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Abstract

Abstract

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

In case of the staircase modulation technique, the voltage and current ripple
normalized means square (NMS) expressions are obtained in time domain considering
the fundamental period. Voltage and current total harmonic distortions (THDs) as a
function of the corresponding NMS values are defined as constrained optimization
ones. Optimizing the voltage and current THDs determines the voltage and current
optimal switching angles over the modulation index range. The current THD is
understood as voltage frequency weighted THD that assumes a pure inductive load, but
it is practically accurate for inductively dominant RL-loads. The same approach for
estimating the current quality is given for a grid-connected inverter.

In the case of the PWM technique, the voltage and current THDs are estimated
supposing that the ratio between switching and fundamental frequencies is (infinitely)
large (asymptotic assumption). The voltage and current ripple normalized mean square
(NMS) values are obtained in time domain by double integration of their normalized
squared ripples over the switching and fundamental periods. They present piecewise
continuously differentiable analytical solutions with only elementary functions and can
be understood as the time-domain equivalent of the frequency-domain double Fourier
transformation. The direct relation between the voltage and current NMS values and
their qualities is presented. Considering the same approach, the current THD
evaluation in case of a grid-connected system is presented.

Besides analytical developments, simulation and experimental verifications for
three-level (one H-bridge), five-level (two cascaded H-bridges) and seven-level (three
cascaded H-bridges) single-phase inverters are analysed, presented and compared in
details.
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My background

During my bachelor and master studies at the Department of Power Systems,
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Theoretical and Experimental Analysis of Output Power Quality in Single-phase Cascaded H-bridge Multilevel inverters




Preface — Motivation for research

Motivation for research

Nowadays, new and up-and-coming technologies exponentially bring new
requirements from many points of view. This trend specially affects the field of
electrical engineering and furthermore the field of power electronics in terms of
reliability, flexibility and general possibilities to meet all needs that are supposed to be
efficiently and unmistakably provided. Among a variety of specific subparts inside the
field of power electronics, the energy conversion plays a very important role. In order
to properly, efficiently and precisely convert one kind of electrical energy into another
one, specific power electronic topologies are used. What kind of topology should be
used mainly depends on an application which it is applied for. If the control of three-
phase ac motor is needed, a three-phase inverter, which converts dc voltage into the ac
one, can be used, or if there is a PV panel with its dc output voltage, then the single-
phase structure such as an H-bridge inverter can be considered.

Using power electronic configurations brings some significant cons which must be
considered as well. The common mismatch between desired and real waveforms,
usually voltages and currents, comes from the fact that the relevant parameters with
their defined waveforms are not as perfect as they are theoretically supposed to be.
This means that, regarding the standard electrical grid, voltages and currents should be
sinusoidal with as less as possible additional disturbances and distortions. In case of the
presence of some distortions, the connected power electronic configurations ‘‘dirties’’
the electrical grid increasing the total harmonic distortion (THD) and overall losses in
the grid and in the configuration itself. This phenomenon generally competes in power
quality. If we consider ac motors in terms of their proper supply and control,
distortions of voltages and currents increase losses inside them and additionally heat
them up. This is usually the case for every power conversion independently of the rated
power. All aforementioned facts require appropriate systems, able to provide output
power with low harmonic contents, keeping at the same time all characteristics, which
define the efficiency and reliability of them, at standard levels. Multilevel inverters
have taken increasing scientific attention in the last years due to their positive feedback
on those requirements.

This thesis deals with the analysis of single-phase multilevel inverters. Single-
phase multilevel inverters have many practical advantages which are used in many real
applications such as renewable energy sources (photovoltaic, wind, fuel cells), or
applications which the reactive power compensation is needed for. Their modularity
brings the possibility of increasing the number of the output voltage levels having
several isolated dc bus voltages. Having more output voltage levels means that the
voltage excursion in between those levels is smaller compared with an inverter with the
same maximum output voltage but less output voltage levels.

9
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As a result, this brings some main pros: the voltage THD, which refers to the
fundamental component of the voltage compared to the full voltage waveform, is
significantly reduced, power switches can be designed to withstand lover voltage
stresses, the total power of the system is increased and in some cases transformers and
synchronizing switching devices can be omitted. One drawback of this structure is that
the dc bus voltages must be completely isolated without sharing the common ground
connection. The output current is fully affected by the output voltage which means that
having smaller steps in between voltage levels causes smaller current switching
variations, so-called current ripples, and therefore reducing the total current harmonic
distortion.

In other words, analysing single-phase multilevel inverters in terms of power
quality presents an important challenge and issue due to many requirements given by
new technologies and developments. It also presents a basis for analysing three- and
more phase systems, since a single-phase inverter can be seen as one phase of a
multiphase structure.

10
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Research objectives

The main objective of this dissertation is the detailed theoretical analysis of the

power quality in single-phase multilevel inverters considering the whole harmonic

content,

and regarding different modulation techniques and different power

configurations. Apart from that, simulation and experimental verifications as a proof of

the analytical correctness, numerical effectiveness and practical applicability of the

proposed analysis represent the essential parts as well.

More precisely, the objectives are focused on the following:

1)

2)

3)

4)

5)

6)

Detailed analysis of single-phase multilevel H-bridge inverters in terms of
power configuration and different modulation techniques — staircase
modulation technique and pulse-width modulation (PWM) technique;

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

Analytical developments of output voltage and output current ripples based on
their normalized mean square values in case of the staircase modulation
technique. Definition of voltage and current optimal switching angles and their
direct correlation with voltage and current total harmonic distortions (THDs)
for an arbitrary inverter level count with the inductively dominant load.
Current quality in case of a grid-connected inverter;

Analytical developments of the output voltage and output current ripples based
on their normalized mean square values in case of the unipolar PWM technique
using the constant (dc) and sinusoidal (ac) modulating signals. Estimations of
the voltage and current total harmonic distortions (THDs) and their direct
correlation with corresponding NMS values in case of the sinusoidal
modulating signal, for a single-phase n-level inverter connected to the
inductively dominant load. Current quality in case of a grid-connected inverter;

Simulation analyses of different H-bridge configurations in terms of
modulation technique, number of cascaded H-bridges and kind of load;

Comprehensive analysis and comparison of all analytical, simulation and
experimental results for both modulation techniques.

11
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1 Introduction

1 Introduction

1.1 Multilevel inverters

Using renewable energy is increasing due to environmental difficulties with other
kinds of energy sources and especially due to the lack of fossil fuels. On the other
hand, the need for different kinds of energies is increasing rapidly as well as the
number of devices which efficiently need them. Considering this, the research society
pays high attention to multilevel inverters and their efficient usage. One multilevel
inverter usually presents a system consisting of power semi-conductors properly
connected in order to provide the specific required electrical and electromagnetic
characteristics. Due to aforementioned facts multilevel inverters are widely used for
medium/high voltage applications. They are capable of generating voltage and current
waveforms with improved quality, providing a nominal power increase and having a
modular structure, therefore they are applicable to many practical applications such as
transport (powering trains, ships, automobiles and other drives), energy conversion
(wind, solar), manufacturing and mining [1.1]-[1.3]. There are many different
topologies of multilevel inverters that can be used regarding what they are supposed to
meet and which application they should be used for. Amongst them the most popular
ones are diode-clamped (neutral-point clamped), capacitor-clamped (flying capacitor)
and cascaded ones with isolated input dc voltage sources [1.4]-[1.9].

In general, multilevel converters have some advantages compared to their
conventional counterparts. Some of them compete in generating output voltages with
very low distortion and decreasing dv/dt stress, thereby electromagnetic disturbances
are reduced. This is specially emphasised in case of pulse-width modulated multilevel
inverters. Input and output currents of this kind of inverter are with lower distortions as
well. Apart from this, multilevel inverters produce a smaller common-mode voltage
therefore the stress in motor bearings can be diminished and in some cases it can be
eliminated using some modulation strategies. They can operate at fundamental and
high switching frequency, taking into account that the higher switching frequency is,
the higher switching losses are and the lower the efficiency is. Nevertheless, multilevel
inverters have some disadvantages such as an increased number of power switching
components and an increased number of gate drive circuits. In this case the complexity
of the overall system is higher as well as the total cost of it [1.10].

Diode-clamped inverters consist of power switches and diodes properly connected
and supplied by dc voltage divided into smaller ones. In n-level diode-clamped
inverters a capacitor balance issue represents one of the most important requirements.

13
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The total dc-bus voltage is divided into smaller voltage levels using (n—1) capacitors
connected in series to generate stepped output waveforms [1.11]. In this case an
unequal voltage sharing among the clamping diodes can appear. This is specially
emphasized in high-voltage applications where an unequal voltage distribution in the
capacitors can damage diodes and power switches, and also generate output voltage
harmonics [1.7]. This phenomenon represents a main challenge which can be solved by
using an isolating transformer or introducing some additional circuits [1.12], but these
solutions increase the complexity of the system. One suggested solution was presented
in [1.13] where a space vector modulation (SVM), based voltage balancing strategy for
a new five-level multiple-pole multilevel diode-clamped inverter topology, is used to
eliminate the voltage drift phenomena. Diode-clamped inverters can be controlled by
using a space vector PWM modulation which can help balance dc bus voltages and
improve output voltage [1.14]. Another possible technique is a carrier-based PWM
technique. In case of three-phase system with a higher power, it is possible to inject a
common ninth harmonic zero-sequence voltage on each of the three-phase reference
voltages in a low-modulation-index region to mitigate magnetic-flux fluctuation on the
input side of the inverter and to make uniform power losses [1.15]. One advantage of
this kind of topology is sharing a common dc bus among all phases, which minimizes
the capacitance requirements of the converter. For this reason, a back-to-back topology
is not only possible but also practical for uses such as a high-voltage back-to-back
interconnection or an adjustable speed drive. Apart from this, the capacitors can be pre-
charged as a group and the efficiency is high for fundamental frequency switching.
Disadvantages compete in the fact that the real-power flow is difficult for a single
inverter because the intermediate dc levels will tend to overcharge or discharge without
precise monitoring and control. The number of clamping diodes required is
quadratically related to the number of levels, which can be cumbersome for units with
a high number of levels [1.10].

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

14
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By using a modified space-vector PWM techniques it is possible to provide a desired
current at the output current and keep the THD level at the low level under unbalanced
conditions [1.19]. Flying-capacitor-clamped five-level inverter was presented in [1.20]
with the switched-capacitor circuit with dc-dc boosting conversion ability being
controlled by the optimized carrier-based phase disposition pulse width modulation
method. In this case the number of switches and capacitors is decreased compared to
the conventional cascade multilevel inverter due to the special composite structure, the
voltage of dc-link capacitor can be self-balanced under the proposed control strategy
and the switching losses are reduced. An improvement in the output voltage quality
was presented in [1.21] using a hybrid multilevel inverter consisting of a three-phase
three-level diode-clamped inverter and H-bridge cells controlled by staircase and PWM
techniques together. Advantages of this kind of inverter are phase redundancies which
are available for balancing the voltage levels of the capacitors, controllable active and
reactive power flow and the large number of capacitors enables the inverter to work
during short duration outages and deep voltage sags. Disadvantages present the facts
that the control to track the voltage levels for all capacitors and pre-charging all of
them to the same voltage level is complicated, switching utilization and efficiency are
poor for real power transmissions and the large number of capacitors are both more
expensive and bulky than clamping diodes in multilevel diode clamped converters. In
this concern, packaging is also more difficult in inverters with a high number of levels
[1.10].

Cascaded H-bridge multilevel inverters are used in a relatively same way as the
previous two topologies. Each H-bridge cell of one cascaded multilevel inverter has its
own isolated dc bus voltage supply V. In this case it is able to provide three voltage
levels at the output (+Vg, 0, —Vq.), therefore N H-bridges provides n=2N+1 output
voltage levels. The number of output voltage levels is always odd due to the presence
of the zero level. Thanks to the modularity of this kind of inverter voltage stress on
power switches is decreased, the excursion between adjacent levels of the output
voltage is lower, the maximum output voltage is increased and therefore the power
quality is improved. Cascaded H-bridge inverters can operate as a standalone single-
phase system or as one phase of a multiphase system. For every number of phases
different load can be considered, while in case of grid-connected systems single and
three-phase inverters are used. An improved cascaded configuration with a maximum
of nine-level output voltage waveform with a reduced number of power components
was presented in [1.22]. This topology, controlled by PWM technique, was compared
with classical cascaded H-bridge inverters and some other multilevel topologies over a
wide modulation index range where the improvement of the output voltage quality was
shown.

15
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Another modified cascaded topology suitable for a grid-connected photovoltaic system
was presented in [1.23] together with experimental verifications, with a wide operation
range, low grid current total harmonic distortion and high efficiency. It operates in
inverter mode when the output voltage and power of the photovoltaic system are low,
and transforms into H-bridge mode when the same output voltage and power are high.
This possibility is provided using a bidirectional power switch.

A five-level staircase modulated single-phase inverter interfacing with photovoltaic
modules with five power switches and reduced total harmonic distortion and
electromagnetic interference was presented in [1.24]. A multitask asymmetrical
cascaded three-phase H-bridge multilevel inverter suitable for micro-grid systems
possibly supplying unbalanced and non-linear load is given in [1.25]. The main
advantage of this inverter was the possibility to produce a staircase output voltage
having unequal dc bus voltage such as a voltage coming from photovoltaic cells. A
flexible control strategy based on a frequency response for following the reference
commands was successfully demonstrated. Advantage of this topology is the fact that
the number of possible output voltage levels is more than double than the number of dc
isolated supplies while the series of H-bridges brings a high modular feature. On the
other side, separate dc sources are required for each H-bridge and it can limit its
applicability to products that already have multiple dc isolated sources readily
available [1.10].

16



1 Introduction

1.2 Outlines and original contribution of dissertation

This dissertation is divided into the following major chapters and the original
contribution is provided by chapters 2—4:

Chapter 2: A general overview of cascaded single- and three-phase multilevel H-
bridge inverters is given considering their use in real applications depending on the
purpose, rated power and working conditions. Circuit topologies for single-phase
cascaded H-bridge inverters are introduced presenting their basic characteristics such
as the number of output voltage levels. Experimental design and implementation of
three topologies consisting of one H-bridge, two and three cascaded H-bridges is
described in detail considering all parts of the complete experimental setup.

Chapter 3: The staircase modulation technique for controlling single-phase cascaded
multilevel inverters is given. Theoretical considerations and time-domain analytical
calculations of optimal output voltage and current total harmonic distortions based on
the normalized mean square (NMS) ripple values are presented. NMS values are
calculated using the optimal voltage and current switching angles (Matlab/fmincon
optimization function) for each modulation index m. An inductively dominant passive
Rl-load and a grid-connected system considering all switching harmonics are taken
into account, being supplied by an n-level single-phase inverter. Detailed comparison
between the simulation (Matlab/Simulink), analytical, and experimental results for the
voltage and current qualities are presented in case of passive RL-load. In case of grid
connection the current quality is considered comparing analytical and simulation
results. All comparisons show the correctness of the proposed method.

Chapter 4: The pulse-width modulation technique (PWM) for controlling single-phase
cascaded multilevel inverters is presented. Based on the normalized mean square ripple
values calculated in the time domain over the switching and fundamental periods and
following an assumption of using an inductively dominant load, closed-form piecewise
analytical solutions of output voltage and current total harmonic distortions of a single-
phase n-level inverter are presented considering all switching harmonics. The voltage
THD as a function of inverter level count n and modulation index m is derived as well
as the current THD including additionally the load parameters. Apart from the
inductively dominant passive RL-load, the current THD is evaluated in case of a grid-
connected system. A comparison between the simulation (Matlab/Simulink) and the
analytical results is presented in case of grid connection, and together with
experimental results in case of the passive RL-load, for three different configurations.
Simulation and experimental results show the correctness of the analytical
developments.
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2 Single-phase cascaded H-bridge multilevel inverters

2.1 Introduction

S ingle-phase and three-phase cascaded H-bridge multilevel inverters are extensively
used in many different applications due to their modular and power characteristics.
Single-phase cascaded inverters can be used for single-phase controlled rectifiers in
railway traction drive systems where with a proper control and calculations overall
performances can be improved including an enlarged operation range and a more
precise estimation of the instantaneous active and reactive power [2.1]. For grid-
connected applications a single-phase H-bridge voltage source is used where the
average current control technique brings the maximum power point tracking and a
possibility of having a low distortion and high power output current factor [2.2]. H-
bridge inverters are found in uninterruptible power supply (UPS) systems use as well.
They are used for critical loads in telecommunication, data storage and life support
systems. Using UPSs, it is important to follow the references and to have a good
immunity for load disturbances. In this case, optimal feedback controls, which have to
comply with IEC 62040-3 Standard, has been studied bringing new technical solutions
and improvements in order to always have an uninterruptable power flow [2.3].
For grid-connected and stand-alone transformerless photovoltaic systems, applying
different PWM techniques to cascaded multilevel inverters minimizes a problem of
having a PV array leakage current as well as common mode voltages [2.4]. Thanks to
the PWM technique, electromagnetic interferences requirements are satisfied as well.

Three-phase multilevel inverters, controlled by different PWM techniques where
its each phase consists of properly cascaded H-bridges or a similar configuration can
be used in electrical drives with a higher power [2.5], [2.6]. In case of renewable
energy sources, specifically for photovoltaic systems (PV) connected to the electrical
grid, three-phase cascaded multilevel inverters are used. Some modular hybrid
configurations with a staircase modulation technique can reduce the number of power
switches, total losses and switch voltage stress [2.7]. Connecting one PV system as a
three-phase one to the electrical grid brings a possible leakage current between three
phases, which can be reduced properly handling the common mode voltage with a
relation to the leakage current using the PWM technique. This presents an important
issue [2.8].

In the next section a circuit topology of a single-phase cascaded H-bridge inverter
will be presented since it is the main configuration considered in this thesis.

21



Theoretical and Experimental Analysis of Output Power Quality in Single-phase Cascaded H-bridge Multilevel inverters

2.2 Circuit topology of a single-phase cascaded H-bridge inverter

The basic well-known topology of a single-phase dc/ac converter, consisting of one
H-bridge with four power transistors (switches) and dc voltage supply V., with a
passive RL-load and a possible connection to the electrical grid is presented in Figure
2.1. Parameters R and L present the load resistive and reactive parts and v, presents the
sinusoidal grid voltage. In case of the grid connection R and L would present a liking
inductance with its inner resistance. Note that this structure is supposed to be used in
relatively high-voltage and low-current applications, at switching frequencies no higher
than 20 kHz, therefore insulated-gate bipolar transistors (IGBTs) are depicted.

Using this configuration and applying the proper gate signals to the power
transistors, a desired three-level output voltage Vap (voltage levels: +Vy., 0 and —V.)
can be obtained and applied across the load. The simplest way to control one H-bridge
is to provide to its power switches square control signals with a proper duration.
Switches which belong to one leg work alternately with one control signal and its
opposite counterpart, while another leg has the same control behaviour just the signal is
delayed by the time which corresponds to the half of the selected fundamental period.
The duration of one pulse is defined by the parameter so-called duty-cycle & which
represents the switch on-time in per unit. It can be transformed into an angle scale, so
one pulse is defined by the switching angle o when it changes its state from O to 1. In
case of 0=0, the output voltage has only two voltage levels V4. while in all other
cases when 00 there are three output voltage levels. Output voltages of one H-bridge
for two different cases =0 and o=n/4 over three fundamental periods (3T=60ms) are
presented in Figure 2.2.(a) and (b) respectively. According to those two waveforms, the
limit of switching angle a is evidently /2. It must be noted that Vg4 voltage is set to
200V and the fundamental frequency is 50Hz therefore a switching angle o=mn/4
corresponds to the time /=2.5ms.

Figure 2.1. Single-phase three-level H-bridge dc/ac inverter with a passive RL-load and a
possible load voltage v, (grid connection).
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Figure 2.2. Output voltage of a single-phase inverter in case of switching angles
(a) a=0 (n=2) and (b) a=n/4 (n=3), for V4=200V and f=50Hz.

Note that in this chapter the configuration of the single-phase cascaded H-bridge
multilevel inverter is presented with its basic output characteristics considering the
basic control technique. Detailed control techniques, including the well-known pulse-
width modulation (PWM) technique, will be presented in other chapters.

Apart from a single-phase three-level H-bridge which provides the output voltage
that has by default three different levels +V,., 0 and —Vy, it is possible to use this
configuration as a basic building block in order to realise an n-level cascaded single-
phase inverter. This configuration is shown in Figure 2.3.(a). It consists of N H-bridges
connected in a way that every middle point of the first (second) leg of one H-bridge is
connected to the middle point of the second (first) leg of another H-bridge and at the
end two terminals of the whole cascaded configuration remain and are used for the load
or grid connection. An important ability of this kind of configuration is its modularity
which provides a possibility of increasing the total output voltage having more
properly insulated dc bus voltages. In this case, the maximum number of output
voltage levels equals n=2N+1 (N positive and N negative voltage levels, and one zero
level), where N presents the number of cascaded H-bridges, as well as the number of
needed isolated dc bus supplies. In case of one H-bridge N equals 1.
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Using the advantage of the modularity, lower excursions of the output voltage in
between all voltage levels is provided, as well as an improvement of the output voltage
and current qualities. In Figure 2.3.(b) and (c) output voltages in case of two (n=5) and
three (n=7) cascaded H-bridges are presented over three fundamental periods
(3T=60ms) where each dc bus voltage is V4=200V. Fundamental frequency is set to
50 Hz and switching angles are o= /6 (1;=1.67ms) and 0,= T/4 (,=2.5ms) in the first
case and in the second case an additional switching angle o;;=m/3 (#;=3.33ms) is added.
As it can be noticed that, in case of n=5, the maximum output voltage V., is 400V
which is two times the dc bus voltage and in case of n=3 V,,,, is 600V i.e. three times
the dc bus voltage. This shows the important modular characteristic of this inverter
where the output voltage increases proportionally with number of H-bridges N.
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Figure 2.3. (a) Smgle—phase n-level inverter with a passive RL-load and a possible load voltage
v, (grid connection), and the output voltage in case of (V4.=200V, f=50Hz):
(b) n=5 and switching angles o,;,= 7/6 and o,= /4 and,
(¢) n=7 and switching angles o= T/6, o,,= T/4, and o;;= /3.
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2.3 Experimental implementation of a single-phase cascaded H-bridge
inverter

In this chapter the experimental implementation of the previously explained n-level
single-phase cascaded H-bridge inverter will be described in detail for the
configuration up to three cascaded H-bridges. All experimental activities related to the
design and practical realization of the mentioned configurations were carried out in the
laboratory ‘‘SUN-Lab’’ at the department of Electrical, Electronic and Information
Engineering ‘‘Guglielmo Marconi’’, University of Bologna and headed by Professor
Gabriele Grandi. Experiments are an essentially important part of every research since
each analytical and simulation solution has to be transferred from ‘the paper’ to ‘the
real world’ by doing experiments and showing the proper results.

As a first step of the experimental implementation it is important to select a proper
power module, suitable for the proposed configuration, considering its characteristics
such as a power range, rated voltage and current, number of power switches, maximum
switching frequency, control signal voltage level and etc. The selected power module is
a three-phase Mitsubishi PS22A76 intelligent power IGBT dc/ac inverter. Its basic
characteristics are: power range application 0.2-3.7kW, rated voltage and current
1200V and 25A, maximum switching frequency 20kHz and control signal voltage level
up to 20.5V. The top and bottom sides of the selected inverter are presented in Figure
2.4. The power side has seven pins of which one pin is reserved for the dc bus voltage,
three pins are used as the middle point connections of three inverter legs and the next
three pins as their ground connections. The control side has much more pins for
supplying the control part of each leg, for driving all six switches and for the fault
state.

(b)
Figure 2.4. Mitsubishi PS22A76 intelligent power IGBT three-phase inverter (1200V, 25A)
(a) top side and (b) bottom side.

