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Abstract

Voltage source inverters 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. Policies and targets have been
implemented such as from the United Nations 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 instead of coal. Converters play the crucial role of converting the renewable source dc
power to ac single phase or multiphase. The advancement in research in renewable energy sources
and energy storage has made it possible to do things more efficiently than ever before. Regular or 2
level inverters are adequate for low power low voltage applications but have drawbacks when being
used in high power high voltage applications as switching components have to be rated upwards
and also switch between very high potential differences. To lessen the constraints on the switching
components and to reduce the filtering requirements, multilevel inverters (MLI’s) are preferred over
two level voltage source inverters (VSI’s). This thesis discusses the implementation of various types
of MLI’s and compares four different pulse width modulation (pwm) techniques that are often used
in MLI under consideration: three, five, seven and nine level inverters. Harmonic content of the
output voltage is recorded across a range of modulation indices 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 techniques are presented. A generalized prediction algorithm using machine learning
techniques to give the value of the expected THD as the modulation index is varied for a specific
topology and PWM switching method is 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. Introduction

1.1 Background to the study

Voltage Source Inverters (VSI) are now widely used to generate alternating output voltage when only a
DC power source is available. Multilevel inverters have developed since their debut in the 1970s.
Switches have also developed from diodes and thyristors in the early days of the invertor followed by
MOSFETS and IGBTs which are still improving to this very day. There are basically three types of
multilevel inverters (MLI’s), namely Diode Clamped (also called the Neural Point Clamped, NPC),
Flying Capacitor (also called the Capacitor Clamped, CC) and Cascaded H-Bridge that are extensively
employed in power applications. Different types of carrier based pulse width modulation (PWM)
techniques are employed on each of the three 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 varied modulation indices to see their effect on the THD and individual harmonics of
the output voltage and current. In the past few years various ways have been suggested to predict 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 are sent 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 they change with each 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 MLIs? How
does one filter 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 on the diode clamped, capacitor clamped and
cascaded h-bridge multilevel inverter topologies. It details how the different topologies are built using
circuit illustrations, how the PWM switching is achieved (PD-PWM, POD-PWM, APOD-PWM, PS-PWM
and VSF-PWM) for regular inverters and develops this so as to be applicable for MLIs. The control of
each MOSFET switching gate is examined and the output filter design (L only filter and LC filter) is
discussed both in software and practically in hardware. Harmonics from these inverters are studied
and a better way of predicting them is suggested using neural networks. The 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 Limitations

This thesis reviews the available multilevel inverter topologies. The diode clamped, capacitor clamped
and cascaded h-bridge inverters are discussed in detail. Hybrids or modifications of the basic
topologies are also discussed. The basic topologies are all implemented in software for the 3, 5, 7 and 9
level MLI and results compared briefly before only the cascaded h-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 LC filter are designed and used with the inductors and
capacitors bought over the shelf and not specially made for 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 looks into what has been done already in this field and what
will be contributed to by this work. Chapter three introduces the topic of voltage source inverters in
more detail than the small introduction section above. The basic topologies of MLIs are looked at, the
PWM schemes talked about and assignment of switching patterns briefly discussed but 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 implementing them in MATLAB-Simulink. This chapter also
gives motivation for the components used such as switches, switching scheme, and MLI topology.
Chapter 5 implements the software 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. Chapter 7
continues the discussion on some of the significance of the results from chapter 6. 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 to avoid 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 components in the frequency domain [8] [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 non-fundamental voltage components have a phase angle and magnitude that
varies linearly 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 in [9] builds a THD model based on current
ripples. The THD is split into two groups which are below and above the 50" harmonic 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 in [11]. Also, in [11] a transfer function using z-transform
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 used in [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 done in [28] which assume that the non-linear 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.

Several other publications such as [2], [5], [7] and [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 algorithm using 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 in [7] where a two layer feed-forward 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 the 30" harmonic. A single layer network is used in [2] in
which distortions up to the 39™" harmonic component are used when training the network but only
validated for up to the 23" harmonic. 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 train the network 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 used for training 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 outputs compared for various levels of the inverter. Of the three



topologies, the CHB-MLI 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. Voltage Source Inverters

3.1 Two level Inverters

Inverters are primarily used to convert a dc voltage to an ac output waveform. Where the output
waveform is an alternating voltage, the inverters are called voltage source inverters (VSIs). These
can also be used in the production of a multiphase voltage when only a single phase supply is
available. They are used in a number of areas including uninterruptible power supplies (UPSSs),
flexible AC transmission systems (FACTSs), static var compensators, adjustable speed drives
(ASDs), hybrid and electric vehicles amongst other things. If the ac output is a current waveform,
then the inverter is referred to as a current source inverter (CSI).

Power electronic switches are used in the construction of these inverters and as such the output
waveform features fast transitions rather than smooth ones. This makes the output waveform appear
non sinusoidal even though its fundamental is. The behaviour of the output waveform is governed
by the modulation technique which monitors the amount of time and sequence used to do the
switching. There are different modulation techniques such as the carrier based sine pulse width
method and the space vector method. The fundamental building block of VSIs in general is shown
in Fig. 3-1.

. -
vde/2 1 TA+\ 7 DA+
i
vde( "’ Q| A
vde/2 == TA-\ X DA-

N
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 a+
and Ta. operate complementarily. This avoids short circuit conditions. DA+ and DA- are
freewheeling diodes. It is desired that the output of the inverter be sinusoidal with controllable
magnitude and frequency. The output (drawn from point A) with respect to the negative of the DC
bus (N above) is called the terminal voltage. The output goes high when T a+ is ON and the reverse
is true.

Cascading two such legs produces a full bridge as shown in circuit below.
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Fig. 3-2: Single phase full bridge VSI

The switch combinations used to control the circuit in Fig. 3-2. are described in the table 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 VeN Vout
TA+ TA- TB+ TB-

1 ON off off ON Ve 0 Ve

2 off ON ON off 0 Ve -Vdc

3 ON off ON off Ve Ve 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 to V4 with respect to
N when switch TA+ is switched ON in Table 3-1 above. Vo is the resultant from subtracting the
output at B from that at A. When three single legs are put in parallel and each inverter’s output is
displaced by 120° (of the fundamental frequency), a three phase 2 level inverter is formed. A
schematic is shown below:

—

+
vdc/ 2:: TA+ 75 DA+ TB+ R DB+ TC+ ADC+
vde( " o
Vdc/2 — TAN | Zpa- TB- BSop. TN | & pe

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 level VSI. The different
inverter topologies can be controlled using various schemes. If the above three phase two level
inverter has its switching devices controlled by Sinusoidal Pulse Width Modulation, the resultant
voltages will take the shapes illustrated in below.
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Fig. 3-4: PWM signal generation and different outputs from the inverter
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Fig. 3-4 above shows sinusoidal PWM waveforms for a 3 phase 2 level inverter. Sinusoids Vma,
Vme and Vimc are the modulating signals for leg A, leg B and leg C respectively being compared to
the carrier signal, V¢ (a triangle in this case). It can be seen that when Vma is greater than Ve, a
‘high’ is sent from the logic comparator to the upper switch Ta+ which in turn goes ON. This will
make the output V an swing to Vg with respect to the negative terminal N. Alternatively, when Vma
is less than Vcr, the switch Ta+ is turned OFF and the complementary switch Ta. is switched ON.
This makes the output V an go to zero.

The same logic applies to the other legs. Each leg’s output with respect to N is the phase voltage
and the line voltage is the difference of two phase voltages as shown by Vas, which is the
difference between Va and Vg. Although Vag does not look sinusoidal, its fundamental, V agi, is
sinusoidal. The phase voltage has 2 levels and the line voltage has 3 levels as expected.

