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Abstract

Abstract

In this thesis simple closed-form asymptotic solusi for estimating the output
power quality in single-phase cascaded H-bridgdileuél inverters are presented for
staircase modulation technique and pulse-width rabidm (PWM) technique. The
analysis is carried out in the time domain consmethe whole harmonic content and
being used for an arbitrary inverter level count.

In case of the staircase modulation technique, vibikage and current ripple
normalized means square (NMS) expressions arenglotan time domain considering
the fundamental period. Voltage and current totaironic distortions (THDs) as a
function of the corresponding NMS values are defims constrained optimization
ones. Optimizing the voltage and current THDs deitees the voltage and current
optimal switching angles over the modulation indange. The current THD is
understood as voltage frequency weighted THD testimes a pure inductive load, but
it is practically accurate for inductively dominaRt-loads. The same approach for
estimating the current quality is given for a geishnected inverter.

In the case of the PWM technique, the voltage amdent THDs are estimated
supposing that the ratio between switching and domehtal frequencies is (infinitely)
large (asymptotic assumption). The voltage andecuimipple normalized mean square
(NMS) values are obtained in time domain by doubtegration of their normalized
squared ripples over the switching and fundamepeaiods. They present piecewise
continuously differentiable analytical solutionghvonly elementary functions and can
be understood as the time-domain equivalent ofrédguency-domain double Fourier
transformation. The direct relation between theag# and current NMS values and
their qualities is presented. Considering the saaperoach, the current THD
evaluation in case of a grid-connected systemdsemted.

Besides analytical developments, simulation andeemental verifications for
three-level (one H-bridge), five-level (two cascadé-bridges) and seven-level (three
cascaded H-bridges) single-phase inverters areysedhl presented and compared in
details.
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Preface — Motivation for research

Motivation for research

Nowadays, new and up-and-coming technologies expmily bring new
requirements from many points of view. This tremmkdally affects the field of
electrical engineering and furthermore the field paiwer electronics in terms of
reliability, flexibility and general possibilitie® meet all needs that are supposed to be
efficiently and unmistakably provided. Among a etyiof specific subparts inside the
field of power electronics, the energy conversitayp a very important role. In order
to properly, efficiently and precisely convert ddad of electrical energy into another
one, specific power electronic topologies are u¥gtat kind of topology should be
used mainly depends on an application which itpisliad for. If the control of three-
phase ac motor is needed, a three-phase invettah wonverts dc voltage into the ac
one, can be used, or if there is a PV panel whddt output voltage, then the single-
phase structure such as an H-bridge inverter caohsdered.

Using power electronic configurations brings saigmificant cons which must be
considered as well. The common mismatch betweeiredesnd real waveforms,
usually voltages and currents, comes from the tfzat the relevant parameters with
their defined waveforms are not as perfect as dreytheoretically supposed to be.
This means that, regarding the standard elecigicd) voltages and currents should be
sinusoidal with as less as possible additionaudisinces and distortions. In case of the
presence of some distortions, the connected poleetrenic configurations “dirties”
the electrical grid increasing the total harmonitattion (THD) and overall losses in
the grid and in the configuration itself. This pberenon generally competes in power
quality. If we consider ac motors in terms of theiroper supply and control,
distortions of voltages and currents increase #sgide them and additionally heat
them up. This is usually the case for every poweaversion independently of the rated
power. All aforementioned facts require approprisystems, able to provide output
power with low harmonic contents, keeping at th@esdéime all characteristics, which
define the efficiency and reliability of them, atusdard levels. Multilevel inverters
have taken increasing scientific attention in #me lyears due to their positive feedback
on those requirements.

This thesis deals with the analysis of single-phasiltilevel inverters. Single-
phase multilevel inverters have many practical athges which are used in many real
applications such as renewable energy sources dybitdic, wind, fuel cells), or
applications which the reactive power compensaisoneeded for. Their modularity
brings the possibility of increasing the numbertloé output voltage levels having
several isolated dc bus voltages. Having more d¢utpliage levels means that the
voltage excursion in between those levels is smatimpared with an inverter with the
same maximum output voltage but less output voltegels.

9
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As a result, this brings some main pros: the veltdddD, which refers to the
fundamental component of the voltage compared éoftitl voltage waveform, is
significantly reduced, power switches can be desigto withstand lover voltage
stresses, the total power of the system is incdeasd in some cases transformers and
synchronizing switching devices can be omitted. @mavback of this structure is that
the dc bus voltages must be completely isolatetawit sharing the common ground
connection. The output current is fully affectedtbg output voltage which means that
having smaller steps in between voltage levels esmusmaller current switching
variations, so-called current ripples, and theeef@ducing the total current harmonic
distortion.

In other words, analysing single-phase multilevelerters in terms of power
quality presents an important challenge and issigetd many requirements given by
new technologies and developments. It also preseigsis for analysing three- and
more phase systems, since a single-phase inveaterbe seen as one phase of a
multiphase structure.

10



Preface — Research objectives

Research objectives

The main objective of this dissertation is the deththeoretical analysis of the

power

quality in single-phase multilevel invertargnsidering the whole harmonic

content, and regarding different modulation techeg] and different power
configurations. Apart from that, simulation and exmental verifications as a proof of
the analytical correctness, numerical effectiverersd practical applicability of the
proposed analysis represent the essential pavislas

More precisely, the objectives are focused on ¢hiewing:

1

2)

3)

4)

5)

6)

Detailed analysis of single-phase multilevel titlge inverters in terms of
power configuration and different modulation tecjuds - staircase
modulation technique and pulse-width modulation {PWtechnique;

Design and realization of the experimental gdtr a single-phase multilevel
H-bridge inverter in the laboratory, controlled twyo modulation techniques
and supplying different loads;

Analytical developments of output voltage andpati current ripples based on
their normalized mean square values in case ofstagcase modulation
technique. Definition of voltage and current optisaitching angles and their
direct correlation with voltage and current totakmonic distortions (THDS)
for an arbitrary inverter level count with the imtively dominant load.
Current quality in case of a grid-connected inverte

Analytical developments of the output voltage aatput current ripples based
on their normalized mean square values in cadeeofimipolar PWM technique
using the constant (dc) and sinusoidal (ac) mothgagignals. Estimations of
the voltage and current total harmonic distortiglsiDs) and their direct

correlation with corresponding NMS values in caske tlee sinusoidal

modulating signal, for a single-phaselevel inverter connected to the
inductively dominant load. Current quality in cadea grid-connected inverter;

Simulation analyses of different H-bridge configtions in terms of
modulation technique, number of cascaded H-bridgeiskind of load,;

Comprehensive analysis and comparison of allyacal, simulation and
experimental results for both modulation techniques

11
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1 Introduction

1 Introduction

1.1 Multilevel inverters

sing renewable energy is increasing due to envieoriah difficulties with other

kinds of energy sources and especially due toatle dof fossil fuels. On the other
hand, the need for different kinds of energiesnisrédasing rapidly as well as the
number of devices which efficiently need them. Gadesng this, the research society
pays high attention to multilevel inverters andirthefficient usage. One multilevel
inverter usually presents a system consisting ofgposemi-conductors properly
connected in order to provide the specific requietectrical and electromagnetic
characteristics. Due to aforementioned facts newil inverters are widely used for
medium/high voltage applications. They are capablgenerating voltage and current
waveforms with improved quality, providing a nonlimewer increase and having a
modular structure, therefore they are applicablm#my practical applications such as
transport (powering trains, ships, automobiles attter drives), energy conversion
(wind, solar), manufacturing and mining [3[1].3]. There are many different
topologies of multilevel inverters that can be ussghrding what they are supposed to
meet and which application they should be usedAamongst them the most popular
ones are diode-clamped (neutral-point clamped)ad#gr-clamped (flying capacitor)
and cascaded ones with isolated input dc voltageces [1.4] 1.9].

In general, multilevel converters have some adym#acompared to their
conventional counterparts. Some of them competgeirerating output voltages with
very low distortion and decreasimty/dt stress, thereby electromagnetic disturbances
are reduced. This is specially emphasised in chpelse-width modulated multilevel
inverters. Input and output currents of this kifidnwerter are with lower distortions as
well. Apart from this, multilevel inverters produ@esmaller common-mode voltage
therefore the stress in motor bearings can be dihwd and in some cases it can be
eliminated using some modulation strategies. Thay aperate at fundamental and
high switching frequency, taking into account thia higher switching frequency is,
the higher switching losses are and the lower tfi@ency is. Nevertheless, multilevel
inverters have some disadvantages such as an sedreaumber of power switching
components and an increased number of gate drweitsi In this case the complexity
of the overall system is higher as well as the wiat of it [1.10].

Diode-clamped inverters consist of power switched diodes properly connected
and supplied by dc voltage divided into smaller sonk n-level diode-clamped
inverters a capacitor balance issue representsfadhe most important requirements.

13
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The total dc-bus voltage is divided into smallettage levels usingn(1) capacitors
connected in series to generate stepped outputfevawve [1.11]. In this case an
unequal voltage sharing among the clamping diodes appear. This is specially
emphasized in high-voltage applications where agqual voltage distribution in the
capacitors can damage diodes and power switchésalan generate output voltage
harmonics [1.7]. This phenomenon represents a ofaifienge which can be solved by
using an isolating transformer or introducing saadditional circuits [1.12], but these
solutions increase the complexity of the systene 6uggested solution was presented
in [1.13] where a space vector modulation (SVMjdahvoltage balancing strategy for
a new five-level multiple-pole multilevel diode-ot@ed inverter topology, is used to
eliminate the voltage drift phenomena. Diode-clachpeserters can be controlled by
using a space vector PWM modulation which can Iallance dc bus voltages and
improve output voltage [1.14]. Another possiblehteque is a carrier-based PWM
technique. In case of three-phase system with laehigower, it is possible to inject a
common ninth harmonic zero-sequence voltage on efthe three-phase reference
voltages in a low-modulation-index region to mitganagnetic-flux fluctuation on the
input side of the inverter and to make uniform polesses [1.15]. One advantage of
this kind of topology is sharing a common dc buagall phases, which minimizes
the capacitance requirements of the converterthi®reason, a back-to-back topology
is not only possible but also practical for useshsas a high-voltage back-to-back
interconnection or an adjustable speed drive. Afjpam this, the capacitors can be pre-
charged as a group and the efficiency is high émdémental frequency switching.
Disadvantages compete in the fact that the reakpdiew is difficult for a single
inverter because the intermediate dc levels wilditeo overcharge or discharge without
precise monitoring and control. The number of clamgpdiodes required is
guadratically related to the humber of levels, Wwhian be cumbersome for units with
a high number of levels [1.10].

Capacitor-clamped inverters consist of power switctand capacitors properly
connected and supplied by dc voltage divided intealker ones. They present
important parts in many different applications. Oaok them is a power factor
correction in single-phase ac/dc/ac inverters toeae a power factor correction in the
ac/dc side and to generate a sinusoidal voltagldndc/ac side to the load [1.16],
[1.17]. In wind power systems a capacitor-clampadeiter together with super
capacitors operating under variable voltage comutican be used to mitigate short
term power fluctuations [1.18]. In this case them efficiency is increased taking
into account the super capacitor voltage variatiditg azimuth thrusters, capacitor
clamped inverters can be used to absorb load ématssand thereby to prevent the
transient propagation onto the shipboard poweesyst

14
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By using a modified space-vector PWM techniqueas fiossible to provide a desired
current at the output current and keep the THDI lavéhe low level under unbalanced
conditions [1.19]. Flying-capacitor-clamped fives inverter was presented in [1.20]
with the switched-capacitor circuit with dc-dc bting conversion ability being
controlled by the optimized carrier-based phasgadigion pulse width modulation
method. In this case the number of switches andaitaps is decreased compared to
the conventional cascade multilevel inverter duth&ospecial composite structure, the
voltage of dc-link capacitor can be self-balancedar the proposed control strategy
and the switching losses are reduced. An improvénmethe output voltage quality
was presented in [1.21] using a hybrid multilevelarter consisting of a three-phase
three-level diode-clamped inverter and H-bridgésoabntrolled by staircase and PWM
techniques together. Advantages of this kind oeiter are phase redundancies which
are available for balancing the voltage levelshef tapacitors, controllable active and
reactive power flow and the large number of capasienables the inverter to work
during short duration outages and deep voltage. $digadvantages present the facts
that the control to track the voltage levels fdr apacitors and pre-charging all of
them to the same voltage level is complicated,ching utilization and efficiency are
poor for real power transmissions and the large bminof capacitors are both more
expensive and bulky than clamping diodes in muélaediode clamped converters. In
this concern, packaging is also more difficultimwearters with a high number of levels
[1.10].

Cascaded H-bridge multilevel inverters are used irelatively same way as the
previous two topologies. Each H-bridge cell of @ascaded multilevel inverter has its
own isolated dc bus voltage supply.Mn this case it is able to provide three voltage
levels at the output (+¥ O, - Vg4, thereforeN H-bridges provides=2N+1 output
voltage levels. The number of output voltage levelalways odd due to the presence
of the zero level. Thanks to the modularity of tkisd of inverter voltage stress on
power switches is decreased, the excursion betvaegacent levels of the output
voltage is lower, the maximum output voltage isré@sed and therefore the power
quality is improved. Cascaded H-bridge invertens operate as a standalone single-
phase system or as one phase of a multiphase sys@nevery number of phases
different load can be considered, while in casgraf-connected systems single and
three-phase inverters are used. An improved cadcami®iguration with a maximum
of nine-level output voltage waveform with a redidiceumber of power components
was presented in [1.22]. This topology, controllsdPWM technique, was compared
with classical cascaded H-bridge inverters and sotier multilevel topologies over a
wide modulation index range where the improveméni® output voltage quality was
shown.

15



Theoretical and Experimental Analysis of Output Bo@uality in Single-phase Cascaded H-bridge Mentdl inverters

Another modified cascaded topology suitable forid-gonnected photovoltaic system
was presented in [1.23] together with experimewgaifications, with a wide operation
range, low grid current total harmonic distortiondahigh efficiency. It operates in
inverter mode when the output voltage and powehefphotovoltaic system are low,
and transforms into H-bridge mode when the sampubwbltage and power are high.
This possibility is provided using a bidirectiompaiwer switch.

A five-level staircase modulated single-phase itarenterfacing with photovoltaic
modules with five power switches and reduced tdtakmonic distortion and
electromagnetic interference was presented in [1.24 multitask asymmetrical
cascaded three-phase H-bridge multilevel invertetalsle for micro-grid systems
possibly supplying unbalanced and non-linear losdgiven in [1.25]. The main
advantage of this inverter was the possibility todoce a staircase output voltage
having unequal dc bus voltage such as a voltagengofrom photovoltaic cells. A
flexible control strategy based on a frequency aasp for following the reference
commands was successfully demonstrated. Advantatiesaopology is the fact that
the number of possible output voltage levels isertban double than the number of dc
isolated supplies while the series of H-bridgesdmia high modular feature. On the
other side, separate dc sources are required fdr Babridge and it can limit its
applicability to products that already have muéipiic isolated sources readily
available [1.10].

16



1 Introduction

1.2 Outlines and original contribution of dissertaton

This dissertation is divided into the following ragjchapters and the original
contribution is provided by chapters4

Chapter 2: A general overview of cascaded single- and tipfegesse multilevel H-
bridge inverters is given considering their useréal applications depending on the
purpose, rated power and working conditions. Circapologies for single-phase
cascaded H-bridge inverters are introduced presgnhieir basic characteristics such
as the number of output voltage levels. Experimetésign and implementation of
three topologies consisting of one H-bridge, twal dhree cascaded H-bridges is
described in detail considering all parts of thenptete experimental setup.

Chapter 3: The staircase modulation technique for contrgligingle-phase cascaded
multilevel inverters is given. Theoretical consalens and time-domain analytical
calculations of optimal output voltage and currenal harmonic distortions based on
the normalized mean square (NMS) ripple values mesented. NMS values are
calculated using the optimal voltage and currenitching angles (Matlaffirhincon
optimization function) for each modulation index An inductively dominant passive
RL-load and a grid-connected system consideringvalicking harmonics are taken
into account, being supplied by afevel single-phase inverter. Detailed comparison
between the simulation (Matlab/Simulink), analyti@nd experimental results for the
voltage and current qualities are presented in oapassiveRL-load. In case of grid
connection the current quality is considered cofngamnalytical and simulation
results. All comparisons show the correctness @ptloposed method.

Chapter 4: The pulse-width modulation technique (PWM) fontrolling single-phase
cascaded multilevel inverters is presented. Basdti@normalized mean square ripple
values calculated in the time domain over the dwitg and fundamental periods and
following an assumption of using an inductively doamt load, closed-form piecewise
analytical solutions of output voltage and currsidl harmonic distortions of a single-
phasen-level inverter are presented considering all dhiftg harmonics. The voltage
THD as a function of inverter level coumtand modulation inder is derived as well
as the current THD including additionally the loparameters. Apart from the
inductively dominant passivéL-load, the current THD is evaluated in case ofid-gr
connected system. A comparison between the simuolgiMatlab/Simulink) and the
analytical results is presented in case of grid negtion, and together with
experimental results in case of the pas$ttdoad, for three different configurations.
Simulation and experimental results show the ctmess of the analytical
developments.
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2 Single-phase cascaded H-bridge multilevel inventg

2.1 Introduction

Single-phase and three-phase cascaded H-bridgdewaltinverters are extensively
used in many different applications due to theidmar and power characteristics.
Single-phase cascaded inverters can be used fgiegihase controlled rectifiers in
railway traction drive systems where with a propentrol and calculations overall
performances can be improved including an enlargeeration range and a more
precise estimation of the instantaneous active r@adtive power [2.1]. For grid-
connected applications a single-phase H-bridgeageltsource is used where the
average current control technique brings the mawinpower point tracking and a
possibility of having a low distortion and high pewoutput current factor [2.2]. H-
bridge inverters are found in uninterruptible powapply (UPS) systems use as well.
They are used for critical loads in telecommunaratidata storage and life support
systems. Using UPSs, it is important to follow tlederences and to have a good
immunity for load disturbances. In this case, optifieedback controls, which have to
comply with IEC 62040-3 Standard, has been stuldrewjing new technical solutions
and improvements in order to always have an uminéable power flow [2.3].
For grid-connected and stand-alone transformengssgovoltaic systems, applying
different PWM techniques to cascaded multilevelem®rs minimizes a problem of
having a PV array leakage current as well as commode voltages [2.4]. Thanks to
the PWM technique, electromagnetic interferencgairements are satisfied as well.

Three-phase multilevel inverters, controlled bffedent PWM techniques where
its each phase consists of properly cascaded Hdsidr a similar configuration can
be used in electrical drives with a higher poweb]2[2.6]. In case of renewable
energy sources, specifically for photovoltaic syggPV) connected to the electrical
grid, three-phase cascaded multilevel inverters ased. Some modular hybrid
configurations with a staircase modulation techeigan reduce the number of power
switches, total losses and switch voltage stres§.[€onnecting one PV system as a
three-phase one to the electrical grid brings aiptesleakage current between three
phases, which can be reduced properly handlingctimemon mode voltage with a
relation to the leakage current using the PWM taphen This presents an important
issue [2.8].

In the next section a circuit topology of a singlease cascaded H-bridge inverter
will be presented since it is the main configunattmnsidered in this thesis.
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2.2 Circuit topology of a single-phase cascaded Hitlge inverter

The basic well-known topology of a single-phasexd@onverter, consisting of one
H-bridge with four power transistors (switches) ashd voltage supplyg, with a
passiveRL-load and a possible connection to the electrical ig presented in Figure
2.1. Paramete® andL present the load resistive and reactive partsvgpdesents the
sinusoidal grid voltage. In case of the grid conieecR andL would present a liking
inductance with its inner resistance. Note that #tructure is supposed to be used in
relatively high-voltage and low-current applicagpat switching frequencies no higher
than 20 kHz, therefore insulated-gate bipolar istioss (IGBTS) are depicted.

Using this configuration and applying the propertegaignals to the power
transistors, a desired three-level output voltdge (voltage levels*+Vq, 0 and- Vq()
can be obtained and applied across the load. Tiygest way to control one H-bridge
is to provide to its power switches square congighals with a proper duration.
Switches which belong to one leg waaskernately with one control signal and its
opposite counterpart, while another leg has theesaomtrol behaviour just the signal is
delayed by the time which corresponds to the hiathe selected fundamental period.
The duration of one pulse is defined by the paramst-called duty-cycle which
represents the switch on-time in per unit. It cantdansformed into an angle scale, so
one pulse is defined by the switching anglevhen it changes its state from 0 to 1. In
case ofa=0, the output voltage has only two voltage levels;,. while in all other
cases whea O there are three output voltage levels. Outputaga$ of one H-bridge
for two different casea=0 anda=p/4 over three fundamental periods (3T=60ms) are
presented in Figure 2.2.(a) and (b) respectivetcoiding to those two waveforms, the
limit of switching anglea is evidentlyp/2. It must be noted thats\Woltage is set to
200V and the fundamental frequency is 50Hz theeefarswitching angle=p/4
corresponds to the time2.5ms.

Figure 2.1.Single-phase three-level H-bridge dc/ac invertith & passivdkL-load and a
possible load voltage, (grid connection).
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Figure 2.2.Output voltage of a single-phase inverter in ags®witching angles
(a8) a=0 (n=2) and b) a=p/4 (n=3), for V4=200V and f=50Hz.

Note that in this chapter the configuration of #iegle-phase cascaded H-bridge
multilevel inverter is presented with its basic muit characteristics considering the
basic control technique. Detailed control techniguecluding the well-known pulse-
width modulation (PWM) technique, will be presenteather chapters.

Apart from a single-phase three-level H-bridge whcovides the output voltage
that has by default three different levels @&\0 and - V., it is possible to use this
configuration as a basic building block in orderr¢alise am-level cascaded single-
phase inverter. This configuration is shown in FégR.3.(a). It consists ™ H-bridges
connected in a way that every middle point of in& {second) leg of one H-bridge is
connected to the middle point of the second (files)) of another H-bridge and at the
end two terminals of the whole cascaded configonatemain and are used for the load
or grid connection. An important ability of thisnki of configuration is its modularity
which provides a possibility of increasing the totatput voltage having more
properly insulated dc bus voltages. In this cabke, mhaximum number of output
voltage levels equals=2N+1 (N positive and\ negative voltage levels, and one zero
level), whereN presents the number of cascaded H-bridges, asawghe number of
needed isolated dc bus supplies. In case of onedgdiN equals 1.
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Using the advantage of the modularity, lower exoms of the output voltage in
between all voltage levels is provided, as welhasmprovement of the output voltage
and current qualities. In Figure 2.3.(b) and (dpativoltages in case of twoX5) and
three (=7) cascaded H-bridges are presented over thredafoental periods
(3T=60ms) where each dc bus voltage ig=200V. Fundamental frequency is set to
50 Hz and switching angles aag= p/6 (t;=1.67ms) an@,= p/4 (t,=2.5ms) in the first
case and in the second case an additional switelglpas=p/3 (t:=3.33ms) is added.
As it can be noticed that, in caseref5, the maximum output voltage) is 400V
which is two times the dc bus voltage and in cdse=8 V.« is 600V i.e. three times
the dc bus voltage. This shows the important modctteracteristic of this inverter
where the output voltage increases proportionaitii mumber of H-bridgesl.
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Figure 2.3.(a) Single-phase-level inverter with a passiveL-load and a possible load voltage
Vg (grid connection), and the output voltage in aafs@/y=200V, f=50Hz):
(b) n=5 and switching angles,= p/6 anda,= p/4 and,
(c) n=7 and switching angles,;= p/6, a,= p/4, andas= p/3.
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2.3 Experimental implementation of a single-phaseascaded H-bridge
inverter

In this chapter the experimental implementatiotthef previously explained-level
single-phase cascaded H-bridge inverter will becudlesd in detail for the
configuration up to three cascaded H-bridges. Aflezimental activities related to the
design and practical realization of the mentionewfigurations were carried out in the
laboratory “SUN-Lab” at the department of Elect, Electronic and Information
Engineering “Guglielmo Marconi”, University of Bogna and headed by Professor
Gabriele Grandi. Experiments are an essentiallyomapt part of every research since
each analytical and simulation solution has torbaadferred from ‘the paper’ to ‘the
real world’ by doing experiments and showing theper results.

As a first step of the experimental implementaiiais important to select a proper
power module, suitable for the proposed configorgtconsidering its characteristics
such as a power range, rated voltage and currember of power switches, maximum
switching frequency, control signal voltage levetiatc. The selected power module is
a three-phase Mitsubishi PS22A76 intelligent poW@BT dc/ac inverter. Its basic
characteristics are: power range application O/R\W, rated voltage and current
1200V and 25A, maximum switching frequency 20kHd aontrol signal voltage level
up to 20.5V. The top and bottom sides of the seteatverter are presented in Figure
2.4. The power side has seven pins of which onespieserved for the dc bus voltage,
three pins are used as the middle point connectibisree inverter legs and the next
three pins as their ground connections. The cordidé has much more pins for
supplying the control part of each leg, for drivialj six switches and for the fault
state.

' [ M
(@) (b)
Figure 2.4.Mitsubishi PS22A76 intelligent power IGBT threegske inverter (1200V, 25A)
(a) top side andh) bottom side.

