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Multi-level cascaded H-bridge (CHBMC) single phase DC-AC converter with
reduced voltage ripple can be an advantageous utility as an interface between the
photovoltaic panels and the utility grid. The CHBMC is a DC-AC converter with multiple
DC sources. When the individual converters are modulated using unipolar PWM scheme,
in which the carrier waves are appropriately shifted, the output waveforms are known to
be improved. The performance of this unipolar PWM scheme has not been investigated
when the input DC voltages are unequal. Using the double Fourier series approximation
of the converter switching functions, a model was derived that enables the elimination of
certain harmonic components in the output voltage. This method is proposed for two,
three, four and five cell cascaded H-bridge converters. The proposed method also
considers the maximum utilization of input DC sources to determine the appropriate
modulation signals. Simulation results obtained using a MATLAB/Simulink platform and
compared with experimental results validate the proposed method.

Multi-string multi-level inverter topologies similar to two, three and four cells
cascaded H-bridge inverters are presented as they reduce the required number of switches
than CHB to obtain the same desired output voltage. Moreover, the modeling and
analysis of the multi-string multi-level inverter have not been presented anywhere else.
Hence, a Karnaugh mapping technique which is rarely used in power electronics is
proposed to model the converter. The Fourier series analysis which was used to
determine the expression for modulation signals is also proposed. Computer simulation
results obtained using a MATLAB/Simulink platform verify the proposed double Fourier
series analysis and experimental results validate the proposed method.

The active and reactive power control schemes of single phase multi string multi-
level converter with LCL filter connected to the grid are designed in qd synchronous
reference frame. The transformation to qd synchronous reference frame from single phase
is not well established as the Park’s transformation requires a minimum of two
orthogonal signals to transform. Hence, a fictitious orthogonal signal is generated using
the all pass filter (APF) method to transfer the two signals into qd reference frame. Using
the APF, a three phase qd phase locked loop (PLL) control scheme is applied to the
single phase system. The scheme to control the active and reactive powers going into the
grid is set forth. Computer simulation results obtained using a MATLAB/Simulink
platform verifies the proposed control scheme.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

This chapter gives a brief overview on the renewable energy resources available,
and introduces the cascaded H bridge multi-level converter, which is one of the topic of
this thesis. This thesis focuses on the Karnaugh mapping technique, modulation schemes,
Fourier series analysis of cascaded H bridge multi-level converter and multi string multi-
level converter. The objectives of this work are clearly described. Finally, the

organization of the thesis is presented.

1.2 Renewable Energy Resources

A study of renewable energy resources is presented in [1]. The Fossil fuel-based
technologies have advanced our quality of life based on fossil fuel. The use of fossil fuel
in our day to day life comes at a very high price. The use of fossil fuels must be
controlled and the usage of renewable energy resources has to be increased to save the
fossil fuels — oil, natural gas, and coal - for the future and to reduce the cost on the middle
class person. The usage of renewable energy resources will also minimize global

warming. The empowerment of every energy user in a new energy economy based on



renewable sources is to make him/her an energy manager by conserving energy, reducing
carbon footprints, and installing distributed renewable energy sources.

To meet the carbon reduction targets, it is important to use the sources of energy
that are renewable and sustainable. There is a need to replace the traditional fossil fuel
based vehicles with electric cars, and the stationary power from traditional fuels, coal, gas
and oil, with green sources for sustainable energy fuel for the future. Some of the
renewable energy resources are discussed in [1]. The most important renewable energy

resources are discussed here.

121 Fuel Cell

Apart from the renewable energy resources, such as wind and the sun, hydrogen
(H>) is an important source of renewable energy. Hydrogen is abundantly available in the
universe. When hydrogen is used as a source of energy, it gives off only water and heat
with no carbon emissions. Hydrogen fuel cells are used to generate electric energy at
stationary electric power-generating stations for residential, commercial, and industrial

loads. Figure 1.1 shows the equivalent circuit of fuel cell.

1.2.2 Solar and Photovoltaic

Solar and photovoltaic (PV) energies are very important renewable energy

sources. The heat energy from the sun - solar thermal energy — can be used to heat water



to a high temperature and pressurized in a conventional manner to run a turbine
generator.

Solar PV sources are arrays of cells of silicon materials that convert solar
radiation into direct current electricity. The cost of a crystalline silicon wafer is very high,
but new light absorbent materials have significantly reduced the cost. The manufacture of

PV cells is based on two different types of material:
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Figure 1.2: The single exponential model of a Photovoltaic module.

e a semiconductor material that absorbs light and converts it into electron-

hole pairs, and



e a semiconductor material with junctions that separate photo generated
carriers into electrons and electron holes.
The single exponential model of a PV module is shown in Figure 1.2.
The face of the PV module is designed to allow maximum light energy to be
captured by the silicon materials. In the above model, the PV module is represented by a

current source | ,,in parallel with the shunt resistance Ry, . The single exponential model

is given by (1.1).

1.1
|:Iph—Io{exp{—q(\HIRS)}l}—V”RS (1)

n, AKT Ry,

where A is the diode quality factor,

n. is the number of cells in the module,

k is the Boltzmann’s constant,
q is the electronic charge,

T is the ambient temperature in Kelvin.

1.3 Multi-level Converters

The multi-level voltage source inverters in the medium voltage energy
management market provide a cost effective solution for industries [2]. In multi-level
converters, the desired output voltage is synthesized by combining one or more separate
DC sources depending on the type of the multi-level converter. The most common

independent sources used are photovoltaic panels, fuel cells, batteries and ultra-capacitors



[3]. The main advantages of multi-level converters are low harmonic distortion of the
desired output voltage, low electromagnetic interference, high efficiency and the ability
to operate at high voltages.

A multilevel converter has several advantages over a conventional two-level
converter that uses high switching frequency pulse width modulation (PWM). The
attractive features of a multilevel converter can be briefly summarized as follows.

e Multilevel converters not only can generate the output voltages with very low
distortion, but also can reduce the dv/dt stresses; therefore electromagnetic
compatibility (EMC) problems can be reduced.

e Multilevel converters produce smaller common mode voltage; therefore, the
stress in the bearings of a motor connected to a multi-level motor drive can be
reduced.

e  Multilevel converters can draw input current with low distortion.

e Multilevel converters can operate at both fundamental switching frequency and
high switching frequency PWM. It should be noted that lower switching
frequency usually means lower switching loss and higher efficiency.

The multi-level converters in general are categorized into three commercial
topologies

e Diode clamped multi-level converter.

e Capacitor clamped multi-level converter.

e Cascaded H-bridge multi-level converter.

The applications of diode clamped multi-level converters include high power AC

motor drives in fans, mills and pumps. The capacitor clamped multi-level converters have
5



been used in high-bandwidth high-switching frequency applications such as medium
voltage traction drives. The cascaded H-bridge multi-level converter which will be
discussed further has been applied to high power and high quality applications such as
reactive power compensators, photovoltaic power conversion, and uninterruptible power
supplies [4].

The topologies of the four classical types of multi-level converters are discussed

below.

131 Diode Clamped Multi-level converter

Since the voltages across the semiconductor switches are limited by the
conduction of diodes connected to various DC levels, this type of multi-level inverters is
termed as diode clamped multi-level inverters. It has been shown that the principle of
diode-clamping to DC link voltages can be extended to any number of voltage levels [4].
The simple topology of diode clamped multi-level converter is shown in Figure 1.3. The
advantages of ‘m’ level diode clamped multi-level inverters are as follows:

e A large number of levels ‘m’ yields a small harmonic distortion.
e All phases share the same DC Bus.

e Reactive power flow can be controlled.

e High efficiency for fundamental switching frequency.

e The control method is relatively simple.

The disadvantages of ‘m’ level diode clamped multi-level inverters are as follows:

6



Excessive clamping diodes (m-1)(m-2) are required per phase.
Real power flow is difficult because of the unbalancing of capacitors.

Different current ratings for switch devices are required due to their conduction

duty cycle.
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Figure 1.3: Single phase five level diode clamped inverter.



1.3.2 Capacitor Clamped Multi-level converter

The capacitor clamped, alternatively known as flying capacitor has several
advantages and disadvantages. The simple topology of a three level capacitor clamped
inverter is shown in Figure 1.4.

The advantages of ‘m’ level capacitor clamped Multi-level converter are as follows:
e Large ‘m’ allows the capacitors extra energy during long discharge transient.
e Flexible switch redundancy for balancing different voltage levels.
e Lower total harmonic Distortion when the levels m is high.

e Real and Reactive power flow can be controlled.

The disadvantages of m - level capacitor clamped multi-level converter are as follows:
e Large numbers of capacitors are bulky and generally more expensive than the
clamping diodes used in the diode-clamped multi-level converter.
e Complex control is required to maintain the balance of capacitor voltages.

e Poor switching utilization and efficiency for real power transmission.
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Figure 1.4: Single phase five level capacitor clamped inverter.

1.3.3 Cascaded H-bridge Multi-level converter

The cascaded H-bridge multi-level inverter is generally used when there are more
than one DC source. Because of this limitation, this converter is mostly used for
renewable energy resources like photovoltaic panel or fuel cell. The advantages of a
cascaded H-bridge multi-level converter with ‘s’ separate DC sources per phase are as
follows:

e The series structure allows a scalable, modularized circuit layout and packaging

since each H-bridge has the same structure.



e Different DC voltage source ratios can be applied in order to achieve different
voltage levels in the output signals.

e Requires the least number of components considering that there are no extra
clamping diodes or voltage balancing capacitors.

e Switching redundancy for inner voltage levels is possible because the phase
output voltage is the sum of the each bridge’s output.

e Potential of electrical shock is reduced due to the separate DC sources.

e The fact that multilevel converters need several DC sources in the DC side makes
them attractive for Photovoltaic (PV) applications.

e Device voltage sharing is automatic and there is no restriction on switching
patterns.

e Cascaded multi-level converter (CMC) has smaller dv/dt compared to series
connected 2-level.

e The modularity of this topology is an important feature, and because of that some
redundancy is possible by using more cells per phase than is actually required.

e Because of its modular structure, control strategy is relatively easy.

e Compared to other multilevel topologies, CMC requires least number of
components, since there is no need for clamping diodes and flying capacitors.

e The CMC has redundant Inverter Operation and Scalability.

The main disadvantage of a cascaded H-bridge multi-level converter is that this

converter is limited to certain application where separate DC Sources are available.

10
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Figure 1.5: Single phase five level cascaded H bridge converter connected to ‘R’ load

1.34

Recently, a multilevel converter topology based on cascaded modular cells that do
not require a multi pulse transformer has been proposed [5]. This topology, called the
modular multilevel converter (MMC), uses series-connected modular cells fed by floating
dc capacitors and can manage dc or ac input voltages, generating controlled output
currents [6]. One of the main challenges of the MMC control system is the simultaneous

control of the output currents, the generation of a proper input current reference to

through an LC filter.

Modular Multi-level Converter (MMC)

11



provide the power required by the load and also keep the dc voltages at the reference
value, and the balance of the capacitor voltage among cells [7].

Figure 1.6 illustrates the single phase modular multilevel inverter consisting of
‘8’ individual cells in each leg. By switching a number of cells in the upper and lower
arm of each leg, the voltage V, is adjusted. In a similar manner, the voltage V,5 can be

adjusted to a desired value.

Via _cell v/ Vip _Jcellf v/,

Cell d V4, Vab |Cellff = Vigp

L L
~ i
E C'> a — m '. Load '|
b | — Load
L L

Vsa  |cens| 3=Vesa VEb  |cen 5| == Vesp

Vga |Cell8f == Vg, VBb _|Cell 8{ =V gy

Figure 1.6: Single phase Modular Multilevel converter (a) Topology, (b) Individual Cell
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The structural characteristics of the MMC topology offer many technical and
economic advantages.
e Due to its modular construction, the life-cycle maintenance and operating costs
could be more economic than those of other multilevel converters.
e It is also relatively easier to adjust the voltage and power levels because its
scalable voltage level can implement the staircase output waveforms.
e The more steps enable the lower switching frequency, leading to lower total
harmonic distortions and switching losses.
The MMC topology is often featured with its robustness for component failures. Low-
level VSC topologies generally require high-voltage (HV) switching devices where
several semiconductors are connected in series and work simultaneously for desired HV
blocking ability. When one of the semiconductors is faulted, it may cause critical system
failure. In the case of MMC, more reliable LV semiconductor devices are used as
switches in a sub module so that the fail-safe functionality can be easily implemented
merely by bypassing a corresponding faulted sub module. However, it is interesting to
note that this well-known fail-safe functionality on device failures of MMC due to its
topology and operational redundancy has neither been detailed with a commonly used
simulation tool nor evaluated regarding its operational influence on the components

inside or outside the MMC [8].
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1.4 Objectives of the Thesis

The major objectives of the thesis are as follows:
e To model and analyse multi cell cascaded H-bridge multi-level converter
especially two cell, three cell and four cell.
e To eliminate the dominant harmonics in the output voltage waveforms the using

double Fourier series analysis.

e To determine the expressions of the unipolar PWM modulation signals for two
cell, three cell and four cell cascaded H-bridge inverters using the double Fourier

series analysis.

e To develop a novel multi-string multi-level inverter topology for distributed

energy resources.

e To design, model and analyse the multi-string multi-level inverter topology

especially for five, seven and nine levels.

e To demonstrate the use of the Karnaugh Mapping Technique (KMT) in power

electronic converters.

e To determine the expressions for the modulation signals of multi-string multi-

level inverter using the double Fourier series.

e To compare the switching losses between cascaded H-bridge multi-level
converters and multi-string multi-level converter.

14



e To generate the switching pulses required from the Digital Signal Processor

(DSP) for experimental hardware setup.

e To control the active and reactive powers going into the grid when the multi string

multi-level inverter is connected to the grid.

e To achieve the phase synchronization of grid voltage and frequency with the
filtered voltage and frequency, a Phase Locked Loop (PLL) control for the single

phase system is to be implemented in the grid connected systems.

1.5 Thesis Outline

This thesis is categorized in ten chapters. Chapter 1 presents the overview of the
renewable energy resources used in multi-level converters and brief discussion on the
multi-level converters. This chapter also presents the types of multi-level converters by
giving a clear view using their respective topologies. Some of the main advantages and
disadvantages of each type of multi-level converter are also introduced. This chapter also
gives clear research objectives of the thesis followed by the organization of the thesis.
Then, reviews of previous work for the cascaded H bridge multi-level converter are
addressed in Chapter 2.

In Chapter 3, the generalization of ‘q’ cell single phase cascaded H-bridge multi-
level inverters is presented. The pulse width modulation techniques, the modeling and

analysis of ‘q’ cell CHBCM are presented.
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Chapter 4 presents the modeling and analysis of two-cell, three-cell and four-cell
cascaded H-bridge multi-level converter using both Harmonic Balance Technique (HBT)
and Double Fourier Series (DFS) analysis. The elimination of dominant harmonics in the
output voltage is implemented using the DFS analysis. This method enables a method to
determine the expressions of the unipolar modulation signals. The transient results of
output voltage, input source currents, switching pulses are also presented along with
experimental results. The study of over modulation region of operation is also presented.

Chapter 5 presents a novel multi-string multi-level inverter topology. Chapter 5
focusses on two DC input sources to produce a five-level of desired output voltage. This
chapter also introduces the Karnaugh Mapping Technique (KMT) to derive the voltage
equation in terms of switching functions in power electronic converters. The Karnaugh
Mapping Technique is not well used in the analysis of power electronic converters, but it
is an efficient way to find the expression for output voltage. The modes of operation of
this converter are also presented. The expression for modulation signal is found using the
instantaneous approximation of switching functions as modulation signals and also using
the DFS analysis. This chapter also presents the modulation technique and the
comparison of switching losses between the cascaded H-bridge five-level converter and
the multi-string five-level converter topologies. Simulation and experimental results are
also presented at the end of the chapter.

Chapter 6 presents the novel multi-string seven-level inverter topology. This
chapter also follows the Karnaugh Mapping Technique which was discussed in Chapter
5. The modes of operation of this converter are also presented. The expression for

modulation signal is found using the instantaneous approximation of switching functions.
16



The approximation of switching functions are written in terms of modulation signals and
the DFS analysis is used to decompose these approximations. This chapter also presents
the modulation technique and the comparison of switching losses between cascaded H-
bridge seven-level converter and multi-string seven-level converter topologies.
Simulation and experimental results are also presented at the end of the chapter.

Chapter 7 presents the multi-string nine-level inverter topology which is an
extension of the multi-string seven-level inverter which will be presented in Chapter 6.
This chapter presents the modes of operation, determination of the expression for the
modulation signals, modulation technique and also compares the switching losses with
cascaded H-bridge nine-level converter. Simulation and experimental results are also
presented at the end of the chapter. This chapter also discusses the generalized
modulation technique for ‘n’ level converter.

Chapter 8 presents the multi-string nine-level inverter topology with the LCL
filter connected to the grid. The main objective of this topology is to control the active
and reactive powers going into the grid. The design of the LCL filter including Bode
plots are presented in this chapter. The Harmonic Balance Technique is used to determine
the dynamic equations of the system in the qd synchronous reference frame. The steady
state analysis of this systems is also presented.

Chapter 9 presents the design of the controller designs of both the ‘L’ and ‘LCL’
filters of the multistring nine-level inverter connected to the grid. The control schemes
are designed in gd synchronous reference frame. The phase locked loop control similar to
both the filters are set forth. The simulation results of both the filter types verify the

proposed control schemes.
17



Finally, the concluding remarks and summary of the work are presented in
Chapter 10. Moreover, the contributions of this research work and future suggestions are

also included in this chapter.

18



CHAPTER 2

LITERATURE REVIEW

A survey of the literature reviews related to this thesis are presented in this
chapter. The review consists of three sections. In Section 2.1, the topologies of multi-
level converter and their modulation techniques are reviewed. Section 2.2 presents the
review on harmonic elimination in the output voltage of multi-level converter. The
different research works related to the single phase qd synchronous reference frame

control of multi-level converters are reviewed in Section 2.3.

2.1 Review on Multi-Level Converters and their Modulation Techniques

It is very important to study the types of multi-level converters and their
applications [9], [10]. These multi-level converters and their advantages and
disadvantages were discussed in chapter 1. The cascaded multi-level inverters have
several features and advantages such as high degree of modularity, the possibility of
connecting directly to medium voltage, high input and output power quality, high
availability, and the control of power flow in the regenerative version [2]. In [2], the
recent developments and applications of these inverters, including new proposed
topologies, modulation techniques, and control strategies are discussed. The most
relevant control and modulation methods developed for the three main types of multi-
level converters are discussed [11]. The modulation methods are multi-level sinusoidal

pulse-width modulation, multi-level selective harmonic elimination, and space-vector
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modulation [12]. The review from these papers reveals the proper shifting in the carrier
waveforms to reduce the harmonics in output voltage [13], [14].

In [15], it was shown that the stand-alone photovoltaic (PV) systems still require a
battery storage with improved efficiency and robustness, which can be achieved using
multilevel topologies. A compilation of the most common topologies of multilevel
converters is presented.

In [16], the traditional nine level converter is converted to a 31 level inverter
using the same number of switches. The choice of the voltage ratio, 1:2:4:8, ensures that
all electrolytic capacitors used in the multilevel inverter will not be connected in the
reverse polarity, therefore guaranteeing the reliability of the separate dc voltage sources.

A topology of hybrid cascade converter with series-connected symmetrical and
asymmetrical diode-clamped h-bridge cells are presented in [17] and [18]. Also the
converters are designed to increase efficiency with high output voltage resolution. The dc
link voltage rating is proposed for the multilevel diode-clamped and three-level H-bridge
inverters to improve the output voltage and current quality. Some new hybrid topologies
similar to [17] are proposed based on different needs. In [19] and [20], a hybrid cascaded
multi-level inverter is proposed to drive a motor. Similarly in [21], the new multilevel
topology with the bidirectional auxiliary switch, generating the required five-level output
using only five power switches is proposed. In [22], cascaded multilevel converter-based
transmission STATCOM is proposed. The system design methodology and development
of power stages are also presented in [22].

Cascaded multilevel inverters with regeneration capability and reduced number of

switches is presented in [23]. This paper proposes the use of a single-phase reduced cell
20



suitable for cascaded multilevel converters. This cell uses a reduced single phase active
rectifier at the input and an H-bridge inverter at the output side, as it produces a very
good performance, effectively controlling the waveform of the input current and of the
output voltage.

Currently available power inverter systems for Hybrid Electric VVehicles (HEVS)
use a dc—dc boost converter to boost the battery voltage for a traditional three-phase
inverter. The present HEV traction drive inverters have low power density, are expensive,
and have low efficiency because they need a bulky inductor. Reference [24] presents a
cascaded H-bridge multilevel boost inverter for electric vehicle (EV) and hybrid EV
(HEV) applications implemented without the use of inductors.

Reference [25] is a dissertation on design and control of a cascaded H-bridge
converter based solid state transformer (SST). In [26] a solution for using only one dc
source in asymmetric cascaded multilevel inverters with high frequency link is presented.
Different multi-level PWM methods with low modulation indices are proposed in [27].
Generally a phase shifted multi-carrier PWM method is used in cascaded multi-level
converter [28], but a level shifted multi-carrier PWM (LS-PWM) method is proposed in
[29]. The results have also shown that LS-PWM leads to worse THD but better efficiency
than phase shifted PWM (PS-PWM).

Recently, several researchers have focused on the cascaded multilevel inverter
whereby two multilevel inverters are series connected to a motor load by splitting the
neutral connection. The resulting performance is exceptional in terms of power quality
since the overall number of voltage levels is effectively the product of the two cascaded

inverters. Reference [30] demonstrates that it is possible to extend this performance to an
21



even higher number of voltage levels referred to as overdistended operation. This form of
operation is desired since it effectively increases the available voltage converting levels
in spite of some missing levels. In [31], an improved carrier-based SVPWM method
using leg voltage redundancies in generalized cascaded multilevel inverter topology is
proposed.

In [32], synthesis of multilevel converters based on single and three-phase
converter building blocks is presented. This paper synthesized a family of multilevel
converters that is constructed by using multiple well-developed single- and/or three-phase
converter building blocks. The resulting advantages include a modular structure that leads
to convenient construction and maintenance as well as easy extension to higher voltage
levels.

An active power filter and a static var compensator with active power generation
capability have been implemented using a 27-level inverter in [33]. The filter can
compensate for load currents with a high harmonic content and a low power factor,
resulting in sinusoidal currents from the source.

Modular multilevel converter (MMC) is one of the next-generation multilevel
converters intended for high- or medium-voltage power conversion without transformers
[34]. The MMC is based on cascade connection of multiple bidirectional chopper-cells

per leg, thus requiring voltage-balancing control of the multiple floating dc capacitors.
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2.2 Harmonic Elimination in Cascaded Multi-Level Converters

The elimination of harmonics or low Total Harmonic Distortion (THD) is
important in the case of multi-level converters. In [35], a complete method selective-
harmonic-elimination pulse width modulation scheme that is used to solve limitation of
switching losses and balancing of DC capacitor voltages is presented. In general, the
most significant low-frequency harmonics are chosen for elimination by properly
selecting angles among different level inverters, and high-frequency harmonic
components can be readily removed by using additional filter circuits. This method is
called selective harmonic elimination PWM. Similarly in [36], active harmonic
elimination in multi-level converters is proposed. Output voltage harmonic elimination in
case of cascaded three cell, four cell and five cell converters are shown in [37].

A five-level symmetrically defined multilevel selective harmonic elimination
pulse width modulation (MSHE-PWM) strategy is proposed in [38]. In [39], the control
of seven-level hybrid cascaded multi-level inverter with fundamental frequency
switching control is proposed. This paper also shows that the modulation index range can
be extended using harmonic compensation technique.

In [40], a generalized analysis of a multistate switching cells-based single-phase
multilevel power factor correction (PFC) rectifier is presented. Harmonic distortion
optimization of cascaded H-bridge inverters considering device voltage drops and non-
integer dc voltage ratios is presented in [41]. The minimal THD values, together with the

corresponding step angles and dc voltage source ratios, have been obtained for the 5-, 7-,
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9-, 11-, and 13-level cases; accounting for the device voltage drops when the load is
resistive or inductive. Harmonic elimination of cascade multilevel inverters with non-
equal dc sources using particle swarm optimization is presented in [42]. In [43], a
modulation-based method for generating pulse waveforms with selective harmonic
elimination is proposed. Harmonic elimination, traditionally digital, is shown to be
achievable by comparison of a sine wave with modified triangle carrier.

In general, it is now accepted that natural or asymmetrical regular sampled PWM
with a third harmonic injected or a space-vector centered reference waveform gives the
best harmonic performance, with discontinuous modulation having some advantages for
higher modulation ratios. Hence, in [44] a general analytical solution for the carrier-based
PWM to mathematically identify the harmonic cancellation that occurs in various PWM
implementations and converter topologies is proposed.

Reference [45] presents a reduced switching-frequency active-harmonic-
elimination method (RAHEM) to eliminate any number of specific order harmonics of
multilevel converters. The method of triangular carrier switching control of two-level
inverters is extended to cascaded multilevel inverters using phase-shifted multicarrier
unipolar pulse width modulation (PWM) is presented in [46].

When controlling the grid current, the injected current in the grid should not have
a total Harmonic Distortion (THD) larger than 5%. In the design of the controllers of PV

inverters connected to the grid, the maximum voltage THD is 8% [47].
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2.3 Control of Multi-Level Converters

A variety of control schemes have been used in the past for the control of multi-
level converters. Two different types of controllers have been used in the single phase
system. They are resonant controllers and qd synchronous reference frame controllers.
The main control variables in the cascaded multi-level converters are the input capacitor
DC voltages as it is difficult to keep them balanced. Several control schemes on
balancing of DC capacitor voltages are presented in [48]. The methods in [48], [3], [49],
[29, 50], [51] ensure that the dc bus capacitor voltages converge to the reference value,
even when the loads attached to them are extracting different amounts of power. In [52],
a control method applicable to single dc-source cascaded H-bridge multi-level inverters
to improve their capacitor voltage regulation is proposed. In this method, two cells are
connected in cascade, one is the auxiliary H-bridge and the other is the main H-bridge
inverter. The main H-bridge inverter switches at fundamental frequency and the auxiliary
inverter switches at the PWM frequency.

In [53], a switching strategy for multilevel cascade inverters, based on the space-
vector theory is presented. The proposed high-performance strategy generates a voltage
vector across the load with minimum error with respect to the sinusoidal reference. In
addition, it generates a very low harmonic distortion operating with reduced switching
frequency, without the use of traditional sinusoidal pulse width modulation techniques or

more sophisticated vector modulation methods.

25



In [54], the control is based on compensating the real and reactive (P-Q) power
difference between the bulk inverter and the load. The new control explicitly commands
the power into the conditioning inverter so that its capacitor voltage remains constant.
The new control method eliminates the PWM switching in the bulk inverter while the
conditioning inverter capacitors are regulated at the commanded voltage without the need
for a real-power dc source.

Cascaded H-bridge multi-level inverters are needed for hybrid electric vehicles. In
summary, the main advantages of using multilevel converters for hybrid electric drives
include the following [55].

e They are suitable for large VA-rated and/or high-voltage motor drives.

e These multilevel converter systems have higher efficiency compared to other
types of multi-level converters because the devices can be switched at minimum
frequency.

e No EMI problem or common-mode voltage/current problem exists.

e Charge imbalance problem results when the converters are in either charge mode
(rectification) or drive mode (inversion).

In [56], a control method to stabilize a multiple of capacitor voltages without an
equilibrium state is proposed. Power balancing is guaranteed by varying the common-
mode voltage, using an online nonlinear model-predictive controller. The controller
predicts the system evolution as a function of the control inputs.

In [57], two types of control were developed. One relies on controlling the two

three-level inverters jointly and the other uses separate controls. Both controls included
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capacitor voltage balancing so that a dc source was needed for only one three-level
inverter.

A simple and generalized feed-forward SVM (1D-FFSVM) technique for
multilevel single-phase cascade converters (CHB) has been presented in [58]. Using the
proposed modulation strategy, any dc voltage ratio in the CHB converter can be
accommodated in the modulation process to generate the reference voltage. The
controller determines the best output voltage of the power converter, and this voltage will
be generated by the modulator even under extreme dc-link voltage unbalance situations.

In [59], [60], a high performance fixed switching frequency sliding mode
controller is proposed for a single-phase unipolar inverter. Sliding mode control (SMC) is
recognized as robust controller with a high stability in a wide range of operating
conditions, although it suffers from chattering problem. The proposed frequency-domain
method of switching characterization for cascaded H-bridge multi-level inverter
(CHBMLI) has estimated accurately the hysteresis bandwidth for the desired maximum
switching frequency.

A novel PWM control scheme for PV applications is presented in multi string five
level inverter in [61]. The analysis of a multi cell topology that is implemented with
single-phase non-regenerative cells under an unbalanced ac mains is presented in [62]. In
[63], a new low-frequency predictive current control is proposed for a single-phase
cascaded H-bridge multilevel rectifier.

The choice of single-phase PWM rectifiers for the input of the cells results in a
reduced number of power switches and a simpler input transformer than the three phase

equivalent. However, its control is not as straightforward. Reference [64] proposes the
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use of higher order resonant controllers in the classical control structure of the single-
phase PWM rectifier. This ensures zero steady-state tracking error of the reference
current at fundamental frequency.

Instead of using the resonant controllers, the qd synchronous reference frame
controls for single phase multi-level inverters are presented in [65], [66]. In order to
generate the g and d axes voltages and currents for single phase inverters, a fictitious
second signal is needed. The different methods for generation of fictitious second signal
are presented in [67], [68], [69]. For the control of grid connected multi-level inverters, a

qd single phase synchronous reference frame PLLs are presented in [66], [70].
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CHAPTER 3

GENERALIZATION OF SINGLE PHASE CASCADED H-BRIDGE DC-AC

MULTI LEVEL CONVERTER

3.1 Introduction

Multilevel cascaded H-bridge (CHB) converters have received much research
interest than other multilevel converter configurations. This interest is due to their merits
as compared to other topologies in terms of minimum number of devices, modularity and
reliability. A multilevel CHB is composed of a series connection of H-bridges, also called
cells. Each cell has an independent dc-link, which can be controlled to a different dc
voltage, providing a high degree of freedom [49].

The ‘g’ cell cascaded H-bridge multi-level converter consists of ‘g’ conventional
single-phase, H-bridge, 3-level inverters, herein referred to as cells, connected in series.
Hence, the output voltage of the system is the sum of the individual voltage levels
produced by the ‘g’ cells. Since the modes of operation of the ‘q’ cells are same, only
need to consider one of them is considered in demonstrating the principle of operation.