3.1.1 Modulation techniques

There are several modulation techniques which can be broadly divided into two categories;
fundamental switching frequency and high switching frequency. including 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 carrier waveform is a triangular
wave. For a modulating wave Vm, whose magnitude is v and frequency fm, the modulation index ma
is defined as

v

m, = - (3.1)

where Vi is the amplitude of the carrier wave. The normalised carrier frequency ms (also called the
frequency modulation ratio) is defined as

my = ’%m (3.2)

where fyi is the frequency of the carrier waveform. Analysis of the half bridge circuit (one leg) it
can be seen that the output vou satisfies

Vour = 24m, (3.3)

in the linear region (m,< 1). This makes sense as the output can swing to a maximum of half the
supply voltage (positive or negative). The output line voltage’s spectrum is shown below.
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Fig. 3-5: output voltage spectrum

The first fifty harmonics in the output voltage Vas of Fig. 3-4 are shown in Fig. 3-5 above.
Harmonics can be seen at locations

h=Imsxk 1=123,.. (3.4)
where h is the harmonic location, k=2,4,6,... for 1 =1,3,5,...; and k=1,3,5,... for I=2,4,6,... For a
switching frequency of 500Hz (illustrative purpose only), the biggest distortions are close to the
switching frequency (h=10) and multiples thereof. Therefore, harmonics appear as sidebands with
the centre being the switching frequency and its multiples at ms, 2my, 3my, and so on. This is true for
modulation indices in the linear range.
Other modulation techniques which will not be implemented in this paper are the square wave
modulation, the selective harmonic elimination PWM, sub harmonic PWM and switching frequency
optimal PWM. The square wave modulated inverter has an output ac voltage whose magnitude is
controlled by varying the input dc voltage thus the inverter only controls the output frequency. In
other words, for square wave PWM inverters, vou has a constant relationship to vgc unlike in
equation (3.3). Selective harmonic elimination works by injecting negative harmonic components
into the modulating signal thereby removing the selected harmonics in the output which may have
been generated by the original pure sinusoidal reference. Sub harmonic PWM uses m-1 carriers for
an m level inverter. These identical carriers of magnitude vyi and frequency fyi are arranged such
that the bands they occupy are contiguous. The reference or modulating signal is then continuously
compared to these carriers, output going high whenever the reference is greater than the carrier.
Lastly, switching frequency optimal PWM is similar to sub harmonic PWM except that the third
harmonic (or zero sequence) is 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 waveforms in a three phase
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 pairs in Table 3-1.
Therefore, TA+ is directly connected with TB- while TB+ is directly connected to TA- and thus the
four switches are controlled by two signals instead of four. Since the signals powering one pair
complements the other, the output from a circuit implementing bipolar PWM has leg A output being
the negative of leg B output as illustrated in Fig. 3-6 below.



Fig. 3-6: Bipolar switching

Output Vga is obtained from subtracting Van from Vg in Fig. 3-6 above. Thus bipolar switching
utilizes states 1 and 2 in Table 3-1.

Unipolar switching however can utilize all of the switching states in Table 3-1 to make the output
voltage. This means that the output voltage synthesised this way can take values of Vg, 0, and —Vc
at any instant in time. A carrier based technique can be used to generate the pulses such as
illustrated in Fig. 3-4 and the output can be 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 sector. Among the converters, the DC/AC converters play a different role to their
DC/DC counterparts. DC/DC converters are used to generate a high output DC voltage from 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 sources could be batteries, fuel cells, photovoltaic solar panels, wind turbines or
superconducting magnetic energy storages. When interfaced with multilevel inverters, the DC/DC
converter balances the input voltage of the inverter thereby removing the need for complex control
for the multilevel inverter’s 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.
Renewable 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 inverters. Other applications
include those listed under the two level inverters except with the difference being the power ratings
of the applications. There are three basic topologies used in multilevel inverters. These are the
Diode Clamped (DC-MLI), Flying Capacitor (FC-MLI) and Cascaded H-Bridge (CHB-MLI)
multilevel inverters. Other forms of inverters 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
\'4
Ma = )V

where the variables v, vii and mj retain their meanings as earlier and m is the number of levels.

(3.5)



3.2.1 Diode Clamped Multilevel Inverter (DC-MLI)

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

c1 = Vdc/2 sAL - sB1f— scife
AD1 D1 xD1
A2 sB2r sc2f—
C2 =Vdc/4
&D2 &D2 . A~D2
sA3f— SB3F— SC3=—
pc() ]
£D3| AD3 AD3
N . a
F SA4s SB4-— sca-—
L a
b
&~dl Zdl ~d1l c
salf— Sbifs— Sclfe—
C3 ==-Vdc/4 Ad2 xd2 N
Fd2 sa2f>— Sb2fz— Sc2fr—
Z~d3
Z&d3 sa3>— ~d3 Sb3j=— Sc3b—
ca==-Vdc/2
Sadfs Sﬂ% SA%

Fig. 3-7:three phase DC-MLI

The midpoint of the capacitors in the middle in Fig. 3-7 (C2 and C3) determines the neutral point
and the output voltages can be referenced to this point when available. Each of the 3 phase outputs
share a common DC bus voltage. This voltage is divided into m levels (or steps), each capacitor
having a voltage of (den across it. However, it is noted that some scholars prefer to assign each

voltage level a value of V4 and also reference the output to the negative rail which means the actual
DC bus voltage will be a value of (m-1)Vq, where V¢ is the voltage across one capacitor, not
across the DC link. The subtle difference is illustrated in Fig. 3-8 below.
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Fig. 3-8: Output phase and line voltage waveforms when different references are used
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When the midpoint N is used in Fig. 3-8, the output with respect to this point is Van. If the negative
rail was used instead of the midpoint, then the output will be as shown by the plot V an showing s
translation relationship between the two plots. However, the reference point does not affect the line
to line output as indicated by the identical plots of V ag.

As with 2 level inverters, the switches making up each leg (or phase) are complementary. 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 requires (m-1) capacitors at the DC side.

The number of freewheeling (antiparallel) diodes per phase is 2(m-1) and this will be 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 midpoint N is used as the reference.

Table 3-2: switching states and their voltage levels for a five level DC-MLI

Voltage Switching States

Van Sa1 Saz Sas Sas Sa1 Saz Sa3 Sas
Vi=Vqc/2 | 1 1 1 1 0 0 0 0
V3=Vquc/4 | 0 1 1 1 1 0 0 0
V2=0 0 0 1 1 1 1 0 0
Vi= 0 0 0 1 1 1 1 0
-Vde / 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
Table 3-2. It is also evident from the table that some switches will be ON for longer than others, for
example Sas and Sa1 will be ON for twice as long as Sa2 and Saz. 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 blocking. A total of (m-
1)(m-2) clamping diodes per phase are required if it is assumed that every clamping diode has a
blocking voltage rating which is the same as the switching device. This 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 throughout. In this case, the DC-MLI’s leg will take the configuration shown below:
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Fig. 3-9: DC-MLI with identical clamping diodes

From Fig. 3-9 above, a total of (m-1)(m-2) which equals 12 clamping diodes for the 5 level MLI are
required. As m is increased, the number of clamping diodes required rises even quicker (following a
quadratic rule) and the design becomes bulky to implement. To illustrate how the number of
clamping diodes is achieved, let us say an output voltage of Vqc is required between the output
terminal and the negative rail. From Table 3-2, all switches Sa: to Sas needs to be ON whilst all the
complementary switches Sa1 to Sas are OFF. Each diode has a reverse voltage blocking of Vgc/(m-
1). Now the voltage between C1 and C2 is Vqc/4, therefore diode D1 has to block V4c/4, diode D2
block a voltage of 2V4c/4, and diode D3 block 3V4c/4. Therefore D1 needs 1 diode rated Vc/4, D2
requires 2 similar rated diodes and D3 requiring 3 diodes. The same logic is applied when a zero
output voltage is required and instead all the bottom switches are ON.