The custom-made PCB board with the IGBT power msdand its control and
power parts is presented in Figure 2.5.(a) and (bp and bottom sides. On the top
side the dc bus voltage connection is marked tegeilith a load connection, dead-
times circuits, fault signal, control signal contigas, auxiliary control supply for the
control part and two dc/dc converters. On the lotsade the inverter is displayed.
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It is important to note that since the H-bridgeisture is needed and the power module
is the three-phase one, the third inverter legoisconnected to the main circuit and is
properly grounded in order to avoid some circutator leakage currents. Detailed
scheme of the PCB board connections together wittcaamponents is given in
Appendix 1.

o Y5 time '
Lircutts = *v+

Q0000001 Q0

A An o~ AnA

ERGRAPERN. ¥ -0 FOT 0 60 LE 4N

(b)
Figure 2.5.Custom-made PCB board with a three-phase MitsuBiSB2A76 intelligent
power IGBT dc/ac inverter-power and control paf@$:top side andk) bottom side.
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2.3.1 Control side implementation

In order to have the control of the inverter prdpevorking, it has to be supplied
by the 15V dc voltage as recommended by the manuéac In order to keep this
voltage perfectly constant a dc/dc converter islggarked as +15V in Figure 2.5.(a))
and supplied by the dc auxiliary supply Tenma 7523436V, 3A). The input voltage
of this dc/dc converter is set to 17.23V, therdghgives the required stable 15V dc at
its output. In case of having a cascaded configamatonsisting of more H-bridges,
each one must have an own auxiliary dc supply tetadly and mutually isolated in
order to avoid a common circulating current betweale control parts. This
requirement is provided by using small isolatimgpge-phase transformers (230V-24V,
4.6A, 200VA). Each auxiliary supply is preceded two isolating transformers
providing the total voltage ratio (230V-24V-230VIn this case every possible
common connection is avoided. Connecting all dgpbeg directly to the electrical
grid would mean that they share the same groundemtion and the isolating feature
is lost. The simple scheme presenting the auxileoptrol dc supplies for three
cascaded H-bridges is depicted in Figure 2.6.

ISOLATING DC
TRASFORMERS SUPPLIES H-BRIDGE

230V/24V/230V I— === - - : CELLS

Figure 2.6.Experimental setup for providing three mutuallglgged dc auxiliary supplies for
the control side of a single-phase seven-levelrievén=7) with three cascaded H-bridges.

Apart from the auxiliary supplies, the control gatgnals have to be provided to
properly control a single-phase multilevel inverter
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For this propose the Arduino DUE microcontrollerabi based on 84-MHz Atmel
SAM3X83 ARM Cortex-M3 CPU is selected as a micrdealfer which is powerful
enough to generate control signals with desiredefaans and frequencies working in
open loop. Using the Arduino platform, a C++ pragraode should be written and
uploaded into the processor which generates aljraromed control signals. The
Arudino DUE platform is capable of generating eigRWWM) control signals at its
output controlled independently. Basic charactessof the microcontroller, together
with some schemes are described in Appendix 1.

All control signals have to be sent to an interfaoard before transferring them to
the inverter control pins. Two interface controlabids were designed in the exactly
same way (same components and same working pesgifd decrease every possible
noise and disturbance as much as possible andust éige voltage level of the control
signals to be suitable for the power module. Nbt& bnly one interface board is
enough (details given in Appendix 1), but there tave as a backup in case of some
faults or a need of having more control signalsegated by another microcontroller.
The path of the control signals from the C++ pragreode to the inverter with three
cascaded H-bridges is presented in Figure 2.7.

H-BRIDGE
ARDUINO RECEIVERS
PROGRAMMING o
PLATFORM OPTICAL =g

ARDUINO DUE

CONTROL
INTERFACE EMITTERS
BOARD

Figure 2.7.Scheme for providing control signals to a singfege seven-level inverter<7)
with three cascaded H-bridges.

As mentioned before, all control signals have t@imgrammed using the Arduino
programming platform. The program code is sent&oricrocontroller, via standard
USB connector, which takes all commands and gegetae signals which go to the
control interface board through simple thin wirecections. After that the signals are
transferred to the optical emitters.
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The optical emitters are connected with the optiealeivers, located on the PCB
board, using the optical fibers. The receivers fvthe control signals to small
electronic circuits which lead directly to the aahtpins of the inverter. For each H-
bridge there are supposed to be two control sigwhish correspond to the upper
switches of two legs. Two other control signals fiwp lower inverter switches are
generated directly on the board using proper @atrcomponents. It should be noted
that the supply for the Arduino DUE microcontrolraluation board comes from the
USB connector which is used for data transferrisgweell, therefore an additional

supply is not needed. On the other hand, it carsuggplied externally with the

recommended voltage range 7-12V by plugging a 2.Jo@enter-positive plug into the

power jack located near the USB connection on therdy in case that it is a more
flexible solution.

An important parameter for all control signals dodthe inverter itself is the dead
time which provides safe operating conditionssisimply possible to implement the
dead time in the program code of the microcontrpiidile generating two signals for
one leg. In case of the presented H-bridges thd teee is implemented directly on
the board using a simple electronic circuit foragélg signals as it is marked in Figure
2.5.(a). The suggested dead time for the PS22AHB IBverter is s therefore the
adjusted dead time is 3% to ensure safety. Taking into account that switgh
frequencies experimentally used for driving theeiter should not be higher than 20
kHz, the effect of the dead time is supposed telawegligible effect on the output
voltage and current.

2.3.2 Power circuit implementation

The power side of the experimental implementatiainty assumes properly and
safely providing a dc voltage at the inverter inriminals. Maximum dc bus voltage
of the power module is 1200V, but considering tb#age limit of other components
of the experimental setup, it is supposed to bidiirat 600V to ensure safety. In order
to have a possibility to manually and continuouslgulate the dc bus voltage within
the proposed voltage limits a three-phase autdtvemsr (0-380V, 15A, 9900VA) is
connected to the electrical grid. The autotransérmupplies three three-phase
isolating transformers with the voltage ratio 4G€U , rated current 1.44A and rated
power 1000VA. They are used for the same reasanhwaas for the control side, to
avoid common ground connection between all dc loltages. The three-phase outputs
of the isolating transformers are connected totlinee diode rectifiers (800V, 25A)
which give three rectified voltages at their oufpuiith a frequency 300Hz that is six
times the grid frequency 50Hz.
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Each of these three voltages is supposed to beectathto the dc bus of one H-bridge
and additionally rectified using dc bus capacitdérshould be noted that all three dc
bus voltages have the same value and using th@gedputotransformer they cannot
be regulated independently. The setup for providhmge continuously controllable
mutually isolated dc bus voltages is presenteddgare 2.8.

ISOLATING H-BRIDGE
TRANSFORMERS CELLS

3X THREE-PHASE
RECTIFIERS

AUTO -
TRANSFORMER

___________

Figure 2.8. Experimental setup for providing three mutuallyléged dc supplies for the power
side of a single-phase seven-levetY) inverter with three cascaded H-bridges.

2.3.3 Measuring equipment

In order to measure all required parameters suehwadtage and current, different
probes are used. Considering the characteristicth@fimplemented single-phase
inverter, for voltage measuring a suitable voltagebe is a PICO TAO057 differential
probe (25MHz, +1400V, £2%) used with its two di#fat possible attenuation ratios
1/20 and 1/200. For current measuring a LEM PR3@eatiprobe (dc to 20kHz, +20A,
+1%) is used. The current probe resolution is ehotay current values that are
supposed to be measured. To display everything whaheasured and to do all
necessary calculations in real time a Yokogawa X024 oscilloscope with its built-
in advanced mathematical functions is consider&e. Voltage and current probes and
the oscilloscope are presented in Figure 2.9 @artd (c), respectively.

It is important to note that regarding the factt thés thesis is mainly based on the
output power quality, therefore calculating voltage current THDs in real time using
the proposed oscilloscope and its advanced furgtimimg a better and more precise
verification of all analytical calculations and silation results.
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Due to oscilloscope’s ability many different paraems, can be measured and
evaluated while having the single-phase configaratiorking. Also, downloading all
waveforms in a time-sample form with a high redolutake more time and increases
the possibility of introducing unnecessarily aduti@l errors.

1)

LOROE  OF O

(b) | ©
Figure 2.9.Measuring equipmental PICO TA057 differential voltage probe,
(b) LEM PR30 current probe and)(Yokogawa DLM 2024 oscilloscope

2.3.4 Complete experimental setup

The complete experimental setup of a single-phaserslevel inverter with three
cascaded H-bridges together with dc bus suppliasiliary supplies and control
signals is presented in Figure 2.10.(a) and (b).

T = —— 1

connectiol

(b)
Figure 2.10.Three cascaded H-bridges properly connectd:dntrol side andl) power side
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This setup can be used as only one H-bridge or ¢ascaded H-bridges simply
avoiding sending control gate signals to the Hgpithat is not needed. In both cases,
although two H-bridges or one H-bridge do not cortatey they produce voltage drops
on their switches because the current circulatbs. drder of the current amplitude is
supposed to be no higher than 5A-6A, thereforevilitage drops can be neglected.
Considering this it can be said that, for examiie,configuration of three cascaded H-
bridges when one H-bridge does not commutate hassé#me behaviour as the
configuration with only two cascaded H-bridges.

The full setup arrangement with all power, conmaold measuring components is
presented in Figure 2.11.

three isolated ac/dg
power sources

=
I

Figure 2.11.Complete experimental setup
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3 Power quality evaluation of a single-phase cascad multilevel
inverter with staircase modulation technique

3.1 Introduction

I n last decades, multilevel inverters have been Iwidsed for medium- and high-
voltage/power applications, such as different imdalsand grid connected systems
[3.1]-[3.4]. There are many papers on this suljjeeling with the evaluation of either
voltage or current total harmonic distortion (THB)pically based on voltage/current
frequency spectra calculations or measurements)(FFT

In particular, the power electronics research comitythas recently increased its
interest in voltage and current THD analysis fag #taircase modulation technique.
The analytical calculations for voltage THD of nileltel PWM single- and three-
phase inverters have been obtained in [3.5] in cAsehigh ratio between switching
and fundamental frequencies (i.e. so-called asytiepapproximation). Considering a
pure inductive load, the current THD actually beesnvoltage frequency weighted
THD (WTHD). This approximation is practically vergccurate for inductively
dominantRL-loads, meaning that the load time constant (L&)nuch larger than
switching interval durations (in the order of h&lhdamental period divided by the
number of levels) [3.6]. The same approach canppiel in case of the staircase
modulation and multilevel inverters.

Much work has been done on selective harmonicsirdition (SHE) techniques,
described in [3.7][3.10]. However, although SHE techniques can tptaliminate
certain low-order harmonics, they do not have ammgation impact on either voltage
or current THD, taking into account the whole hammocontent. To evaluate and
optimize multilevel power quality, the research coumity typically uses a limited
harmonics count (51, as recommended by InstituteEletctrical and Electronics
Engineers (IEEE) Standard 519 [3.11] or otherse lik01) that can result in
underestimating it [3.12], [3.13].

Recently, there have not been so many developmeémgse the infinite harmonic
content is taken into account for the power esfnatn multilevel inverters. One
reason may be a generally high complexity of a iptesssnathematical approach or the
fact that sometimes there is no practical needotesider infinitely many harmonics.
Recent publications have shown that it is quitsifda to consider an infinite harmonic
content for the voltage THD when making multileveltage waveform analysis in the
time domain [3.14]-[3.16].
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Optimal switching angles that minimize multilevelvéerter voltage THD for a given
level count are presented in [3.15] for the singtase configuration that the new
manner of using Matlab to determine optimal switghangles was introduced for. In
[3.16], the method of using asymmetrical dc bustag#s in order to achieve the
minimum voltage THD was proposed, with a difficultyf the experimental
implementation. In both cases, the correspondindutadion index was not explicitly
indicated. A parallel implementation of the genetigorithm on graphical processing
unit was proposed in [3.17] in order to accelerthie computation of the optimal
switching angles, which is usually a computationdémanding method and cannot be
used easily for real-time control in case of meliél inverters with varying dc sources.

In this thesis the theoretical analysis, simula@gma experimental verifications of
voltage and current THD minimization problems fasiagle-phase multilevel inverter
are presented considering the whole modulationxindage and using the time-
domain problem formulations. The breakthrough @& gnoposed method is a power
quality optimization and minimization for multileivsingle-phase inverters using the
time-domain (W)THD taking into consideration all gstble switching harmonics
[3.18].

Comparing the proposed time-domain (W)THD methodhwthe standard
frequency-domain THD minimization for voltage andgrent brings some advantages,
such as results equivalent to unlimited harmoniantent, avoiding Fourier
trigonometric calculation of large number of haricomagnitudes, reduced processor
time, and reduced accumulated numerical errorghi case, the only calculation
based on the frequency domain is the Fourier caticul applied to determine the
amplitude of the fundamental component (i.e. stedathe modulation indexn),
which is unavoidable.

Following the proposed method of minimizing the tage and current THDs,
general expressions for fundamental voltage anteotimean square approximation
errors and THDs are derived. Voltage and currenDTHinimization problems are
formulated as time-domain constrained optimizatmmes and their solutions are
obtained numerically. Inductively dominaRt.doad is considered while in case of the
current THD the grid connection is analysed as.\iigle verification of the theoretical
developments is carried out by Matlab/Simulink detions and detailed laboratory
experiments.
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3.2 Staircase modulation technique

The staircase modulation technique is a basic &fndodulation technique used for
providing all gate signals for power switches. dtusually represented by different
switching angles which define the output voltage #merefore the output current as
well. For the single-phase H-bridge inverter présemn Figure 3.1.(a), which consists
of four power switches, two different control sitgpranust be provided in order to
properly control two inverter legs. In Figure 3d).¢wo control signals for two upper
switches of the mentioned three-level single-phiaserter are presented over three
fundamental periods (3T=60ms) considering the sawéiching anglesa=p/4
(t=2.5ms). In general, switching angles present datégontrol signals compared with
the full pulse. Note that the control signals fowér switches are the same just
inverted, therefore they are not presented here.

s JL-F T
JH}L*H H H

0.02 . . 0. 05
@) Time [s]

(b)
Figure 3.1.Single-phase three-level H-bridge dc/ac inverter:
(a) electrical circuit andl() control signals for two upper switches &srp/4.

The three-level output voltagé,s of one H-bridge inverter is presented in Figure
3.2. over three fundamental periods (3T=60ms), tiehdc bus voltage =200V and
fundamental frequency 50Hz. The general harmoniterd given by the proposed
modulation technique is relatively high. In orderinprove it some optimal switching
angles can be selected. In this case, the swit@ngtea=p/4 is arbitrarily selected for
the sake of explaining the modulation techniquehaut any optimization impact on
voltage or current quality. Selecting switching lasghas a higher impact when there
are more cascaded H-bridges. In this case a plitystfiselecting optimized switching
angles to obtain an improved power quality brindsgher contribution.
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Figure 3.2.0utput voltage of a single-phase three-level irerefdne H-bridge) with
V4=200V, f=50Hz and switching angée=p/4.

In Figure 3.3. a single-phase seven-level invevigr three cascaded H-bridges (a) and
switching-angle dependent control signals (b) aesented. The values of the angles
are: a;=p/6 (t;=1.67ms),a,=p/4 (t,=2.5ms) anda,=p/3 (t:=3.33ms). As mentioned
previously, the selection of the switching angkearbitrary at this step, as it would be
the case for am-level single-phase inverter where- )/2 switching angles were
selected.

ig¥¢gink Tl Lyt N
Vdc + Vdc + Vdc +
w' . o . . . o
(a)
1 [ é. al. T T T i
- 4 le— P le— -
O 1 1 1 1 1
1 N T T T T T ]
- A2l L2 .
O 1 1 1 1 1
1 N T T T T T ]
0 [0 [FE-H 1
0 1 1 1 1 1
0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time [s]
(b)

Figure 3.3.(a) Single-phase cascaded seven-level inverter (Hrbedges) andk) control
signals for six upper switches with switching asgle=p/6, a,=p/4 andas=p/3.
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The output voltage over three fundamental perid®B=60ms) is presented in
Figure 3.4. with the dc bus voltage 200V of eacbrldge. It must be noted that the
output current is not presented here becausadtigtiepends on the load which is not
specifically described here. It will be done lavet

According to Figure 3.4., it can be noticed thathwincreasing the number of
cascaded H-bridges, the voltage waveform become® similar to the sinusoidal
waveform, but still yields a relatively high valoéthe total harmonic distortion. Also,
three dc bus voltages are summed and the maximtjputounltage reaches the value
of 600V which corresponds to the modular charagtierof cascaded inverters.

600

=7

400 -
200
0

=200

Qutput voltage [V]

-400

-600
0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time [s]

Figure 3.4.Output voltage of a single-phase seven-level ievdthree cascaded H-bridges)
with V4=200V, f=50Hz and switching angles=p/6, a,=p/4 andas=p/3.

An important parameter related to the proposed matida techniques that directly
affects the output voltage is the so-called modutatndex m. It presents the ratio
between the amplitude of the fundamental outpuiagel component (50HX); maxand
the dc bus voltag¥,. of one H-bridge:

Vlmax
m=——, 3.1
Vg 3.9

In order to calculate the value of for the first harmonic knowing all switching
angles for one cascaded configuration, it is endaglse the Fourier series:
27 27
m== vsin(2pftk) dt == vsin(wt)dt, (3.2
T T
0 0
whereT presents the fundamental peridds the fundamental frequency amdits

angular frequency beirlg=1 for the first harmonic.
In order to present (3.2) in the angle domainpgk equality can be introduced:

da =d(wt) =wdt = 2P dt %4® dt=da_. 3.3
T 2p
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Following (3.3), the expression for calculating tmedulation indexm for the first
harmonic becomes:
L Vsin(a)
m=2— vsinla)da 3.
Considering that the quarter-wave symmetry candsdyenoticed in Figures 3.2. and
3.4., (3.4) can be written as:
p/2 4 p/2
m=2—— vsina)da== vsin(a)da (3.5
p/2 P
In case of having a single-phasdevel cascaded inverter with the switching angles
aiay,...,an-1r, the formula for calculating the modulation indedecomes:

4 % a3 P21
m:E 1>sin(a)da+ 2>sin(a)da+ + szin(a)da . (3.9

a; a, an.1

Solving all integrals in (3.6) and summing themeg thinal expression for the
modulation indexn as a function of the inverter voltage lewdk:

4 4 n-1
m=— cos(a;)+cos(a,)+ cosa,; =— cos(a),k=—=. (3.7

It must be noted that all equations are expressedfanction of different switching
angles and the inverter voltage lewndor the sake of easier following and calculating
all relevant parameters.

3.3 Voltage and current quality time-domain problemformulation

In order to obtain minimal output voltage and otitpurrent THDs (hereinafter
voltage and current), it is necessary to find optirewitching angles for a given
modulation indexm. The problem formulation in the frequency domais,a general
optimization that considers a limited harmonic dpigia possible source of inaccuracy
[3.12], [3.13], [3.17]. In order to find an optimsblution that considers all harmonics,
the optimization problem must be formulated in tinee domain and as a constrained
optimization one.

One way of estimating optimal switching anglesriggerly defining precise closed-
form expressions for output voltage and output entriripple approximation error
normalized mean square (hereinafter voltage aneicuripple) and minimizing them.
To do so, different analyses will be presentedsingle-phase three-, five-, and seven-
level inverters, which means a configuration uphtee cascaded H-bridges.
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Based on these analyses, general expressions lfage@and current NMS values as
well as their THD calculations will be given asumdtion of the inverter voltage level
n, and voltage and current switching angles.

3.3.1 Voltage ripple NMS and total harmonic distorion

In order to carry out an analysis of the voltaggple normalized mean square
(NMS) and to derive a formula for the voltage tdtakrmonic distortion (THD) as a
function of NMS, a single-phase cascaded configpmas considered with up to three
cascaded H-bridges which means an inverter withimmam seven output voltage
levels.

In Figure 3.5. one cascaded configuration is preseas well as three normalized
voltage half-waveforms in case w£3, 5, and 7. All voltages are normalized by the dc
bus voltage \ of one H-bridge.

it)_, R
1
0 3 a
a; p/2 P
(b)
N
2
1
P g
a; a;p/2 p -
(c)
V
A
3
2
1 a
0 a; dp as p/2‘ p >

(d)

Figure 3.5.(a) Cascaded H-bridge invertar=3, 5, 7): voltage half-waves (p.u.) for the
staircase modulation in case bj three, €) five and @) seven output voltage levels.

Switching angles for each configuration are propedepicted. Regarding the
maximum number of switching angles and a level tairthe given configuration,
there are switching angles fram to as, correspondingly.
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Before evaluating the voltage ripple NMS, it is ionfant to define the switching
angle limits for the general case as a functiom.ofin order to do it, a fundamental
component of a seven-level inverter normalized hyi¥presented in Figure 3.6. over
the half fundamental period 10ms which correspdagsrad in the angle domain. The
selected switching angles ag=p/6, a,=p/4 andas=p/3. Following equation (3.7), the
maximum normalized value of the fundamental compgniee. the modulatiomn, is
2.64. Limits of two switching angles are labelled @y and asmax While the

maximum of the third switching angée approaches the anghé2.

Modulation index m

0 almax a2max 2 3m/4 m
Angle [rad]

Figure 3.6.Normalized fundamental component of a single-plsasen-level inverter over the
half fundamental period with the switching angdesp/6, a,=p/4 andas=p/3.
According to Figure 3.6. two simple identities danwritten:

msin(a jay) =1 B® a4, = arcsin 1 , (3.8)
m

MSIN(a pmax) = 2 H4® @ pmay = arcsin % . (3.9

Following this, the limits for all three switchirapglesa,, a, andaz are:

1

O£ a,; <arcsin —
3 = (310
1 L2 .
arcsin — £a, <arcsin — , (3.11

m m

.2 p .
arcsin — £ag£=. (3.12

m 2

It is possible to write a general form for the lisnof one switching angle when the
modulation indexm is between two adjacent levels. This directly dwseon the
inverter voltage levet.
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In this way the last defined switching angle isleded. This exclusion completely
considers the case for3 since the angle range is between 0@@dAccordingly, the
limits whenm s between two adjacent levels are:

o I n-5
arcsin— £a;,, <arcsih— ,i=01..,—,n?t 3. 3.1
m i+l m 2 (3.13

The limits of the last switching angle, includingetcase fon=3 are:
n-3
— (3.19
Note that fom=3, the equation (3.14) presents the full anglgedretween 0 an2.
Voltage ripple NMS can be obtained as a differdmeteveen the NMS values of the
instantaneous voltage and its average (fundameotatponent. Considering this, a
simple relation related to normalized mean squatees of the instantaneous voltage,
its fundamental component and its ripple as a gdrienction of a switching angle
can be written symbolically as:

NMS, (a)= NMS,, (a)+ NMS, (a) (3.15)

being NMS\,(a) as the normalized mean square value of the irsstanus voltage,

.k p
arcsin — £a £—,k=
m k+1 2

NMS,, (a) as the normalized mean square of the voltage foedtal component and

NMS, (a) as the normalized mean square of the voltagesippl

Writing the integral forms of the members in (3.18) using the definition of
normalized mean square function and taking intmaetthe square-wave symmetry
lead to:

> p/2 > p/2 p/2
£ Vv?da=% vida+< Dvida. (3.16
Po P o Po
Considering (3.16), the voltage ripple NMS can bitan as:
> p/2 > p/2 > p/2
NMS,(a)== Dv?da== vZa - = Vida. (3.17
0 P o P o

For calculating the NMS value of the voltage funéamal component, the last integral
formin (3.17) can be expressed as a function@ftbdulation indexn:

> p/2 > p/2

NMS, (m)== vida== mzsinz(a)dazlmz. (3.18
' 0 Py 2
Thus, the voltage ripple NMS for a single-phadevel H-bridge inverter is:
2 P2 1
NMS)(a,m)== vZch - =m?. (3.19
P, 2
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Before delivering a general expression for theagst ripple NMS calculation, its
values for three-, five- and seven-level inverteas be written simply analytically,
therefore the general dependend®s (a,m) can be obtained.

Considering the aforementioned, the voltage NMSydical forms for three different
casesn=3, 5, 7 are:
p/2

NMS\?(al,m):— A - 1m2 =1- Eal- 1m2,0£ a1£B. (3.20
a 2 p 2 2
1
a, p/2
NMS\E}(al,az,m):E da+2 2% - %mz =4- E(al+3a2)— %mz,
Pa, Pa, p (3.21)
O£ aq <arcsin 1 , arcsin 1 £a, g P
m m 2
a, as p/2
NMSJ(al,az,a3,m):g da+2 22xda+2 xch - tm?=
pa pa pa 2
1 2 3
=9- E(a1+3a2 +5a3)- %mz, (3.29
p

O£ a; <arcsin 1 ,arcsin 1 £ a, <arcsin 2 ,arcsin 2 £aj P
m m m m 2
Noticing a common rule of each of the previous egpions, the general form for the
voltage ripple NMS for a single-phaselevel inverter controlled by the staircase
modulation can be described as:

k -
NMS] a;,a,,...ap,.1,M —K2. 2 (2i-1)ai-%m2,k:n71,
5 p':]_
2 ' (3.23)
.1 1 .2 . n- p
Of a; <arcsin — ,arcsin — £ a, <arcsin — ,...,arcsin — £a,. 1 £—.
m m m 2m - 2

2

After defining the voltage NMS criterion, it is iragant to derive a voltage THD
form using the voltage NMS criterion. For this posp simple mathematical
calculations can be introduced. Every signal canelpressed as a sum of its
fundamental component and other harmonic componasisis given by (3.24).

x{t)=x/t) + k X ). (3.24)
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Taking into account the Parseval’s theorem (Ratjleigergy theorem), which says that
the sum (or integral) of the square of a funct®mqgual to the sum (or integral) of the
square of its transform, the square of the tota aihone signak(t) can be presented
as:

2

Xl(t)+ X (t) = Xfrsm + ><r2ms,dist : (325)
0 k

lT

2 _
erm_T

Considering (3.25), the formula for the total hameodistortion of the signak(t)
becomes:

X )
THD, = —ms.dist (3.26)
1,rsm
In case of the voltage ripple NMS of a single-phasevel inverter, its normalized rms
value is:

vas(m):\/NMS\? ajaz..an.1,M . (3.27)
2

Taking into account (3.26) and (3.27), the voltag#D formula can be written as the

square root of the normalized mean square voltggeer divided by the normalized

fundamental component of the voltage:

n
NMS, al,az,...,aLl,m

THDY (%) = \/ 2 %00.