Multi-level cascaded H-bridge single phase DC-AC converter with reduced
voltage ripple can be an advantageous utility as an interface between the photovoltaic
panels and the utility grid. When the individual converters are modulated using unipolar
PWM scheme in which the carrier waves are appropriately shifted, the output waveforms

are known to be very improved. The performance of this unipolar PWM scheme has not
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been investigated when the input DC voltages are not the same. Using the Double Fourier
Series approximation of the converter switching functions; a model was derived that
enables the elimination of certain harmonic components in the output voltage. The
topology of single phase ‘q’ cell CHBMC is shown in Figure 3.1 and an example of two

cell cascaded H-bridge single phase DC-AC converter is shown in Figure 3.2. Let S;, be
the switching functions of switchesT, , where i=a,b, j=p,n and k=123..q
respectively. V,,V,,...,V, are input DC sources, V, V...V, arethe respective ‘q" DC

» Vdeq

capacitor voltages, I,,1,,..., 1, are respective input currents, and 1, is output current.

Cs § RL
L

12 Thopz

V; Vi C2 4,

Tanz Tobnz

_’
Iq Tapq T
Vq Vdcq== Cq ag

Figure 3.1 Single phase two cell CHB inverter connected to resistive load.
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Figure 3.2 Single phase two cell CHB inverter connected to resistive load.
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3.2 Modulation Techniques

3.2.1 Existence Function or Switching Function

Two related sets of parameters are of interest, when approaching the design of a

switching power converter [71].

e The external terminal performance, defined by the dependent quantities, will

determine how well the converter meets application needs.
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e The internal currents and voltages of the converter’s switching loops will
determine the selection of the active switching devices to be used.

Both sets of parameters can be obtained from the dependent quantities, which are
determined by the defined quantities and the switching pattern. To obtain a precise,
quantitative definition of the dependent quantities, some means of formally and
quantitatively describing the switching pattern is needed.

The mathematical expressions used for that purpose are herein called existence
functions. The existence function for a single switch assumes unit value whenever the
switch is closed and is zero whenever the switch is open. In a converter, each switch is
closed and opened in a repetitive pattern. Hence, its existence function will take the form
shown in Figure 3.3 (a) - a train of pulses of unit amplitude. The simplest, or
unmodulated, existence functions have pulses all of the same time duration and zero
intervals with the same property. The pulses of the same time duration are generally used
in DC-DC converters when a constant signal is compared with a carrier waveform. The
more complex variety, which has differing pulse durations and various interspersed zero
times, is called a modulated existence function. The example of modulated existence
function is shown in Figure 3.3 (a), when a modulation signal (sine wave) is compared
with the carrier waveform, the switching pulses are generated based on their comparison
techniques.

The use of existence functions to derive dependent quantities and internal
converter stresses is relatively easy. Let’s consider a switch in a converter matrix. The

switch is connected to V;, the i set of M-defined voltages, and to I;, the j™ set of N-

defined currents. It’s existence function is H;;. Now, whenever the switch is closed, V;,
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the voltage impressed on I; must be V; because the switch supports no voltage and no
other switch connected to I; can be closed without violating KVL. Whenever the switch
is open, voltage V; is removed from /; with the switch supporting the difference between
V; and V; existing at that time. Hence,
V; = H;;V; + Contributions of remainder of sources and switches. (3.1)
Iy = Hyl; (3.2)
The current flowing in V; is clearly the current in this switch plus the currents in
all other switches connected to this same voltage. Hence it can be written as:
I; = H;;I; + Contributions of remainder of sources and switches.  (3.3)
The equations of voltage and current give the contributions of this individual
switch to the dependent quantities. The voltage impressed on a switch V is the difference
between its voltage and source, V; and the voltage impressed on its current source while it

is open.
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Figure 3.3 Switching Function.

Thus the dependent quantities and the switch stresses can be completely defined
using the existence functions.

As can be seen from Figure 3.3 (), the existence functions are trains of unit value
pulses interspersed by periods of zero value. Since switching patterns are invariably
repetitive, existence functions are periodic. They can be mathematically represented in
various ways; Laplace transforms can be used, as can Z-transforms.

Since the converter consists solely of switches, which have only two possible
states, such control can be effected only by changes in the switching pattern. The
variables that are available to implement such control are:

1. the duty cycle of the pulse train.
2. the repetition frequency of the pulse train can be varied.
3. the phase or time displacement of the existence function

relative to some fixed external reference can be varied.
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In dc-to-dc converters, the defined quantities are perfectly smooth dc. The
dependent quantities are obtained by multiplying the defined quantities by the existence
functions of the switches. The average component of switching function is the only term
that can be controlled in effect to dc-to-dc converters.

The alternative control technique that can be used is using the modulating
function M(t). The existence functions for ac-to-dc and dc-to-ac converters must be
complete sets in order to avoid violation of KCL and KVL, and so the dc component

becomes an invariant integer which is modulation signal.

3.2.2 Pulse Width Modulation Control:

The fundamental magnitude of the output voltage from an inverter can be
controlled to be constant by exercising control within the inverter itself that is no external
control circuitry is required. The most efficient method of doing this is by Pulse Width
Modulation (PWM) control used within the inverter. In this scheme the inverter is fed by
a fixed input voltage and a controlled ac voltage is obtained by adjusting the on and the
off periods of the inverter components. The advantages of the PWM control scheme are:

a) The output voltage control can be obtained without addition of any external
components.
b) PWM minimizes the lower order harmonics, while the higher order harmonics
can be eliminated using a filter.
The disadvantage possessed by this scheme is that the switching devices used in the

inverter are expensive as they must possess low turn on and turn off times, nevertheless
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PWM operated are very popular in all industrial equipments. PWM techniques are
characterized by constant amplitude pulses with different duty cycles for each period.
The width of these pulses are modulated to obtain inverter output voltage control and to
reduce its harmonic content. There are different PWM techniques which essentially differ
in the harmonic content of their respective output voltages, thus the choice of a particular
PWM technique depends on the permissible harmonic content in the inverter output

voltage.

3.2.3 Sinusoidal Pulse Width Modulation Control:

The sinusoidal PWM (SPWM) method also known as the triangulation, sub harmonic, or
sub-oscillation method, is very popular in industrial applications. The SPWM is
explained with reference to first half of Figure 3.6, which is the half-bridge circuit
topology for a single-phase inverter.

For realizing SPWM, a high-frequency triangular carrier wave v, is compared
with a sinusoidal reference v, of the desired frequency. The intersection of v, and v,
waves determines the switching instants and commutation of the modulated pulse. The
PWM scheme is illustrated in Figure 3.4, in which v, is the peak value of triangular
carrier wave and v, that of the reference, or modulating signal. The figure shows the
triangle and modulation signal with some arbitrary frequency and magnitude. In the
inverter of Figure 3.6, the switches Ty, and T, are controlled based on the comparison

of control signal and the triangular wave which are mixed in a comparator. When
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sinusoidal wave has magnitude higher than the triangular wave the comparator output is

high, otherwise it is low.

If v, > v, then T,,,will be on and the output voltage will be V,,; = % Similarly, if

v, < v, then T,,,;will be on and the output voltage will be V,,,; = —%

The comparator output is processed in a trigger pulse generator in such a manner that the

output voltage wave of the inverter has a pulse width in agreement with the comparator

output pulse width. The magnitude ratio of == is called the modulation index (m;) and it

Ve
controls the harmonic content of the output voltage waveform.
The magnitude of fundamental component of output voltage is proportional to m;. The
amplitude v, of the triangular wave is generally kept constant. The frequency—modulation

ratio m, is defined as

A
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Figure 3.4: Sinusoidal Pulse Width Modulation: a) Illustration, (b) Switching pulse

generation.

3.24 SPWM with Bipolar switching

In this scheme the diagonally opposite transistors Tap T, and pr1 and T_, are

1, 1

turned on or turned off at the same time. The output of leg A is equal and opposite to the
output of leg B. The output voltage is determined by comparing the control signal, v, and
the triangular signal, v, as shown in Figure 3.5 to get the switching pulses for the devices,
and the switching pattern is as follows.

V. >V, T (3:5)

r c apl

ISON=V, = \%and Ty SON=V, = —V?d

V. <V, T (36)

r c anl

ISON =V, :—V—“andTbpl ISON=V,, =V—d.
2 2
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Figure 3.5: SPWM with Bipolar switching a) Illustration, (b) Switching pulse generation.

3.25 SPWM with Unipolar Switching

In this scheme, the devices in one leg are turned on or off based on the
comparison of the modulation signal V, with a high frequency triangular wave. The

devices in the other leg are turned on or off by the comparison of the modulation signal

-V, with the same high frequency triangular wave. Figure 3.6 show the unipolar scheme
for a single —phase full bridge inverter, with the modulation signals for both legs and the

associated comparison to yield switching pulses for both the legs.
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The logic behind the switching of the devices in the leg connected to “a’ is given as:

V> Vs Tapr is ON and Vo = =2

V. <V ; Tany is ON and Vg, =_%

and that in the leg connected to ‘b’ is given as

=V > Ve ;Tpp1 iSON and V,, = %

—V,. < V.;Tpn1 ISON and Vp,, = ——.

(3.7)

(3.8)
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Figure 3.6: SPWM with Unipolar switching a) Illustration, (b) Switching pulse

generation.

3.3 Determination of the expressions for the output voltage and input currents

The Kirchoff’s current law (KCL) and Kirchoff’s voltage law (KVL) are applied
on the circuit shown in Figure 3.1.
According to KCL and KVL, only one switch must be turned on at any time. Therefore

Sapk + Sank = 1

Sy + Sors =1 (3.11)
T T

h__ Tapl bpl Voo | TapZ bp2

2 —eA —B, v —eA, —B,

0, 02 b

v, Vo |

d21 4‘— Tanl Tbnl % -1 Tanz Tbnz

(b)

(@)

Figure 3.7: (a) Cell 1, (b) Cell 2, (c) SPWM, (d) Switching pulse generation.

Let V,, be the output voltage of k" cell, where k is the number of cells,
k=12,..,q, 1, be the output current of each cell respectively and V,; be the output

voltage of the combined ‘q’ cell cascaded H-bridge converter. Then
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Vg =Vag +Vagy +oo Vg, - (3.12)

: . : \Y :
Based on g-cell cascaded H-bridge multilevel inverter topology, V., =% when T_, is

dcl

\Y
onand V,q =— 5 when T,,, is on for first cell.
V. (3.13)
Therefore, Vo, = %(sapl — Sanl).
\Y 3.14
Using (3.11), V,o, = %(2&:@1 -1). (3.14)
Vv \Y 3.15
Similarly, Vg, = %(prl — Sy )= %(25bpl -1). (3.15)
Therefore
Vee Vie (3.16)
Vagr =Vaor —Veor = %(zsapl _1)_%(2%;31 _1):Vdcl(sapl - prl)
Similarly.
V. V. (3.17)
VABZ :VAOZ _VBOZ = %(28@2 _1)_ dzz (Zspr _1):Vd02 (Sapz - prz)
Vie Ve (3.18)
VABq =VAOq _VBOq = %(zsapq _1)_ dzq (Zsbpq _1)=Vdcq (Sapq - prq)
From (3.16-3.18),
VAB :Vdcl(sapl - pr1)+vd02(sap2 - pr2)+ +Vdcq (Sapq - prq) (319)

Similarly the expression for output currents can also be derived to be
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|1 = Iol(sapl _prl)
Iz = IOZ(SapZ _prz)

(3.20)
Iy = 1o (Sapq _prq)

l,,=1,,=...=1,, when the cells are connected in cascade. (3.21)

oq '’

3.4 Modulation Scheme

For general ‘g’ cell cascaded H-bridge multi-level converter, the number of triangles
will be ‘q’. The number of modulation signals will be “2q’, where two modulation signals

are required for each cell to generate the desired output voltage. The carrier waveforms of
‘q’ cell cascaded H-bridge multi-level inverter have to be shifted by ” in order to get the

desired output voltage.

As shown in Figure 3.8, M, M, are the modulation signals for each leg of the

single inverter for ‘q’ cells wherek =1.2,...,q. Tri,, Tri,,..., Tri, are the triangle carrier

q

signals corresponding to each H-bridges and they all are displaced by " from each other.
q

Each switching pulse is generated as follows.
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(3.22)

1i

Sapk :{

f M, >T
0if M, <Tri,

(3.23)

0if M, >Tri,
1if M, <T

ank — ;
|
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1if M, >Tri, (3.24)
prk =

0if M, <Tri,

0if M, >Tri, (3.25)
S, = .

1if M, <Tri,

where k =1.2,...,9.

3.5 Determination of Unipolar PWM Modulation Signals

The principle of Fourier series expansion tells that any periodic function f(t) can be

decomposed into infinite series of sinusoidal harmonics [4].

a, > (3.26)
f) = > + Z a,, cos(mwt) + b,, sin(mwt).
a, = %f_if(t) cos(mwt) d(wt). (3:27)
m=0,1,2,3, ..., .
(3.28)

b,, = L i d
m = ;f_nf(t) sin(mwt) d(wt).

m=1,2,3,...,00.
Consider a waveform f(x,y) which varies as a function of carrier frequency and
fundamental frequency, in which x(t) and y(t) are defined in (3.29) and (3.30).
x(t) = w.t + 6,. (3.29)
y(t) = wot + 06,. (3.30)

Fourier series at a particular value of y = y,; can be written as
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flx,y1) = ao(ZY1) + Z a,(y,) cosmx + by, (y,) sinmx. 431
m=1
where a,,(y;) = %f_nnf(x, y1) cos mx dx. (3.32)
m=0,1,2,3, ..., co.
(3.33)

1 s
bm(y1) = ;f f(x,y1) sinmx dx.
-1

m=1,2,3,...,00.
The coefficients a,,(y;) and b,,(y;) are particular values of two functions a,,(y) and

b,,(y) which vary over the entire range of y. These functions can also be decomposed as

Cruo > (3.34)
an(y) = 5 + Z Cmn COSNY + dipyp SIN Y.
n=1
m=0,1,2,3, ..., 00.
emo > (3.35)
bn(y) = > + Z €mn COSNY + frnn Sinny.
n=1
m=123,...,00.
where
1 (" 1 (™ (" (3.36)
Cnn = —f a,(y) cosnydy = —Zf f f(x,y) cosmx cosny dx dy.
T -1 T —TTY—-T
m=20,1,2,3, ..., 00.
n=20,12.3,..,00.
(3.37)

1 T 1 Vs Vs
Amn = Ef an(y)sinnydy = F_f f f(x,y) cosmx sinny dx dy.
-1

-nY-m
m=0,12,3,...,00.

n=123,..,00.
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1 (m 1 (® (7 _ (3.38)
emn = — b, (y)cosnydy = = f(x,y) sinmx cosny dx dy.
- /-1

m=1,273..,0

n=0,123,..,©
1 (™ _ 1 (™ (" _ _ (3.39)
fnn = —f b, (y)sinnydy = —Zf f f(x,y) sinmxsinny dx dy.
A —TT n —nTvY—T

m=1,23,..,0
n=123,..,0

Using trigonometric identities in Table 3.1,

1 s s
Cmn =5 j j f(x,y) cos(mx + ny) dx dy
—nTv—T

(3.40)
f f f(x,y) cos(mx —ny) dx dy.
o
m=20,1,2,3, ...,
n=20123,..,0
Aimn f f f(x,y) sin(mx + ny) dx dy
an - Y -1

(3.41)

1 T T
To2 f f f (x, y) sin(mx — ny) dx dy.
- Y -7
Table 3.1 Trigonometric Identities

cos(A + B) = cosAcosB —sinAsinB
sin(A + B) = sinAcosB + cos Asin B

cos(A — B) = cosAcosB + sinAsinB
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sin(A — B) = sinAcos B — cos Asin B

m=20,123,...,0
n=123, ..,
Emn = o2 f f f(x,y) sin(mx + ny) dx dy
(3.42)
1 s s
+ ﬁ]_n _]-_nf(x’ y) sin(mx — ny) dx dy.
m=1,23..,©

n=201273..,0

fmn 2712] j f(x,y) cos(mx + ny) dx dy
(3.43)

1 s s
~og ] ] f(x,y) cos(mx — ny) dx dy.
-nJ-m

m=1,23..,©
n=201273..,0

The general Fourier component form for f(x, y) can now be written as

flx,y) =— 0 4= z [con cOSNY + dy, SiN Y]
=1

=

E Z Cmo COSMX + €, Sin mx|
m=1 (3.44)
+ Z (¢n cosny + dopy, Sinny) cos mx
+(emn cos Ny + fru, sinny) sinmx)’

NgE

1n=1

3
I

Using trigonometric identities mentioned in Table 3.1,
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flx,y) =— 04 = > Z[c(,n cosny + dg, sinny]

n=1

[00]
z Cmo COSMX + €, Sin mx]
=1

Nlb—\

— 1 -
> [Cmn COS(Mx + ny) + ¢y cOs(Mmx — ny)]

1
> [dimn sin(mx + ny) — dp,, sin(mx + ny)]

o)

1
=1n=1|+ 5 [emn Sin(mx + ny) + ey, sin(mx —ny)]| (3.45)
+ > [finn cos(mx —ny) — finn cos(mx + ny)] |
which can be combined to form
f&xy)
EAN | 15 |
= T > Z Con COSNY + dyy, Sinny]| + > z [Cmo cOSMX + €, Sin mx]
n=1 m=1
o o A4
= (Conn — frn) €OSCMX 1Y) + (e + fin) cosCmz —ny)] | B49)
£, 204
m=1n=1 + [(dmn + €mn) sin(mx + ny) + (e — dmn) Sin(mx — ny)|
1 (™ (" (3.47)
2o = fan) =5 ||| £ cosCmx + ny) dx dy.
b [ [
1 1 (" (" 3.48
2o+ frun) =57 | | FGuy) costmx = my) dx dy, 49
1 1 (™ (" _ (3.49)
2+ dm) =55 [ [ Gy sinGmx +ny) dx dy.
b [ [
1 (3.50)

1 s s
2@ —dm) =55 [ [ Gy sinGmx — ny) dx dy.
/-1
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It can be seen from (3.37) and (3.39) that for any given value of n, d,;;, = —d;;(_) and
fmn = —fm(-n) SO that the (mx — ny) terms in (3.46) can alternatively be obtained by
summing the (mx + ny) terms over negative n.

Hence, the complete solution for f(x,y) becomes

oo 1 =
flx,y) = % EZ Con COSNY + dgp, Sinny]

e

[Cmo cOSMX + €5, Sin mx]

Nlb—\

m=1

Z [(¢mn — fmn) cos(mx + ny) (3.51)

l\.)lb—\
ﬁMs

+ (djn + emn) Sin(imx + ny)].
The resultant coefficients are defined as

(Cmn - fmn) +j(dmn + emn) (3-52)
2 2 '

Cnn = Amn +jBmn =

1 s s
Amn + JBmn = ﬁj j f(x, }/) [cos(mx + ‘I’ly)
=TT Y -1
+ jsin(mx + ny)ldx dy

1 ("™ (" .
Amn + jBmn = ﬁj j- f(x, y)e](mx+ny)dx dy. (3.53)
-n’-x
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flx,y) =— 0 4+ Z [Ap,, cOsny + By, sinny]
n=1

+ Z [A;,0 cos mx + By, sinmx]
m=1 (3.54)

+ Z z [An cos(mx + ny) + By, sin(mx + ny)].

m=1N=-®
n+0

(3.54) can be expressed in terms of time by substituting from (3.29) and (3.30) to become

£ = Z [Ag,, cos(n[wyt + 6,]) + By sin(n[w,t + 6,])]

+ Z A, cos(m[wyt + 6,]) + By sin(m[w,t + 6,])]
= (3.55)

+B,,, sin(m[w.t + 6,] + n[w,t + 6,1

+ i i [ mn cos(mlw.t + 0.] + n[w,t + 6,])
L =
n#0

where m=123..,0

n=201273..,0

Apn =53 f_nf_nf(x y)[cos(mx + ny)]dx dy

Bpn = J- J- f(x,y)[sin(mx + ny)|dx dy

—nJ-m
Using A,,, and B,,,, the coefficients, Ayy, Aon, Amo» Amn» Bmo» Bon» Bmn Can be
determined.

The harmonic spectrum of a general carrier-based PWM wave can be expressed in

its most general form. The first term defines the DC component, the second term defines

o1



the fundamental component (when n = 1) and baseband harmonic components which are
integer multiples of the fundamental component. The third term defines carrier harmonic
components as multiples of the carrier frequency. The fourth term defines sideband
harmonic components displaced either side of the main carrier harmonics by integer

multiples of the fundamental frequency component.

0.8 . . . . . . . . : . - . . B

Switching Pulse
(-]
@
T
i

=
-

T
|

0.zl . . . . - . . . H . . . . . . . e

L ! 1 L 1 L !
(1] 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
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Fundamental (60Hz) = 0.3985 , THD= 85.55%
T T T

Mag (% of Fundamental)
() E] -] ;
=] = -] =
T T
| |

N
]
T

|

i
5 10 15 20 25 30 35 40
Harmonic order

(b)

Figure 3.9 FFT analysis of switching pulse

The switching pulse and its FFT spectrum are shown in Figure 3.9 (a) and (b)
respectively. As can be seen from the Figure 3.9 (b), the switching function has an
average component similar to the first term in (3.55). It has a fundamental frequency
component which is given in the second term and harmonics around switching frequency

and around carrier frequency which are mentioned in terms three and four in (3.55).

Vaoltage
=

L L L L L L L
L] .02 0.004 0.006 0.008 on °nz .04 0016
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Fundamental {(80Hz} = £0.15 , THD= 43.70%

Mag (% of Fundamental)
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Fundamental (§0Hz) = 80.15 , THD= 43.70%

2 2 =B
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=2
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25 30 35 a“n

Harmonic order

(©)
Figure 3.10 (a) Output Phase Voltage, (b) FFT spectrum showing Fundamental

component, (¢) FFT spectrum showing harmonics.

Similarly, the FFT spectrum of single phase output voltage waveform is shown in
Figure 3.10. The FFT waveform of the output voltage can be compared with the voltage
spectrum shown in (3.58). As can be seen from the voltage spectrum in (3.58), the
fundamental frequency component and the odd side band harmonics around an even
carrier are presented. The Figure also shows the same frequency components as
expressed in (3.58). The fundamental frequency component and odd side band harmonics

around even carrier (2w, + wg) can be seen in Figure 3.10 (c).
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where w, = 1 kHz, ws = 60 Hz.
Therefore 2w, + wg = 2060 Hz or 1940 Hz. The harmonic order will be 32 and
34.
Hence, the Double Fourier Series approximation of the converter switching functions

is given as

% + g(AO” cos(n(w,t + 6, )+ By, sin(n(w,t +46,)))

f(o, 0, t)=1+ Zw:(Amo cos(m(w,t + 7, )+ B,, sin(m(a,t + 7, ) (3.56)

+B,, sin(m(e,t + 7, )+ n(wt+6,))

"
wherei =a,b; j=p,mk=123,...,q,and y, the be initial angle of the carrier signal
Consider the desired single phase output voltage,
V. (t)=V, cos(6, +6,). (3.57)
where 8, = wt,
V; is the magnitude of the output voltage,
and 4, is the initial angle.
The output voltage spectrum for a full bridge single phase leg is shown in (3.58)
[4].
(3.58)

1
4V, = = —J ( M )sm( (m+n)j
Vi =1Veg M, €OS(0, +6,) +—=-> > m .
T m=2 n=—w0

cos(m(a)ct +7)+n(0, +6,))
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0 1 2m+n (359)
Where Zml m+n)'( j :

=0

In this voltage odd carrier (triangular) and associated harmonics as well as even
base band and side band harmonics are cancelled. As a result, the only harmonics which
exist are the odd side band harmonics around an even carrier. The proof of cancellation of
these harmonics are given in Appendix G. M denotes the modulation index of the kg, H-
bridge.

In the *q” cell CHB multi-level converter, the fundamental component of the total
output voltage is expressed as
V

=Vyq M, c08(8, +6,) +V,, M, c0s(0, +0,) +...+V M cos(d, +6,) . (3.60)

s, fund dcq
The first dominant harmonic component which is the first side band harmonic around the
second carrier frequency is given in (3.61).

(3.61)

2Vdcl
- 0, (M,)Cos(2(6, +7,) + (6. + )

2Vdc2
AME J,(2M,)cos(2(8, +7,) + (6, +6,))+.
T

2V,
- 3,(M ) cos(2(8, +7,) + (6, +6,))

where y1,¥2,73, ..., ¥q are the initial angles of carrier waveforms,
61,6,,03, ..., 0, are the initial angles of fundamental signal.

If all the phase angles of modulation signals are the same and equal to the phase
angle of the desired output voltage, the relationship between the modulation indices in

terms of the input dc voltages and output desire voltage magnitude is shown in (3.62).
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Via My +Vi, M+ 4V M =V, (3.62)

dcq

. m 2mn
Using J,(x)= %%(%x} , (M, )= ﬂi\;" , (389
where k =1,2,3,...,q
Therefore equation (3.61) becomes,
‘ 7 (3.64)
~MV,, c0s(2(0)+a)-M,V,, 005(2(%] + a] —..

Vo =
M Vi COS[Z[%[] + a]

Equating sine and cosine terms in (3.64) will give some equations in terms of ‘q’

unknown modulation signals(M,,M,,..,M,). The addition of required number of

constraints will give enough equations to solve for all the modulation indices of ‘q’ cell

CHBMC. For example, the modulation indices of two cells can be determined as given

below.

(3.65)
V) =-M.V,, c0s(2(0)+a)-M,V,, cos(z(%j + aj ,
Vo =—M Vg, COsa + MV, Cosa . (3.66)

To eliminate the dominant harmonics given in (3.66), the modulation indices are
selected in such a way that they satisfy the following equation,

~MV,, cosa+M,V,,cosa=0. (3.67)
= MV =MV, . (3.68)

Substituting (3.68) in (3.62), the expression for each modulation index then becomes
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M, =
2Vdcl

(3.69)

M _ Mlvdcl _ stdcl _ Vs (370)
) = = =

Vch 2Vdclvd02 2Vd<:2

3.6 Over-modulation Region of Operation

The region of operation between the loss of linear control and complete loss of
control is called the over modulation region [4]. Since the modulator effectively loses
control of the output voltage waveform during the saturation period, the output voltage
waveform becomes progressively distorted and includes low frequency harmonics of the
fundamental component.

The double Fourier series approximation of the fundamental component of
converter output voltage in the case of over modulation is given as [4]

3.71
2 [4siny + M (7 — 2w —sin 2y )|cos w, t 3.7
T

+i ic cos(2ma,t +[2n —1]w,t)

m=1 n=—o

Vao (t) =

J s (mzM )eos[(m+n _1)7;{7, oy — sin2(2n—1)y } (3.72)

2n-1

where C, = e [ 3ya(maM )eos|(m+k)r]

R > (3|n2(n+k ~1y sm(

‘= n+k-1
v = cosl(ij.
M

L 2k-1#£2n-1
The gain from the fundamental component of (3.67) is
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(3.73)

V, = o [4siny + M (7 — 2y —sin 2y )].
T

For ‘q’ cell cascaded H bridge multi-level converter, the expression for gain from
fundamental component is given as

(3.74)

dey

AY
Vab = Z

q
k=1 7T

[4siny, + M, (7 -2y, —sin2y, )]

1
wherey, = cosl[M—j, k=123,...q.

k

3.7 Summary

A method for the determination of the modulation signals for the multilevel
cascaded single phase inverters which eliminate the dominant harmonics in the desired
output voltage is proposed for both the linear and over-modulation operating regions.
This method is applicable to the cases when the DC input voltages are either equal or
unequal. This method can be extended for the determination of the modulation signals for
higher multilevel cascaded single-phase converters. This chapter therefore provides an
analytical method to determine the modulation signals required for unipolar PWM
modulation of cascaded multi-level single-phase DC-AC converters. This chapter also

provides the expression for output voltage gain for the over modulation operating region.
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CHAPTER 4

SINGLE PHASE TWO, THREE, FOUR AND FIVE CELL CASCADED H-

BRIDGE DC-AC CONVERTER

4.1 Introduction

In chapter 3, the full modeling and analysis of ‘g’ cell cascaded H-bridge multi-
level converter was studied. In this chapter, the modeling and analysis of two, three, and

four cells cascaded H-bridge multilevel converter are presented.

L L
MM ! N
— I . Tops
I T Top apt Ls
at Ls Vv, © Via== G a MM
—
v, Q Va=G MM 8 I
& by - Tant Tons
Io
Thn1
TanT L
N
L I2 T
— V20O VT C2 o,
IZ Tap? Top2 Ta bz
Vo0 VoG o,
b, C — RL L™ Cs —— § Ru
Tanz Ton2 —
Is Taps bp3
V3 Vs Cs g
5
1 Tt
_[; Taps Tobp3
L
Vi) VTG g, -
b3 Ia Taps bpa.
Tan3 ThnL‘%} Vi V= Cq a
%
Tant ™

(b)

Figure 4.1 Single phase three cell and four cell CHB inverter connected to resistive load.
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The simulation and experimental results are also presented in this chapter. The
topology of single-phase 2-cell CHB multi-level inverter has already been shown in
Figure 3.1. The topologies of single-phase 3-cell and 4-cell CHB multi-level inverter are

shown in Figure 4.1 and 4.2, respectively.

4.2 Determination of Unipolar PWM Modulation Signals

The double Fourier series approximation of the switching functions given in (3.45) as

@ 4.1)
% + " (Ay, cos(na,t)+ By, sin(nw,t))

00

S (@, 0,)=1+ > (A, cos(ma,t)+ B, sin(me,t))

m=1

00 o0

+3 > (A cos(ma t + nat)+ B, sin(ma,t + net))

m=1 n=—c0
n=0

wherei=a,b; j=p,n

4.2.1 Two Cell Cascaded H-bridge DC-AC converter

The expression for each modulation index for two cell was given in chapter 3 as

4.2

M, = Vs | (4.2)
2Vd(:l

— Mlvdcl _ stdcl _ Vs (43)

M = .
? Vch 2Vdclvd02 2Vdc2
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4.2.2 Three Cell Cascaded H-bridge DC-AC converter

The fundamental component of the total output voltage is expressed as

\Y =V, M, cos(, +6,) +V,, M, cos(8, + 6,) +V,., M, cos(b, + 6,) . (4.4)

s, fund

The first dominant harmonic component which is the first side band harmonic around the

second carrier frequency is given in (4.5).