Advantages:

An advantage of DC-MLIs is that since all of the phases share a common dc bus, the capacitor
requirements of the inverter are easy to meet. This enables the implementation of back-to-back
converter topology for use in applications such as in adjustable speed drives. In back-to-back
topology, two converters are connected to one common DC link. One converter works as a rectifier,
and the other works as an inverter thus allowing for power transfer in both directions. The
capacitors of a DC-MLI can be pre-charged as a group. Efficiency is high as the devices can be
switched at the fundamental frequency. If the level is high enough, harmonic 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 difficult to achieve as it is dependent on the DC levels in
the capacitors being maintained [41]. Without precise control and monitoring, current may have a
non-zero net flow through the cells in one period of the output voltage since the capacitor plates
may become unbalanced during operation. Another disadvantage is that as the level (m) of the

12



inverter increases, so does the number of clamping diodes required by the topology which makes
implementation bulky.

3.2.2 Flying Capacitor Multilevel Inverter (FC-MLI)

FC-MLIs were introduced more than two decades ago as an alternative to DC-MLIs. There are
similarities in the main structure with that of DC-MLIs but instead of using clamping diodes, FC-
MLI uses DC capacitors in a ladder form. Their name is such because the capacitors’ voltage float’
with respect to the earth’s potential. Fig. 3-10 below shows the schematic of a five level FC-MLLI.
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=—-Vdc/2
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Fig. 3-10: Three phase 5 level FC-MLI topology.

Ca1, Ca2, and Cq3 are auxiliary capacitors in Fig. 3-10 which are pre-charged to specific levels;
Vac/4, Vac/2 and 3Vac/4 respectively. The inverter comprises of a DC source, four capacitors for the
DC bus (equal to m-1), 8 switches per leg (four sets of two switches complementing each other) and
clamping capacitors. The ratios (1:2:3:4) of the clamping capacitors to the DC link are the classical
ratios used for the five level MLI and results in an output voltage that has levels equal to the
number of switches (half of the leg) plus one. There are ways which have been developed to
increase the number of levels just by altering the ratios in the capacitor voltages [23]. The voltage
difference between two neighbouring capacitor legs gives the size of the voltage steps at the output
side. An advantage of FC-MLI is that it allows for different switching combinations to yield the
same voltage level for the inner voltage levels. This is illustrated in Table 3-3 below.

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

Voltage Switching State

Van Sa1 Saz Sas Sas Sa1 Saz Saz Sas
V,= 1 1 1 1 0 0 0 0
Vae/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
Vae/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
'Vdc/ 2

Table 3-3 above shows the switching states and the corresponding voltage levels for a 5 level FC-
MLI. There are alternative/redundant switching states for voltage levels VVdc/4, 0 and —\Vdc/4. This
shows the phase redundancies of FC-MLI. The number of DC link capacitors (m-1) required is
obviously the same as in DC-MLIs. If the voltage rating of the capacitors is the same as that of the
switching devices (just like the diodes may have the same voltage rating as that of the switching
devices), then the number of auxiliary capacitors required per phase is (m-1)(m-2)/2; which is six
when m is equal to five. Table 3-3 also shows that unlike in DC-MLIs, the FC-MLI does not require
that all the switches that are ON (conducting) to be switched ON consecutively. In other words, to
get a certain voltage at the output of DC-MLI requires a specific switching pattern as shown by
Table 3-2 which is not the case for the FC-MLI in Table 3-3. In fact, Sas and Sa: in the above table
are divided by what may be thought of as a mirror line whereby the columns at identical places
either side of the line are complementary.

Advantages:

Phase redundancies give the advantage that switching combinations can be chosen for best voltage
balancing on the capacitors. This is done to ensure that the inner capacitors have net charge and
discharge cycles that are equal [41]. Thus with suitable control schemes the power flow can be
monitored and controlled (real and reactive). Another advantage is that the 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
charge and discharge. Their control becomes complex as tracking or monitoring of each capacitor is
needed. Also, the cost of the inverter goes up and so does the physical size of the inverter due to the
increase in the number of capacitors. Switching utilization and efficiency are poor.
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3.2.3 Cascaded H-Bridge Multilevel Inverter (CHB-MLI)

As the nameplate suggests, this topology is made of series connected H-Bridges that have separate
DC sources. The outputs of the H-Bridges are connected in series hence the need to use separate or
isolated DC sources. An illustration of this topology is given in Fig. 3-11 below.
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Fig. 3-11: three phase 5 level CHB-MLI topology

In Fig. 3-11 above, Sa: acts complementarily with Sa;. Should these two be ON simultaneously an
obvious short circuit results. Each single phase or leg can generate three different output voltages.
The output of the cell at the top in leg A is Vpc if Sar and Sa2 are ON. This swings to the negative
rail (-Vpc) if Sa1 and Sa2 are ON. A zero (0V) output results when either Sa: and Sa2 OR Sa1 and Sa2
are ON. The actual generation of switching pulses and how they are assigned to each switch will be
detailed in the next chapter. In 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 capacitor which will be connected to a series resistor.

When outputs in Fig. 3-11 are all loaded and connected to a star common point the outputs can be
derived by use of equations. The star point (load side) will be the zero or reference voltage and the
common point of the bottom cells will be the neutral point N which is usually not equal to zero
volts as shown in Fig. 3-11. Thus Va = Van — Von. The line voltages can also be derived by
observation: Vas= Van — 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:

/A 1 0 0]fa Von (t)
V,,]: Ven () [o 1 o] H_ Von (£) (3.6)
Ve 0 0 1ltc Von ()

where the matrix with abc is just replacing the subscript x in Vxn(t) with a or b or ¢ depending on
phase.
The line voltages can be expressed as:

Van 1 -1 07]fa
Vel = Vex@®|l0 1 -1 H (3.7)
|/ -1 0 1llc
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where the matrix with abc is defined as in (3.6) above. With both the phase and the line voltages,
the voltage of the star point created by joining the loads can be calculated:

(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 H-bridge cells can be made and assembled separately allowing for a
modular testing. This 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 inputs to the individual H-bridge cells. This
obviously adds unwanted costs. The 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 two level inverters can be modified for applications in
multilevel inverters. These are Sinusoidal PWM (SPWM), Space Vector PWM (SVPWM),
Selective Harmonic Elimination PWM (SHEPWM) and Delta PWM (DPWM) among others. The
techniques can be classified by their switching frequency into two groups; fundamental switching
frequency and high switching frequency. Some of the switching methods can fall into either of the
groups as it is possible for them to work both at the fundamental frequency and at any 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 illustrated in Fig. 3-4 can be expanded and used in multilevel inverters as
well. This requires the use of ‘m-1" carriers for an ‘m’ level inverter instead of just a single carrier
in the conventional sine PWM method. This multicarrier PWM technique can also be referred to as
Sub-harmonic PWM. Having 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 shifted method and three level shifted
methods are described below for 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 contiguous and are distributed evenly across the entire amplitude of the sinusoid
with the zero crossing separating the top two signals from the bottom two. Phase disposition PWM
(PD-PWM) has carriers that start and finish at the same time (carriers are said to be in phase) as
shown in 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 technique become known as Phase Opposite
Disposition PWM (POD-PWM) as illustrated by Fig. 3-13. If otherwise each carrier is 180 degrees
out of phase with the next then an Alternative Phase Opposite Disposition PWM (APOD-PWM) is
produced as shown in Fig. 3-14. The carriers can also occupy the same bands in amplitude but have
different angles therefore start at different points in their cycles as illustrated by Fig. 3-15.