The custom-made PCB board with the IGBT power module and its control and
power parts is presented in Figure 2.5.(a) and (b) - top and bottom sides. On the top
side the dc bus voltage connection is marked together with a load connection, dead-
times circuits, fault signal, control signal connections, auxiliary control supply for the
control part and two dc/dc converters. On the bottom side the inverter is displayed.
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It is important to note that since the H-bridge structure is needed and the power module
is the three-phase one, the third inverter leg is not connected to the main circuit and is
properly grounded in order to avoid some circulating or leakage currents. Detailed
scheme of the PCB board connections together with all components is given in
Appendix 1.
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(b)
Figure 2.5. Custom-made PCB board with a three-phase Mitsubishi PS22A76 intelligent
power IGBT dc/ac inverter-power and control parts: (a) top side and (b) bottom side.
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2.3.1 Control side implementation

In order to have the control of the inverter properly working, it has to be supplied
by the 15V dc voltage as recommended by the manufacturer. In order to keep this
voltage perfectly constant a dc/dc converter is used (marked as +15V in Figure 2.5.(a))
and supplied by the dc auxiliary supply Tenma 728345A (36V, 3A). The input voltage
of this dc/dc converter is set to 17.23V, thereby it gives the required stable 15V dc at
its output. In case of having a cascaded configuration consisting of more H-bridges,
each one must have an own auxiliary dc supply, electrically and mutually isolated in
order to avoid a common circulating current between the control parts. This
requirement is provided by using small isolating single-phase transformers (230V-24V,
4.6A, 200VA). Each auxiliary supply is preceded by two isolating transformers
providing the total voltage ratio (230V-24V-230V). In this case every possible
common connection is avoided. Connecting all dc supplies directly to the electrical
grid would mean that they share the same ground connection and the isolating feature
is lost. The simple scheme presenting the auxiliary control dc supplies for three
cascaded H-bridges is depicted in Figure 2.6.

ISOLATING DC

TRASFORMERS H-BRIDGE
PPLIE
230V/24V/230V .§[—J ————— S - CELLS

Figure 2.6. Experimental setup for providing three mutually isolated dc auxiliary supplies for
the control side of a single-phase seven-level inverter (n=7) with three cascaded H-bridges.

Apart from the auxiliary supplies, the control gate signals have to be provided to
properly control a single-phase multilevel inverter.
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For this propose the Arduino DUE microcontroller board based on 84-MHz Atmel
SAM3X83 ARM Cortex-M3 CPU is selected as a microcontroller which is powerful
enough to generate control signals with desired waveforms and frequencies working in
open loop. Using the Arduino platform, a C++ program code should be written and
uploaded into the processor which generates all programmed control signals. The
Arudino DUE platform is capable of generating eight (PWM) control signals at its
output controlled independently. Basic characteristics of the microcontroller, together
with some schemes are described in Appendix 1.

All control signals have to be sent to an interface board before transferring them to
the inverter control pins. Two interface control boards were designed in the exactly
same way (same components and same working principles) to decrease every possible
noise and disturbance as much as possible and to adjust the voltage level of the control
signals to be suitable for the power module. Note that only one interface board is
enough (details given in Appendix 1), but there are two as a backup in case of some
faults or a need of having more control signals generated by another microcontroller.
The path of the control signals from the C++ program code to the inverter with three
cascaded H-bridges is presented in Figure 2.7.

H-BRIDGE
ARDUINO RECEIVERS CELLS
PROGRAMMING ! Iy
PLATFORM

CONTROL
INTERFACE EMITTERS
BOARD

Figure 2.7. Scheme for providing control signals to a single-phase seven-level inverter (n=7)
with three cascaded H-bridges.

As mentioned before, all control signals have to be programmed using the Arduino
programming platform. The program code is sent to the microcontroller, via standard
USB connector, which takes all commands and generates the signals which go to the
control interface board through simple thin wire connections. After that the signals are

transferred to the optical emitters.
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The optical emitters are connected with the optical receivers, located on the PCB
board, using the optical fibers. The receivers forward the control signals to small
electronic circuits which lead directly to the control pins of the inverter. For each H-
bridge there are supposed to be two control signals which correspond to the upper
switches of two legs. Two other control signals for two lower inverter switches are
generated directly on the board using proper electronic components. It should be noted
that the supply for the Arduino DUE microcontroller evaluation board comes from the
USB connector which is used for data transferring as well, therefore an additional
supply is not needed. On the other hand, it can be supplied externally with the
recommended voltage range 7-12V by plugging a 2.1mm center-positive plug into the
power jack located near the USB connection on the board, in case that it is a more
flexible solution.

An important parameter for all control signals and for the inverter itself is the dead
time which provides safe operating conditions. It is simply possible to implement the
dead time in the program code of the microcontroller, while generating two signals for
one leg. In case of the presented H-bridges the dead time is implemented directly on
the board using a simple electronic circuit for delaying signals as it is marked in Figure
2.5.(a). The suggested dead time for the PS22A76 IGBT inverter is 3us therefore the
adjusted dead time is 3.5us to ensure safety. Taking into account that switching
frequencies experimentally used for driving the inverter should not be higher than 20
kHz, the effect of the dead time is supposed to have a negligible effect on the output
voltage and current.

2.3.2 Power circuit implementation

The power side of the experimental implementation mainly assumes properly and
safely providing a dc voltage at the inverter input terminals. Maximum dc bus voltage
of the power module is 1200V, but considering the voltage limit of other components
of the experimental setup, it is supposed to be limited at 600V to ensure safety. In order
to have a possibility to manually and continuously regulate the dc bus voltage within
the proposed voltage limits a three-phase autotransformer (0-380V, 15A, 9900VA) is
connected to the electrical grid. The autotransformer supplies three three-phase
isolating transformers with the voltage ratio 400T/420A, rated current 1.44A and rated
power 1000VA. They are used for the same reason as it was for the control side, to
avoid common ground connection between all dc bus voltages. The three-phase outputs
of the isolating transformers are connected to the three diode rectifiers (800V, 25A)
which give three rectified voltages at their outputs with a frequency 300Hz that is six
times the grid frequency SOHz.
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Each of these three voltages is supposed to be connected to the dc bus of one H-bridge
and additionally rectified using dc bus capacitors. It should be noted that all three dc
bus voltages have the same value and using the proposed autotransformer they cannot
be regulated independently. The setup for providing three continuously controllable
mutually isolated dc bus voltages is presented in Figure 2.8.

ISOLATING H-BRIDGE
TRANSFORMERS CELLS

1

! 3X THREE-PHASE
! RECTIFIERS
1

AUTO -
TRANSFORMER

[p—

Figure 2.8. Experimental setup for providing three mutually isolated dc supplies for the power
side of a single-phase seven-level (n=7) inverter with three cascaded H-bridges.

2.3.3 Measuring equipment

In order to measure all required parameters such as a voltage and current, different
probes are used. Considering the characteristics of the implemented single-phase
inverter, for voltage measuring a suitable voltage probe is a PICO TAO057 differential
probe (25MHz, 1400V, £2%) used with its two different possible attenuation ratios
1/20 and 1/200. For current measuring a LEM PR30 current probe (dc to 20kHz, £20A,
+1%) is used. The current probe resolution is enough for current values that are
supposed to be measured. To display everything what is measured and to do all
necessary calculations in real time a Yokogawa DLM 2024 oscilloscope with its built-
in advanced mathematical functions is considered. The voltage and current probes and
the oscilloscope are presented in Figure 2.9.(a), (b) and (c), respectively.

It is important to note that regarding the fact that this thesis is mainly based on the
output power quality, therefore calculating voltage and current THDs in real time using
the proposed oscilloscope and its advanced functions bring a better and more precise
verification of all analytical calculations and simulation results.
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Due to oscilloscope’s ability many different parameters, can be measured and
evaluated while having the single-phase configuration working. Also, downloading all
waveforms in a time-sample form with a high resolution take more time and increases
the possibility of introducing unnecessarily additional errors.

{9 |

Bowor i o:

(b) ©)
Figure 2.9. Measuring equipment: (a) 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-phase seven-level inverter with three
cascaded H-bridges together with dc bus supplies, auxiliary supplies and control
signals is presented in Figure 2.10.(a) and (b).

Py

(b)
Figure 2.10. Three cascaded H-bridges properly connected: (a) control side and (b) power side
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This setup can be used as only one H-bridge or two cascaded H-bridges simply
avoiding sending control gate signals to the H-bridge that is not needed. In both cases,
although two H-bridges or one H-bridge do not commutate, they produce voltage drops
on their switches because the current circulates. The order of the current amplitude is
supposed to be no higher than 5A-6A, therefore the voltage drops can be neglected.
Considering this it can be said that, for example, the configuration of three cascaded H-
bridges when one H-bridge does not commutate has the same behaviour as the
configuration with only two cascaded H-bridges.

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

auxiliary dc supplies I

—

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

3.1 Introduction

In last decades, multilevel inverters have been widely used for medium- and high-
voltage/power applications, such as different industrial and grid connected systems
[3.1]-[3.4]. There are many papers on this subject dealing with the evaluation of either
voltage or current total harmonic distortion (THD), typically based on voltage/current
frequency spectra calculations or measurements (FFT).

In particular, the power electronics research community has recently increased its
interest in voltage and current THD analysis for the staircase modulation technique.
The analytical calculations for voltage THD of multilevel PWM single- and three-
phase inverters have been obtained in [3.5] in case of a high ratio between switching
and fundamental frequencies (i.e. so-called asymptotic approximation). Considering a
pure inductive load, the current THD actually becomes voltage frequency weighted
THD (WTHD). This approximation is practically very accurate for inductively
dominant RL-loads, meaning that the load time constant (L/R) is much larger than
switching interval durations (in the order of half fundamental period divided by the
number of levels) [3.6]. The same approach can be applied in case of the staircase
modulation and multilevel inverters.

Much work has been done on selective harmonics elimination (SHE) techniques,
described in [3.7]-[3.10]. However, although SHE techniques can totally eliminate
certain low-order harmonics, they do not have a minimization impact on either voltage
or current THD, taking into account the whole harmonic content. To evaluate and
optimize multilevel power quality, the research community typically uses a limited
harmonics count (51, as recommended by Institute of Electrical and Electronics
Engineers (IEEE) Standard 519 [3.11] or others, like 101) that can result in
underestimating it [3.12], [3.13].

Recently, there have not been so many developments where the infinite harmonic
content is taken into account for the power estimation in multilevel inverters. One
reason may be a generally high complexity of a possible mathematical approach or the
fact that sometimes there is no practical need to consider infinitely many harmonics.
Recent publications have shown that it is quite feasible to consider an infinite harmonic
content for the voltage THD when making multilevel voltage waveform analysis in the
time domain [3.14]-[3.16].
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Optimal switching angles that minimize multilevel inverter voltage THD for a given
level count are presented in [3.15] for the single-phase configuration that the new
manner of using Matlab to determine optimal switching angles was introduced for. In
[3.16], the method of using asymmetrical dc bus voltages in order to achieve the
minimum voltage THD was proposed, with a difficulty of the experimental
implementation. In both cases, the corresponding modulation index was not explicitly
indicated. A parallel implementation of the genetic algorithm on graphical processing
unit was proposed in [3.17] in order to accelerate the computation of the optimal
switching angles, which is usually a computationally demanding method and cannot be
used easily for real-time control in case of multilevel inverters with varying dc sources.

In this thesis the theoretical analysis, simulation and experimental verifications of
voltage and current THD minimization problems for a single-phase multilevel inverter
are presented considering the whole modulation index range and using the time-
domain problem formulations. The breakthrough of the proposed method is a power
quality optimization and minimization for multilevel single-phase inverters using the
time-domain (W)THD taking into consideration all possible switching harmonics
[3.18].

Comparing the proposed time-domain (W)THD method with the standard
frequency-domain THD minimization for voltage and current brings some advantages,
such as results equivalent to unlimited harmonics content, avoiding Fourier
trigonometric calculation of large number of harmonic magnitudes, reduced processor
time, and reduced accumulated numerical errors. In this case, the only calculation
based on the frequency domain is the Fourier calculation applied to determine the
amplitude of the fundamental component (i.e. so-called the modulation index m),
which is unavoidable.

Following the proposed method of minimizing the voltage and current THDs,
general expressions for fundamental voltage and current mean square approximation
errors and THDs are derived. Voltage and current THD minimization problems are
formulated as time-domain constrained optimization ones and their solutions are
obtained numerically. Inductively dominant RL-load is considered while in case of the
current THD the grid connection is analysed as well. The verification of the theoretical
developments is carried out by Matlab/Simulink simulations and detailed laboratory
experiments.
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3.2 Staircase modulation technique

The staircase modulation technique is a basic kind of modulation technique used for
providing all gate signals for power switches. It is usually represented by different
switching angles which define the output voltage and therefore the output current as
well. For the single-phase H-bridge inverter presented in Figure 3.1.(a), which consists
of four power switches, two different control signals must be provided in order to
properly control two inverter legs. In Figure 3.1.(b) two control signals for two upper
switches of the mentioned three-level single-phase inverter are presented over three
fundamental periods (3T=60ms) considering the same switching angles o=m/4
(=2.5ms). In general, switching angles present delays of control signals compared with
the full pulse. Note that the control signals for lower switches are the same just
inverted, therefore they are not presented here.

ﬂ@ﬂ ﬂ 1

1 F
0
0.02 . . 0. 05
@) Time [s]
(b)

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

The three-level output voltage Vg of one H-bridge inverter is presented in Figure
3.2. over three fundamental periods (3T=60ms), with the dc bus voltage V=200V and
fundamental frequency 50Hz. The general harmonic content given by the proposed
modulation technique is relatively high. In order to improve it some optimal switching
angles can be selected. In this case, the switching angle a=m/4 is arbitrarily selected for
the sake of explaining the modulation technique without any optimization impact on
voltage or current quality. Selecting switching angles has a higher impact when there
are more cascaded H-bridges. In this case a possibility of selecting optimized switching
angles to obtain an improved power quality brings a higher contribution.
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Figure 3.2. Output voltage of a single-phase three-level inverter (one H-bridge) with
V4=200V, f=50Hz and switching angle a=m/4.

In Figure 3.3. a single-phase seven-level inverter with three cascaded H-bridges (a) and
switching-angle dependent control signals (b) are presented. The values of the angles
are: o=m/6 (t,=1.67ms), 0,=m/4 (1,=2.5ms) and 03=m/3 (13=3.33ms). As mentioned
previously, the selection of the switching angles is arbitrary at this step, as it would be
the case for an n-level single-phase inverter where (n—1)/2 switching angles were

selected.
Il T Iy« L
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Figure 3.3. (a) Single-phase cascaded seven-level inverter (three H-bridges) and (b) control
signals for six upper switches with switching angles o,=m/6, 0,=m/4 and 0;=m/3.
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The output voltage over three fundamental periods (3T=60ms) is presented in
Figure 3.4. with the dc bus voltage 200V of each H-bridge. It must be noted that the
output current is not presented here because it strictly depends on the load which is not
specifically described here. It will be done later on.

According to Figure 3.4., it can be noticed that with increasing the number of
cascaded H-bridges, the voltage waveform becomes more similar to the sinusoidal
waveform, but still yields a relatively high value of the total harmonic distortion. Also,
three dc bus voltages are summed and the maximum output voltage reaches the value
of 600V which corresponds to the modular characteristic of cascaded inverters.

600

n=7
400
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0

=200

Qutput voltage [V]

-400
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0.02 0.03 0.04 0.05 0.06 0.07 0.08
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Figure 3.4. Output voltage of a single-phase seven-level inverter (three cascaded H-bridges)
with V4.=200V, f=50Hz and switching angles o,;=1/6, 0,,=1t/4 and o;;=7/3.

An important parameter related to the proposed modulation techniques that directly
affects the output voltage is the so-called modulation index m. It presents the ratio
between the amplitude of the fundamental output voltage component (S0Hz) V| ..« and
the dc bus voltage V. of one H-bridge:

_Vl,max
m= v, 3.1

In order to calculate the value of m for the first harmonic knowing all switching
angles for one cascaded configuration, it is enough to use the Fourier series:

2k 2 X
m= —jvsin(znﬁk)dt = —jvsin(mt)dt , (3.2)
T 0 r 0

where T presents the fundamental period, f is the fundamental frequency and ® its
angular frequency being k=1 for the first harmonic.
In order to present (3.2) in the angle domain, a simple equality can be introduced:

dazd((ot):mdtzz—ndt—>dt=docl. (3.3)
T 21
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Following (3.3), the expression for calculating the modulation index m for the first
harmonic becomes:
1 27
m:Z—Ivsin(a)da- (3.4)

2750

Considering that the quarter-wave symmetry can be easily noticed in Figures 3.2. and
3.4., (3.4) can be written as:

/2 47t/2
m=2— jvsin(oc)docz— jvsin(oc)doc. (3.5)
/2 0 Ty

In case of having a single-phase n-level cascaded inverter with the switching angles
0l1,0l,. . .,0lp 1y2 , the formula for calculating the modulation index m becomes:

4 o, o3 TC/2 1
m=— [ 1-sin(a)da+ [ 2-sin(a)da+-+ | ”2 -sin(o) do | . (3.6)

o, o, o

n—1
2

Solving all integrals in (3.6) and summing them, the final expression for the
modulation index m as a function of the inverter voltage level n is:

4 4 & n—1
m=— cos((xl)+c0s((x2)+mc0s o,y =—Zc0s(0ci),k=—. (3.7
T 5 o 2

It must be noted that all equations are expressed as a function of different switching
angles and the inverter voltage level n for the sake of easier following and calculating

all relevant parameters.

3.3 Voltage and current quality time-domain problem formulation

In order to obtain minimal output voltage and output current THDs (hereinafter
voltage and current), it is necessary to find optimal switching angles for a given
modulation index m. The problem formulation in the frequency domain, as a general
optimization that considers a limited harmonic count, is a possible source of inaccuracy
[3.12], [3.13], [3.17]. In order to find an optimal solution that considers all harmonics,
the optimization problem must be formulated in the time domain and as a constrained
optimization one.

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

3.3.1 Voltage ripple NMS and total harmonic distortion

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

In Figure 3.5. one cascaded configuration is presented as well as three normalized
voltage half-waveforms in case of n=3, 5, and 7. All voltages are normalized by the dc
bus voltage V4. of one H-bridge.
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Figure 3.5. (a) Cascaded H-bridge inverter (n=3, 5, 7): voltage half-waves (p.u.) for the
staircase modulation in case of (b) three, (c) five and (d) seven output voltage levels.

Switching angles for each configuration are properly depicted. Regarding the
maximum number of switching angles and a level count of the given configuration,

there are switching angles from o, to o3, correspondingly.
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Before evaluating the voltage ripple NMS, it is important to define the switching
angle limits for the general case as a function of n. In order to do it, a fundamental
component of a seven-level inverter normalized by V. is presented in Figure 3.6. over
the half fundamental period 10ms which corresponds to 7 rad in the angle domain. The
selected switching angles are o, =m/6, 0,,=7t/4 and o;;=7/3. Following equation (3.7), the
maximum normalized value of the fundamental component, i.e. the modulation m, is
2.64. Limits of two switching angles are labelled as O, and Opma.x, While the

maximum of the third switching angle o; approaches the angle /2.

Modulation index m

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

Figure 3.6. Normalized fundamental component of a single-phase seven-level inverter over the
half fundamental period with the switching angles o,;=m/6, a,,=nt/4 and o,;=7/3.

According to Figure 3.6. two simple identities can be written:

msin(oc]maX )=1— Oy max = arcsin(lj , (3.8)
m
. (2
msin (Otzmax )=2— 0 max = arcsm(—j . (3.9)
m

Following this, the limits for all three switching angles o, 0, and o are:

0<oy < arcsin(L) , (3.10)
m
(1 (2
arcsm(—} <a, <arcsin (—J , (3.11)
m m
(2 yis
arcsm[—j <a; <—. (3.12)
m 2

It is possible to write a general form for the limits of one switching angle when the
modulation index m is between two adjacent levels. This directly depends on the
inverter voltage level n.
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In this way the last defined switching angle is excluded. This exclusion completely
considers the case for n=3 since the angle range is between 0 and /2. Accordingly, the
limits when m is between two adjacent levels are:

(i (i1 n
arcsin| — [<al;,q <arcsin| — |,i=0,1..,,
m m

The limits of the last switching angle, including the case for n=3 are:

-5

Jn#3. (3.13)

k T n-3
arcsin| — | <O <—,k=
(m} k+1 B )

(3.14)

Note that for n=3, the equation (3.14) presents the full angle range between 0 and /2.

Voltage ripple NMS can be obtained as a difference between the NMS values of the
instantaneous voltage and its average (fundamental) component. Considering this, a
simple relation related to normalized mean square values of the instantaneous voltage,
its fundamental component and its ripple as a general function of a switching angle o
can be written symbolically as:

NMS (o) = NMSy, (o) + NMS, (ot) (3.15)
being NMS, (o) as the normalized mean square value of the instantaneous voltage,

NMSy, (o) as the normalized mean square of the voltage fundamental component and

NMS, (o) as the normalized mean square of the voltage ripple.

Writing the integral forms of the members in (3.15) by using the definition of
normalized mean square function and taking into account the square-wave symmetry

lead to:
n/2 5 /2 > /2
< jvzdoc_— jvl dovt = jAv do. (3.16)

Considering (3.16), the voltage ripple NMS can be written as:
n/2 TC/2 TC/ 2
NMS, (o =—jAv do == jv do—= jvfda. (3.17)
0
For calculating the NMS value of the voltage fundamental component, the last integral
form in (3.17) can be expressed as a function of the modulation index m:
n/ 2 /2
NMSVI( =—Jv1 doc——Jm sin (Oc)dOL:%mz. (3.18)

Thus, the voltage ripple NMS for a single-phase n-level H-bridge inverter is:
/2
NMSV(OLm =—J.v2dot—%m2 (3.19)
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Before delivering a general expression for the voltage ripple NMS calculation, its
values for three-, five- and seven-level inverters can be written simply analytically,
therefore the general dependence NMS (o, m) can be obtained.

Considering the aforementioned, the voltage NMS analytical forms for three different
cases n=3, 5, 7 are:

/2

2 1 2 2 1 5 L
NMS?3 (o m)=— |do——m”"=1—-—0o; ——m~,0<0; <—. .
P (o )RJ : oy - 1< (3.20)
1
o /2
27 2 1 2 1
NMS ) (o, 00y,m)== I do+= jzz cdov——m? =4—=(o, +30,)——m?,
L T 2 L 2
% &2 (3.21)
0 <o <arcsin (ij , arcsin (i) <o, <I
m m 2
2% 2% 2™ 1
NMS | (0,005, 003,m) == I do+ = IZZ cdo+ = J32 do——m? =
T T T 2
o oy O3
=9 - Z(ay + 30, +5053)— ~m?, (3.22)
L 2
0<a; < arcsin(ij , arcsin(lj <o, < arcsin (lj , arcsin (ij <o <
m m m m 2

Noticing a common rule of each of the previous expressions, the general form for the
voltage ripple NMS for a single-phase n-level inverter controlled by the staircase
modulation can be described as:

n 2 2 k . 1 2 n—1
NMS 3| 0,0y O,y m | =k ——Z(Zz—l)ai—gm k==
2 ' (3.23)

|

(1 (1 (2 . (n—=3
0<o; <arcsin| — |, arcsin| — | < O, < arcsin| — |,..., arcsin <0, <
m m m 2m —

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

x(t)=x,(6)+ D x, (o). (3.24)

44



3 Power quality evaluation of a single-phase cascaded multilevel inverter with staircase modulation technique

Taking into account the Parseval’s theorem (Rayleigh energy theorem), which says that
the sum (or integral) of the square of a function is equal to the sum (or integral) of the
square of its transform, the square of the total rms of one signal x(#) can be presented
as:

2
1 T
szsm = Fj(xl(t)+ Zxk(t)J = Xlz,rsm + szms,dist . (325)
0 k

Considering (3.25), the formula for the total harmonic distortion of the signal x(¢)
becomes:

X o
THD, = ;Ld”’ (3.26)

1,rsm

In case of the voltage ripple NMS of a single-phase n-level inverter, its normalized rms
value is:

Vs (m) = NMS(/{OH’%’---, Oy m] . (3.27)
2
Taking into account (3.26) and (3.27), the voltage THD formula can be written as the
square root of the normalized mean square voltage ripple divided by the normalized

fundamental component of the voltage:

NMSy [ocl, Oy sy Oy 5 m]

5 (3.28)
THD{} (%)= -100.
Vl,rms,norm
Defining the normalized fundamental component of the voltage as:
mV,. 1 m
vV, =—de __ -
1,rms ,norm \/5 Va’c \/5 (329)
the equation (3.28) becomes:
2NMS | 0,0y ,ey O,y
V( B m} (3.30)

THD{} (%)= -100 .

m

For a given modulation index m, the voltage THD optimization problem is formulated
as a constrained optimization one with THD in equation (3.30) (NMS in equation
(3.23)) as a target function to be minimized. This includes the modulation index m in
equation (3.7) as an equality constraint and staircase modulation-imposed limitations
on switching angles similar to equations (3.13) and (3.14) 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 is important to define the current
waveform for a single-phase n-level inverter according to the corresponding voltage.
Assuming the configuration described in the previous chapter with one H-bridge, and
two and three-cascaded H-bridges, in Figure 3.7.(a), (b) and (c) three current half-
waves with the corresponding voltages are depicted.
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Figure 3.7. Voltage and current half-waves (p.u.) for staircase modulation in case of a
(a) three-level, (b) five-level and (c) seven-level single-phase inverter.