2V 2(0. + 2V 2(0. + (4.5)
_ dcl Jl(ﬂMl)COS ( c }/1) _ dc2 \]1(7ZM2)COS ( c 72)
. T +(6, +6,) + (6, +6,)
ol =
2V 2(60. +
_ dc3 Jl(ﬂMs)COS ( c 7/3)
T + (6, +6,)

If all the phase angles of modulation signals are the same and equal to the phase

angle of the desired output voltage, then

The relationship between the modulation indices in terms of the input dc voltages

and output desire voltage magnitude is shown in (4.6).

ViaM; +Vie, M, +VsM; =V, (4.6)
o 1 2m+n
Usin J ,
g Z‘Jm' m+n)l( j
M, 4.7)

we get J,(7M, )= >

where k = 1,2,3.

Therefore equation (4.5) becomes,
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4.8
V. =-M\V,,cos(y)-M,V,, cos(z?” + 7/] + MV, cos(%[ + ]/j . (4.8)

To eliminate the dominant harmonics given in (4.8), the modulation indices are
selected in such a way that they satisfy the following equations,
2MVy, =MV, + MV ;- (4.9
MV, =MV, . (4.10)

Substituting (4.9), (4.10) in (4.6), the expression for each modulation index then

becomes,
\Y vV Vv 411
M=—""—M,=—"—- M, =——. (#.11)
3Vdcl 3Vch 3Vdc?;

4.2.3 Four Cell Cascaded H-bridge DC-AC converter

The fundamental component of the total output voltage is expressed as

V., M, cos(d, +6,) +V,,M, cos(b, + 6,) (4.12)
S VL M, cos(6, + 6,) +V, M, cos(, +6,)

And the first dominant harmonic component which is the first side band harmonic around

the second carrier frequency is given in (4.13).

i 4.13
_ 2Vdcl Jl(ﬂMl) COS(Z(HC + 7/1) J_ 2Vd(:2 \]1(7ZM2)COS£2(9C + 72) ] ( )
T T

v + (6, +6,) +(6, +6,)
ol — :
2V 2(6. + 2V 2(60. +
_ dc3 Jl(ﬂM3)COS ( Cc 7/3) _ dc4 Jl(ﬂM4)COS ( c 7/4)
+(6, +6,) +(6, +6,)

63



If the all the phase angles of the each modulation signals are the same and equal
to the phase angle of the desired output voltage, the relationship between the modulation

indices in terms of the input dc voltages and output desired voltage magnitude is shown

in (4.14).
Via M1 +Vi, My +V s My +V M, =V, (4.14)
o 2m+n 415)
1 (
Usin J = ,
g Z‘,ml m+n)'( J
M

we get J,(7M, )= >

where k = 1,2,3.

Therefore equation (4.13) becomes,

7z (4.16)
— M.V, €08(2(0)+ 7) - M,V COS(Z(ZJ 7 ]
ol — '
-M 3Vdc3 COS(Z(%) + 7) -M 4Vdc4 COS(Z(ST”) + 7/)
Vi = =MV, €08(7)+ M Vg, sin(y )+ M Vs €0s(y ) — M Vg, sin(y). 4.17)

To eliminate the dominant harmonics given in (4.17), the modulation indices are
selected in such a way that they satisfy the following equations,
M3V =MV ; (4.18)
MVt =MV, (4.19)
These equations result in one more degree of freedom to specify the four modulation

indices. Define the magnitudes of the first two cells to be related by a fraction, a

M, =aM, (4.20)
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Substituting (4.18), (4.19), and (4.20) in (4.14)
The expression for each modulation index then becomes,

\Y

M, = s
2(Vdc1 + Ve, )
oV
M, = S

B 2(\/dcl + avdc2 )

Vdclvs
2Vd03 (Vdcl + avdcz )

M, =

M _ avdczvs
) 2Vdc4 (Vdcl + avdcz )

4.3 Results and Discussion

43.1 Two cell CHBMC

The proposed modulation technique is derived and implemented on two cell
cascaded H bridge multi-level converter. Experimental validation of proposed method on
the laboratory prototype is set forth on a two cell cascaded H-bridge single phase DC-AC

converter. The two cell CHBMC has to generate an AC voltage ofV_, = 80cos(wt)when

each of the two cells is fed with 50V dc voltage and the modulation indices are computed
based on (4.2) and (4.3). The switching pulses of all the eight switches are shown in
Figure 4.2. Figure 4.3 shows the simulation result of four input source currents. Figure

4.4 and Figure 4.5 show the simulation results of individual output voltage of each cell

bo

(4.21)

(4.22)

(4.23)

(4.24)



and the overall output voltage of the inverter based on the proposed method. The Fourier
spectrum analysis of the overall output voltage is seen in Figure 4.6. The fundamental
frequency of the system is 60Hz. The peak value of fundamental component of output

voltage is 79.99V.

Switching pulses of switches in first cell
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1 T T
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= T T =
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1= T
w
[} 1 I -
1] 0.002 0.004 Uﬂﬂi 0.008 0 0.012 0014 0.016
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(@)

Switching pulses of switches in second cell

0.004 0.012
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(b)
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Figure 4.2. Simulation results: (a) Cell 1 switching pulses, (b) Cell 2 switching pulses

Therefore, this result verifies that the modulation indices calculated based on the
proposed technique results in the minimization of harmonics. The three cell cascaded H
bridge converter is connected to R load through an LC filter, with parameters

L, =100mH, C, =164F and R, =42Q. Figure 4.7 shows the waveforms of load

current and load voltage.
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Input source currents
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Figure 4.3. Simulation result of input source currents
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Figure 4.4. Simulation result of individual cell output phase voltages.

68



Overall output Phase Voltage
T T T

Vb
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Figure 4.5. Simulation result of overall output phase voltage for two cell cascaded multi-

level inverter.

EFT analysis
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Figure 4.6. FFT analysis of simulated waveform of output voltage (a) Fundamental

component, (b) Harmonic components.
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Output Current and Voltage across output capacitor
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Figure 4.7 Output current and load voltage waveforms.

The experimental results of the two cell cascaded H-bridge multilevel inverter are
also presented to compare with the computer simulation results. The waveforms of
switching pulses of all the eight switches can be seen in Figure 4.8. Similarly, the output

voltages of each individual cell are shown in Figures 4.9.
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Figure 4.8 Experimental results of switching pulses: (a) Cell 1, (b) Cell 2.
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(a) (b)
Figure 4.9 Experimental results of output voltage: (a) Cell 1, (b) Cell 2 (25V/div).

Figure 4.10 and Figure 4.11 show the experimental results of individual output voltage of
each cell and the overall output voltage of the inverter based on the proposed method. So
we can conclude from these results that the experimental results are in good validation

with the simulation results.

Tek Stop
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Figure 4.10 Experimental results of individual Output voltages together (10V/div).
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Figure 4.11 Experimental results of overall output voltage for two cell cascaded multi-

level inverter (50V/div).

43.2 Three cell CHBMC:

The proposed modulation technique is derived and implemented on three cell
cascaded H bridge multi-level converter also. Experimental validation of proposed
method on the laboratory prototype is set forth on a three cell cascaded H-bridge single
phase DC-AC converter. The three cell CHBMC has to generate an AC voltage of

V,,. =140cos(wt)when each of the three cells is fed with 50V dc voltage and the

modulation indices are computed based on (4.12). The switching pulses of all the 12
switches are shown in Figures 4.12, 4.13 and 4.14 respectively. Figure 4.15 shows the
simulation result of four input source currents. Figure 4.16 and 4.17 show the simulation
results of individual output voltage of each cell and the overall output voltage of the

inverter based on the proposed method. The Fourier spectrum analysis of the overall
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output voltage is seen in Figure 4.18. All the harmonic components of the output voltage
are less than or equal to 0.03% of fundamental component. The peak value of the
fundamental component of output voltage that can be seen from Figure 4.18 is
126.5V.Therefore, this result verifies that the modulation indices calculated based on the
proposed technique results in the minimization of harmonics. The three cell cascaded H
bridge converter is connected to R load through an LC filter, with parameters

L, =100mH, C, =164F and R, =42Q. Figure 4.19 shows the waveforms of load

current and load voltage.
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Figure 4.12 Simulation result of switching pulses of switches in first cell.
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Switching pulses of switches in second leg
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Figure 4.13 Simulation result of switching pulses of switches in second cell.
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Figure 4.14 Simulation result of switching pulses of switches in third cell.
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Input source currents
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Figure 4.15 Simulation result of input source currents.
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Figure 4.16 Simulation result of individual cell output phase voltages.
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Qverall output voltage
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Figure 4.17 Simulation result of overall output phase voltage for three cell cascaded

multi-level inverter.
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Figure 4.18 FFT analysis of simulated waveform of overall output phase voltage (a)

Normal spectrum, (b) Zoomed in to see harmonics.
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Output current and load voltage
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Figure 4.19 Output current and load voltage waveforms when inverter is connected to

resistive load.

The experimental results of the overall system are also presented. The waveforms
of switching pulses of all the twelve switches can be seen in Figures 4.20, 4.21, and 4.22.
Similarly, the output voltages of each individual cell are shown in Figures 4.23, 4.24 and
4.25 respectively. Figures 4.26 and 4.27 show the experimental results of individual
output voltage of each cell and the overall output voltage of the inverter based on the
proposed method. So we can conclude from these results that the experimental results are

in good validation with the simulation results.
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Figure 4.20 Experimental result of switching pulses of switches in first cell (10V/div).
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Figure 4.21 Experimental result of switching pulses of switches in second cell (10V/div).
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Figure 4.22 Experimental result of switching pulses of switches in third cell (10V/div).
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Figure 4.23 Experimental result of output voltage of inverter cell 1 (25V/div).
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Figure 4.24 Experimental result of output voltage of inverter cell 2 (25V/div).
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Figure 4.25 Experimental result of output voltage of inverter cell 3 (25V/div).
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Figure 4.26 Experimental result of individual Output voltages together (50V/div).
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Figure 4.27 Experimental results: (a) Overall output voltage for three cell cascaded multi-

level inverter (50V/div), (b) Fundamental component, (c) Harmonic components.
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4.3.3 Four Cell CHBMC

The proposed modulation technique is derived and implemented on four cell
cascaded H bridge multi-level converter also. Experimental validation of proposed
method on the laboratory prototype is set forth on a four cell cascaded H-bridge single
phase DC-AC converter. The four cell CHBMC has to generate an AC voltage of

V,,. =180cos(wt)when each of the four cells is fed with 50V dc voltage and the

modulation indices are computed based on (4.21), (4.22), (4.23), and (4.24) respectively.
Figures 4.28, 4.29, 4.30 and 4.31 show the simulation results of switching pulses of
switches in cells 1, 2, 3 and 4 respectively. Figure 4.32 shows the simulation result of
four input source currents. Figures 4.33 and 4.34 shows the simulation results of
individual output voltage of each cell and the overall output voltage of the inverter based
on the proposed method. The Fourier spectrum analysis of the overall output voltage is
seen in Figure 4.35. All the harmonic components of the output voltage are less than or
equal to 0.03% of fundamental component. The peak value of the fundamental
component of output voltage that can be seen from Figure 4.18 is 180V. Therefore, this
result verifies that the modulation indices calculated based on the proposed technique
results in the minimization of harmonics. The four cell cascaded H bridge converter is
connected to R load through an LC  filter, with  parameters

L, =100mH, C, =164F and R, =42Q. Figure 4.36 shows the waveforms of load

current and load voltage.
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Switching pulses of switches in first leg
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Figure 4.28 Simulation result of switching pulses of switches in first cell.

Switching pulses of switches in second leg
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Figure 4.29 Simulation result of switching pulses of switches in second cell.
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Switching pulses of switches in third cell
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Figure 4.30 Simulation result of switching pulses of switches in third cell.

Switching pulses of switches in fourth cell
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Figure 4.31 Simulation result of switching pulses of switches in fourth cell.
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Input source currents
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Figure 4.32 Simulation result of input source currents.
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Figure 4.33 Simulation result of individual cell output phase voltages.
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Overall output voltage
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Figure 4.34 Simulation result of overall output phase voltage for four cell cascaded multi-

level inverter.

Fundamental (60Hz) = 179.8 , THD= 6.47%
T T T T

100

8 2 8

Mag (% of Fundamental)
1
=

=
o

0.05-

Mag [% of Fundamental]

E

100

100

L i
200 00 400 500 G600 700 800 900

1000
Frequency (Hz)
(@)
Fundamental (60Hz) = 179.8 , THD= 6.47%
T T T T T T T
200 300 400 500 600 700 200 900 1000
Frequency (Hz)

(b)

Figure 4.35 FFT analysis of the simulated waveform of overall output phase voltage for

four cell CHBMC, (a) Fundamental component, (b) Harmonic components.
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Qutput current and load voltage
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Figure 4.36 Output current and load voltage waveforms.
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Figure 4.37 Experimental result of switching pulses of switches in first cell (10V/div).

The experimental results of the overall system are also presented. The waveforms
of switching pulses of all the four cells can be seen in Figures 4.37, 4.38, 4.39, and 4.40
respectively. Figure 4.41 and 4.42 show the experimental results of individual output
voltage of each cell and the overall output voltage of the inverter based on the proposed

method. So we can conclude from these results that the experimental results are in good

validation with the simulation results.
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Figure 4.38 Experimental result of switching pulses of switches in second cell (10V/div).
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Figure 4.39 Experimental result of switching pulses of switches in third cell (10V/div).
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Figure 4.40 Experimental result of switching pulses of switches in fourth cell (10V/div).
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Figure 4.41 Experimental result of individual Output voltages together (100V/div).
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Figure 4.42 Experimental results: (a) Overall output voltage (50V/div), (b) FFT Normal

spectrum, (c) Zoomed in to see harmonics.
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4.4 Over-modulation Region of Operation

441 Two Cell CHBMC

The region of operation between the loss of linear control and complete loss of
control is called the over modulation region [4]. Since the modulator effectively loses
control of the output voltage waveform during the saturation period, the output voltage
waveform becomes progressively distorted and includes low frequency harmonics of the
fundamental component.

Using (3.63), for the two cell cascaded H-bridge inverter contours of output
voltage with variation in modulation indices are plotted for unequal DC input voltages in

Figure 4.43. The parameters used for plotting the contour plots are V,, =60V,
V,, =40V, 04<M, <14, 04<M,<14. This contour plot reveals the linearity

between the output voltage magnitude and the modulation indices in the linear region
(when the modulation indices are less or equal to unity) and thereafter deviate from the
linear relationship in the over-modulation region, resulting in decreasing voltage gains.
Figures 4.44 and 4.45 respectively show the simulation results of individual
output voltage and overall output voltages. Figure 4.46 (a) shows the FFT waveform of
the overall output phase voltage in the over-modulation range. Figures 4.47 and 4.48
respectively show the experimental results of individual output voltage and overall output
voltages operating in the over-modulation range. By comparing the FFT waveforms,

Figure 4.6 (a) and Figure 4.46 (a), the lower order harmonics (3", 5™ and 7") can be seen
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in the spectrum. The magnitude of harmonics (as a percentage of fundamental
component) for linear modulation region case is less when compared to the case of over
modulation operation. The parameters used for simulation and experimental results are
V,, =V,,=50,and M, =M, =1.15.

Variation W/, with variation of magnitude of modulation indices
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Figure 4.43 Contour plot of output voltage with variation of modulation indices for two

cell cascaded inverter for the case of over modulation.
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Figure 4.44 Simulation result of individual output voltages for the case of over

modulation.
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Overall output phase voltage
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Figure 4.45 Simulation result of overall output voltage for the case of over modulation.
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Figure 4.46 FFT waveform of simulated overall output phase voltage for the case of over
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modulation. (a) Fundamental component, (b) Harmonic components.
93



Figure 4.47 Experimental result of individual output voltages for the case of over

Te

Figure 4.48 Experimental result of overall output voltage for the case of over modulation
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4.4.2 Three Cell CHBMC

Using (3.63), for the three cell, contours are plotted for unequal DC input voltages

in Figure 4.49. The parameters used for plotting the contour are V,, =60V, V,, =40V,

V3 =50V, 04<M, <14, 04<M, <14, M, =0.93. This contour plot reveals the

linearity between the output voltage magnitude and the modulation indices in the linear
region (when the modulation indices are less or equal to unity) and thereafter deviate
from the linear relationship in the over-modulation region, resulting in decreasing voltage
gains.

Figures 4.50 and 4.51 respectively show the simulation results of individual

output voltage and overall output voltages.
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Variation V_ with variation of magnitude of modulation indices
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Figure 4.49 Contour plot of output voltage with variation in modulation indices of three

cell cascaded inverter for the case of over modulation.

Figure 4.52 shows the FFT spectrum of the overall output phase voltage in the
over-modulation range. Figures 4.53 and 4.54 respectively show the experimental results
of individual output voltage and overall output voltages operating in the over-modulation
range.

By comparing the FFT waveforms, Figure 4.18 (a) and Figure 4.52 (a), the lower
order harmonics (3", 5" and 7™) can be seen in the spectrum. The magnitude of
harmonics (as a percentage of fundamental component) for linear modulation region case
is less when compared to the case of over modulation operation.

The parameters used for simulation and experimental results are
V,, =V, =V,;=50, M, =M, =M, =1.15.
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Figure 4.50 Simulation result of individual output voltages for the case of over

modulation.
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Overall output voltage
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Figure 4.51 Simulation result of overall output voltage for the case of over modulation.
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Figure 4.52 FFT analysis of simulated waveform of overall output phase voltage for the

case of over modulation. (a) Fundamental component, (b) Harmonic components.
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Figure 4.53 Experimental result of individual output voltages for the case of over

modulation (100V/div).
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Figure 4.54 Experimental results: (a) Overall output voltage for the case of over

modulation (100V/div), (a) Fundamental component, (b) Harmonic components..
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4.4.3 Four Cell CHBMC

Using (3.63), for four cell, contours are plotted for unequal DC input voltages in

Figure 4.55. The parameters used for plotting the contour are V,, =60V ,V,, =35V,
Vg =45V, V,, =50V, 0.4<M, <14, 04<M, <14, M, =0.947, M, =0.865 the

corresponding contour plot of output voltage magnitude can be seen in Figure 4.55.

This contour plot reveal the linearity between the output voltage magnitude and
the modulation indices in the linear region (when the modulation indices are less or equal
to unity) and thereafter deviate from the linear relationship in the over-modulation region,
resulting in decreasing voltage gains.

Figures 4.56 and 4.57 respectively show the simulation results of individual

output voltage and overall output voltages.

Variation \J'.: with variation of magnitude of modulation indices

Figure 4.55 Contour plots of unknown modulation signals of four cell cascaded inverter

for the case of over modulation.
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Figure 4.56 Simulation result of individual output voltages for the case of over

modulation.
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Figure 4.57 Simulation result of overall output voltage for the case of over modulation.
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Figure 4.58 FFT spectrum of simulated waveform of overall output phase voltage for the

case of over modulation.
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Figure 4.59 Experimental result of individual output voltages for the case of over

modulation (100V/div).
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Figure 4.60 Experimental results: (a) Overall output voltage for the case of over

modulation (100V/div), (b) FFT analysis of experimental waveform.

Figure 4.58 shows the FFT spectrum of the overall output phase voltage in the
over-modulation range. Figures 4.59 and 4.60 respectively show the experimental results
of individual output voltage and overall output voltages operating in the over-modulation
range.

By comparing the FFT waveforms, Figure 4.35 (a) and Figure 4.58 (a), the lower

order harmonics (3", 5" and 7™ can be seen in the spectrum. The magnitude of
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harmonics (as a percentage of fundamental component) for linear modulation region case
is less when compared to the case of over modulation operation.
The parameters used for simulation and experimental results are

V,, =V, =V,; =V,, =50V, M, =M, =M, =M, =1.15.

4.5 Five Cell Cascaded H-bridge Multilevel DC-AC converter

The modulation technique which eliminates the dominant harmonics in the output
voltage is also extended to five cell cascaded H- bridge inverter. The analysis of five cell
cascaded H-bridge inverter is categorized into two regions.

e Linear operation region and
e Over-modulation region
The steady state contours and simulation results for both these regions are presented in

this chapter.

45.1 Linear Operation Region

The double Fourier series approximation of the converter switching functions

given in (3.45) as
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(4.25)

% + i(AOn cos(na,t)+ By, sin(nawt))
$;(0,,0,) =1+ (A cOs(Ma,t)+ By, sin(meo, 1))

+3° 3 (A cos(Mat + nat)+ B, sin(mat + nat))

m=1 n=—o0
n=0

wherei=a,b; j=p,n

Consider the desired single phase output voltage represented in (4.26). Vs is the
magnitude of the output voltage and O, is the initial angle.
V,(t)=V, cos(6, +8,) where 6, = w, (4.26)
The output voltage spectrum for a full bridge single phase leg is shown in (4.27).
In this voltage odd carrier and associated harmonics as well as even base band and side

band harmonics are cancelled.

As a result, the only harmonics which exist are the odd side band harmonics

around an even carrier. My denotes the modulation index of the ki, H-bridge.

mz ., ) ( ) (4.27)
o o sin m+n
Vi = VdckMkCOS(9e+‘9k)+ ”kzz ( j
mzn= wcos(m(ec +7.)+n(b, +6,))
i (1 j2m+n (428)
where ) m+n)' '

In the four cell CHB multi-level converter, the fundamental component of the
total output voltage is expressed as

V., M, cos(8, +86,) +V,., M, cos(d, +6,) (4.29)
ST v M, cos(8, +6,) +V, M, cos(d, +6,) +V . M, cos(d, +6;)
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The first dominant harmonic component which is the first side band harmonic

around the second carrier frequency is given in (4.30).

2V 2(0. + 2V 2(0. + (4.30)
_ dcl Jl(ﬂMl)COS ( c )/l) _ dc2 Jl(ﬂMz)COS ( c 72)
+(6,+6,) +(6,+6,)
2V 2(6. + 2V 2(0. +
Vozz _ dc3 Jl(7Z'|V|3)COS( ( c ]/S)J_ dc4 Jl(ﬂM4)COS( ( c 74)}
Vq +(6,+6,) +(60,+6,)
2V 2(0. +
_ dc5 Jl(ﬂMs)COS ( c 7/5)
Vs +(6,+6;)

If phase angles of all the modulation signals are the same and equal to the phase
angle of the desired output voltage, the relationship between the modulation indices in

terms of the input dc voltages and output desired voltage magnitude is shown in (4.32).

Ve =V M +Vi, My +Vi s M +V My +Vs Mg (4.31)

M. : 4.32

Using (4.28), Jl(ﬂMi)zT',Wherel =1,2,3,4,5. (4.32)
Substituting the phase shift angle of the carrier waves in (4.31),

(4.33)

~ MV, cos(y)-M,V,, cos(z(%j + yj

i el ) ol )
-MVys cos(Z(%zj + 7)

To eliminate the dominant harmonics from the above equation, the modulation

indices are selected in such a way that they satisfy the following two equations,

Anr (4.34)

Vit M, + Vi, M, +V, M 5)005(%) + Vs My +Vi M, )cos(?j -0,
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4.35
(VdCZMZ _VdcsMs)Sin(z?ﬂjJr(VdcsMs_Vdc4M4)Sin(4?ﬂj:0' (435

There are three equations (4.31), (4.34) and (4.35) and there are five unknowns.
Therefore, after specifying M, and My, the other three modulation signals magnitudes are

expressed as

M. = VS —alvdczM g — ZaSVdMM 4 (4.36)
5 .
Vs
. (2rx (4.37)
1 N5
MSZV Vdc4M4_(Vd02M2_Vdc5M5) 4 .
de3 ; U
SIN| —
[ S j
1 (4.38)
Ml = (Vs _VdczMZ _Vdc3M3 _Vdc4M4 _VdcsMS)'
dcl
. (27 . (27
SIn| — SIN| —
5 27 5
where ¢, =1-————< —c0§| — |+ ———=.
) (472] 5 (472)
sin| — tan| —
5 5
. (27 . Vs
SIN| — SIN| —
( 5 j 27 ( 5 ) Ax
a,=1+—"<-00S — |- oy =1-cos| —
. (47rj 5 5
Sin| —
5

and M = s where M is the effective modulation (4.39)

Vdcl +Vdcz +Vd03 +Vdc4 +Vd05

index of the converter.

Since we assume that we know the modulation indices M, and My, by varying M,
and My in the operable range, we can find the solutions for My, M3 and Ms. The contour

plots display the modulation indices of M1, M3 and Ms for the two cases considered.
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Case I: Equal DC Input Voltages
ConsiderV, =220V ,V,, =V, =Vys =Vis =Vis =50V . By varying M, and My
from 0 to 1.2M, where M is given in (4.39), the contour of M;, M3 and Ms is given in

Figure 4.61.
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Figure 4.61 Linear operation regions for case | of (a) My, (b)M3, (C)Ms.
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Case I1: Unequal DC Input Voltages

ConsiderV, =220V ,V,, =50V ,V,,, =45V ,V,, =55V ,V,,, = 60V, V, =70V .

By varying M, and M, from 0 to 1.2M, where M is given in (4.39), the contour of M1, M3

and Ms is shown given in Figure 4.62.
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Figure 4.62 Linear operation regions for case Il of (a) My, (b)Ms, (C)Ms.

For the first set of simulations (equal DC voltages), the modulation indices used are

M,=097,M,=085M,=088,M,=07, M, =0.6. For the second set of
simulations (for unequal DC voltages), the modulation indices selected are M, =0.95,

M, =0.95, M, =0.69, M, =0.9, M, =0.48.
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Individual output voltages
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Figure 4.63 Simulation result of individual cell output voltages for equal DC voltages.
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Figure 4.64 Simulation result of input source currents for equal DC voltages.
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Orverall output veltage
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Figure 4.65 Simulation result of overall output voltage for equal DC voltages.
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Figure 4.66 FFT waveform of simulated waveform of overall output voltage for equal DC

voltages (a) Showing fundamental component, (b) Showing harmonic components
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Figure 4.67 Simulation of individual output voltages for unequal DC voltages.
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Figure 4.68 Simulation of input source currents for unequal DC voltages.
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Figure 4.69 Simulation of overall output voltage for unequal DC voltages.
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Figure 4.70 FFT spectrum of simulated waveform of overall output voltage for unequal

DC voltages. (a) Showing fundamental component, (b) Showing harmonic components
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45.2 Over-modulation region

The region of operation between the loss of linear control and complete loss of
control is called the over modulation region [4]. Since the modulator effectively loses
control of the output voltage waveform during the saturation period, the output voltage
waveform becomes progressively distorted and includes low frequency harmonics of the
fundamental component.

The double Fourier series approximation of the fundamental component of converter

output voltage in case of over modulation given in [4] as

2V . . 4.40
~2 [4siny + M (7 — 2y —sin 2y )|cos w,t (4.40)
Vab (t) = 72;0 ®©
+>° 3 C, cos(2ma,t + [2n - 1]w,t)
m=1 n=—w0
i i - 441
Jyp(mzM )cos[(m +n — 1)72']{72’ — 2y - WP (441)
C, = &dg 1 (mzaM )cos|(m + k)]
m o0
"l > (sin 2(n+k -1y ,sin 2(n- k)u//j
| P n+k-1 n-k ]
= cos‘l(i)
w Yol
The gain from the fundamental component of (4.40) is
(4.42)

V, = Ve [4siny + M (7 — 2y —sin 2y )].
T

For ‘g’ cell cascaded H bridge multi-level converter, the expression for gain is given as
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o 4.43
Vab:i%[%im//i+Mi(7z—2l//i—5in2‘//i)]- o

i=1

1
wherey, = cosl[M—j, k=12,3.9.

k
Using (4.43), contours are plotted for unequal DC input voltages in Figure 4.71. For five

cell CHB, V,, =50V, V,, =45V, V,, =55V, V,, =60V, V,, =70V, 0.4<M, <14,
04<M; <14, M, =085, M,=0.88,M, =0.7, the contour plot of output voltage

magnitude is presented in Figure 4.71. This contour plot reveal the linearity between the
output voltage magnitude and the modulation indices in the linear region (when the
modulation indices are less or equal to unity) and thereafter deviate from the linear

relationship in the over-modulation region, resulting in decreasing voltage gains.

Variation Vab with variation of magnitude of modulation indices

Figure 4.71 Contour plot of output voltage with variation of modulation indices for five

cell cascaded inverter for the case of over modulation.
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4.6 Summary

A method for the determination of the modulation signals for the multilevel
cascaded single phase inverters which eliminate the dominant harmonics in the desired
output voltage is proposed for both the linear and over-modulation operating regions.
This method is applicable to the cases when the DC input voltages are either equal or
unequal. This method was implemented on two, three, four and five cell cascaded H-
bridge multilevel converters but it still can be extended for the determination of the
modulation signals for higher multilevel cascaded single-phase converters. Computer
simulation results, contour plots and experimental results are provided to demonstrate the
utility of the proposed approach. This chapter therefore provides an analytical method to
determine the modulation signals required for unipolar PWM modulation of cascaded

multi-level single-phase DC-AC converters.
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CHAPTER 5

SINGLE PHASE MULTI STRING FIVE LEVEL DC-AC CONVERTER

5.1 Introduction

This chapter presents the modeling and analysis of a novel multi-string multilevel
DC-AC converter influenced by five level inverter presented in [72]. This multi-level
inverter is called multi-string as it is mainly designed for strings of PV cells. In this

chapter, modeling and analysis has been done considering the PV cells as DC sources.

The topology of single phase multi string five level inverter can be seen in Figure
5.1. This topology offers strong advantages like improved output voltage waveforms,
smaller filter size and low electromagnetic interference and THD [72], . This topology
requires DC sources like two cell cascaded H-bridge inverter which also gives five level
output voltage. So, this topology can be compared with the conventional cascaded H-

bridge multi-level inverter.

This topology requires two less switches than the two cell cascaded H-bridge
inverter. And moreover, two of the switches are operated at line frequency. As a result,
the switching losses when compared with two cell cascaded converter are considerably

less. The carrier based PWM is used to generate PWM signals for the switches.
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- \V/
Vl_l_+

Figure 5.1 Schematic diagram of single phase multi string five level inverter.

From the Figure 5.1, S.,S. ,S., are the switching functions of switches

ip? ~im ~in»

T Tims Tin» 1=28,0 respectively. V,,V, are input DC sources, Iy, 1, are respective

input currents, and 1, is output current.

5.2 Modes of Operation

The different modes of operation of multi-string five level inverter are shown in

Table 5.1. Each mode shown in Table 5.1 is described in terms of output voltage.
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Table 5.1 Switching modes of multi string five level converter.