There are other switching schemes which will not be used in this project but will be mentioned for
completeness. The Variable Switching Frequency PWM (VSFPWM) 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 than the inner switches
all in pairs; topmost paired to bottom most, second from top paired to second from bottom and so
on. Another similar switching technique swaps the switching angles after a specific time interval to
ensure the switches are ON for similar times hence avoiding overcharging/over-discharging 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 the gap 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 topology (called 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
‘self-balance’ in situations of varying load patterns, whether there is active or reactive power flow.
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Each capacitor and switch has a voltage VVdc across it which is VVdc/(m-1). This is shown in Fig.
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 CHB-MLI in the sense of being modular and being composed
of basic cells.

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 can be used among them the use of DC-MLI or CC-MLI as units or basic
cells to a CHB-MLLI. This is illustrated below.

It can be seen in Fig 3-18 that the resultant hybrid nine level cascaded MLI is composed of 3 level
DC-MLI as the basic cells. A ‘pure’ 9 level CHB-MLI would require 4 separate DC sources to
produce the same single phase output. This means that 12 separate DC sources would be required
for a three phase MLI, which may be too expensive.
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Fig 3-19: Mixed-level hybrid MLI with unequal sources

In the above mixed-level 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 symmetric CHB-MLI is

m=2n+1 (3.9)
where m is the number of levels and n the number of dc sources.
On the other hand, in asymmetric CHB-MLI more output levels can be achieved for the same
number of dc sources as with symmetric CHB-MLI. Where the DC sources are said to be binary
(taking values of multiples of two only) the number of levels expected is:

m=2"1_1 {DC source voltage = u,2u, 4u, ..., 2" 1u (3.10)

where m and n are defined as in 3.9.
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Should the sources be ternary (that is dc source values being multiples of three) then the number of
levels becomes:

m= 3" {DC source voltage = u,3u,91, ..., 3" tu (3.11)
where m and n are defined as in 3.9.

So for the example in Fig 3-18, it can be deduced from 3.9 to 3.11 that 2 voltage sources on a single
phase will yield a 5 level CHB-MLLI if the sources are equal in voltage. Should the sources not be
equal and in such a way that one’s voltage is twice the voltage of the other then a 7 level CHB-MLI

is realised as in Fig 3-19. For dc sources where one’s voltage is three times the other then a nine
level ML is realised.
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4. Software Simulations

There are various ways to simulate voltage source inverters. Simulation in software allows
designers to test if their suggested method or idea works before implementing it on a 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 of sense to choose a software package that can simulate;
as much as is possible, the proposed idea in a way that resembles the finished product. Fortunately,
there are many software packages that exist today and some are even open source(free). Notable
examples are PSpice, Simplorer, MATLAB and LabVIEW. In 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 electronics among them bipolar junction
transistors (BJTS), intrinsic gate bipolar transistors (IGBTs) and metallic oxide semiconductor field
effect transistors (MOSFETSs). BJTs are made by fusing two diodes back to back which results in
two PN- junctions sharing a common P or N terminal. The P or N denotes positive or negative
semiconductor materials. By applying a small voltage, the transistor can be controlled to operate in
different zones, namely; active region (can 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 to both. The
common emitter (or grounded emitter) has the emitter connected to both the input and output sides
of the circuit. There is also the common base and common collector configuration. The different
ways of connecting the transistor legs means that the output behaves differently in each case.
Common emitter has both current and voltage gain (amplification). Common base only has voltage
gain whilst common collector only current gain. Applications of these different transistor
configurations can be seen in amplifiers, oscillators, on/off switches, rectifiers and filters. For the
purposes needed in this research, only the configuration that makes a BJT operate as a switch will
be considered. To operate as a switch, logically the BJT has to be operated in the saturation and cut
off regions alternately. The downside is that even in cut off mode, there will be some leakage
current flowing through the transistor. Furthermore, BJTs are relatively slow to turn off (a
characteristic feature called current tail) and are susceptible to thermal runaway due to their
negative temperature coefficient. Also, 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 controlled and not current controlled. A three legged representation is shown
in Fig 4-1. Just as a small current is used in BJTs to switch on a much higher current through a
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 and have lower power consumption. FETS,
unlike BJTs, also have high input impedance, which means they put little or negligible load on the
external components or circuitry. They can be classified as Junction Field Effect transistors (JFETS)
and the more common Metallic Oxide Semiconductor Field Effect Transistors (MOSFETSs) which
are also called Insulated Gate Field Effect Transistors.

Unlike the BJTs which were made from two PN- junctions, JFETs are made from a piece of high
resistance semiconductor material which 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 p-type(or p-channel). Alternatively, the doped material may contain a lot of
negative charge carriers or electrons and will be referred to as being n-type (or n-channel). At each
end of the semiconductor material are two ohmic contacts called the gate and drain.

Drain Drain

Gate ¢/ Gate

Source Source

Fig 4-1: Schematic of a MOSFET

So the channel of the JFET is a resistive path through which a voltage between drain and source
causes a current to flow through the drain. JFETs can conduct current either way through them
depending on the voltage applied between the gate and source which biases the gate-source 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, which is reverse biased.

It is possible to connect JFETs in 3 different ways just like in BJTs. There is the widely used
common source configuration whereby the input is applied to the gate and the output taken from the
drain. This way, the JFET will have high input impedance. Another way of connecting the JFET is
the common gate configuration which does not have high input impedance and has the input applied
to the source with the output taken from the drain. Lastly is the common drain (or source follower)
configuration with unity voltage gain, high input impedance and low output impedance.

Another type of FET besides the JFETs is the MOSFETSs whose input gate is electrically insulated
from the current carrying channel. The name of MOSFETS can be a bit of misnomer as the ‘metal’
or ‘oxide’ part of it may not be an actual metal or an oxide since different dielectric materials can
used for the semiconductor, e.g. silicone. Just like the JFETs, MOSFETSs also have high input
impedance and should be handled appropriately as they can easily be damaged with static
electricity. The actual three leg chip comes either as a normally ON or normally OFF depending on
enhancement type. The former indicates that current can flow through the channel even if gate
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 saturation voltage and combines them with those of the
MOSFETs; high input impedance and high switching speed. In essence, this is a Darlington type of
transistor made from an FET and a MOSFET. The only drawback is the relative cost of this device
compared to BJTs and MOSFETSs.

Choosing between the various switching components has become more complex than before, not
that it is difficult but that there now exist a wide range of choices. For the task at hand, any of the
switching devices discussed above can work, with some better than others. To elaborate, the BJTs
can be used as switches in this application (operation in saturation and cut-off regions alternately),
but being current controlled means the leakage current results in too much unwanted power losses
(which may compound on heating problems as well). The relatively large turn-ON current required
is just dissipated as heat and the current tails negatively affect the turn-OFF characteristics of BJTs.
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On the contrary, FETs are voltage controlled and turn OFF or ON without significant current tails.
As such, the voltage controlled devices tend to be preferred. This leaves the IGBTs and MOSFETSs
as the switching devices of choice.

Previously, MOSFETs were preferred in low applications whilst IGBTs would be preferred for
medium to high voltage applications. In terms of switching frequency, IGBTs were considered for
applications below 20khz whilst MOSFETS would generally be used in much higher switching
frequencies. This is depicted in Fig 4-2 [53] below.
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Fig 4-2: guide for selecting MOSFET or IGBT

The criteria set in Fig 4-2 have ‘grey’ areas where each of the two switching devices has no absolute
advantage over the other thus leaving the choice of switch to the designer. Of utmost importance to
the designer is the breakdown voltage rating (amongst other voltage ratings) and switching
frequency. From figure above, a breakdown voltage of below 260V automatically meant MOSFETSs
would be used whilst switching below 20kHz meant IGBTs would be the default choice. However,
research has since improved on either of the above two switching devices and the strides in the
advancement of each so vast that the overlap region is even bigger [53]. This means device
selection is application specific taking into account variables such as costs, heat dissipation, size
and maybe speed as well. Typical operations for MOSFETSs are high frequency, wide load variation,
low power (or voltage) applications such as in switched mode power supplies and battery charging
systems. IGBTs on the other hand are prevalent in low frequency, small load variations, high
voltage (or power) applications such as in motor control, UPS and welding. This project will utilize
MOSFETs as the switching devices as it will focus on low voltage - low power applications.