V:L rms,norm

(3.28)

Defining the normalized fundamental component ef\tbltage as:

V1, rms,norm = 2 Ve 12 (3.29)
the equation (3.28) becomes:

\/ZNMS\’,‘ a8z, 8p.1,M (3.30
THDY (%) = 2 ¥00.
m

For a given modulation indax, the voltage THD optimization problem is formulgte
as a constrained optimization one with THD in etumi(3.30) (NMS in equation
(3.23)) as a target function to be minimized. Tihidudes the modulation inder in
equation (3.7) as an equality constraint and stag#anodulation-imposed limitations
on switching angles similar to equations (3.13) éhil4) as inequality constraints.
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3.3.2 Current ripple NMS and total harmonic distortion

In order to evaluate the current ripple NMS it mgpprtant to define the current
waveform for a single-phaselevel inverter according to the corresponding agd.
Assuming the configuration described in the presiochapter with one H-bridge, and
two and three-cascaded H-bridges, in Figure 3,7((8) and (c) three current half-
waves with the corresponding voltages are depicted.

AV AV
1 2
1
a 0 a
0 a; p/2 p 4 ar a; p/2 p .
A I A I
b1 bl+bZ
p
==-a
by = g - a by=2-az  2p,
b p b
0 > b, :E‘ a 0 >
b, p/2 p b; by p/2 p
() (b)
AV
3
2
1 a
0% 2 a; pi2 p >
O Iy
b,=2-a, b+ 2,
2 30, ;
bs :%- a 0 \ b‘
by by by p/2 P

(©)
Figure 3.7.Voltage and current half-waves (p.u.) for staiecadulation in case of a
(a) three-level, If) five-level and €) seven-level single-phase inverter.

Current waveforms are obtained by the time intégmabf the voltage that assumes
pure inductive (or inductively dominant) load. Feach inverter level count, the
normalized current within different angle regiorende written as an integral form
depending on the position of the current switchangleb. It must be noted that every
current switching anglebis directly connected to a voltage switching angle
a considering the shifp/2. Near each of the above waveforms the relationsdes
voltage and current switching angles are writteocdkding to this, in case of a three-
level inverter the normalized current is given By3().
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b b
i"(0£b£b;)= ulb)db= 1xdb=b. (3.31)
0 0
The same calculation for a single-phase five-léweérter with two possible switching
angles is:

b b
i"“(0£b£b;)= ulb)db= 2xdb=2h. (3.3)
0 0
b b, b
i"(0£bE£by)= ulb)do= 2xdb+ 1xdb=h,+b. (3.33)
0 0 b,

After this calculation the limits of the currentisshing angles must be defined, since
in case of a three-level inverter there is only @mgle which follows the whole
quarter-wave symmetry range. According to Figui®(B), and taking into account the
pure inductive load and the relation between veltagd current angles for a five-level
inverter, the current switching angle limits canviréten as:

P .1 p 1 p
O£b, <—- arcsin — ,—=- arcsin — £b, £ —. .
179 m 2 m 2 2 (3:39

Normalized current values within different anglgioms for a single-phase seven-level
inverter are:

b b
i"“7(0£b£b;)= ulb)db= 3xdb=3b. (3.3)
0 0
b b, b
i""(0£b£by)= ulb)db= 3xdb+ 2xdb=b;+2b. (3.36)
0 0 b,
b b, b, b
i"7(0£b£Ebs)= ulb)db= 3xdb+ 2xdb+ 1>xdb=b,+b, +b. (3.37)
0 0 b, b,

Following the previous explanation, the currentlarignits in case oh=7 are:

0£b1<B-arcsin£ ,E-arcsin3 £b2<B-arcsinl \
2 m 2 m 2

(3.38
P arcsin 2 £b3£E.
2 m 2

For Figure 3.7., the normalized current analysristiie pure inductive load, which
assumes both the normalized fundamental angulgudrecy and the load inductance
equal unity, the fundamental current harmonic magie equals voltage modulation
indexm.
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Taking this into account, the current ripple NMSynhe calculated, similarly to (3.19),
by averaging the (normalized) squared current wawefon a quarter-wave interval.
Considering the mentioned statement, for a singkspn-level H-bridge inverter the
current ripple NMS is found as:
2p/22 1,
NMS!'(b,m)== i“d - =m*-.
(o.m) =2 0 5 (339
According to (3.39), for a single-phase three-lémgérter with one switching angha
(Figure 3.7.(a)) by direct current mean square ezalamputation, the current ripple
NMS is:
b, p/2
NMS3 (b, m)=2  b2db+ bZdb - tm?=bZ- 2b3-Im2 b, =P a . (3.40
P o b, 2 3p 2 2
For a single-phase five-level inverter with two ®hing anglesb; andb, (Figure
3.7.(b)), the current ripple NMS is:
b, b, p/2 1
(202 db+ (b; +b)?db+ (by +b,)?db - Em2. (3.4))
0 b1 b2

Nl\/|:~:|5(b1,b2,m):E

Detailed calculation steps of (3.41) are presemefppendix 2, here the final solution
is given:

63,6 .2 4.3

b3+ -bp3+ b

3 1 3 ™2 3 2

NMS5(by,b,, m) = (b, +b,)? - -=m?,
|(1 2m) (1+ 2) 0 2m (3.42

_P _Pp
by ==-a,,b,==- a;.
1757 82,0275 3

Applying the same approach for a single-phase skt inverter with three
switching angle$®,, b, andb; (Figure 3.7.(c)) gives:

bl b2
(3b)?>db+ (by +2b)*db +
NMSr(bl,bz,b&m):g Ob P Iz, (3.43
p 3 p/2 2
+ (by +b, +b)?>db+ (by +b, +b3)?db
b, b,

Detailed calculation steps of (3.43) are preseiefippendix 2, the final solution is
given by (3.44).
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NMS; (by,b,,b3m) =

813+ 503+ 2b3+2(b b2 + b +bb2)
= (by +by +bg)? - 3 3 3

Ll (3.44
p 2

_Pp _Pp _P
b, = - by ==- ,ba==-a,.
175 az,by 5 a,,b3 5 a,

For an arbitrary level counmt according to the previous equations, the general
current NMS formula becomes:

(n-1y2
, = N"1,2 kbd+
n (n' 1)/2 2 3 k=1 2 )
NMS| bl,bz,...,bLl,m - bk - E (n 3/2 (n- 1)/2 - —Mm s
2 k=t + by b (3.49
k=1 i=k+1

by :%- a%l_k k=12...(n- 1)/2.

The challenge of a time-domain current THD analyisispure inductive load
approximation (voltage WTHD) is expressed by (3[8620].

¥ Vi 2

o K (3.49
WTHD, (m),% = THD, (m),% = V—><Loo

1

This equation presents a closed-form expressionctorent approximation mean
square error for piecewise linear (normalized) entrrwaveforms obtained by time
integration of their respective voltage waveforntsiggre 3.7.(a), (b) and (c)).
Considering this, the current THD formula becomes:

2NMS[" by,by,....0y 1, m (3.47)

THD{‘(%):\/ - 2 ¥00.

49



Theoretical and Experimental Analysis of Output Bo@uality in Single-phase Cascaded H-bridge Mentdl inverters

3.4 Minimized voltage and current total harmonic dstortions

3.4.1 Optimal voltage and current THDs solutions

The constrained THD (NMS) minimization problems twitnodulation index
equality and switching angles inequality constsidéscribed in the previous section
3.3. are effectively solved by means of Matlab fioxcfmincon

Voltage and current optimization solutions for ags-phase five-cell multilevel
inverter (up to five switching angles andl11) are shown in Figures 3.8., 3.9., 3.10.,
3.11, 3.12. and 3.13.

In Figures 3.8. and 3.9. voltage and current odtswnétching angles vs. modulation
indexm are presented, taking into account that the ctigptimal angles are labelled
with a. It is done due to easier comparison between theewuand voltage optimal
switching angles and finding optimal working point®nsidering both possible
optimizations. For each value of the modulationeith, the proper relation between
current anglea andb (depending on the inverter leyelefined in the previous chapter
exists. Each colour presents a different switctangle, corresponding to the inverter
level count. The current switching angles are simmotompared with the voltage
ones.

Voltage and current optimal switching angles maycbasiderably different. Over
each inter-level interval, there are two pointsvhich voltage THD optimal angles and
current THD (voltage WTHD) optimal angles are idealt having the same
modulation indexn. Regarding the aforesaid, for the selected moidumahdexes the
voltage and current THDs are minimal.

1.6

E 14 \\ \ \\O(’S
SN\ NN
g 1.0 \ \\ N\ \\ N
£ 06 A A -

n \\ o~
& 04 - T~

8 B
S

0.0
0 05 1 15 2 25 3 35 4 45 5 55

Modulation index m
Figure 3.8.Voltage optimal switching angles vs. modulationerdh

for n =11 (up to five cascaded H-bridges).
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Figure 3.9.Current optimal switching angles vs. modulationexch
for n =11 (up to five cascaded H-bridges).

Based on the previously presented voltage and muopgimal switching angles, the
corresponding normalized mean squares values a&semied in Figures 3.10. and
3.11., following the same colour representatiorr dke modulation index range.

0.16
0.14

3 042 N\
0.1
0.08
0.06 \v
0.04
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0

—
\\

Voltage NMS (p.

0 05 1 15 2 25 3 35 4 45 5 55
Modulation index m

Figure 3.10.Voltage normalized mean square calculated usingnapt/oltage
switching angles vs. modulation indexfor n = 11 (up to five cascaded H-bridges).
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Figure 3.11.Current normalized mean square calculated usirigrapturrent
switching angles vs. modulation indexfor n = 11 (up to five cascaded H-bridges).

Voltage and current THDs calculated by (3.30) aBdi{) using their optimal
switching angles are presented in Figures 3.12. ari@. Over the inter-level
modulation index intervals 1-2, 2-3, 3-4, 4-5, ag#t and current quadratic
approximation error (NMS/THD) local minima and maw& appear. Global voltage
THD minima found in [15] and [16] for up to 6—7 $@hing angles, without explicitly
indicating the modulation indices, are, in factdbminima of the voltage THD curve
in Figure 3.12.
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Figure 3.12.Minimal voltage total harmonic distortion (THD).vsiodulation indexm
for n =11 (up to five cascaded H-bridges).
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Figure 3.13.Minimal current total harmonic distortion (THD).v&odulation indexn
for n =11 (up to five cascaded H-bridges).

Study of sensitivity shows that optimal current THDmuch more susceptible to
switching angles variations compared with optimaltage THD. This happens
because a supposed fine piecewise linear optinpab&jnation (compared to a coarse
piecewise constant one) is more susceptible indepmpossibly being affected by
some disturbances. The low susceptibility to arvgleations of optimal voltage THD
is known from the previous study [3.12], [3.13]. @re whole, a coarse piecewise
constant optimal approximation is very robust inmte of possible disturbances point
of view, such as angle/level variations and rougdirrors.

The comparison between optimal voltage and curfigtb (Figures 3.12. and
3.13.), shows that the current THD curve ripplemsich larger considering the
noticeable difference between adjacent maxima andma in the order of 100%. As a
result, current THD may be essentially reduced dmlyselecting a proper converter
working point (modulation index) selection. On ttentrary, there may be a significant
current THD increase as a penalty for a detunedatipa.

Regarding these figures, the curve of THD averagadt can be approximated by
simple hyperbolic approximations [3.19].

3.4.2 Optimal voltage and current working points

After defining the optimal THD solution for the ¥abe and current, it is important

to define specific optimal working (test) points il will be considered in the
simulation and experimental analyses.
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Since these two analyses will consider a singlesphseven-level inverter, which
means up to three cascaded H-bridges, the optiméting points will be within the
corresponding modulation index range.

Minimal voltage and current THD curves within thedalation index range for the
configuration consisting of three cascaded H-brsdge= 7) are shown in Figures 3.14.
and 3.15. together with selected optimal workininfs(a)-(d) having the modulation
index 24n<3.
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Modulation index m

Figure 3.14.Minimal voltage THD vs. modulation indew for n=7 (up to three cascaded
H-bridges) and two optimal working points fime=2.459 (a) anan=3.193 (b).
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Figure 3.15.Minimal current THD vs. modulation indew for n=7 (up to three cascaded
H-bridges) and two optimal working points fime=2.221 (¢) anan=2.663 (d).
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Voltage and current optimal switching angles arewsh together in Figure 3.16.
(current angle curves are the smoother ones)clearly visible that there are points in
common where both voltage and current THDs havegtienal value considering the
same modulation indem (m=2.494 (e),m=3.144 (f)), i.e. having the same switching
angles.
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Figure 3.16.Voltage and current optimal switching angles vsdaiation indexm for n=7

(up to three cascaded H-bridges) and two optimaking points in common:
m=2.494 (e) and m=3.144 (f).

Considering these figures, the six test pointscaigid by dots are chosen for the
simulation and experiments. In particular, fourt esints are selected for minimum
and maximum values of voltage ((a) and (b)) andenir((c) and (d)) THDs over the
modulation index range corresponding to a singlesphseven-level inverter, (Figures
3.14. and 3.15). Furthermore, another two test tpoife) and (f) are selected
corresponding to the so-called twice modulationeidn when both voltage and
current THDs are optimal having the same threechwvig angles (Figure 3.16). In
table 3.1. the selected test points (a)-(f) aresgmted with the corresponding
modulation indexes and switching angéasa,andas.

Table 3.1.Six selected test points corresponding to a sipgkse seven-level inverter

Test Modulation Switching angles [rad]

point indexm a; a, a;
(@) 2.459 0.199 0.635 1.424
(b) 3.193 0.155 0.482 0.884
(c) 2.221 0.224 0.758 1.527
(d) 2.663 0.190 0.580 1.294
(e) 2.494 0.202 0.633 1.397
0) 3.144 0.160 0.495 0.925
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3.5 Simulation

In order to validate the correctness of the anedytapproach while estimating the
power quality of a single-phase multilevel inverteontrolled by the staircase
modulation technique, Matlab/Simulink simulationseres carried out. The
configuration with three cascaded H-bridges (sipilase seven-level inverter) was
implemented and is shown in Figure 3.17.

Analysis  Code  Tool

i Json Anabss Code Toos Help
B-B e BB @040OP = A= Pl =] | @ - -
x| moddaton st

mmmmmmm

Figure 3.17.Matlab/Simulink model of a single-phase sevendl@werter with three cascaded
H-bridges controlled by the staircase modulatiahtégue

The left side of the figure represents the conpant, while on the right side three
H-bridges and the passiWl-load are shown. The control part, which is supgdse
provide proper staircase modulation signals, ces®§ six modulation signals (each
modulation signal corresponds to one H-bridge lagyl one carrier signal. The
implementation of the control signals is quite dienand it is shortly presented in the
following.

The idea of implementing the control signals folkowhe 100Hz carrier and
switching-angle depending constant modulation digvith the same frequency. The
amplitude of the modulation signal is directly poojional to the switching angle. In
this case, assuming that the maximum value of tbdutation signam, is 1 which is
supposed to represent the angl2, introducing a simple relation (3.48):
a[rad] 3.4

p2 - (349

the switching angla is converted into the amplitude of the modulasdnal.

mm =1-
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This principle is presented in Figure 3.18. for tilegs of one H-bridge where the set
switching angle ig/4, which results in the modulation signal ampleéui5.

SASASAY °-:\f WAV
oJ _ I_‘005 |—l . 002 003 004 005 006 007 008

Time [s] Time [s]
(a) (b)
Figure 3.18.Control signals for two legs of one H-bridge wiitle staircase modulation:
(a) carrier (blue trace), modulation signal (red &aand gate signal (green trace);
(b) carrier (purple trace), modulation signal (greace) and gate signal (orange trace).

It must be noticed that the frequency of the cars@leliberately set at 100Hz although
the fundamental frequency is 50 Hz. During thet firalf period of the carrier (Figure
3.18.(a)), the modulating signal is 0.5, while lre tsecond half period it is zero. It is
similarly presented in Figure 3.18.(b) for the setél-bridge leg. In this case, the shift
of p rad between the gate signals of two H-bridge lsgsrovided. Two gate signals
(green and orange ones) are obtained by compdmmgadrrier with the modulating
signal. When the carrier is lower than the modafasignal, the comparison gives 1 at
the output, otherwise the output is 0.

It is possible to attain the voltage and currenDBHby using Matlab/Simulink with
the built-in Matlab function called “FFT analysislt is a simple tool which provides a
THD value of one parameter corresponding to thecsed fundamental frequency,
additionally giving the amplitude of the fundamdntamponent. The load must be
inductively dominant as it was theoretically assdmghe chosen load parametéts
andL, based on a real air-core inductor, are R=24h/d L=480.7mH, measured by an
RLC meter. The dc voltage of each H-bridge is se2®0V and the fundamental
frequency is set at 50Hz.

In doing so, the voltage and current for the tesht(a) as well as the results for all six
defined test points (a)-(f) in chapter 3.4.2, uding Matlab/FFT tool, are presented in
Figures 3.19., 3.20., 3.21 and 3.22.
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Figure 3.19.Voltage (blue) and current (red, x100) obtainedviatlab simulation for a single-
phase seven-level inverter (three cascaded H-lsjdgih respect to Figure 3.14.:
test point (a) m=2.459 &, = 0.199,a, = 0.635,a3= 1.424),
for Vdc=200V, R=24.%V, L=480.7mH and;£50Hz.
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Figure 3.20.Voltage THD obtained by Matlab simulation for agle-phase seven-level
inverter (three cascaded H-bridges) with respeEidare 3.14.:
(a) test point (a) m=2.459 §; = 0.199,a, = 0.635,a3= 1.424);
(b) test point (b) m=3.193 §; = 0.155,a, = 0.482,a; = 0.884).

Calculating the voltage and current THDs for eaglu® of the modulation index
considers thirty fundamental periods of 20ms ardtstat the time scale 200ms in
order to steer clear of a possibly short transigatiod at the beginning of the
simulation.

The fundamental voltage component as well as itB Vdlue are emphasised with
the red rectangle. The same applies for all saeldetst points.
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Figure 3.21.Current THD obtained by Matlab simulation for agse-phase
inverter (three cascaded H-bridges) with respeEidare 3.15.:
(a) test point (c) m=2.221 &, = 0.224,a,= 0.758,a3 = 1.527);

(b) test point (d) m=2.663 &; = 0.190,a, = 0.580,a3 = 1.294).
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Figure 3.22.(a)Minimal voltage (left) and current (right) THDs alted by Matlab simulation
for a single-phase seven-level inverter (threeadesd H-bridges) with respect to Figure 3.16.:
test point (e) m=2.494 &, = 0.202,a, = 0.633,a3 = 1.397);

Note that Figure 3.22 is divided into two figures) @nd (b) due to better space
arrangement and better resolution of the figurdsichvclearly shows the calculated
parameters.
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__________________________________

Figure 3.22.(b)Minimal voltage (left) and current (right) THDs tained by Matlab simulation
for a single-phase seven-level inverter (threeadsd H-bridges) with respect to Figure 3.16.:
test point (f) m=3.144 &, = 0.160,a, = 0.495,a; = 0.925).

Considering the selected minima and maxima withearhodulation index range for
a single-phase seven-level inverter as well aoftenal solutions in common for the
voltage and current, the obtained THD values fertést points (a)-(f) are presented in
the following table:

Table 3.2.Voltage and current THDs for six selected teshfzodbtained by the simulation

Test  Minimized Test  Minimized Test Minimized Minimized
Point THDy (%) Point  THD, (%) Point THDy (%) THD, (%)
(@) 18.49 (c) 1.31 (e) 18.41 1.79
(b) 11.52 (d) 1.96 0) 11.64 0.82

3.6 Laboratory experiments

Experimental verifications were performed for agknphase inverter with one H-
bridge, and two and three H-bridges.{=7), with the individual dc bus voltage
V4=200V. Note that the detailed explanation of th@erinental realization of the
mentioned configuration is given in chapter 2.3.sinple circuit scheme of the
experimental setup is shown in Figure 3.23.
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Figure 3.23.Circuit scheme of the experimental setup.

As it was considered in the simulation part, a reductor with its resistive and
inductive parts R=24\W and L=480.7mH was used for the experimental tdsts.
Figure 3.24. the inductor with a side view togethdth the display of LCR meter
measuring its parameter is presented.

_67cm

(b)
@)
Figure 3.24.An inductor with its parameters R=2X\%nd L=480.7mH:
(a) side view, b) R and Lmeasured by LCR meter.

The control signals for all three H-bridges arevpmted by the Arduino DUE
microcontroller. The modulating principle is simmileo that one explained in chapter
3.6, therefore the program code with a brief exgi@m is given in Appendix 3.

In order to be able to properly and precisely camhe analytical results for the
voltage and current THDs together with the simolatand experimental ones, the
same six selected test points are considereddogstperimental part.

In Figures 3.25., 3.26. and 3.27., the correspandirperimental results are
presented, showing the test points (a)-(f). Alufigs depict the waveforms over the 2.5
fundamental periods (2.5T=50ms).
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@)

(b)

Figure 3.25.Voltage THD experimentally obtained for a singleape seven-level inverter
(three cascaded H-bridges) with respect to Figuré.3
(a) test point (a) m=2.459 §; = 0.199,a, = 0.635,a3 = 1.424);
(b) test point (b) m=3.193 &, = 0.155,a, = 0.482,a;3 = 0.884).

Figure 3.25. presents two cases for local maximadrainimum values of the voltage
THD over the considered modulation index rangeuf€ig3.25.(a) corresponds to the
voltage THD local maximum fam = 2.459 ;= 0.119,a, = 0.635,a; = 1.424), while
Figure 3.25.(b) corresponds to the voltage THD llowgnimum for m = 3.194
(a;=0.155,a, = 0.482,a; = 0.884).
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@)

(b)

Figure 3.26.Current THD experimentally obtained for a singleape seven-level inverter
(three cascaded H-bridges) with respect to Figutb.3
(a) test point (c) m=2.221 &, = 0.224,a, = 0.758,a3 = 1.527);
(b) test point (d) m=2.663 &; = 0.190,a, = 0.580,a3 = 1.294).

Figure 3.26. presents two cases for local minimach maximum values of the current
THD over the considered modulation index rangeurdd3.26.(a) to the current THD
local maximum form = 2.221 &; = 0.224,a, = 0.758,a3 = 1.527), while Figure
3.26.(b) corresponds to the current THD local mimmfor m = 2.663 &; = 0.190,
a,=0.580,a;=1.294).
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Figure 3.27. (a)Minimized voltage and current THDs experimentalbtained for a single-
phase seven-level inverter (three cascaded H-tg)jdgih respect to Figure 3.16.:
test point () m=2.494 &, = 0.202,a, = 0.633,a3 = 1.397);

Figure 3.27. considers the cases of two modulatidites where the optimal voltage
THD and the optimal current THD occur for the saswgbtching angles, over the
considered modulation index range. Figure 3.2Z¢ajesponds to the case= 2.494
(a1 = 0.202,a, = 0.633,a3 = 1.397), while Figure 3.27.(b) corresponds to ¢hee
m=3.144 &, = 0.160,a, = 0.495a; = 0.925).

Figure 3.27. is divided into two figures for thengareason as it is done in case of
Figure 3.22. due to better space arrangement atet besolution of the figures.
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Figure 3.27 (b).Minimized voltage and current THDs experimentalbtained for a
single-phase seven-level inverter (three cascadedddes) with respect to Figure 3.16.:
test point (f) m=3.144 &, = 0.160,a, = 0.495,a; = 0.925).

Considering the oscilloscope screenshots whicheptabe experimental results, it
can be noticed that on the top of each screensbadales of waveforms are displayed
in the colours which correspond to the wavefornmoo$. Also, on the left side of all
screenshots there are full-range scales with timee slours. The description of those
waveforms is given in the first half of Table 3.Rad voltage (blue trace) - scope
channel 2, labelled C2 (CH2), load current (reddja scope channel 3, labelled C3
(CH3), the top half screen; fundamental of loactage (purple trace), labelled M1,
and voltage ripple (green trace), labelled M2: CM2, are depicted in the bottom
half-screen of Figures 3.27. and 3.29; fundameotaload current (orange trace),
labelled M1 and current ripple (green trace, magdiby 4), labelled M2: CH3 M1,
are depicted in the bottom half-screen of Figur@28.3and 3.29. It must be noted that
while calculating the voltage THD, mathematicaldtions M1 and M2 are applied to
the voltage waveform, while, instead, calculating turrent THD they are applied to
the current waveform.
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Table 3.3.Waveforms’ parameters calculated by the scope-ibuddvanced mathematical
functions. RMS: root mean square.

Label Description Signal waveforms and calculated grameters
Scope channel 2,
C2 CH?2 Load voltage
Scope channel 3,
C3 CH3 Load current
Math function 1:
M1 IIR low pass Fundamental voltage (current)
filter
Math function 2: :
M2 CH2(CH3) M1 Ripple voltage (current)
RMLC2) '\Fgf\‘/ltg fgr?cc“gg Total voltageRMS
RmgC3) I\I_\/I,:‘/Itg f(l;:célgg Total currenkRMS
Built-in math
Calc2 calculation 2 Fundamental voltage (currei®MS
Built-in math .
Calc3 calculation 3 Ripple voltage (currenfRMS
Voltage (current) THD(%) calculated as:
Built-in math VI iopl RmM<M?2
Calc4 calculation 4 THD«,U)(%)zw&oo:L)goo
\ (I )rms fund RmiMl)

Fundamental components were determined by buikdéope infinite impulse
response (lIR) filter function (M1), and ripple cponents were calculated as the
difference between the instantaneous waveformstladaorresponding fundamental
components (M2 = CH2(3) M1). THDs are determinedtlas ratio between the ripple
root mean square (RMS) and the fundamental RMScifspealculation of RMS and
THD for all voltage and current waveforms were igatrout by the scope built-in
advanced mathematical functions in real time asgldyed on the bottom lines of the
scope screen. Corresponding designations with #heulation of voltage (current)
THD are presented in the second part of Table 3.3.