Mode | Sap | Sam | San VaB Is1 Is2
1 0 1 0 Vi+V, lo lo
2 0 1 1 V1 lo 0
3 1 1 0 V2 0 lo
4 1 1 1 0 0 0
5) 0 0 0 0 0 0
6 1 0 0 -Vi - lo 0
7 0 0 1 -V, 0 -l
8 1 0 1 -Vi-V, - lo - lo

Maximum positive output, Vi1+V,: When the switches Tam , Top , and Ty, are
ON; the output voltage V,zis Vi1+V, .This mode of operation can be seen in
Figure 5.2 (a).

Half-level positive output, V1: This output condition is possible for two different
switching combinations. One switching combination is such that active switches
Tam, Tbp, and Ta, are ON; the other combination is such that switches Tam , Tap ,
and Ty, are ON. During these operating stages, output voltage V,zis Vi or Va.

These modes of operation can be seen in Figure 5.2 (c) and Figure 5.2 (d).
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Figure 5.2 Modes of operation of the multi string five level converter.



e Minimum output, V;-V,: This output condition is possible for two different
switching combinations, either when whole first leg is ON or whole second leg is
ON. At that instant, load will be short-circuited, and voltage applied to load
terminals will be V;-Va.

e Half-level negative output,—V1, -V,: This output condition is possible for two
different switching combinations. One switching combination is such that active
switches Tpm, Tep, and Tp, are ON; the other combination is such that switches
Tom, Thp, and Ta, are ON. During this operating stage, output voltage Vg is —V1, -
V,. These modes of operation can be seen in Figure 5.2 (e) and Figure 5.2 (f).

e Maximum negative output, —V1-V; : When switches Tq, , Tpm , and T,y are ON;

the output voltage V,;is —V1-V, . This mode of operation can be seen in Figure

5.2 (b).

5.3 Logic Realization

Karnaugh mapping technique is the logic realization technique used to solve the truth
tables [73]. In this case, solving the truth table of modes of operation, an expression for
output voltage in terms of switching function can be derived.

According to Kirchoff’s Current Law (KCL) and Kirchoff’s Voltage Law (KVL),

Sy =1-S,,]=p,m,n. (5.1)

aj !’

where S,,S,; are the switching functions of switches T,,T,,j=p,m,n

aj’ aj?

respectively.
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According to Karnaugh mapping, any output ‘y’ can be written as the sum of all
operating modes. From Truth Table 5.1, the voltage equation using Karnaugh mapping is

written as

Vg =>.(1236,7.8). (5.2)

where 1,2,3,... = Operating Modes .

V _ _(Vl +V2 )(prsamsbn )+ (Vl)(sbpsamsan )+ (VZ )(Sapsamsbn) :| (53)
e _+ (_Vl )(Sapsbmsbn )+ (_VZ )(prsbmsan )+ (_Vl _V2 )(Sapsbm an ) .
V. = _Vl(sbpsamsbn + prsamsan - Sapsbmsbn - SaprmSan) (54)
e _+V2(prsamsbn + Sapsamsbn - prsbmsan - Sapsbm an) .
—Vl(sbpsam (Sbn + San )_ Saprm (Sbn + San )) :I (55)
Vs = .
_+V2 (Samsbn (pr + Sap)_ Sbmsan (pr + Sap ))
Using (5.1) in (5.5),
VAB :Vl(prSam - Saprm )+V2 (Samen - SbmSan)' (56)
VAB =V1((1— Sap )Sam - Sap (1_ Sam ))+V2 (Sam (1_ San)_ (1_ Sam )San ) : (57)
VAB =V1(Sam - Sap)—I_VZ (Sam - San ) : (58)

The expression for voltage equation in terms of switching functions is given in (5.8).

Similarly, the expressions for input currents |, I, can also be found and are given in

(5.14) and (5.20) respectively.

I, = > (1,2,6,8)= Sum of operating modes. (5.9)
Isl = Io [(prsamsbn )+ (prsamsan )_ (Sapsbmsbn )_ (Sapsbmsan )J : (510)
I sl Io I_prsam (Sbn + San )_ Saprm (Sbn + San )J : (511)
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L = 1o|SurSam = SapSom |- (5.12)
Ly = 1|18, S = S (LS., )| (5.13)
L = 15(San = Sap)- (5.14)
l,, = >(13,7,8)= Sum of operating modes. (5.15)
Lo = 1o (S SanSin )+ (S S S )~ (S S San )~ (S S San ) (5.16)
s = 1o |SanSon (Sop + Sap )~ SomSan(Stp + Sap |- (5.17)
I, = 1,[SunSun = SomSan - (5.18)
o = 1[San (1= 8. )= (1= 5 )S.0 . (5.19)
l., = 1,[S.m = S.n - (5.20)

Therefore the dynamic model equations of the system are given as

Vl(Sam _Sap)+v2(sam _San): Lo plo +Vc' (521)
CpV,.=1,-1,. (5.22)
53.1 Voltage stress calculations

Voltage stress is defined as the voltage across each switch at any time. Since the voltage
across each switch is different, the voltage stresses are calculated and are given from
(5.23) to (5.28).

Viap = SppVes (5.23)

Sap —

Vg = SapV. (5.24)

apycl-®
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VSam = Sbm (Vcl +Vc2) ' (525)

VSbm = Sam (Vcl +Vc2) ' (526)
VSan = Sancz ' (527)
VSbn = Sanvcz ' (528)

5.4 Modulation Scheme

For modulation scheme, level shifted carrier based PWM is used. In level shifted

PWM, the carrier waveforms are in phase but are level shifted as shown in Figure 5.3.

Modulation signals

Figure 5.3 Modulation scheme.
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If the switching pulses of switches in one leg are generated, then their
complementary will be respectively the switching pulses of switches in another leg. Here

Stpr Sam» San  are considered as main switches and S, S, S,, are generated by

complementing S, , S,,, S,, respectively. The generation of switching pulses is as
follows:

[1when M, <Tri forM >0, M <Tri,forM <0 (5.29)
S =

|0 whenM  >Tri forM >0, M >Tri,forM <0

[1when M, >Tri, for M, >0, M >Tri,forM <0 (5.30)
S,, = :
" lowhenM, <Tri,forM, >0, M, <Tri,forM , <0
S [1when M >0 (5.31)
" |0 when M <0’
S [1when M <0 (5.32)
|0 when M >0

[1whenM_ >Tri,forM_ <0,M,  >TriforM_>0 (5.33)
S, = :

|0 whenM | <Tri,forM_ <0,M <Tri,forM >0

[1when M <Tri,forM_ <0,M_ <TriforM, >0 (5.34)
S, = .
i |0 when M >Tri,forM_ <0,M >TriforM >0

where M and M are the modulation signals and Trijand Tri, are the two carrier

waveforms used to generate switching pulses by level shifted carrier based PWM. The

modulation signals and carrier waveforms can be seen in Figure 5.3.
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54.1 Determination of expressions for modulation signals

The expressions for modulation signals are determined using double Fourier series
analysis. At any time, if the carrier frequency is much larger than the frequency of
modulation signals, the switching functions are approximated based on the instantaneous

values of modulation signal [74].

Approximations of Switching functions
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Figure 5.4 Approximations of switching functions in terms of instantaneous values of

modulation signals.
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Let the two modulation waveforms used be of the form M = M,sin(d +y,) and

M, = M,sin(@ +v,), where y,and y, are the initial phase angles of modulation signals

respectively and @ = ot , where w is the frequency of the reference voltage waveform.
From Figure 5.4, the switching functions are approximated by their instantaneous values

of modulation signal.

{1— M, v, <0 <rm+y, (5.35)
=M, THy, <0, <2 +y,
s - 1 v, <0 <rm+y, (5.36)
0 T+y, <6 <2r+y,
s - 1-M, W, <0, <m+y, (5.37)
"M, T+y,<0,<2r+y,
s M, v, <0 <m+y, (5.38)
P 1+M, T4y, <0, <27 +y,
s - 0 v, <0, <m+y, (5.39)
e T+, <0, <2r+y,

M, W, <0, <m+y, (5.40)
T4 M, T+y,<0,< 21+,

Using Fourier series analysis, the expressions for switching functions are given in (5.41-
5.46). The detailed derivations are given in Appendix A.
The expressions for Sap, Sam, San, Sep, Sem, Son are given as

1 (5.41)

2.
Sap = E_ M p _;(Sm(l//l _0))
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1 2,.
S0 = == (in(y, ~0).
T

Sy =2 =M, —2(sin(y, ~)).
2 /4

1 2
pr=E+M += (sm(t//1 9)).

1 2.
S :E+_(S|n(l//l _‘9))-
T

S,, =%+M +2(3|n(l//2 6)).

(5.42)

(5.43)

(5.44)

(5.45)

(5.46)

The equations (5.41), (5.42), (5.43), (5.44), (5.45), (5.46) verify the basic equation

(5.1). Substituting those equations into (5.8), then the output voltage equation becomes

Ve =V,M, —V,M,.

(5.47)

In output voltage, odd carrier and associated harmonics as well as even base band

and side band harmonics are cancelled. As a result, the only harmonics which exist are

odd side band harmonics around an even carrier. M; denotes the modulation index of i,

H-bridge.
[V, M, sin(0+v,)
1 (7
V, = 4Vc. o —J ( M, jsm(—(m+n)) :
I i
i " cos(m(@, + ;) +n(0 + )

. 1 2m+n
where n Z(:)mlern)'( j :

(5.48)

(5.49)

The first dominant harmonic component which is first side band harmonic around second

carrier frequency is given below.
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Voﬁ = —ﬁ\]l(ﬂMl)COS(Z(QC +71)+(0+V/1))+%J1(7ﬂ\/| 2)COS(Z(@c +72)+(9+l//2))- (550)
T T

. m 2men
Using J"(X)zmz_onﬂ((_m;lrﬂ[%x} : Jl(ﬂl\/li):%,whereizl,z.
Therefore (5.50) becomes,

V. =-M.V, cos(2(6, + )+ (0 +w,))+M,V, cos(2(0, + )+ (0 +,)). (5.51)
To eliminate dominant harmonics, modulation indices are selected in such a way that

[M Vo COS(9 Ty, ) -M,V,, 005(0 TV, )]COS(Z(QC + 7/)) = (5.52)
[M Va Sin(ﬁ + ‘/’1)_ M,V,, sin(9 TV, )]sin(2(90 + 7/))

=MV, cos(d +y,)-M,V,, cos(6 +y,)=0. (5.53)

and MV, sin(0+y,)-M,V,,sin(@+y,)=0.

= Tan(@+y,)=Tan(@ +y, ). (5.54)
= 0+y, =2nz+(0+y,). (5.55)
Sy =207 +y,. (5.56)

LetM, =—aM,, then from (5.8) and (5.56)

Ve (557)
P Vg, +aV,,

— 5.58
—A,Where O<ac<l. ( )

o=
Vg, +aV,
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5.5 Switching Loss Comparison with Two Cell Cascaded H-bridge inverter

The switching power loss for this proposed topology is compared with the
cascaded H bridge multilevel Inverter topology. The average switching power loss Ps in
the switch caused by these transitions [75] can be defined as

P, = 0.5V, 1, (tion +teor))- (5.59)

S0 s

where t . and t.., are the turn-on and turn-off times, respectively; Vis the voltage

(om)
stress across the switch; and | is the current flowing through the switch.
Let both the proposed circuit and cascaded H bridge multi-level converter are operated at

the same turn-on and turn-off times and at the same load currentl,. Then the average
switching power loss Ps is proportional to Vg and f, . So in general

P, ocV, f.. (5.60)

The voltage stresses of the eight switches of the conventional cascaded H-bridge inverter
are all equal toV,. According to Figure 5.5, the switching loss of cascaded H-bridge
inverter from eight switches can be obtained as

Py horiage € 8V T, (5.61)
Similarly the switching power loss of multi string five-level inverter shown in Figure 5.1

with six switches can also be obtained as

I:’s,multi string o« 4Vs fs + 2(2Vs)fm ' (562)
I:)s,multistring o« 4Vs(fs + fm ) (563)

where f_.is the line frequency.
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Figure 5.5 Two cell cascaded H-bridge inverter.

C o]

Because the switches S, , S, are operated at line frequency and switching frequency is

larger than line frequency f_ << f_, the switching losses of the proposed circuit is
approximated to
F)s,multistring o 4Vs fs' (564)

Comparing equations (5.61) and (5.64), switching losses in multi string multi-level

converter are almost 50% less than cascaded H bridge multi-level converter in this case.

5.6 Simulation Results and Discussions

The simulation of multi string five-level inverter topology was carried out using
Matlab/Simulink software. The parameters used for simulation are,V,; =80V ,V, =50V ,
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V, =50V and «=1. M,,M, are derived from (5.57) and (5.58) respectively. Figure 5.3
shows the modulation scheme that was used to generate switching pulses shown in Figure
5.6. From Figure 5.6, the switching pulses of the middle switches can be seen at line
frequency. Figure 5.7 shows the voltage across each switch, as can be seen from Figure

5.7, the voltage stress of middle two switches T, , T, are twice that of other four

switches. Figure 5.9 shows the waveforms of output phase voltage V,; and. Figure 5.8

shows the waveforms of two input source currents.
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Switching Signals

A T [ T
; _

L - I ) I 1 i
0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

mgu.;:___r_ e Omnmnm

Jy . Y N SUIOU | FUUUUUN N 0N | s
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

T T T T

0 0.002 0.004 0.0086 0.008 0.01 0.012 0.014 0.016
1F T T T T ; i T

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

ST T T I T T T T

0 0.002 0.004  0.006  0.008 0010012 001 0.016
O O o 1 R AR O
oL L. L. L . . .

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.0167
Time

Figure 5.6 Simulation results of switching pulses of all the switches.
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Figure 5.7 Simulation results of voltage stress of all the six switches of the converter.
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Figure 5.8 Simulation result of input source currents.

Output Voltage of Multistring Multilevel Converter
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Figure 5.9 Simulation result of output phase voltage.
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5.7 Experimental results

The experiments on multi string five-level inverter were performed on a
laboratory prototype using TMS 320 F28335 eZdsp to generate the switching pulses of
both the legs which are shown in Figures 5.10 and 5.11 respectively. The waveform of
the output voltage can also be seen in Figure 5.12. The waveform of filtered output
voltage including the output voltage was also presented and it can be seen in Figure 5.13.

The experimental results and simulation results agree with each other.

@] 10.0vV  Ch2[ 10.0V  M4.00ms A Ch1 J 7.00V

Ch3| 10.0V
+¥|0.00000 s

Figure 5.10 Experimental result of switching pulses of switches in first leg.
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@] 10.0V Ch2[ 10.0v  M4.00ms A Chl 4 7.00V

Ch3| 10.0V
1+ [0.00000 s

Figure 5.11 Experimental result of switching pulses of switches in second leg.
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15++[0.00000

Figure 5.12 Experimental result of output phase voltage (50V/div).
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chi] 50.0V  [8iF 50.0v  |M20.0ms A Ch1 / 7.00V

Figure 5.13 Experimental result of output phase voltage and load voltage of single phase

multi string five level inverter (50V/div).

5.8 Summary

This chapter presented a single-phase multistring five-level inverter topology
which has less number of switches required to produce the desired multi-level output for
distributed energy resources compared to cascaded H-bridge converter topology. The
modes of operation of five-level inverter topology are also discussed in this chapter. The
equations for output voltage and input source currents are calculated in terms of the input
voltages and output current respectively using Karnaugh mapping technique. The
expression of voltage stress for each switch is determined. The modulation scheme for

this topology is also presented. The expression for modulation signal is determined using

137



Fourier series analysis by approximating switching functions. The calculation of
switching loss for multi string five-level inverter is performed and the proposed topology
reduces more than 50% of switching loss compared to cascaded H bridge multi-level
converter. Simulation of the proposed system is carried out and waveforms of output
voltage, input source currents, voltage stress are generated. Experimental results are
conducted on 1kW laboratory prototype and the waveforms of switching pulses, output
voltage and load voltage are presented. The experimental results and simulation results
agree with each other. The only disadvantage with this type of converter when compared
with cascade H bridge multi-level converter is the rating of switches. The rating of two

middle switches should be twice the rating of other four switches.
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CHAPTER 6

SINGLE PHASE MULTI STRING SEVEN LEVEL DC-AC CONVERTER

6.1 Introduction

This chapter presents the modeling and analysis of novel multi-string seven level
DC-AC converter. This multi-level inverter is called multi-string as it is mainly designed
for strings of PV cells. In this chapter, modeling and analysis has been done considering

the DC sources instead of PV cells.

The topology of single phase multi string seven level inverter can be seen in
figure 6.1. This topology offers strong advantages like improved output voltage
waveforms, smaller filter size and low electromagnetic interference and THD [72]. This
topology requires three DC sources like three cell cascaded H-bridge inverter which also
gives seven level output voltage. So, this topology can be compared with the

conventional cascaded H-bridge multi-level inverter.

This topology requires four less switches than three cell cascaded H-bridge
inverter. And moreover, four of the switches are operated at almost line frequency. As a
result, the switching losses when compared with three cell cascaded converter are
considerably less. The carrier based PWM is used to generate PWM signals for the

switches.
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Figure 6.1 Schematic diagram of single phase multi string seven level inverter.
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From the Figure 6.1,S,,S;,,S,,,S,, are the switching functions of switches
T Tin: Tins Tio» 1 =2,b, respectively. V,,V,,V, are input DC sources, Iy, 1,,,I, are

respective input currents, and 1, is inverter output current.

6.2 Modes of Operation

The different modes of operation of multi-string seven level inverter are shown in

Table 6.1. Each mode shown in Table 6.1 is described in terms of output voltage.
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Table 6.1 Switching modes of multi string seven level converter

Sep | Sam | San | Sao | Sop | Som | Son | So Vs e | s lss
ol 1[0 110 10 VitVarVs | o lo lo
ol 10010 11 [2Vi(VitV) | o lo 0
T 1] o[ 100 1] 0| 2v(VatVy | © lo lo
0olo0 |0 | 1|11 [1]o0 Vs 0 0 lo
1] 1]o0o]ofo|o01]1 Vs 0 lo 0
0ol 1 1] 1|10 0o]o0 Vi lo 0 0
1| 1|1 1]o[o0ofo]o 0 0 0 0
0ol0 0] o0 |11 [1]1 0 0 0 0
1] oo 1]o[11]o0 Vs-Vi I 0 lo
ol 1 [ 1]o0o]1]o0]o0]1 V1-Vs lo 0 I
11 1]o0o]o]o]o]1 AVA 0 0 I
oo [ 1 [ 11100 AVA 0 I 0
1] o]oofo|[11]1 AVA lo 0 0
Tl o[ 110 1]0] 0 [2V(-Ve-V) | “lo | -l 0
00 [ 1[0 1] 101 [2V(VaVy]| O do | -lo
1o 1o o1 0] 1| VeVoVs | -l | -lo | -lo

This type of Multistring Converter has seven levels. So it will be having seven levels
of operation. Maximum positive output voltage of V1 +V, +V3, positive output voltage of

V1 +V, or V, +V3, minimum positive output voltage of Vi or V, or V3, zero output
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voltage, minimum negative output voltage of - V1, -V, or -V3, negative output voltage of
- V1 -V, or -V; -V3 and maximum negative output voltage of - V1 -V, -V3.There are 16
modes of operation for this eight switch multi string seven level converter.

e Maximum Positive Output Voltage:

When the switches Ty, Tam, Ton and T, are ON; the output voltage Vg is
V1+V,+V3 . This mode of operation can be seen in Figure 6.2 (a).

e Positive output Voltage:

This output condition is possible for two different switching combinations. One
switching combination is such that active switches Typ, Tam, Ton @and Tyo are ON; the other
combination is such that switches Tap, Tam, Ton and T, are ON. During these operating
stages, output voltage v,z is V1+V2 and V,+V3 respectively. These modes of operation
can be seen in Figure 6.2 (b) and Figure 6.2 (c) respectively.

e Minimum Positive output Voltage:

This output condition is possible for three different switching combinations. One
switching combination is such that active switches Typ, Tom, Ton and Tao are ON; the
second combination is such that switches Ta, Tam, Ton and Ty, are ON, the third
combination is such that switches Tpp, Tam, Tan and T are ON. During these operating

stages, output voltage V,g is V3, V7 and V; respectively. These modes of operation can be

seen in Figure 6.2 (d), Figure 6.2 (e) and Figure 6.2 (f) respectively.
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e Zero output voltage:

This output condition is possible for two different switching combinations, either
when whole first leg is ON or whole second leg is ON. At that instant, load will be short-
circuited, and there will be no transfer of power from one side to the other side.

e Minimum Negative Output Voltage:

This output condition is possible for three different switching combinations. One
switching combination is such that active switches Tap, Tam, Tan and Tpo are ON; the
second combination is such that switches Typ, Tom, Tan and Ty are ON, the third
combination is such that switches Ta, Tom, Ton and Ty, are ON. During these operating

stages, output voltage Vv, is -V3, -V7 and -V respectively. These modes of operation can
be seen in Figure 6.3 (a), Figure 6.3 (b) and Figure 6.2 (c) respectively.
e Negative output Voltage:

This output condition is possible for two different switching combinations. One
switching combination is such that active switches Tap, Tom, Tan @nd Tao are ON; the other
combination is such that switches Typ, Tom, Tan @nd Ty are ON. During these operating
stages, output voltage V,g is -V1-V, and -V,-V3 respectively. These modes of operation
can be seen in Figure 6.3 (d) and Figure 6.2 (e) respectively.

e Maximum negative output Voltage:
When the active power switches Tap, Tom, Tan and Tpe are ON; the output voltage

V s IS -V1-V2-V3 . This mode of operation can be seen in Figure 6.3 (f).
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Figure 6.2 Positive modes of operation of multi string seven level inverter.
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Figure 6.3 Negative modes of operation of multi string seven level inverter.
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6.3 Logic Realization

According to Kirchoff’s Current Law (KCL) and Kirchoff’s Voltage Law (KVL),

Sy =1-S4;1=p,m,n,0.

where S

aj’

Sy; are the switching functions of switchesT,

(6.1)

T, j = p,m,n,o respectively.

aj’

According to Karnaugh mapping, any output ‘y’ can be written as the sum of all

operating modes. From Table 6.1, the voltage equation using Karnaugh mapping is

written as

Ve =2 (123456910111213141516), where 1,2,3,... = Operating Modes .

Therefore

SppSamStnSa0

+ Spp SpmSpn Sao
=1+ S,,55nSpn S
+8,,SpmSanS

bn*~ao
bm“~an“~ao
+prSbmSanSbo
Vl pr am ~bn ~ ao
+prsamsan

S

=<4V,

S S Sbn ao
+V3[

\

S. S, S_+S

bp ~am
S,..S

- prsbm an“ao

SipSamSp S

bp ~am~bn“~ao

—S,.S.S.: S0,

bp~am“~an

_Vl)

+S

(V, +V, +V,)+S
(Va)+s

S

ap“am

S

bp ~am

Sy

Sbo - SaprmenSbo - SapS
+9S

S

bp ~am

-S,,S
S

ap“am

-S,,S

ap~am“an

+ S0, S 4 S an O

bp~am“~an

bm~an“~ao

S

bp~am

Sbnsbo (VZ )+ prS

S

bm“~an

Sy, +S4,5,5.,S

bp ~am“~an“~ao
S.,S
Sbnsbo_{_S
S,.S

S

ap~am
S

_prsbm an
SinSho +pr5bm5 S
S 1S — SupS

SpnS

S

bm“~an
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SbnSbo (Vl +V2 )
amsanSao
bo (Vl _V3)+ S
(_VZ )+ Sapsbmsbnsbo (_Vl)+ SapS
-V

2 _V3)+ SapS Sbo (_Vl _Vz _Va)

bm“~an“~ao

bn~ao

bn~ao

+S.S S S (6.2)

ap~am“~bn“~ao

()
apSamSanSbo (_VS)

SuSa(-V, —V,)
- SapsbmS
bm“~an

bm“~an“~ao
—SS ]
+ SapSamenSbo
Sbo - Sapsbmsansbo
+S45StmSinS

bn“~ao
Sbo_SapS S Sbo
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prsamsbn (Sao + Sbo )+ prSamSan (Sao + Sbo)
- SaLprmen (Sao + Sbo)_ Saps S (Sao + Sbo)

bm“~an

_ bp ~am ap~am
VAB " 2£_ (Sap + pr )SbmSanSao _(Sap + pr )Sbmsansbo

V (Sap + pr )Samsbnsao + (Sap + pr )Sbmsbnsao
’ 3[—(swsbp)s S1Suo —(Sap + St JSumS sbJ

am = an

S S Sbn(Sao—i_Sbo)_l_S S Sbn(SaO+Sbo)J

bm“~an

V,(Suy SamSm + S Sam San — Sap SomSon — Sap Stn San)

bp ~am bp~am“~an bm“~an

VAB = +V2 (prsamsbn + SapSamen _Sbmsansao - SbmSanSbo) .
+V3(SamenSao + SbmenSao - Samsansbo _Sbmsansbo)

V :V prSam (San + Sbn) +V (Sap + pr )Samsbn +V (Sam + Sbm )Sbnsao

e - Sapsbm (San + Sbn) - Sbmsan (Sao + Sbo) ’ _(Sam + Sbm )Sansbo '
VAB :Vl(sbpsam _Sapsbm )+V2 (Samsbn _Sbmsan)+V3(SbnSao - SanSbo)'

(-S4 S J (S (1-s,,) j ((1—5 ) J

V =V p +V am an +V an /~ao .

e 1[_Sap(l_sam) ’ _(l_sam)san ’ _San(l_sao)
VAB =V1(Sam - Sap )+V2 (Sam - San )+V3(Sa0 - San) (63)

The expression for voltage equation in terms of switching functions is given in (6.3).

Similarly, the expressions for input currents 1,1, I, can also be found and are given in

(6.6), (6.9) and (6.12), respectively.

For Iy, 14 =>(126,910131416). (6.4)
. {prsamsbnsao + prsamsbnsbo + prSamSanSao + prsamsansbo (65)
N ° _Sapsbmsbnsao _Sapsbmsbnsbo _Sapsbmsansao _Sapsbmsansbo

bp ~am bp~am“~an

| | SppS Sbn(sao_i_sbo)—i—S SamS (Sao+sbo)
s _Sapsbmsbn(sao+Sb0)_sapsbmsan(sao+Sbo) .
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1 = 1o 4S50 SamStn + St SamSan — Sap SomSon — Sap Som San |-

bp ~am bp~am“~an bm“~an

= Io {prsam (Sbn + San )_ Saprm (Sbn + San )}

ISl
Isl Io{(l_ Sap )Sam _Sap(l_sam )}
Iy = |0{Sam _Sap}'

For I, I, =>(1,23512141516).

bp ~am“~bn“~ ao

— S SumSanSao — Sap SomSanSao = oo SomSanSvo — Sap SomSan St

bm“~an“~ ao

bp ~am ap~am“~bn~ao ap~am

s2 = 1o

bm“~an“~ ao bm“~an bm™~an

L, = 151800 Sarm Son + Sav Sarn Son — St San S — StrmSan St I -

bp~am ap ~am bm“~an“~ao bm“~an

Isz = Io{samsbn = SpmS }

bm“~an

Isz = Io{Sam_San}'

For 1, 1= (134,910111516).

bn“~ao bn*~ao bn~ao

S, SanSan St — SapSamSanSso — S Sorm San S0 — Sap S San Sbo

bp~am™“~an

3~ 1o

bm“~an bm“~an

{sbpsamsbnsao+sapsams S0 + Sop SomSor S0 + Say S Son'S }

ap~am“an

|s3: Io{samS S +Sbmsbns

bn“~ao

S.nSanSho — SomSanSeo | -

a0~ YamVan bm“an

I =1,{S,,Su = S.Sus |-

bn*~ao an“bo
|s3 = Io{sao _San}'
Therefore the dynamic model equations of the system are given as

Vl(s - Sap )+V2 (Sam - San )+V3(Sao - San): Lo pl o +Vc :

am

CpV, =1,-1,.
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6.3.1 Voltage stress calculations

Voltage stress is defined as the voltage across each switch at any time. Since the
voltage across each switch is different, the voltage stresses are calculated and are given

from (6.15) to (6.22).

Veap = SppVs - (6.15)
Vgpp = SapVs - (6.16)
Vg, =S, (V,+V,). (6.17)
Vom = San (V1 +V,) . (6.18)
Vean = Spn (V, +V5) . (6.19)
Vo =San (V2 +V5) . (6.20)
Vsao = SpoVs - (6.21)
Vo = SaoVs- (6.22)

6.4 Modulation Scheme

For modulation scheme, level shifted carrier based PWM is used. In level shifted
PWM, the carrier waveforms are one above another with equal amplitude. If the
switching pulses of switches in one leg are generated, then their complementary will be
respectively the switching pulses of switches in another leg. The generation of switching
pulses is as follows:
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Figure 6.4 Modulation Scheme.

1when Tri, <M <Tri, forM , >0,and M, <Tri,for M, <0 (6.23)
® |owhen M >Trifor M  >0,andTri, <M <Tri,for M, <0
Lwhen M >Tri,forM >0 (6.24)
" “|0when M, <0
S _[Lwhen M >Tri,forM >0 (6.25)

“ |Owhen M, <0

[1when Tri, <M <Tri, forM_ >0,and M <Tri,for M, <0 (6.26)
“ |O0OwhenM_ >Tri for M, >0,and Tri, <M, <Tri,for M <0

where M and M are the modulation signals and Tri;, Tri,and Tri, are the three carrier

waveforms used to generate switching pulses by level shifted carrier based PWM. The

modulation signals and carrier waveforms can be seen in figure 6.4.
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6.4.1 Determination of expressions for modulation signals

The expressions for modulation signals are determined using double Fourier series
analysis. At any time, if the carrier frequency is much larger than the frequency of
modulation signals, the switching functions are approximated based on the instantaneous
values of modulation signal [74].

Let the two modulation waveforms used be of the form M = M,sin(d +y,) and

M, = M,sin(@ +v,), where y,and y, are the initial phase angles of modulation signals

respectively and @ = ot , where w is the frequency of the reference voltage waveform.