The previous chapter introduced how the control or gate signals are generated for each switch. It
also included a summary of the most common PWM modulation techniques that are applicable to
MLIs. As previously mentioned, five level DC-MLI requires the use of four carriers (m-1).
Depending on PWM method, the carriers can be arranged to mimic the illustrations in chapter 3.
Below is the Simulink block diagram showing PD-PWM.
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Fig. 4-3: Generation of signals using PD-PWM

Since the modulating signal’s amplitude is fixed, the carrier’s amplitude changes as the modulation
index varies in Fig. 4-3 above. Blocks are used to compute the modulation index using (3.5) from
chapter 3. The comparator compares the values of the modulating and carrier waveforms. Whenever
the modulating signal is more positive than the carrier a positive or high signal is sent to the output.
Part of this output is sent through a logic NOT gate to produce the complement of the high output
signal which is also needed. The ‘Go to’ block above is used to store the value of the carrier
amplitude. Since the triangle generator function outputs a triangle wave centred about zero with
peak unit value, its output must be multiplied by the carrier amplitude then the same amplitude
added or subtracted to the resultant for the waveform to be shifted from the zero centre. The triangle
waveforms above the zero crossing are shifted to their positions by adding multiples of the carrier
amplitude to the function generator’s output. Those below the zero crossing are obtained by
subtracting multiples of the carrier amplitude from the resultant of the function generator.

The blocks named ‘Triangle Generator’ to ‘Triangle Generator3’ in Fig. 4-3 represent the carrier
signals with unity magnitude. ‘Triangle Generator’ represents carrierl and carrier4 is represented by
‘Triangle Generator3’. Fig. 3-12 is repeated from the previous chapter below.
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The amplitude of the carriers can be calculated using the modulation index equation (3.5). Suppose
the modulation index is ma = 0.8 and that the modulating signal is the normal household ac voltage
(220V), then the carrier’s amplitude is calculated as:

Vi
m, = —
¢ (m - 1)Vtri
220
0.8=
(5_1)Vtri

Hence the carrier’s amplitude required is V,,; = 68.75V. The above calculation is what the blocks
on the right in Fig. 4-3 are accomplishing and since the M1 is varied in this study it is necessary to
have a block just to adjust one parameter and not all numbers.
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Fig. 4-4: Generation of carrier waves

The illustration above in Fig. 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 amplitude) and 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 amplitude. The other carriers are made by adding or subtracting multiples of the amplitude
as described above to shift the carrier to the desired centrum.
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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 as in Fig. 4-5 above. Fig. 4-3 is transformed by the subsystem
function in Simulink to become a single block such as ‘Phase A’ block in Fig. 4-5. The block
named ‘three phase VSI’ is the Simulink representation of Fig. 3-7 and each of the phases are
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 complementing the original
output. Voltage and current measurement blocks are added before the scope.

The blocks for generating pulses used for the DC-MLI will resemble those for the FC-MLI due to
the similarities in the structure of these topologies. As such, Simulink diagrams both look like the
above figures (Fig. 4-3 and Fig. 4-5) except for the routing of each signal to the gates as that
depends on topology.

To view the contents of each subsystem blocks such as in Fig. 4-5, simply right-click on the block
and select look ‘under subsystem’ or ‘mask’.

4.1 DC-MLI Voltage Source Inverter Simulink setup

The three phase five level DC-MLI with similarly rated diodes is shown in Fig. 4-8. As described in
the previous chapter, the VSI has ‘m-1’ top switches and the same number for the corresponding
bottom switches per 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 of the DC-
MLI or the FC-MLI. A total of ‘(m-1)(m-2)’ clamping diodes are needed when the diodes used are
identically rated. The block named ‘three phase VSI” is made up of three series connected single
phase blocks such as the one shown below in Fig. 4-8. With regards to the control signals for each
switch, the topmost control signal (going to the topmost switch ‘Mosfet’) comes from the first
control signal ‘phase_A1’. The complement of this control signal (called ‘phase AS5’) is sent to the
complement of the topmost switch, which is ‘Mosfet4’, the mosfet or switch at the top of the
bottom half set of switches. Similarly, the second switch from the top set of switches from Fig. 4-8
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is named ‘Mosfetl” and is controlled by the signal named ‘phase_A2’ whilst the complement
control signal ‘phase A6’ controls the second complement switch ‘Mosfet5’. The other control
signals all power the remaining gates in the very same way described above. The distribution of the
control signals is illustrated in Fig. 4-6 below.
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Fig. 4-6: gate control signals distribution DC-MLI

The topmost signal (for ‘Mosfet’, colour blue) in the top switches is complementary to the topmost
signal of the bottom switches (‘Mosfet4’, colour blue) in Fig. 4-6 above.

4.2 FC-MLI Voltage Source Inverter Simulink setup

Fig. 4-9 shows the configuration for the five level FC-MLI in Simulink. Just like the DC-MLI, this
too has ‘m-1’ top switches with the same number of the bottom complementary switches per phase.
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 DC-MLI uses are clamping capacitors. A total
of (m-1)(m-2) ,

the number of clamping components than its DC-MLI counterpart. Although the FC-MLI and DC-
MLI have a similar VSI structure, the switching or control of gates is different. For the DC-MLI the
topmost gate was controlled by the topmost signal whilst the gate’s complement would be powered
by the complement of the first signal. Here, the output 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
means 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 half. The switching combinations are illustrated in Fig. 4-7 below.

clamping capacitors per phase are required, meaning the FC-MLI will have half
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Fig. 4-7: gate control signal distribution CC-MLI

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

4.3 CHB-MLI Voltage Source Inverter Simulink setup

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

application as each dc source may require a smoothing capacitor. A total of @ cascaded cells

per phase are required for the ‘m’ level inverter as illustrated in Fig. 4-10. The advantages and rules
pertaining to how dc sources are reduced have been covered in the previous chapter under “Other
Multilevel Inverter topologies” and under “Cascaded H-Bridge MLI”. Just like the two above
topologies, this topology requires a certain pattern in order to work properly. 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 chapter. The distribution of the gate control
signal is shown in Fig. 4-10 below.
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Fig. 4-8: single phase five level DC-MLI Simulink model

it can be seen
that the control signal ‘PhaseA 1’ powers the topmost switch and its complement is signal

‘PhaseA 5°.

Fig. 4-8 above shows the Simulink model for a five level DC-MLI. From Fig. 4-6
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Fig. 4-9: single phase five level FC-MLI Simulink model

Fig. 4-9 above shows a Simulink model for the five level CC-MLI (or FC-MLI). It can be seen that
control signal ‘PhaseA 1’ and ‘PhaseA 8’ are complements by the help of the illustration in Fig.
4-7.
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Fig. 4-10: Single phase 5 level CHB-MLI

In Fig. 4-10, the subsystem block ‘Phase A’ contains the model circuit for the generation of signals
as illustrated in Fig. 4-3. In essence, if the subsystem block was to be recreated it would be identical
to the one shown there. As shown in Fig. 4-3, two complementing signals are sent to out port named
‘PhaseA 1’ by means of a mux. Above in Fig. 4-10, a demux is used to separate the combined
signal into the constituent signals to be sent to complementing gates. As such, signal ‘PhaseA 1’ is
a compliment of signal ‘PhaseA 5’ and both are sent to one leg of the first unit in the CHB-MLI
model which requires complement signals to avoid short circuit conditions within the leg of the h-
bridge.