Current waveforms are obtained by the time integration of the voltage that assumes
pure inductive (or inductively dominant) load. For each inverter level count, the
normalized current within different angle regions can be written as an integral form
depending on the position of the current switching angle 3. It must be noted that every
current switching angle Pis directly connected to a voltage switching angle
o considering the shift /2. Near each of the above waveforms the relations between
voltage and current switching angles are written. According to this, in case of a three-
level inverter the normalized current is given by (3.31).
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B
i"2(0<p<p)=[uB)ap=[1-ap=p. (3-31)
0

The same calculation for a single-phase five-level inverter with two possible switching
angles is:

.n=5

B
M(B)dﬁzjzdﬁzzﬁ. (3.32)

~
~—
Il

O —y T

PO0<p<p,)=[ulp)dp= jz dB+[1 B =B, +B. (3.33)
B

After this calculation the limits of the current switching angles must be defined, since

O t—_

in case of a three-level inverter there is only one angle which follows the whole
quarter-wave symmetry range. According to Figure 3.7.(b), and taking into account the
pure inductive load and the relation between voltage and current angles for a five-level
inverter, the current switching angle limits can be written as:

T . (1 e (1 b
0<B, <E—arcsm(;) ,E—arcsm(—)s By SE. (3.34)

m

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

B B
T0<p<p)=[uB)dp=[3-ap=3p. (3.35)
0 0
B
i"7(0<p<P,)=[ulp)dp= jz dB+jz dp=P;+2B. (3.36)
0 B,
B
i"= = [u(B)ap = j3 dB+j2 ds+j1 dp=P, +B,+B. (3.37)
0 B B,

Following the previous explanation, the current angle limits in case of n=7 are:

()S|31<£—arcsin 2 ,E—arcsin 2 <B, <X _ arcsin 1 ,
2 m) 2 m 2 m

T (2 T
— —arcsin| — | < <—.
2 (m) Ps =5

(3.38)

For Figure 3.7., the normalized current analysis for the pure inductive load, which
assumes both the normalized fundamental angular frequency and the load inductance
equal unity, the fundamental current harmonic magnitude equals voltage modulation
index m.
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Taking this into account, the current ripple NMS may be calculated, similarly to (3.19),
by averaging the (normalized) squared current waveform on a quarter-wave interval.
Considering the mentioned statement, for a single-phase n-level H-bridge inverter the

current ripple NMS is found as:
2™ 1
NMS | (B.m)== [i* dB——m?. (3.39)
T 2

According to (3.39), for a single-phase three-level inverter with one switching angle 3
(Figure 3.7.(a)) by direct current mean square value computation, the current ripple
NMS is:
B, /2
2 1 4 1 T
NMS ] (By.m)==| [B*dB+ [Bidp|-—m® =Bi ——PBi —=m” B ==—0;. (3.40)

Ty 8, 2 3n 2 2
For a single-phase five-level inverter with two switching angles B; and 3, (Figure
3.7.(b)), the current ripple NMS is:

B, B, T2
J @B dB+ [(B+BYdp+ [(B+Bs VB |- m>. (341
0 B B2

Detailed calculation steps of (3.41) are presented in Appendix 2, here the final solution

NMSIS(Bl,Bz,m):%(

is given:
6 6 4
s 5 gB?"‘gB]B%"‘EBg 1 5
NMS; (By.By.m)= (B +PBy) — n —Em ) (3.42)

T T
=—-0,,B=—-q.
B , %2 B2 5 %

Applying the same approach for a single-phase seven-level inverter with three
switching angles B, B, and B; (Figure 3.7.(c)) gives:

B, B,
[(3B)* dB+ [ (By +28)° ap+
0 By 1 2

2
NMS;(Bl’Bz,Blm):; . /2 -—m~. (3.43)

+ (B +B,+B) B+ [(B+B, +B3) dp
B> Bs
Detailed calculation steps of (3.43) are presented in Appendix 2, the final solution is

given by (3.44).
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NMSI7 (51»52’ 53,’"):

SBi+Oph e Tpi 2B +pipd +a3)

=By +B, +B3)2— - _Emz’ (3.44)
T T oL
B =§—0€3752=E—0‘2’B3=3—0‘1~

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

1
) (=1)2 V5|3 Z‘l
NMS 7| Br-BossBurom |=| 2Be | =~ ()

2 k=1

T
B, =S "%, k=12, (n-1)/2.
2
The challenge of a time-domain current THD analysis in pure inductive load

approximation (voltage WTHD) is expressed by (3.46) [3.20].

oo Vsz
kgz( k (3.46)

WIHDy (m),% = THD; (m).% === 100
1

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

\/ZNMS}{BI,BZ,...,BM,MJ (3.47)
2 100 ..

THD (%)=
m
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3.4 Minimized voltage and current total harmonic distortions

3.4.1 Optimal voltage and current THDs solutions

The constrained THD (NMS) minimization problems with modulation index
equality and switching angles inequality constraints described in the previous section
3.3. are effectively solved by means of Matlab function fmincon.

Voltage and current optimization solutions for a single-phase five-cell multilevel
inverter (up to five switching angles and n=11) 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 optimal switching angles vs. modulation
index m are presented, taking into account that the current optimal angles are labelled
with . It is done due to easier comparison between the current and voltage optimal
switching angles and finding optimal working points considering both possible
optimizations. For each value of the modulation index m, the proper relation between
current angle o and B (depending on the inverter level) defined in the previous chapter
exists. Each colour presents a different switching angle, corresponding to the inverter
level count. The current switching angles are smoother compared with the voltage
ones.

Voltage and current optimal switching angles may be considerably different. Over
each inter-level interval, there are two points at which voltage THD optimal angles and
current THD (voltage WTHD) optimal angles are identical, having the same
modulation index m. Regarding the aforesaid, for the selected modulation indexes the
voltage and current THDs are minimal.
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Figure 3.8. Voltage optimal switching angles vs. modulation index m
for n =11 (up to five cascaded H-bridges).
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Figure 3.9. Current optimal switching angles vs. modulation index m
for n =11 (up to five cascaded H-bridges).

Based on the previously presented voltage and current optimal switching angles, the
corresponding normalized mean squares values are presented in Figures 3.10. and
3.11., following the same colour representation over the modulation index range.
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Figure 3.10. Voltage normalized mean square calculated using optimal voltage
switching angles vs. modulation index m for n = 11 (up to five cascaded H-bridges).
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Figure 3.11. Current normalized mean square calculated using optimal current
switching angles vs. modulation index m for n = 11 (up to five cascaded H-bridges).

Voltage and current THDs calculated by (3.30) and (3.47) using their optimal
switching angles are presented in Figures 3.12. and 3.13. Over the inter-level
modulation index intervals 1-2, 2-3, 3-4, 4-5, voltage and current quadratic
approximation error (NMS/THD) local minima and maxima appear. Global voltage
THD minima found in [15] and [16] for up to 6-7 switching angles, without explicitly
indicating the modulation indices, are, in fact, local minima of the voltage THD curve
in Figure 3.12.
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Figure 3.12. Minimal voltage total harmonic distortion (THD) vs. modulation index m
for n =11 (up to five cascaded H-bridges).
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Figure 3.13. Minimal current total harmonic distortion (THD) vs. modulation index m
for n =11 (up to five cascaded H-bridges).

Study of sensitivity shows that optimal current THD is much more susceptible to
switching angles variations compared with optimal voltage THD. This happens
because a supposed fine piecewise linear optimal approximation (compared to a coarse
piecewise constant one) is more susceptible in terms of possibly being affected by
some disturbances. The low susceptibility to angle variations of optimal voltage THD
is known from the previous study [3.12], [3.13]. On the whole, a coarse piecewise
constant optimal approximation is very robust in terms of possible disturbances point
of view, such as angle/level variations and rounding errors.

The comparison between optimal voltage and current THD (Figures 3.12. and
3.13.), shows that the current THD curve ripple is much larger considering the
noticeable difference between adjacent maxima and minima in the order of 100%. As a
result, current THD may be essentially reduced only by selecting a proper converter
working point (modulation index) selection. On the contrary, there may be a significant
current THD increase as a penalty for a detuned operation.

Regarding these figures, the curve of THD average trend 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 voltage and current, it is important
to define specific optimal working (test) points which will be considered in the
simulation and experimental analyses.
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Since these two analyses will consider a single-phase seven-level inverter, which
means up to three cascaded H-bridges, the optimal working points will be within the
corresponding modulation index range.

Minimal voltage and current THD curves within the modulation index range for the
configuration consisting of three cascaded H-bridges (n = 7) are shown in Figures 3.14.
and 3.15. together with selected optimal working points (a)-(d) having the modulation
index 2<m<3.
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Figure 3.14. Minimal voltage THD vs. modulation index m for n=7 (up to three cascaded
H-bridges) and two optimal working points for m=2.459 (a) and m=3.193 (b).
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Figure 3.15. Minimal current THD vs. modulation index m for n=7 (up to three cascaded
H-bridges) and two optimal working points for m=2.221 (c) and m=2.663 (d).
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Voltage and current optimal switching angles are shown together in Figure 3.16.
(current angle curves are the smoother ones). It is clearly visible that there are points in
common where both voltage and current THDs have the optimal value considering the
same modulation index m (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 vs. modulation index m for n=7

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

Considering these figures, the six test points indicated by dots are chosen for the
simulation and experiments. In particular, four test points are selected for minimum
and maximum values of voltage ((a) and (b)) and current ((c) and (d)) THDs over the
modulation index range corresponding to a single-phase seven-level inverter, (Figures
3.14. and 3.15). Furthermore, another two test points (e) and (f) are selected
corresponding to the so-called twice modulation index m when both voltage and
current THDs are optimal having the same three switching angles (Figure 3.16). In
table 3.1. the selected test points (a)-(f) are presented with the corresponding
modulation indexes and switching angles o, 0, and Ol;.

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

Test Modulation Switching angles [rad]

point index m oy o, o3
(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
(f) 3.144 0.160 0.495 0.925
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3.5 Simulation

In order to validate the correctness of the analytical approach while estimating the
power quality of a single-phase multilevel inverter controlled by the staircase
modulation technique, Matlab/Simulink simulations were carried out. The

configuration with three cascaded H-bridges (single-phase seven-level inverter) was
implemented and is shown in Figure 3.17.

BEUE® e |H Y

ot sgra

Figure 3.17. Matlab/Simulink model of a single-phase seven-level inverter with three cascaded
H-bridges controlled by the staircase modulation technique

The left side of the figure represents the control part, while on the right side three
H-bridges and the passive RL-load are shown. The control part, which is supposed to
provide proper staircase modulation signals, consists of six modulation signals (each
modulation signal corresponds to one H-bridge leg) and one carrier signal. The
implementation of the control signals is quite simple and it is shortly presented in the
following.

The idea of implementing the control signals follows the 100Hz carrier and
switching-angle depending constant modulation signal with the same frequency. The
amplitude of the modulation signal is directly proportional to the switching angle. In
this case, assuming that the maximum value of the modulation signal m,, is 1 which is
supposed to represent the angle 7/2, introducing a simple relation (3.48):

_Oc[md] 3.48
2 (3.48)

the switching angle o is converted into the amplitude of the modulation signal.

=1

m

56



3 Power quality evaluation of a single-phase cascaded multilevel inverter with staircase modulation technique

This principle is presented in Figure 3.18. for two legs of one H-bridge where the set
switching angle is /4, which results in the modulation signal amplitude 0.5.

SASASAY] WA
L LT T I

0.05 0. 05
Time [s] Time [s]

(@) (b)
Figure 3.18. Control signals for two legs of one H-bridge with the staircase modulation:

(a) carrier (blue trace), modulation signal (red trace) and gate signal (green trace);
(b) carrier (purple trace), modulation signal (grey trace) and gate signal (orange trace).

It must be noticed that the frequency of the carrier is deliberately set at 100Hz although
the fundamental frequency is 50 Hz. During the first half period of the carrier (Figure
3.18.(a)), the modulating signal is 0.5, while in the second half period it is zero. It is
similarly presented in Figure 3.18.(b) for the second H-bridge leg. In this case, the shift
of  rad between the gate signals of two H-bridge legs is provided. Two gate signals
(green and orange ones) are obtained by comparing the carrier with the modulating
signal. When the carrier is lower than the modulation signal, the comparison gives 1 at
the output, otherwise the output is 0.

It is possible to attain the voltage and current THDs by using Matlab/Simulink with
the built-in Matlab function called ‘‘FFT analysis’’. It is a simple tool which provides a
THD value of one parameter corresponding to the selected fundamental frequency,
additionally giving the amplitude of the fundamental component. The load must be
inductively dominant as it was theoretically assumed. The chosen load parameters R
and L, based on a real air-core inductor, are R=24.5Q and L=480.7mH, measured by an
RLC meter. The dc voltage of each H-bridge is set to 200V and the fundamental
frequency is set at SOHz.

In doing so, the voltage and current for the test point (a) as well as the results for all six
defined test points (a)-(f) in chapter 3.4.2, using the 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) obtained by Matlab simulation for a single-
phase seven-level inverter (three cascaded H-bridges) with respect to Figure 3.14.:
test point (a) - m =2.459 (0, = 0.199, o, = 0.635, 03 = 1.424),
for Vdc=200V, R=24.5Q, L=480.7mH and f=50Hz.
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Figure 3.20. Voltage THD obtained by Matlab simulation for a single-phase seven-level
inverter (three cascaded H-bridges) with respect to Figure 3.14.:
(a) test point (a) - m =2.459 (o = 0.199, o, = 0.635, 03 = 1.424);
(b) test point (b) - m = 3.193 (o, = 0.155, o, = 0.482, 0; = 0.884).

Calculating the voltage and current THDs for each value of the modulation index m
considers thirty fundamental periods of 20ms and starts at the time scale 200ms in
order to steer clear of a possibly short transient period at the beginning of the
simulation.

The fundamental voltage component as well as its THD value are emphasised with
the red rectangle. The same applies for all selected test points.
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Figure 3.21. Current THD obtained by Matlab simulation for a single-phase seven-level

inverter (three cascaded H-bridges) with respect to Figure 3.15.:
=0.224, o, = 0.758, o3 = 1.527);
=0.190, o, = 0.580, 03 = 1.294).
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Figure 3.22.(a) Minimal voltage (left) and current (right) THDs obtained by Matlab simulation
for a single-phase seven-level inverter (three cascaded H-bridges) with respect to Figure 3.16.:

test point (e) - m = 2.494 (o

=0.202, o, = 0.633, o3 = 1.397);

Note that Figure 3.22 is divided into two figures (a) and (b) due to better space
arrangement and better resolution of the figures, which clearly shows the calculated

parameters.
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Figure 3.22.(b) Minimal voltage (left) and current (right) THDs obtained by Matlab simulation
for a single-phase seven-level inverter (three cascaded H-bridges) with respect to Figure 3.16.:
test point (f) - m = 3.144 (o, = 0.160, o, = 0.495, 03 = 0.925).
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Considering the selected minima and maxima within the modulation index range for
a single-phase seven-level inverter as well as the optimal solutions in common for the
voltage and current, the obtained THD values for the test points (a)-(f) are presented in
the following table:

Table 3.2. Voltage and current THDs for six selected test points obtained by the simulation

Test Minimized Test Minimized Test Minimized Minimized

Point THDy (%) Point THD; (%) Point THDy, (%) THD; (%)
(a) 18.49 (c) 1.31 (e) 18.41 1.79
(b) 11.52 (d) 1.96 () 11.64 0.82

3.6 Laboratory experiments

Experimental verifications were performed for a single-phase 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 the experimental realization of the
mentioned configuration is given in chapter 2.3. A simple 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 real inductor with its resistive and
inductive parts R=24.5Q and L=480.7mH was used for the experimental tests. In
Figure 3.24. the inductor with a side view together with the display of LCR meter
measuring its parameter is presented.

Figure 3.24. An inductor with its parameters R=24.5Q and L=480.7mH:
(a) side view, (b) R and L measured by LCR meter.

The control signals for all three H-bridges are provided by the Arduino DUE
microcontroller. The modulating principle is similar to that one explained in chapter
3.6, therefore the program code with a brief explanation is given in Appendix 3.

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

In Figures 3.25., 3.26. and 3.27., the corresponding experimental results are
presented, showing the test points (a)-(f). All figures depict the waveforms over the 2.5
fundamental periods (2.5T=50ms).
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Figure 3.25. Voltage THD experimentally obtained for a single-phase seven-level inverter
(three cascaded H-bridges) with respect to Figure 3.14.:
(a) test point (a) - m = 2.459 (o; = 0.199, o, = 0.635, 0; = 1.424);
(b) test point (b) - m = 3.193 (o, = 0.155, o, = 0.482, 03 = 0.884).

Figure 3.25. presents two cases for local maximum and minimum values of the voltage
THD over the considered modulation index range. Figure 3.25.(a) corresponds to the
voltage THD local maximum for m = 2.459 (o= 0.119, o, = 0.635, oz = 1.424), while
Figure 3.25.(b) corresponds to the voltage THD local minimum for m = 3.194
(0y=10.155, 0, = 0.482, 03 = 0.884).
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Figure 3.26. Current THD experimentally obtained for a single-phase seven-level inverter
(three cascaded H-bridges) with respect to Figure 3.15.:
(a) test point (c) - m =2.221 (o = 0.224, o, = 0.758, 03 = 1.527);
(b) test point (d) - m = 2.663 (o, = 0.190, o, = 0.580, 03 = 1.294).

Figure 3.26. presents two cases for local minimum and maximum values of the current
THD over the considered modulation index range. Figure 3.26.(a) to the current THD
local maximum for m = 2.221 (a; = 0.224, o, = 0.758, oz = 1.527), while Figure
3.26.(b) corresponds to the current THD local minimum for m = 2.663 (a; = 0.190,
o, = 0.580, 03 = 1.294).
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Figure 3.27. (a) Minimized voltage and current THDs experimentally obtained for a single-

2.34333 A
62.9526E+00

phase seven-level inverter (three cascaded H-bridges) with respect to Figure 3.16.:
test point (e) - m = 2.494 (a; = 0.202, o, = 0.633, a3 = 1.397);

Figure 3.27. considers the cases of two modulation indices where the optimal voltage
THD and the optimal current THD occur for the same switching angles, over the
considered modulation index range. Figure 3.27.(a) corresponds to the case m = 2.494
(op = 0.202, o, = 0.633, o3 = 1.397), while Figure 3.27.(b) corresponds to the case

m=3.144 (0, = 0.160, o, = 0.495, o3 = 0.925).

Figure 3.27. is divided into two figures for the same reason as it is done in case of

Figure 3.22. due to better space arrangement and better resolution of the figures.
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Rms(C2) 415 817 V. Rms(G3) 2.98202 A
Calc2 Calc3

440 731E+00
Calcd 11.6478E+00

51.3353E+00

445 877 V. Rms(C3) 2.98202 A
2.92674E+00 Calc3 28.5084E-03
974.066E-03

Figure 3.27 (b). Minimized voltage and current THDs experimentally obtained for a
single-phase seven-level inverter (three cascaded H-bridges) with respect to Figure 3.16.:
test point (f) - m = 3.144 (0, = 0.160, o, = 0.495, 03 = 0.925).

Considering the oscilloscope screenshots which present the experimental results, it
can be noticed that on the top of each screenshot the scales of waveforms are displayed
in the colours which correspond to the waveform colours. Also, on the left side of all
screenshots there are full-range scales with the same colours. The description of those
waveforms is given in the first half of Table 3.3.: load voltage (blue trace) - scope
channel 2, labelled C2 (CH2), load current (red trace) - scope channel 3, labelled C3
(CH3), the top half screen; fundamental of load voltage (purple trace), labelled M1,
and voltage ripple (green trace), labelled M2: CH2-M1, are depicted in the bottom
half-screen of Figures 3.27. and 3.29; fundamental of load current (orange trace),
labelled M1 and current ripple (green trace, magnified by 4), labelled M2: CH3-M1,
are depicted in the bottom half-screen of Figures 3.28. and 3.29. It must be noted that
while calculating the voltage THD, mathematical functions M1 and M2 are applied to
the voltage waveform, while, instead, calculating the current THD they are applied to
the current waveform.
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Table 3.3. Waveforms’ parameters calculated by the scope built-in advanced mathematical
functions. RMS: root mean square.

Label Description Signal waveforms and calculated parameters
C2 Scope é?laznnel 2, Load voltage
C3 Scope é?%nne] 3 Load current
Math function 1:
M1 IR low pass Fundamental voltage (current)
filter
Math function 2: .
M2 CH2(CH3)-M1 Ripple voltage (current)
Rms(C2) ll\fﬁg i“;“g‘}‘l’; Total voltage RMS
Rms(C3) 11\{/112\1/;181‘ ?;Kéu}(l); Total current RMS
Calc2 E;liﬁllgﬁlzst; Fundamental voltage (current) RMS
Calc3 ?;Iigllgﬁ?st? Ripple voltage (current) RMS
Voltage (current) THD(%) calculated as:
Built-in math V(I .
Calc4 caleulation 4 THDV(I)(%)Z ( )rmS,rtpple _ _ Rms(M2) 100
( )rms,fund Rms(M1)

Fundamental components were determined by built-in scope infinite impulse

response (IIR) filter function (M1), and ripple components were calculated as the
difference between the instantaneous waveforms and the corresponding fundamental
components (M2 = CH2(3)-M1). THDs are determined as the ratio between the ripple
root mean square (RMS) and the fundamental RMS. Specific calculation of RMS and
THD for all voltage and current waveforms were carried out by the scope built-in

advanced mathematical functions in real time and displayed on the bottom lines of the
scope screen. Corresponding designations with the calculation of voltage (current)
THD are presented in the second part of Table 3.3.

Summary of the experimental tests regarding voltage and current THD is given in

Table 3.4.
Table 3.4. Voltage and current THDs for six selected test points obtained by experiments
Test = Minimized  Test | Minimized Test | Minimized Minimized
Point | THDy (%) Point THD; (%) Point | THDy (%) @ THD; (%)
(a) 18.21 (©) 1.43 (e) 18.28 1.83
(b) 11.55 (d) 2.03 ® 11.65 0.97
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3.7 Comparison of analytical, simulation and experimental results

Analytical calculations of the voltage and current THDs must be compared with
simulation and experimental results in order to present their correctness.

The experimental results (Exp.) are summarized in Tables 3.5., 3.6. and 3.7., and
compared with both theoretical calculations (Calc.) and simulation results (Sim.)
obtained by Matlab/Simulink.

Table 3.5. Minimized voltage THD - specific cases.

Test Minimized THDy, (%)

Point m | Calc. Sim. Exp.
(a) 2459 18.50 | 1849 | 18.21
(b) 3.193  11.53 | 11.52 | 11.55

Table 3.6. Minimized current THD - specific cases.

Test Minimized THD; (%)
Point m | Calc. Sim. Exp.
(©) 2221 1.29 1.31 1.43
(d) 2,663 1.93 1.96 2.03

Table 3.7. Minimized voltage and current THDs - same switching angles.