Summary of the experimental tests regarding voltagek current THD is given in
Table 3.4.

Table 3.4.Voltage and current THDs for six selected teshfzodbtained by experiments

Test | Minimized Test | Minimized Test | Minimized Minimized
Point  THDy (%) Point = THD, (%) Point THDy (%) THD, (%)
(@) 18.21 (©) 1.43 (e) 18.28 1.83
(b) 11.55 (d) 2.03 () 11.65 0.97

66



3 Power quality evaluation of a single-phase castadultilevel inverter with staircase modulatioatteique

3.7 Comparison of analytical, simulation and expemental results

Analytical calculations of the voltage and curr@iDs must be compared with
simulation and experimental results in order tespre their correctness.

The experimental result&€xp) are summarized in Tables 3.5., 3.6. and 3.7., and
compared with both theoretical calculatiorSalc) and simulation resultsS{m)
obtained by Matlab/Simulink.

Table 3.5.Minimized voltage THD - specific cases.

Test Minimized THDy (%)

Point m | Calc. Sim. Exp.
(@) 2.459 1850 18.49 18.21
(b) 3.193 11.53 1152 1155

Table 3.6.Minimized current THD - specific cases.

Test Minimized THD, (%)

Point m | Calc. Sim. Exp.
(c) 2221 1.29 1.31 1.43
(d 2.663 1.93 1.96 2.03

Table 3.7.Minimized voltage and curreHDs - same switching angles.

. Minimized THDy, (%) Minimized THD, (%)
TestPoint| m Calc. | Sim. | Exp. Calc. Sim. Exp.
(e) 244 18.4: 1841 18.2¢ 1.54 1.7¢ 1.8¢
(N 3.144  11.6¢ 11.6¢ 11.6¢ 0.81] 0.82 0.97

Tables 3.5. and 3.6. present four cases corresp@maiFigures 3.25. and 3.26. It is
noticeable that calculated, simulated, and experiaddHD(%) values match well in
the case of the minimized voltage THD (Table 3.5)the case of the minimized
current THD (Table 3.6.), calculated and simulatieedues match well, and the
experimental values are slightly higher due to ey small current ripple, that
emphasizes the measuring errors such as currertbe peyrors and inverter
nonlinearities (switching losses, dead-time, éigresponding slight errors have been
observed introducing similar nonidealities in timadation tests.

Table 3.7. presents two cases (e) and (f) (Figue&.B8 where the same three
switching angles result in optimizing both the wugk and the current THDs,
corresponding to the same modulation index, as showigure 3.16. As expected, the
experimental voltage THD results match almost mdsfe both theoretical and
simulated results, while the current THD resultsehalightly higher values, due to
similar aforementioned reasons.
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In general, the very slight difference between glfesimulations and calculated
theoretical results in case of current THD canustified considering that theL-load
is not purely inductive. In the specific test cagbe load impedance angle is about
81°, slightly lower than the theoretical angle @°9This difference introduces an
acceptably small error due to the high current THBnsitivity, proving the
effectiveness of the assumption of inductively dwemit load. On the whole, simulation
and experimental results match the theoretical onassatisfactory way.

3.8 Grid-connected single-phase multilevel inverter
3.8.1 Grid current THD evaluation

The previous analysis aims at calculating the cuirfédD for pure inductive loads
(voltage WTHD) and the results are practically aggtile to inductively dominarRRL
loads. A similar analysis can be carried out fgrid-connected inverter application as
well, considering a link inductok with its inner resistanc® One grid-connected
single-phase configuration is presented in Figu28.3

In order to obtain the maximum transferred powethi® electrical grid at a given
magnitude of the grid current, the current musinbghase with the corresponding grid
voltage, as it is shown in the phasor diagram gufé 3.29.

L R
Y'Y AN\

+

aieve | \/ Ve ® \
0

- - I | R
Figure 3.28.Single-phase multilevel inverter Figure 3.29.Phasor diagram for maximum
connected to the single-phase grid by a link transferred power.
inductor.

According to Figure 3.29., the inverter voltagegmaeters are:

V, =y(Vg +RI? +(wLi )2 . (3.49
Co_ wLl
j = - arctan Vo +RI (3.50
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For the link inductor, the resistive part in eqgoadi (3.49) and (3.50) can be neglected (i.e.

wL >> R), leading to:
V) =/Vg? + (wLl )?. (3.59)

j = - arctan wil ) (3.52
Ve

For grid-connected applications, the voltage madihdaindex for zero current can be
defined as:

mg == (3.53

m=,mg+ — (3.59

where V. is the converter dc bus voltage, aviland| are the grid voltage and grid
current amplitudes, respectively. Accordingly, tuerent THD becomes:

2NMS!' by,b,,...0,. 1, m

== 3.5
2 x00. (359

THDIn,grid (%) = m2 m2
-G

Introducing (3.54) into (3.55) gives the current D Hormula for a grid-connected
single-phase-level inverter:

THD! gig (%):v\:chl \/ZNMSP by,by,....0 .1, m 100>
2

(3.59
1.Mg A00.

» %\/ZNMSP b17b27""bL
2

Introducing the optimal current switching anglesedi in the previous chapter, it is

possible to present the current THD over the winodglulation index range with up to

five cascaded H-bridges. Selecting R and L a8v@&abd 43.3mH, respectively, the dc

bus voltage 200V and the fundamental amplitudeectirbA (fundamental frequency

fi=50Hz), the grid current THD value calculated by56J over the modulation index

range is presented in Figure 3.30.
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Figure 3.30.Optimized grid current total harmonic distortidrtHD) vs. modulation
indexmforn =11 (up to five cascaded H-bridges).

According to Figure 3.30. it can be noticed thatdwery inter-level modulation index
range (0-1, 1-2, ...) the grid current THD has @laninimum value within the first
half of the mentioned range, and its maximum withim second half.

Three different values of the modulation indexcan be chosen following three
different configurations — one H-bridge, two casahéi-bridges and three cascaded H-
bridges. In this case, obtained results for thd gtirrent THD can be compared with
the simulation ones in the next subchapter. For lafigidge the modulation index
which corresponds to the maximum grid current TID+0.608. For two cascaded
H-bridges the value ah which belongs to the half grid current THD ranga ©e one
test point i.em=1.432, and for the third configuration whew2.215 the minimum
grid current THD appears.

These points with their characteristics are presemt Table 3.8.

Table 3.8.Grid-connected single-phase invertespecific cases

Case m ai[rad] a:[rad] as[rad] THD, 44 (%)
I 0.60¢ 1.07: / / 42.9(

Il 1.43: 0347 | 1.38¢ / 17.27
Il 2.21f  0.22¢ 0.76¢ 1.53¢ 8.4%
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3.8.2 Simulation of a grid-connected single-phaseuttilevel inverter

In order to verify the analytical expression fotce#ating the grid current THD,
Matlab/Simulink simulations were carried out. Thpreviously selected values of the
modulation indexm are implemented using Matlab/Simulink. Apart frahis it is
important to define the grid parameters with respedhe selected working points -
amplitude of the grid voltag®/c and its phase angle. The definition of these
parameters is based on the necessity of the gitdgeobeing in phase with the grid
current. Following the phasor diagram presentedigure 3.29., simple relations
between the inverter voltage fundamental comporngit,voltage and angle can be
written.

The amplitude of the inverter output voltage is:

VI = dec- (3-57)

The anglg can be calculated using a simple trigonometriciideading to:

j = - arcsin

(3.58

MV,
Calculatingj and taking into account the voltage drop on tlester R, the required
amplitude of the grid voltage fundamental comporignt

Vg = mVycos(j )- RI. (3.59
Using the parameters set previously, three selexzdeds for three different H-bridges
configurations together with the corresponding @iaitons are given in Table 3.9.

Table 3.9.Grid-connected single-phase invereselected cases for the simulation verification.

Case m ai[rad] a:[rad] as[rad] V,[V] jj [rad] Vg[V]
I 0.60¢ 1.07: / / 121.¢ -0.593 98.3(
Il 1432 0.347  1.38t / 286.« | -0.24( | 275.7(
11 2.21t  0.22¢F  0.76€ 1.53: 445 -0.15¢ 435.2!

The implemented configuration with three cascadedridges (single-phase seven-
level inverter) in Matlab/Simulink is presentedrigure 3.31.
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Figure 3.31.Matlab/Simulink model of a single-phase sevendl@werter with three cascaded
H-bridges controlled by the staircase modulatiahtégue and connected to the electrical grid.

Grid voltage together with the grid current is mrted in Figure 3.32. for case Ill. For
other cases graphical representations are sirthilenrefore they are not presented here.

Figure 3.32.Grid voltage (blue) and current (50x, red) obtdibg Matlab simulation for a
single-phase seven-level inverter (three H-bridgés) respect to Figure 3.30.:
m=2.215, anc; = 0.225,a, = 0.766 andi; = 1.533.

Running the simulation and applying the FTT analysisthe grid current in all three
selected casesnE0.608, 1.432 and 2.215) give the simulation eu#@naof the grid
current THDs. These results are presented in Figlg®& and emphasised with the red

rectangle.
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__________________________________

(a) (b)

_________________

(€)
Figure 3.33.Grid current THD obtained by Matlab simulation #osingle-phase three-, five-
and seven-level inverter (up to three cascadedidttyes) with respect to Figure 3.30.:
(@ m=0.608 &; =1.073,a, = 1.571,a3= 1.571);
(b) m=1.432 4,=0.347,a,=1.385,a3 = 1.571);
(c) m=2.2154,=0.225a,=0.766,a5; = 1.533).

Every simulation comprises 50 fundamental period$ 20 of them are taken for the
grid current THD evaluation starting after 25 pdsadn order to avoid the current
transient at the beginning of the simulation preces
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3.8.3 Comparison of analytical and simulation redts for a grid connected single-
phase inverter

In order to prove the correctness of the analyt@pproach, the comparison
between analyticalJalc.) and simulationSim) results was carried out and presented
in Table 3.10.

Table 3.10.Grid current THD — analytical and simulation resul

THD, 41ig (%)
Case m Calc. Sim,
| 0.60¢ 42 .9( 42 .91
Il 1.43: 17.27 17.2¢
11 2.21¢ 8.4% 8.4¢

Following those results, it can be seen that thadytinal and simulation results almost
perfectly match each other without any particulavidtion which would introduce an
error.

3.9 Discussion

Minimal voltage and current THDs for a single-phasaltilevel inverter with
uniformly distributed voltage levels are formulaiesl constrained optimization ones in
time the domain, considering all switching harmenithe current THD is considered
in a pure inductive load approximation (correspagdio voltage frequency weighted
THD, WTHD). Comparing with minimal voltage THD tirdomain problem
formulations reported previously, the minimal catrefHD time-domain problem
formulation is a novel one. It becomes feasible wuanalytical closed-form symbolic
calculations of piecewise linear current wavefoream squares.

The numerical solutions establish theoretical dattan of voltage and current
THD lower bounds for a single-phase multilevel inge with a staircase modulation.
Optimal switching angles and minimal voltage andrext THDs were reported for
different multilevel inverter cell numbers (differtevoltage level counts) and overall
modulation index dynamic range. All calculations faptimal switching angles are
quite simple and require a negligible processoretibecause they can be easily
calculated offline and called from the microconol memory. Also, every
microcontroller can perform a simple linear intdgtion, thus high accuracy of the
modulation index is not needed and, thereforehaeis its real-time calculation.

Over every inter-level modulation index intervahete are two working points
which represent the set of switching angles wheeeoptimal voltage and current THD
are achieved. Modulation indexes which correspanthbse two working points are
the so-called twice-optimal modulation indices.
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It is shown that optimal voltage THD solutions haedatively low sensitivity to
switching angles variations and other disturban@ss.the other hand, sensitivity of
current optimal solutions is relatively high due dofine piecewise linear optimal
approximation which is much more susceptible tosjids disturbances compared with
a coarse piecewise constant optimal approximation.

In the case of grid-connected applications, themadized current fundamental
component is typically about 10 times smaller thhe voltage modulation index.
Accordingly, the THD value of the grid-connectedrrent increases in the same
proportion (due to the inverse proportion betwdendurrent THD and the normalized
current magnitude), comparing with the case whemeths an inductively dominant
load. This comparison is valid for the same modotaindexes for both practical
cases. It is shown that only about 10% of modufaiitdex variations may cause
around 100% of current THD changes. Considering, tthiere is a possibility for
precisely defining the optimal working points wheéhe current THD is minimal and
controlling in parallel the dc bus and grid voltageiations.

Theoretical findings are followed by computer siatigns, in case of the passive
RL-load and the grid connection, and a wide set dfodatory verification.
Experimental results confirm the correctness ofgheposed mathematical approach
for pure inductively dominant load for voltage aswdrent THD calculations.
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4 Power quality evaluation of a single-phase cascad multilevel
inverter with PWM technique

4.1 Introduction

I\/I ultilevel inverters are widely used for medium dmgh voltage applications.
They are capable of generating voltage and cumeveforms of improved
quality, providing a nominal power increase andiingna modular structure, therefore
they are relevant to many practical applicationshsas transport (powering trains,
ships, automobiles and other drives), energy caiwer(wind, solar), manufacturing
and mining [4.19[4.3]. There are many different topologies of niaitel inverters that
can be used regarding what there are supposed &b ane which application they
should be used for. Among them, the most populasare diode-clamped (neutral-
point clamped), capacitor-clamped (flying capagitand cascaded inverters with
isolated input dc sources [4-44.9]. Every mentioned topology can be controllgd b
many different modulation techniques [4.1J3].12].

Over the past 20 years, power electronics researdieve shown a significant
interest in total voltage and current distortiomBlDs) analysis of multilevel inverters.
Many recent publications deal with voltage and enirTHD evaluations following the
analytical frequency domain approach [4:18]16], which does not bring relatively
simple closed-form mathematical expressions andetbee requires mathematically
heavy numerical calculations [4.9], [4.16], [4.1Additionally, the previous works
mostly considered a PWM current harmonic contenthanmonic distortion factor
(HDF)/additional PWM-induced copper loss analyticalculation context.

A simple closed-form voltage quality approach ofititevel multiphase converters
is presented in [4.18]. Derivations of an analyticamula for voltage quality for any
number of levels of a PWM multilevel inverter catesiing the leg voltage is presented
in [4.19]. Derivations are based on the integratibthe power of the PWM signal in a
single switching period over the fundamental perwwidthe signal for an ideal
sinusoidal reference leg voltage. Two-level singded three-phase PWM current
quality and related normalized harmonic copper l¢sgrrent harmonic loss or
harmonic distortion factor) time-domain analyses resented in [4.9] and originated
from [4.20] that assumed pure inductive (inductivelominant) load and almost
constant PWM current ripple over a switching perifdrge ratio between the
switching and fundamental frequencies).

For a three-phase case, current harmonic distoigidrigher due to zero-sequence
voltage presence in line-to-line voltages and ‘arier different modulation
strategies/zero sequences [4.9].
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The same type of analysis for two-level multiphamserters was carried out in [4.21]
and [4.22]. Along with PWM converter current diston factor (THD), researchers are
interested in peak-to-peak PWM current ripple cttaréstics. While peak-to-peak
PWM current ripple envelope calculation for a saghase multilevel inverter is
almost simple, it becomes more complex for threed multiphase ones due to the
voltage zero-sequence presence. For a two-levek{binase inverter, peak-to-peak
PWM current ripple envelope was first reported 4r2B]. The same for three-phase
multilevel inverters was presented in [4.24] an®$. Current ripple comparison for
single and dual three-phase inverters used inralakcvehicles is presented in [4.26],
while current ripple evaluation in dual three-phaseerter for open-end winding
drives is presented in [4.27]. Apart from the owtpwerter side, researchers are
interested in the dc input side evaluating the altage ripple in single-phase inverters
[4.28].

In this chapter the simple closed-form asymptoticriulae for estimating the
voltage and current qualities, applied to a simglase multilevel inverter, are
presented, taking into account the whole harmowictant and being used for an
arbitrary inverter level count. The analysis is rem out in the time domain
considering that the ratio between switching antdamental frequencies is supposed
to be (infinitely) large (asymptotic assumptionjh flact, asymptotic formulae are
practically very accurate for ratios higher thar3®b6 In line of principle, the formulae
initially obtained for a single-phase inverter aadid for three-phase and multiphase
inverters as well because the line-to-line voltggality is invariable to zero sequence
voltage insertion (variation) unless nearest leyiekarest virtual space vector)
switching is not distorted.

Developed mathematical approach applied to thegelguality is evaluated in the
time domain using the voltage ripple normalized megquared (NMS) criterion. It is a
piecewise continuously differentiable analyticalusion and employs only elementary
function. This solution is asymptotic in terms aving the ratio between switching
and fundamental frequencies infinitely large, astiomed before. The voltage ripple
NMS is obtained by double integration over timeaagformalized voltage ripple square
- integrations over the switching period and over fundamental period. This can be
roughly understood as the time-domain equivalenthef frequency-domain double
Fourier transformation. The same approach is appbiethe current quality; its NMS
value is obtained by double integration of a noimeal current ripple square over the
switching and fundamental periods. The current NMBie over the switching period
is obtained by integrating the corresponding vatagplied to the load. NMS voltage
and current calculations can be easily convertedanalytical forms representing their
total harmonic distortions (THDs) [4.29], [4.30}.rust be noted that voltage THD,
based on the time integration, only depends omibdulation indexm.
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The modulation index represents the ratio betwéenamplitude of the fundamental
component of the output voltage and the input dtage of one H-bridge within the
cascaded configuration.

In case of grid-connected inverter applications ftpéd current quality is
analytically evaluated following the same approaaid the final expression for the
current THD is given depending on the switchingyérency, linking grid inductance
and grid current amplitude.

The verification of all theoretical developmentscaried out by Matlab/Simulink
simulations and detailed laboratory experiments.

4.2 Pulse-width modulation technique - PWM

Nowadays, power inverters in many applications aetrolled by using carrier-
based pulse-width modulation techniques (CB-PWMBhey are quite simple
regarding different microcontrollers and have astant or even variable switching
frequency which allows a better control of switchilosses. Additionally, there is a
possibility of improving the voltage and currentrhanic spectra applying different
modulation strategies [4.31[)4.34]. The basic principle of CB-PWMs is based on
comparing proper modulating signals with one or enoarriers providing the gate
signals for power switches.

Modulating signals can be different from one apglan to another depending on
the purpose and requirements of the system. Applgpecifically optimized and
modified modulation signals, the fundamental outmitage component can be higher
compared with the classical sinusoidal modulatisingithe same configuration in case
of continuous PWM [4.35]. Improvement of the cutrgaality in terms of minimizing
the current ripple can be achieved in case of digmoous PWM as well alternatively
using different modulating signals [4.36].

The modulating signal is represented by its wavefdrequency and amplitude so-
called modulation indexn. The waveform of the modulating signal represehts
reference of the output voltage fundamental componi depends on the control
technique that is applied to one configuration aad differ significantly, while its
frequency usually corresponds to the fundamenggjuiency of the electrical grid i.e.
50Hz. The modulation inderm generally defines the amplitude of the modulating
signal, but regarding the output voltage it is tago between the amplitude of output
voltage fundamental componeévitand dc bus voltagé,., defined as:

Vl

m=_1. 4.1
Voo (4.1)
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Roughly defining, the maximum value of the modwatindex equals the number of
H-bridgesN in one cascaded configuration, therefore its 8raitt0 £ m£ N

All power switches turn on and turn off at a spéeat is usually defined by the
carrier. This is represented by the parameter Beecaswitching frequency .f
Considering this, over one switching period evewitch turns on and turns off
depending on the duty cycle given by the intersectif the modulating signal and the
carrier. The general rule says that when the madglaignal is higher than the carrier,
the output signal has a logical value 1, otheniti$e 0. Depending on the modulation
technique and strategy, this rule can vary as well.

The simplest way of controlling one H-bridge (Figur.1.(a)) with the carrier-based
PWM technique is presented in Figure 4.1.(b) whbk tarrier frequencys¥3kHz,
fundamental frequency;50Hz and modulation indexrn=0.75. This ubiquitous
modulation technique is the so-called bipolar PW&dhnique. In Figure 4.1.(c), a
detail of the intersections between the carrierthednodulation signal, emphasised in
Figure 4.1.(b), is presented giving a control sigviaich is supposed to be a gate signal
of two diagonal switches. The two others are cdletidoy the opposite control signal.

N N | |
Vdil A i |
B—— I l
o4

@

(b)

(©)
Figure 4.1.(a) H-bridge inverter ,if) bipolar PWM technique with one 3kHz carrier (Blue
one 50Hz modulation signal (red) witte0.75, and ) a detail of the standard PWM working
principle with the corresponding gate signal (gleen
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4 Power quality evaluation of a single-phase castanultilevel inverter with PWM technique

Using this modulation technique the output inveseltage has two levels %Y
Since the voltage excursion is relatively high, tbmal voltage distortion is high as
well. In Figure 4.2. the output inverter voltageesowne fundamental period (T=20ms)
in case of one H-bridge controlled by the bipolaWN®* modulation technique is
shown. The dc bus voltage is set tQ~200V, the fundamental and switching
frequencies are 50Hz and 3kHz, respectively, aadrtbdulation index ig=0.75.

n=2

Figure 4.2.Output voltage of one H-bridge<2) controlled by the bipolar PWM technique:
V4=200V, £=50Hz, £=3kHz andm~0.75.

Another ubiquitous modulation technique is the albed unipolar PWM technique.
In case of one H-Bridge, this technique consist$naf carriers and one modulating
signal, where each carrier corresponds to one #gbrieg. Considering the same
parameters as in the previous case, but introduoimg more carrier, the control
principle is presented in Figure 4.3., while theveirier output voltage over one
fundamental period (T=20ms) is shown in Figure 4.4.

Figure 4.3.Unipolar PWM technique with two carriers and onedulating signal:
fi=60Hz, £=3kHz andm=0.75.
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n=3

Figure 4.4.Output voltage of one H-bridge<3) controlled by the unipolar PWM technique:
V4=200V, £=50Hz, £=3kHz andm~0.75.

According to Figure 4.4. it can be noticed that ¢lput voltage has three levels O
and V4. The voltage excursion is lower for this modulatitechnique leading to
better voltage quality. In general, for one H-bedg. three-level inverter, two carriers
and one modulation signal are needed, therefdrearriers and one modulation signal
are required for properly controlling a single-phadevel inverter.

In Figures 4.5. and 4.6. the unipolar PWM technifprea single-phase seven-level
inverter (0, £\4., £2Vy., £3V4) With three cascaded H-bridges and its outputagalt
over three fundamental periods (3T=60ms) are ptederin this case there are six
carriers and one modulating. All parameters are game as previously but the
modulation indexmis 2.5.

(@)

(b)

Figure 4.5.(a) Single-phase seven-level inverter ahynipolar PWM technique with six
carriers and one modulating signgk50Hz, £=3kHz andm=2.5.
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4 Power quality evaluation of a single-phase castanultilevel inverter with PWM technique

Figure 4.6.Output voltage of three cascaded H-bridges/] over three fundamental periods
controlled by the unipolar PWM techniquej 200V, {=50Hz, {=3kHz andm=2.5.

4.3 Voltage and current quality time-domain problemformulation

Ripple analysis of output voltage and output currérereinafter voltage and
current) that is turned into the total harmonictatigon (THD) expression is
theoretically based on the assumption that the kattween switching and fundamental
frequencies is infinitely large, as mentioned ie thtroduction. On the whole, the
analysis is divided into two parts for both voltaged current THDs. The first part
considers the so-called DC-PWM with constant mdihgasignal over time and
therefore the duty cycle lasts equally every equidistant switching peribde second
part takes the results obtained by using the DC-P@hd assuming the sinusoidal
modulating signal over the fundamental period repmnés the so-called AC-PWM. In
this case the duty cyclel does not last equally every switching period, but
nevertheless, due to the aforementioned assumiptisrassumed that the modulation
signal has a constant value over a switching peBath DC and AC-PWM analyses
consider the voltage and current normalized meamreq(NMS) criteria applied to
their ripples and used for estimating their quediti

All final mathematical expressions are given for ambitrary number of voltage
levels n of a single-phase inverter, considering all harroenor calculating either
output voltage or output current ripple NMS (headiar voltage ripple and current
ripple), it is important to distinguish the leveimber of a single-phase inverter as well
as the constant value of the modulating signalgton duty cycle) (DC-PWM) or the
modulation indexm (AC-PWM). For example, in case of a single-phasees-level
inverter controlled by AC-PWM with the modulatiomdex m=2.5, the ac
voltage/current ripple NMS is calculated for thiessses whem is between 0-1, 1-2
and 2-2.5.
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Note that the maximum value af for this kind of inverter using the adopted PWM
technique is 3. In general, for a single-phadevel inverter the maximum possible
modulation indexm=(n-1)/2.

In this case the voltage/current ripple AC-NMS acalated for each sub-level where
i<mki+1, i=0,...,(n-3)/2 and summed to get its total value. It is img@ot to mention
that when changing the modulation indexif its maximum belongs to one sub-level
which is not the highest possible one, the ac gehzurrent ripple NMS is calculated
until the last voltage level where the maximum obdulating signal takes part
considering the contribution of all preceding sebels. Following this, some of
H-bridges do not work due to the lack of gate dgna

4.3.1 Voltage ripple NMS criterion and correspondig THD analysis
4.3.1.1 Analytical calculations of DC-PWM NMS voltge ripple

The main aim of analytically estimating the DC-PVIWWIS output voltage ripple is
to obtain a formula which can be extended to siiuadcAC-PWM NMS voltage
ripple, since in real applications sinusoidal slgreae dominant.