The above figures have illustrated how 5 level MLIs are applied. Fig. 11-1 up until Fig. 11-3 show
how 3 level MLIs are implemented, Fig. 11-4 up until Fig. 11-7 show how the 7 level MLIs are
implemented and lastly Fig. 11-8 up until Fig. 11-11 show how the 9 level MLIs are implemented.
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5. Hardware implementation, Filtering
and Harmonics Prediction

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 analogue to digital (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 simulations. This will be explained in detail below.

The output from hardware will require some form of filter before being used or sent to storage or
into the grid. This is because normally there are unwanted harmonics that are within the output and
are removed 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 ways. A few of these ways are
described before a novel approach is used employing statistical analysis to better 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 MATLAB-Simulink support. This would mean that instead of codding
everything from the beginning, only 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 from the controller after ‘building’ this new code automatically or having
some sort of bridge that links the Simulink software to a specific runtime routine running from the
controller. In the event that no support is offered for Simulink with a desired microcontroller or
should more control be needed over finer details in what is transpiring 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 was selected for this project. The reasons for selecting this were
that it has a powerful 32bit CPU, many 1/O ports, good precision with an IEEE754 single precision
floating point and that it has support for Simulink hence no need for extensive coding. Support
packages for the Texas Instruments Digital Signal Processing unit (DSP) are downloaded which
runs alongside Code Composer software. As said before, these enable users to run simulations
directly off MATLAB-Simulink into a DSP controller. Pulses for the gates of 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 micro-controller family. The output signals from
the controller are between 0-3V. These are for controlling the gates of the switches. However, the
MOSFETs used require gate signals of 15V for a ‘high’ and OV for a ‘low’. To do this, a voltage
level shifter is used. A 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 in Fig. 5-1 is assumed to be self-reliant with its own charge controllers and
regulators. Simulink simulations are run on a computer generating the required signals which are
sent out from the 1/0 ports of the controller. The controller outputs are 0-3 V so there is need of
level shifting the signals to the required voltages depending on switching components used. One leg
implementation of the five level CHB-MLI is shown below.

exas Instrument i i

)

[ Voltage Level
- Shlfter/lnterlock l

|DSP Controller

‘
/

Fig. 5-2: single phase implementation for the 5 level CHB-MLI

Fig. 5-2 above shows the hardware setup before the filter and load are connected to the 5 level
CHB-MLI. Switching signals are generated from a computer whose specifications are as follows;
Intel core i7 4GHz, 16Gb ddr3 Ram. These signals run from the computer to the DSP controller
through a USB cable shown connected to the controller from which they are sent to the level shifter
circuit. The level shifter circuit ensures that the signals that are about to be sent to the actual
MOSFETS are in fact within the right range, for example, the 3V ‘High’ signal from the controller
would not be high enough to switch the MOSFET ON. Therefore, without the level shifter circuit
the switch would interpret the 3V the same way as the 0 volts or ‘Low’ signal, which is not the
desired outcome. Besides shifting the voltage values to the correct ranges the level shifter circuit
incorporates interlocks to ensure that there are no short circuit conditions just in case one switch
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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 H-bridges. The DC bus voltages are 25.5V for both DC sources supplying the
two H-bridges in the single leg above. The oscilloscope is from Agilent Technologies, model
DSO6012A, 100MHz and can sample up to 2GSa/s. The high voltage differential probe in Fig. 5-2
is a Tektronix P5200 model, with an output tolerance of + 2.6V, 1MQ. The components used and
their key specifications are given in Table 11-1 in the appendix section. The results from hardware
will be shown and discussed in the next chapter.

5.2 Output filtering in MLlIs.

The goal of using MLIs as opposed to 2 level inverters is to achieve more sinusoidal output which
has fewer distortions than that of the regular inverters. However, output from a MLI may have a
good reduction of harmonics but still requires a filter to further reduce them to meet IEEE
standards. Several methods have been discussed 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 optimization [3]. Internationally acceptable output voltage distortions are governed by
different standards — IEEE 519-1992 (revised slightly in IEEE 519-2014), EN-62040-3:2005 and
IEC 61000-2-2 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 the fundamental. It is therefore important to note both
the fundamental switching harmonics and the THD when examining the harmonics spectrum. Fig.
5-3 below show how the filter is connected between the output of the VSI and the load.

L L Rf

VSI Output "0 Load VSI Output Cy Load

(a)

Rf

VSI Output =C = load VS| Output Load

C

T
(b)

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

In Fig. 5-3 above, (a) is the 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 Rf in series with either
the inductor or the capacitor. However, in the last scenario, the internal resistances may be lumped
into one internal resistance. Now suppose the impedance of the capacitor is Z, the impedance of the
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inductor Z, and the impedance of the internal resistance combined is Zr. The output voltage for (b)
can be found by:

Zc
Vour = 77 +7-Vin (5.1)
Thus the transfer function H(jo) is found by:
1
Z joC
H(w) = ¢ =
Z.+Z, +7 1 .
ct iyt g ja)_C + jwL + R
1
_ JjwC
1+ jwCjwL + jwCR
jwC
1
_ JjwC
" 1— w?CL+ jwCR
jwC
1
© 1-w2CL+jwCR (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
|w?2CL| > | jwCR).

If the load current is treated as a disturbance then (5.2) will hold, otherwise there is a term which
needs to be included in it should the 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 thesis is used here[44],
[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:

_ [ 1
lr = neom X . X R (5.3)

where Is is the filter inductor whose value is to be found, m is the number of levels, M is the
modulation index, fs is the switching frequency and R is the load resistance value. In a similar way,
[44], [45]defines the capacitor value Cs in an LC filter as:

1 1
Cf_ ’mx—sx

For a three level VSI, the equations are:

(5.4)

x| =
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lp= = xR (5.5)

q:%x; (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 that the (m-1)
term would disappear as m is 2 in a two level VSI. Results of unfiltered output and those after

implementing the filter are shown in the next chapter appropriately called ‘Results’.

5.3 Prediction of harmonics using machine learning

The principle behind machine learning is based on the fact that any function 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 to predict the function value for new points outside the training data.
In other words, given a known small value €, an unknown function f(x) can be approximated using
single layer feed forward network (SLFN) with a sufficiently large number of hidden layers, L. An
illustration using basic functions is shown below.

~6

Fig. 5-4: example of addition of functions

The blue waveform (fi(x) = sin x) and the red waveform (f2(x) = x) can be added to form the green
waveform f(x) = sin x + x in Fig. 5-4 above. It can be said that f(x) is composed of f1(x) and f2(x) as
the basic building blocks. Similarly, more complicated waveforms can be thought of as being made
up of many distinct basic functions coming together to produce one complex waveform. When a
large number and layers (which may do functions like multiplication for gain or addition for
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.

[flx) —fx) < e (5.7)
where L is the number of hidden nodes.
Consider the SLFN shown in below where inputs ‘x’ give output ‘o’.
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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(ai, bi, X) =g(ai.x + bi) (5.8)

where a; are the input weights connecting the i hidden nodes and input nodes, b is the hidden
nodes threshold or bias factor, x are the inputs, B the weight vector connecting the hidden node to
the output and ‘o’ is the output of the SLFN.

The output of the network is:

fL(x) = Zi1 BiGai, bi, X)) = 4 (5.9)

and can be written in matrix form as
Hop=T (5.10)
where Hy is the hidden layer output matrix (from training data hence the tr subscript) and T is the

output or target matrix.
Using the same matrix form, the individual matrix components in (5.10) can be written as:

G(a,by,xy) - G(ap, by, xq)
H(ai, ... ,a., b1, ..., by, X1, ..., XN) = : : (5.11)
G(ay,by,xy) -+ G(ap, by, xy)
B
p=| : (5.12)
B."
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T=| : (5.13)

where H is an NXL matrix, B an Lxm matrix and T an Nxm matrix.