Minimized THDy (%) Minimized THD; (%)
Calc. | Sim. | Exp. Calc. Sim. Exp.
(e) 2494 18.43 | 18.41 18.28 1.54 1.79 1.83
(f) 3.144  11.65 | 11.64 11.65 0.81 0.82 0.97

Test Point m

Tables 3.5. and 3.6. present four cases corresponding to Figures 3.25. and 3.26. It is
noticeable that calculated, simulated, and experimental THD(%) values match well in
the case of the minimized voltage THD (Table 3.5.). In the case of the minimized
current THD (Table 3.6.), calculated and simulation values match well, and the
experimental values are slightly higher due to the very small current ripple, that
emphasizes the measuring errors such as current probe errors and inverter
nonlinearities (switching losses, dead-time, etc). Corresponding slight errors have been
observed introducing similar nonidealities in the simulation tests.

Table 3.7. presents two cases (e) and (f) (Figure 3.27.), where the same three
switching angles result in optimizing both the voltage and the current THDs,
corresponding to the same modulation index, as shown in Figure 3.16. As expected, the
experimental voltage THD results match almost perfectly both theoretical and
simulated results, while the current THD results have slightly higher values, due to
similar aforementioned reasons.
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In general, the very slight difference between (ideal) simulations and calculated
theoretical results in case of current THD can be justified considering that the RL-load
is not purely inductive. In the specific test cases, the load impedance angle is about
81°, slightly lower than the theoretical angle of 90°. This difference introduces an
acceptably small error due to the high current THD sensitivity, proving the
effectiveness of the assumption of inductively dominant load. On the whole, simulation
and experimental results match the theoretical ones in a satisfactory way.

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

The previous analysis aims at calculating the current THD for pure inductive loads
(voltage WTHD) and the results are practically applicable to inductively dominant RL
loads. A similar analysis can be carried out for a grid-connected inverter application as
well, considering a link inductor L with its inner resistance R. One grid-connected
single-phase configuration is presented in Figure 3.28.

In order to obtain the maximum transferred power to the electrical grid at a given
magnitude of the grid current, the current must be in phase with the corresponding grid
voltage, as it is shown in the phasor diagram in Figure 3.29.

L R
YYL__AAN
+ o +
1
orer | Vi Ve ©
_ — I IR
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 voltage parameters are:

Vv, = \/ (Vo +RI +(oLI )* . (3.49)
= —arctan _OLL 3.50
¢ Vg +RI) (3.50)
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For the link inductor, the resistive part in equations (3.49) and (3.50) can be neglected (i.e.

V, =4V +(oLl)* . (3.51)

Qo= —arctan(wu J . (3.52)

Ve

@L >> R), leading to:

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

mg :V_G- (3.53)
Vdc '
According to (3.51) and (3.53), the modulation index m is:
2
m=.|mé +{°°—U] : (3.54)
Vdc

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

) (3.55)

2NM51"[[31,[32,~-,I3M’”1]
100

THD;l,gl‘id (%): m2 m2
- MG

Introducing (3.54) into (3.55) gives the current THD formula for a grid-connected
single-phase n-level inverter:

THD7 4yiq (%)= (Zfl \/2NMS}’[61 B B,,_l,mJ 100 =
2

(3.56)

Ve n
= 2NMS | Bi.Bosees By -m -100 .
LI\/ 1[ 1-P2 n—1 GJ

2

Introducing the optimal current switching angles, used in the previous chapter, it is
possible to present the current THD over the whole modulation index range with up to
five cascaded H-bridges. Selecting R and L as 0.5Q and 43.3mH, respectively, the dc
bus voltage 200V and the fundamental amplitude current SA (fundamental frequency
fi=50Hz), the grid current THD value calculated by (3.56) over the modulation index
range is presented in Figure 3.30.
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Figure 3.30. Optimized grid current total harmonic distortion (THD) vs. modulation
index m for n = 11 (up to five cascaded H-bridges).

According to Figure 3.30. it can be noticed that for every inter-level modulation index
range (0-1, 1-2, ...) the grid current THD has a local minimum value within the first
half of the mentioned range, and its maximum within the second half.

Three different values of the modulation index m can be chosen following three
different configurations — one H-bridge, two cascaded H-bridges and three cascaded H-
bridges. In this case, obtained results for the grid current THD can be compared with
the simulation ones in the next subchapter. For one H-bridge the modulation index
which corresponds to the maximum grid current THD is m=0.608. For two cascaded
H-bridges the value of m which belongs to the half grid current THD range can be one
test point i.e. m=1.432, and for the third configuration when m=2.215 the minimum
grid current THD appears.

These points with their characteristics are presented in Table 3.8.

Table 3.8. Grid-connected single-phase inverter — specific cases

Case m o, [rad] o [rad]  o3[rad] THDgiq(%)

I 0.608  1.073 / / 42.90
11 1432 | 0.347 | 1.385 / 17.27
11 2215 0225 0.766  1.533 8.43
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3.8.2 Simulation of a grid-connected single-phase multilevel inverter

In order to verify the analytical expression for calculating the grid current THD,
Matlab/Simulink simulations were carried out. Three previously selected values of the
modulation index m are implemented using Matlab/Simulink. Apart from this it is
important to define the grid parameters with respect to the selected working points -
amplitude of the grid voltage Vs and its phase angle . The definition of these
parameters is based on the necessity of the grid voltage being in phase with the grid
current. Following the phasor diagram presented in Figure 3.29., simple relations
between the inverter voltage fundamental component, grid voltage and angle ¢ can be
written.

The amplitude of the inverter output voltage is:

V, =mV,. (3.57)

The angle ¢ can be calculated using a simple trigonometric relation leading to:

0= —arcsin( OLT J (3.58)

m Vdc

Calculating ¢ and taking into account the voltage drop on the resistor R, the required
amplitude of the grid voltage fundamental component is:

Vg =mVy, cos(p)—RI. (3.59)
Using the parameters set previously, three selected cases for three different H-bridges

configurations together with the corresponding calculations are given in Table 3.9.

Table 3.9. Grid-connected single-phase inverter — selected cases for the simulation verification.

Case m oy [rad] | o [rad] oz[rad] Vi[V] ¢ [rad] V¢[V]

1 0.608 1.073 / / 121.6  -0.593 98.30
I 1432 | 0.347 | 1.385 / 286.4 | -0.240 | 275.70
1 2215 0225 0.766  1.533 443  -0.154 435.21

The implemented configuration with three cascaded H-bridges (single-phase seven-
level inverter) in Matlab/Simulink is presented in Figure 3.31.
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22

BELER opld

Figure 3.31. Matlab/Simulink model of a single-phase seven-level inverter with three cascaded
H-bridges controlled by the staircase modulation technique and connected to the electrical grid.

Grid voltage together with the grid current is presented in Figure 3.32. for case III. For
other cases graphical representations are similar, therefore they are not presented here.

500
400+
300F
200F
1001

0
-100
-200 1
-300
-400 1

-500 : : : ; :
05 051 052 053 054 055 056

Time [s]

Grid voltage [V]/current [A]

Figure 3.32. Grid voltage (blue) and current (50x, red) obtained by Matlab simulation for a
single-phase seven-level inverter (three H-bridges) with respect to Figure 3.30.:
m=2.215, and a; = 0.225, o, = 0.766 and 03 = 1.533.

Running the simulation and applying the FTT analysis for the grid current in all three
selected cases (m=0.608, 1.432 and 2.215) give the simulation evaluation of the grid
current THDs. These results are presented in Figure 3.33. and emphasised with the red
rectangle.
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Figure 3.33. Grid current THD obtained by Matlab simulation for a single-phase three-, five-
and seven-level inverter (up to three cascaded H-bridges) with respect to Figure 3.30.:
(a) m=0.608 (or; = 1.073, 0, = 1.571, 03 = 1.571);
(b) m=1.432 (0, =0.347, o, = 1.385, o3 = 1.571);
() m=2.215 (o =0.225, 0o, = 0.766, 03 = 1.533).

Every simulation comprises 50 fundamental periods and 20 of them are taken for the
grid current THD evaluation starting after 25 periods in order to avoid the current
transient at the beginning of the simulation process.
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3.8.3 Comparison of analytical and simulation results for a grid connected single-
phase inverter

In order to prove the correctness of the analytical approach, the comparison
between analytical (Calc.) and simulation (Sim.) results was carried out and presented
in Table 3.10.

Table 3.10. Grid current THD — analytical and simulation results.

THD, 4iq (%)
el m Cale. Sim.
I 0608 42.90 .91
7t 1432 1727 17.28
ol 2215 843 8.44

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

3.9 Discussion

Minimal voltage and current THDs for a single-phase multilevel inverter with
uniformly distributed voltage levels are formulated as constrained optimization ones in
time the domain, considering all switching harmonics. The current THD is considered
in a pure inductive load approximation (corresponding to voltage frequency weighted
THD, WTHD). Comparing with minimal voltage THD time-domain problem
formulations reported previously, the minimal current THD time-domain problem
formulation is a novel one. It becomes feasible due to analytical closed-form symbolic
calculations of piecewise linear current waveform mean squares.

The numerical solutions establish theoretical calculation of voltage and current
THD lower bounds for a single-phase multilevel inverter with a staircase modulation.
Optimal switching angles and minimal voltage and current THDs were reported for
different multilevel inverter cell numbers (different voltage level counts) and overall
modulation index dynamic range. All calculations for optimal switching angles are
quite simple and require a negligible processor time because they can be easily
calculated offline and called from the microcontroller memory. Also, every
microcontroller can perform a simple linear interpolation, thus high accuracy of the
modulation index is not needed and, therefore, neither is its real-time calculation.

Over every inter-level modulation index interval, there are two working points
which represent the set of switching angles where the optimal voltage and current THD
are achieved. Modulation indexes which correspond to those two working points are
the so-called twice-optimal modulation indices.
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It is shown that optimal voltage THD solutions have relatively low sensitivity to
switching angles variations and other disturbances. On the other hand, sensitivity of
current optimal solutions is relatively high due to a fine piecewise linear optimal
approximation which is much more susceptible to possible disturbances compared with
a coarse piecewise constant optimal approximation.

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

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

4.1 Introduction

Multilevel inverters are widely used for medium and high voltage applications.
They are capable of generating voltage and current waveforms of improved
quality, providing a nominal power increase and having a modular structure, therefore
they are relevant to many practical applications such as transport (powering trains,
ships, automobiles and other drives), energy conversion (wind, solar), manufacturing
and mining [4.1]-[4.3]. There are many different topologies of multilevel inverters that
can be used regarding what there are supposed to meet and which application they
should be used for. Among them, the most popular ones are diode-clamped (neutral-
point clamped), capacitor-clamped (flying capacitor) and cascaded inverters with
isolated input dc sources [4.4]-[4.9]. Every mentioned topology can be controlled by
many different modulation techniques [4.10]-[4.12].

Over the past 20 years, power electronics researchers have shown a significant
interest in total voltage and current distortions (THDs) analysis of multilevel inverters.
Many recent publications deal with voltage and current THD evaluations following the
analytical frequency domain approach [4.13]-[4.16], which does not bring relatively
simple closed-form mathematical expressions and therefore requires mathematically
heavy numerical calculations [4.9], [4.16], [4.17]. Additionally, the previous works
mostly considered a PWM current harmonic content in harmonic distortion factor
(HDF)/additional PWM-induced copper loss analytical calculation context.

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

For a three-phase case, current harmonic distortion is higher due to zero-sequence
voltage presence in line-to-line voltages and varies for different modulation
strategies/zero sequences [4.9].
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The same type of analysis for two-level multiphase inverters was carried out in [4.21]
and [4.22]. Along with PWM converter current distortion factor (THD), researchers are
interested in peak-to-peak PWM current ripple characteristics. While peak-to-peak
PWM current ripple envelope calculation for a single-phase multilevel inverter is
almost simple, it becomes more complex for three- and multiphase ones due to the
voltage zero-sequence presence. For a two-level three-phase inverter, peak-to-peak
PWM current ripple envelope was first reported in [4.23]. The same for three-phase
multilevel inverters was presented in [4.24] and [4.25]. Current ripple comparison for
single and dual three-phase inverters used in electrical vehicles is presented in [4.26],
while current ripple evaluation in dual three-phase inverter for open-end winding
drives is presented in [4.27]. Apart from the output inverter side, researchers are
interested in the dc input side evaluating the dc voltage ripple in single-phase inverters
[4.28].

In this chapter the simple closed-form asymptotic formulae for estimating the
voltage and current qualities, applied to a single-phase multilevel inverter, are
presented, taking into account the whole harmonic content and being used for an
arbitrary inverter level count. The analysis is carried out in the time domain
considering that the ratio between switching and fundamental frequencies is supposed
to be (infinitely) large (asymptotic assumption). In fact, asymptotic formulae are
practically very accurate for ratios higher than 25-30. In line of principle, the formulae
initially obtained for a single-phase inverter are valid for three-phase and multiphase
inverters as well because the line-to-line voltage quality is invariable to zero sequence
voltage insertion (variation) unless nearest level (nearest virtual space vector)
switching is not distorted.

Developed mathematical approach applied to the voltage quality is evaluated in the
time domain using the voltage ripple normalized mean squared (NMS) criterion. It is a
piecewise continuously differentiable analytical solution and employs only elementary
function. This solution is asymptotic in terms of having the ratio between switching
and fundamental frequencies infinitely large, as mentioned before. The voltage ripple
NMS is obtained by double integration over time of a normalized voltage ripple square
- integrations over the switching period and over the fundamental period. This can be
roughly understood as the time-domain equivalent of the frequency-domain double
Fourier transformation. The same approach is applied to the current quality; its NMS
value is obtained by double integration of a normalized current ripple square over the
switching and fundamental periods. The current NMS value over the switching period
is obtained by integrating the corresponding voltage applied to the load. NMS voltage
and current calculations can be easily converted into analytical forms representing their
total harmonic distortions (THDs) [4.29], [4.30]. It must be noted that voltage THD,

based on the time integration, only depends on the modulation index .
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The modulation index represents the ratio between the amplitude of the fundamental
component of the output voltage and the input dc voltage of one H-bridge within the
cascaded configuration.

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

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

4.2 Pulse-width modulation technique - PWM

Nowadays, power inverters in many applications are controlled by using carrier-
based pulse-width modulation techniques (CB-PWMs). They are quite simple
regarding different microcontrollers and have a constant or even variable switching
frequency which allows a better control of switching losses. Additionally, there is a
possibility of improving the voltage and current harmonic 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 more carriers providing the gate
signals for power switches.

Modulating signals can be different from one application to another depending on
the purpose and requirements of the system. Applying specifically optimized and
modified modulation signals, the fundamental output voltage component can be higher
compared with the classical sinusoidal modulation using the same configuration in case
of continuous PWM [4.35]. Improvement of the current quality in terms of minimizing
the current ripple can be achieved in case of discontinuous PWM as well alternatively
using different modulating signals [4.36].

The modulating signal is represented by its waveform, frequency and amplitude so-
called modulation index m. The waveform of the modulating signal represents the
reference of the output voltage fundamental component. It depends on the control
technique that is applied to one configuration and can differ significantly, while its
frequency usually corresponds to the fundamental frequency of the electrical grid i.e.
50Hz. The modulation index m generally defines the amplitude of the modulating
signal, but regarding the output voltage it is the ratio between the amplitude of output
voltage fundamental component V, and dc bus voltage V., defined as:
i

m= .
Vdc

4.1)
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Roughly defining, the maximum value of the modulation index equals the number of
H-bridges N in one cascaded configuration, therefore its limits are 0<m < N .

All power switches turn on and turn off at a speed that is usually defined by the
carrier. This is represented by the parameter so-called switching frequency fi.
Considering this, over one switching period every switch turns on and turns off
depending on the duty cycle given by the intersection of the modulating signal and the
carrier. The general rule says that when the modulating signal is higher than the carrier,
the output signal has a logical value 1, otherwise it is 0. Depending on the modulation
technique and strategy, this rule can vary as well.

The simplest way of controlling one H-bridge (Figure 4.1.(a)) with the carrier-based
PWM technique is presented in Figure 4.1.(b) with the carrier frequency f;=3kHz,
fundamental frequency f=50Hz and modulation index m=0.75. This ubiquitous
modulation technique is the so-called bipolar PWM technique. In Figure 4.1.(c), a
detail of the intersections between the carrier and the modulation signal, emphasised in
Figure 4.1.(b), is presented giving a control signal which is supposed to be a gate signal
of two diagonal switches. The two others are controlled by the opposite control signal.

A Tnnnmmn I

U
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o .
Vdc + A 0
B._
.J .JH}
[ S
(a) 0.02 0.025 0.03 0.035 0.04
Time [s]
(b)

1
0.5+
O,

0.02 0.021 0.022 0.023 0.024 0.025
Time [s]

(©)
Figure 4.1. (a) H-bridge inverter , (b) bipolar PWM technique with one 3kHz carrier (blue),
one 50Hz modulation signal (red) with m=0.75, and (c) a detail of the standard PWM working
principle with the corresponding gate signal (green).
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Using this modulation technique the output inverter voltage has two levels V.
Since the voltage excursion is relatively high, the total voltage distortion is high as
well. In Figure 4.2. the output inverter voltage over one fundamental period (T=20ms)
in case of one H-bridge controlled by the bipolar PWM modulation technique is
shown. The dc bus voltage is set to V=200V, the fundamental and switching
frequencies are 50Hz and 3kHz, respectively, and the modulation index is m=0.75.

200 n=2

100

Output voltage [V]
o

-200

0.02 0.025 0.03 0.035 0.04
Time sl
Figure 4.2. Output voltage of one H-bridge (n=2) controlled by the bipolar PWM technique:
V=200V, f=50Hz, {=3kHz and m=0.75.

Another ubiquitous modulation technique is the so-called unipolar PWM technique.
In case of one H-Bridge, this technique consists of two carriers and one modulating
signal, where each carrier corresponds to one H-bridge leg. Considering the same
parameters as in the previous case, but introducing one more carrier, the control
principle is presented in Figure 4.3., while the inverter output voltage over one
fundamental period (T=20ms) is shown in Figure 4.4.

1

-1

0.02 0.025 0.03 0.035 0.04
Time [s]

Figure 4.3. Unipolar PWM technique with two carriers and one modulating signal:
fi=50Hz, {=3kHz and m=0.75.
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Output voltage [V]
o
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0.02 0.025 0.03 0.035 0.04
Time [s]

Figure 4.4. Output voltage of one H-bridge (n=3) controlled by the unipolar PWM technique:
V=200V, f=50Hz, {=3kHz and m=0.75.

According to Figure 4.4. it can be noticed that the output voltage has three levels 0
and +V,.. The voltage excursion is lower for this modulation technique leading to
better voltage quality. In general, for one H-bridge i.e. three-level inverter, two carriers
and one modulation signal are needed, therefore n-1 carriers and one modulation signal
are required for properly controlling a single-phase n-level inverter.

In Figures 4.5. and 4.6. the unipolar PWM technique for a single-phase seven-level
inverter (0, V., 22V, £3V4.) with three cascaded H-bridges and its output voltage
over three fundamental periods (3T=60ms) are presented. In this case there are six
carriers and one modulating. All parameters are the same as previously but the
modulation index m is 2.5.
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Figure 4.5. (a) Single-phase seven-level inverter and (b) unipolar PWM technique with six
carriers and one modulating signal: f=50Hz, f;=3kHz and m=2.5.
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Voltage [V]
o

-600f - ‘

ol " . " "
0.02 0.03 0.04 0.05 0.06 0.07 0.08

Figure 4.6. Output voltage of three cascaded H-bridges (n=7) over three fundamental periods
controlled by the unipolar PWM technique: V=200V, f=50Hz, f=3kHz and m=2.5.

4.3 Voltage and current quality time-domain problem formulation

Ripple analysis of output voltage and output current (hereinafter voltage and
current) that is turned into the total harmonic distortion (THD) expression is
theoretically based on the assumption that the ratio between switching and fundamental
frequencies is infinitely large, as mentioned in the introduction. On the whole, the
analysis is divided into two parts for both voltage and current THDs. The first part
considers the so-called DC-PWM with constant modulating signal over time and
therefore the duty cycle d lasts equally every equidistant switching period. The second
part takes the results obtained by using the DC-PWM and assuming the sinusoidal
modulating signal over the fundamental period represents the so-called AC-PWM. In
this case the duty cycle & does not last equally every switching period, but
nevertheless, due to the aforementioned assumption it is assumed that the modulation
signal has a constant value over a switching period. Both DC and AC-PWM analyses
consider the voltage and current normalized mean square (NMS) criteria applied to
their ripples and used for estimating their qualities.

All final mathematical expressions are given for an arbitrary number of voltage
levels n of a single-phase inverter, considering all harmonics. For calculating either
output voltage or output current ripple NMS (hereinafter voltage ripple and current
ripple), it is important to distinguish the level number of a single-phase inverter as well
as the constant value of the modulating signal (constant duty cycle) (DC-PWM) or the
modulation index m (AC-PWM). For example, in case of a single-phase seven-level
inverter controlled by AC-PWM with the modulation index m=2.5, the ac
voltage/current ripple NMS is calculated for three cases when m is between 0-1, 1-2
and 2-2.5.
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Note that the maximum value of m for this kind of inverter using the adopted PWM
technique is 3. In general, for a single-phase n-level inverter the maximum possible
modulation index m=(n-1)/2.

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

4.3.1 Voltage ripple NMS criterion and corresponding THD analysis
4.3.1.1 Analytical calculations of DC-PWM NMS voltage ripple

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

The analytical approach starts with the basic single-phase three-level H-bridge
inverter controlled by using a simple modulation technique with the constant
modulating signal over time, which means that the duty cycle 8 lasts equally every
switching period. In Figure 4.7.(a), a single-phase three-level inverter is presented.
Figure 4.7.(b) shows the suggested modulation technique with the constant modulating
signal m=0.75 p.u (red trace), the carrier with frequency f; set at 3kHz (blue trace) and
corresponding gate signal (green trace).

o o
Vdc + A
By——— 1

o o
0 H
0.02 0.0225 0.025 0.0275 0.03

Time [s]
(a) (b)

Figure 4.7. (a) Single-phase three-level inverter and (b) basic modulation technique with
the constant modulating signal m=0.75(red), carrier with f;=3kHz (blue), and corresponding
gate signal (green).
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Following the previous configuration, the normalized voltage over one switching
period (normalized by the dc bus input voltage V) and its corresponding voltage
ripple are presented in Figure 4.8.(a) and 4.8.(b), respectively.

It must be noted that the (normalized) voltage ripple is obtained by subtracting the
instantaneous (normalized) voltage and its average value i.e. 9.

Vo
Ve
| —
()
0 > L
L -8 ‘r 8 i 1 Ts
Vdc i
1-5 N
O >
(b) o 1 T,
— Qs

Figure 4.8. (a) Normalized voltage over one switching period and (b) corresponding
normalized voltage ripple for a single-phase three-level inverter in case 0 < 8 < 1.

According to Figure 4.8., the voltage ripple DC-NMS criterion for this level voltage
count inverter can be calculated by definition as:

1 T Vn=3 2
NMS; 4 =T—j S dr (4.2)
S 0 dc

It can be noticed that equation 4.2. presents a squared rms value of the dc voltage
ripple. Normalizing (4.2) by Ts, it gives:
] 1
NMS 4 :j(1-5)2 d5+j(- §)2 d5=58(1-38),0<5<1. (4.3)
0 3
It must be noted that the parameter d represents a duty cycle of a single-phase three-
level inverter as well as the value of the constant modulating signal (p.u.) using the
DC-PWM technique.

The dc normalized voltage ripple over one switching period and its corresponding
normalized voltage ripple for a single-phase five-level inverter (two cascaded H-
bridges) are presented in Figure 4.9.(a) and (b). In this case there are two possible
regions where the NMS value of the dc voltage ripple can be calculated, depending on
the value of the constant modulating signal. In the first case, when 0<0<1, it means that
the constant modulation signal has a value within those limits and the duty cycle §,
regarding the first H-bridge, is in agreement with them.
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In the second case 1<8<2, therefore the constant modulation signal has a value within
the limits 1 and 2 and the duty cycle d, regarding the second H-bridge, lays within
them as well. This is important to note because in line of principle the duty cycle
cannot have a value higher than 1 that corresponds to 100% of the duration of control
signal pulses, but it is defined in the aforementioned way for the analytical
developments.

v v
Vd c Vd c

0 I- L 0 , b
vt 8 reel 2 T vt a1 8T
Vdc | E VdL

1-3 e 2-8
0 [, 0 L
sl |1 s+1 Jz T, s—1| |1 5J2 7,
[ ) SO ] - 1-8§ J--vvun--d L
(a) (b)

Figure 4.9. Normalized voltage over one switching period and corresponding normalized
voltage ripple for a single-phase five-level inverter in case:
(a)0<d<land(b)1<5<2.