The analytical approach starts with the basic shpilase three-level H-bridge
inverter controlled by using a simple modulatiorchteique with the constant
modulating signal over time, which means that théy ccycled lasts equally every
switching period. In Figure 4.7.(a), a single-ph#dsee-level inverter is presented.
Figure 4.7.(b) shows the suggested modulation tqakrwith the constant modulating
signalm=0.75 p.u (red trace), the carrier with frequencset at 3kHz (blue trace) and
corresponding gate signal (green trace).

o o
Vdil A
BY——
o o

(a) (b)
Figure 4.7.(a) Single-phase three-level inverter abil lfasic modulation technique with
the constant modulating sigmat0.75(red), carrier withs£3kHz (blue), and corresponding
gate signal (green).
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4 Power quality evaluation of a single-phase castanultilevel inverter with PWM technique

Following the previous configuration, the normatizeoltage over one switching
period (normalized by the dc bus input voltagg) and its corresponding voltage
ripple are presented in Figure 4.8.(a) and 4.8téspectively.

It must be noted that the (normalized) voltage lépp obtained by subtracting the
instantaneous (normalized) voltage and its avevafyee i.e d.

Vo
Vdc
11—
(a)
0 |, t
Vo d‘r d 1 Ts
Ve '
| E— [ .t
(b) d 1 Ts
S |

Figure 4.8.(a) Normalized voltage over one switching period éodcorresponding
normalized voltage ripple for a single-phase tHesel inverter in case 0d < 1.

According to Figure 4.8., the voltage ripple DC-NM&erion for this level voltage
count inverter can be calculated by definition as:
1 Ts n=3 2

NMS3 o =— Y .d dt. 4.2
Y TS 0 VdC

It can be noticed that equation 4.2. presents aredqurms value of the dc voltage
ripple. Normalizing (4.2) by J it gives:

d 1

NMSJ 4o = (1-d)?dd+ (- d)*dd=d(-d),0£d£E1. (4.3)

0 d
It must be noted that the parametigepresents a duty cycle of a single-phase three-
level inverter as well as the value of the constantulating signal (p.u.) using the
DC-PWM technique.

The dc normalized voltage ripple over one switchpegiod and its corresponding
normalized voltage ripple for a single-phase figedl inverter (two cascaded H-
bridges) are presented in Figure 4.9.(a) and (b}his case there are two possible
regions where the NMS value of the dc voltage gprdn be calculated, depending on
the value of the constant modulating signal. Infitst case, when @<1, it means that
the constant modulation signal has a value withise¢ limits and the duty cychb
regarding the first H-bridge, is in agreement witam.
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In the second case d 2, therefore the constant modulation signal haalaevwithin
the limits 1 and 2 and the duty cyde regarding the second H-bridge, lays within
them as well. This is important to note becauséin@ of principle the duty cycle
cannot have a value higher than 1 that correspun@®0% of the duration of control
signal pulses, but it is defined in the aforemergnb way for the analytical

developments.

v v
Vae Ve

2 2 I—I |_I‘

1 - T 1fs s -

0 I- u 0 | Lt
v o4t di ild+li 2 T v d-1: i1 di 2 T
Vic E i i g Vic

1- d L P 2 d P P
0 [, ¢ 0 b
dl T d+1 Jz TS d-1] |1 sz T,
-dl---------A ] - 1-d [---------1 I B
(@) (b)

Figure 4.9.Normalized voltage over one switching period aode&sponding normalized
voltage ripple for a single-phase five-level ineerin case:
@0 d<landb)l d 2.

In general, the dc NMS criterion of the voltageptgin case of a five-level inverter

can be expressed as:

5 1 Ts Vn=5 2
NMS\/,dC = T_ Y -d dt. (44:
S o dc

If 0 d<1, Figure 4.9.(a), normalizing (4.4) bys Bnd integrating this over one
switching period, the dc voltage ripple NMS becomes
NMSY 4 (0 £d <1)= d(1- d)? dd+ l(- d)2dd=d(1- d). (4.5)
0 d
If1 d 2 (Figure 4.4.(b)), following the same approack, db voltage ripple NMS is:
NMS) o (LEdE 2)= d(2- d)? dd+2(1- d)? ad= @ -1)(2- d). (4.6,
1 d

According to the previous resuItBl,MS\E}ydc(d) for a single-phase five-level inverter is:

_ d(1-d),0£d<1
NMSY, gc(d) = @-1(2-d),1£d£2 47
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4 Power quality evaluation of a single-phase castanultilevel inverter with PWM technique

In order to make a general expression of the nazedimean square voltage ripple
for an n-level inverter, Figure 4.10. presents the casa aingle-phase seven-level
inverter (three cascaded H-bridges).

0 UVL 0 t
v 4 di i1 d+1i {2 d+2 3 T v d-1: i1 di i2d+1;3 Ts
——-d P P Do ——-d
Vae L L L Vae
1-d ‘ 2-d

0 |, 0 |,

dl |1 d+1 2d+2st d-1| 1 d 2d+1st

d e . o 1- d f----eees . .

(a) (b)

LA

Vdc

3 -

I

0 i Pt
v % d-2} {1d-1} {2 di3 T
o -d : ‘
Ve a L
3-d . ] t

0 T,

d-2| 1 a-2] |2 dj s

YN R S — S R —

(c)
Figure 4.10.Normalized voltage over one switching period aode&sponding normalized
voltage ripple for a single-phase seven-level iteren case:
(@0 d<1,p)1 d<2and¢)2 d 3.

Considering this inverter, if @<1, (Figure 4.10.(a)), normalizing bysTand
integrating over one switching peritite dc voltage ripple NMS becomes:

d 1
NMS/ 4(0£d<1)= (1- d)*dd+ (- d)* dd=d(1- d). (4.8)
0 d
If 1 d<2, then the corresponding expression is:
d 2
NMS) o (LEd<2)= (2-d)?dd+ (1-d)*> ad=f-2)(2- d). (4.9
1 d
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And the last possible case, where the modulatiggasicorresponds to # 3, it

results in:
d 3
NMSY 4 (2£d£3)= (3-df?dd+ (2-d)>dd=@ - 2)(3- d) (4.10
2 d
According to the previous results, for a singlegghaingle-level inverter the dc

voltage rippleNMS, ¢{d) becomes:
d(1-d), 0£d<1
NMSY 4o(d)= @ -12)(2-d), 1£d<2 (4.11
@-2)(3-d),1£d£3

Noticing a common rule dMS, 4(d) depending on the number of H-bridges and
therefore the inverter level count, an expressamtlie normalized mean square dc
voltage ripple of a single-phasdevel inverter can be written as:

NMSY .(d)=@ - i)((i+2)-d), i= 0,12...(n- 3)/2, i EdEi+1 (4.12

4.3.1.2 Analytical calculations of AC-PWM NMS voltge ripple

As mentioned before, in many real applications stmeisoidal or quasi-sinusoidal
PWM techniques are used for controlling multilewsderters. Regarding this point, the
results obtained in the previous chapter can bpeasly extended in order to calculate
the voltage quality of a single-phase multileveVerter controlled by the PWM
technique.

At the first step, it is important to define a dutycle d introducing its sinusoidal
function over time:

d(q) = msin(q). (4.13

In (4.13),g=wt is the electrical angle armdis the modulation index. Depending on
the inverter voltage level, the maximum value ahis (n-1)/2.

According to the previous definition it can be sdftht the duty cycle will,
theoretically, no longer have a constant value @weary switching period. It will be
changeable following the sinusoidal behaviour & thodulating signal. On the other
hand, taking into account the assumption that #nger (switching) frequency is much
higher than the fundamental frequency, the functfy) is assumed predominantly
constant over the switching period.

In this case, the ac voltage ripple NMS can beinbthby averaging the squared rms
voltage ripple over one fundamental period, takitig account (4.12). The calculation
of the ac voltage ripple NMS is given by (4.14).
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4 Power quality evaluation of a single-phase castanultilevel inverter with PWM technique

)

Nmﬁ,ac(t):é (msin(wt)- i) (i +1)- msin(wt))dt,
0

i=012..,n-3)/2iEmEi+1.

In order to have (4.14) given in the angle domaisimple equality can be written:

(4.14

dq:d(wt):wdt:%dt Yu® dt:dqzl. (4.15
p

Notice that parameters andT are given for the fundamental harmonic of the agput
which usually corresponds to the frequency 50Hz%,the index “1” as a subscript is
intentionally omitted in order to avoid many sulysts in equations. Introducing the
angle domain, the ac voltage ripple NMS can beutaied as:
1%
M) (@)= (msingy)- 1) (( +2)- msin(a))da,
0
i=012..,n-3)/2iEmEi+1.
The previous equation is integrated over the wimhelamental period. Following the
PWM control technique and ac voltage ripple presetiim Figure 4.11. for the case of
three cascaded H-bridges with single dc bus vait&f®V, it can be noticed that this
function has a quarter-wave symmetry. Modulatiafeinis set tan=2.5.

(4.16

@)

(b)

(©)

Figure 4.11.(a) PWM control techniquepj instantaneous voltage (blue) and its
fundamental component (redg) @nd instantaneous ac voltage ripple (purple) sihgle-
phase seven-level inverter with ¥200V, {=50Hz, f=3kHz andm=2.5.
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Considering the aforementioned symmetry, the espasfor the ac voltage ripple
NMS can be written as:
p/2

NMsc,ac(q):g (msing )- i) (G +1)- msin(a)) dg, i

i=02L2.,(n-3)/2,iEmEi+1.

Considering the case of single-phase multilevekiters and the possibility of
having the modulation indem between different (voltage) levels, we can define
generic property of one functigifx), which says that the function has a specific @alu
if some of its parameters are within defined lipnittherwise it has a zero value:

— (x- %) (x2 - x), x1 [X11X2]
Y= 0, xi [, %] ’ (4.18
¥=02%42..,n-3)/2,%=,2..,n-1/2.

Limits for the parameterg; and x, are defined considering the previously derived
analytical approach taking into account the invevidtage leveln. Having defined
this generic function, it can be said that the egpion for calculatingiMS, ,ccan be
divided into two main ones.

One expression considers the case when the mamfulatdex m is between two
adjacent (voltage) levels. This case is describethé parameters;, andx,, and none
of them presents the maximum possible level conisigehe full cascaded H-bridges
configuration. Another expression presents the edsnm is between the maximum
possible (voltage) level and the penultimate onkis Tmeans that for every two
adjacent levels the integral form (4.17) is caltadaseparately and at the end all in-
between-voltage level contributions are summedetahe final value of the ac voltage
ripple NMS. Each sub-integral form must have itsiti§ that can be easily defined
following Figure 4.12.

O 02

Figure 4.12.Half-fundamental period of the modulating sigr&0i{iz) defining the
limits between adjacent (voltage) levels for a Erghase seven-level inverter and
modulation indexm.
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As it can been seen, there are two anglemndq, which define the proper limits.
For this kind of inverter, there are three subgn# forms that must be calculated in
order to get the final ac voltage NMS value. Thetfone which considers the angle
range between 0 ard, the second one with the angle range betwgeamdg, and the
third one with angleg, andp/2. The first two can be joined into one form imwaing
a proper variable, while the third one must bedaled separately.

The modulation indexn is selected arbitrarily between values 2 and 8riter to
explain the proposed algorithm. According to Figdr®2., it can be written:

msin(ql) =1® g, = arcsin % ) msin(qz): 2® g, =arcsin % . (4.19

For the general case of a single-phatevel inverter, the equation (4.19) becomes:
. . o . . )

msin{g; ) =1 ® q; = arcsin — , msin({g;;1)=1+1® q;,, =arcsin —

(ql) d; m (q|+l) Qi+1 m (420

i=0212..,(n-5)/2.

Considering (4.20) and defined limits for the paeseni, it must be mentioned that for
a single-phase three-level inverter its modulafiwtex m is within the range 0-1.,

Therefore this calculation is not only applicabbe this case since there are no sub-
voltage levels which contribute to the ac voltaipple NMS. The same applies in the

following equations.
In order to calculate the ac voltage ripple NMSwesin two adjacent voltage levels,

the integral form (4.17) labelled as) (m) is:

i+l
;,, =arcsin —-
m

(msing ) i) (( +1)- msin(q)) da,

.
g; =arcsin —
m

ay (m)= NMS\r},ac(qi £q£Q,)=

TN

(4.21

i=0L2...,(n-5/2,iEmEi+1.
All steps of the calculation of this integral atigegn in Appendix 4. The final result of
(4.21) is:
(2| (| +1)+ mz)x

ay) (m)= 3|+2\/7 3|+11/ (i +1)? oL i i+1

p arcsin E - arcsin ? (422

i=02L2....(n-5/2,iEmEi+1.
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On the other hand, when the contribution to theva@tage ripple NMS value comes
from the last voltage level, the integral form,d#ed a$y (m), becomes:

P

00 ()= NMS] e 6 022 =2 (msing)- K)(k-+2)- msina) e

-k
g, =arcsin —
m

(4.23

k=(n-3)/2,KEmMEK+1.
Solving (4.23) results in:

by (m):1(13k+2)\/m2 - k? +1(2k(k +1)+ mz) arcsin £ - P

p p p 2 (4.24
k=(n-3)/2,kKEmEk+1.

Detailed steps of solution of (4.24) are given ipp&ndix 4. It must be noted that the
parameteik strictly depends on the level coumtand has only one value because it
refers to the last voltage level of ondevel single-phase H-bridge inverter. This case
is applicable to the single-phase three-level itereas well. In order to get the final
value of the ac voltage ripple NMS, it is needegbtoperly sum equations (4.22) and
(4.24). The proper sum of both equations is:

(n- 5)/2 k-1

NMSJ o(m) = ay (m)+by (m)=  a) (m)+by (m),k=(n-3)/2  (4.25
i=0 i=0

Introducing (4.22) and (4.24) into (4.25) resufts i

3+2 5 5 3i+1\/7.2
k-1 m? - i? - m2-(|+1) +

p p

i=0 l(zi (i +1)+ m2) arcsin — - arcsin i+l
p m m (4.29

+%(3k+2)\lm2_ k2 +%(2k(k+1)+m2) arcsin% _% ’

i=0,12..,(n-5)/2,k=(n- 3)/2,i EMEi+1.

Detailed solving and grouping steps of (4.26) avergin Appendix 4. The final result
of the ac voltage ripple NMS considering all poksibverter voltage levels is:

- 1m2+zm,O£ mE£1
2 p

NMS\r},ac (m) =

NMSY 5c(m) = 4 aesint 42" JmroiE o lmei2n k(k+1), (4.2
Piz1 m Pz 2 p

i=12..,0n-3)/2,k=(n-3)/2,i EmEi+1.
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Setting the paramet&r=0 in (4.27) (or in (4.24)), the ac voltage rippl¥S in case of

a single-phase three-level inverter withn® 1 is easily obtained. The ac normalized
mean square voltage ripple, with respect to thetbou (4.27) for the configuration up
to five cascaded H-bridges<11), is presented in Figure 4.13.

Figure 4.13.Ac voltage ripple normalized mean square for ihefiguration up to five
cascaded H-bridges —single-phase eleven-leveltew@rquation (4.27)).

4.3.1.3 Voltage THD as a function of ac voltage rpe NMS criterion

In order to calculate the voltage THD using thevaltage NMS criterion, simple
mathematical calculations can be introduced. Eg#ggal can be expressed as a sum
of its fundamental component and other harmonicpmmants:

x(t)=x )+ x(t). (4.28
k
The total rms square value of the sigk@l can be written as (Parseval’s theorem):
17 ?
szsm :? Xl(t)+ Xk (t) = Xfrsm + szms,dist . (4-29
0 k

Considering (4.29), the formula for the total hanmeadistortion of the signad(t) is:

X .
THD, = msdst (4.30

1rsm

In case of the normalized ac voltage ripple NM& @ingle-phase-level inverter, its

normalized rms value is:
Vrnms (m) =4 NMS\I},aC (m) : (4.3)
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Taking into account (4.30) and (4.31), the voltagtD formula can be written as the
square root of the normalized ac voltage rippleddid by the normalized fundamental
component of the voltage:

MS NMS) J2NMS)
THDY (%) = Saclm) 400= mvs\,,a;(m) 4.00= SUac(m) 100, (43
1,rms,norm \/_;CV— m
dc

whereNMﬁ}’ac(m)is the ac voltage ripple NMS/,. is the dc bus voltage of each

single H-bridge andhis the modulation index.

The voltage THD expression does not depend on @qguéncy ratio, and it does
only depend on the modulation index and the level counh of a single-phase
multilevel inverter. In Figure 4.14., the voltagélD as a function of the modulation
indexm is presented, considering the configuration upv® cascaded H-bridges, i.e.
eleven-level single-phase inverter.

Figure 4.14.Voltage THD(%) as a function of the modulationéman (equation (4.32))
for the configuration up to five cascaded H-bridgesingle-phase eleven-level inverter.

4.3.2 Current ripple NMS criterion and corresponding THD analysis
4.3.2.1 Analytical calculations of DC-PWM NMS currat ripple

Analytical calculations of DC-PWM NMS current rigptan be performed in a
similar way as it is done for the voltage calculati. The normalized dc voltage ripple
voltage is applied over the load in order to catalthe corresponding current
parameters.
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The analytical approach is firstly carried out foe basic single-phase three-level
H-bridge inverter, presented in Figure 4.15.(aptagled by the constant duty cycle
over every switching period. In Figure 4.15.(b)rmalized voltage over one switching
period, corresponding normalized voltage ripple amimalized current ripple are
presented.

Vdc

<

o
TR

Pl

a
=
ol

Jg}_ l
.JS} |

(@)

(b)
Figure 4.15.(a) Single-phase three-level inverter abjl formalized voltage over one
switching period, corresponding normalized voltagele and
normalized current ripple for 0d 1.

The normalized voltage and normalized current épafe presented in Figure
4.16., with the duty cycle=0.75 in correspondence with the ongoing analytical
approach. The switching period corresponds tordguiency £3kHz.

Figure 4.16.Normalized voltage and current ripple of a singtese three-level inverter
with the constant duty cyctd=0.75 and switching frequency8kHz.
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In general, there are two ways of calculating tbecarent ripple NMS. One is an
analytical way directly following the diagrams imgEre 4.15.(b), and the other one is
the standard way starting from the voltage expoessf one inductor.

Using the first way, by time integrating the norieadl voltage ripple and adjusting
the zero voltage, rms value of the current ripgl@a gingle-phase three-level inverter
can be written as:

d@t- d
13 ms = (2\/5), (4.33

whered represents the duty cycle and the square rootreéthesults from obtaining
the rms value of one triangular signal by dividiiig amplitude with this number.
Generally, the NMS criterion presents the squardghef rms value of one signal,
therefore the dc current ripple NMS of the singhage three-level inverter is:

2 _d?(1-d)?
) =tk (4.39

In the second case, the general formula for theamtaneous current ripple of one
inductorL over one switching periodsTs:
Ts t Ts

on

3 —[13
NIvlSI,dc - (I r,rms

. 1 1
Irip (t) = I V(t)dt = E V(t) dt +I V(t) dt , (433

0 0

wheret,, represents the duty cycle in the time domain whilis the switching period.
In order to estimate the peak-to-peak value ofdimeent ripple, the first part of
(4.35) can be taken into account considering t{gt=Vs-v, wherev' presents the

reference voltage which defines the constant dwtylec Introducing v {{ VgV

results in:
t

I pp(irip (t)):% on@dc -V )dt :%&dc -V )ton . (4.36

0
The equation (4.36) can be rewritten to obtain ghak-to-peak value of the current
ripple as a function af:

Vac . v Te Vg Ts

; — s
I Pp('rip (t))— L E ton i

d(1- d). (4.37

Equation (4.37) has to be divided by two in ordegéb the amplitude of the current
ripple:
. Vi T
max{i iy (t)):%d(l— d). (4.39
As it was done in the previous case, to get the vahge of the current ripple, here

(4.38) is divided by square root of three. Thiprissented in (4.39).
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max(i rip (t)) Ve Ts
: d) = = d{1-d).
Inp,rms( ) 3 5 3L (1 )

According to this, the dc mean square criteriorth@rcurrent ripple can be written as:

(4.39

3 _(. )Z_VdcTszi2_ 2 4.4
I\/Isl,dc_ Inp,rms(d) - _L 12d (1 d) . ( . Q

Normalizing (4.40), the dc current ripple NMS valt@ a single-phase three-level
inverter becomes as in (4.34):
d?(1- d)?
— (4.4)
Since the first approach is easier than the seawre] the first one will be
considered in the following calculations. Figur&4shows corresponding waveforms
in case of a single-phase five-level inverter. Toecurrent ripple NMS value can be
estimated considering two different regions. Acaaogdto Figure 4.17. we can
distinguish both regions where the duty cydles either 0 d<lorl d 2, asit
was similarly done for the dc voltage ripple NMS.

3 —
NMSY 4 =

Vdc

2| R 3"7’"’

1 ‘,,‘ ‘,,‘ - ' d ' ‘,,,

0 |_ t 0 P R
vt di i1 d+1i 2 Ts v b odr di2 T
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Figure 4.17.Normalized voltage over one switching period, esponding normalized
voltage ripple and normalized current ripple ofregke phase five-level inverter when
@0 d<1,p)1 d 2

In both cases different voltage ripple values g@iad over the load and, adjusting the
zero average of the dc voltage ripple NMS as ialiwlled, two different expressions
(4.42) for the dc current ripple NMS as a functasrd can be written.
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2 2
M,0£d<1
12

NMS g (d) = 6020 0 . (4.42
~—F———— 1£d£2
12
For a single-phase seven-level inverter correspgnavaveforms are shown in
Figure 4.18.
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Figure 4.18.Normalized voltage over one switching period, esponding normalized voltage
ripple and normalized current ripple of a singlagd seven-level inverter when
@0 d<1,p)1 d<2and¢2 d 3.
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4 Power quality evaluation of a single-phase castanultilevel inverter with PWM technique

In order to calculate the dc current ripple NMS slene approach can be used. In this
case there are three regions depending on the wdltiee duty cycled. The final
expression for all cases is:

d?(1- d)?

,0£d<1
12

NMS{ g (d) = w 1£d<2 | (4.43
M 2E£dE3
12

Considering the presented cases for the singleeptiase-, five- and seven-level
inverters, a general form for the dc current rippl®IS for a single-phase-level
inverter can be written as:

NMS] 4(d) = € - i)z((1i2+1)- d)° ,i=0212..,(n-3)/2,i £d<i+1. (4.49

4.3.2.2 Analytical calculations of AC-PWM NMS curret ripple

In order to calculate the ac current ripple NMSjam-constant reference voltage
has to be considered. The sinusoidal referencagmltvas used for the ac voltage
ripple NMS, therefore the same will be assumed ndiithin every switching period,
the duty cycled as a function of the angtpcan be expressed as:

d(q) = msin(q), (4.49

with g=wt andm is the defined modulation index representing ti#rbetween the

amplitude of the voltage fundamental component thedinverter dc input voltage. It
must be mentioned that the switching frequencyheotetically assumed infinitely

larger than the fundamental frequency thereforerésalts of the dc current ripple
NMS can be used for calculating the ac currentle&iyMS with the same statement
thatd(q) is predominantly constant over one switchinggerDoing so, the ac current
ripple NMS can be obtained by averaging the squarnadent ripple over one

fundamental period. The corresponding expressidhdriime domain is:

1_12%:)(msin(wt)- )7 ((+12)- msin(wt))? dt, (4.4

i=022..,(n- 3/2,iEMmEi+1.
In order to have (4.46) given in the angle domaisimple equality can be written:

NMS o6 ) =

dq:d(wt):wdt:@dt %4® dt = dq——. (4.47)
T 2p
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Parametersy andT are given for the fundamental harmonic of the airtkeat is 50Hz,
but the index “1” as a subscript is intentionallgnited. According to this, the ac
current ripple NMS can be calculated as:

NMS!,.(q) = iizp(msinh)- i)2((i +1)- msin(q))2daq,

“122p (4.49
i=0242.,(n-3)/2,iEmEi+1.

The previous integral form considers the whole amdntal period. Figure 4.13.
shows a quarter-wave symmetry of the current rippltee control technique together
with the instantaneous current with its fundameotahponent and instantaneous ac
current ripple are presented for the case of theseaded H-bridges with single dc bus
voltages =200V, switching frequency$3kHz, fundamental frequencyz50Hz and
load parameters R=64Mand L=36.2mH. Modulation index is setrte2.5.

(@)

(b)

(©)

Figure 4.19.(a) PWM control technique bj instantaneous current (red) and its
fundamental component (blueg) @nd instantaneous current ripple (maroon) over on
fundamental period (T=20ms) of a single-phase séaesl inverter with \{=200V, load
parameters R=64Band L=36.2mH,;£50Hz, {=3kHz andm=2.5.

Taking into account this symmetry, the ac currggle NMS can be written as:

1 p/2

NMS]ac(a)= 15> (msinf)- 1)* ({ +2)- msin(a))? do, (4.49

i=02L2..,(n- /2 iEmEi+1.
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4 Power quality evaluation of a single-phase castanultilevel inverter with PWM technique

As it was done for the ac voltage NMS the same gepeoperty of one functiog(x)
can be defined, which says that the function haspecific value if some of its
parameters are within defined limits, otherwidesis a zero value:

y(x)= (x- Xl) (2 - %), xT [x,%] ,
0, xi [, %] (4.50
X=02%L42..,n-3)/2,%=,2..,n-1/2.
Limits x; andx, are given on the basis of the studied single-phdseel inverter.