In summary, ELM involves a three step process. Firstly, assign randomly the input weights a;, and
then the hidden nodes impact/bias factor bi. This will enable the calculation of the hidden node
matrix, H, the second step. Lastly, calculate the output weights by making the weights 3 the subject
of interest in (5.10) to yield

B = THiny (5.14)
where Hiny is the pseudo- inverse of the matrix H. The pseudo-inverse is taken in order to ensure
that H is invertible.

From (5.7), a cost function, C, can be derived so as to tune the design parameters.

C=%11fu )= fCO) |2 (5.15)

To minimize the cost function, the parameters of the network (ai, bi and ) are adjusted.

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 the number of basis functions then recording how far the
true values are from the predicted values gives the rms error, which is related to the cost function in
(5.15) that is to be minimized. Results for choosing the number of basis functions are shown in the
next chapter.
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6. Results

Various performance markers or indices can be used when evaluating the difference between the
numerous MLI topologies. They can be quantitative markers such as the magnitude of the output
voltage (Vou) Or current (lout), or qualitative indices, such as the amount of distortions in the output
voltage or current. In this research, the magnitude of the output voltage (and current under specified
load), the THD in the output and the filter components required to bring the harmonics to
acceptable levels are discussed. Software results are introduced first and later in the chapter they
will be compared with the output 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 level shifted PWM techniques is the PS PWM which differs from the previously
mentioned ones as being the only one which does not do level shifting. To determine how the
different switching scheme affects the output voltage, 3, 5, 7 and 9 levels of MLIs are used.

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 level MLI

Fig 6-1 shows the effects of the various PWM schemes on a standard CHB-MLI circuit that has all
the other things kept constant except for the PWM switching. The PD PWM produces the least
THD across the range of M1 used as is expected. THD ranges from just below 15% to a maximum
of about 37% when POD-PWM is used. The modulation range is allowed to go into the over-
modulation region just to illustrate how these PWM methods differ when in that region but this
research will only focus on modulation indices less than or equal to 1. Similar plots are obtained for
the seven and nine level MLIs, with PD-PWM having the least THD across the Mls used. These are
shown in Fig. 6-2 and Fig. 6-3 below.
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Fig. 6-2: PWM comparison 7 level MLI
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Fig. 6-3: PWM comparison 9 level MLI

The above figures verify that PD PWM gives the least THD across the Ml used for the different
level of ML selected and is used as the PWM switching scheme of choice from this point onwards.

6.2 Output Voltage and Current waveforms from simulations

Real life scenarios often expose power 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 currents) among
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 and the MI, with 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 CHB-MLI whose outputs are representative of
the other basic topologies, except in special cases where it will be mentioned which topology is
being referred to.
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Fig. 6-6: (a) 9 level phase voltage MLI output
(b) 9 level line voltage MLI output
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Five steps (or levels) are expected at the phase output of the five level MLI and 9 steps (2m-1) in
the line output of the same MLI. Similarly, 7 steps in phase output and 13 steps in line output are
expected for the 7 level MLI whilst 9 steps in phase output and 17 steps in line output are expected.
Fig. 6-4, Fig. 6-5, and Fig. 6-6 confirm that the expected outputs are achieved.

6.2.2 Level Utilization outputs

Suppose the M1 used is outside the nominal range, the levels or steps deteriorate and eventually are
absorbed to produce less steps in the output waveform if the M1 is smaller than a certain value. The
minimum MI governs the operation of MLIs, with lower MI resulting in loss of intermediate
voltage levels in the output waveform. This phenomenon is called Level Utilization. For example,
in a seven level diode clamped inverter, the minimum M1 allowed without losing any levels is
0,667. The minimum MI using multi-carrier based PWM is [41]

o "NANAN
SR TRTRTRTAY

0O 002 004 0.06 008 0.1 0 0.02 0.04 0.06 008 0.1
Time (s) Time (s)
(@) (b)
Fig. 6-7: (a) distorted phase output from 7 level MLI
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(b) line output from 7 level MLI with less Level Utilization

As mentioned before, Fig. 6-7 shows the output of the MLI when an Ml of 0.7 is used. Notice that
although the phase output still has 7 levels, the steps are already showing some deviations from the
normal waveforms expected from a 7 level MLI. The topmost and bottommaost levels have lost a bit
of ‘ON’ time as they would have been ON for longer than the other switches considering the
switching scheme used. It can be seen from the line output that some of the levels in the output have
already been lost. Should the M1 be reduced to a figure below the minimum M1, then even the phase
output will be affected as shown in below.
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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 to fewer levels because the MI has been allowed to go below

the minimum M1 allowable. Both the phase and line outputs have lost some levels and the effect of
this is seen as making the output waveforms less sinusoidal-like.

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 to match 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 unfiltered output waveforms; left) voltage, right) current
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Fig. 6-10: five level MLI output waveforms with L filter; left) voltage, right) current
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Fig. 6-11: five level MLI output waveforms with LC filter; left) voltage, right) current

Fig. 6-9 up to Fig. 6-11 shows the 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. These figures shown above are
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all for an M1 of 0.95 and so the unfiltered phase voltage will show 5 steps for the five 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
ML, the results for the three level, seven 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 voltage 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 secondly the output current when the
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 for getting the waveforms for the 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 are plotted in pink, five
level in blue, 7 level in green and nine level in brown just 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 both. In the creation of the
table, only a small range in the values of the MI is used 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 M1 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
= 09 |64.6 715 4.5 2.1 693.8 | 4.3 2.5 718.5 | 4.5
§ 0.95 | 58.3 756 4.7 1.8 731.8 | 4.6 1.8 759.5 | 4.7
™1 52.5 794.8 | 4.9 1.7 771.2 | 4.8 1.8 798.4 | 5.0
Without filter L Only filter LC Filter
THD% | V A L THD% |V A |L C THD% | V A
(mH) (mH) | (1F)
0.8 | 384 634.9 | 4.0 | 60 2.7 631.1 | 39 | 1.8 7.0 |3.0 635.8 | 4.0
0.85 | 36.2 6734 | 42 | 60 2.6 669.3 | 4.2 | 1.7 68 |3.1 674.2 | 4.2
= 09 |33.6 713.3 | 45 |50 2.8 710.5 | 4.4 | 1.7 6.6 | 2.8 714.2 | 4.5
o | 095|305 752.8 | 47 |50 2.5 749.7 | 4.7 | 1.6 6.4 | 2.8 753.5 | 4.7
w1 27.1 761.6 | 49 |50 2.2 7883 |49 | 1.6 6.3 | 2.6 792.3 | 5.0
Without filter L Only filter LC Filter
THD% | V A L THD% | V A |L C THD% | V A
(mH) (mH) | (1F)
0.8 |244 632.1 | 4.0 | 40 2.6 630.5 [ 39 | 1.5 57 |28 632.5 | 4.0
= 0.85 | 23.8 6715 | 42 |40 2.5 6698 | 4.2 | 1.4 55 |32 6718 | 4.2
5 |09 |225 710.2 | 44 | 40 2.4 7084 |44 | 14 54 |3.0 710.6 | 4.4
~ [0.95 207 749.4 | 4.7 | 30 29 748.5 | 4.7 | 1.3 52 |32 749.7 | 4.7
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|1 |183 [7881[49 |30 |25 [7871|49|13 |51 [3.0 |7884 |49 |