In general, the dc NMS criterion of the voltage ripple in case of a five-level inverter
can be expressed as:

1 T n=>5 2
NMS? 40 :T_I (v _SJ dr . (4.4)

s 5\ Vae

If 0<d<l, Figure 4.9.(a), normalizing (4.4) by Ts and integrating this over one

switching period, the dc voltage ripple NMS becomes:
) 1
NMS§ 4 (0<8<1)=[(1-8)* dd+[(-8)* a5 =5 (1-3). 4.5)
0 )

If 1<8 <2 (Figure 4.4.(b)), following the same approach, the dc voltage ripple NMS is:

) 2
NMS} 4. (1<8<2)=[(2-8)* dd+[(1-8)* d8=(5-1)(2-3). (4.6)
1 )

According to the previous results, NMS 3 4 (8) for a single-phase five-level inverter is:

5(1-8),0<8<1 } @)

NMSS,dC(5)={(5_1)(2_5),13832
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In order to make a general expression of the normalized mean square voltage ripple
for an n-level inverter, Figure 4.10. presents the case of a single-phase seven-level
inverter (three cascaded H-bridges).
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Figure 4.10. Normalized voltage over one switching period and corresponding normalized
voltage ripple for a single-phase seven-level inverter in case:
(a)0<d<1,(b)1<d<2and(¢)2<d<3.

Considering this inverter, if 0<8<l1, (Figure 4.10.(a)), normalizing by Ts, and
integrating over one switching period the dc voltage ripple NMS becomes:

5 1
NMSY 4 (0<8<1)=[(1-8)* d8+[(-8)* d8=5(1-3). (4.8)
0 5
If 1<d <2, then the corresponding expression is:
5 2
NMS) 4 (1<8<2)=[(2-8)* dd+ [(1-8)* d8=(5-1)(2-3). (4.9)
1 5
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And the last possible case, where the modulating signal corresponds to 2<8<3, it
results in:
) 3
NMS\Z’dC(236£3):J.(3—6)2 d5+j(2—5)2 ds=(5-2)(3-9). (4.10)
2 )
According to the previous results, for a single-phase single-level inverter the dc

voltage ripple NMSy, 4(8) becomes:

5(1-93), 0<d8<1
NMSY 4 (8)=1(-1)(2-8), 1<8<2;- 4.11)
(6-2)3-5), 1<5<3

Noticing a common rule of NMSy,,(8) depending on the number of H-bridges and
therefore the inverter level count, an expression for the normalized mean square dc
voltage ripple of a single-phase n-level inverter can be written as:

NMSJ 4 (8)=E-i)((i+1)-8), i=0,1,2,...,(n—-3)/2, iSE<i+]. 4.12)

4.3.1.2 Analytical calculations of AC-PWM NMS voltage ripple

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

At the first step, it is important to define a duty-cycle & introducing its sinusoidal
function over time:

5(6) = msin(0). (4.13)

In (4.13), 6=0t is the electrical angle and m is the modulation index. Depending on
the inverter voltage level n, the maximum value of m is (n-1)/2.

According to the previous definition it can be said that the duty cycle will,
theoretically, no longer have a constant value over every switching period. It will be
changeable following the sinusoidal behaviour of the modulating signal. On the other
hand, taking into account the assumption that the carrier (switching) frequency is much
higher than the fundamental frequency, the function 8(0) is assumed predominantly
constant over the switching period.

In this case, the ac voltage ripple NMS can be obtained by averaging the squared rms
voltage ripple over one fundamental period, taking into account (4.12). The calculation
of the ac voltage ripple NMS is given by (4.14).
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T

NS} o0 6) = [ (msin(@r) 1) (G +1)= msinor)) a,
0

i=0,1,2,.,(n=3)/2,i<m<i+1.

(4.14)

In order to have (4.14) given in the angle domain, a simple equality can be written:
I
on

Notice that parameters ® and 7 are given for the fundamental harmonic of the voltage
which usually corresponds to the frequency 50Hz, but the index “1” as a subscript is

dezd(mz)zmdmz?“dt—w:de (4.15)

intentionally omitted in order to avoid many subscripts in equations. Introducing the
angle domain, the ac voltage ripple NMS can be calculated as:

21
NMS] (e):,;_7t [ Gnsin(6) i) (i +1)- msin(6)) do.
0
i=0,1,2,...,(n=3)/2,i<m<i+l1.

(4.16)

The previous equation is integrated over the whole fundamental period. Following the
PWM control technique and ac voltage ripple presented in Figure 4.11. for the case of
three cascaded H-bridges with single dc bus voltages 200V, it can be noticed that this
function has a quarter-wave symmetry. Modulation index is set to m=2.5.
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Figure 4.11. (a) PWM control technique, (b) instantaneous voltage (blue) and its
fundamental component (red), (¢) and instantaneous ac voltage ripple (purple) of a single-
phase seven-level inverter with V4.=200V, f=50Hz, f=3kHz and m=2.5.
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Considering the aforementioned symmetry, the expression for the ac voltage ripple
NMS can be written as:
> /2
NMS§ . (8)== [ (msin(0)—i) (i +1)-msin(6)) 6,
’ o
0
i=0,1,2,..(n=3)/2,i<m<i+1.

(4.17)

Considering the case of single-phase multilevel inverters and the possibility of
having the modulation index m between different (voltage) levels, we can define a
generic property of one function y(x), which says that the function has a specific value
if some of its parameters are within defined limits, otherwise it has a zero value:

_ (x—x])(xz—x),xe [xl,xz]

y(‘x)_ )
O,XG [.X'],.Xz]

=012, (n=3)/2,x, =1, 2. (n—1)/2.

(4.18)

Limits for the parameters x; and x, are defined considering the previously derived
analytical approach taking into account the inverter voltage level n. Having defined
this generic function, it can be said that the expression for calculating NMSy . can be
divided into two main ones.

One expression considers the case when the modulation index m is between two
adjacent (voltage) levels. This case is described by the parameters x; and x,, and none
of them presents the maximum possible level considering the full cascaded H-bridges
configuration. Another expression presents the case when m is between the maximum
possible (voltage) level and the penultimate one. This means that for every two
adjacent levels the integral form (4.17) is calculated separately and at the end all in-
between-voltage level contributions are summed to get the final value of the ac voltage
ripple NMS. Each sub-integral form must have its limits that can be easily defined
following Figure 4.12.

Modulation index m

o /2 3m b

Angle [rad]
Figure 4.12. Half-fundamental period of the modulating signal (50Hz) defining the
limits between adjacent (voltage) levels for a single-phase seven-level inverter and
modulation index m.
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As it can been seen, there are two angles 6, and 0, which define the proper limits.
For this kind of inverter, there are three sub-integral forms that must be calculated in
order to get the final ac voltage NMS value. The first one which considers the angle
range between 0 and 0, the second one with the angle range between 6, and 6, and the
third one with angles 0, and 7/2. The first two can be joined into one form introducing
a proper variable, while the third one must be calculated separately.

The modulation index m is selected arbitrarily between values 2 and 3 in order to
explain the proposed algorithm. According to Figure 4.12., it can be written:

msin(0,)=1-0, = arcsin[i
m

j ,msin(0,)=2 -6, = arcsin[ij . (4.19)
m
For the general case of a single-phase n-level inverter, the equation (4.19) becomes:

. [ . i+
msin(;)=i— 0; = arcsm(ij ,msin(0,,)=i+1-0,,, = arcsm(l—J,
m m

(4.20)
i=0,1,2,.,(n=5)/2.

Considering (4.20) and defined limits for the parameter i, it must be mentioned that for
a single-phase three-level inverter its modulation index m is within the range 0-1.,
Therefore this calculation is not only applicable for this case since there are no sub-
voltage levels which contribute to the ac voltage ripple NMS. The same applies in the
following equations.

In order to calculate the ac voltage ripple NMS between two adjacent voltage levels,

the integral form (4.17) labelled as a}, (m)is:

. (il
0, :arcsm(l—j
m

aly (m)= NMS} ,.(6,<0<0,,,)= 2 j(m sin(0)—i) ((i +1)— msin(8)) 6, 42
T . .
ei:arcsin[i)

i=0,1,2,.,(n=5)/2,i<m<i+1.
All steps of the calculation of this integral are given in Appendix 4. The final result of
(4.21) is:

) : ( (l + 1)+ m )
n 3i+ l .2 3i+ / l 4 1 + 1 ; (it ’
arcsin| — |—arcsin| —
m (4.22)

m

i=0,1,2,,(n=5)/2,i<m<i+1.
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On the other hand, when the contribution to the ac voltage ripple NMS value comes
from the last voltage level, the integral form, labelled as by, (m), becomes:
T

bl (m)= NMS&QM(G,( <0< gj :% T(m sin(8)— k) ((k +1)— msin(8)) e,

4.23
6, =arcsin [%) ( )
k=n-3)/2,k<m<k+1.
Solving (4.23) results in:
bi (m)=l(3k+2)\/m2 k2 +l(2k (k+1)+m2) arcsin[ﬁj—E
T i n) 2 (4.24)

k=n-3)/2,k<m<k+1.

Detailed steps of solution of (4.24) are given in Appendix 4. It must be noted that the
parameter k strictly depends on the level count n and has only one value because it
refers to the last voltage level of one n-level single-phase H-bridge inverter. This case
is applicable to the single-phase three-level inverter as well. In order to get the final
value of the ac voltage ripple NMS, it is needed to properly sum equations (4.22) and
(4.24). The proper sum of both equations is:

(n=5)/2

k-1
NMS"/"aC(m): Z a@(m)+b"§(m)zZa"ﬁ(m)+bC(m),k:(n—3)/2 (4.25)
i=0 i=0

Introducing (4.22) and (4.24) into (4.25) results in:

T

T

0 l(Zi(i + 1)+ m2 )(arcsin (L) _ arcsin(ﬂjj
i " " (4.26)
s E e ]

1
T T 2

|
—_

NMS&,ac (m)=

i

i=0,1,2,..,(n=5)/2,k=n-3)/2,i<m<i+l.

Detailed solving and grouping steps of (4.26) are given in Appendix 4. The final result
of the ac voltage ripple NMS considering all possible inverter voltage levels is:

—lm2+£m,03m31
o

43 i 4 2 _2) 1 o 2
NMSﬁ’aC(m)z —Z(z’arcsin(—)j+—2( m-—i )—Em +—m—k(k+1), 4.27)
i=1 m T

s
i=1,2 (n=3)12  k=(n=3)/2,i<m<i+].

a
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4 Power quality evaluation of a single-phase cascaded multilevel inverter with PWM technique

Setting the parameter k=0 in (4.27) (or in (4.24)), the ac voltage ripple NMS in case of
a single-phase three-level inverter with 0<m<I is easily obtained. The ac normalized
mean square voltage ripple, with respect to the equation (4.27) for the configuration up
to five cascaded H-bridges (n=11), is presented in Figure 4.13.

0.25

AV AV AVAY S
N

0

Voltage NMS (p.u.)

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

Figure 4.13. Ac voltage ripple normalized mean square for the configuration up to five
cascaded H-bridges —single-phase eleven-level inverter (equation (4.27)).

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

In order to calculate the voltage THD using the ac voltage NMS criterion, simple
mathematical calculations can be introduced. Every signal can be expressed as a sum
of its fundamental component and other harmonic components:

x(e)=x (1) + D x;. (o). (4.28)
k
The total rms square value of the signal x(¢) can be written as (Parseval’s theorem):
15 ’
Xi?sm = ?I[xl (t)"" Z Xk ([)] = Xlz,rsm + szms,dist . (4.29)
0 k
Considering (4.29), the formula for the total harmonic distortion of the signal x() is:
X -
THDX _ rms ,dist ) (430)
X

1,rsm

In case of the normalized ac voltage ripple NMS of a single-phase n-level inverter, its

normalized rms value is:
(m)z,/NMSﬁ’ac (m). 4.31)
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Taking into account (4.30) and (4.31), the voltage THD formula can be written as the

square root of the normalized ac voltage ripple divided by the normalized fundamental
component of the voltage:

NMSY 4 (m) NMSY 4 (m) 2NMS o (m)
THD} (%)= 100 = T 100 = - 100, (4 39

\/E Vdc

where NMSa,ac(m) is the ac voltage ripple NMS, V,. is the dc bus voltage of each

1,rms ,norm

single H-bridge and m is the modulation index.

The voltage THD expression does not depend on any frequency ratio, and it does
only depend on the modulation index m and the level count n of a single-phase
multilevel inverter. In Figure 4.14., the voltage THD as a function of the modulation
index m is presented, considering the configuration up to five cascaded H-bridges, i.e.
eleven-level single-phase inverter.

250 \
200 \
150

100 \

50

Voltage THD (%)

0

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

Figure 4.14. Voltage THD(%) as a function of the modulation index m (equation (4.32))
for the configuration up to five cascaded H-bridges — single-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 current ripple

Analytical calculations of DC-PWM NMS current ripple can be performed in a
similar way as it is done for the voltage calculations. The normalized dc voltage ripple

voltage is applied over the load in order to calculate the corresponding current
parameters.
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4 Power quality evaluation of a single-phase cascaded multilevel inverter with PWM technique

The analytical approach is firstly carried out for the basic single-phase three-level
H-bridge inverter, presented in Figure 4.15.(a), controlled by the constant duty cycle
over every switching period. In Figure 4.15.(b), normalized voltage over one switching
period, corresponding normalized voltage ripple and normalized current ripple are

presented.

V,

de

[e4)
,{*!‘—*

o
4
TN

Jf}_ il
.JS} |

(a)

.\!‘N

(b)

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

The normalized voltage and normalized current ripple are presented in Figure
4.16., with the duty cycle 8=0.75 in correspondence with the ongoing analytical
approach. The switching period corresponds to the frequency f;=3kHz.

=y

Voltage p.u.

o

0.09375

0

-0.09375| ‘ ‘ ‘ .
0 3 6 9 12 15
tTs
Figure 4.16. Normalized voltage and current ripple of a single-phase three-level inverter
with the constant duty cycle 6=0.75 and switching frequency f=3kHz.
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In general, there are two ways of calculating the ac current ripple NMS. One is an
analytical way directly following the diagrams in Figure 4.15.(b), and the other one is
the standard way starting from the voltage expression of one inductor.

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

5(1-39)
13 = s
r,rms 2\/5 (433)

where 8 represents the duty cycle and the square root of three results from obtaining
the rms value of one triangular signal by dividing its amplitude with this number.
Generally, the NMS criterion presents the square of the rms value of one signal,
therefore the dc current ripple NMS of the single-phase three-level inverter is:
5 S2(1_5)?
NMS?,dc = ([r3,rms ) = % .

In the second case, the general formula for the instantaneous current ripple of one
inductor L over one switching period T is:

(4.34)

T t T
o By 1t
ip ()= .([v(t)dt =7 _([v(t)dt + ztfv(t)dt , (4.35)

where 1,, represents the duty cycle in the time domain while T is the switching period.
In order to estimate the peak-to-peak value of the current ripple, the first part of
(4.35) can be taken into account considering that v(¢) =V,-v', where v* presents the

reference voltage which defines the constant duty cycle. Introducing v(f)=Vy-v'

results in:
Loy , .
Ipp (irip ([)): % J(Vdc -v )dt = % (Vdc -V )tan : (4.36)
0

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

. Vdc V* T Vdc T
Ipp(’rip(t)): I3 (1_E]ton T_SZTSS(l_S)- (4.37)

N

Equation (4.37) has to be divided by two in order to get the amplitude of the current
ripple:

)

max (i, (f)):—LSS(l— 8). (4.38)

As it was done in the previous case, to get the rms value of the current ripple, here
(4.38) is divided by square root of three. This is presented in (4.39).
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4 Power quality evaluation of a single-phase cascaded multilevel inverter with PWM technique

I

‘ () = max (i”-p (t)) _ Vi T,
rip ,rms \/3_ 2\/3_L

According to this, the dc mean square criterion for the current ripple can be written as:

3(1-39). (4.39)

3 ( )2 Vdc Ts ? 1 2 2 4.4
MSl,dc = Irip,rms ®)" = T ES (1_6) . ( . 0)

Normalizing (4.40), the dc current ripple NMS value for a single-phase three-level
inverter becomes as in (4.34):
52 (1-38)°
12
Since the first approach is easier than the second one, the first one will be
considered in the following calculations. Figure 4.17 shows corresponding waveforms
in case of a single-phase five-level inverter. The dc current ripple NMS value can be
estimated considering two different regions. According to Figure 4.17. we can
distinguish both regions where the duty cycle d is either 0 <d< 1l or 1 <d <2, as it
was similarly done for the dc voltage ripple NMS.

NMS? 4 = (4.41)

vV A vV
Vie Ve
)

t
EN I T D T TS R
Vdc E i i VdL i i i i
-8 P . B P P
r t 2% r ‘
0 >l 0 >
sl | 5+1J2 1, 5-1f | ajz 1,
) E—— o . 1=8 |- = ..
Inrwrmr : : : : Ir,mrrm‘ i E i i
34-8 | P (6-1)(2-9)
2 \ \ ¢ 2
NN 0
0 S\ o+ \i2 L
8a-8) )/ _(6-ne-y
T 2
(a) (b)

Figure 4.17. Normalized voltage over one switching period, corresponding normalized
voltage ripple and normalized current ripple of a single phase five-level inverter when
@0<d<l,(b)1<6<2.

In both cases different voltage ripple values are applied over the load and, adjusting the
zero average of the dc voltage ripple NMS as it is labelled, two different expressions
(4.42) for the dc current ripple NMS as a function of § can be written.
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8% (1-35)*
%,OSS<]
NMS 3 4 (8)= 612 (2-5) (4.42)
2 2T 1<6<2
12
For a single-phase seven-level inverter corresponding waveforms are shown in
Figure 4.18.
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Figure 4.18. Normalized voltage over one switching period, corresponding normalized voltage

ripple and normalized current

()

ripple of a single phase seven-level inverter when

(@)0<d<I1,(b)1<d<2and(c)2<3<3.
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4 Power quality evaluation of a single-phase cascaded multilevel inverter with PWM technique

In order to calculate the dc current ripple NMS the same approach can be used. In this
case there are three regions depending on the value of the duty cycle 8. The final
expression for all cases is:

2 2
M’OS8<1
12
—1)2 —5)2
NMS ] 4.(8)= w,ls&z : (4.43)
2 2
W’ZSSSB)

Considering the presented cases for the single phase three-, five- and seven-level
inverters, a general form for the dc current ripple NMS for a single-phase n-level
inverter can be written as:

(6-i)?((+1)-98)?
12

NMS ] 4. (8)= ,i=0,1,2,..,(n=3)/2,i<d<i+1. (4.44)

4.3.2.2 Analytical calculations of AC-PWM NMS current ripple

In order to calculate the ac current ripple NMS, a non-constant reference voltage
has to be considered. The sinusoidal reference voltage was used for the ac voltage
ripple NMS, therefore the same will be assumed now. Within every switching period,
the duty cycle d as a function of the angle 6 can be expressed as:

5(6) = msin(8), (4.45)

with 8=t and m is the defined modulation index representing the ratio between the
amplitude of the voltage fundamental component and the inverter dc input voltage. It
must be mentioned that the switching frequency is theoretically assumed infinitely
larger than the fundamental frequency therefore the results of the dc current ripple
NMS can be used for calculating the ac current ripple NMS with the same statement
that 8(0) is predominantly constant over one switching period. Doing so, the ac current
ripple NMS can be obtained by averaging the squared current ripple over one
fundamental period. The corresponding expression in the time domain is:

115

——J(m sin(mt)— i)2 ((z + 1)— m sin(oot))2 dt,

12T 0

i=0,1,2,.,(n=3)/2,i<m<i+l.

NMS;!,ac(t): (446)

In order to have (4.46) given in the angle domain, a simple equality can be written:
I
2n

d6 = d(wr) = odr = %dr ——dt=d6 (4.47)
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Parameters ® and T are given for the fundamental harmonic of the current that is SOHz,
but the index “1” as a subscript is intentionally omitted. According to this, the ac
current ripple NMS can be calculated as:

2n

NMS !, (8)= %g (msin(6)=i)? (i + 1) msin(6))>de, was)

i=0,1,2,.,(n=3)/2,i<m<i+1.

The previous integral form considers the whole fundamental period. Figure 4.13.
shows a quarter-wave symmetry of the current ripple. The control technique together
with the instantaneous current with its fundamental component and instantaneous ac
current ripple are presented for the case of three-cascaded H-bridges with single dc bus
voltages V4=200V, switching frequency f=3kHz, fundamental frequency f=50Hz and
load parameters R=64.6Q and L=36.2mH. Modulation index is set to m=2.5.

, . . .
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Figure 4.19. (a) PWM control technique , (b) instantaneous current (red) and its
fundamental component (blue), (¢) and instantaneous current ripple (maroon) over one
fundamental period (T=20ms) of a single-phase seven-level inverter with V4.=200V, load
parameters R=64.6Q and L=36.2mH, f;=50Hz, f=3kHz and m=2.5.

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

1 27t/2

NS, o (6) =5 [ nsin0)—i)* (1) msin0)* a0, (449

i=0,1,2,,(n=3)/2,i<m<i+1.
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4 Power quality evaluation of a single-phase cascaded multilevel inverter with PWM technique

As it was done for the ac voltage NMS the same generic property of one function y(x)
can be defined, which says that the function has a specific value if some of its
parameters are within defined limits, otherwise it has a zero value:

_ (x—x])(xz—x),xe [xl,xz]

y(‘x)_ )
O,XG [.X'],.Xz]

x=0,12,...,n=3)/2,x=12,.,(n=1)/2.

(4.50)

Limits x; and x, are given on the basis of the studied single-phase n-level inverter.

After defining this function, the expression for calculating NMS;,. can be divided
into two main parts. One part represents the case when the modulation index m takes
part between two adjacent (voltage) levels defined by the parameters x; and x,, and
none of them presents the maximum possible level considering all N cascaded H-
bridges. Another part represents the case when m is between the maximum possible
(voltage) level and the penultimate one. This means that for every two adjacent levels
the integral form (4.49) is calculated separately and at the end all in-between-level
contributions are summed to get the final value of the ac current ripple NMS value.
Each sub-integral form must have its limits that can be easily defined as it was done in
case of the voltage evaluation. The same approach will be repeated here for a single-
phase seven level inverter, according to Figure 4.20.

Modulation index m

o e o 2 a4 b
Angle [rad]

Figure 4.20. Half-fundamental period of the modulating signal (50Hz) defining the
limits between adjacent (voltage) levels for a single-phase seven-level inverter and
modulation index m.

It can be seen that there are two angles 6, and 0, which define the proper limits.
There sub-integral forms must be calculated get the final ac voltage NMS value. The
first one between angles 0 and 0, the second one between angles 0, and 0,, and the
third one between angles 6, and 7/2. The first two can be joined into one form
introducing a proper variable, while the third one must be calculated for itself. The
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modulation index m is arbitrarily selected between values 2 and 3 in order to explain
the suggested algorithm.

According to Figure 4.14. and considering the previous explanation for the voltage
ripple NMS, the corresponding angle limits can be written as:

msin(8,)=1— 0, = arcsin(iJ ,msin(0,)=2— 0, = arcsin[ij . 4.51)
m m
For the general case of a single-phase n-level inverter, the equation (4.51) becomes:

. L . (it
msin(0,)=i— 0, = arcsm(ij ,msin(0;,,)=i+1—-0,,, = arcsm(l—j ,
m m

(4.52)
i=0,1,2,.,(n—5)/2.

Equation (4.52) does not include the case for n=3 because there is only one region
where m takes place. In order to calculate the ac current ripple NMS between two
adjacent levels according to the previously defined angle limits, the integral form

labelled as a'} (m) becomes:

[P+
0,,,=arcsin| —
m

J(m sin(0)— i)2 ((i+1)- msin(e))2 doe

(i
6,=arcsin| —
m

All steps related to the calculation of this integral are given in Appendix 5. The final
result of (4.53) is:

af(m)=NMS],.(6;<6< e.ﬂ):LE

12n " (4.53)

i=0,1,2,..,(n=5)/2,i<m<i+].