After defining this function, the expression forlatdating NMS .. can be divided
into two main parts. One part represents the cdmnwhe modulation index takes
part between two adjacent (voltage) levels defibgdhe parameters, andx,, and
none of them presents the maximum possible levekidering allN cascaded H-
bridges. Another part represents the case whes between the maximum possible
(voltage) level and the penultimate one. This mehatsfor every two adjacent levels
the integral form (4.49) is calculated separataig at the end all in-between-level
contributions are summed to get the final valughef ac current ripple NMS value.
Each sub-integral form must have its limits that ba easily defined as it was done in
case of the voltage evaluation. The same approdthevrepeated here for a single-
phase seven level inverter, according to Figur6.4.2

O 02

Figure 4.20.Half-fundamental period of the modulating sigr&0i{iz) defining the
limits between adjacent (voltage) levels for a Erghase seven-level inverter and
modulation indexm.

It can be seen that there are two angjeandq, which define the proper limits.
There sub-integral forms must be calculated geffitted ac voltage NMS value. The
first one between angles 0 aggd the second one between angiesnddg,, and the
third one between angleg and p/2. The first two can be joined into one form
introducing a proper variable, while the third amest be calculated for itself. The
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modulation indexm is arbitrarily selected between values 2 and 8rifer to explain
the suggested algorithm.

According to Figure 4.14. and considering the pesiexplanation for the voltage
ripple NMS, the corresponding angle limits can b#ten as:

msin(ql) =1® @, = arcsin 1 , msin(qz) =2® g, = arcsin 2 . (4.5))
m m
For the general case of a single-phatevel inverter, the equation (4.51) becomes:

. . o . . i+l
msin{qg; )=i ® q; =arcsin — ,msin(g;,1)=1+1® q;,; =arcsin —
(q|) d; m (q|+1) Qi+1 m (453
i=012..,(n- 5)/2.
Equation (4.52) does not include the casenfe8 because there is only one region
wherem takes place. In order to calculate the ac currgamie NMS between two
adjacent levels according to the previously defieegle limits, the integral form

labelled asa (m) becomes:

L
g;,,=arcsin —
m

A ()= NS £0£0)= 152 (msinf)- 17 +3)- moina)? o

. |
g;=arcsin —
m

(4.53

i=02L42..,(n-5/2,iEmEi+1.

All steps related to the calculation of this intgare given in Appendix 5. The final
result of (4.53) is:
% 2 (1+1)? (20 +1) (252 + 61 - 1)+ (23+55i)m? )+
1 1 Y A - . .
al(m)==— - —m?- i?(2i (2512 + 44i +18)+ (32 +55i)m? |+
! (m) 12 12p ( ( ) ( ) ) (4.54)

+1 g 2(i +1)? +(6i2 + 6i +1)m2 +2mt aresin L - aresin -
p 4 m m

i=02%2..,(n-5/2,iEmEi+1.

When the contribution of the ac current ripple NBt8nes from the last voltage level,

the integral form labelled as]' (m) is given by (4.55).
P

o7 ()= WSTc ay €085 =52 “msif)- o (0) msnf oa

g, =arcsin —
m

k=(n- 3)/2,KEmEk+1.
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Solving (4.55) results in:

arcsin < .1 2k2(1+k)2+(6k2+6k+1)m2+§m4 +
m p 4

1 1
b?(m):E +\Vm?- k? - ﬁ(m2(32+55k)+2k(25k2+44k+18)) +

(4.56
2

+ k2(1+k)?+ (6k2 + 6k +1)m—+§m4
2 8

k=(n- 3)/2,KEmEk+1.
Detailed solving steps of (4.55) are given in Apgigrb. It must be noted that the
parametek strictly depends on the level numbeand has only one value because it
refers to the last voltage level of one single-plmakevel H-bridge inverter. Apart from
this, setting k=0, the ac current ripple NMS ineca$n=3 can be obtained. In order to
get the final value of the ac current ripple NMSsineeded to sum (4.54) and (4.56) in
a proper way. The proper sum of both equations is:

(n-5)/2 k-1
NMS] 4 (m) = al'(m)+bl(m)=  al(m)+b(m),k=(n-3)/2. (459
i=0 i=0

Introducing (4.54) and (4.56) into (4.57) resufts i
7 2(i +J)(25i2 +6i - 1)+ .\

L m2- (i+
+(23+ 55i)m?

12p
1 72 2i(25i2+44i+18)+ .\
12p + (32 + 55i)m? +

k-1 -

=0
| +% 2‘2(i+1)2+(6i2+6i+1)m2+§m4 x

i+l o
_1 x arcsin = - arcsin
NMSP,ac(m)—E m m - (4.58
2k2(1+K)? +

+arcsin — - +

1
m p +(6k2+6k+1)m2+%m4
+ym? - k% - 1;p(m2(32+55k)+ 2|<(25|<2 +44k+18)) +
+ k2(1+k)? 3me +(—)6k2 *Ok+l 2
8

2

Detailed solving and grouping steps of (4.58) avemgin Appendix 5. The final result
of the ac current ripple NMS for a single-phadevel inverter considering all possible

voltage levels is given by (4.59).
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32 9p
K : K
n - i i(2i2+3m2)arcsin|— - i \/mz- i2(11i2+4m2)
NMS; ac(m) = 3piy m 9, (4.59)
2 2 2
LK k+1) +im4_£m3+!6k +6k+1!m2,
12 32 9p 24

i=12..,n-3)/2,iEmEi+1,k=(n- 3)/2.
Setting the paramet&r=0 in (4.59), the ac current ripple NMS in casaaingle-phase
three-level inverter with n 1 is easily obtained.

The ac normalized mean square current ripple, regpect to the equation (4.59),
for the configuration up to five H-bridges presagtia possible single-phase eleven-
level inverter is presented in Figure 4.21.

Figure 4.21.Ac current ripple normalized mean square for thefiguration up to
five H-bridges — eleven-level single-phase inveféguation (4.59))

4.3.2.3 Current THD as a function of ac current rigple NMS criterion

In order to calculate the current THD using therent ripple NMS criterion, a
simple mathematical calculation used for the vata@giD can be considered as well.
In that case, the current THD form, using non-ndized parameters, is:

| .
THD|n - rms,dist . (4.60
|

1,rsm
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4 Power quality evaluation of a single-phase castanultilevel inverter with PWM technique

The current ripple rms valug, ¢ 4i; Can be written as a function dNIMS?,aC(m)de-

normalized with the proper coefficient evaluate@40). Following this gives:

2

VgeT Vy
| ms,dist :\/NMSFYaC(m) —E s :,/NMSPYaC(m)f—T_. (4.6])
S

The fundamental current component is:

Il - rr"/dc - rr"/dc
rsm :
J2,/R? + (2pf, LV 2 4.6
2J2p L |1+ — R (4.62
2pfslL

By substituting (4.61) and (4.62) into (4.60), therent THD form becomes:

2p./2NMS" 2
THD] (%) = = () fe |, R (4.63)

x100%.
m fq 2pfsL

In Figure 4.22, the current THD as a function oé timodulation indexm is
presented, considering the configuration up to fiascaded H-bridges, single-phase
eleven-level inverter. Parameters used for theeotrTHD are: f=50Hz, £=3kHz,
R=64.6Nand L=36mH.

Figure 4.22.Current THD(%) as a function of the modulationéran (equation (4.63)) for
the configuration up to five cascaded H-bridgesgle-phase eleven-level inverter with
R=64.68N, L=36.2mH,f; =50Hz and £3kHz.
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4.4 Simulation

In order to estimate the correctness of the amalytipproach while calculating the
output power quality of a single-phase multilevelvérter controlled by PWM
technique, Matlab/Simulink simulations were carriedut. Three different
configurations are analysed: one H-bridge, and @wd three cascaded H-bridges. It
must be noted that these configurations are irdeally selected because the same
configurations will be experimentally used. The Giimk scheme with three cascaded
H-bridges (seven-level single-phase inverter) ésented in Figure 4.23.

Figure 4.23.Matlab/Simulink model of a single-phase sevendl@weerter with three
cascaded H-bridges.

Generally, six carriers and one modulating signa@ aeeded to control three
cascaded H-bridges. Considering ratevel invertern-1 carriers and one modulating
signal are needed in order to properly controllmle configuration. On the other
hand, the control strategy of a single-phadevel inverter can be performed using
only one carrier anad--1 modulating signals, as a completely equivaletat®on. In
this case every modulating signal has a shift efLwith respect to the value of the
modulation indexm.

The second kind of the PWM technique is introdubedause the microcontroller
used in all experiments is capable of providingyoohe carrier and multiple
modulating signals. This feature of the microcoiigrowill be explained in the
experimental part of this chapter.
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4 Power quality evaluation of a single-phase castanultilevel inverter with PWM technique

The important fact is that both ways of implemegtine PWM technique work exactly
in the same way and give identical results.

For three cascaded H-bridges the standard unig®VdM technique with six
carriers and one modulating signal, and the egeimtabne with one carrier and six
modulating signals are presented in Figure 4.24gmjl (b), respectively. The
frequency of all carriers is 3 kHz and the frequyeotall modulating signals is 50 Hz.
It must be noted that the colours of all carriems Higure 4.24.(a) intentionally
correspond to the colours of the modulating sigimalBigure 4.24.(b), therefore each
carrier has a connection with the corresponding utaithg signal which provides
exactly the same control signal. The chosen modulaidex ism=2.5.

(@) (b)
Figure 4.24.Unipolar equivalent PWM techniques) (with six carriers and one modulating
signal and l§) with one carrier and six modulating signals ferd0Hz, {=3kHz andm=2.5.

In order to estimate the output power quality ot throposed single-phase
configuration, it is important to define the passiead parameteiR andL, since the
current THD adheres to them. Those two parameterbased on a real custom-made
air core inductance (measured with an RLC meted) immvalues are R=6A/%and
L=36.2mH. The same load parameters were used ipréngous chapter and will be
considered for the experimental work as well.

Scrutinizing the previously presented single-phagefiguration, the modulation
index range starts with 0 and ends with 3. Thismadhat only one H-bridge works, if
the inverter works with the modulation index whisdlongs to its first range i.e. from
0 to 1. If two H-bridges work it means that the miadion index takes place within the
range 1-2. The same applies if three H-bridgesritwté to the voltage and current,
andm is between 2 and 3. According to this, nine déférvalues of the modulation
indexm are chosen (three values for each of three differenfigurations) in order to
attain the voltage and current THDs using the hnilMatlab function called “FFT
analysis”.
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Apart from the THD value of one parameter this tiorc gives its amplitude for the
fundamental harmonic as well. The nine selectedegbf the modulation inder are:
0.3,0.6,0.9,1.3,1.6, 1.9, 2.3, 2.6, and 2.9.

In Figure 4.25. the voltage (blue) and current (szhled 50 times) are presented
over three fundamental periods (3T=60ms) for thedutation index m=2.5
(intentionally deferent modulation index comparethwhe nine selected ones) as one
representation of the analysed configuration.

Figure 4.25.Voltage and current (50x) obtained by Matlab satioh for a single-phase
seven-level inverter (three cascaded H-bridges):
V=200V, R=64.8V, L=36.2mH, { =50Hz, {=3kHz andm=2.5.

In Figures 4.26., 4.27. and 4.28. all nine selectses for the voltage and current THD
estimations as results of the FFT analysis areepted. Each figure presents a
screenshot of the Matlab/Simulink simulation, whitre voltage and current THDs are
displayed together with their fundamental amplimid@mphasised with the red

rectangle). Calculating the voltage and current $H&@ each value of the modulation
indexm considers ten fundamental periods of 20ms antssaathe time scale 20ms in

order to steer clear of a possibly short transiestiod at the beginning of the

simulation and to get the desired values as presigmssible. The switching frequency
is set to 3kHz, thereby harmonics appear arouaddtits multiples 6kHz and 9kHz.

The frequency scale ends at 10kHz in order to nlaelominating harmonics visible.

All harmonics after the frequency 10kHz have loaeplitudes.
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Voltage Current
(@)

Voltage Current
(b)

Voltage Current
(€)

Figure 4.26.Voltage (left) and current (right) FFT analysesdasingle-phase
three-level inverter:g) m=0.3, ©) m=0.6, €) m=0.9,
for V4=200V, R=64.8V, L=36.2mH, {=50Hz and £3kHz.
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Voltage Current
(@)

Voltage Current
(b)

Voltage Current
(€)

Figure 4.27.Voltage (left) and current (right) FFT analysesdasingle-phase
five-level inverter: § m=1.3, p) m=1.6, €) m=1.9,
for V4=200V, R=64.8V, L=36.2mH, f=50Hz and £3kHz.
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Voltage Current
(@)

Voltage Current
(b)

Voltage Current
(€)

Figure 4.28.Voltage (left) and current (right) FFT analysesdasingle-phase
seven-level invertera) m=2.3, p) m=2.6, €) m=2.9,
for V4=200V, R=64.8V, L=36.2mH, f=50Hz and £3kHz.
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The results obtained by using the simulations anensarized in Table 4.1. for a better
overview.

Table 4.1.Voltage and current THDs for nine selected cadéaimed by simulations

i : Modulation 0 .
Configuration index m THDy (%)  THD, (%)
: 0.3 179.44 12.98
One H-bridge
three-level iln\?erter 0.6 105.64 8.71
0.9 64.18 4.91
; 1.3 43.04 3.27
ool mverter 16 3.3 312
1.9 30.34 235
. 2.3 24.51 1.90
N veniovel mverter 26 225 10
2.9 19.87 1.57

It can be noticed that by increasing the modulatimiex m, which also means
involving more H-bridges in the configuration, tbeatput power quality improves.
After presenting the experimental results, the @dimparison between analytically
calculated, simulation and experimental resultsl wé tabulated and graphically
presented.

4.5 Laboratory experiments

Experimental verifications were performed for agé#phase inverter with one H-
bridge, and two and three H-bridges, maximum sewaiage levels. The dc bus
voltage of each H-bridge is @%-200V. Note that the detailed explanation of the
experimental realization of the mentioned inversemgiven in chapter 2.3. A simple
circuit scheme of the experimental setup is preskmt Figure 4.29.

ISOLATING 3-PHASE H-BRIDGE
TRANSFORMERS RECTIFIERS = CELLS
s | 977 A RS
717 7T e
: | ! e !
% ? ; e Ly Lyt
GRID 77777 7 7
' o ==
VARIAC P P
11 | bl T Ly
777 717 77
: | ' == .

Figure 4.29.Circuit scheme of the experimental setup.
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As it was considered in the previous analysesimdhapter, an air-core inductor with

its resistive and inductive parts R=6A/@&nd L=36.2mH is used for the experimental
tests. Figure 4.27. shows the inductor togetheh whe display of the RLC meter

measuring its parameters.

(@) (b)
Figure 4.30.(a) Air-core inductor used as a load ah) iheasuring its parametdRsaandL
with the RLC meter

The control signals for all three H-bridges arevpmied by the Arduino DUE
microcontroller. The modulating principle is simmiléo that one explained in the
chapter 3.6, therefore in Appendix 6 the prograndecas given with a short
explanation. This kind of microcontroller has ordpe carrier consisting of clock
counts starting at zero and finishing at an exatties which defines the switching
frequency. The type of the carrier used in the pogcode is the so-called canter-
aligned carrier. The same carrier was used in ithelation part. Generating proper
sinusoidal modulation signals and comparing them whe carrier give control gate
signals for the proposed configuration. It can lmed that for three cascaded H-
bridges six modulating signals are generated byriiceocontroller.

For the experimental verifications nine differeaiues of the modulation inder
are selected according to the correspondence hgtBitnulation. Those values are 0.3,
0.6, 0.9, 1.3, 1.6, 1.9, 2.3, 2.6, and 2.9. In caflseising only one H-bridge, two
modulating signals are used, therefore the am@#uof the other four modulating
signals are set to 0. The same applies for twoitlges where two modulating signals
have the modulation index O.

Doing so, a full comparison between analytical,udation and experimental results
can be madeThanks to the oscilloscope advanced functions, eapkrimental case is
presented with a screenshot of the signals togetitartheir real time calculations.
The experimental results are presented in Figufds,44.32., and 4.33.
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@)

(b)

(©)

Figure 4.31.Measured voltage (green trace), current (red Yréisedamental current (grey
trace) and current ripple (5x, blue trace) fayr6 =0.3; ) m=0.6; €) m=0.9,
for V=200V, R=64.8V, L=36.2mH, f=50Hz and £3kHz.
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(@)

(b)

(©)

Figure 4.32.Measured voltage (green trace), current (red Yréisedamental current (grey
trace) and current ripple (5x, blue trace) fayr6=1.3; ) m=1.6; €) m=1.9,
for V4=200V, R=64.8V, L=36.2mH, {=50Hz and £3kHz.
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@)

(b)

(©)

Figure 4.33.Measured voltage (green trace), current (red Yréisedamental current (grey
trace) and current ripple (5x, blue trace) fayr6 =2.3; ) m=2.6; €) m=2.9,
for V=200V, R=64.8V, L=36.2mH, f=50Hz and £3kHz.
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Each screenshot shows four different waveformglalygd over one fundamental
period 20ms, presented in the first half of Tabl2.:4output (load) voltage (green
trace) — oscilloscope channel 3, labelled C3; autfppad) current (red trace) —
oscilloscope channel 4, labelled C4; fundamentaipmnent of the current obtained by
using the IIR low pass filter (grey trace) — labdlIM1 and the current ripple obtained
as a difference between the current and its fundtaheomponent (blue trace, scaled 5
times) — labelled M2:C4-M1. It must be noted thattbe top of each screenshot the
scales of waveforms are displayed with the coledhieh correspond to the waveform
colours. Due to the real size of the current ripjilenust be scaled by five in order to
make it visible. The scaling factor does not affaty calculation.

Calculations used for estimating the output powaeality under the specific
working conditions are carried out by using thénimé impulse infrared (IIR) filter and
built-in advanced mathematical functions of theillmgrope working in real time. This
is an important feature of the oscilloscope, cosrdndy that real time calculations take
into account all characteristics of signals withsoine mid-steps such as downloading
signals with a proper sample resolution and hagdirem with software. In this case
possible conversion errors are avoided, all stepsless complex and experimental
results are well and precisely presented. Eightewint calculations, which are
presented in the second half of Table 4.2., arevshad the bottom of each screenshot
(Figures 4.31., 4.32. and 4.33.).
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Table 4.2.Waveforms and their parameters calculated by¢bpesbuilt-in advanced
mathematical functions. RMS: root mean square.

Label Description Signal waveforms and calculated
parameters
C3 Scope channel 3, CH3 Load voltage
C4 Scope channel 4, CH4 Load current
M1 Math functlon_ L Fundamental current
lIR low pass filter
Math function 2: .
M2 CHA M1 Ripple current
Math function RMS
Rms(C3) on CH3 Total voltage rms/;,s
Math function RMS
Rms(C4) on CH4 Total current rmd ;5
Rms(M1) ~ Math fgrr:c'\t/llcl)n RMS ' Total fundamental current rmisyng fung
Rms(M2) Moari[hl\/gzgll—?z IGEAS Total current ripple rms s ripple
BLilti h Fundamental voltage rms
uilt-in ma
Calcl , _ MVge
calculation 1 V, =—=¢
rms, fund \/E
Voltage ripple rms
ilt-i _ 2 2
Calc2 Built-in math Vrmsripple = \/(Vrms) - (dec/\/E)
calculation 2
= J(Rm4c3)) (Calc)?
Voltage THD(%)
Built-in math \V
Calcs calculation 3 THD, (%) = — PP 9 50= Calc? 400
rms, fund Calcl
Current THD(%)
_ Irmsqripple
Built-in math THD; (%) =—7="22=5400
Calc4 . rms, fund
calculation 4 RmM 2
RmgM 1)

According to

the previous calculations,

experimentally obtained can be easily tabulatetaible 4.3.
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Table 4.3.Experimentally obtained voltage and current THDs

Configuration Modulation index m  THDy (%) THD, (%)
. 0.3 177.53 13.56
One H-brid
threg-?evel rilnvgeerter 0.6 103.65 8.69
0.9 62.14 4.93
. 1.3 42 .61 3.48
Two cascaded H-bridges
five-level inverter ? 1.6 38.46 3.25
1.9 29.20 2.45
. 2.3 22.49 1.98
T vomioetimvertor . 28 23.58 2.01
2.9 19.66 1.68

4.6 Comparison of analytical, simulation and expemental results

Experimentally obtained result&Xp) which define the output power quality of
single-phase three-, five- and seven-level inverteave to be compared with the
analytical Calc.) and simulation$im) ones in order to verify the matching between
different approaches and to prove the correctnésiseomathematical developments.
For selected modulation indexes three differerg sétresults for voltage and current
THDs are compared in Table 4.4.

Table 4.4.Analytically calculated, simulation and experirmantoltage and current THDs

THDy, (%) THD, (%)
M_odulatlon Calc. Sim. Exp. Calc. Sim. Exp.
indexm
0.3 180.11 179.44 177.53 13.03 12.98 13.56
0.6 105.93 105.64 103.65 8.74 8.71 8.69
0.9 64.4 64.18 62.14 4,92 491 4.93
1.3 43.2 43.04 42.61 3.27 3.27 3.48
1.6 38.37 38.23 38.46 3.11 3.12 3.25
1.9 30.44 30.34 29.20 2.34 2.35 2.45
2.3 24.60 24.51 22.49 1.86 1.90 1.98
2.6 23.32 23.25 23.58 1.87 1.90 2.01
2.9 19.93 19.87 19.66 1.54 1.57 1.68

It can be noticed that all three different appr@aclead to almost the same results with
an acceptably small error. In case of higher valfethe modulation indexn, the
current THD error becomes noticeable due to resaitall THD values and due to the
sensitivity of the current probe. The comparisotwieen those results for the voltage
and current THDs are graphically presented in FEgur.34. and 4.35.

121



Theoretical and Experimental Analysis of Output Bo@uality in Single-phase Cascaded H-bridge Mentdl inverters

Figure 4.34.Comparison between analytically calculated, sitteand experimental
values of the voltage THD considering nine différesues of the modulation index.

Figure 4.35.Comparison between analytically calculated, sitteand experimental
values of the current THD considering nine différemlues of the modulation inde.
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4.7 Grid-connected single-phase multilevel inverter

4.7.1 Grid current THD evaluation

A single-phase multilevel inverter connected to #ectrical grid via coupling
inductor is shown in Figure 4.36. For the maximuower transferred to the grid
considering the given grid current amplitude, tlherent must be in phase with the
corresponding grid voltage, as it is depicted leyghasor diagram in Figure 4.19.

L R
YN AN

+

Muttlevel |\, A \

- - I | R
Figure 4.36.Single-phase multilevel inverter

connected to the single-phase grid by a link
inductor.

Figure 4.37.Phasor diagram for maximum
transferred power.

Using an elementary geometry, according to Figud&.4inverter voltage parameters
become:

V, =4/(Vg +RI + (wLl )% . (4.64
Co_ wLlI .
j = - arctan Vo +RI (4.65

For the link inductor, the resistive part in eqoiasi (4.64) and (4.65) can be neglected

(i.e.wL >> R), leading to:
V, =4/Vg? + (wLi )? . (4.66,

j = - arctan whl (4.67,
Ve

For grid-connected applications, the voltage madihdaindex for zero current can be
defined as:

VI (4.68
with Vg as the converter dc bus voltage of each H-bridge/a the grid voltage.
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According to (4.66) and (4.68), the modulation ixndeis:
2
m=mg+ ML m, (4.69
Vdc
wherel is the grid current magnitude.
Taking into account (4.61), the normalized currgople rms is:
l = NMS?,ac(m)%' (4.70

rms,dist —
s

Introducing the grid current, the current THD beesm

I : \
THD! g :—rlms'd'st = [2NMSD ¢ (m) —%—. (4.71

grid st I grid

Fundamental inverter voltage due to the voltage utatihn index (4.68) will just
compensate for the grid voltage, so that the fureddah grid current will be zero. For a
unity power factor operation (Figure 4.37.), thguieed modulation index will be
slightly larger but it can be considered the samsuggested by (4.69). This is because
the coupling inductor voltage drop is practicalfyttee order of 0.05—-0.10 p.u. or less.

In order to graphically present the grid voltage Dilgiven by (4.71), proper
parameters have to be defined: dc bus voltage 26hdamental amplitude current
5A with the fundamental frequency 50 Hz, switchinggquency 3 kHz, and linking
inductance 43.3mH with its inner resistance W/5Introducing all these parameters
into (4.71) results in Figure 4.38., where the grigdrent THD is presented over the
modulation index range which considers up to fiascaded H-bridges£11).

Figure 4.38.Grid current total harmonic distortion (THD) vsodulation indexm for
n =11 (up to five cascaded H-bridges).
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Three values of the modulation indexcan be chosen regarding three different
configurations with one, two and three cascadeditigbs in order to compare them
with the simulation. For one H-bridge, the maximuatue of the current THD can be
selected what corresponds to the modulation indef.615 (Figure 4.38.). For two
cascaded H-bridges the valuenafwhich belongs to the half grid current THD range,
is one test point i.en=1.385, and for the third configuration one tesnpes m=2.11
corresponding to the minimum grid current THD. Thelected test points are
summarized in Table 4.5.

Table 4.5.Grid-connected single-phase inverteselected test points
Case m  THD, g4 (%)

I 0.61¢ 2.6¢
Il 1.385 232
Il 2.110 2.04

4.7.2 Simulation of a grid-connected single-phaseuttilevel inverter

Verifying the analytical development of calculatitige grid current THD by
simulation, Matlab/Simulink is used. In the prevdosubchapter three test points were
selected and based on them the grid parameterstbideescalculated in order to have
the grid voltage in phase with the grid currento3d grid parameters are the grid
voltage amplitudeVs and its phase anglg. The amplitude of the fundamental
component of the inverter voltage is:

Vi = mVge. 4.72

The anglg is calculated using a simple trigonometric relatigading to:

j = - arcsin 4.73

MV,

Calculatingj , the required amplitude of the fundamental of ginel voltage which
takes into account the voltage drop on the resi®ier

Vg =MV cos(j )- RI. (4.74

Using the parameters set previously, three selaxdeds for three different H-bridges
configurations together with the proposed calcataiare given in Table 4.6.