Approximation of Switching functions
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0
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1
o° 05
0
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
1
(n% 0.5
0
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
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“ VYV V
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Time

Figure 6.5 Approximations of switching functions in terms of instantaneous values of

modulation signals.
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From Figure 6.5, the switching functions are approximated by their instantaneous values

of modulation signal.

s {1— M, v, <0 <rm+y, (6.27)
Tl=M, Ty, <0, <2 +y,

s - 1 v, <6 <rm+y, (6.28)
0 T+y, <O, <2r+y,

5 - 0 v,<6,<r+y, (6.29)
"1 Ty, <0,<2r+y,

s - 1-M, w,<0,<mw+y, (6.30)
© =M, Ty, <0,<2r+y,

The double Fourier series approximation of converter switching functions given in [4]
as

_ . (6.31)
20 +Z . cos(negt)+ By, sin(net))

Si(@,0,)= +i (A, cos(met)+ B, ,sin(ma,t))
m=1

+ i i (A, cos(mat +nat)+ B, sin(magt + nat))
m=1n=-w0
n=0

Using Fourier series analysis, the expressions for switching functions are given in (6.32-
6.35). The detailed derivations are given in Appendix B.
The expressions for Szp, Sam, San, and S, are given as

1

Su=2-2M, - 26int,-0) 3
2 T

ap
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Sam = ; 2 (sin(y, - 0)). (6.33)

v/

1 2,. (6.34)
San :E__(sm(l//z _0))
T
6.35
Sao :E_ZMn _E(Sin(l//z _0)) ( )
2 Vd
Substituting (6.32), (6.33), (6.34), (6.35) into (6.3), the output voltage equation
becomes
(6.36)
Vl[l—z(sin(wl - a))—1 +2M,sin(@+y,) + 3(sin(z,/l - 9))}
2 2 V4
1 2,. 1 2,.
Vg = +V2(___(Sm(l//1 _‘9))__"'_(3'”('//2 _9)))
2 2
1 . 2 . 2 .
+V3(—— 2M, sin(@ +y,) +—(sin(y, — 0)) - = — = (sin(y, — 9))j
2 V4 2
Ve = {\/1(2M15in(‘9+‘//1))+v3(_2M2Sin(e""//z))}- (6.37)
Let y, =y, and M, =aM,.
4 . (6.38)
Vi —Vz(ﬁ(Sln(é’—l/ll))j
M,sin(@+y,)=M_ = _
1 ( Wl) p Vl N avs
(6.39)

4, .
Vs —VZ(E(SIH(Q—Wl))j
V,+aV,

M,sin(@+y,) =M, =« .where  =[0/].
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6.5 Switching Loss Comparison with Three Cell Cascaded H-bridge inverter

The switching power loss for this proposed topology is compared with the three
cascaded H bridge multilevel Inverter topology. The average switching power loss Ps in
the switch caused by these transitions [75] can be defined as

P, = 0.5V, 1, (ton +ter) ) (6.40)

S0 s

where t . and t.., are the turn-on and turn-off times, respectively; Vis the voltage

(om)
stress across the switch; and | is the current flowing through the switch.
Let both the proposed circuit and cascaded H bridge multi-level converter be operated at

the same turn-on and turn-off times and at the same load currentl,. Then the average
switching power loss Ps is proportional to Vg and f, . So in general

P, ocV, f.. (6.41)

The voltage stresses of the twelve switches of the conventional cascaded H-bridge
inverter are all equal toV,. According to Figure 6.6, the switching loss of cascaded H-
bridge inverter from twelve switches can be obtained as

Pyt -brigge 12V T, . (6.42)
Similarly the switching power loss of multi string seven-level inverter shown in figure

6.1 with eight switches can also be obtained as

I:)s,multi string oc 4Vs fs + 4(2\/5 )fm ' (643)
I:)s,multi string o 4Vs(fs + 2 fm) (644)

where f,,is the line frequency.
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Figure 6.6 Three cell cascaded H-bridge inverter.

Because the switches S_.,S,,, S,,,S,,are operated at almost line frequency and

am?

switching frequency is larger than line frequency f, << f,, the switching losses of the

proposed circuit is approximated to

P

s, multistring o 4Vs fs ) (645)
Comparing equations (6.42) and (6.45), switching losses in multi string seven-level
converter are about 40% less than three cascaded H bridge multi-level converter in this

case.
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6.6 Simulation Results and Discussions

The simulation of multi string seven-level inverter topology is carried out using

Matlab/Simulink software. The parameters used for simulation are, V,; =140V,
V, =50V, V, =50V, V, =50V and « =-1. M,,M, are derived from (6.38) and (6.39)

respectively. Figure 6.3 shows the modulation scheme that is used to generate switching
pulses shown in Figures 6.7 and 6.8. From Figures 6.7 and 6.8, the switching pulses of
the middle switches can be seen at almost line frequency. Figure 6.9 shows the voltage
across each switch in the first leg, as can be seen from figure 6.9, the voltage stress of

middle two switches in the first leg T,,,T,, are twice that of other two switches. Figure

6.11 shows the waveforms of output phase voltage V,; and. Figure 6.10 shows the

waveforms of three input source currents.
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Switching pulses of switches in first leg
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Figure 6.7 Simulation result of switching pulses of the switches in first leg.

Switching pulses of switches in second leg

Figure 6.8 Switching result of switching pulses of the switches in second leg.
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Figure 6.9 Simulation result of voltage stress of switches in first leg of the converter.

Input source currents
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Figure 6.10 Simulation result of input source currents.
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Output phase voltage
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Figure 6.11 Simulation result of output phase voltage.

6.7 Experimental results

Experiments on multi string seven-level inverter are also performed on a
laboratory prototype using TMS 320 F28335 eZdsp to generate the switching pulses of
both the legs which are shown in Figures 6.12 and 6.13 respectively. The waveform of
the output voltage can also be seen in Figure 6.14. The experimental results and

simulation results validate each other.
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Figure 6.12 Experimental result of switching pulses of switches in first leg.
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Figure 6.13 Experimental result of switching pulses of switches in second leg.
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Figure 6.14 Output phase voltage (50V/div).

6.8 Summary

This chapter presents a single-phase multistring seven-level inverter topology
which has less number of switches required to produce the desired multi-level output for
distributed energy resources compared to cascaded H-bridge converter topology. The
modes of operation of seven-level inverter topology are also discussed in this chapter.
The equations for output voltage and input source currents are calculated in terms of the
input voltages and output current respectively using Karnaugh mapping technique. The
expression of voltage stress for each switch is determined. The modulation scheme for

this topology is also presented. The expression for modulation signal is determined using
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Fourier series analysis by approximating switching functions. The calculation of
switching loss for multi string seven-level inverter is performed and the proposed
topology reduces about 40% of switching loss compared to three cell cascaded H bridge
multi-level converter. Simulation of the proposed system is carried out and waveforms of
output voltage, input source currents, voltage stress are generated. Experimental results
are conducted on 1kW laboratory prototype and the waveforms of switching pulses, and
output voltage are presented. The experimental results and simulation results validate
each other. The only disadvantage with this type of converter when compared with
cascade H bridge multi-level converter is rating of switches. The rating of four middle

switches should be twice the rating of other four switches.

162



CHAPTER 7

SINGLE PHASE MULTI STRING NINE LEVEL DC-AC CONVERTER

7.1 Introduction

The topology of single phase multi string nine level inverter can be seen in Figure
7.1. This topology offers strong advantages like improved output voltage waveforms,
smaller filter size and low electromagnetic interference and THD [72]. This topology
requires three DC sources like four cell cell cascaded H-bridge inverter which also gives
nine level output voltage. So, this topology can always be compared with the

conventional cascaded H-bridge multi-level inverter.

This topology requires six less switches than four cell cascaded H-bridge inverter.
And moreover, two switches are operated at line frequency and four other switches are
operated at almost line frequency. As a result, the switching losses when compared with
four cell cascaded converter are considerably less. The carrier based PWM is used to

generate PWM signals for the switches.

From the figure 7.1,S.,S. ,S. ,S. ,S,

ip?~im? ¥in1 Yior Yir

are the switching functions of switches

T .T. T T T

ip? "im? "in? "io? "io?

I =a,b respectively. V,,V,,V,,V, are input DC sources, 1,1, 1,1,

are respective input currents, and 1, is output current.
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O_K

Figure 7.1 Schematic diagram of single phase multi string nine level inverter.

7.2 Modes of Operation

Since there are switches on each leg and each switch has two modes either ON or
OFF, there will be 2° different modes. Switches in the second leg are complementary
with the switches in first leg. The different modes of operation of multi-string nine level
inverter are shown in Table 7.1. Each mode shown in Table 7.1 is described in terms of

output voltage.
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Table 7.1 Switching modes of multi string nine level converter.

SINo | Sap | Sam | San | Sao | Sar VaB Is1 Is2 Is3 lsa
1 0 1 0 1 0 V1+Vo+V3+Vy lo lo lo lo
2 0 1 0 1 1 Vi1+Vo+V3 lo lo lo 0
3 1 1 0 1 0 Vo+V3+V, 0 lo lo lo
4 0 1 0 0 0 Vi+V, lo lo 0 0
5 0 1 1 1 0 Vi+V, lo 0 0 lo
6 1 1 0 1 1 Vo+V3 0 lo lo 0
7 0 0 0 1 0 V4+V3 0 0 lo lo
8 0 1 1 1 1 \1 lo 0 0 0
9 1 1 0 0 0 V2 0 lo 0 0
10 0 0 0 1 1 V3 0 0 lo 0
11 1 1 1 1 0 V4 0 0 0 lo
12 1 0 0 1 0 V3+V4-Vq - lo 0 lo lo
13 0 1 0 0 1 Vi+V,-V, lo lo 0 - lo
14 1 1 1 1 1 0 0 0 0 0
15 0 0 0 0 0 0 0 0 0 0
16 1 1 0 0 1 V2-Vy 0 lo 0 - lo
17 1 0 0 1 1 V3-Vy - lo 0 lo 0
18 0 1 1 0 0 Vi-V3 lo 0 - lo 0
19 0 0 1 1 0 V-V 0 - lo 0 lo
20 1 0 0 0 0 -V1 - lo 0 0 0
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21 -V> 0 - lo 0 0
22 -V3 0 0 - lo 0
23 -V4 0 0 0 - lo
24 V1-V3-V4 lo 0 -lo - lo
25 V4-Vo-V1q - lo - lo 0 lo
26 -V1i-V, - lo - lo 0 0
27 -V2-V3 0 - lo - lo 0
28 -V3-Vy 0 0 - lo - lo
29 -V1-V4 - lo 0 0 - lo
30 -V1-V2-V3 - lo - lo - lo 0
31 -V2-V3-Vy 0 - lo - lo - lo
32 -V1-V2-V3-V, - lo - lo - lo - lo

This type of Multistring Converter has nine levels of output voltage. So it will be

having nine levels of operation Maximum positive output voltage of Vi +V, +V3+V,,

voltage level of 3Vs is V1 +V2+V3 or V;, +V3+V,, voltage level of 2V is Vi1+Vao Vi+Vy,

V,+V3, V4+V3 minimum positive output voltage of Vi, Vo, V3, V4 V3+V4-V1 V1+V5-Vy,

zero output voltage, minimum negative output voltage of - Vi, -V, or -V3, -V4 -V3-

V4+V1, -V1-Vo+V,, voltage levels of -2V are -Vi-V, -Vi-V4 -V,-V3 -V4-V3 voltage

levels of -3V are -V; -V,-V; or -V, -V3-V, and maximum negative output voltage of -V,

-V,-V3-V,. There are 32 modes of operation for this ten switch multi string nine level

converter.
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e Maximum Positive Output Voltage:

When the switches Typ, Tam, Ton, Tao and Ty are ON; the output voltage Vg is

V1+V,+V3+V, . This mode of operation can be seen in Figure 7.2 (a).
e Second Maximum Positive Output Voltage:

This output condition is possible for two different switching combinations. One
switching combination is such that active switches Tpp, Tam, Ton, Tao @nd T4 are ON; the
other combination is such that switches Tap, Tam, Ton, Tao and Ty, are ON. During these
operating stages, output voltage V,zis Vi1+V2+V3 and V,+V3+V, respectively. These
modes of operation can be seen in Figure 7.2 (b) and Figure 7.2 (c) respectively.

e Positive Output Voltage:

This output condition is possible for four different switching combinations. One
switching combination is such that active switches Typ, Tam, Ton, Tho and Ty are ON; the
second combination is such that switches Typ, Tam, Tan, Tao @and Ty, are ON, the third
combination is such that switches Ta, Tom, Tan, Tao and T, are ON, the fourth
combination is such that switches Tpp, Tom, Ton, Tao and Ty are ON. During these
operating stages, output voltage V,gis V1+Va, V1+Vy4, Vo+V3 and V3+V, respectively.
These modes of operation can be seen in Figure 7.2 (d), Figure 7.2 (e), Figure 7.2 (f) and
Figure 7.2 (g) respectively.

e Minimum Positive Output Voltage:
This output condition is possible for six different switching combinations. One

switching combination is such that active switches Tpp, Tam, Tan, Tao @nd T4 are ON; the
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second combination is such that switches Ta, Tam, Ton, Too and Ty, are ON, the third
combination is such that switches Tpp, Tom, Ton, Tao @nd T are ON, the fourth
combination is such that switches Ty, Tam, Tan, Tao @and Ty, are ON, the fifth combination
is such that switches Tap, Tom, Ton, Tao @nd Ty are ON, the fourth combination is such that
switches Thp, Tam, Ton, Tho and T4 are ON. During these operating stages, output voltage
Vs 1S V1, Vo, V3, V4, V1+V2-V, and V3+V4-V; respectively. These modes of operation
can be seen in Figure 7.2 (h), Figure 7.2 (i), Figure 7.2 (j), Figure 7.2 (k), Figure 7.2 (1)
and Figure 7.2 (m) respectively.
e Zero Output voltage:

This output condition is possible for four different switching combinations, either
when whole first leg is ON or whole second leg is ON, the third combination is such that
switches Tap, Tam, Ton, Tno @and T are ON, the fourth combination is such that switches
Tap, Tom, Ton, Tao @and T4 are ON. At that instant, load will be short-circuited, and there
will be no transfer of power from one side to the other side.

e Minimum Negative Output Voltage:

This output condition is possible for six different switching combinations. One
switching combination is such that active switches Tap, Tom, Ton, Tho and Ty are ON; the
second combination is such that switches Typ, Tom, Tan, Tao and Ta are ON, the third
combination is such that switches Tap, Tam, Tan, Tho and Ty, are ON, the fourth
combination is such that switches Tgp, Tom, Ton, Too and T are ON, the fifth combination
is such that switches Typ, Tam, Tan, Tho and T, are ON, the fourth combination is such that

switches Tap, Tom, Tan, Tao @and Ty, are ON. During these operating stages, output voltage

168



Vg IS -V1, -V, -V3, -V, -Vi1-V+V, and -V3-V4+V; respectively. These modes of
operation can be seen in figure 7.3 (a), figure 7.3 (b), figure 7.3 (c), figure 7.3 (d), figure
7.3 (e) and figure 7.3 (f) respectively.

e Negative Output Voltage:

This output condition is possible for four different switching combinations. One
switching combination is such that active switches Tap, Tom, Tan, Tao @nd T4 are ON; the
second combination is such that switches Ta, Tom, Ton, Tno and T, are ON, the third
combination is such that switches Ty, Tam, Ton, Too and Ty are ON, the fourth
combination is such that switches Tap, Tam, Tan, Tho and T, are ON. During these
operating stages, output voltage V,;is -V1-Vy, -V1-Vy, -V2-V3 and -V3-V, respectively.
These modes of operation can be seen in Figure 7.3 (g), Figure 7.3 (h), Figure 7.3 (i) and
Figure 7.3 (j) respectively.

e Second Maximum negative Output Voltage:

This output condition is possible for two different switching combinations. One
switching combination is such that active switches Tap, Tom, Tan, Tho @and Ty, are ON; the
other combination is such that switches Tpp, Tom, Tan, Tho and T are ON. During these
operating stages, output voltage V,;is -V1-Vo-V3 and -V,-V3-V, respectively. These
modes of operation can be seen in Figure 7.3 (k) and Figure 7.3 (I) respectively.

e Maximum Negative Output Voltage:
When the switches Tap, Tom, Tan, Tho @and T4 are ON; the output voltage Vg is -V

-V,-V3-V, . This mode of operation can be seen in Figure 7.3 (m).
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Figure 7.2 Positive modes of operation of multi string seven level inverter.
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Figure 7.3 Negative modes of operation of multi string seven level inverter.
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7.3 Logic Realization

According to Kirchoff’s Current Law (KCL) and Kirchoff’s Voltage Law (KVL),
Sy =1-S,:j=p,m,n,o,r. (7.2)
where S, S,; are the switching functions of switchesT,,, T, j = p,m,n, 0, r respectively.
According to Karnaugh mapping, any output ‘y’ can be written as the sum of all
operating modes. From Table 7.1, the voltage equation using Karnaugh mapping is written as
Vi = Z(1,2,3,4,5,6,7,8,9,10,11,12,13,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32).

where 1,2,3,...are Operating Modes

Therefore
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bp~am ap“~bm
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— S0 SomSm S0 Ser + S SamSan S0 Sar — Sap SomSanSaoSor |

}.

bo“ar

)

(7.2)



S0 S SunSaoSer + S SamSenSaoSar + SaSanSenSaoSor (7.3)

bp~am“~bn*~ao bp~am“~bn~ao“~ar ap~am“~bn“~ao
+ prsamsbnsbosbr + SapSamenSaoSar + Sapsamsbnsbosbr
+ prSamenSboSar + SapSamenSboSar - prSbmSanSaoSbr
Vago =V,

bm“~an~ao“ar bm“~an“~ao

— S, S SanSa0Sar = Sap SomSanSa0Sor — SapSomSan SaoSar
— S, S San S0 Sr — Sap S S S Sor

bm~an bm*~an

— Sy SomSanSs0Sar — SapSomSanSeS

bm~an“~bo“~ar bm~an“~bo“~ar

bp~am“~bn“~ao ap“~am“~bn“~ao bp~am

S SmSanSa0 = SaoSomSanSa0 — Sby S SarSbo — SapStrm San St

bm“~an

SS SS +S S S S +S S SbnSbo+SapSamenSbo
VA82: 2 .

bm~an“~ao bm~an“~ao bm“~an

Vg2 =V 1Su0SanSon + SapSamSon — SopSomSan — Sap SomSan |-

bp~am ap“~am bm“~an
VABZ = V2 {Samsbn - Sbmsan } :VZ (Sam - Sam )

S SamSonSa0Sr + St SamSonSaoSar T SanSanSonSaoSor + SapSamSon Sa0S (7.4)

bp~am~bn*~ao bp~am“~bn~ao“~ar ap~am“~bn“~ao ap~am“~bn~ao“~ar

S0 St S SaoStr + Sty S SonSa0Sar + Sap S Son S0 Sor + S Sorn S Sa0S

bn~ao bn~ao~ar bn~ao bn~ao“ar

— S0 S San S0 Sor — Sy Sam S Soo St — Sty Sam S SooSar = S Som SanSoo S

bp~am“~an ap“~am“an bp~am“~an“~bo~ar bm“~an

= S 0SS S0 Sar — Sap SomSan SooSr = Sty SomSan SboSar = Sap St San St

ap“~am“~an“~ho“ar bm“~an bm~an“~ho“~ar bm~an“~ho“~ar

VABS = Vs

bp~am“~bn*~ao ap“~am“~bn*~ao

V.
- prSamSanSbo - prsbmsansbo - SapSamSanSbo - SaprmSanSbo

S.S5. S S +S S S S +prSbmenSaO+SaprmenSa0
VA83: 3 :

VAB:’,:VS{Sams S +Sbmsbns

bn“~ao

S SanSoo — SomSanSho | -

a0~ “YamVan bm“an

VABB :V3 {SbnS SanSbo } :V3 (Sao - San )

a0

S1yS S Sa0Sor + Sy SamSonSa0Str + Sy SamSan S0 + SopSomSonSaoSir

bp~am“~bn“~ao ap~am“~bn“ao bp~am~an“~ao bn“~ao

4SS SarSaoSor + Sao S SaSor — Soo S S0 Sar — Sap S S S

ap~am“~an“ao bn~ao bp~am bo“~ar ap“~am bo“~ar
Vaga =V, :
+ prSbmSanSaoSbr - prSbmenSboSar - prSamSanSboSar + SaprmSanSaoSbr
- SapsamSanSboSar - SaprmenSbosar - prsbmsansbosar - Sapsbmsansbosar
vV _ SamenSaoSbr + SbmenSaOSbr + SamSanSaoSbr - Samsbnsbosar
e + SbmSanSaOSbr - SamSanSbOSar - SbmenSboSar - SbmSanSboSar .
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Vs =Va{SunSa0Sur — SonStoSar + SanSaoStr — SanSeoSar | -

bn“~ao bo“ar an“~ ao bo“~ar

VAB4 :V4{SaoSbr =SS }:V4(Sao _Sar)'

bo“~ar

VAB =VABl +VABZ +VABS +VABA'
VAB = Vl(sam - Sap )+V2 (Sam - San )+V3(Sa0 - San )+V4 (Sao - Sar ) (75)
The expression for voltage equation in terms of switching functions is given in (7.5).

Similarly, the expressions for input currents I, 1,1, 1., can also be found and are given in

(7.8), (7.11), (7.14) and (7.17) respectively.

For I
Iy = Z(1,2,4,5,8,12,13,17,18,20,24,25,26,29,30,32). (7.6)

S0 S SnSa0Sur + SooSamSenSaoSar + SonSarSenSesSor + Sop S SanSaoSir (7.7)

bp~am“~bn“~ao bp~am“~bn~ao“~ar bp~am bp~am“~an“~ao

+ prsamsansaosar - SaprmenSaoSbr + prsamsbnsbosar - SaprmenSaoSar

| =
] 8,5 S arSb0Sbr — San St SonSt0Sor + Stp SamSan S Sar = SapSornSanSao Sor

bp~am“~an bp~am“~an“~bo“~ar bm“~an“~ao

S, SumSanSa0Sar — SaySom SonSooSar — Sap S San S Sor — S SomSan SpoS

bm~an~ao“~ar bo“~ar bm*~an bm“~an“~bo“~ar

- {sbpsmsmsao + S Sam St St + St Sam San S0 — S ap Som S S }
N ° + prsamsansbo - SapsbmSanSao - SaprmenSbo - SaprmSanSbo
1 = 151865 SanSon + SopSamSan — SapSomSen — Sap SomSan | -
|y = 1610 Sam = SapSom = 1o(San = S ). (7.8)
For I,
l,, =>.(12,3,4,6,91316,19,21,25,26,27,30,31,32). (7.9)
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S0, S S61S.0S0r + SooSunSenSasSar + SupSarSenSaoSer + Soo S SenSheS (7.10)

bp~am“~bn~ao bp~am“~bn~ao“ar ap~am“~bn“~ao bp~am bo“~ar

+ SapSamenSaoSar + SapSa\menSboSbr + prsamsbnsbosar + Sapsamsbnsbosar

| . =
2 ) 8,8 SarSa0Sor — oo SumSarSaoSar — SapSomSarSaoSer — SapSomSan SaoS

bm“~an“~ao bm“~an~ao“ar bm“~an“~ao bm“~an“~ao“~ar

— Sy SomSanSt0Sor — Sao Stm SarSboSor = St SomSan S0 Sar — Sap S San SboS

bm™~an bm~an bm~an“~bo“~ar bm~an“~bo“~ar

bn“~ao bp~am ap“~am

— 4 SomSanSa0 — Sy SonSanSao — SooSomSanSse — Sap S San Soo

I, =1,
bm™~an bm™~an

bm“~an“~ao bm“~an“~ao

{prsameHSaOJrSapSamS S0 S0, SamSinSte + SanSamSenSho }

I, = 1,4S2mSunSa0 + SamSenSto — SomSanSao = SomSanSeo | -

bn*~ao bm“~an“~ao bm~an

I, = 1,4S.Sun = SomSan ) = 1o (S = S. ). (7.11)

For |,

I, = (12,36,7101217,18,22,24,27,28,30,31,32). (7.12)
Sty Sam Son S0 Sbr T SopSam SonSa0 Sar + Sap Sam St SaoSer + Stp Som St Sao St (7.13)

+ SapSamenSaoSar + prsbmsbnsaosar + Sapsbmsbnsaosbr + SaprmenSaoSar

| =
) 8,5 SurSboSer — SaoSamSanStoSer — St SamSanSt0Sar = Sty SornSan S0

bp~am“~an ap~am“an bp~am“~an“~bo“~ar bm~an

— S0SanSanSo0Sar = Sap SornSan S0 Sor — Sty SomSanSt0Sar — Sap Sorm SanS0S

ap~am“~an“~ho“~ar bm™~an bm~an“~bo“~ar bm~an“~bo“~ar

bn“~ao bn“~ao

— S0 SanSan S0 — SapSamSan S0 — Sap SomSanSo — S Som San St

bp~am™“~an

Isazlo

{prsamsbnsao + SapSamenSaO + prSbmS S + SaprmS S }

ap~am“an bm“~an bm™~an

lis = 1o{SunSunSas + SomSenSao = SamSanSho = SomSanSeo | -

bn~ao bn~ao am“~an bm“~an

|53 - IO{SbnSHO B Sansbo}: Io(sao - San)' (714)
For 1,
I, => (13571112,1316,19,23,24,25,28,29,31,32). (7.15)
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SipSanSonSa0Sor + SapSanSonSaoSor + StpSanSanSa0Sor T SopSomSenSacSor (7.16)

bp~am“~bn“~ao ap“~am bp~am“~an“~ao

+ SapSamSanSaoSbr + SaprmenSaoSbr - prSamsbnSboSar - Sapsamsbnsbosar

| =
. ° +prS Sand Sbr_prSbmenS S _prSamSanSboSar+SaprmSanSaoSbr

bm“~an“~ao bo“ar

— S35 SamSanSo0Sar = Sap St St SooSar = St SormSan S Sar — Sap Sorm San S Sar

ap~am“~an“~bo“ar bo“~ar bm~an“~bo“~ar

bn“~ao am“~an“ao bn“~ao

= SanSanSboOar T SpnOanS Sbr_Sbmsbnsbosar_Sbmsansbosar

am=an

.y {SamS S Sbr"’S SanS Sbr-’_sbmS S Sbr_SamenSboSar }
s4 — Yo .

bo“~ar bm“~an“~ao

|s4 = IO{S S Sbr +35,,S Sbr _SbnSboSar _Sansbosar}'

an“~ao bn“~ao

|54= Io{Sa\oSbr_S S }= Io(sao_sar)' (717)

bo“ar

Therefore the dynamic model equations of the system are given as

Vi(Sam = Sap )+ Va(Sam = San )+ Va(Sao = San ) +Vi(Sap =S )= Ly Pl V. (7.18)

cpV. =1, —1,. (7.19)

7.3.1 Voltage stress calculations

The voltage stresses are calculated for switches in first leg and are given from (7.20) to

(7.24).

Veap = SppVs - (7.20)

Ve =S, (V. +V,) . (7.21)

Ve =S, Ve, +Vg3) - (7.22)

Ve, =5, (Vs +Vy,). (7.23)

Ve =S, V.- (7.24)
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7.4 Modulation Scheme

For modulation scheme, level shifted carrier based PWM is used. In level shifted PWM,
the carrier waveforms are one above another with equal amplitude.
If the switching pulses of switches in one leg are generated, then their complementary

will be respectively the switching pulses of switches in another leg. The generation of switching

pulses is as follows:

1 when Tri; <M, <Tri, forM, >0,and M >Tri;,M, <Tri,for M, <0 (7.25)
® |0 when M >Tri;,M <Tri,for M >0,and Tri; <M <Tri,for M, <0’

1 when M, >Tri,forM  >0andM > Tri,for M <0 (7.26)
™ |0 when M, <Tri,forM, >0andM , <Tri,forM, <0’
S _[1when M, >0 (7.27)
* |0 when M, <0’
s _ [1when M_ <Tri,forM_>0andM,_ <Tri;forM, <0 (7.28)
|0 when M, >Tri,forM, >0andM, >Tri,forM, <0’

_[1whenTri; <M, <Tri, forM, <0.andM, <Tri,,M >TriforM >0  (7.29)
* 10 when Tri, <M <Tri, for M, >0,and M >Tri,,M_ <Tri,forM <0’

where M and M, are the modulation signals and Tri,, Tri,, Tri;and Tri, are the four carrier

waveforms used to generate switching pulses by level shifted carrier based PWM. The

modulation signals and carrier waveforms can be seen in Figure 7.4.
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Figure 7.4 Modulation Scheme.

7.4.1 Determination of expressions for modulation signals

The expressions for modulation signals are determined using double Fourier series analysis.
At any time, if the carrier frequency is much larger than the frequency of modulation signals, the
switching functions are approximated based on the instantaneous values of modulation signal
[74].

Let the two modulation waveforms used be of the form M = M,sin(d@+y,) and

M, =M,sin(@+vy,), where y,and y, are the initial phase angles of modulation signals

respectively and @ = ot , where w is the frequency of the reference voltage waveform.
From figure 7.5, the switching functions are approximated by their instantaneous values of

modulation signal.
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Approximation of switching functions
1_ P R I R | e A - PR

T T T T
0 0.002 0.004 0.008 0.008 0.01 0.012 0.014 0.018

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016
Time

Figure 7.5 Approximations of switching functions in terms of instantaneous values of

modulation signals.

M, v, S0, <rm+y, (7.30)
1+M, T+, <6, <21 +y,

2M, w, <6, <7+, (7.31)
0 Ty, <6,<2rm+y,

0 w,<0,<m+y, (7.32)
1 Ty, <0,<2r+y,

—2M, w,<6,<7+y, (7.33)
0 T+y,<0,<2r+y,

-M, v,<0,<m+y, (7.34)
1-M, T+y,<0,<2r+y,

The double Fourier series approximation of converter switching functions given in [4] as
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] (7.35)
Z . cos(nat)+ By, sin(net))

w
&
£

T
M 8

(A, cos(mat)+ B, sin(mat))

1

Z Z(Am cos(mat + neot)+ B, sin(mayt + nat))

=ln=
n¢0

3
8 1

According to Fourier series, the clear derivations of expression for switching functions are given

in Appendix C. The expression for Sz, Sam, San, Sao, Sar IS given as

Sap :%+ M, sin(@+y,) +— (sm( 0)) (7.36)

Sam = )+(M1)Sin(9+l//1) . (737)

.0 =2+ 2(sin(y, ~0)). (7.39
2

Sao = )+(M2)Sin(9+l//2), (739)

(7.40)

Sar = %_ M, sin(6 +y,) +£(Sin('//2 _‘9))-
T
Substituting  (7.36), (7.37), (7.38), (7.39), (7.40) into (7.5), and considering
V, =V, =V, =V, =V, then the output voltage equation becomes

_ _ _ (7.41)
Vl[{z—'::lCOS(ZV/l) + (M )sin(6 + ‘//1)} - {% —Mysin(@ +y;) + %(Sm(l//l - 9))}]

+V, _%005(21//1)+(Ml)sin(ﬁﬂ//l)}—{—%—E(sin(t//z —9))}}
L 7 /4

+V, _ZMT%os(zlyz) —(MZ)Sin(9+W2)} —{—%—%(sin(w - 9))}}

+V,

-(M z)sm(gﬂ//z)} —B+ M, sin(6 +y,) +§(sin(w2 —9>)D
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Lety, =y, .