%\/nﬁ —(i+1)? (2(i+1)(25i2 +6i—1)+ (23+55i)m2)+
T
n 1 1 2 2(n:[re:2 . N2
=— -—— —i7\2i (25i° +44i+18 J+(32 + 55 +
aj )=~ lm? (2i (2502 + 44i +18)+ 32+ 55)m?) wse
+l(2i2 (i+1)2 + (61'2 +6i+ l)m2 +§m4J (arcsin(ﬂj—arcsin(LB
s 4 m m

i=0,1,2,..,(n=5)/2,i<m<i+1.
When the contribution of the ac current ripple NMS comes from the last voltage level,

the integral form labelled as b” (m) is given by (4.55).

T
2
b7 ()= NMS ;{ac(ek <0< E) = L2 [(nsin(0)-k)? ((k+1)- msin(6)) db,
2 12 TEG =arcsin(£j (455)

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

arcsin(ﬁj [—l [2k2 (1+k)+ (6k2 +6k +1)m2 +%m4jj+

m T
b;’(m):L +m? —k? —L(m2(32+55k)+2k(25k2+44k+18)) +
12 12n (4.56)

2
+{k2(1+k)2 +(6k2 +6k+1)m7+§m4:|

k=n-3)/2,k<m<k+1.

Detailed solving steps of (4.55) are given in Appendix 5. It must be noted that the
parameter k strictly depends on the level number » and has only one value because it
refers to the last voltage level of one single-phase n-level H-bridge inverter. Apart from
this, setting k=0, the ac current ripple NMS in case of n=3 can be obtained. In order to
get the final value of the ac current ripple NMS, it is needed to sum (4.54) and (4.56) in
a proper way. The proper sum of both equations is:

(n=5)/2 k-1
NMS] . (m)="3" af(m)+b](m)= af(m)+bj(m), k=mn-3)/2.  (4.57)
i=0 i=0

Introducing (4.54) and (4.56) into (4.57) results in:
i . ) .
RN (+17 2(i +1)(25l + 6i 1)+ .
127 + (23 +55i)m?
. ) .
_Lm 21(25; +44z+18)+ N
127 + (32 +55i)m*>

T

ﬂ-
S

+1(2i2(i+1)2 +(6i2 +6i+1)m2 +jm4j-
T

n 1 -| arcsin i+l — arcsin i
NMSI,ac (m):a m m . (458)

. | 2k2(1+ k) +
in| — || —— +
(m] T +(6k2+6k+1)m2+%m4

+Vm? —k? [—12175(m2(32+55k)+ 2k(25k2 +44k+18))}+

2
R

Detailed solving and grouping steps of (4.58) are given in Appendix 5. The final result
of the ac current ripple NMS for a single-phase n-level inverter considering all possible

voltage levels is given by (4.59).
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NMSIn,ac (m):

12

2 2
k1) 1

i=1,2,..,(n=3)/2,i<m<i+l,k=(n-3)/2.

I 5
24
k .
—3%;(1'(21'2+3m2)arcsin(én—9%;(\Im2—i2(11i2+4m2)j 4.59)
) 3+(6k2+6k+1) 3
b 24

Setting the parameter k=0 in (4.59), the ac current ripple NMS in case of a single-phase
three-level inverter with 0<m<1 is easily obtained.

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

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

In order to calculate the current THD using the current ripple NMS criterion, a

simple mathematical calculation used for the voltage THD can be considered as well.
In that case, the current THD form, using non-normalized parameters, is:

n 1 rms,dist
THD} =—==. (4.60)

1,rsm
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The current ripple rms value /- ... can be written as a function of NMS Tac (m)de-

normalized with the proper coefficient evaluated in (4.40). Following this gives:

2
n V CT n V c
Irms,dist = \/NMSI,ac (m)(%J = \/ NMS I,ac (m) de . (461)

N

The fundamental current component is:

Iy o = 2dec - mv.
2R gl P L (462)
By substituting (4.61) and (4.62) into (4.60), the current THD form becomes:
THD | (%)= 2 2NMS o () J;—f (4.63)
m s

In Figure 4.22, the current THD as a function of the modulation index m is
presented, considering the configuration up to five cascaded H-bridges, single-phase
eleven-level inverter. Parameters used for the current THD are: f; =50Hz, f=3kHz,
R=64.6Q and L=36mH.

18

\
o\
12 \

10

Current THD (%)

o N b~ O

—_—

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

Figure 4.22. Current THD(%) as a function of the modulation index m (equation (4.63)) for
the configuration up to five cascaded H-bridges — single-phase eleven-level inverter with
R=64.6Q, L=36.2mH, f;=50Hz and f=3kHz.
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4.4 Simulation

In order to estimate the correctness of the analytical approach while calculating the
output power quality of a single-phase multilevel inverter controlled by PWM
technique, Matlab/Simulink simulations were carried out. Three different
configurations are analysed: one H-bridge, and two and three cascaded H-bridges. It
must be noted that these configurations are intentionally selected because the same
configurations will be experimentally used. The Simulink scheme with three cascaded
H-bridges (seven-level single-phase inverter) is presented in Figure 4.23.

B—g
= ] ELHJ
EE Mm 1?
e j - ‘L =
S e -

FIRST LEVEL

Figure 4.23. Matlab/Simulink model of a single-phase seven-level inverter with three
cascaded H-bridges.

Generally, six carriers and one modulating signal are needed to control three
cascaded H-bridges. Considering an n-level inverter n-1 carriers and one modulating
signal are needed in order to properly control the whole configuration. On the other
hand, the control strategy of a single-phase n-level inverter can be performed using
only one carrier and n-1 modulating signals, as a completely equivalent solution. In
this case every modulating signal has a shift of +/—1 with respect to the value of the
modulation index m.

The second kind of the PWM technique is introduced because the microcontroller
used in all experiments is capable of providing only one carrier and multiple
modulating signals. This feature of the microcontroller will be explained in the
experimental part of this chapter.
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The important fact is that both ways of implementing the PWM technique work exactly
in the same way and give identical results.

For three cascaded H-bridges the standard unipolar PWM technique with six
carriers and one modulating signal, and the equivalent one with one carrier and six
modulating signals are presented in Figure 4.24.(a) and (b), respectively. The
frequency of all carriers is 3 kHz and the frequency of all modulating signals is 50 Hz.
It must be noted that the colours of all carriers in Figure 4.24.(a) intentionally
correspond to the colours of the modulating signals in Figure 4.24.(b), therefore each
carrier has a connection with the corresponding modulating signal which provides
exactly the same control signal. The chosen modulation index is m=2.5.

i 6
L
il 5
2T AN ERECEE LA g 4
I A UV AN A 3
V7R ANAN AR AN RARRARANRARAAAANRARAAAAN )
il il "
° il /-
; Y
ORI TER AT i 4
ARAAARAAARRRARARARARAARARRRARAAARARNAAS AAAARANA
A | | |
03 0.305 0.31 0.315 032 03 0.305 0.31 0.315 0.32
Time [s] Time [s]
(a) (b)

Figure 4.24. Unipolar equivalent PWM techniques (a) with six carriers and one modulating
signal and (b) with one carrier and six modulating signals for f;=50Hz, f{=3kHz and m=2.5.

In order to estimate the output power quality of the proposed single-phase
configuration, it is important to define the passive load parameters R and L, since the
current THD adheres to them. Those two parameters are based on a real custom-made
air core inductance (measured with an RLC meter) and its values are R=64.6Q2 and
L=36.2mH. The same load parameters were used in the previous chapter and will be
considered for the experimental work as well.

Scrutinizing the previously presented single-phase configuration, the modulation
index range starts with 0 and ends with 3. This means that only one H-bridge works, if
the inverter works with the modulation index which belongs to its first range i.e. from
0 to 1. If two H-bridges work it means that the modulation index takes place within the
range 1-2. The same applies if three H-bridges contribute to the voltage and current,
and m is between 2 and 3. According to this, nine different values of the modulation
index m are chosen (three values for each of three different configurations) in order to
attain the voltage and current THDs using the built-in Matlab function called ‘‘FFT
analysis’’.
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Apart from the THD value of one parameter this function gives its amplitude for the
fundamental harmonic as well. The nine selected values of the modulation index m are:
0.3,0.6,09,1.3,1.6,1.9,2.3,2.6, and 2.9.

In Figure 4.25. the voltage (blue) and current (red, scaled 50 times) are presented
over three fundamental periods (3T=60ms) for the modulation index m=2.5
(intentionally deferent modulation index compared with the nine selected ones) as one
representation of the analysed configuration.
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-600 - 1

400+

200*

Output voltage [V] / current [A]

Of2 O.HZ’I 0.22 0.;23 0:24 0.25 O.;26
Time [s]
Figure 4.25. Voltage and current (50x) obtained by Matlab simulation for a single-phase
seven-level inverter (three cascaded H-bridges):
V4=200V, R=64.6Q, L=36.2mH, f; =50Hz, {=3kHz and m=2.5.

In Figures 4.26., 4.27. and 4.28. all nine selected cases for the voltage and current THD
estimations as results of the FFT analysis are presented. Each figure presents a
screenshot of the Matlab/Simulink simulation, where the voltage and current THDs are
displayed together with their fundamental amplitudes (emphasised with the red
rectangle). Calculating the voltage and current THDs for each value of the modulation
index m considers ten fundamental periods of 20ms and starts at the time scale 20ms in
order to steer clear of a possibly short transient period at the beginning of the
simulation and to get the desired values as precise as possible. The switching frequency
is set to 3kHz, thereby harmonics appear around it and its multiples 6kHz and 9kHz.
The frequency scale ends at 10kHz in order to make the dominating harmonics visible.
All harmonics after the frequency 10kHz have lower amplitudes.

110



4 Power quality evaluation of a single-phase cascaded multilevel inverter with PWM technique

Voltage

Signal
FFT window: 10 of 15 cycles of selected signal

g

Signal mag.
°

100,

200
002 004 006 008 0.1

012 014
ime (s)

016 018

FFT analysis

2 2 = 2

Mag (% of Fundamental)

8

7000 8000 9000 10000

. Al Il
0 1000 2000 3000 4000 5000 6000
Frequency (Hz)

Voltage

Signal
FFT window: 10 of 15 cycles of selected signal

Signal mag.
o B

g

| Fundamental (50Hz) =120, THD= 10564% |

Mag (% of Fundamental)

20

.

7000 8000 9000 10000

i LIl
0 1000 2000 3000 4000 5000 6000
Frequency (Hz)

Voltage

Sianal

- FFT window: 10 of 15 cycles of selected signal

3

Signal mag.

01 012 014

Time (s)

016

8 8 & 8

Mag (% of Fundamental)

Al N

0 1000 2000 3000 4000 5000 6000 7000 800D 9000 10000
Frequency (Hz)

Current

FFT window: 10 of 15 cycles of selected signal

Avetse s sl
et
1
ame: [y ond v 5 05
[
ot [oput g s o
‘Signal number: 1 v @ 05
Dipey: Ol !
oy O seral
00
@FFTwitow
— FrTanaes

Sarttime (s} 002

12

Namber of cycles: 10

Fundamertal frequency (Hz). 50

Max frequency (Hz): (10000

M frequency for THD computation:

Mag (% of Fundamental)

o

1000 2000 3000 4000 5000 6000
Frequency (Hz)

Current

FFT window: 10 of 15 cycles of selected signal

LW

|

|
0.1
ime (s’

U

Myt requency <
Diplay st 4
Bar reaive to fundomerta) v
Basevaue: [10 2
Frequency ads: Hertz E

Display. Close

Avaiabie signals Sonal
Refresh 2
Name: v Joad v 21

g

E
out input 1 - 50
Signal number: |1 ~ (2]
2

Dispiay: O Sigal
vy O signa 2
(@ FFT window

FFT setings FFT anaysis
Startime (5% (002
Namber of yces: [10 &

7

Fundamertal frequency (Hz: 50

il \l || ulll,

o

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency (Hz)

Current

FFT window: 10 of 15 cycles of selected signal

002 004 006 008

nh M\MM

01 012 014 o1
Time (s)

1 I \MM\ wlllil

26
Max requency (H2). 10000 g
35
Hax requenecy for THD conpudato: -
c
Nyaust equency 5 54
2
Oispla st =3
g
Bar (rlatve to fundanerda) v =7
Basevake: [10
1
Frequency axis: |renz 5
0
Close
Avaiae signal Sonal
Refresh
2
Name: [\ Joa T :
Voad B
E
ot fopuet v S0
p
Snairunber: |1 < @
2
oislay OSignal
©FFT window
FFT setinge FFT anaisis
Stattine 5 002
45
Humberof cycles: 10
4
Fundanertal frequency (H2). 50
s
H
Max requency (210000 § 5
Max requenecy for THD camputaton £ 25
I
Nyt recuency 5 5,
Dislay st o
B relat to funcamerta) < =
1
Basevae: [10
[
Frequency ads: [renz 9]
Oisiay cose

()

[

1000 2000 3000 4000 5000 6000 7000 800D 9000 10000
Frequency (Hz)

Avalabl signals

Refresn
Name: | joad
ot finput 1

Sanalnumber: 1

Display: O Signal
@ FFT window

FFT setings
Starttime (s} 002

Number of cyces: 10

Fundamertal frequency (Hz): 50

Max frequency (Hz): 10000

M frequency for THD compatation

Nyquist frequency

Display syle:

Bar (relativeto fundamerta

Basevae 10

Frequency axis: |Hertz

Avalable sgnals

Refesn
Name: | Joad
ot it 1
Sl amber: 1

Osplay: O nal
@ FFT wndow

FFT setings
Starttime (s 002

Number of cycles: 10

)

Close

Fundamertal frequency (Hz): 50

Max frequency (Hz) 10000

Max frequency for TH computation:

Nyauist frequency

Display syle:

B (reativ to undamenta)

Basevae: 10
Frequency axis: |Hertz

Disply.

Avaiable signats

Refresh
Name: | Joaa
ot put

Sanalnumber: |1

Display: O Signal
(® FFT window

FFT setings
srttine (53 002
Number of cyckes: 10
Fundamental fecuenecy ()

Max frequency (210000

Close

EY

M frequency for THD computaton

Nyauist requency

Display sty
Bar (elative to fundomental)
Basevae: 10

Frequency axis: | Hertz

Figure 4.26. Voltage (left) and current (right) FFT analyses for a single-phase
three-level inverter: (a) m=0.3, (b) m=0.6, (¢) m=0.9,
for V=200V, R=64.6Q, L=36.2mH, fy=50Hz and f=3kHz.
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Figure 4.27. Voltage (left) and current (right) FFT analyses for a single-phase
five-level inverter: (a) m=1.3, (b) m=1.6, (¢) m=1.9,
for V=200V, R=64.6Q, L=36.2mH, f;=50Hz and f=3kHz.
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Figure 4.28. Voltage (left) and current (right) FFT analyses for a single-phase
seven-level inverter: (a) m=2.3, (b) m=2.6, (¢) m=2.9,
for V4.=200V, R=64.6Q, L=36.2mH, f;=50Hz and f,=3kHz.
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The results obtained by using the simulations are summarized in Table 4.1. for a better
overview.

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

. Modulation
Configuration index m THDy, (%) THD; (%)
) 0.3 179.44 12.98

thrgci(fel\—/l;)ﬁlcxliiter 0.6 105.64 8.71
09 64.18 491

. 1.3 43.04 3.27

1.9 30.34 2.35

. 2.3 24.51 1.90

29 19.87 1.57

It can be noticed that by increasing the modulation index m, which also means
involving more H-bridges in the configuration, the output power quality improves.
After presenting the experimental results, the full comparison between analytically

calculated, simulation and experimental results will be tabulated and graphically
presented.

4.5 Laboratory experiments

Experimental verifications were performed for a single-phase inverter with one H-
bridge, and two and three H-bridges, maximum seven voltage levels. The dc bus
voltage of each H-bridge is V4=200V. Note that the detailed explanation of the
experimental realization of the mentioned inverer is given in chapter 2.3. A simple
circuit scheme of the experimental setup is presented in Figure 4.29.

ISOLATING 3-PHASE H-BRIDGE

TRANSFORMERS RECTIFIERS CELLS

A 7 i e AT

~ : — " I

GRID 14+ ~ //////: % j////; " |
VARIAC P P :

## - - |

Figure 4.29. Circuit scheme of the experimental setup.
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As it was considered in the previous analyses in this chapter, an air-core inductor with
its resistive and inductive parts R=64.6Q2 and L=36.2mH is used for the experimental
tests. Figure 4.27. shows the inductor together with the display of the RLC meter
measuring its parameters.

(b)

Figure 4.30. (a) Air-core inductor used as a load and (b) measuring its parameters R and L
with the RLC meter

The control signals for all three H-bridges are provided by the Arduino DUE
microcontroller. The modulating principle is similar to that one explained in the
chapter 3.6, therefore in Appendix 6 the program code is given with a short
explanation. This kind of microcontroller has only one carrier consisting of clock
counts starting at zero and finishing at an exact value which defines the switching
frequency. The type of the carrier used in the program code is the so-called canter-
aligned carrier. The same carrier was used in the simulation part. Generating proper
sinusoidal modulation signals and comparing them with the carrier give control gate
signals for the proposed configuration. It can be noted that for three cascaded H-
bridges six modulating signals are generated by the microcontroller.

For the experimental verifications nine different values of the modulation index m
are selected according to the correspondence with the simulation. Those values are 0.3,
0.6, 0.9, 1.3, 1.6, 1.9, 2.3, 2.6, and 2.9. In case of using only one H-bridge, two
modulating signals are used, therefore the amplitudes of the other four modulating
signals are set to 0. The same applies for two H-bridges where two modulating signals
have the modulation index O.

Doing so, a full comparison between analytical, simulation and experimental results
can be made. Thanks to the oscilloscope advanced functions, each experimental case is
presented with a screenshot of the signals together with their real time calculations.
The experimental results are presented in Figures 4.31., 4.32., and 4.33.
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Figure 4.31. Measured voltage (green trace), current (red trace), fundamental current (grey
trace) and current ripple (5x, blue trace) for (a) m =0.3; (b) m =0.6; (¢) m =0.9,
for V4.=200V, R=64.6Q, L=36.2mH, f;=50Hz and f=3kHz.
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2ms/div.

(a)

563mY Rms(M2)
848E+00 Calc2
[7E+00 Calcd

oms/div

(b)

199.885 v RmsEC‘I) 211 A74my

210.563mY Rms(M2) 9.41789mV
183.848E+00 Calc2 18 3461E+00
42 6147E+00 Calcd 3.48085E+00

oms/div

394.79TmV

9.65465mV
HE+00 18.4760E+00
29.2057E+00 2.45333E+00

Figure 4.32. Measured voltage (green trace), current (red trace), fundamental current (grey
trace) and current ripple (5x, blue trace) for (a) m =1.3; (b) m =1.6; (¢) m =1.9,
for V4.=200V, R=64.6Q, L.=36.2mH, f;=50Hz and f=3kHz.
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oms/div

RmsE('S) 5 Rms(C4) 480 .548mV
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Figure 4.33. Measured voltage (green trace), current (red trace), fundamental current (grey
trace) and current ripple (5x, blue trace) for (a) m =2.3; (b) m =2.6; (¢) m =2.9,
for V4.=200V, R=64.6Q, L=36.2mH, f;=50Hz and f=3kHz.
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Each screenshot shows four different waveforms, displayed over one fundamental
period 20ms, presented in the first half of Table 4.2.: output (load) voltage (green
trace) — oscilloscope channel 3, labelled C3; output (load) current (red trace) —
oscilloscope channel 4, labelled C4; fundamental component of the current obtained by
using the IIR low pass filter (grey trace) — labelled M1 and the current ripple obtained
as a difference between the current and its fundamental component (blue trace, scaled 5
times) — labelled M2:C4-M1. It must be noted that on the top of each screenshot the
scales of waveforms are displayed with the colours which correspond to the waveform
colours. Due to the real size of the current ripple, it must be scaled by five in order to
make it visible. The scaling factor does not affect any calculation.

Calculations used for estimating the output power quality under the specific
working conditions are carried out by using the infinite impulse infrared (IIR) filter and
built-in advanced mathematical functions of the oscilloscope working in real time. This
is an important feature of the oscilloscope, considering that real time calculations take
into account all characteristics of signals without some mid-steps such as downloading
signals with a proper sample resolution and handling them with software. In this case
possible conversion errors are avoided, all steps are less complex and experimental
results are well and precisely presented. Eight different calculations, which are
presented in the second half of Table 4.2., are shown at 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 the scope built-in advanced
mathematical functions. RMS: root mean square.

Signal waveforms and calculated

Label Description

parameters
C3 Scope channel 3, CH3 Load voltage
C4 Scope channel 4, CH4 Load current
Math function 1:
Ml TIR low pass filter Fundamental current
Math function 2: .
M2 CH4-M1 Ripple current
Math function RMS
Rms(C3) on CH3 Total voltage rms V,,,,
Math function RMS
Rms(C4) on CH4 Total current rms 1,
Rms(M1) Math fg?lc;jﬁn RMS " Total fundamental current rms rms, fund
Rms(M2) Math function RMS Total current ripple rms 1, ipie

on M2=CH4-M1

o Fundamental voltage rms
Built-in math

Calcl . mV
calculation 1 Vims, fund = éc
Voltage ripple rms
ilt-i 2 2
Calc2 Built-in .math Vrms,ripple = \/(Vrms) - (m Vdc/\/E)
calculation 2
= (Rms(C3))* (Calc1)?
Voltage THD(%)
Calc3 Built-in math Vrms,ripple Calc2
calculation 3 THD;, (%)= 2IPPE 100 = 100
rms, fund Calcl
Current THD(%)

1 rms,ripple
Built-in math THD; (%)= 7 100
Calc4 rms, fund

calculation 4 R )
= M 100
Rms(M1)

According to the previous -calculations, the voltage and current THDs
experimentally obtained can be easily tabulated in Table 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
thr(e)erfelje_})ﬁlcifiiter 0.6 103.65 8.69
0.9 62.14 4.93
; 1.3 42.61 3.48
Y veiovel imventar L6 38.46 3.5
1.9 29.20 2.45
. 2.3 22.49 1.98
T eniovel imvener 26 23.58 201
2.9 19.66 1.68

4.6 Comparison of analytical, simulation and experimental results

Experimentally obtained results (Exp.) which define the output power quality of
single-phase three-, five- and seven-level inverters have to be compared with the
analytical (Calc.) and simulation (Sim.) ones in order to verify the matching between
different approaches and to prove the correctness of the mathematical developments.
For selected modulation indexes three different sets of results for voltage and current
THDs are compared in Table 4.4.

Table 4.4. Analytically calculated, simulation and experimental voltage and current THDs

THDy (%) THD; (%)
Modulation . .
. Calc. Sim. Exp. Calc. Sim. Exp.
index m
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 4.91 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 approaches lead to almost the same results with
an acceptably small error. In case of higher values of the modulation index m, the
current THD error becomes noticeable due to really small THD values and due to the
sensitivity of the current probe. The comparison between those results for the voltage
and current THDs are graphically presented in Figures 4.34. and 4.35.
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Figure 4.34. Comparison between analytically calculated, simulation and experimental
values of the voltage THD considering nine different values of the modulation index m.

18 : ‘
\ =—Math analysis
16 \ o simulation
14 " A Experiment
& 12 \
[m]
T 10
= W
5 8 ‘\
S 6
) N\,
4 A,
2 A e
0
0 0.5 1 1.5 2 25 3

Modulation index m

Figure 4.35. Comparison between analytically calculated, simulation and experimental
values of the current THD considering nine different values of the modulation index m.

122



4 Power quality evaluation of a single-phase cascaded multilevel inverter with PWM technique

4.7 Grid-connected single-phase multilevel inverter

4.7.1 Grid current THD evaluation

A single-phase multilevel inverter connected to the electrical grid via coupling
inductor is shown in Figure 4.36. For the maximum power transferred to the grid
considering the given grid current amplitude, the current must be in phase with the
corresponding grid voltage, as it is depicted by the phasor diagram in Figure 4.19.