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

08 |17.3 6294 |39 |30 2.3 628.6 | 39| 1.2 49 |32 629.5 | 3.9
0.85|17.2 668.1 | 42 | 30 2.4 667.2 | 4.2 | 1.2 48 |33 668.2 | 4.2
09 |168 707.2 | 44 | 30 2.4 706.3 | 44 | 1.2 47 |33 707.3 | 4.4
0.95 | 15.7 745.6 | 47 | 30 2.2 744.7 | 4.7 | 1.2 45 |33 745.7 | 4.7
1 13.8 7843 | 49 | 30 1.9 7833 49| 1.1 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 CHB-MLI 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 CHB-MLI would work separately but not when put
together. This then is interpreted as either the switching of both CHB cells interfering with each
other (which it was at first whilst using bipolar switching technique) or that the independent DC
cells may not be properly isolated (which could have been because they were charging from the
same controller and one mains supply which may have a common ground). Thus 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 levels individually 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 the 5 level CHB-MLI. As expected,
the waveform has three distinct levels. The outputs from both CHB-MLI cells are shown alongside
each other in Fig. 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 machines. 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
plate ‘cleaned’ the signals and hence the outputs from the two cells to produce a better looking
output as shown by Fig. 6-14. Depending on how clean the signals are transmitted, various
imperfections could be seen in the output as illustrated by Fig. 6-15.
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Fig. 6-13: output of two CHB cells cascaded to produce the five level MLI output
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Fig. 6-15: unfiltered 5 level output; left) with interference, right) using cleaner outputs

6.3.1 Calculation of harmonics from VSI hardware

The calculation of harmonics is straightforward when done in software. This 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 THD. However, it
becomes complicated to do in hardware as most available oscilloscopes such 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 automatically saves the
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 command line function exists in
MATLAB which can be applied here. Here is the ‘thd’ function for calculating the percentage
THD:

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

The function takes in the y values from the x-y plots, needs switching frequency fs and n the
number of harmonics needed to be calculated from the x-y plot.

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
take the 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 is -10, then power ratio x value will be the value of x from the logarithmic
equation:

10logx = —10
10'08* = 1071
logx = —1

x=10"1

Therefore x=0.1. from this, the amplitude ratio is taken as the root of the power ratio x. so the
amplitude will be root of 0.1 which is 0.3162.. or 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 inductor and a 0.64puF capacitor are required for filtering
according to (5.3) and (5.4). Doing a Fast Fourier Transform (FFT) on a waveform in Simulink will
give the frequency spectrum of the waveform or the amount and location of individual harmonics.
The current flowing in the load has the harmonic spectrum shown on left before filtering and on
right after filtering in Fig. 6-16.

"""Fungamental (50Hz) = 0.305 , THD= 34.63% Fugdamental (50Hz) = 0.3054 , THD= 2.82%
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Fig. 6-16: fft of output waveforms; left) unfiltered, 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 CHB-MLI. The frequency spectrum in Fig. 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 shown in Fig. 6-18 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 the 102" harmonic. 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. 6-20: 7 level rms test error for number of basis function selection
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Fig. 6-21: 9 level rms test error for number of basis 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 prediction. In other words, the rms test error
shows the variation in accuracy as different number of basis functions are used.

When the number of basis functions is decided using the above reasoning, running the simulations
and predicting the THD will result in numbers which closely foretell how much THD is expected

with high accuracy. This is illustrated below.
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Fig. 6-22: predicted vs simulation results for five, seven and nine level VSIs

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 used more than 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 showing marked improvements from the authors which applied similar
techniques to their harmonics predictions.
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7. Discussion

It has been seen from the results how well the simulations are representing what actually happens in
hardware. A look at 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 software unfiltered results

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 the signal, not of the fundamental which will be slightly less (sinusoidal component is about
102V peak-peak). Applying the method of filter design from the filtering section, the following
outputs are observed.
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Fig. 7-2: LC filtered output from 5 level VSI and software

The output from the VSI in figure above again 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 results for 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 simulations relate 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 software results comparison for filtered and unfiltered VSI outputs

Without filter LC Filter

THD% | Vpk | Aok | THD% | Vx| Apk
simulink | 34.6 488103 (238 48910.3
hardware | 35.9 522103 3.0 52.210.3

Before filtering, the THD differed by 1.3% whilst after filtering the difference 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 THD and harmonics, and that some
switching techniques may be slightly advantageous is certain circumstances, how the CHB-MLI is
advantageous when it comes to the output voltage or current values when compared to the other
topologies.

The filtering exercise has shown 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 prediction, the results achieved by applying the techniques of the harmonics
prediction section prove with 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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8. Conclusions

The aim of this paper was to compare and contrast the basic multilevel inverter topologies. It has
illustrated how to implement each topology from gate signal generation to assigning of the signals
to the individual gates. A description of how the gates should be controlled has been given, with the
DC-MLI and CC-MLI showing similarities in both structure and switching pattern. Only in the
switching sequence did the two topologies differ slightly. The CHB-MLI is different in the way it is
built and also in the way it is switched. Requiring separate DC sources has been shown to be a
disadvantage of the CHB-MLI but the uses in renewable energy sources or when a center tapping
transformer is available has shown that the CHB-MLI is the topology of choice in these applications
with added advantages such as distributed control, modularity and better voltage output (quantity
wise) when compared to the other two topologies. The advantage of distributed control has been
illustrated in hardware especially when controlling or balancing individual cells of the CHB-MLI.
Comparison of the PWM schemes confirmed that PD-PWM produces the least THD as expected
from theory.

It was confirmed that machine learning can be used to predict harmonics within a system even with
very limited data (both for testing and training). By using 20% of the collected simulation data,
machine learning algorithm was successfully employed and proved to be able to save time in
estimating the variation of THD with M1, as the predictions were very accurate.

In this sense, time is saved if a designer is trying to fine tune the inverter’s operating parameters
(range of applicable M, output voltage), or when trying to choose which level of MLIs to use from
the infinite number of levels possible.

Lastly it was shown that more levels 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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9. Further work

This paper has shown how MLIs can be used both 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 hassle. It has been shown that as little as 20% of the data
collected in machine learning can be used for training, with the rest being used for testing. Using
more training data basically points to a less intelligent predictor as many simulations need to be
done to collect the data to train the prediction algorithm.

There is still 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 properties etc, 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
independently from renewable sources. This project used DC sources which were separate but were
charging from the same mains supply. This caused valuable time to be lost that may have been used
elsewhere in this project.

The prediction algorithm had to be trained whenever the number of levels are changed, ie, a five
level predictor only worked for 5 level predictions. The prediction algorithm trained with five level
data would not work properly to predict harmonics from a seven level MLI. A prediction algorithm
that can be trained only once to work on all levels would be a wonderful improvement.
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11. Appendices
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Fig. 11-2: three phase 3 level DC-MLI
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Fig. 11-4: single phase 7 level CHB-MLI
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Fig. 11-7: switches’ connections for a three phase 7 level CC-MLI
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Fig. 11-8: three phase 9 level CHB-MLI
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Fig. 11-9: 9 level DC-MLI subsystem blocks
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Fig. 11-12: output voltage for a 3 level MLI without filter
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7 level MLI output with L only filter
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9 level MLI output without filter
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Table 11-1: hardware components specifications

Hardware component

Key component specifications

Texas instruments controller F28335

Output voltage: 0 - 3V

Frequency: 150 MHz

Flash:512kB, Ram: 68kB

PWM channels: 12 (+6 high resolution channels)
GPIO: 88

Operating temperature: -40 - 125 °C

Desktop computer

Intel corei7, 4GHz
16gB ddr3ram,

600V half bridge driver IC for making the voltage
level shifter with interlock

Floating gate driver

Operational up to 600V

Gate supply 10 - 20V

Under voltage lockout for both channels

3.3V, 5V and 15V logic input compatible

Programmable deadtime of 5us to 540ns
Low di/dt

LGN series Aluminium electrolytic capacitors for
making the H-Bridge cells

Rated voltages up to 600V

Temperature range: -25 - 105 °C

Rated capacitance changes: 56 - 33000uF

Can withstand 2000hrs of rated ripple current
application at 105 °C
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order to be able to answer the questions in this addendum.
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