Table 4.6.Grid-connected single-phase invereselected cases for the simulation verification.

Case m  V[V] jj [rad] Vg[V]

I 0.61¢ 125 -0.586 99.9¢
I 1.38¢ 277 -0.248 266€.02
Il 2.110 42z | -0.162 | 413.98
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The implemented configuration with three cascadduridges using Matlab/Simulink
is presented in Figure 4.39.

Figure 4.39.Matlab/Simulink model of a single-phase sevendl@werter with three cascaded
H-bridges controlled by PWM technique and connetoetthe electrical grid.

One of three selected cases (case lll) is present&ijure 4.40. regarding the grid
voltage and current, and it can be seen that tmeyira phase what confirms the
analytical calculations presented in Table 4.6. Bttrer cases voltage and current

waveforms are similar, therefore they are not preesehere.

Figure 4.40.Grid voltage (blue) and current (50x, red) obtdibg Matlab simulation for a
single-phase seven-level inverter (three H-bridgés) respect to Figure 4.38.:
V4=200V, R=0.%,L=43.3mH, {=50Hz, {=3kHz, and m = 2.110.
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Running the simulation and applying the FTT analysr the grid current in all three
proposed cases give the simulation evaluation efgtid current THDs. These results
are presented in Figure 4.41.(a), (b) and (c) amghasised with the red rectangle.

__________________________________

(@) (b)

_________________

(©)
Figure 4.41.Grid current THD obtained by Matlab/Simulink siratibn for single-phase three-,
five- and seven-level inverters (up to three casdad-bridges) with respect to Figure 4.38.:
(8 m=0.615, b) m=1.385, ¢) m=2.110,
for V=200V, R=0.%V.L=43.3mH, {=50Hz and £&3kHz.

Every simulation comprises 50 fundamental periau$ 20 of them are taken for the
grid current THD evaluation starting after 25 pdsadn order to avoid the current
transient at the beginning of the simulation preces
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4.7.3 Comparison of analytical and simulation resw$ for a grid-connected single-
phase inverter

In order to prove the correctness of the analyt@mpproach, the comparison
between analyticalGalc.) and simulationSim) results is presented in Table 4.7.

Table 4.7.Grid current THD — analytical and simulation resul

THD, 41ig (%)
Case m Calc. Sim,
| 0.615 2.68 2.68
[l 1.38¢ 2.32 2.3¢
11 2.11(C 2.04 2.0¢

Regarding this comparison, it can be said that ksitwn results match the analytical
ones without any particular deviation which woulttéduce an error.

4.8 Discussion

The previously presented mathematical developmersis,g an asymptotic time-
domain methodology for precisely evaluating thetagd and current THDs of single-
phase multilevel inverters, delivers closed-forneggiwise analytical solutions that
consists of only elementary functions. On the amirthe accepted frequency-domain
approach for the same kind of analysis with reddyivhigh switching frequency does
not deliver simple closed-form analytical expressi@nd requires time-consuming
numerical calculations. The ratio between the dwnig frequency and the fundamental
frequency is theoretically supposed to be infigilarge and the load is supposed to be
an inductively dominant one.

The voltage and current ripple are obtained by @rgpintegrating their NMS
values over one switching period and over the foretgal period what can be roughly
understood as double Fourier series. In the fasedhe modulating signal is constant
over time (DC-PWM), while in the second case it hasinusoidal behaviour (AC-
PWM) which can be assumed constant within one &initc period due to the
specifically defined load. This brings precise afficient expressions for estimating
the output power quality without following complexathematical transformations.

The suggested methodology is asymptotic in theesémet the ratio of switching
and fundamental frequencies is initially assuméihitely large. This assumption may
be interpreted as quasi-static in the time domaéaming that the PWM current ripple
is supposed steady state on a switching period. r&os larger than 25-30 the
presented approach works accurately.
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This claim is supported by frequency-domain curngpple calculations for single-
phase multilevel PWM inverters for different switth and fundamental frequency
ratios.

Originally derived for inductance-dominated loadfrent THD formulas are easily
modified to cover a grid-connected single-phase PiWkdrter with unity power factor
using an appropriate phasor diagram.

Theoretical results are fully supported by detaNéatlab/Simulink simulations and
laboratory experiments. Full comparison betweeonresimulations and experiments
is given proving the correctness of the propose@idpments.
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5 Final discussion

5. Final discussion

5.1 General conclusion

This thesis deals with the detailed time-domainyais of the output power quality
(output voltage and current total harmonic distars) in single-phase cascaded H-
bridge multilevel inverters considering differenbdulation techniques, different kinds
of load and different number of voltage levels.

Firstly, a single-phase-level inverter controlled by the staircase modalat
technique is theoretically analysed providing tp&ral voltage and current switching
angles using the normalized mean square criterih thie help of Matlaliiincon
function. These criteria are applied to output am#t and current ripples for the pure
inductive load and optimized in a way that for eaalue of the modulation index
the optimal switching angles are found. The sensjtdf voltage and current THDs to
switching angles is presented and twice-optimal wedtbn indexes are estimated
providing the working points where the voltage adrent have the minimum THD.
Apart from this, the current THD in case of a grimhnected system is evaluated and
calculated based on the mentioned optimization.

Secondly, the same power configuration controlled poilse-width modulation
technique (PWM) is theoretically analysed revealit@sed-form piecewise analytical
solutions for the output power quality estimatidrhe estimation is based on the
asymptotic assumption that the ratio between thétching and fundamental
frequencies is infinitely large therefore the smidal modulating signal is considered
constant over one switching period. Evaluating ab#put voltage and current ripples
over switching and fundamental periods definesrtheimalized mean squares values
which are turned into THD expressions. Apart frdns,tthe current THD in case of a
grid-connected system is evaluated and calculaeddon the mentioned approach.

All analytical developments are supported by theaitkrl simulations using
Matlab/Simulink and by a full set of laboratory expnents. Comprehensive
comparisons of analytical, simulation and experitakresults prove the correctness,
effectiveness and applicability of the presentecetimmments.
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5.2 Future developments

Developments presented in this thesis leave a kspgee for further research work in

spite of its educational significance and reseaxtensiveness. Some of them are

listed here, as possible directions for future work

- experiments in case of a single-phase multilgvied-connected inverter;

- investigation of a single-phase multilevel ineertcontrolled by staircase and
pulse-width modulation techniques with non-unifatmbus voltages;

- extension of analytical developments to threel mnltiphase inverters.
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Appendix 1

In this appendix the H-bridge power board, ArduOE microcontroller board
and interface control board are shortly descritmatiding on their main characteristics
and design. For designing all PCB boards the Altaafiware was used, therefore the
corresponding schemes are presented.

Appendix 1.1

The H-bridge inverter used for all experiments wasigned by using the Altium
software with the help of some department techngiand master students. Since a
three-phase power component is used, only twodeggonnected on the PCB board,
while the third one is properly grounded. The melaracteristic of the power board
are explained in the chapter related to the expmariad part (2.3), so here a designed
scheme with some details from the Altium programiven in Figure A1.1.1.

The scheme shows control and power parts of theepomodule. On the control
side there are two control signals going into twatical receivers (green dashed
rectangle). They are transferred through the dimagl-¢ircuits (red dashed rectangle) to
the four power switches of a PS22A76 IGBT power atedAll components that are
between the dead-line circuits and power switchreschosen according to the data
sheet of the power module and an application rAgtart from control signals, there is
one pin which a small current goes through in cdsefault in the power module. This
current lights a led diode as a fault sign. Itrigphasized with an orange rectangle. All
components of the control side are designed tostatid the maximum dc voltage of
+15V or +5V and the current in order of 0.5A.

On the power side (blue dashed rectangle) theeeds bus connection and two
outputs, two middle points of two inverters legsgdther with a common ground
connection. Four dc electrolytic capacitors arenemted in series, each one with the
rated voltage 150V, in total 600V. There are alsed small smd capacitors to balance
the voltage overshoots and high frequency currdpplas during switching
commutations. In case of the power side the maximaltage and current are 600V
and 25A, respectively.
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Figure A1.1.1.Scheme of the H-bridge PCB board made in Altiuorigontal view)
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Appendix 1.2

An Arduino DUE microcontroller board (based on 8#¥ Atmel SAM3X83
ARM Cortex-M3 CPU) was used for generating the ardignals for all experiments.
In Figure A1.2.1. the board is presented with ersgeal pins used as PWM outputs:
8, 9, 34, 36, 38 and 40. In the program code tipose are selected for generating the
control signals.

(m

Native usb
port —»

Programming E
port —»

Figure A1.2.1.Arduino DUE evaluation board

Apart from this, in Figure A1.2.2. the Arduino DUtinout diagram is presented
with all available channels on the microcontrobeard. The PWM channels 0, 1, 2, 3,
4 and 5 used for experiments are emphasized innmegkneral, each channel Hasv
(L) and high (H) parts in order to provide two complementary signahen it is
needed. For the experimental purposes, onlyaWwechannels are used, since for each
inverter leg only one signal is required (the opigosne is directly provided on the
inverter PCB board). Those channels are PWMLO-PWMiIkereL stands for dow
channel.

As it can be noticed, this microcontroller evaloatboard has a variety of pins for
different uses. The voltage limit of each pin i8\8. so applying a voltage over the
limit can cause an irreversible damage to the ttiscan the board including the Atmel
processor. The main board supply is provided witamdard 2.1mm plug having 7-
12V. Using a usb connector via programming poniamative usb port can provide a
proper board supply as well as a communication thighC program code.
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Figure A1.2.2.Arduino DUE pinout diagram
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Appendix 1.3

The interface control board, already mentionedhedxperimental part of the thesis
(2.3), is used to transfer control signals from thierocontroller to power switches.
Using this board, the control signal voltage le\ais adjusted to ones required for the
power switches and some possible disturbances windasferring signals are
diminished. In Figure A1.3.1. the interface boacdesne made in Altium software is
presented. The design is made in a way that theee taelve channels for
independently transferring control signals. Eachnectel has one corresponding pin
which is connected to the microcontroller. At thedeof the board there are twelve
optical emitters used for the optical fiber coniwts for further signal transfer.

Figure A1.3.1.Scheme of the interface control board made iruAdti

In Figure A1.3.2., 2D and 3D models of the boar @esented where all connections
can be seen together will all components. Aparnfthis, the printed PCB board used
in the experiments is presented in Figure Al.3t® Board is designed to be supplied
by +5V dc voltage having the current around 0.5Aewtall twelve channels are

working. As a protection one fuse is installed ba + side of the input voltage with a
possibility of replicating it easily in case of auft. One led diode with a nominal

current 20mA is put close to the main supply ineortb have a feedback when the
board is connected.

143



Appendix 1

(@)

(b)

Figure Al1.3.2.Interface control board designed in Altium: (a) 2Bw and (b) 3D view.

Figure A1.3.3.Printed PCB interface control board
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For a single-phase-level H-bridge inverter controlled by the staireasodulation
technique, the current ripple NMS is found as:
2P2, 1
NMS!'(b,m)== i?ch - =m?. (A2.1)
Py 2
Adjusting (A2.1) to a single-phase five-level integrwith two switching angleb,
andb,, the current ripple NMS is:
b, b, p/2 1
(2b)db+ (b, +b)’db+ (b, +b,)?db - Em2.
0 b1 b2

NMS? (by,b,, m) = (A2.2)

TN

In (A2.2) there are three integral forms that can deparately calculated. Their
solutions are:

b,

=2 (20)2db=2p3. (A2.3)
0 3p
b,
=2 (b, +bfch= - 2 (b, +b,)> 8b3) - 2 (703~ 320, - 302~ b3). (A2.9)
Py, 3p 3p
_ Zp/2 2 0 2 P
I =5 (by+by)?db=(by +b,) 57 b2 (A2.5)
b,

Summing all three integral forms and subtracting niermalized mean square of the
current fundamental component, the current rippgiéS\value for a single-phase five-

level inverter becomes:
013+ 5pp2+ 43

NMSP (b, by, m) = (by +b,)2- 3— 3 3 " m?,
p 2 (A2.6)

bl:%_ az,bzzg' al.

For a single-phase seven-level inverter with thsegtching anglesb; b, andbs,
properly adjusting (A2.1), the current ripple NMS i

b1 bz b3
(3)?db+ (by+20)fdb+ (b, +b,+b)?db
NMSZ(bl,bz,b&m):% Op/2 s b2 -%mz. (A2.7)
+ (b, +b, +b3)db
b3
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In (A2.7) there are four integral forms that carsbparately calculated. Their solutions
are:

2P 2
I =< (30)°db=<3p3. (A2.8)
o p
b2
I =2 (b, +2)2db=2 - 13p3 402, + 20,03 + 263 . (A2.9)
Py, p 3 3
b - bZb,- 303 - Lb3+
2 3 5 2 142 ™2 3 2
=2 (by+b,+b)fPdb== L . - (A2.10)
Py, P +(b12b3+2b1b2b3+b%b3+b1b§+b2b§)+§bg
2|0/2
IV=="(b,+b, +b3)°db=
Py, (A2.11)

=(by +b, +h3)* - %(bfb3 +2b b b3 + 2b;b3 +b3bs + 2bb3 + bg).

Summing all four integral forms and subtracting tlgmalized mean square of the
current fundamental component, the current rippléSNvalue for a seven-level single-
phase inverter becomes:

NMS|7(b1,b2, b3, m) =

§bf+gb% +%b§+2(b1b§ +b;b3 +b2b§) , (A2.12)

:(b1+b2+b3)2' 3 —lm }

p 2
For an arbitrary level coumy following the rule in common of the previous
equations for single-phase five- and seven-levetriers, the general current NMS

formula becomes:

(n-22
, N1, o Kb+
(n-1)2 2 3 xa 2
NMSP bl,bz,...bn_l,m - bk - — - —m s
n-i p (32 (12 2
2 = + by b (A2.13)
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The Arduino DUE program code for the staircase rntaithn with three cascaded
H-bridges and three different switching angles risspnted in the following. A brief
explanation of the code steps is given at the falising on the main characteristics
and principles.

Program code:

kkkkkkkkkkkhkhkhkkkkkkhkkhkkhkkkkkkhkkkhkkkkkkhkkkkkkkkkhkkkx kkkkkkkkkkkkkkkkkhkk

const floatpi = 3.1415;

int k = 0; // constant

float carrierfreq = 1600;

int clkfreq = 83999999;

float cprd = (clkfreq / (carrierfreq * 2)); // defininhe carrier frequency
float m1 = 0; // modulation index, first H-BRIDGE
float m2 = 0; // modulation index, second H-BRIDGE
float m3 = 0; // modulation index, third H-BRIDGE
float alphal = pi/ 8; /I first angle

float alpha2 = pi/ 4; // second angle

float alpha3 = pi/ 3; // third angle

void PWM_Handler(oid)

{
PWM->PWM_ISR2;

/l First 10 ms

if (k<1){
/I First bridge, first leg, pin 34,
PWM->PWM_CH_NUMI[0].PWM_CDTYUPD = (alphal / (pi / 2))¢prd;
/I First bridge, second leg, pin 36
PWM->PWM_CH_NUM[1].PWM_CDTYUPD = cprd;
/I Second bridge, first leg, pin 38
PWM->PWM_CH_NUM[2].PWM_CDTYUPD = (alpha2 / (pi / 2))¢prd;
/l Second bridge, second leg, pin 40
PWM->PWM_CH_NUM[3].PWM_CDTYUPD = cprd;
// Third bridge, first leg, pin 9
PWM->PWM_CH_NUM[4].PWM_CDTYUPD = (alpha3 / (pi / 2))¢prd;
// Third bridge, second leg, pin 8
PWM->PWM_CH_NUM[5].PWM_CDTYUPD = cprd;

}

//Second 10 ms

else{
/I First bridge, first leg, pin 34,
PWM->PWM_CH_NUM[0].PWM_CDTYUPD = cprd;
/I First bridge, second leg, pin 36
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PWM->PWM_CH_NUM[1].PWM_CDTYUPD = (alphal / (pi / 2))¢prd;

I/l Second bridge, first leg, pin 38

PWM->PWM_CH_NUM[2].PWM_CDTYUPD = cprd;

/l Second bridge, second leg, pin 40

PWM->PWM_CH_NUM[3].PWM_CDTYUPD = (alpha2 / (pi / 2))¢prd;

// Third bridge, first leg, pin 9

PWM->PWM_CH_NUM[4].PWM_CDTYUPD = cprd;

// Third bridge, second leg, pin 8

PWM->PWM_CH_NUMI[5].PWM_CDTYUPD = (alpha3 / (pi / 2))¢prd,;
}

ml = (alphal/ (pi/ 2)) * cprd;
m2 = (alpha2 / (pi/ 2)) * cprd;
m3 = (alpha3 / (pi/ 2)) * cprd;

if (k<1){
k++;

}

else{
k=0;

}

}

void setPWMpin(uint32_t pin) {
PIO_Configure(g_APinDescription[pin].pPort,
PIO_PERIPH_B,
g_APinDescription[pin].ulPin,
g_APinDescription[pin].ulPinConfiguion);
}

void setup() {

setPWMpin(34);
setPWMpin(35);
setPWMpin(36);
setPWMpin(37);
setPWMpin(38);
setPWMpin(39);
setPWMpin(40);
setPWMpin(41);

setPWMpin(8);

setPWMpin(9);
pmc_enable_periph_clk(ID_PWM);
PWMC_DisableChannét{(VM, 0);
PWMC_DisableChannéet(VM, 1);
PWMC_DisableChannéet(V M, 2);
PWMC_DisableChannét{(V M, 3);
PWMC_DisableChannéet(VM, 4);
PWMC_DisableChannét{(VM, 5);
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PWMC_ConfigureClocks(clkfreq, 0, VARIANT_MCK);

PWMC_ConfigureSyncChannel P{VM, PWM_SCM_SYNCO | PWM_SCM_SYNC1 |
PWM_SCM_SYNC2 | PWM_SCM_SYNC3 | PWM_SCM_SYNC4 | PWBZM_SYNCS |
PWM_SCM_SYNC6 | PWM_SCM_SYNC7 , PWM_SCM_UPDM_MODB1D);

/I Configuring channel O
PWMC_ConfigureChannel Exa{VM,0,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
PWM_CMR_CPOL,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod{\WM, 0, cprd);
PWMC_SetDutyCyclé{WM, 0, m1);

/I Configuring channel 1
PWMC_ConfigureChannelExa{VM,1,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
PWM_CMR_CPOL,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod{\WM, 1, cprd);
PWMC_SetDutyCyclé{WM, 1, ml);

/I Configuring channel 2
PWMC_ConfigureChannelExa{VM,2,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
PWM_CMR_CPOL,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod{\WM, 2, cprd);
PWMC_SetDutyCyclé{WM, 2, m2);

/I Configuring channel 3
PWMC_ConfigureChannelExa{VM, 3,
PWM_CMR_CPRE_CLKA,
PWMCMR_CALG,
PWM_CMR_CPOL,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod{\WM, 3, cprd);
PWMC_SetDutyCycléfWM, 3, m2);
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/I Configuring channel 4
PWMC_ConfigureChannelExa{VM,4,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
PWM_CMR_CPOL,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod{\WM, 4, cprd);
PWMC_SetDutyCycléfWM, 4, m3);

/I Configuring channel 5
PWMC_ConfigureChannelEX{\VM,5,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
PWM_CMR_CPOL,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod{\WM, 5, cprd);
PWMC_SetDutyCycléfWM, 5, m3);

PWMC_EnableChannét{VM, 0);
PWMC_EnableChannét{V\, 1);
PWMC_EnableChannét{V\, 2);
PWMC_EnableChannét{VM, 3);
PWMC_EnableChanné&t{\V\, 4);
PWMC_EnableChannét{\V\, 5);

NVIC_DisableIRQ(PWM_IRQn);
NVIC_ClearPendingIRQ(PWM_IRQn);
NVIC_SetPriority(PWM_IRQn, 0);
NVIC_EnablelRQ(PWM_IRQn);
PWMC_Enablel®WM, 0, PWM_IER2_WRDY);

}
void loop() {
}

kkkkkkkkkkkkkkkkkkkkhkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkk *%
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Short code description:

The main parameters are initially defined at thegid@ng of the code. Two
parameterscarrierfreq and clkreq are used to define the proper carrier frequency
calculating the parametaprd. This presents the maximum of the microcontroller
clock which starts from zero and reaches this valllee centre-aligned carrier
frequency is set at 100Hz in this case. Since tasrehree H-bridges, each one has its
modulation index, therefore there are three modwanhdexes defined as;, m, and
ms. Apart from this there are three angles labelkdlpha, alpha andalpha; which
can be set as chosen switching angles for the giosfiguration.

In the next part of the code there is a parameaflecck which counts 0 and 1,
therefore there are two cycles in the loop whickegcontrol signals properly
comparing three modulating signals and one carBearce the carrier frequency is
100Hz, every 10ms there is a comparison betweenntb@ulation signals, which
define the switching angles, and the carrier. D@ngthree control signals with the
fundamental frequency of 50Hz are provided. The mamison is done using the
instruction PWM->PWM_CH_NUM{].PWM_CDTYUPD, where x presents the
number of a microcontroller channel.

In the first cycle whek=0, the comparison between the modulating signadstiae
carrier is provided for channels 0, 2 and 4 follegvithe rule explained in chapter 3.5.
In this way, three control signals (each one foe bhbridge leg) are provided while
for other legs the modulation signal equegtsd. Setting the modulation signaprd
gives the control signal equals zero since in tlogm@am code it is set by the instruction
PWM_CMR_CPOLIn the second cycle the procedure is vice vershduld be noted
once again that for one H-bridge leg, the contigha for one switch of the inverter
leg is given by the microcontroller while its coergart is created directly on the PCB
board using proper electronic components.

Another part of the code presents basic instrustifor setting all channels,
synchronizing them, defining all parameters of 8YéM channel and some additional
instructions that are required by the data sheetrdier to properly use all channels.

151



Theoretical and Experimental Analysis of Output Bo@uality in Single-phase Cascaded H-bridge Mentdl inverters

152



Appendix 4

Appendix 4

In case of a single phasdevel inverter, in order to calculate the ac vo#taipple
NMS between two adjacent voltage levels, the irtiefgrm, defined aay) (m), is:

et
g, =arcsin —
m

(m.sin@ )- i)((i +1)- msin(q))daq,

. |
g, =arcsin —
m

ay (m)= NMS\r},ac(qi £QE£G,)=

oTiN

(A4.1)

i=02L2..,(n-5/2,iEmEi+1.
Solving the previous integral results:

1 (3 +2m+(3i +1)\/m+

p - (2i(i +1)+ mZ)arcsini—m +(2i(i+1)+m2)arcsini%1

RN I RSNy g (n4.2)

ay (m)=

p p
+%(2| (i+1)+ mz) arcsin I_m - arcsin % :
i=0212..,(n-5/2,iEmEi+1.
When the contribution to the ac voltage ripple NM&8ue comes from the last
voltage level, the integral form, definedds(m) becomes:
p

0§ ()= NMSTar i £9£2 =2 (msin(a)- ) (+2)- msina)) dq

K (A4.3)
gy =arcsin —
m
k=(n-3)/2,KEmMEk+1.
Solving (A4.3) results:
by (m):l(Z%k+2)\/m2 -2 +1(2k(k +1)+ m2) arcsin kP ,
P P m 2 (A4.4)

k=(n- 3 /2, kEmEk+1.
To get the final value of the ac voltage ripple NMiSs needed to sum together
(A4.2) and (A4.4) in a proper way:

(n-5)/2 k-1 n- 3
NMSy e(m)= &y (m)+by (m)= af (m)+by (m) k=
i=0 i=0
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Writing (A4.5) in a full form becomes:

3i+2 . |+1/m_I+1

NMS] go(m)= +
’ _ 1 2 i+1
=0 - . T=
=0 +— o (2 (| +1) ) arcsin o arcsin o (A4.6)
+%(3k+2)\/m2- i2 +%(2k(k+1)+ m2) arcsin% - % .
Equation (A4.6) can be divided into four parts:
k-1 ;
NMS] 5 (m) = 1 (2i (i+1)+ mz)arcsin LI o DT I
i=o P m P
Kl (g ) i+l 3+l [ 2
+ o (2|(| +1)+m )arcsm ™o m?- (i +1)* + (A4.7)
i=0
2.2 4 .k 1 p
+ p(3k+2) m? - i p(2k(k+1)+m )arcsma - E(Zk(k+1)+m2)z .