L R
YN AN

+

~

Multilevel
rer | V1 Ve @ \

— - 1 IR
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 Figure 4.37., inverter voltage parameters
become:

V, =V +RI + (oLl ). (4.64)
= —arctan (D—LI 4.65
?= Ve +RI) (4.65)

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

(i.e. oL >> R ), leading to:
V, =V + (oLl ) . (4.66)

0o —arctan[mu ] .67)
Ve

For grid-connected applications, the voltage modulation index for zero current can be
defined as:
Yo
Vie
with V. as the converter dc bus voltage of each H-bridge and V the grid voltage.

mg

(4.68)
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According to (4.66) and (4.68), the modulation index m is:
LI 2
m=_|mé + {0)_] =mg , (4.69)
Vdc

where [ is the grid current magnitude.
Taking into account (4.61), the normalized current ripple rms is:

/ n 14 c
Irms,dist = NMSI,ac (m) de . (470)

N

Introducing the grid current, the current THD becomes:

THD] 4,14 =Ir1’"‘ﬂ= J2NMS ]! (m)fLV—‘;“. 4.71)
grid std gria

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

In order to graphically present the grid voltage THD given by (4.71), proper
parameters have to be defined: dc bus voltage 200V, fundamental amplitude current
5A with the fundamental frequency 50 Hz, switching frequency 3 kHz, and linking
inductance 43.3mH with its inner resistance 0.5 Q. Introducing all these parameters
into (4.71) results in Figure 4.38., where the grid current THD is presented over the
modulation index range which considers up to five cascaded H-bridges (n=11).

3
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Modulation index m
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Figure 4.38. Grid current total harmonic distortion (THD) vs. modulation index m for
n =11 (up to five cascaded H-bridges).

124



4 Power quality evaluation of a single-phase cascaded multilevel inverter with PWM technique

Three values of the modulation index m can be chosen regarding three different
configurations with one, two and three cascaded H-bridges in order to compare them
with the simulation. For one H-bridge, the maximum value of the current THD can be
selected what corresponds to the modulation index m=0.615 (Figure 4.38.). For two
cascaded H-bridges the value of m, which belongs to the half grid current THD range,
is one test point i.e. m=1.385, and for the third configuration one test point is m=2.11
corresponding to the minimum grid current THD. The selected test points are
summarized in Table 4.5.

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

1 0.615 2.68
I 1.385 2.32
11 2.110 2.04

4.7.2 Simulation of a grid-connected single-phase multilevel inverter

Verifying the analytical development of calculating the grid current THD by
simulation, Matlab/Simulink is used. In the previous subchapter three test points were
selected and based on them the grid parameters have to be calculated in order to have
the grid voltage in phase with the grid current. Those grid parameters are the grid
voltage amplitude Vi and its phase angle ¢@. The amplitude of the fundamental
component of the inverter voltage is:

V, =mV,,. (4.72)

The angle @ is calculated using a simple trigonometric relation leading to:

¢o=- arcsin( oLl J . (4.73)

m Vdc

Calculating @, the required amplitude of the fundamental of the grid voltage which
takes into account the voltage drop on the resistor R is:
Vg =mVy cos (9)-RI. (4.74)

Using the parameters set previously, three selected cases for three different H-bridges
configurations together with the proposed calculations are given in Table 4.6.

Table 4.6. Grid-connected single-phase inverter — selected cases for the simulation verification.

Case m Vi[V] e@[rad] V¢[V]

1 0.615 123 | -0.586 | 99.98
11 1.385 277 | -0.248 | 266.02
111 2.110 422 | -0.162 | 413.98
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The implemented configuration with three cascaded H-bridges using Matlab/Simulink
is presented in Figure 4.39.
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Figure 4.39. Matlab/Simulink model of a single-phase seven-level inverter with three cascaded
H-bridges controlled by PWM technique and connected to the electrical grid.

One of three selected cases (case III) is presented in Figure 4.40. regarding the grid
voltage and current, and it can be seen that they are in phase what confirms the
analytical calculations presented in Table 4.6. For other cases voltage and current
waveforms are similar, therefore they are not presented here.

500
4001
300+
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1001

0
-100
-200 1
-3001
-400

-500 : : : : -
05 051 052 053 054 055 056

Time [s]

Grid voltage [V])/current [A]

Figure 4.40. Grid voltage (blue) and current (50x, red) obtained by Matlab simulation for a
single-phase seven-level inverter (three H-bridges) with respect to Figure 4.38.:
V4=200V, R=0.5Q, L=43.3mH, f=50Hz, f=3kHz, and m = 2.110.
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Running the simulation and applying the FTT analysis for the grid current in all three
proposed cases give the simulation evaluation of the grid current THDs. These results
are presented in Figure 4.41.(a), (b) and (c) and emphasised with the red rectangle.
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Figure 4.41. Grid current THD obtained by Matlab/Simulink simulation for single-phase three-,
five- and seven-level inverters (up to three cascaded H-bridges) with respect to Figure 4.38.:
(a) m=0.615, (b) m =1.385, (¢) m =2.110,
for V4.=200V, R=0.5Q. L=43.3mH, f=50Hz and f;=3kHz.

Every simulation comprises 50 fundamental periods and 20 of them are taken for the
grid current THD evaluation starting after 25 periods in order to avoid the current
transient at the beginning of the simulation process.
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4.7.3 Comparison of analytical and simulation results for a grid-connected single-
phase inverter

In order to prove the correctness of the analytical approach, the comparison
between analytical (Calc.) and simulation (Sim.) results is presented in Table 4.7.

Table 4.7. Grid current THD — analytical and simulation results.

THDI,grid (%)
Case m Cale. Sim.
i 0.615 2.68 2.68
i 1385 232 234
2110 2.04 2.09

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

4.8 Discussion

The previously presented mathematical developments, using an asymptotic time-
domain methodology for precisely evaluating the voltage and current THDs of single-
phase multilevel inverters, delivers closed-form piecewise analytical solutions that
consists of only elementary functions. On the contrary, the accepted frequency-domain
approach for the same kind of analysis with relatively high switching frequency does
not deliver simple closed-form analytical expressions and requires time-consuming
numerical calculations. The ratio between the switching frequency and the fundamental
frequency is theoretically supposed to be infinitely large and the load is supposed to be
an inductively dominant one.

The voltage and current ripple are obtained by properly integrating their NMS
values over one switching period and over the fundamental period what can be roughly
understood as double Fourier series. In the first case the modulating signal is constant
over time (DC-PWM), while in the second case it has a sinusoidal behaviour (AC-
PWM) which can be assumed constant within one switching period due to the
specifically defined load. This brings precise and efficient expressions for estimating
the output power quality without following complex mathematical transformations.

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

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

Theoretical results are fully supported by detailed Matlab/Simulink simulations and
laboratory experiments. Full comparison between theory, simulations and experiments
is given proving the correctness of the proposed developments.
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5 Final discussion

5. Final discussion

5.1 General conclusion

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

Firstly, a single-phase n-level inverter controlled by the staircase modulation
technique is theoretically analysed providing the optimal voltage and current switching
angles using the normalized mean square criteria with the help of Matlab/fmmincon
function. These criteria are applied to output voltage and current ripples for the pure
inductive load and optimized in a way that for each value of the modulation index m
the optimal switching angles are found. The sensitivity of voltage and current THDs to
switching angles is presented and twice-optimal modulation indexes are estimated
providing the working points where the voltage and current have the minimum THD.
Apart from this, the current THD in case of a grid-connected system is evaluated and
calculated based on the mentioned optimization.

Secondly, the same power configuration controlled by pulse-width modulation
technique (PWM) is theoretically analysed revealing closed-form piecewise analytical
solutions for the output power quality estimation. The estimation is based on the
asymptotic assumption that the ratio between the switching and fundamental
frequencies is infinitely large therefore the sinusoidal modulating signal is considered
constant over one switching period. Evaluating the output voltage and current ripples
over switching and fundamental periods defines their normalized mean squares values
which are turned into THD expressions. Apart from this, the current THD in case of a
grid-connected system is evaluated and calculated based on the mentioned approach.

All analytical developments are supported by the detailed simulations using
Matlab/Simulink and by a full set of laboratory experiments. Comprehensive
comparisons of analytical, simulation and experimental results prove the correctness,
effectiveness and applicability of the presented developments.
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5.2 Future developments

Developments presented in this thesis leave a large space for further research work in

spite of its educational significance and research extensiveness. Some of them are

listed here, as possible directions for future work:

- experiments in case of a single-phase multilevel grid-connected inverter;

- investigation of a single-phase multilevel inverter controlled by staircase and
pulse-width modulation techniques with non-uniform dc bus voltages;

- extension of analytical developments to three- and multiphase inverters.
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Appendix 1

In this appendix the H-bridge power board, Arduino DUE microcontroller board
and interface control board are shortly described focusing on their main characteristics
and design. For designing all PCB boards the Altium software was used, therefore the
corresponding schemes are presented.

Appendix 1.1

The H-bridge inverter used for all experiments was designed by using the Altium
software with the help of some department technicians and master students. Since a
three-phase power component is used, only two legs are connected on the PCB board,
while the third one is properly grounded. The main characteristic of the power board
are explained in the chapter related to the experimental part (2.3), so here a designed
scheme with some details from the Altium program is given in Figure A1.1.1.

The scheme shows control and power parts of the power module. On the control
side there are two control signals going into two optical receivers (green dashed
rectangle). They are transferred through the dead-time circuits (red dashed rectangle) to
the four power switches of a PS22A76 IGBT power module. All components that are
between the dead-line circuits and power switches are chosen according to the data
sheet of the power module and an application note. Apart from control signals, there is
one pin which a small current goes through in case of a fault in the power module. This
current lights a led diode as a fault sign. It is emphasized with an orange rectangle. All
components of the control side are designed to withstand the maximum dc voltage of
+15V or +5V and the current in order of 0.5A.

On the power side (blue dashed rectangle) there is a dc bus connection and two
outputs, two middle points of two inverters legs, together with a common ground
connection. Four dc electrolytic capacitors are connected in series, each one with the
rated voltage 150V, in total 600V. There are also three small smd capacitors to balance
the voltage overshoots and high frequency current ripples during switching
commutations. In case of the power side the maximum voltage and current are 600V
and 25A, respectively.
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Figure A1.1.1. Scheme of the H-bridge PCB board made in Altium (horizontal view)

140



Appendix 1

Appendix 1.2

An Arduino DUE microcontroller board (based on 84-MHz Atmel SAM3X83
ARM Cortex-M3 CPU) was used for generating the control signals for all experiments.
In Figure A1.2.1. the board is presented with emphasized pins used as PWM outputs:
8, 9, 34, 36, 38 and 40. In the program code those pins are selected for generating the
control signals.

Native usb
port —» ',

Programming
port —» |

Figure A1.2.1. Arduino DUE evaluation board

Apart from this, in Figure A1.2.2. the Arduino DUE pinout diagram is presented
with all available channels on the microcontroller board. The PWM channels 0, 1, 2, 3,
4 and 5 used for experiments are emphasized in red. In general, each channel has low
(L) and high (H) parts in order to provide two complementary signals when it is
needed. For the experimental purposes, only the low channels are used, since for each
inverter leg only one signal is required (the opposite one is directly provided on the
inverter PCB board). Those channels are PWMLO-PWMLS5 where L stands for a low
channel.

As it can be noticed, this microcontroller evaluation board has a variety of pins for
different uses. The voltage limit of each pin is 3.3V, so applying a voltage over the
limit can cause an irreversible damage to the circuitry on the board including the Atmel
processor. The main board supply is provided with a standard 2.1mm plug having 7-
12V. Using a usb connector via programming port or via native usb port can provide a
proper board supply as well as a communication with the C program code.
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Appendix 1.3

The interface control board, already mentioned in the experimental part of the thesis
(2.3), is used to transfer control signals from the microcontroller to power switches.
Using this board, the control signal voltage levels are adjusted to ones required for the
power switches and some possible disturbances while transferring signals are
diminished. In Figure A1.3.1. the interface board scheme made in Altium software is
presented. The design is made in a way that there are twelve channels for
independently transferring control signals. Each channel has one corresponding pin
which is connected to the microcontroller. At the end of the board there are twelve
optical emitters used for the optical fiber connections for further signal transfer.

[ 2 [ s [ : [ : [

J ; | : [ E J

Figure A1.3.1. Scheme of the interface control board made in Altium

In Figure A1.3.2., 2D and 3D models of the board are presented where all connections
can be seen together will all components. Apart from this, the printed PCB board used
in the experiments is presented in Figure A1.3.3. The board is designed to be supplied
by +5V dc voltage having the current around 0.5A when all twelve channels are
working. As a protection one fuse is installed on the + side of the input voltage with a
possibility of replicating it easily in case of a fault. One led diode with a nominal
current 20mA is put close to the main supply in order to have a feedback when the
board is connected.
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Appendix 2

For a single-phase n-level H-bridge inverter controlled by the staircase modulation

technique, the current ripple NMS is found as:
N 1
NMS | (B,m)== Iide——mz. (A2.1)
T 2

Adjusting (A2.1) to a single-phase five-level inverter with two switching angles 3,
and [3,, the current ripple NMS is:
s o) B, ) B, 5 /2 5 1 5
NMS (B85, m)=—| [(B) B+ [(B +BY B+ [(B+B,)'aB|-—m®.  (A22)
0 By B,
In (A2.2) there are three integral forms that can be separately calculated. Their
solutions are:

B,

1=2](p)*dp=—-8}. (A2.3)
T 3n
B,
n=2 [Br+p b= (B B2~ 3B7 )=~ (187 ~ 383, - 38,83 -B3).  (A2)
1 = 2n/z( )2dp = ( 2| Z
—EBI Bi+By)"dB = (B, +B, (5_62) (A2.5)

Summing all three integral forms and subtracting the normalized mean square of the
current fundamental component, the current ripple NMS value for a single-phase five-
level inverter becomes:

6,3 ,6502, 44,3
—Br +— B2+ B>
NMS,S(BI,Bz,m):(Bl+[32)2—3 3 - 3 _%mz’ (A2.6)

T T
=——0,,By==—q.
Bl B 2 BZ ) 1

For a single-phase seven-level inverter with three switching angles [, B, and [,
properly adjusting (A2.1), the current ripple NMS is:

B, B, Bs
[GBY ap+ [(By+2B)dp+ [(B+B,+B)dp
NMS;(BI’B2>B3,"1):% On/z . & —%mz. (A2.7)
+ I(51+BZ+B3)2dB
Bs
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In (A2.7) there are four integral forms that can be separately calculated. Their solutions
are:

2B ) )
== [(3p)° dp==3p] . (A2.8)
T 0 T
B,
=2 [(pu 2B Pap =2 =21+ 570 2613+ 363 |. (A29)
B,
b | B B =383 - 1B +
m== I(Bl+BZ+B) dp = - || (A210)
. (8785 + 28,885 + B3Bs + BiB3 + B2B3 )+ B3

n/2
-2 J. B]+52+B3) dp =
(A2.11)

= (B1-+Bo +Bs )" ~ = (B7Bs + 281BBs + 2,53 + B3B; + 26,83 +B3).

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

NMS;(Bl,Bz»Bpm):
8B+ OBy 2Bl 2(B B3+ B2 +BoB3) | (A2.12)
:(Bl+BZ+B3)2_3 3 3 —Emz.

T

For an arbitrary level count n following the rule in common of the previous
equations for single-phase five- and seven-level inverters, the general current NMS
formula becomes:

1 (n 1)/2
. (n=1)/2 25;( t2- k]B"Jr 1
NS BB Bactm = 2B | =2 5
? = + Y [Bk > BJ (A2.13)
k=1 i=k+1

T
B ZE_“”T“% Jk=12,.,(n-1)/2.
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The Arduino DUE program code for the staircase modulation with three cascaded
H-bridges and three different switching angles is presented in the following. A brief
explanation of the code steps is given at the end, focusing on the main characteristics
and principles.

Program code:

stk s ettt s s ettt stttk skt sttt skttt otk sk sl ol skt kR skl sk skttt sofok sk sk sk ok sk ok
const float pi = 3.1415;

int k = 0; // constant

float carrierfreq = 1600;

int clkfreq = 83999999;

float cprd = (clkfreq / (carrierfreq * 2)); // defining the carrier frequency
float m1 = Q; // 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; // first angle

float alpha2 = pi/ 4; // second angle

float alpha3 = pi / 3; // third angle

void PWM_Handler(void)

{
PWM->PWM_ISR2;

// First 10 ms

if(k<1){
/I First bridge, first leg, pin 34,
PWM->PWM_CH_NUM[0].PWM_CDTYUPD = (alphal / (pi/2)) * cprd;
/1 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)) * cprd;
/I 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)) * cprd;
// 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;
// First bridge, second leg, pin 36
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PWM->PWM_CH_NUM[1].PWM_CDTYUPD = (alphal / (pi/2)) * cprd;
/I Second bridge, first leg, pin 38
PWM->PWM_CH_NUM[2].PWM_CDTYUPD = cprd;

/I Second bridge, second leg, pin 40
PWM->PWM_CH_NUM[3].PWM_CDTYUPD = (alpha2 / (pi/ 2)) * cprd;
// Third bridge, first leg, pin 9
PWM->PWM_CH_NUM[4].PWM_CDTYUPD = cprd;

// Third bridge, second leg, pin 8
PWM->PWM_CH_NUM][5].PWM_CDTYUPD = (alpha3 / (pi/ 2)) * cprd;
}

ml = (alphal / (pi/ 2)) * cprd;
m?2 = (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].ulPinConfiguration);
}

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_DisableChannel(PWM, 0);
PWMC_DisableChannel(PWM, 1);
PWMC_DisableChannel(PWM, 2);
PWMC_DisableChannel(PWM, 3);
PWMC_DisableChannel(PWM, 4);
PWMC_DisableChannel(PWM, 5);
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PWMC_ConfigureClocks(clkfreq, 0, VARIANT_MCK);

PWMC_ConfigureSyncChannel (PWM, PWM_SCM_SYNCO | PWM_SCM_SYNCI |
PWM_SCM_SYNC2 | PWM_SCM_SYNC3 | PWM_SCM_SYNC4 | PWM_SCM_SYNCS |
PWM_SCM_SYNC6 | PWM_SCM_SYNC7 , PWM_SCM_UPDM_MODE]I, 0, 0);

/I Configuring channel 0
PWMC_ConfigureChannelExt(PWM,0,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
PWM_CMR_CPOL,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod(PWM, 0, cprd);
PWMC_SetDutyCycle(PWM, 0, m1);

/I Configuring channel 1
PWMC_ConfigureChannelExt(PWM, 1,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
PWM_CMR_CPOL,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod(PWM, 1, cprd);
PWMC_SetDutyCycle(PWM, 1, ml);

/I Configuring channel 2
PWMC_ConfigureChannelExt(PWM,2,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
PWM_CMR_CPOL,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod(PWM, 2, cprd);
PWMC_SetDutyCycle(PWM, 2, m2);

/I Configuring channel 3
PWMC_ConfigureChannelExt(PWM,3,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
PWM_CMR_CPOL,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod(PWM, 3, cprd);
PWMC_SetDutyCycle(PWM, 3, m2);
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/l Configuring channel 4
PWMC_ConfigureChannelExt(PWM,4,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
PWM_CMR_CPOL,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod(PWM, 4, cprd);
PWMC_SetDutyCycle(PWM, 4, m3);

/I Configuring channel 5
PWMC_ConfigureChannelExt(PWM,5,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
PWM_CMR_CPOL,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod(PWM, 3, cprd);
PWMC_SetDutyCycle(PWM, 5, m3);

PWMC_EnableChannel(PWM, 0);
PWMC_EnableChannel(PWM, 1);
PWMC_EnableChannel(PWM, 2);
PWMC_EnableChannel(PWM, 3);
PWMC_EnableChannel(PWM, 4);
PWMC_EnableChannel(PWM, 5);

NVIC_DisableIRQ(PWM_IRQn);
NVIC_ClearPendingIRQ(PWM_IRQn);
NVIC_SetPriority(PWM_IRQn, 0);
NVIC_EnableIRQ(PWM_IRQn);
PWMC_Enablelt(PWM, 0, PWM_IER2_WRDY);

}

void loop() {
}
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Short code description:

The main parameters are initially defined at the beginning of the code. Two
parameters carrierfreq and clkreq are used to define the proper carrier frequency
calculating the parameter cprd. This presents the maximum of the microcontroller
clock which starts from zero and reaches this value. The centre-aligned carrier
frequency is set at 100Hz in this case. Since there are three H-bridges, each one has its
modulation index, therefore there are three modulation indexes defined as m;, m, and
ms. Apart from this there are three angles labelled as alpha,, alpha, and alpha; which
can be set as chosen switching angles for the given configuration.

In the next part of the code there is a parameter called £ which counts 0 and 1,
therefore there are two cycles in the loop which give control signals properly
comparing three modulating signals and one carrier. Since the carrier frequency is
100Hz, every 10ms there is a comparison between the modulation signals, which
define the switching angles, and the carrier. Doing so, three control signals with the
fundamental frequency of 50Hz are provided. The comparison is done using the
instruction PWM->PWM_CH_NUM|[x].PWM_CDTYUPD, where x presents the
number of a microcontroller channel.

In the first cycle when k=0, the comparison between the modulating signals and the
carrier is provided for channels 0, 2 and 4 following the rule explained in chapter 3.5.
In this way, three control signals (each one for one H-bridge leg) are provided while
for other legs the modulation signal equals cprd. Setting the modulation signal cprd
gives the control signal equals zero since in the program code it is set by the instruction
PWM_CMR_CPOL. In the second cycle the procedure is vice versa. It should be noted
once again that for one H-bridge leg, the control signal for one switch of the inverter
leg is given by the microcontroller while its counterpart is created directly on the PCB
board using proper electronic components.

Another part of the code presents basic instructions for setting all channels,
synchronizing them, defining all parameters of one PWM channel and some additional
instructions that are required by the data sheet in order to properly use all channels.
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Appendix 4

In case of a single phase n-level inverter, in order to calculate the ac voltage ripple

NMS between two adjacent voltage levels, the integral form, defined asay (m) , 18!

. [i+]
0,,, =arcsin| —
m

aly (m)=NMS} ,.(6,<0<0,,,)= % j(m sin(0)—i)((i +1)—msin(0)) d6,

. A4.1

91=arcsin(ij ( )
i=0,1,2,.,(n=5)/2,i<m<i+1.
Solving the previous integral results:

| —Gi+2Wm? =i +@Bi+1)ym? —(i+1)* +
all (m)=—-— . . =
Y T - (Zi(i + 1)+ m? ) arcsin(Lj + (Zi(i + 1)+ m? ) arcsin[ﬂ)
m m
:3z'+2\/ﬁ_3i+1\/mJr (A4.2)

T T

+ % (2i(i +1)+m? ){arosin (#J - arcsin(ﬂﬂ ,

m
i=0,1,2,...,(n=5)/2,i<m<i+].
When the contribution to the ac voltage ripple NMS value comes from the last

voltage level, the integral form, defined as by, (m), becomes:

2 Fimsin(®)— k) (& +1)— msin(o)) o,

b”(m)zNMS"aC(G sesﬂj:
Y Veae K 2 | (A4.3)

6, =arcsin [i
m

k=n-3)/2,k<m<k+1.