Vi 5, 2o -1)| (1.42)
M, =M,sin(@+y,)= Y +7[V |
1tavy,
(7.43)

T

V,+aV,

Vg _(Vz +V3{4 (Sin(@—yq))j
M, =M,sin(@+y,)=a :

7.5 Switching Loss Comparison with Four Cell Cascaded H-bridge inverter

The switching power loss for this proposed topology is compared with the three cascaded
H bridge multilevel Inverter topology. The average switching power loss Ps in the switch caused

by these transitions [75] can be defined as
S0 s

P, = 0.5V, 1, f, (ton + Lo ) (7.44)

where t, and t.., are the turn-on and turn-off times, respectively; Vis the voltage stress

(on)
across the switch; and 1 is the current flowing through the switch.

Let both the proposed circuit and cascaded H bridge multi-level converter be operated at the

same turn-on and turn-off times and at the same load currentl . Then the average switching
power loss Ps is proportional to V¢ and f, . So in general
P, eV f,. (7.45)

The voltage stresses of the sixteen switches of the conventional cascaded H-bridge

inverter are all equal toV;.
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Figure 7.6 Four cell cascaded H-bridge inverter.

According to figure 7.6, the switching loss of cascaded H-bridge inverter from sixteen switches

can be obtained as
I:)s,H—bridge o 16Vs fs ) (746)

Similarly the switching power loss of multi string seven-level inverter shown in figure 7.1 with

ten switches can also be obtained as

Ps,multistring oc 4Vs fs + 6(2\/5 )fm ' (747)
I:)s,multi string o 4Vs ( fs + 3 fm ) ' (748)

where f,is the line frequency.
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Because the switches S_.,S,., S..,Sy: S.o» Sy, are operated at near line frequency and switching

am? ~bm? an! ao!

frequency is larger than line frequency f << f, the switching losses of the proposed circuit is

approximated to

P

s, multistring o 4Vs fs (71)
Comparing equations (7.46) and (7.49), switching losses in multi string nine-level converter are

about 30% less than four cascaded H bridge multi-level converter in this case.

7.6 Simulation Results and Discussions

The simulation of multi string nine-level inverter topology is carried out using

Matlab/Simulink software. The parameters used for simulation are,V,, =180V ,V, =50V ,
V, =50V, V,=50vV, V, =50V and «=-1. M;,M, are derived from (7.42) and (7.43)

respectively. Figure 7.4 shows the modulation scheme that is used to generate switching pulses
shown in Figures 7.7 and 7.8. From Figures 7.7 and 7.8, the switching pulses of the middle
switches can be seen at almost line frequency. Figure 7.9 shows the voltage across each switch in
the first leg, as can be seen from Figure 7.9, the voltage stress of middle two switches in the first

leg T,,.T.,. T,, are twice that of other two switches. Figure 7.11 shows the waveforms of output

an?

phase voltage V,; and. Figure 7.10 shows the waveforms of four input source currents.
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Figure 7.8 Simulation result of switching pulses of the switches in second leg.
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Voltage Stresses of the switches in the first leg of the Multi string Nine level Converter
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Figure 7.9 Simulation result of voltage stress of the switches in first leg of the converter.
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Figure 7.10 Simulation result of input source currents.
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Figure 7.11 Simulation result of output phase voltage.

7.7 Experimental results

The experiments on multi string nine-level inverter are also performed on a laboratory
prototype using TMS 320 F28335 eZdsp to generate the switching pulses of both the legs which
are shown in Figures 7.12 and 7.13 respectively. The waveform of the output voltage can also be

seen in Figure 7.14. The experimental results and simulation results validate each other.
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Figure 7.12 Experimental results of switching pulses of switches in first leg: (a) S,,,S,,, S+ S4 s

(b) Sap ' Sam ! San ’ Sar )
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Figure 7.13 Experimental results of switching pulses of switches in second leg, (a)

pr ’ Sbm ’ Sbn ’ Sbo ' (b) pr ’ Sbm ’ Sbn ’ Sbr -
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Figure 7.14 Experimental result of output phase voltage (50V/div).

7.8 Summary

This chapter presented a single-phase multistring nine-level inverter topology which has
less number of switches required to produce the desired multi-level output for distributed energy
resources compared to cascaded H-bridge converter topology. The modes of operation of nine-

level inverter topology are also discussed in this chapter. The equations for output voltage and
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input source currents are calculated in terms of the input voltages and output current respectively
using Karnaugh mapping technique. The expression of voltage stress for the switches in first leg
are determined. The modulation scheme for this topology is also presented. The expression for
modulation signal is determined using Fourier series analysis by approximating switching
functions using the instantaneous values of modulation signals. The calculation of switching loss
for multi string seven-level inverter is performed and the proposed topology reduces about 30%
of switching loss compared to four cell cascaded H bridge multi-level converter. Simulation of
the proposed system is carried out and waveforms of output voltage, input source currents,
voltage stress are generated. Experimental results are conducted on 1kW laboratory prototype
and the waveforms of switching pulses and output voltage are presented. The experimental
results and simulation results validate each other. The only disadvantage with this type of
converter when compared with cascade H bridge multi-level converter is the rating of switches.

The rating of six middle switches should be twice the rating of other four switches.
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CHAPTER 8

GRID CONNECTED SINGLE PHASE MULTI STRING MULTI LEVEL INVERTER

8.1 Introduction

This chapter presents modelling of multi string multilevel inverter connected to the grid
through an LCL filter. The LCL filter brings the advantage of providing a better decoupling
between the filter and grid impedance (as it reduces the dependence of the filter on the grid
parameters) and a lower ripple of the current stress across the grid inductor. The main objective
regarding this topology is to control the overall active and reactive power going into the grid.
The interests of distributed power system using a renewable energy have been increased. In
terms of application strategies, a residential power generation concept with a capability of grid
tie is rapidly being commercialized by an industry. In most cases, residential loads are supplied
with a single-phase power from the grid. Therefore, the single-phase grid tie inverter with
instantaneous power control scheme is deeply researched [68].

A rotating frame is widely used in a three-phase system. It has many advantages such as a
time invariant control variable, a zero state error at steady state, an easy filtering and a
decoupling control of active and reactive power. To use these advantages in a single-phase

system, recently, a new rotating frame method for a single-phase is proposed in [64]. To
implement these schemes, imaginary variables shifted by % must be obtained instantaneously

which is called as Orthogonal Signal Generation (OSG).
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The control of three-phase power converters in the qd rotating reference frame is now a
matured and well-developed research topic. However, for single-phase converters, it is not as
well established as three-phase applications. The main reason behind this lies partly in its more
complex structure than the conventional stationary reference frame controller and also a
secondary orthogonal signal that is needed to implement a single-phase controller in the qd
reference frame. The different orthogonal signal generation (OSG) techniques are reviewed first
by several authors, and their advantages and limitations are examined [67]. Then, the most
suitable OSG technique for this study is selected. The structure of the suggested qd reference
frame control is introduced afterward. Finally, based on a mathematical analysis, the stationary
reference frame equivalent of the suggested control system is derived, which significantly
simplifies the stability analysis and the controller parameter design.

The modeling equations of single phase multi string multilevel converter are transformed
into gd reference frame using harmonic balance technique. The modeling using harmonic
balance technique is presented in this chapter and the controller design to control active and

reactive power will be presented in next chapter.

8.2 Topology and the design of LCL filter

The topology of a single phase multi string nine level Inverter can be seen in Figure 8.1,

S. .S T

in?

where S Si,and S, are the switching functions of switches T, ,T,

ip? "im?

ip*ims Vin TiO a'ndTII’ '
i=a,b respectively. V,,V,,V;,andV, are input DC sources and I,I,,l,,andl,, are

respective input currents.
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Figure 8.1: Topology of single phase multi string nine level inverter connected to grid with LCL

filter.

The multi-level inverter is connected to the grid through a LCL filter while controlling

active and reactive power going into the grid vV, with L, as the inductor on the inverter side and

current |, passing through it and L,as the inductor on the grid side with current I, passing

through it.

8.2.1 Design of LCL filter

LCL filters have been used in grid-connected inverters and pulse width-modulated

(PWM) active rectifiers, because they minimize the amount of current distortion injected into the
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utility grid. LCL filters have good performances in current ripple attenuations, but they introduce
a resonance frequency in the system. Besides L-filters, LCL-filters are used for the grid
connection. LCL-filters give advantages in costs and dynamic as smaller inductors can be used
compared to L-filters in order to achieve the necessary damping of the switching harmonics. As a
drawback the filters tend to oscillations with the filter resonance frequency. The several methods
for the design of LCL filters are presented in [76], [77], [78], [79], [80], and [81].
Procedure (Limits on the filter parameters):
e The value of the capacitance is limited by the decrease of the power factor, that has to be
less than 5% at the rated power;
e The total value of the filter inductance has to be less than 0.1 p.u. for low power filters.
However, for high power levels, the main aim is to avoid the saturation of the inductors;
e The resonance frequency of the filter should be higher than 10 times the grid frequency
and half of the switching frequency.
Calculation of the filter values:
A step by step procedure to obtain the parameters of LCL filter design under the

conditions given in table 8.1 [79].

2

\Y
Base impedance Z, = % =8.066Q2

P
Upper limit base capacitance C, = 5%\/'+ted =16.44uF

g @s
1. The capacitor value ‘C’ is limited to decrease the capacitive reactive power at rated load

to less than 5%. The percentage that is chosen randomly as 1.69%.
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Therefore

C= 1.69%\7+ted =5.55uF

g @s
The reference peak current can be found outas I, = % =19.28A

1. Choose a tolerable current ripple on the inverter side:

150 <2 __ Ve
4L 1)

I ref s " ref

< 40%

where Al, is the inverter side current ripple.
Current ripple is chosen as 16.91%. Calculating L; based on the above equation.
L, =2.3mH
2. The resonant frequency f,or o, should be in a range between ten times the line

frequency and one half of the switching frequency in order to not create resonance

problems in the lower and higher parts of the harmonic spectrum.

Table 8.1 Parameters for the calculation of filter values

Switching frequency f,, = 5kHz
Rated Power P e =1500W
Input DC voltage Vg =150V
Grid voltage Vv, =110V
Frequency of the grid voltage 60Hz
Resonant frequency f, = 2kHz
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Table 8.2 Derived filter parameters

Inverter side Inductance L, =2.3mH
Capacitance C =5.55uF
Grid side Inductance L, =2.3mH

So the resonant frequency should be between 600 < f, < 2.5kHz .

The resonant frequency is chosen as 2kHz in order to find L,.
The expression for resonant frequency can be found using the impedances of L;, L, and Cs. The

resonance frequency is the frequency for which Z,//Z_ I/ Z,is purely real, i.e., set the imaginary

partof Z,//Z. I/ Z,equal to zero and solve for the frequency.

_ 1L+l
" 27\ LLC,
L,=2.3mH .

The final parameters of the filter are given in table 8.2.

8.2.2 Determination of Transfer Function

The transfer function of LCL filter is determined to plot the bode plot and to check the
resonant frequency.

Va =L pl +V, (8.1)
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=V, (s)=Lsl,(s)+V,(s)
Similarly CpV, =1, -1,
= CsV_(s)=1,(s)-1,(s)
And V, = L, pl, +V,
=V, (s)=L,sl,(s)+V,(s)

= L,sl,(s)=V,(s)-V,(s)

From (8.4),

CsV,(s)=1,(s)-
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(8.3)
(8.4)
(8.5)

(8.6)

(8.7)



=V, (s)=Lysl,(s)+ SL2|1(5)+Vg (s)

L,Cs® +1
’ Vv
:Vab(s):(LZCs +12Léslé(s)+sL2I1(s)+ g,(25)
,Cs” +1 L,Cs” +1
L,sL,Cs® + L,s)+sL V,(s)
ZVab(S):( L Cszil) Ao
2 2
3 Vv
:>Vab (S)z LlLZCE C"’ ng + I-2 )S |l(s)+ 9(28)
,Cs” +1 L,Cs” +1
1,(s) L,Cs? +1 1.(s) 1

The transfer function (8.8)

Vol(s) LLCS (L +L,)s'V,(s) LLCS +(L +L,)s

The design of filter parameters can follow the basic guideline of attenuating the switching current
harmonics through two inductors. The Bode plot of the LCL filter without damping is shown in
Figure 8.2. From the Figure 8.2, the current is easily resonated at the natural resonance
frequency. The insertion of a series resistance with the capacitor eliminates the gain spike,
smoothes the overall response. It is possible to observe in this Bode diagram that the closed loop
bandwidth must be within 2000 Hz when the phase shift is around -90°. At the resonant
frequency of 2 kHz, the magnitude of the output current will be decreasing at a higher slope than

before and the phase difference will be changed from -90° to +90°.
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Figure 8.2 Bode plot for transfer function of
Vg(s)

8.3 Harmonic Balance Technique

The definition and application of HBT was presented in the early 1937 named by the
Ukrainian scientists Kryloff and Bogoliuboff [82]. J.C. Lindenlaub presented a new approach of
using HBT to acquire the sinusoidal steady state response of nonlinear system [83]. A more
advanced and improved HBT was introduced by M. S. Nakhla and J. Vlach [84], [85].

HBT is a technique for the numerical solution of nonlinear analog circuits operating in the
periodic regime. It is an efficient method for the simulation of the steady state response. HBT

(also called the describing function method) is critical for the application of frequency response
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of nonlinear system. The method uses frequency domain (Fourier series) techniques to

decompose the system into two separate subsystems, a linear and a non-linear part.

8.3.1 Dynamic Equations

The dynamic equations of the system are given below.
Vab =V1(Sam - Sap )+V2 (Sam - San )+V3 (Sao - San )+V4 (Sao - Sar) (89)
Vl(sam - Sap )+V2 (Sam - San)+v3(sao - San)+v4 (Sao - Sar ): R1|1 + Ll pll +Vc (810)

8.11
CpV, =1,-1, (8.11)

(8.12)
V, =R,l, +L,pl, +V,

c

By using Harmonic Balance Technique in equations (8.9-8.12), the state variables and
switching functions are assumed to have average components and ripple quantities individually
as below. The Fourier series analysis to find the average and ripple quantities are derived in

Appendix E.

V, =Refy.e*)
I, =Re(l,,e* )
I, =Re(l ,e*)

V, = RelV,, +V,,e /%)

<
Il

, Re(\/dz +V22ej2‘98)

V, = RelVy; +Vye /%)
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V, =Relv,, +V 0% )

D, = Re(M,e'% )

D, = Re(M,e’% )
The main expression that will be used in the derivations of fundamental and ripple components

in harmonic balance technique of the rectifier is given as

Re(Z,)Re(Z,) = %Re(21.22)+%Re(Zl.ZZ*) (8.13)

Equation (8.9) implies

(V,, )Re(M, &7 )+ (v, )Re(M & )- R, Re(l,,e*

L Relpl + o1, e = {7 Refl e ™ )+ Relv, e ~Rely, e )

Ll el

Comparing left hand side and right hand side of equations

1 . (8.14)
(le)Ml + (Vd4)M 2 "’E(Vn +V22 )Ml

Ll(p|11+ja)elll): 1 X
+E(V33 +\/44)M2 - R1|11 -V

cc

1 1
E(Vll)Ml +E(V44)M 2 = 0

(8.15)

Equation (8.10) implies
CpV, =1, -1,
CpRe(v,e'% )=Re(l,;e % )—Re(l ,e'* )

CRe(pV, + joV, e'® =Re(l,;e/% )-Re(l,,e %)
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C(pvcc + ja)evcc)z Iy =1y (8.16)
Equation (8.11) implies
L,pl, =V, —R,l, -V,

L, pRe(l ,e'% )=Relv e )- R, Re(l,e!% )- Relv e %)

L, Re(pl,, + jo,1,, e’ =Re[V,e'% )- R, Re(l ,,e'% )— Relv, e )

Lz(plzz + ja)elzz)zvcc -R,1, =V (8.17)
The dynamic equations after doing the harmonic balance technique are
1 \ (8.18)
] (le)M1+(Vd4)M2 +E(V11 +V22)M1
Ll(p|11+Ja)elll): 1 )
+E(V33 +V44)M 2 = R1|11 _Vcc
1 1 (8.19)
E(Vll)Ml +E(V44)M 2 = 0
C(chc + ja)evcc): Ill - I22 (820)
Lz(plzz + jwelzz)zvcc - Ry, =V (8.21)

8.3.2 Steady State Analysis

In the steady state, the state variables remain constant. Hence, the rate of change of each
state variable with respect to time is zero, which means the derivative terms are equal to zero.
LetM, =M, + jM g .M, =M, + Mgy, by = 1o+ il Ly =1, + jlp Vo =V + Vg,

Vi =V + 1Vy,

Equating the derivative terms to zero, the steady state equations are
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1 .
(le)Ml + (Vd4)M 2 +E(V11 +V22 )Ml

jo L1, == 1 X

+§(V33 +V44 )M 2 = Rllll _Vcc
1 1
E(Vll)Ml"'E(VM)Mz =0

jca)evcc = Ill - |22
Lo 1y =V, —Ry1,, _Vgg

Viglaz =Veg laz :Qg
Equation (8.22) implies
1 .
(le)Ml + (Vd4)M2 +§(V11 +V22 )Ml

jo Ll =
+§(V33 +V44)M 2 I:\)1|11 _Vcc

(8.22)

(8.23)

(8.24)
(8.25)

(8.26)

Mql(vdl +Vd2)+ jMdl(le +Vd2)+(vd3 +Vd4)M @2t jMdZ(Vd3 +Vd4)_ Rily— iR 14

jweL1|q1:|
= M .M M .M .
{_ wel‘lldl + qu (V11 +V22)_ J%(Vn +V22)+Tq2(\/33 +V44)_ J%(V% +V44)_(ch + JVdc)

Comparing real and imaginary parts

M M
2N Llldl +M ql(vdl +Vd2 )+(Vd3 +Vd4)M q2 +TM(V11 +sz )+Tq2(\/33 +V44)_ Rllql -V

M M
W, Lllql -M dl(le +Vd2)_ M dz(VdS +Vd4)+%(\/n +V22)+%(V33 +V44)+ Rllql +Vdc =0

Equation (8.23) implies

1 1
E(Vn +V22 )Ml +E(V33 +V44 )M 2= 0

1 . 1 .
E(Vn +V22)(M ql + JMdl)+E(V33 +V44)(M q2 + JMd2)= 0
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M M M .M
Tm(vn +V22)+ J%(Vn +V22)+Tq2(\/33 +V44)+ J%(V% +V44): 0

Comparing real and imaginary parts

8.29
%(Vll +V22)+%(V33 +V44):O ( :

B%lwu+vﬂ)+ygiwﬁ+vM)=o (8.30)

Equation (8.24) implies

ICoV, =1,-1,

iCoMy + Ve )= 1+ il (142 + ilg,)
ICoN, —CaoVy =1, + jly—1,— ]l
Comparing real and imaginary parts

ly— g +CaNy =0 (8.31)

ql
Co Vg —lg+14,=0 (8.32)

Equation (8.25) implies

Lo 1y =V, — Ry, _Vgg

Loy (1, + lg,)= Ve + Vi )= Ry (1, + ilgs )~ Vg + iV, )

Lol , — Lol =V, + Vg =Ryl — JRy 1y, =V — 1Vy

Comparing real and imaginary parts

Vy =Ryl =V + Lo, 14, =0 (8.33)
L@, 1y, =V + Ryl g, +Vy =0 (8.34)
Equation (8.26) implies
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Vdg Iq2 _ng Id2 = Qg (835)
Equations (8.27-8.35) are the 9 steady state equations with 10 unknowns

MM, M Mo L T Lo 15 Ve Ve - A constraint to make the phase angle between two

modulation signals to be 180° is added.

tant| Mar | _ 7 4 an-1| Maz
M, M,,
_ tan| 7+ tan Y| Maz

M, M,,

Ma | _ tan| tan| Moz
M M.,

Therefore.

My _ My, (8.36)
My Mg,

sgn(M,,)=-sgn(M,) (8.37)

The unknown steady state variables are plotted for different power factors when the active power
is varied from 0 to 1kW. The parameters and the conditions that are used for plotting these

steady state variables are given in table 8.3. The unknown parameters that are plotted are

M, = /Mgl + M2, M, = /Mgz + M2, I = /151 +I2, 1, = /152 +12,, V.= V2 +VZ,

Table 8.3 Parameters used to plot unknown steady state variables.

Frequency of the grid 60Hz

Magnitude of grid voltage 1000V
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Input DC voltages 600V,600V,100V,100V

Active power 0-1kw

Power factor 0.4,0.6,0.8,1.0
Inverter side Inductor L, =2.3mH
Capacitor capacitance C =5.55uF
Grid side inductor L, =2.3mH

Variation of M1 with Change in Active Power
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Figure 8.3 Variation of M; with the change in active power.
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Variation of M2 with Change in Active Power
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Figure 8.4 Variation of M, with the change in active power.
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Figure 8.5 Variation of I; with the change in active power.
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Variation of I2 with Change In Active Power
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Figure 8.6 Variation of I, with the change in active power.
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Figure 8.7 Variation of capacitor voltage with the change in active power.
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8.4 Summary

The topology of single phase multi string nine-level inverter with an LCL filter connected
to the grid is presented in this chapter. The LCL filter is designed and Bode plot of transfer
function is plotted. The Harmonic Balance Technique to transfer the single phase system to qd
synchronous reference frame is presented. The steady state analysis of the system is also
performed. The unknown variables in the steady state analysis are plotted for different power

factors with the change in active power.
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CHAPTER 9

CONTROLLER DESIGN FOR MULTI STRING NINE LEVEL INVERTER

CONNECTED TO THE GRID

9.1 Introduction

This chapter presents the controller designs of both the ‘L’ and ‘LCL’ filters of
multistring nine-level inverter connected to the grid. The control schemes are designed in qd
synchronous reference frame. As in every other grid connected control systems, this system also
needs phase locked loop (PLL) control to synchronize the grid voltage and frequency to the
filtered output voltage and frequency. A single phase PLL common to both the filters is set forth.

The simulation results of both the filter types verify the proposed control schemes.

R; L.
—
Iy
Tap Top
ISl
Vig 7
g ek
Is2
—1
vV, =@
R E {I} VoD
s3
Vs =&
Too ¥ Tho
|54
]
V, &
Tar =K } Tm% >+

Figure 9.1 Topology of single phase multi string nine level inverter connected to grid with L

filter
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Figure 9.2: Topology of single phase multi string nine level inverter connected to grid with LCL

filter

The topologies of a single phase multi string nine level Inverter can be seen in Figure 9.1

S

in?

and Figure 9.2, whereS,_,S.

ip? ~im?

S,and S, are the switching functions of switches

T

ip?

T

im?

T

in?

T,andT,, i=a,b respectively. V,,V,,V,,andV, are input DC sources and
I, 1, 1,and I, are respective input currents. The multi-level inverter is connected to the grid
through both L and LCL filters for controlling active and reactive power going into the grid V,

with L, as the inductor on the inverter side and current I, passing through it and L,as the

inductor on the grid side with current |, passing through it.
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9.2 Single Phase PLL

Figure 9.3 Single phase PLL control scheme.

As in every other grid connected controlled system, this system also need phase locked
loop (PLL) control to synchronize the grid voltage and frequency to the filtered output voltage
and frequency. The active and reactive power control schemes of single phase multi string multi-
level converter with LCL filter connected to the grid are designed in qd synchronous reference
frame. The transformation to qd synchronous reference frame from single phase is not well
established as the Park’s transformation requires a minimum of two orthogonal signals to
transform. Hence, a fictitious orthogonal signal is generated using the APF (all pass filter)
method to transfer the two signals into qd reference frame. Using the APF, a three phase qd
phase locked loop (PLL) control scheme is applied to single phase.

The transfer function for all pass filter (APF) is given as

V, @ -p (9.1)

\Y) _a)f+p
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sz a)f+p
Vo_y 2P
Va a)f+p

V, (@, +p)=V, (o, +p)-2pV,

Voo +V,p=w(V, +pV, -2pV,

(Va +Vﬁ)p = g (Va _Vﬁ)

If

Vo | [ cosd, sing, |V,
V, __—siné’e cosd, ||V,
V, | [cosg, -sing, |V,
= =|
Vy| [sing, cosd, ||V,

Therefore,

V, =V, cosb, -V, sing,
V, =V,sing, +V, coso,
Substituting (9.5) and (9.6) in (9.2)

(\/q cosd, -V, sing, +V, sin o, +V, cos ee)p =, (\/q cosd, -V, sing, -V, sing, -V, cos&e)
(v, (cos @, +sin8,) -V, (sin6, —cosd,))p = o, V, (cosé, —sind,) -V, (sin 6, +cosé, )
(v, (cos@, +sin6,)-V, (sin 6, —cosé, ))p = o, V, (cos, —sind,) -V, (sin6, + cosé,))
(v, (~sin@, +cos,)-V,(cosd, +sind,))pé, = o, V, (cosb, —sin 6, ) -V, (sin 6, +cos4, )

(v, (~sin @, +cosd,) -V, (sin 6, +cosd, ))pd, = o, [V, (cosé, —sin6,) -V, (sin 6, +cosé,))
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(9.3)

(9.4)

(9.5)

(9.6)
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po, (v, (cosé, —sin8,)-V,(sind, +cosé, )= o, v, (cosd, -sin8,) -V, (sin 8, +cosé, )

=,
Let V, =V,_ be the grid voltage. Therefore,
V.=V, =V, cos(a)gt)
V, =V, sin(o,t)
Using af to qd transformation
{Vq } _ { cosd, siné, }{VQ}
2 -sing, cosd, ||V,
V, =V, cosb, +V,sing,
Vy =-V,sing, +V, coso,
Substituting for v,V in (9.11).
Vy, ==V, cos(wgt)sin 0, +V, sin(cogt)cos o,
V, =V, sin(o,t - 6,)
If V, =0=V,,sin(6, - ,t)=0

sin(g, —w,t)=0= 6, = ot

Based on the block diagram of single phase PLL, the transfer function is given as

( Kp+ﬁ e+a)ﬁj£:0g
P

i ] 1
( K, +— (0—vd)+a)ﬁJB=9g
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(9.8)

(9.9)

(9.10)

(9.11)

(9.12)

(9.13)

(9.14)
(9.15)
(9.16)

(9.17)

(9.18)

(9.19)



_K +ﬁ_(0—vm sin(w,t -6, )+ oy )%:eg (5.20)

_K +ﬁ_(0—vm sin(6, - 6,)+ @, )%:0 6.21)

g

If 6, — 6, is small, then sin(, —6,)=6, -6,

! 9.22
{KPJFQ}(_V”](QQ _99)+wﬁ)1=eg ( )
P p
(_Vm(eg - 96)+ i )K_pF =0,
(_Vmeg +V,0, + @y )KF = péo,
V,0.Ke =(p+ KV, )0, —oq K
O, _ VoK (9.23)
The transfer function - = —"—F _
0, p+KV,
V{KP +K'}
G _ p
6, p{KP +K'}vm
p
9_9 — Vm[pKP + KI ]
0, p'+[pKy + KV,
9—9 = pKPVm + Kle — 2éa)nl p + a)nlz (924)
0, p°+pKV,+KV, p*+2lm,.p+o,
i (9.25)
KP — 2ga)nl ' KI — a)nl
V. V.

where £ is the damping factor and is usually chosen as critical damping factor which is 0.707
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®,, 1S the natural frequency and it is chosen as 377(rad/s).

Frequency of the grid and the frequency of PLL
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Figure 9.4 Simulation result of PLL frequency and grid frequency.

d-axis grid voltage
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Figure 9.5 Simulation result of d-axis grid voltage
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Grid Voltage
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Figure 9.7 Simulation result of q and d axis grid voltages.
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Figure 9.8 Simulation of PLL frequency and grid frequency plots for ramp reference.

9.3 Controller Design for Multi string Nine level Inverter connected to the grid through

‘L’ filter

The dynamic equations after doing the harmonic balance technique are

4 . (9.26)
L:lplql -Lol;, =M qlle +M q2Vd4 "';(Sm(‘g_‘//l))(vdz +Vd3)_vqg

4 . (9.27)
Lply + Loy =My Vg + M,V +;(Sm(0_l//l))(vd2 +Vd3)_vdg
The expressions for active and reactive powers are given below.
Pg :ng Iql +Vdg Idl (928)
Qy =Viglar =Vl (9.29)
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From the equations of active and reactive power,

_ ngqg + ngdg
gl V_ 24\, 2

a9 dg

_ PaVag — QqVeg
V,* +Vy,°

a9

9.3.1 Current controller design:

The dynamic equation for controller design in qd reference frame is given as

M

9.3.1.1 g-axis current control:

4, .

M qlle + MqZVd4 +;(Sm(€_lr//1))(vd2 +Vd3): L, plql —w,L 1y +ng
4, .

