voltage for a 3 level MLI without filter
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