Solving (A4.3) results:
by (m)z l(3k + 2)\/m2 —i? +l(2k(k + 1)+ mz)[arcsin(ij —Ej ,
T T m) 2) - (A4.4)

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

(”75)/2 k-1 n_3
NMS oe(m)=" 3 ay (m)+by (m)= 3 ay (m)+by (m), k==—=.  (A4.5)
i=0 i=0
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Writing (A4.5) in a full form becomes:

3i+2 _3i+l / z+1)
NMSY e (m)= Z | i i+1)] |7
i=0| +— (2i(i +1)+m? ){arosin (—) - arcsin(—ﬂ (A4.6)
m m

T

n(3k+2)\/ﬁ+n(2k(k+l)+m )(arcsin(%)—z}

2
Equation (A4.6) can be divided into four parts:

k-1 ; .
NMSy 4 (m)= Z(% (21' (i+1)+ mz)arcsin(ﬁj + 3i+2 m2 —i2 J +

+%[(—%j(2l£lj—l)+m )arcsm( ;1) 3’:1 mz—(i+1)zj+ (A4.7)
((3k+2)\/ﬁ %(Zk(k+1)+mz)arcsin(%n—(%(ﬂc(k+1)+mz)g)

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

k71 . .
NMSy 4 (m)' = Z(% (2i(i+1)+ mz)arcsin(ﬁj+¥ m?—i? J -

i=0

—ZE (2zz+1 +m )arcsin(Lj+3l+2 m2—i2J+
T m T

i=0 (A4.8)

+Z( (2ll+1 +m )arcsin(éj+3l;_2 m2—i2J=
L[ 3i+2 )
:—m+ 2ll+1 +m? |arcsin| — |+ m°—i°|.

i=1

The second part can be rewritten in a following way:

NMS} o (m)? = kf[(— %)(21'(1' +1)+ mz)arcsin(%j e N (i+1) J =

i=0 T

_ g((_ %) (i(i-1)+ mz)arcsm(éj _ 31; 2 272 J

The third and fourth parts of (7) are:
NMS} oo (m)?= (3k +2)Vm? - i? l(21<(k +1)+ mz)arcsin(ﬁ) : (A4.10)
o m
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NMS",”aC(m)4=—%(2k(k+1)+m2)§. (A4.11)

It must be noticed that the third part presents the sum defined in (A4.8) for the case
k=1. Combining it with (A4.8) results:

NMS{ .. (m SyZ m+2( (211+1 )+m )arcsin(Lj+3l+2 mz—izjz
, el R

=_m+2[ (i +1)+ m? )amsm(ij 3i+2 j

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

k . )
NMS& ac (m): Z(l (zl(l‘f‘])-f- mz)arcsin(LJ_i_ 3i+2 m2 _l-2 j n
> - - A/

i=1

(A4.12)

. | . - 1 5 (A4.13)
+ Z((__J(Zi(i 1)+ mz)arcsin(ij _3i= m? —i? j— k(k + 1)——m2 +—m.
P T m e 2 b
Arranging (A4.13) in a way that all is collected within one sum results in:
2i* (zj 2 (z) m? (1)
~— arcsin| — |+—arcsin| — |+——arcsin| — |+
T m) =T m T m
k +2\/m2— + — \/m —1 ——arcsm( ! )-f-
NMS&,ac(m): Z T T mn +
P . . 2 . .
S 2 arcsin(Lj - arcsin(ij _3 m?—i% + (Ad.14)
o m o m) =
+ 3 Vm? —i?
T

—k(k+1)+lm2—2m.
2 T

Annulling exact members in (A4.14), the full form becomes:

" 48 (i), 4 > 2 1 5, 2
NMSV’aC(m)z—Z i arcsin| — +—Z m —i —k(k+1)—5m +—m. (A4.15)
m

i=1 i=1 T

In case of 0<m<1 in (A4.15) we can set k=0 which brings:

NMSC’M(OSmSI,kzo):—%mz+2m. (A4.16)
T
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Considering (A4.15) and (A4.16), the final form of the ac normalized voltage ripple is:

2
——m2+—m,0SmS1
T

a

k . k 2
NMSg’aC(m)z iZ(iarCSi“[L)j+iZ(1/m2—i2)+£m—m7—k(k+l),
i=1 m T

o

i=1,2,,(n=3)/2.k=(n-3)/2,i<m<i+].
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Appendix 5

In case of a single phase n-level inverter, in order to calculate the ac current ripple

NMS between two adjacent levels the integral form, defined asa (m), is:

0,,,=arcsin [ﬂ]
af(m)=NMS} . (0;<0<0,,,)= o [ (msin(8)—i)?((i +1)— msin(6)) a6,
Si:arcsin[ij (AS])

i=0,1,2,,(n=5)/2,i<m<i+1.

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

—48(1+2i) (4% +4i+3m>)Vm? —i* +
48 (14 20) (4i% + 4i+3m>)m? — (i +1)? +

+16(1+ 2i)m3 005(3 arcsin(LD +

m

-16 (1 + 21’)m3 005(3 arcsin(ﬂD +

m

+m2(4+3m2)

(16i3+8i4+24im2+8i2(1+3m2)+] , (1)
4 arcsin| — |—
m

)= +|. (A5.2)
12 48w 5 ) 5 i
—2m (4+24i+26i +3m )sin 2arcsin(—}
m

16i3+8i4+24im2+8i2(1+3m2)+ , (iHJ
4 arcsin| — |+
+m? (4+3m2) m

+3] —8m? 1+ 6i+6i%+ mz)sin(2 arcsin(ﬂn +
m

+m* sin(4 arcsin(ﬂD
m
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Grouping the members of (AS5.2) gives:
—48(1+2i) (4> +4i +3m>)Wm? —i® +
+48(1+20) (42 +4i +3m>)m? =i +1)? +

—12(8i2(1+ i) +4(1+6i(l+i)m? +3m* )amsin [Lj n
m

—12(1+i)(6+28i+26i2 +3m2)\/m2 —G(+D% +

an(m):LL +12(8i2(1+i)2+4(1+6i(1+i))m2+3m4)arcsin(ﬂj+ . (A53)
! 12 487 m

+ 16(1 + 2i) m’ 005(3 arcsin [LD +

m

+16(1+2i) m? sin(3 arccos (ﬂD +

m

m

+6m? (4 +24i +26i% +3m> )sin(2arccos(LD

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

sin(Z arcsin(ijj = %Zi\/mz —i2 (A5.4)

m m
cos (3 arcsin(in = L3(m2 —4i2) m?* — i (AS.5)
m m
sin£3 arccos(ﬂn = % (41'2 +8i+4- mz) m? — (i + 1)2 (A5.6)
m m

Introducing (A5.4), (A5.5) and (AS5.6) into (AS5.3) gives (AS.7).
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—48(1+2i) (4i% +4i+3m>Wm? —i% +
+48(1420)(4i% + 4i +3m>)Wm? =i+ 1% +

- 12(81'2 (1+i) +4(1+6i(1+i))m? +3m* )arcsin (Lj +
m

-12(1+ i)(6 +28i+26i2 +3mANm? - +1)? +

* 12(8i2 (142 +4(+6i(1+)m? +3m* )arcsin (ﬂj +
m

+16(1+ 2i)m? ! (m2—4i2 m?—i%+

m
+16(1+ 21');113%(4;'2 +8itd4—m2hm? —(i+1)* +
m

+ 6m2(4 +24i +26i% + 3m2)L2 2ivm? —i?
m

Grouping the member of (A5.7) results in:

o —(i+1) +50 i3(\/m2 (i +1)? —m? —i2)+_

. (i+1j . (z)
.| arcsim| —— [— arcsin| —
L [ m m

+m2(23\/m2—(i+1)2 -32 mz—i2j+
+i2(62\/m2 (i1 —88ym? —i2j+

10ym? — (i +1)? —36vm? —i> +
+
55m2(\/m2—(i+1)2 —\/mz—izj

+3(8i2 (i+1)P +4(1+6i(i+1)m> +3m4)~

+i

(AS5.7)

(AS5.8)

Following the equation (AS5.8), the final form of the ac current ripple NMS between

two adjacent levels is given in (AS.9).
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_\/_7( i+1)(si? +6z—1) ]

127 (23 +55i)m?
a?(m):% —ﬁ m? — i (2i (25;'2 +44i+18)+ (32 +55i)m2)+ (A5.9)

I (s 2 - £
n +(6i2+6i+1)m2+%m4 m m
i=0.1,2,.(n=5)/2 . i<m<i+1

When the contribution to the ac current ripple NMS value comes from the last

voltage level, the integral form, defined asb (m), becomes:

T
n n T 12 z . > . 2
b =NMS; 4| 0 08— |=—— sin(0)— k) (k +1)—msin(0))"d0,
)= s 0, <0< i I.("{kj() Pl )-msnan,

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

6(8k2(1 +k)? +401+6k(1+a))m? +3m4)[n—2arcsin (%DJF

— 48 (1+ 26 )m (4K (1+ &)+ 3m2)cos(arcsin[%)j +

~3

(m):LL +16(1+ 2k )m* cos 3arcsin(£j + -(A5.11)
12 48w m

+24m? (14 6k(1 + &)+ m? Jsin (arcsin(ﬁjj N
m

—3m*sin [4 arcsin [ﬁn
| m

It is important to introduce some identities in order to group the members of (AS.11).

Those identities are:

cos (arcsin(ﬁ)j -1 m?—k> . (A5.12)
m m
sin(2arcsin[£jj=%x}m2 —k%2k. (A5.13)
m m
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cos [3arcsin(£jj = % m? — k> (m2 —4k2).
m m

sin(4 arcsin(ﬁn = % m? —k* 4k (m2 - 2k2).
m m

Introducing (AS5.12), (A5.13), (A5.14) and (A5.15) into (AS.11) gives:

(16(1+2k)(—4k2+m2)) m* —k* +
—12k(—2k2+m2)\/m2—k2 +
b;l(m):iL +48k(1+6k(1+k)+m2) m?—k% +

12 487
—48(1+2k)(4k (1+k)+ 3m2)\/m2 -k +

Rearranging the members of (A5.16) gives:
\/mz—kz(—Sk(18+k(44+25k)) 4(32 + 55k) 2)+
1 1
bn(m):—— 2 2
T 4w +(48" (k) J[n 2arcs1n EJ

+24(1+6k(1+k))m?* +3m*

S

i\/mz—kz(—zk(18+k(44+25k)) 4(32 + 55k) m2)+

1 1]12

127 +%(8k2(1 +k)P? +4(1+6k(1+k))m? +3m4)[n— 2arcsin(£jj
m

_+6tlj((11: 6kk)(21J-|r-k))m2 +3m4] [“‘M“i“(%n

(AS5.14)

(A5.15)

(A5.16)

(A5.17)

In (A5.17), three members can be analysed separately and later joined in order to have

a compacter equation. In this case, the members can be written as:

b" (m)! LIS Y RS (— 2k(18 + k(44 + 25k))— 4(32 + 55k) m

12 127
L Y O ( (32 +55k) +2k(25k +44k+18))
12 127
n 2 111 2 2 4
b" (m) =E—§(8k (1+k)° +4(1+6k(1+k))m* +18m )n:
T

1] 2 2 2 m* 3
=—|k*(1+k) +(6k +6k+1)—+—m :
12 2 8
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b (m)3 = —%l%Zarcsin(ﬁj(Skz(l + k)2 + 40+ 6k(1+k))m?* + 18m4)=
T
. ) " X (A5.20)
= ———arcsin| — 2k2(1 + k)2 +=m* + (6k2 + 6k + 1)m2 .
127 m 4
Collecting the three previous equations, the expression of the ac current ripple

normalized mean square coming from the last voltage level becomes:

arcsin(ﬁj {—l(2k2(1+ kP +(6k2 + 6k +1)m? +%m4j }

m i

b (m):i +m? —k? (—%(m2(32+55k)+ 2k(25k2 +44k+18)))+

T

2
+(k2(1+k)2 +%m4 +(6k+—6k+1)m2]

(A5.21)

2

k=(n-3)/2,k<m<k+1

To get the final value of the ac current ripple NMS, it is needed to sum together (A5.9)
and (A5.21) in a proper way:

(n5)2 k-1 B
NMS] o(m)= > af(m)+b}(m)=> af (m)+b]}(m), k= n23 : (A5.22)
i=0 i=0
Doing so results in:
200 +1)12 .2 1
L m2_(l.+1)2 (l+ )( 5i° +6i )+ .
12r + (23 +55i)m>
il =2 =2 2i (25i% + 44i +18)+ .
e +(32 +55i)m> .
i=0
+l(2i2(i+1)2+(652+6i+1)m2+§m4j.
g 4
1 . i+1 . i
NMSIn,ac(m)ZE ‘| aresin| — = |~ aresin) — As23)

| 2621+ k) +

+arcsin| — || —— +
(m) T +(6k2+6k+1)m2+%m4

T

2
+(k2(1+k)2 +%m4+(6k+6k+1)m2]

+\m? —k? [—%(m2(32+55k)+ 2k(25 k* +44k +18))} -
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In (A5.23) it can be noticed that the two members with the coefficient £ can be put
within the same sum assuming that as a case when i=k. These two members, named as
I and II, are:

I= é[amsm(ﬁj [—l (2k2(1+k)2 + (6k2 + 6k +1)m2 +%m4JD -

m T
(A5.24)
1 (i 1(0 A2 2 L 2,3 4
—z arcsm(—) ——(21 (1+i) + (61 +6l+1)m +=m j .
124 m) = 4
= %( m? —k? [—%(m2(32 +55k )+ 21<(25k2 + 44k + 18))D =
T
(A5.25)
L m? —i? [—L(mz(:sz +55i)+ 21'(251'2 +44i + 18))} :
12 = 127
Introducing (A5.24) and (A5.25) into (A5.23) gives:
| —l[ziz(ml)z+(6i2+6i+1)m2+%m4jarcsin(i)+
NMSIn,ac(m):EZ nl n +
i=0 — m* —i (2i (251'2 T 44i +18)+ (32 +55i)m2)
T
k—1 .
k—1
+% [%\/mz —(i+1)? (2(l'+1)(251'2 +6i—1)+(23+55i)m2)j+
i=o\ 14T

2
L2 k) 1 ok 6k 1) 3.
12 2 8
Rearranging (A5.26) gives:

k .
NMS} o (m)= —% [21'2(;' P12+ (6% + 6+ 1)m? + §m4j arcsin(ij +
T3 4 m

k
L _L(\/nﬂ — % (2 (2542 + 44i +18)+ (32 +55i)m2)j +
24 12n
1 k-1

+E§)[%(2i2(z’ +1)7 + (61'2 +6i +1)m2 +%m4j arcsin(%D+ (A5.27)

101 . 2 (s .2 . N2
+— > —m?=(i+1) (2(l+1)(251 +6l—1)+(23+551)m ) +
12 =\ 12n
2
+L(k2(l+k)2+(6k2+6k+1)m—+§m4J.
12 2 8
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In (A5.27) five members can be analysed separately and later joined in order to get
compacter form. Those five members are:

k .
NMST . .(m)! __ 2i2(i+1)2+(6i2+6i+1)m2+§m4 arcsin| — | =
foac 121 & 4 m
- (A5.28)

k
_ L [2i2(i+1)2+(6i2+6i+1)m2+%m4jarcsm( j-f-()(ZfOI‘l— )
m

12773

2o 1y
124

! k( L fm? =i (21(251 +44l+]8) (32+55i)m2)j+ (A5.29)

"<l 12n
i=1

+é(—é)32m3(z fori=0).

k-1 '
NMSIn’“C(m)3 . (1 (21 (l+])2+(6i2+6i+1)m2+%m4jarcsin [ﬂjj:
T

12:0 m

13 (l[z(i—l)zi2 (66 =12 + 6= 1)+ 1) +%m4j arcsin(ﬂj. (A3.30)

123\ w

NMS] o (m) ? ~ L 2 22 (2i25i% + 44i +18)+ (32 + 551)m? )=

NS )¢ 1kI{Lm(z("”)(”"z*6"—1)+B:
(A5.31)

125 12n +(23+55i)m>
k
- L [L\/m —i (21 (25( 1) +6(i—1)—1)+(23+55(i—1))m2)).
12<\12n
2
NMS] . (m) > = %(kz(l kP +(6k2 6k +1)’”7+§m4]. (A5.32)

After selecting those members, some of them can be collected considering the parts in
common. Collecting together (A5.28) and (A5.30) gives:

NMSIn,ac(m) : + NMS;lac(m) =

—_

k
"

—[2 (z+1) (61 +6l+1)m +im4j+
T 2

arcsin[ij =
i=1 +(212(z—1)2+(6( )+6(l—1)+1)m +im4) " (A5.33)

Zk: (z (8% +12m2 )arcsin(%)j = —%Zi: (i (212 + 3m? Jaresin (én :

i=1 ni 1

| .

1

[\

T
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Collecting together (A5.29) without the part for i=0 and (A5.31) gives:
NMS} oo (m) 2 =3 fori=0)+ NMS]! .. (m) * =

&1 57— —(2i(25i2+44i+18)+ (32+55i)m2)+

= —_— — m _— =

125120 (20561 + 66 -1)=1)+ (23 + 55 - 1))m?) (AS.34)
1 &1 7 2 2 2 lk( 22 (142 2)

=—N —Vm? =i?(16)11% + 4m? )= ——" | Vm? —i? (11i% + 4m?)].
1221271: m 1 ( )( 1 m ) 971:1; m l ( l m )

Collecting together the part of (A5.29) for i=0 and (A5.32) gives:

NMS ] o (m) 2 (3 fori=0)+ NMS} ,.(m)° =

L 3om3 +%(k2(l+k)2 + (6K + 6k +1)%m2 +§m4j =

1447 (A5.35)
2 2 2
_k (k+1) +Lm4_im3+(6k +6k+1)m2.
12 32 91 24

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

k . k
NMS]"aC(m):_lZ i gi2+m2 arcsin| — —iz Nm? =2 (11i2+4m2) i
’ T 3 m 97 4
= -l (A5.36)

1

2 2 2

LRk 1 4_im3+(6k +6k+1)m2.
12 32 o 24

In order to get the expression for the ac current ripple NMS in case of 0<m<l,

parameter k should be set to O:

ST (0smsl)=dmt = 23 L2 (A5.37)
’ 32 om 24

Considering this, the ac current ripple NMS can be finally written as:

Lm‘t—im3+im2 ,0€m<1
32 or 24

- % Zk: (i (21'2 + 3m2) arcsin (LD +

i=1 m
k
NMST o (m)=1— 5 (m? 2 (112 + 4m?))+ . (A5.38)
1,ac o1
i=1
2 2 2
Lk (k+1) Lm4_im3+(6k +6k+1)m2,
12 32 91 24
i=1,2,.,(n=3)/2,i<m<i+1,k=n-3)/2.
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Appendix 6

The Arduino DUE program code for the PWM modulation with three cascaded H-
bridges using one carrier and six modulating signals is presented in the following. A
brief explanation of the code steps is given at the end focusing on the main
characteristics and principles.

Program code:

s sk she she she st st sfe sfe sfe sfe she she she sie she skt st sfe sfe sfe sfe sfe she she she she s sie stesie sfe sfe sfe she she she she sk s st sfe stesie sfe sfe she she she sl sk stesie e ste sfe sie s sk seoskeoskeoskokekokokokeok

float x = 0; // argument of the sine function

const float pi = 3.1415;

int i =0; // constant

int k = 0; // constant

float carrierfreq = 3000; // Carrier frequency

float modfreq = 50; // Modulation frequency

float ris = carrierfreq / modfreq; // points where the sine function 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));

float m = 0;

float m1 = 0;
float m2 = 0;
float m3 = 0;
float m4 = 0;
float m5 = 0;
float m6 = 0;

void lookuptable() {
for (i=0;1<=ris; i++) {
lookupl1[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 *pi/ris;
}
}
void PWM_Handler(void)

{
PWM->PWM_ISR2;
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m=1;

ml = (lookupl[k + 1]) * cprd;
m?2 = (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 lookupl[k + 1] >=0) {
if (lookupl[k + 1] <= 1) {
PWM->PWM_CH_NUM[0].PWM_CDTYUPD =ml;
}else {
PWM->PWM_CH_NUM[0].PWM_CDTYUPD = (cprd);
1
}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_NUM[1].PWM_CDTYUPD = (cprd);
1
}else {
PWM->PWM_CH_NUM[1].PWM_CDTYUPD = (0);
1
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);
1
}else {
PWM->PWM_CH_NUM[2].PWM_CDTYUPD = cprd;
1
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);
1
if (lookupS[k + 1] > 0) {
if (lookupS[k + 17 <= 1) {
PWM->PWM_CH_NUM[4].PWM_CDTYUPD = m5;
1
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else {
PWM->PWM_CH_NUM[4].PWM_CDTYUPD = (cprd);
}
}else {
PWM->PWM_CH_NUM[4].PWM_CDTYUPD =0;
}
if lookup6[k + 1] <=1) {
if lookup6[k + 1] > 0) {
PWM->PWM_CH_NUM[5].PWM_CDTYUPD = m6;
}else {
PWM->PWM_CH_NUM[5].PWM_CDTYUPD = (0);
}
}else {
PWM->PWM_CH_NUM[5].PWM_CDTYUPD = cprd;
}
if (k+1)<ris) {
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].ulPinConfiguration);
}
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_DisableChannel(PWM, 0);
PWMC_DisableChannel(PWM, 1);
PWMC_DisableChannel(PWM, 2);
PWMC_DisableChannel(PWM, 3);
PWMC_DisableChannel(PWM, 4);
PWMC_DisableChannel(PWM, 5);

PWMC_ConfigureClocks(clkfreq, 0, VARIANT_MCK);
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PWMC_ConfigureSyncChannel (PWM, PWM_SCM_SYNCO | PWM_SCM_SYNC1 |
PWM_SCM_SYNC2 | PWM_SCM_SYNC3 | PWM_SCM_SYNC4 | PWM_SCM_SYNCS,
PWM_SCM_UPDM_MODE], 0, 0);

/I Configuring channel 0
PWMC_ConfigureChannelExt(PWM,0,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
0,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod(PWM, 0, cprd);
PWMC_SetDutyCycle(PWM, 0, m1);

/I Configuring channel 1
PWMC_ConfigureChannelExt(PWM, 1,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
0,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod(PWM, 1, cprd);
PWMC_SetDutyCycle(PWM, 1, m2);

/I Configuring channel 2
PWMC_ConfigureChannelExt(PWM,2,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
0,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod(PWM, 2, cprd);
PWMC_SetDutyCycle(PWM, 2, m3);

/I Configuring channel 3
PWMC_ConfigureChannelExt(PWM,3,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
0,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod(PWM, 3, cprd);
PWMC_SetDutyCycle(PWM, 3, m4);
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// Configuring channel 4
PWMC_ConfigureChannelExt(PWM,4,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
0,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod(PWM, 4, cprd);
PWMC_SetDutyCycle(PWM, 4, m5);

/I Configuring channel 5
PWMC_ConfigureChannelExt(PWM,5,
PWM_CMR_CPRE_CLKA,
PWM_CMR_CALG,
0,
PWM_CMR_CES,
PWM_CMR_DTE,
0,0);
PWMC_SetPeriod(PWM, 3, cprd);
PWMC_SetDutyCycle(PWM, 5, m6);

PWMC_EnableChannel(PWM, 0);
PWMC_EnableChannel(PWM, 1);
PWMC_EnableChannel(PWM, 2);
PWMC_EnableChannel(PWM, 3);
PWMC_EnableChannel(PWM, 4);
PWMC_EnableChannel(PWM, 5);
NVIC_DisableIRQ(PWM_IRQn);
NVIC_ClearPendingIRQ(PWM_IRQn);
NVIC_SetPriority(PWM_IRQn, 0);
NVIC_EnableIRQ(PWM_IRQn);

PWMC_Enablelt(PWM, 0, PWM_IER2_WRDY);

}

void loop() {
}
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Short code description:

The main parameters are initially defined at the beginning of the code. Two
parameters carrierfreq and clkreq are used to define the proper carrier frequency
calculating the parameter cprd. This presents the maximum of the microcontroller
clock which starts from zero and reaches this value. The centre-aligned carrier
frequency is set at 3kHz in this case. Since there are three H-bridges, six carriers are
provided with their modulating signals m1-m6_following the way explained in chapter
4.4.

In the next part of the code the function lookuptable defines six arrays lookup]l-
lookup6 which store the samples memorizing the modulating signals. The sample
resolution of the modulating signals corresponds to the number of samples over one
fundamental period with respect to the switching frequency. This is provided with a
parameter named ris.

Entering the loop with ris steps and properly comparing the modulating signals with
the carrier, the gate signals for all switches are provided. Considering that all
modulating signals have a shift compared with the value of the modulation index, some
limits in the code have to be put in order to distinguish the right position when one
modulation signal intersects the carrier. When the modulating signal is out of the
carrier range, the output is set 0 or 1 depending on its current position. This is provided
using two if conditions within every microcontroller channel. In general, a comparison
between the carrier and one modulating signals is done using the instruction PWM-
>PWM_CH_NUM[x].PWM_CDTYUPD, where x presents the number of the
microcontroller channel.

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

Another part of the code presents basic instructions for setting all channels,
synchronizing them, defining all parameters of one PWM channel and some additional
instructions that are required by the data sheet in order to properly use all channels.
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