Mqlvdl + quvd4 +;(Sm(9_l//1))(vd2 +Vd3)+a’e Ll _ng =L plql

4, . .
Mqlvdl +Mq2Vd4 +;(S|n(9_‘//l))(vd2 +Vd3)+a)e Lyl _ng = Llplql =0y = Klq (I a "~ lql)

ly Ky

0 Lp+Ky
11q

Kig = Kpyg +

225

4. .
qledl + quZVd4 +;(S|n(9_l//1))(vd2 +Vd3): Rllqdl +L plqdl + JLlwqudl +qug

(9.30)

(9.31)

(9.32)

(9.33)

(9.34)

(9.35)

(9.36)



K
Koy, +—
qL " p

*

K
Iql Llp+Kqu+ -

pKqu + |‘<Ilq

ql

TLpP K PK

ql

W _ PKpig + Ky _ 28w, P +a)n12 (9.37)
’ Llp2+Kqup+Kllq p2+2§a)nlp+a)n12

ql
Keyg = 260,15 K yq = @ (9.38)
where ¢ is the damping factor and is usually chosen as critical damping factor which is 0.707

®,, 1s the natural frequency

9.3.1.2 d-axis current control:

M Vs + M Vs + 2 (510(60 = WV V)= Ly Pl +0, Ly +Ve 939)
MV, + MV, +%(Sin(9—l//l))(vd2 +Vgs)— @ Lyl g =V = Liply,

MV, + MV, +%(sin(9—(//l))(vd2 Vo)=Ll Yy, = Liply, =0y = Ky (|d1* _ ,dl) (9.40)
la __ K (9.41)
1, Lp+Kg

Kig =Kpyg + Krlald (9.42)
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KIl
d
KPld +

K
Lo Ls+Kp, +—1
p

|4 _ PKpyy + Ky
L1p2 + Koy P+ K

loy _ PRy + Kigg 2w, p+t a)nl2 (9.43)
ly, Lp*+Keyp+Kyy p*+280,p+ae,

Ko =280, Ky = @p,° (9.44)
Where & is the damping factor and is usually chosen as critical damping factor which is 0.707
®,, 1S the natural frequency

Therefore,

4, . (9.45)
Mqlvdl +M qZVd4 +;(Sm(0_lr//1))(vd2 +Vd3): O1q +ng -Loly,

4, . 9.46
MV + Mg,V +;(S'n(‘9_'//1))(vd2 +Vd3)= Oyq +Vdg +L ol ( )

e’ gl

Therefore the final equations used for controlling active and reactive power going into the grid

for multi string nine level inverter with ‘L’ filter are

| *_ Pg*vqg +Qg*vdg (9-47)
ql ngz +Vdgz
L P, Vg, —Q, V,, (9.48)
o V" +V,,°

4, . (9.49)
Mqlvdl +M q2Vd4 +;(Sm(0_l//l))(vd2 +Vd3)= Oyq +ng -Loly,
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(9.50)

4 .
M Ve + MoV, +;(Sm(9_‘//1))(vdz +Vd3)= Ty +Vg + Lo |

e’ gl

Mdl*M Z*ZMdZ*M ' (9:51)

q q
The three equations that will be used to find the expressions for modulation indices are (9.49),
(9.50) and (9.51). Since there are only three equations to find four unknowns, an equation is used
to limit the modulation indices. The fourth equation is given in (9.52).

Mg =aMg, (9.52)

N (9.49) My
(9.28) (9.50) M,
(9.29) (9.51) Mez
Q—> (9.52) My,

Figure 9.9 Control scheme of multi string nine level inverter connected to the grid through ‘L’

filter.
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Figure 9.10 Overall control scheme.

9.4 Simulation Results with ‘L’ filter

The active and reactive powers are maintained at 1000W and OVar for 0.2seconds. The reactive
power is changed from OVar to 600Var at 0.2 seconds. Similarly, the active power is changed
from 1kW to 2kW at 0.4seconds. The main objective of changing the active and reactive powers
in a step response is to verify the control scheme. From the figure 9.11, the tracking of the

control scheme tracks the reference waves perfectly, which verifies the proposed control scheme.
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Figure 9.12 Simulation result of output current of Inverter
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231

0.6



9.5 Controller Design for Multi string Nine level Inverter connected to the grid through

‘LCL’ filter

The dynamic equations after writing them in standard form are

M M 4 . V. (9.53)
plql =, 4, "‘qulvcu +quzvd4 +Il(sm(‘9_‘//1))(vdz +Vd3)_qu
M, M,, 4 . V, (9.54)
ply, = Lllvdl + B Voo + i (Sm(@_'//l))(vdz +Vd3)_a)e|ql _L_lc
V.V (9.55)
pl o, | +-*£__9
42 d2 L L,
ol Vi _Vﬂ | (9.56)
d2 — e
2 L2 L2 q2
gy o (9.57)
quc a)evdc + cq: - (q:
(9.58)

Writing them in matrix form

pX = AX +BU + FX,

M

M Vv
where X =| |, u=l | Xx,=| ®

M Vv

M
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The expressions for active and reactive powers are given in

P, =V las +Veg s (9.59)
Qy =Veglgo —Veg lua- (9.60)

Based on the references for active and reactive powers, the references for the grid side current

can be found.

L P,V +Q, Vg (9.61)
2 2 2

‘ Vg, +Vy,

L P, Vi —Qq Vyg (9.62)
" Vq92 +Vd92

The three controllers are needed in this control scheme. They are called as
1. Grid side current controller.
2. Capacitor voltage controller.

3. Inverter side current controller.

9.5.2 Grid Side Current Controller lIqg;:

The dynamic equation for the grid side loop is given here.
quc = L2 plqd2 + jszqudZ +qug (963)

q - axis grid side current controller:

Vo =L, plg, — L, 14, +Vy (9.64)

ch _ng + L2we|d2 = (LZ p)IqZ
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ch _ng + Lza)ele = (L2 p)|q2 = GSq = K3q (qu* - qu)

Loz Ky
|q2* L,p+ Ky,
K
Kaq = KPSq + ~
Kis
| Kpgq +——
42
" K
oz L,s+Kpzy + 139
p
Iq2 _ pKPSq +Kl3q
qu* L, p2+KP3qp+Kl3q
42 PKpgy + Kz _ 2w,ptao,

2
3

q2

_ . _ 2
KPBq - Zga)n?;’ KI3q - a)n3

) L2 p2 + pKPSq + Kl3q p2 +2§a)n3p+a)n32

(9.65)

(9.66)

(9.67)

(9.68)

where £ is the damping factor and is usually chosen as critical damping factor which is 0.707

o, 1s the natural frequency.

d - axis grid side current controller:

Vi =L, ply, + Lo, +Vy

Vdc _Vdg - szquZ = (LZ p)IdZ

Ve _Vdg - Lza’elqz = (Lz p)ldz =03 =Ky (Idz* - Idz)
P _ Ky

Idz L2p+ KSd

235

(9.69)

(9.70)

(9.71)



Kz
p

st = KP3d +

K
| Kpag + 2
d2 P

oz L2p+KP3d+KI3d

Iy, PKpag + Kz

Iy L2p2+KP3d P+ Kz

Ly, PKpays + K34 _ 2(:«350n3p"‘a’n32

|d2* L, p2 + PKpgy + Kz - p2 +2§wn3p+wn32

) 2
Kpas =280,3;,K 54 = @4

(9.72)

(9.73)

where ¢ is the damping factor and is usually chosen as critical damping factor which is 0.707

®,, 1s the natural frequency.

9.5.3 Capacitor Voltage controller Vqqc:

g - axis capacitor voltage controller:

I = CpVye — @,CVy, + 1,

I, —1

ql q2

"+w,CV, =CpV,

(CS)‘/qc =0, = Ky (ch* —ch)

\Y K

qc 2q

V.o Cp+K,

qc
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Kpoq +

Klzq

Vae Cp+Kpyg+——

ch _ przq + KIZq
ch* sz + PKpy + Ky
ch _ pKPZq + KIZq _ 28w, P+ a’nzz (9.77)
ch* sz + pKPZq + KI2q p2 + 2éa)nz p + a)n22
(9.78)

KPZq =2¢w,,C; Kl2q = wnzzc
where ¢ is the damping factor and is usually chosen as critical damping factor which is 0.707
®,, 1s the natural frequency.

d - axis capacitor voltage controller:

g = CpVye + @,CVy + 1, 9.79)

Idl - |d2 - weCch = vadc

(C)pvdc =0y = sz (Vdc* _Vdc) (980)
(9.81)

Vdc — K2d
V., Cp+Ky

Kiag
p

Kza = KPZd +
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I<I2d

Kpog +
V,, _ P2
* K
VdC Cp+ KPZd + 12d
Vi PKpos + Ko

Vdc* - Cp® + PK e + Kz

Vdc pKPZd + I<I2d

2£w,,p + @, (9.82)

V. Cp?+pKpy +Kppy 2 +28m,,p+o,,°

) 2
Kpas =280,,; K,y = @,

(9.83)

where ¢ is the damping factor and is usually chosen as critical damping factor which is 0.707

®,, 1s the natural frequency.

9.54 Inverter side current controller lgq;:

4 . .
M Vi + M 42Vas +;(Sm(9_l//1))(vd2 +Vd3): Rilgar + LiPlgs + JLi@ gy + Ve

g - axis inverter side current controller:

4, .
M qlle +M q2Vd4 +;(Sm(6_l//l))(vd2 +Vd3)= L plql —w, L1y, +ch

(9.84)

4 .
M qlle +M qZVd4 +;(Sm(0_lr//l))(vd2 +Vd3)+ N P _ch =L, plql

4 . “
Mqlvdl + Mq2vd4 +;(Sm(0_‘//1))(vd2 +Vd3)+a)e Llldl _ch = Llplql =0y = Klq (I @ = Iql)

w_ Ky
- L p+Ky

ql

(9.85)
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K1q = Kqu + )
K Kllq
I _ M
I, I1q
a Lip+Kpy, +
Iql _ pKqu + Kllq
Iql* I‘1p2—I_Kqup—I_Kllq
Iq1 pKqu + Kllq _ 26w, P+ a)nl2 (9.86)

Iy Lp*+Kegp+ Ky p?+20,p+0,
Kqu = Zga)nl; Kllq = wnlz (987)
where £ is the damping factor and is usually chosen as critical damping factor which is 0.707

®,, 1S the natural frequency.

d - axis inverter side current controller:

MVar + M2V, +%(Sin(‘9—%))(vdz +Vys)=Liply + o, L1 +Vy, (9.88)
MV, + MV, +%(Sin(9—l//l))(vd2 +Vy3)— @, Ll Vg = Liply,

MViy + MV, +%(5i”(9—1//1))(Vd2 Vg )=, L1 ~Vy =L ply =0y =K, (|dl* _|dl) (9.89)
Idl* Ky

ly, Lp+Ky

Kig = Koy + Kig

p
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K
I KPld + 1id
d1 p

a I—1FH‘KP1d+M
P

I _ PKpyy + Ky
L1p2 + Ko P+ Ky

lgy PRy + Kiyg _ 2§a)nlp+a)mz (9.90)
l, Lp*+Keyp+Kyy p*+20,p+o,

Kpg = 28w, Kpyg = a)nlz
where £ is the damping factor and is usually chosen as critical damping factor which is 0.707
w,, 1S the natural frequency.

Therefore, the final control equations are

4, . (9.91)
Mqlvdl +M q2Vd4 +;(S|n(e_Wl))(Vd2 +Vd3): O1q +ch -Loly

4, . (9.92)
MV + My, Ve, +;(Sm(9_‘//1))(vdz +Vd3)= O1g Ve + Lla)elql
My My, =My, My (9.93)

The three equations that will be used to find the expressions for modulation indices are (9.97),
(9.98) and (9.99). Since there are only three equations to find four unknowns, an equation is used
to limit the modulation indices. The fourth equation is given in (9.100).

Mgy =aMg, (9.94)

240



*

*

(9.67)

(9.68)

Figure 9.15 Control diagram of all the three controllers
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Figure 9.16 Overall control block diagram of the system
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9.6 Simulation Results with ‘LCL’ filter
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Figure 9.18 Simulation result of reference and actual waveforms of Active and reactive

powers
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Figure 9.19 Simulation result of g and d axis inverter side currents
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1,=Inverter side current, ¥ _=capacitor voltage, 1,=Grid side current
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Figure 9.22 Simulation result of State variables inverter side current, capacitor voltages

and grid side current

Modulation signals of multi string nine level inverter

Figure 9.23 Simulation result of closed loop modulation signals
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9.7 Summary

The active and reactive power control schemes of single phase multi string multi-
level converter with L and LCL filters connected to the grid are designed in qd
synchronous reference frame. The transformation to qd synchronous reference frame
from single phase is not well established as the Park’s transformation requires a
minimum of two orthogonal signals to transform. Hence, a fictitious orthogonal signal is
generated using the APF (all pass filter) method to transfer the two signals into qd
reference frame. Using the APF, the grid voltage is transformed into g and d axes
voltages and a three phase qd phase locked loop (PLL) control scheme is applied. The
control scheme to control active and reactive powers going into the grid is set forth.
Computer simulation results obtained using a MATLAB/Simulink platform compared
with experiment results for multi string seven-level inverter verifies the proposed control

scheme.
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CHAPTER 10 CONCLUSIONS AND FUTURE SUGGESTION

10.1 Conclusions

This thesis presents a method for the determination of the modulation signals for
the multilevel cascaded single phase inverters which eliminate the dominant harmonics in
the desired output voltage for both the linear and over-modulation operating regions. This
method is applicable to the cases when the DC input voltages are either equal or unequal.
The proposed method can also be extended to higher multilevel cascaded single-phase
converters for the determination of the modulation signals. Computer simulation results,
contour plot and experimental results are provided to demonstrate the utility of the
proposed approach. This thesis therefore provides a transparent analytical method to
determine the modulation signals required for unipolar PWM modulation of cascaded

multi-level single-phase DC-AC converters.

This thesis also presents a single-phase multistring multi-level inverter topology
which has less number of switches required to produce the desired multi-level output for
distributed energy resources compared to cascaded H-bridge converter topology. The
modes of operation of multi string multi-level inverter topology are also discussed. The
proposed method of Karnaugh mapping technique which was rarely used in power
electronics converters is used to determine the expression for output voltage and input
source currents in terms of the input voltages and output current respectively. The

expression of voltage stress for the switches are also determined. The modulation scheme
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for topologies are also presented which was never presented before. The expression for
modulation signal is determined using Fourier series analysis by approximating switching
functions using the instantaneous values of modulation signals. The calculation of
switching loss for multi string seven-level inverter is performed and the topology reduces
switching loss compared to cascaded H bridge multi-level converter. Simulation of the
proposed system is carried out and waveforms of output voltage, input source currents,
voltage stress are generated. Experimental results are conducted on 1kW laboratory
prototype and the waveforms of switching pulses and output voltage are presented. The
experimental results and simulation results validate each other. The only disadvantage
with this type of converter when compared with cascade H bridge multi-level converter is
rating of switches. The rating of all the middle switches should be twice the rating of

other four switches.

The experiment results are obtained using the Texas Instruments DSP F28335.
The switching signals of bidirectional switches are generated using carrier based
modulation technique. The results show that the generated switching pulses give a
balanced set of output voltages with the desired magnitude and frequency.

The topology of single phase multi string nine-level inverter with an LCL filter
connected to the grid is also presented in this thesis. The LCL filter is designed and bode
plot of transfer function is plotted. The Harmonic Balance Technique to transfer the
single phase system to qd synchronous reference frame is presented. The active and
reactive power control schemes of single phase multi string multi-level converter with L

and LCL filters connected to the grid are designed in qd synchronous reference frame.
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The transformation to qd synchronous reference frame from single phase is not well
established as the Park’s transformation requires a minimum of two orthogonal signals to
transform. Hence, a fictitious orthogonal signal is generated using the APF (all pass
filter) method to transfer the two signals into qd reference frame. Using the APF, the grid
voltage is transformed into g and d axes voltages and a three phase qd reference frame
phase locked loop (PLL) control scheme is applied. The control scheme to control active
and reactive powers going into the grid is set forth. Computer simulation results obtained
using a MATLAB/Simulink platform for multi string nine-level inverter verifies the

proposed control scheme.

10.2 List of Contributions

The main contributions of the thesis are listed below
e This thesis presents a method for the determination of the modulation signals for
the multilevel cascaded single phase inverters which eliminate the dominant
harmonics in the desired output voltage for both the linear and over-modulation

operating regions.

e The thesis also extends the multi-string five-level inverter topology to multi-string
seven and nine-level inverter topologies. This thesis also presents the modeling
and analysis of multi string five, seven and nine-level inverter topologies which

was never presented before.
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As a part of modeling this thesis clearly presents the proposed method of
Karnaugh mapping technique which was rarely used in power electronics
converters. The Karnaugh mapping technique is used to determine the expression
for output voltage and input source currents in terms of the input voltages and

output current respectively.

As a part of analysis this thesis presents the double Fourier series analysis to
determine the expression for modulation signals. The expressions for modulation
signals are determined by approximating switching functions using the

instantaneous values of modulation signals.

The simulation and experimental results of both the cascaded H-bridge multi-level
converter and multi-string multi-level converter are also presented. TMS 320
F28335 eZdsp was used to generate the switching pulses of both the converters in

the experimental setup.

The Harmonic Balance Technique to transfer the single phase system to qd
synchronous reference frame is presented. The active and reactive power control
schemes of single phase multi string multi-level converter with L and LCL filters
connected to the grid are designed in qd synchronous reference frame. A control

scheme to control active and reactive powers going into the grid is set forth.
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10.3 Recommendations for Future Work

This thesis assumes that there is a constant DC voltage at the input side of the
converter. But for the future work, PV with maximum power point (MPPT) or batteries
or fuel cells can also be considered as the inputs.

Controlling the DC voltages of AC-DC multi-level converters can also be an
incentive option to do the future work. The converter can also use the batteries from
hybrid electric vehicles (HEV) and invert the DC voltage and supply the single phase AC
voltage to the grid when needed. This thesis describes only about single phase multi-level
inverters, but it can also be extended to three phase and multi-phase converters.

The block diagram of the experimental system of cascaded H-bridge multi-level
converter consisting of the power circuit, driver circuit, digital signal processor TMS 320
F28335 eZdsp is given in Figure 10.1. The laboratory prototype is shown in Figure 10.2.
The power stage of the converter is realized with sixteen bidirectional switches. The
power circuit as well as the gate driver board are done on PCB. External connectors are

used to interface the gate driver with the IGBTSs.
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Figure 10.2 Laboratory prototype cascaded converter.
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APPENDIX A

COMPLETE DERIVATION OF FOURIER SERIES ANALYSIS OF MULTI-

STRING FIVE LEVEL INVERTER

The double Fourier series approximation of converter switching functions given
in [4] as

I | (A1)

Solving for each switching function over a period, considering the average and
fundamental components only
Solving for Sgp:

The average component of Sy, is derived as

1 (™ 274y (A.2)
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T
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The fundamental component (n=1) for Sy, is derived as:
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Solving for Sym:

The average component of S, is derived as

Tyl
ay, = ZL { 1d Hj
am T

vi

1
Busan =5 P+ V1)
T
1
aOSam E (72-)
1
aOSam - E

The fundamental component (n=1) for Sy, is derived as:

1 THYY(
Ay, = jl.cos(9+wl)d6
v1

. (Sin(ﬂ+W1 +y,) —sin(y, +‘//1))

alSam = ;
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(A.6)

(A7)

(A8)

(A.9)

(A.10)

(A.11)



., =—(-sin(2y,) —sin2y,))
T

2 .
g, = ——sin(2y,)
r

Ty
by, =;[ | 1.sin(<9+z//l)d6?]

vi

-1
blsam = 7((:03(”"‘@//1 +y,)—cos(y, ‘H//l))

_1 (~cos(2y,) —cos(2y,))
T

1Sam

2
blsam = . cos(2y,)
According to Fourier series, the expression for Sy, IS given as

Sam :E—Esin(zm)cos(ewxl)+(£cos(2y/1)jsin(9+z//l)
2 V4
1 2,.

Sun == ——(5In(y, -0))
2

Solving for Syn:

The average component of S, is derived as

T4y 27+y o
8, =i( j(i—Mzsin(ewz))dm j—(Mzsin(HH//z))dH]

V2 Y2

a :i 7Z'+!//2—l//z+MZ[COS(ﬂ'+!//2+l,l/2)—COS(l//2+l//2)]
San 27 ( + M, [cos(27 + w, +y,) —cos(x + v, +,)]

269

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

(A.17)



1 (ﬂ+Mz[cos(7r+21//2)—cos(21//2)] j

°San 27 | +M,[cos(27 + 2, ) —cos(z + 2y, )]

= i (” +M, [_ cos(2y,) —cos(2y, )]"‘ M, [COS(Z‘//Z) +cos(2y, )])

aO San 272_

1
2ys,, =5 (7= 2M[cos(2y) ]+ 2M, [eos(2y,))
1
0San = Z (ﬂ-)
o (A.18)
an 2

The fundamental component (n=1) for S, is derived as:

- (A.19)
j(l— M, sin(6+y,))cos(6 +y,)d6
1) w

1San _; 27+y]
+ [=(M,sin(@+y,)cos(@+y,))d0

Ty

Ty
jcos(9+w2) —M, sin(@ +,) cos(@ +y,)do
A, = i "
T

2r+y o
- IMzsin(9+w2)cos(0+w2)d0

T+yQ

Y2

sin(7r+1//2+z//2)—sin(z//2+1//2)—72 j2sin(e+¢/2)cos(9+%)de

1 v
aiSan:; 27w+yp 2
2 jzsin(ewz)cos(ewz)da
2 Y2
_ M, "2 M, 272
&, :i{—ZSIn(Zl//Z)—TZ .|.S|n(26?+21//2)d0—72 Ism(2¢9+21//2)d6?
a V2 42
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—2sin(2y,) —%(cos(Zn + 2y, +2y,) —COS(2y, + 217,))

aisan -
d —%(cos(mz + 2y, +2y,) — COS(27 + 2y, + 2y,))

sy, = 1 2sin(2y,) - %(003(4‘//2) - COS(4V/2))_%(COS(4V/2) - COS(4‘//2))j
an T

1 :
A, = _(_ 25'”(2‘//2))
T

2 . (A.20)
s, = _;Sm(Z‘//z)
- (A.21)
j(l— M, sin(@+y,))sin(@+y,)do
1 V2

1San _; 27+yp
+ j—(Mzsin(0+z//2)sin(9+y/2))d¢9

Ty

Ty
j(sin(ewz) — M, sin(@ +v,)sin(d +y,))do
V2

blsan = ; 2ty

£ [~ (M,sin(@+y,)sin(@ +y,))d0

T+yQ

_(COS(”+V/2 +y,)—cos(y, 'H//z))

1] M, .
b, =—|-—2 j(Zsin(0+W2)SIn(9+w2))d9
1San P 2
w1
2r+yy

_% I(Zsin(9+l//2)sin(l9+!//z))d9

Ty
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Ty

— (= cos(2y,) — cos(2y,) ) - % j (1—cos(260 + 2y,) )6
1 w2
blsan =
T

27 +y
M, "

- j(l— c0s(26 + 2y,))d6

7Ty

M M
(2c0s(2y ;)= =5 (r 4y —ya )= =5 @r 4y = (74 y)
1| M, . :
b, =— JFT(sm(ZszrZW2 +2y,)-sin(2y, +2y,))
an T
= (sin(4z + 2y, +2y,) —sin(2z + 2y, +2y,))
, M, . .
1 (2005(2‘//2))_7(77)"'T(Sm(‘h//z)_S|n(4V/2))
P = M, M, .
—7(77)4'7(3'”(4%//2)—sm(4l//z))
1 M
blSan - _[(2 COS(Z‘//z))_ 2_2(”)j
V4 2
2 (A.22)
blsan =—c0s(2y,) - M,
T
According to Fourier series, the expression for Sy, is given as
A.23
San =%—£sin(2y/2)cos(9+yxz) +[£COS(21//2) -M stin(6’+!//2) ( )
T T
i A.24
Sy ==~ M, ~ = (sin(y, ~6)) 29

an n~
2 T

Solving for Spp:

The average component of Sy, is derived as
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a0 Spp

a

27

1 Ty 27+y1 (A25)
[Mysin(@+y)do+ [(1+M,sin(0+y,))do

w1 Ty

1(- Ml(COS(iz'+l//1 +y,) —cos(y, +’//1))+ 2m+y,— (T +y,) _j

%0~ 277 | M, (CoS(27 + 1, +,) —COS(x + v, + 1))

1
8y, = E(_ M, (cos(7 + 2y,) —cos(2y, ) )+ 7 — M, (cos(27 + 2y, ) — cos(rr + 2y,)))

(M (~cos(2y,) —cos(2y))+ 7~ My (cos(2y) + cos(2)

Poswp = 7

By, = i(— M, (= 2¢0s(2p))+ 7 — M, (2c0s(2y,))

sy = (M(2c05(2,) - M, 2c05(20,)

sy =5 (1)

o - % (A.26)

The fundamental component (n=1) for Sy, is derived as:

- (A.27)
IMlsin(9+wl)cos(0+wl)d9

1 V1

150p

27+y1
+ I(cos(e +y,) + M, sin(@ +y,)cos(8 +y,))do

Ty

THyL

71 [2sin(@ + ) cos(0 +y,)d6 +sin(2z + v, +y,)

1 vt

alep =

27+y1
+t [ (2sin(6+y)cos(6 +v,))d0 —sin(z +y, +y,)

Ty
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1pr

aipr

aipr

1Spp

1Spp

27+yq

+—L '[ sin(20 + 2y,))d6

T+

{Mﬁm(w + 2y,)d & +sin(2y,) +sin(2y,)

25|n(21// ) ——(cos(27z + 2y, + 2p,) —COS( 2y, + 2y,))
1
cos(47z + 2y, + 2y,) —C0S(27 + 2y, + 2y1,))

é\ll—\

M, B 1
2SIn(2w)——(COS(4m) cos(4y,))+—,* (cos(4y;) - cos(4y ))J

(25"’](2(//1))

(A.28)
2 sin(2y,)
T

(A.29)
”].ylllvl . Sin(@ +y,)sin(@ +y,)do
w1
274y

+ (i@ +y) + M,sin(@ +y,)sin(0 +y,))do

Ty

N |+

Tyl
M, jl— cos(26 + 2y,)d6
2

V1

3 |+

27w+y M L 2942 )jd 9
+ f (sin(0+y/1)+7(l cos( v,
Ty
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tthp

1Spp

b

1Spp

1Spp =

M M, . .
71(77"‘ v, =) _Tl(sm(Zﬂ' + 2y, +2p,) —sin(2y, + 2y,))

M
:; —(005(272'+l//1 +yy)—Cos(z+y, +‘//1))+71(27[‘H//1 —(7m+y1))

—% (sin(4z + 2y, + 2y,) —sin(27z + 2y, + 2y,))

% (7) —% (sin(4y,) —sin(4y,)) — (cos(2y,) + cos(2y, ) ) + % (7)

_%(Sin(m//l) ~sin(4y,))

-— % () —(cos(2y,) + cos(2y,) )+ % (w ))

M, - cos(2y,)
T

According to Fourier series, the expression for Sy, is given as

1
E;bp - Ei

Syp =

p

+Esin(21//l) cos(@+y,) + (Ml —Ecos(zwl)jsin(e +y,)
T T

~+M, +£(Sin(l//1—9))
2 Vs

Solving for Spm:

The average component of Sy, is derived as

a"’Sbm

a

0Sphm

274y
=—1| |1dé
2w -[
Ty

1
25(277""//1_(77‘“//1))
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(A.30)

(A.31)

(A.32)

(A.33)



0Shm = Z
1 (A.34)
aosbm - E

The fundamental component (n=1) for Spy, is derived as:

L (2 (A.35)
B = J'l.cos(e +y,)d6O

7Z'+l//1

1, .
Ay = —(SINQ2 +y y) =sin(z s )

1,. :
A = ;(Sln(Zl/ll) +S|n(2V/1))
2 . (A.36)
Q, = —sin(2y,)
T
1 [#m (A.37)
by, ==| [Lsin(@+y,)do
T
IZ'-H//]_
1
blsbm = ;(_ (C05(277 +y,+y,) —Ccos(z +y, + W1)))
1
blsbm = ;(_ (COS(2W1) + COS(2W1)))
2 (A.38)
b1sbm =——C0s(2y,)
VA
According to Fourier series, the expression for Sy, is given as
(A.39)

S = % + Esin(21//1) cos(@+y,) —(E cos(Zzyl)jsin(H +y,)
T T
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. A.40
Suo =3+ 26y, - ) Ho

Solving for Spy:

The average component of Sy, is derived as

1 [ 23) 274y (A41)
o = 5| | M,sin@+y,)d0+ [(L+M,sin(0+y,))do
" 27 w2 T+y2
a :i _MZ(COS(”“‘V/Z+‘//2)_C05(‘//2+‘//2))+
w27\ 27y, - (T ) - MZ(COS(2”+V/2 +y,)—CoS(7 +y, ‘HVZ)))
_LL'_M2®O“”+2WQ_£O“2WQ)
°Son 27 + (7 =M, (cos(27 + 2w,) — cos(z + 2y,)))
1
Aoy = E(_ M, (_ cos(2y,) - COS(ZWZ))+ (ﬂ' -M, (003(2‘//2) + COS(ZWZ))))
1
Aoy = _ﬂ_(ZM 2 (COS(2W2))+ 7—M, (2 COS(Z‘//Z)))
1
aOSbn = z(ﬂ.)
1 (A.42)
aosbn = E
The fundamental component (n=1) for Sy, is derived as:
oz (A.43)
jlvl ,SiN(0+y,)cos(6+y,)do
11w

a =—
1Spn P 27+

+ j(1+Mzsin(ewz))cos(ewz)de

Ty
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Y2

—2 IZSin(9+1//2)C05(9+t//2)d0+sin(27z+1//2 +,)
1l 2
alsbn - M 274y -
+=2 [(2sin(0+y,)cos(0+y,))d0 —sin(z +y, +y,)
2 T+
ﬂ'+l//2 . ]
—= jsin(20+21//2)d0+sm(21//2)+S|n(21//2)
12
alsbn - 274y
+—2 I(sin(29+2w2))d9
2 7Y
. M, cosy, +20,))
) 23|n(21//2)—T(cos(27r+2y/2+2y/2) cos(2y, + 2y,
5y, =

+ %(cos(% +2p, +2p,) — COS(2m + 2y, + 2p7,))

8, = 1 2sin(2y,) — %(cosmwz) —cos(4y,))+ %(cos(m//z) - cos(4z//2))j
"

2 (A.44)
A, = ;Sin(Z‘//z)
Y2 _ (A.45)
'[ M, sin(@ +,)sin(@ +y,)déd
b :l V2

1Spn T 27+ -
+ j(1+ M, sin( +v,))sin(6 +,)d6

Ty

Mz”*j‘“
—= |1-cos(20 +2y,)do
1 2 v

b1sbn =

27+yp M
+ J. (Sin(9+l//2)+72(1—008(2¢9+ZWZ) dé
Ty
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M M, . .
TZ(”'H//Z —¥, _TZ(Sln(Zﬂ'"‘ 2y, +2y,) —sin(2y, + 2y,))

M
bys, . = —(cos(27 +w, +y,) —cos(z + v, +l//2))+72(272'+l//2 —(7+w,))

—%(Sin(@z + 2y, +2y,)—-SiN(2r + 2y, + 2y,))

[ e () - (sin(ay,) sin(ay,))~ (cos(2u,) + cos(2p)+ o2 ()
ble I 4 2

| -2 Gintdy,) —sin(@y,)

b, =§[M7 (n)—(cos(zwz)+cos<2w2))+%(n>j

1
by, = ;(M 7T —2C08(2,))

2 (A.46)
blsbn =M, ——cos(2y,)