Considering that (A4.7) consists of four parts,hepart can be rearranged separately in
order to get the final compact form of the ac ndized voltage ripple. The first part of
(A4.7) can be written in a way that the sum istsplio two parts fori=0 and fori
starting from 1. In this case, this part becomes:

k-1 ;
NMS] . (m)t= (i +1)+ m?)aresin -~ +3 2 m2 -2 =
Saclr)'= L)t arcsin 42
= 1( |+1+m)arcsmi— +3I+2
i=0 p m
k 1 _ giso (A4.8)
—( |+1+m)arcsm'— +2
i=z1 P m
2 k1, i 3i+2
=Zm+ (2|(|+1)+m )arcsm — +
p i=z1 P m
The second part can be rewritten in a foIIowmg way
k-1 . ,
NMS) o.(m)? = . (Zi(i +1)+ mz)arcsin 1l 3L 2. (i+17 =
Y izo P m p
‘ _ (A4.9)
= S (2i(i-1)+m)arcsm'— (32 w22
i=1 P m p
The third and fourth parts of (7) are:
NMS{}Yac(m)3:%(3k+2)\/m -2 p(2k(k +1)+ m? )arcsin% : (A4.10)
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NMSY) (M) *= - %(Zk(k +1)+ mz)g- (A4.11)

It must be noticed that the third part presentssiina defined in (A4.8) for the case

k=1. Combining it with (A4.8) results:
k-1 . .
NMSY) oc(m)® +§m+ % (2i (i+1)+ mz)arcsin '—m +3'—;2\/ m?-i2 =
- (A4.12)

k .
=2m+ l(Zi(i+1)+mz)arcsin'— 32 27
p iz1 P m p

Connecting (A4.9), (A4.11) and (A4.12), the ac nalimed voltage ripple can be
written as:

NMS) ,.(m)= l(2i(i +1)+ mz)arcsin L +3I+2
' i= p m
) =t _ (A4.13)
+ -E(Zi(i-l) )arcsm L3z 2\/ k+1-—m2+2m
i=1 P 2 p
Arranging (A4.13) in a way that all is collectedtiwnh one sum results in:
22 0 2 i m?
—— arcsin — +-—arcsin — +—arcsin — +
p m p m p m
2 .
K \/m 242 \/m i arcsml— +
NMSy ac(m): P m +
, ) _ _ 5 _ _
= +aarcsin L m—arcsin LI NI (A4.14)
p m p m p
+2 m2 i
P
- k(k+1)+1m2 - Em.
2 p
Annulling exact members in (A4.14), the full forradomes:
k : K
NMSy ac(m):i i arcsin L +i m?-i% - k(k +1)- 1m2 +Em. (A4.15)
' i=1 m Py 2 p
In case of Om 1 in (A4.15) we can sé&t=0 which brings:
NMS) (O£ mELk =0)= -%m2+gm. (A4.16)
' P
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Considering (A4.15) and (A4.16), the final formtb&é ac normalized voltage ripple is:

Im2e2m 0emel
2 Y
4 K i 4 K 2 2 2 m2
NMS{,"ac(m): — iarcsin — +— m?-i%2 +Zm- —- k(k+1), .(A4.17)
Pi=1 m Pi= p 2

i=12..,0n-3)/2,k=(n-3)/2,i EmEi+1.
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Appendix 5

In case of a single phasdevel inverter, in order to calculate the ac cotmepple
NMS between two adjacent levels the integral fatefined ag (m), is:

i+l
g,y =arcsin —
m

Al (m)= NS oo(6 £a£00)= 52 (msin)- 1)7({ +1)- msinfq)F
g; =arcsin IE (A5'1)

i=0%L4L2...,(n-5/2,iEmEi+1.

The first solving step of (A5.1) results in:

- 48(1+2) (4% + 4i +3m?)Ym? - i% +
48(L+ 2) (4i% + 4i +3m?)ym? - (i +1)2 +

+16(L+ 2))m® cos 3arcsin —  +
m
- 16(1+ 2i)m® cos 3arcsin 1,
m
, 161%+8i%+24im? +8i2(1+ 3m2)+

2 2
al(m)=L_L -3 *Mm [4+3m2)
12 48p

arcsin L
m
+ . (A5.2)
- 2m2(4+ 24i + 26i2 +3m2)sin 2arcsin —
m

16i% +8i* + 24im? +8i2(1+ 3m2)+

‘ +m? (4+3m2)

i+l
arcsin — +
m

+3 - 8m2(1+ 6i + 6i2 +m2)sin 2arcsin T 4
m

. i+l
+m?*sin 4arcsin ——
m
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Grouping the members of (A5.2) gives:
- 481+ 2i) (4i% + 4i +3m?)Ym? - i% +
+ 481+ 20) (4i% + 4i +3m?)ym? - (i +1)? +

- 12(8i 2(@+i)? + 41+ 6i(1+i))m? +3m4)arcsin '—m +

- 12(1+i)(6+28i +26i° +3m2)w/m2 - (i+D)% +

1 +12(8i2(1+i)2 +4(1+ 6i(1+i))m? +3m4)arcsin % + .  (A5.3)
+16(1+ 2i) m® cos 3arcsin Iﬁ +
+16(1+ 2i) m®sin 3arccos % +

+ 6m2(4+ 24i + 2612 + 3m2)sin 2arccos -
m

In order to better adjust the equation (A5.3), saheatities can be introduced:

sin 2arcsin - = —= 2i\m?- i? (A5.4)

2

m m
cos 3arcsin - :is(m2 - 4i2) m? -2 (A5.5)
m m
sin 3arccos 2 :is(mz +8i+4- m2) m? - (i +1)? (A5.6)
m m

Introducing (A5.4), (A5.5) and (A5.6) into (A5.3)vgs (A5.7).
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- 481+ 20) (4i% + 4i +3m?)Ym?- i +
+ 48(L+ 21)(4i% + 4i +3m?)ym? - (i +1)2 +

- 12(8i2(1+ i)2 + 4(1+ 6i(1+ i))m2 + 3m4)arcsin I_m +
- 12(1+i)(6+28i +2612 +3m2\m? - (i +1)2 +
ajl (m)= 28 +12(8i2(1+ i)2+4(1+ 6i(1+i))m? +3m4)arcsin % + - (A5.7)

+16(1+ 2i)m3i3(m2— 4i2m?-i% +

+16(L+ 20)m* L (4% +8i + - m2pfm? - (112 +

+6m2(4-+ 24i + 262 +3m2)$2im
Grouping the member of (A5.7) results in:

C2m? - (i +1)7 +50i% fm2- (i +1)?7 - JmP- 2+

+m? Zm 32ym?-i? +

+i2 62m2- (i +1)? - 88ym?- i +

a'n(m):ﬁ _ 10m? - (i +1)2 - 36vm?- 2 + : (A5.8)

+1
55m? y/m?- (i +1)° - Vm? - i2

3 |-

+ 3(8i2 (i +2)* + 4(1+6i (i +1))m? +3m4)x

i+l i
. arcsin —= - arcsin —
m m

Following the equation (A5.8), the final form ofetlac current ripple NMS between
two adjacent levels is given in (A5.9).
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_\/_7 |+1(25| +6i - )

+(23+55i) m?

1 1 . .
a?(m):ﬁ 12 m? - i (2| (25| +44|+18)+(32+55|)m2)+

2i2(i +1)* +

(A5.9)

+l arcsin [RE arcsin il
p +(6i2+6i+1)m2+§m4 m m
4
i=012..,(n- 5/2,iEmEi+1
When the contribution to the ac current ripple NM&ue comes from the last
voltage level, the integral form, definedbdm), becomes:

b

2
b7 (m) = NMS a Eq£ D "o (mfinﬁ)' K (le+1)- msin(a)fda, ooy
q =arcsin

k=(n- 3)/2,KEmEk+1.
Solving (A5.10) results in:

6(8k2(1+ k)? + 4(1+ 6k (1+a))m? +3m4) p - 2arcsin % +
2 .k
- 48(1+ 2k)m(4k(1+ k)+3m )cos arcsin = +

1 +16(1+ 2k)m® cos 3arcsin LI .(A5.11)

1
n = —
bI(m)_1248p m

+ 24m2(1+ 6k(1+ k)+ mz)sin arcsin % +

. ok
- 3m*sin 4arcsin —
m

It is important to introduce some identities in @rdo group the members of (A5.11).
Those identities are:

cos arcsin ko1 m? - k? . (A5.12)
m m
. ok 1 2 _ .2
sin 2arcsin —  =—Vym” - k“ 2k . (A5.13)
m m
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cos 3arcsin < :is m? - k? (m2 - 4k2). (A5.14)
m m
sin 4arcsin < :% m? - k24k(m2 - 2k2). (A5.15)
m m

Introducing (A5.12), (A5.13), (A5.14) and (A5.15)0 (A5.11) gives:

(16(1+ 2k)(— 4k? + mz)) m? - k? +
- 12k ( 2k® + mz)\/mz -k +
b{‘(m)z%él—;p +48k(1+6k(1+ k)+m2)\/m2- k? + . (A5.16)
- 48(1+ 2k) (4k(1+ k)+3m2) m? - k2 +
2 2
8k (1+k) ¥ p - 2arcsin K
+ 41+ 6k(1+ k))m? +3m* m
Rearranging the members of (A5.16) gives:
m? - k2 ( 8k(18+ k (44 + 25k)) - 4(32+55k)m2)+
bl (M) =5 4gk2(+ k)2
! 1248p + TR
+ 24(1+ 6k(1+ k))m2 +3m*
) 1—12\/m2 - kz(— 2k (18+ k(44 + 25k)) - 4(32+55k)m2)+

1
12p +%(8k2(1+ k) + 4(1+ 6k(1+ k))m? +3m4) p - 2arcsin %

p - 2arcsin —
m
(A5.17)

In (A5.17), three members can be analysed sepgiatel later joined in order to have
a compacter equation. In this case, the memberbeamitten as:

b (m)=2 1 Vm? - kZ( 2k(18+k(a4+ 25K))- 432+55k)m?)=

- 1212 (A5.18)
= - ———ym?- k? (m2(32+ 55k) + 2k(25k2 + 44k +18)).
1212
b? (m) :leié(skzm K)2 + 4L+ 6k(L+ K))m? +18m* ) p =
P (A5.19)

2
=1 k2(1+k)? +(6k2 + 6k +1)m—+§m4 :
12 2 8
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b (m)3= - 111, aresin X (8k2(1+ k)? + 4(1+ 6k (1L + k)) m? +18m4):
12p8 m (A5.20)
= -ilarcsinh 2k2(1+k)2+§m4+(6k2+6k+1)m2
12 m 4

Collecting the three previous equations, the exoesof the ac current ripple
normalized mean square coming from the last volleagel becomes:

arcsin < - 2 2I<2(1+k)2'*(6k2+6k+1)m2+§m4 +
m p 1

1 1
bl'(m)=—= +Vm?- k? - ﬁ(m2(32+55k)+2k(25k2 + 44k +18)) + (A5.21)

2
+ k2(L+k) +§m4 +(—)6k +26k 1 m2
k=(n-3)/2,kEmMEk+1
To get the final value of the ac current ripple NMSs needed to sum together (A5.9)
and (A5.21) in a proper way:

(n-5)2 k-1 n-3
NMSeo(m)=  al(m)+b(m)= af(m)+b}(m) k=""°  (a5.22)
i=0 i=0

Doing so results in:

A 2( +1)(25i2 +6i - 1)+ .

12p +(23+ 55i)m?
1 [ 7 2 (25iz+44i +18)+
k-1 - —Vvm -1 +
12p +(32+55i)m? +
i=0
e 2 %(i +1)2+(6i2+6i +1)m2+§m4 x
p 4
n _1 x arcsin 1L~ arcsin
NMS] o6(m) = = m m .(A5.23)

| 2Pk
+arcsin — - = +
m p +(6k2+6k+1)m2+%m4

+Vm? - k% - i(m2(32+55k)+ 2k(25k2 + 44k +18)) +

12p
( 2 )
+ k2(1+ k)2+§m4+ bk +26k+1 m?
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In (A5.23) it can be noticed that the two membeith whe coefficientk can be put
within the same sum assuming that as a case iseifthese two members, named as

I and Il, are:
=L arcsin - 1 2k2(1+k)? +(6k2 + 6k +1)m2 +%m4 =
_ P (A5.24)
1 aesnt 1 2i2(1+i)2+(6i2+6i+1)m2+§m4
i=k m p 4
I :% Vym?- k* - %(m2(32+55k)+2k(25k2 + 44k +18)) =
P (A5.25)
Loomri i(m2(32+55i)+ 2(252 + 44 +18))
12,_, 12p

Introducing (A5.24) and (A5.25) into (A5.23) gives:

L -1 2i2(i+1)2+(6i2+6i+1)m2+%m4 arcsin'E +
: ﬁ\/mz -~ i2(2i (2512 + 44i +18)+ (32+ 551)m2)

1Rl o > 3 i+l
2i2(i +1) +(6| +6|+1)m +Zm4 aresin ——= + (A5.26)

1
'\”\/Isln,ac(m)zﬁi=0 +

+ =

12,5,
1

G L e (i+1)2(2(i+1)(25iz+6i-1)+(23+55i)m2) +
12, 12p

2
+ L k2 k) + (k2 + ok o+ 1)+ St
12 2 8

Rearranging (A5.26) gives:

k .
L 2i2(i+1)2+(6i2+6i+1)m2+%m4 arcsin'—m +

n — —_—
NMSTae(m)= - 755

k

w20 L w2 i2(ai (252 + 44i +18)+ (324 550)m?) +

12,_, 12

1Y 1 o0 o (o » 3 4 i+l

+Ei_0— 2 (|+1) +(6| +6|+1)m +Zm arcsin o + (A5.27)
k-1

b2 L Pl st e 3 arssi?) -

2
X2k +(6k2 + 6k +1)m—+§m4 :
12 2 8
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In (A5.27) five members can be analysed separatety later joined in order to get
compacter form. Those five members are:

k .
: 2i2(i+1)2+(6i2+6i+1)m2+%m4 arcsin - =

NMS! - =
Sl,ac(m) 12p -0 m
(A5.28)

K .
. 2i2(i+1)2+(6i2+6i+l)m2+§m4 arcsin - +0( fori=0).

-Ei_l 4 m
15 1 o2 e : .
NMSIn,ac(m) 2 :Eizo' ﬁ m? - |2(2I (25I2 + 44 +18)+(32+55|)m2):
k
-1 .1 mz-i2(2i(25iz+44i +18)+(32+55i)m2) + (A5.29)
12,, 12p
N 32m3(  fori=0).
12 12p
k-1
Nl\/|S|naC(m)3:i L 2i2(i+1)2+(6i2+6i+1)m2+§m4 arcsin 1= =
121:0 p 4 m
—ik 1 o6 1)2:2 2 LAl 2.3 4 i (A5.30)
_12i=1 0 2(I 1)I +(6(I 1) +6(I 1)+1)m +4m arcsin -
1kl 1 7y 2(i+1) (252 +6i - 1)+
NMSP,&C(m)‘l:El E m2-(|+1)2 ( )( ] ) ) =
i=0 +(23+55i)m (A5.31"
k
:1_12i=1 %\/mz- i2(2i (25(i- 17 +6(i - 1)- 1)+(23+55(i- 1))m2) _
2
M 3wt (A5.32

1
NMS["aC(m) 5= P k2(1+ k)2 + (6k2 + 6K +1)7 +§m

After selecting those members, some of them cacobected considering the parts in
common. Collecting together (A5.28) and (A5.30)egiv

NMSP,&C(m) ' + NMSP,aC(m) 3 =

) 2i2(i+1)2+(6i2+6i+1)m2+%m4 +

=L+ 2i%(- 1) +(6(i - 1) +6(i - 1)+1)m2 +%m4

o
aresin — - = (A5.33)

H
=
o

k

k . .
= - i i (8i2 +12m2)arcsin il - i i (2i2 +3m2)arcsin L
12p., m 3p i, m
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Collecting together (A5.29) without the part fe0 and (A5.31) gives:
NMS! o (m) 2 - ( fori =0)+ NMSP o (m) * =

151 5T EZiEZEZHM +18)+(32+55i)m2)+
+

12,,12p 2i (25(i - 1) +6(i - 1)- 1)+(23+55(i ] 1))mz) T (A5.34)
_1N 1 g i2 2 1Y 57 (2 2
m? - i2 -16 i“+4m )= - — me-i° |\12i“+4m-) .
12| 112p )(1 ) 9pi:l ( )

Collecting together the part of (A5.29) fiet0 and (A5.32) gives:
NMS] ,o(m) 2 ( fori = 0)+ NMS! . (m) ° =

1 3 1 2 2 2 1 3 4
- —32m+— Kk2(1+k)* +(6k? +6k+1)]=mZ+=m* =
144p 12 (L+k) ( )2 8 (A5.35)
2 2 2
_KP(k+2)° 1 g £m3+!6k +6k+1!m2_
12 32 9p 24

Collecting equations (A5.33), (A5.34) and (A5.35ye3 the final form of the ac
current ripple NMS:

k .
NMS] o (m)= - 17 22002 aresin - vm (1]1 +4m ) +
P | gp = (A5.36)
2 2 2 J
LKk +1) +im4_£m3+!6k +6k+1!m2_
12 32 9P 24

In order to get the expression for the ac curr@gople NMS in case of On 1,
parametek should be set to O:
NMS! . (0 £ m£1):im4- 2 3+ L m? (A5.37)
’ 32 9p 24
Considering this, the ac current ripple NMS cariit@ly written as:
1 4 2 1

—m*-Zmir=—m? ,0EME1L
32 9p 24

k

— (2i2 + 3m2) arcsin -+
3Py m
k
NMS] ,c(m) = gi \Vm (11| +4m ) + . (A5.38)
LK

2
(k+1) 1 m4_£m3+(6k +6k+1)m2
12 32" o 24
i=12..,(n-3)/2,iEmEi+1,k=(n- 3)/2.
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The Arduino DUE program code for the PWM modulatwith three cascaded H-
bridges using one carrier and six modulating sgmgalpresented in the following. A
brief explanation of the code steps is given at &mel focusing on the main
characteristics and principles.

Program code:

kkkkkkkkkkkhkhkhkkkkkkhkkhkkhkkkkkkhkhkkkkkkkkhkkkkkkkkkhkkkx kkkkkkkkkkkkkkkkkhkk

float x = 0; // argument of the sine function
const floatpi = 3.1415;

inti=0;// constant

int k = 0; // constant

float carrierfreq = 3000; // Carrier frequency
float modfreq = 50; // Modulation frequency
float ris = carrierfreq / modfreq; // points where tliresfunction is divided
float lookup1[2500];

float lookup2[2500];

float lookup3[2500];

float lookup4[2500];

float lookup5[2500];

float lookup6[2500];

int clkfreq = 83999999;

float cprd = (clkfreq / (carrierfreq * 2));
floatm = 0;

floatml = 0O;

floatm2 = 0;

floatm3 = 0;

float m4 = 0;

floatm5 = 0;

floatmé = 0;

void lookuptable() {
for (i=0;i<=ris; i++) {
lookupl[i] = m * sin(x);
lookup2[i] = m * sin(x) - 1;
lookup3[i] = m * sin(x) + 1;
lookup4[i] = m * sin(x) + 2;
lookup5[i] = m * sin(x) - 2;
lookup6[i] = m * sin(x) + 3;
X=X+ 2*pilris;
}
}
void PWM_Handler(oid)

{
PWM->PWM_ISR2;
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m=1;

m1 = (lookupl[k + 1]) * cprd;
m2 = (lookup2[k + 1]) * cprd;
m3 = (lookup3[k + 1]) * cprd;
m4 = (lookup4[k + 1]) * cprd;
m5 = (lookup5[k + 1]) * cprd;
m6 = (lookup6[k + 1]) * cprd;

if (lookupllk + 1] >=0) {
if (lookuplfk + 1] <= 1) {
PWM->PWM_CH_NUMI[0].PWM_CDTYUPD = m1;
} else{
PWM->PWM_CH_NUMI0].PWM_CDTYUPD = (cprd);
}
} else{
PWM->PWM_CH_NUM[0].PWM_CDTYUPD = (0);

}
if (lookup2[k + 1] >=0) {
if (lookup2[k +1] <=1){
PWM->PWM_CH_NUM[1].PWM_CDTYUPD = m2;
} else{
PWM->PWM_CH_NUMI[1].PWM_CDTYUPD = (cprd);
}
} else{
PWM->PWM_CH_NUM[1].PWM_CDTYUPD = (0);

}
if (lookup3[k + 1] <=1) {
if (lookup3[k + 1] > 0) {
PWM->PWM_CH_NUM[2].PWM_CDTYUPD = m3;
} else{
PWM->PWM_CH_NUM[2].PWM_CDTYUPD = (0);
}
} else{
PWM->PWM_CH_NUM[2].PWM_CDTYUPD = cprd,;

}
if (lookup4[k + 1] >=0) {
if (lookup4[k + 1] <= 1) {
PWM->PWM_CH_NUM[3].PWM_CDTYUPD = m4;
} else{
PWM->PWM_CH_NUM[3].PWM_CDTYUPD = (cprd);
}
} else{
PWM->PWM_CH_NUM[3].PWM_CDTYUPD = (0);

}
if (lookup5[k + 1] > 0) {
if (lookup5[k +1] <=1){
PWM->PWM_CH_NUM[4].PWM_CDTYUPD = mb5;
}
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else{
PWM->PWM_CH_NUM[4].PWM_CDTYUPD = (cprd);
}
} else{
PWM->PWM_CH_NUM[4].PWM_CDTYUPD = 0;

}
if (lookup6lk + 1] <=1) {
if (lookup6lk + 1] > 0) {
PWM->PWM_CH_NUM[5].PWM_CDTYUPD = m6;
} else{
PWM->PWM_CH_NUMI5].PWM_CDTYUPD = (0);
}
} else{
PWM->PWM_CH_NUM[5].PWM_CDTYUPD = cprd,;

i}f ((k+1)<ris) {
k++;

} else{
k=0;

}

void setPWMpin(uint32_t pin) {
P1O_Configure(g_APinDescription[pin].pPort,
PIO_PERIPH_B,
g_APinDescription[pin].ulPin,
g_APinDescription[pin].ulPinConfiguion);
}
void setup() {
lookuptable();
setPWMpin(34);
setPWMpin(35);
setPWMpin(36);
setPWMpin(37);
setPWMpin(38);
setPWMpin(39);
setPWMpin(40);
setPWMpin(41);
setPWMpin(9);
setPWMpin(8);
pmc_enable_periph_clk(ID_PWM);

PWMC_DisableChannét{/VM, 0);
PWMC_DisableChannét(V M, 1);
PWMC_DisableChannéet(V M, 2);
PWMC_DisableChannét(VM, 3);
PWMC_DisableChannéet(V M, 4);
PWMC_DisableChannét{(VM, 5);

PWMC_ConfigureClocks(clkfreq, 0, VARIANT_MCK);
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PWMC_ConfigureSyncChannel P{VM, PWM_SCM_SYNCO
PWM_SCM_SYNC2 | PWM_SCM_SYNC3 | PWM_SCM_SYNC4 | PWBZM_SYNCS5,

PWM_SCM_UPDM_MODEL1, 0, 0);

/I Configuring channel 0
PWMC_ConfigureChannelExa{VM,0,

PWM_CMR_CPRE_CLKA,

PWM_CMR_CALG,
0,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod{\WM, 0, cprd);
PWMC_SetDutyCycléfWM, 0, m1);

/I Configuring channel 1
PWMC_ConfigureChannelExa{VM,1,

PWM_CMR_CPRE_CLKA,

PWM_CMR_CALG,

0,

PWM_CMR_CES,

PWM_CMR_DTE,

0,0);

PWMC_SetPeriod{\WM, 1, cprd);
PWMC_SetDutyCycléfWM, 1, m2);

/I Configuring channel 2
PWMC_ConfigureChannelExa{VM,2,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
0,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod{\WM, 2, cprd);
PWMC_SetDutyCycléfWM, 2, m3);

/I Configuring channel 3
PWMC_ConfigureChannelExa{VM, 3,
PWM_CMR_CPRE_CLKA,
PWMCMR_CALG,
0,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod{\WM, 3, cprd);
PWMC_SetDutyCycléfWM, 3, m4);

170

PWM_SCM_SYNC1



Appendix 6

/I Configuring channel 4
PWMC_ConfigureChannelExa{VM,4,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
0,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod{\WM, 4, cprd);
PWMC_SetDutyCycléfWM, 4, m5);

/I Configuring channel 5
PWMC_ConfigureChannelEX{\VM,5,

PWM_CMR_CPRE_CLKA,

PWM_CMR_CALG,

0,

PWM_CMR_CES,

PWM_CMR_DTE,

0,0);

PWMC_SetPeriod{\WM, 5, cprd);
PWMC_SetDutyCycléfWM, 5, m6);

PWMC_EnableChannét{VM, 0);
PWMC_EnableChannét{V\, 1);
PWMC_EnableChannét{V\, 2);
PWMC_EnableChannéliVM, 3);
PWMC_EnableChanné&t{\V\, 4);
PWMC_EnableChannét{\V\, 5);
NVIC_DisableIRQ(PWM_IRQn);
NVIC_ClearPendingIRQ(PWM_IRQn);
NVIC_SetPriority(PWM_IRQn, 0);
NVIC_EnablelRQ(PWM_IRQn);
PWMC_Enablel®®WM, 0, PWM_IER2_WRDY);

}
void loop() {
}

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkk *%
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Short code description:

The main parameters are initially defined at thegid@ng of the code. Two
parameterscarrierfreq and clkreq are used to define the proper carrier frequency
calculating the parametaprd. This presents the maximum of the microcontroller
clock which starts from zero and reaches this valllee centre-aligned carrier
frequency is set at 3kHz in this case. Since thaegethree H-bridges, six carriers are
provided with their modulating signatsl-m6 following the way explained in chapter
4.4,

In the next part of the code the functitmokuptabledefines six array$ookupl-
lookus which store the samples memorizing the modulatiiggpals. The sample
resolution of the modulating signals correspondghto number of samples over one
fundamental period with respect to the switchirggérency. This is provided with a
parameter namems.

Entering the loop withis steps and properly comparing the modulating sigwith
the carrier, the gate signals for all switches previded. Considering that all
modulating signals have a shift compared with thieer of the modulation index, some
limits in the code have to be put in order to digtiish the right position when one
modulation signal intersects the carrier. When itinedulating signal is out of the
carrier range, the output is set 0 or 1 dependinigsocurrent position. This is provided
using twoif conditions within every microcontroller channel.daneral, a comparison
between the carrier and one modulating signalsoige dusing the instruction PWM-
>PWM_CH_NUMK].PWM_CDTYUPD, where x presents the number of the
microcontroller channel.

It must be noted that for one H-bridge, the consigihal for one switch of the
inverter leg is given by the microcontroller white counterpart is created directly on
the PCB board using proper electronic components.

Another part of the code presents basic instrustifor setting all channels,
synchronizing them, defining all parameters of 8YéM channel and some additional
instructions that are required by the data sheetder to properly use all channels.
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