T
According to Fourier series, the expression for Sy, is given as

A.47
S, =%+£sin(2w2)cos(¢9 )+ (—Ecos(zy/z) M zjsin(e vy A4
T T
: A.48

Sbn :£+Mn +£(Sm(l//2_0)) ( )

/A
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APPENDIX B

COMPLETE DERIVATION OF FOURIER SERIES ANALYSIS OF MULTI-

STRING SEVEN LEVEL INVERTER

The double Fourier series approximation of converter switching functions given in [4]
as

I | (B.1)

Solving for each switching function over a period, considering the average and
fundamental components only
Solving for Sgp:

The average component of Sy, is derived as

l Tyl 27+yq (BZ)
a, =— I(l—Mlsin(9+z//1))d6?+ j(—Mlsin(0+w1))d9
® 2 1 T+

1
Busgy = = (7 + Ma[cOS(r -+, +y73) —COs(y +y) |+ My[cos(27 +y, +y) —cos(r +y +1)

s,y = Zi(yz + M, [cos(7 + 2w, ) — cos(2y, ) |+ M, [cos(27 + 2y,) — cos(z + 2y,)))
T

s,y = zi(rr + M, [~ cos(2y,) — cos(2y,) |+ M, [cos(2y, ) + cos (2w, ) ])
T
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1
sy = (200050231 2M, o021,
1
aosap :E(ﬂ-)
1 (B.3)
aosap :E
The fundamental component (n=1) for Sy, is derived as:
T+yp1 (B.4)
j (1—M,sin(@+y,))cos(0 +y,)do
A - 1w
1Sap — P 27141
+ I(—Mlsin(6?+1//l))cos(6’+z//l)d6?
Tyl
Ty
Jcos(0+wl)—Mlsin(6+wl)cos(6’+y/1)d9
1l n
alsap _; 27+
- lesin(awl)cos(awl)de
Ty
IZ"H//l
sin(7z+w1+t//1)—sin(t//1+z//1)—71 jzsin(ewl)cos(awl)de
_ 1 w1
aisap _; 27+y1
-—1 jZSin(9+w1)cos(9+x//l)d¢9
2 T+
1 M T+y1 M 27+y1
a, ==|-sin(2y,) -sin(2y,) - —* j sin(26 + 2p,)d6 — —~ j sin(20 + 2p,)d6
v 2 w1 2 7Ty
. M,
|- 2sin(2y,) +T(cos(27z + 2y, + 2y,) — coS(2y, + 2y,))
alSap =

+ %(003(47: + 2y, + 2y,) — COS(27 + 2y, + 2y7,))

B, = —2sin(2w1)+%(cos(4wl)—cos(4w1>)+%(cos(4m)—cos(4m))]
T

281



1 .
Asyy = ;(_ 23'”(2'//1))

2 . (B.5)
A, =——sin(2y,)
’ T
1 Ty ) ) ) 27+ ) ) (B.G)
b, == I(S|n(0+wl)—Mlsln(6’+y/1)sm(6’+y/1))d0+ _[(—Mlsm(6’+1//1))sm(6+z//1)d0
T +y1
Ty
M, . .
1 _(COS(” +yy +yy) —cos(y, + Wl))_7 I(ZSIH(9+ l//1))S’|r](6"" w,)do
w1
1Sap = M 2m+yq
—71 I(ZSin(9+y/1))sin(0+w1)d9
ﬂ'+l//1
1 M Ty 27+y1
by, == —(—cos(Z:,yl)—cos(Z:,ul))—71 j(l—cos(2€+21//1))d9—71 j(l—cos(20+ 2y,))d6
a V1 T+y1
M, M, . .
1 | 20082y == (m 4y =)+ H (SN2 + 2+ 2) —sin(2y, + 207)
P =7 M M
T 1 1 (s .
—7(27r+1//1 —7[—1//1)+T(S|n(47z+21//1+2l//1)—S|n(27z+21//1+2l//1))
1 M, . . M, . .
blsap = ”(ZCOS(ZWJ -M,(7)+ T(Sm(‘l‘//l) —Sln(4‘//1))_ M, () + T(Sm(‘w/l) —Sln(4’//1))j
2 (B.7)
b1Sap =—Cos(2y,) - 2M,
T
According to Fourier series, the expression for Sy, is given as
(B.8)

Sy = %—Esin(z%) cos(@+y,)+ (Ecos(zwl) -2M 1jsin(e +y,)
T T
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s =1 _om 2(sin(z,y1—¢9))

LA p _;
Solving for Sym:

The average component of S, is derived as

1 Y
a,, =—| |1.dé@
am 272- b

1

. =5(7r+%—m)
1

0S4m :E(”)
1

s, =5

The fundamental component (n=1) for Sy, is derived as:

Yy
a = —( Il.cos(@ + z//l)dé?]
a’“ a V1
1, . .
&g = ;(Sm(” +y, +y) —sin(y, + l//l))

2, = (sin2ys) ~sin2y,)

2 .
T =——sin(2y,)
T

7r+|//1(
b =;( j 1.sin(e+%)d9J

V1
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(B.9)

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)



-1
blsam = 7(cos(7r +y, +y,) —cos(y, + !//1))

b = (- cos(2y,) - cos(2y,))
T

b = —cos(2y,)
T

Sam

According to Fourier series, the expression for Say, is given as

S, = % —Esin(Zz//l) cos(@+y,)+ [gcos(Zz//l)jsin(e +y,)
T T

1 2,.
Sun =7, = (6in(y; -0))
T
Solving for San:
The average component of S, is derived as

1 27+yp
By = [1do

Y2

1
amWZE;Q”+Wf%”+WQ)

0San :Z
1
aOSan E

The fundamental component (n=1) for S, is derived as:

1 27ty
a, =— jl.cos(9+w2)d9
an T

Y2
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(B.15)

(B.16)

(B.17)

(B.18)

(B.19)

(B.20)



n :i(_ (Sin(zﬂ-_{_l//z +y,)—sin(r +y, +l//2)))
T

L (sin(2y,) +sin(2v,))

v/

2 .
A, = _;Sm(Z‘/fz)

1 27+y1
by, -~ j 1.sin(6 +y,)do

Ty

by, = L ((cos(2 +y, + 1) —cos(z + 1, + 1))
T
s = (c05(20) + c05(201,)

2
by, =—cos(2y,)
T

According to Fourier series, the expression for Sy, is given as

Su =5~ 2sin(ay)cos(0-+ )+ 2cos2w,) Jsin(o+1,)
2 T
1 2,
Sun =5~ (sin(y, —0)
T
Solving for Sy:

The average component of Sy, is derived as

1 Ty 2w+yo
o5y =5 I(l—Mzsin(9+1//2))d9+ J'(—Mzsin(9+!//2))d9
T vo T+Y2

285

(B.21)

(B.22)

(B.23)

(B.24)

(B.25)

(B.26)



:i 7Z+M2[COS(7Z'+!//2+l//2)—COS(l//2+l//2)]
P20 27|+ M,[cos(27 +w, +w,) —cos(z + v, +,)]

CIE %(n + M, [cos(z +2y,) — cos(2w, )|+ M, [cos(27z + 2,) — cos(z + 2y,)))

Bos,, = Zi(ﬂ' +M, [_ cos(2y,) - COS(ZWZ)]+ M, [COS(ZV/z) + COS(ZV/z)])
T

e = (—2M,[cos(2y,)]+ 2M, [cos(2y,)]
T

0Sa0 2
1
aosao E(”)
1 (B.27)
aOSao Y
2

The fundamental component (n=1) for Sy, is derived as:

w2 (B.28)
j(l—Mzsin(ewz))cos(ewz)de
_ 1 w2
alsao _; 274y
+ j(—Mzsin(9+w2))cos(9+wz)d0
Ty
Ty
[cos(@+y,)—M,sin(0 +y,)cos(0+y,)do
1w
aisao - P 274y
- IMzsin(0+w2)cos(0+w2)d9
7Z'+l//2
Ty
sin(z +y, +v,)—sin(y, “”2)_72 j23in(¢9+1//2)cos(c9+y/2)d9
alsao - 274y ”

_TZ IZSin(0+W2)COS(9+w2)d0

Y2
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1 M 23] M 274y
== =sin(2y,) - sm(2.,//2)—T Ism(29+21//2)d9—7 [sin(20+2y,)do
T

w2 Ty

{ 2sin(2y,) + —(cos(27r + 2y, + 2p,) —CoS(2y, + 2y,))

lsao
2 (cos(4r + 2y, + 2p,) —COS(27 + 2, + 2y,))

1 M
= - 280(20,) 2 o) - os(ay,)) 2 o) - costa, )|

1, .. (B.29)
Qg = _(_ 23'”(2‘//2))

T

e (B.30)

_[(sin(¢9+1//2)— M, sin(@+y,)sin(6+y,))d6

v2

1Sa0 _; 27w+y o
+ j(—Mzsin(¢9+y/2))sin(6?+1//2)d¢9
Y2
M 71'+|//2 . .
. —(cos(7r+21//2)—cos(w2Jrg//Z))—T2 I(25|n(9+w2))3|n(9+w2)d9
w2
blsao =; M 274y
—72 I(Zsin(0+y/2))sin(0+x//2)d9
T
— (- cos(2y,) —cos(2y,)) -
b :l M T+y1 M 27+y
a0 T = j(l—cos(29+2y/2))d¢9—Tz [@-cos(20+2y,))d0
4% Tty
M, M, . .
1 | 2005y a) == (v, —yy) + = 2 in27 + 207, + 2p,) =sin(2y, +25)
blsao =

M M,
—72(27z+1//2 T—y,)+—= 1 2 (sin(4z + 2y, +2y,) —sin(2z + 2y, +2y,))
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2005(2,) ~ M, (7) + 2 (sin(4y, ) - sin(4y.,))
b, =1 4

1Sa0

~ M (r) + 2 6in(y,) ~sin(dy,) - M ()

B.31
blsao = E cos(2y,) - 2M, ( )
T
According to Fourier series, the expression for Sy, IS given as
1 2. 2 . (B.32)
S, = E——sm(sz) cos(@+y,)+| —cos(2y,)—M, [sin(0+y,)
T T
(B.33)

ao EE'_

10 ==~ M, sin(@+y7,) - 2 (sin(y, ~6))
w
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APPENDIX C

COMPLETE DERIVATION OF FOURIER SERIES ANALYSIS OF

MULTI-STRING NINE LEVEL INVERTER

The double Fourier series approximation of converter switching functions given in [4]

as

) ) 7 (C.1)
Ao +Z . cos(nat)+ By, sin(net))

2

S (@,,,)=| + > (A cos(ma,t)+ By, sin(ma))

=1

i(Am cos(mat + nawt)+ B, sin(mat +nagt))
=1

—o0
0

+

m
0
m

=3
il

n

Solving for each switching function over a period, considering the average and
fundamental components only
Solving for Sgp:

The average component of Sy, is derived as

1 (n 2491 (C2)
Bs, == | | (Msin(@+y))d0+ [(1+M,sin(@+y,))d6
® 2z v Ty

a :i —Ml[COS(ﬂ+l//1+l//1)—COS((//1+(//1)]+7Z'
P 27\ =M, [cos(2z +y, +y,) —cos(z +w, +w,)]

L (7 —M,[cos(z + 2y,) — cos(2y,) |- M, [cos(27 + 2y,) — cos(z + 2,) )

aoSap =5 o

8, = 2i(7z — M, [-cos(2y,) — cos(2y,) |- M, [cos(2w, ) + cos(2y,)))
P v
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s, = (+2M,[cos(2y,)]- 2M,[cos(217)])

0

» o2
1 (C.3)
aosap :E

The fundamental component (n=1) for Sy, is derived as:

(o c4
s, = [ (M, sin(0-+y,))cos(@+y,)d0+ [ (L+M,sin(0+y,))cos(@+y,)d0

41 Ty

1 T+l ) 27+ ] 27+
aisap:”( .[Mlsln(6?+z//1)cos(9+y/l)d6+ j M, sin(@ +y,) cos(0 +y,)d O + jcos(0+w1)d9

w1 Tyl Tyl

Ty
SIN277 +y +y) = Sin(z +y +yy) - [2sin(0+y,) cos(0+y,)do
w1
27+yq

—71 jzsin(ewl)cos(ewl)de

Ty

_ 1
alsap _;

1 M Y1 M 27+yq
sy = sin(21/11)+sin(21//1)—71 jsin(26’+2y/1)d9—71 Isin(29+2w1)d9

vi Ty

1 2sin(2y,) —%(cos(Z;r + 2y, + 2p,) — COS(2y, +2,))
a:LSap = ;

—%(003(472 +2y, +2y,)—cos(2x + 2y, + 21//1))

B, =~ 2sin(2w1)—%(cos(ztwl)—cos(4w1))—%(cos(4m)—cos(4m))j
T

2 . (C.5)
s, :;Sm(Z‘/ﬁ)
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1 Ty 2m+yq (CG)
by, == [(M,sin(@+y)sin(@+y))d0+ [ (1+M,sin(@+y,))sin( +y,)do
a w1 Ty

M Tty ] )
(COS(;[ +y, +yy) —cos(y, + ‘//1))_71 I(ZSIH(@ + Wl))SIn(H +y,)do
v1

1
blsap = ;

2m+y)

—% J(Zsin(@ +y,))sin(@ +y,)dé

T+y1

27+

by, = 1[(_ cos(2y,) — cos(zy/l))+%ﬁﬁl— cos(26 + zwl))de—% j (1—cos(26 +2y,))de
o

v1 1

[ 200820+ Gr v )+ D oin@a+ 20+ 201) —sin(2, + 201,)
bls =
ap T

+%(27z Yy~ —y,) +%(Sin(47r + 2y, + 2yp) —sin(2r + 2y, + 2y,))

b, = 3(— 2605(202) + M, () + 5 (5n(4y,) —sin(dp)) + M, () + 3 Sin(ys) —sindy.)) - Ml(n)j
L

2 (C.7)
b, =M, —=cos(2y,)
V4
According to Fourier series, the expression for Sy, is given as
1 2. 2 . (C.8)
Sap = > +—sin(2y,) cos(@ + ;) +| ——cos(2y,) + M, |sin(€ +y,)
T T
(C.9)

1 . 2.
S = >t M, sin(6 +y,) +;(sm(;y1 -8))

Solving for Sam:

The average component of S, is derived as
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Ty

a, -1 [2M,sin(6 +y,)do
2” V1

0Sam

-M
aOSam - T - [_ ZCOS(Zl//l)]
2M, cos(2y,)
S o

The fundamental component (n=1) for Sy, is derived as:

Yy

1

Q. =—
T
72

Sam
1

-M
a, = 27[1 (cos(27 + 2y, + 2y,) — cos(2y, + 2y,))

Yy
b, 1[ I2M15in2(6’+1//1)d0— IO.Sin(9+Wl)d0

T
V1

by,
M
blsam = _1(71')
T
blsam =M,

According to Fourier series, the expression for Say, is given as

27r+y/(

Y

2w+

Yy

szlsin(e +y,)cos(0 +y,)d6 — jo.cos(e +y,)do

|

M 1,. .
= 71(7”!//1 2 —E(S'n(Zfr + 2y, +2yp,) —sin(2y, + 2%)))

(C.10)

(C.11)

(C.12)

(C.13)

(C.14)

(C.15)



Sam = M, cos(2y,) +(M1)Sin(0+l//1)
T

Solving for Syn:
The average component of S, is derived as

1 274y
By =5 [1de

Ty

1
85, 25(2”"'1//2 _(7['“//2))

0San - E
1
A5 san E

The fundamental component (n=1) for S,, is derived as:

1 27w+yp
&g, =— Il.cos(aw/z)d@
T

Ty

1. :
s,y :;(Sln(Zﬂwz ) =Sin(T +y, +1,)

= 1(sin(Zz//z) +sin(2y,))
T

s,

2 .
&g, = —sin(2y,)
T

27+y
bys,, =— [Lsin(0+y,)do

Ty
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(C.19)
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(C.21)



1

blsan = ;(_ (005(277 +yy ) —CoS(T +y, + '/’1)))
1

blsan = . (_ (C05(2W1) + COS(ZV/1)))

bys, =~ —cos(2y,)
T

San

According to Fourier series, the expression for Sy, is given as

S, = % + Esin(Zz//z) cos(@+wy,)— (Ecos(sz)jsin(é? +y,)
T T

S,y ==+ 2 (sin(y, ~6)
2

Solving for Sy:
The average component of Sy, is derived as
1 27+yq

Bosa0 =5 j—ZMzsin(ewz)da

Ty
M
8,5, = 72 [2cos(2y,)]

_ 2M, cos(2y,)

0 SSO 7z-

The fundamental component (n=1) for S, is derived as:

T, 274y,
a5, :%{ J'_2|v|2sin(¢9+://2)cos(t9+y/2)d0— jO.cos(6+w2)d0
[ e

M
a, = 2—;(cos(27z + 2y, +2p,) —CoS(2y, + 2,))
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(C.24)

(C.25)

(C.26)

(C.27)



_t
ao 7Z-

[-2M,sin®(0+y,)do— [0sin(@+y,)do

Ty, 27+, }
V2 e

M 1. .
- : (ﬁ +y -y —E(S'n(2ﬁ+ 2y, +2y,) —sin(2y, + 2%)))

According to Fourier series, the expression for Sy, IS given as

S

ao

2

M cos(2y,) + (Mz)Sin(0+V/2)
T

Solving for Sg:

The average component of Sy is derived as

Y 274y

a,s 1 j(— M, sin(6 +y,))d6 + j(l— M, sin(6 +y,))d6

T2z w2 Y2
a :i 7T+M2[COS(7T'H//2+V/2)_COS(‘//2+W2)]

P 27\ +M,[cosz+ vy, +v,)—cos(z +v, +v,)]
Ay, = %(7{ + M, [cos(z + 2w,) — cos(2p, ) |+ M, [cos(27 + 2w, ) — cos(z + 2y,)])
1

Qs = _(ﬂ' +M, [_ cos(2y,) — COS(2W2)]+ M, [COS(ZV/z) + 005(2‘//2)])

2
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(C.31)
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1
A = - 2M o020+ 2M Jeos(2y)
1
a, =—I71
0Sar 27[ ( )
C.33
a, =— (C.33)
ar 2
The fundamental component (n=1) for S, is derived as:
T2 (C.34)
j(— M, sin(6 +y,))cos(6 + v, )d6
_ 1w
aisar - P 27+
+ j(l— M, sin(6 +y,))cos(6 + vy, )d6
Ty
Ty
[cos(0+w,) =M, sin(6 +y,) cos(6 + y,)do
_ 1w
aisar - P 274y

- IMZ Sin(6 +,) cos(6 +y,)do

7Z'+l//2

Y2
SIN(T +y, +y,) —sin(y, +v,) —72 [2sin(6+y,) cos(0 +y,)do

_ y2
alsar - P 27+

—72 jzsin(m w,)cos(6 +,)do

Y

T+YQ 21+

s, = | ~Sin(2p,) ~sin(@y,) 2z [sin(20-+2y,)d0—22 [sin(20+2y,)d0
7 2 V2 2 Tty
. M,
1|~ 2sin(2y,) —T(COS(Zﬂ' + 2y, +2p,) — CoS(2y, + 2y,))
s, =
T

- %(cos(% + 2y, + 2p,) — COS(27 + 2y, + 2y,))
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1| —2sin(2y,) - %(cos(m//z) —cos(4y,))

A Y
- TZ (COS(4W2) - C()S(A"//z))
1, ..
&, = _(_ Zsm(Zl//z))
T
-2 (C.35)
&g, = —sin(2y,)
T
1 Ty 27+yp (C36)
by, =— [ (=M sin(@+y,)sin(@ +y,))d0+ [(A-M,sin(@+y,))sin(0+y,)do
V2 Ty

T4y

—(cos(27 +y, +y,) —cos(z +v, +w2))—% J(Zsin(0+y/2))sin(0+y/2)d¢9

b _ 1 w2
1Sar _; M 27ty
—72 j (2sin(0 +v,))sin(@+y,)d6
Y2
M.~
. —(cos(21//2)+(:os(21//2))—72 I (1—cos(20 + 2y,))d@
b v

1Sar - ; M 27ty
- [(L—cos(26+2y,))d6

Ty

- %(sin(Z;z +4y,) —sin(4y,)) - 2cos(2y,) — % ()

_1
Sar M, M, . :
—7(272' +Y,—T—Y,) +7(S|n(47z +4y,)—sin(2z + 41//2))
, [ -2c0s(2p) -2 () + B2 sinaw) -sin(ay,))
blsar =
| M

-k +%(sin(4t//2) —sin(4y,))-M, ()
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2 (C.37)
blsar =-—C0s(2y,) - M,
T
According to Fourier series, the expression for S is given as
1 2. 2 : (C.38)
S, = §+_Sm(2%) cos(f+w,)+| ——cos(2y,) — M, |sin(@ +v,)
T T

(C.39)

ar

s :%—Mzsin(0+1//2)+£(sin(gy2—0))
A
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APPENDIX D

GENERATION OF SWITCHING PULSES USING DSP F28335 FOR FOUR

CELL CASCADED H-BRIDGE INVERTER

The code that was written to generate the switching pulses of switches in four cell

cascaded H-bridge multi-level converter is given below.

#include "DSP2833x_Device.h"

#include "IQmathLib.h"

#pragma DATA_SECTION(sine_table,"IQmathTables™);
_1930 sine_table[512];

/I external function prototypes

extern void InitSysCtrl(void);

extern void InitPieCtrl(void);

extern void InitPieVectTable(void);

extern void InitCpuTimers(void);

extern void ConfigCpuTimer(struct CPUTIMER_VARS *, float, float);
I/ Prototype statements for functions found within this file.
void Gpio_select(void);

void Setup_ePWM(void);

[linterrupt void ePWM1A_compare_isr(void);

interrupt void cpu_timer0_isr(void);

299



|
HHHHHH

/l main code

[ T
RHHHH

void main(void)

{

InitSysCtrl(); // Basic Core Init from DSP2833x_SysCtrl.c

EALLOW,

SysCtrIRegs.WDCR= 0x00AF; /I Re-enable the watchdog

EDIS; /I 0XO0AF to NOT disable the Watchdog, Prescaler = 64
DINT; /I Disable all interrupts
Gpio_select(); /I GP109, GP1011, GP1034 and GP1049 as output

I/ to 4 LEDs at Peripheral Explorer Board
Setup_ePWM(); [l init of ePWM
InitPieCtrl(); /I basic setup of PIE table; from DSP2833x_PieCtrl.c
InitPieVectTable(); // default ISR's in PIE
EALLOW,;
PieVectTable. TINTO = &cpu_timer0_isr;
/[PieVectTable. TINTO = &cpu_timerQ_isr;
EDIS;

InitCpuTimers(); I/ basic setup CPU Timer0, 1 and 2
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ConfigCpuTimer(&CpuTimer0,150,33);

/l Enable EPWM INT in the PIE: Group 3 interrupt 1
PieCtrIRegs.PIEIERL.bit.INTX7 = 1;

IER |=1; // enable INT3 for ePWM1

EINT,;

ERTM,

CpuTimerORegs. TCR.bit. TSS =0; // start timerQ
while(1)

{

while(CpuTimer0.InterruptCount == 0);
CpuTimerO.InterruptCount = 0;

EALLOW,;

SysCtrIRegs.WDKEY = 0x55; I service WD #1

EDIS;

}

}

void Gpio_select(void)

{

EALLOW,;

GpioCtrlRegs.GPAMUX1.all = 0; /I GPIO15 ... GPIOO0 = General Puropse 1/0
GpioCtrIRegs.GPAMUX1.bit. GPIO0 =1; // ePWM1A active
GpioCtrIRegs.GPAMUX1.bit.GPIO1 =1; // ePWMI1B active

GpioCtrIRegs.GPAMUXL1.bit.GPIO2 = 1; // ePWM2A active
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GpioCtrIRegs.GPAMUX1.bit. GPIO3 =1; // ePWM2B active

GpioCtrIRegs.GPAMUX1.bit.GPIO4 = 1; // ePWM3A active

GpioCtrIRegs.GPAMUX1.bit. GPIO5 =1; // ePWM3B active

GpioCtrIRegs.GPAMUX1.bit. GPIO6 = 1; // ePWMA4A active

GpioCtrIRegs.GPAMUXL1.bit. GPIO7 = 1; // ePWM4B active

GpioCtrIRegs.GPAMUX1.bit.GP108 = 1; // ePWMb5A active

GpioCtrIRegs.GPAMUX1.bit.GP109 = 1; // ePWM5B active

GpioCtrIRegs.GPAMUX1.bit.GP1010 = 1;// ePWMG6A active

GpioCtrIRegs.GPAMUX1.bit.GP1011 = 1;// ePWM6B activ

GpioCtrlRegs.GPAMUX2.all =0; // GPI1031 ...
GpioCtrlIRegs.GPBMUX1.all =0; // GPIOA47 ...
GpioCtrlRegs.GPBMUX2.all =0;  // GPI1063 ...
GpioCtrIRegs.GPCMUX1.all =0; // GPIO79 ...

GpioCtrlRegs.GPCMUX2.all =0;  // GP1087 ...

GpioCtrlRegs.GPADIR.all = 0;

GPI1016 = General Purpose 1/0
GPI1032 = General Purpose 1/0
GP1048 = General Purpose 1/0
GPI1064 = General Purpose 1/0

GPI080 = General Purpose 1/0

GpioCtrlIRegs.GPBDIR.all = 0; /I GP1063-32 as inputs

GpioCtrlIRegs.GPCDIR.all = 0; /I GP1087-64 as inputs

EDIS;

¥

void Setup_ePWM(void)

{

EPwm1Regs. TBCTL.bit. CLKDIV = 0; /[ CLKDIV =1

EPwm1Regs. TBCTL.bit. HSPCLKDIV =1; // HSPCLKDIV =1
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EPwm1Regs. TBCTL.bit. CTRMODE =2; // up - down mode
EPwm1Regs.AQCTLA.all = 0x0060; Il set ePWM1A on CMPA up
EPwm1Regs.AQCTLB.all = 0x0090;

EPwm1Regs. TBPRD = 37500; /[ timer period for 500 KHz

// TBPRD = 1/2 ( 150 MHz / 500 kHz)

EPwm1Regs.CMPA . .half. CMPA = EPwm1Regs. TBPRD / 2; /1 '50% duty cycle first
EPwm1Regs.DBRED = 750; /[ 10 microseconds delay
EPwm1Regs.DBFED = 750; /[ for rising and falling edge

EPwm1Regs.DBCTL.bit.OUT_MODE = 3;// ePWM1A = RED
EPwm1Regs.DBCTL.bit.POLSEL = 1; // S3=1 inverted signal at ePWM1B

EPwm1Regs.DBCTL.bit.IN_MODE =0; //ePWM1A = source for RED & FED

EPwm2Regs. TBCTL.bit. CLKDIV = 0; /[ CLKDIV =1
EPwm2Regs. TBCTL.bit. HSPCLKDIV = 1;// HSPCLKDIV =1
EPwm2Regs. TBCTL.bit. CTRMODE = 2; // up - down mode
EPwm2Regs.AQCTLA.all = 0x0060; Il set ePWM2A on CMPA up
EPwm2Regs.AQCTLB.all = 0x0090;
EPwm2Regs. TBPRD = 37500; /[ timer period for 500 KHz

/[ TBPRD = 1/2 ( 150 MHz / 500 kHz)

EPwm2Regs.CMPA.half. CMPA = EPwm2Regs. TBPRD / 2; /1 '50% duty cycle first

EPwm2Regs.DBRED = 750; /[ 10 microseconds delay */
EPwm2Regs.DBFED = 750; /[ for rising and falling edge  */
EPwm2Regs.DBCTL.bit.OUT_MODE = 3; // ePWM2A = RED */
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EPwm2Regs.DBCTL.bit.POLSEL = 1; // S3=1 inverted signal at ePWM1B */

EPwm2Regs.DBCTL.bit.IN_MODE =0; //ePWM1A = source for RED & FED */

EPwm3Regs. TBCTL.bit. CLKDIV = 0; /[ CLKDIV =1

EPwm3Regs. TBCTL.bit. HSPCLKDIV = 1; // HSPCLKDIV =1

EPwm3Regs. TBCTL.bit. CTRMODE =2; // up - down mode

EPwm3Regs.AQCTLA.all = 0x0060; I/ set ePWM3A on CMPA up

EPwm3Regs.AQCTLB.all = 0x0600;

EPwm3Regs. TBPRD = 37500; /[ timer period for 500 KHz
/[ TBPRD = 1/2 ( 150 MHz / 500 kHz)

EPwm3Regs.CMPA .half. CMPA = EPwm3Regs. TBPRD / 2; /1 50% duty cycle first

EPwm3Regs.CMPB = EPwm3Regs. TBPRD ; /1 '50% duty cycle first

EPwm4Regs. TBCTL.bit. CLKDIV = 0; /[ CLKDIV =1

EPwm4Regs. TBCTL.bit. HSPCLKDIV = 1; // HSPCLKDIV =1

EPwm4Regs. TBCTL.bit. CTRMODE =2; // up - down mode

EPwm4Regs. AQCTLA.all = 0x0060; Il set ePWM4A on CMPA up

EPwm4Regs.AQCTLB.all = 0x0600;

EPwm4Regs. TBPRD = 37500; /[ timer period for 500 KHz

// TBPRD = 1/2 ( 150 MHz / 500 kHz)

EPwm4Regs.CMPA .half. CMPA = EPwm4Regs. TBPRD / 2; /1 '50% duty cycle first
EPwm4Regs.CMPB = EPwm4Regs. TBPRD ; /1 50% duty cycle first

EPwm5Regs. TBCTL.bit. CLKDIV = 0; /[ CLKDIV =1 */
EPwm5Regs. TBCTL.bit. HSPCLKDIV = 1;// HSPCLKDIV =1 */
EPwm5Regs. TBCTL.bit. CTRMODE = 2; // up - down mode */
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EPwm5Regs. AQCTLA.all = 0x0060; Il set ePWM5A on CMPA up
EPwm5Regs. AQCTLB.all = 0x0090;
EPwm5Regs. TBPRD = 37500; /[ timer period for 500 KHz */

// TBPRD = 1/2 (150 MHz / 500 kHz) */
EPwm5Regs.CMPA . .half. CMPA = EPwm5Regs. TBPRD / 2;// 50% duty cycle first */
EPwm5Regs.DBRED = 750; /[ 10 microseconds delay
EPwm5Regs.DBFED = 750; /[ for rising and falling edge
EPwm5Regs.DBCTL.bit. OUT_MODE = 3;// ePWM5A = RED
EPwm5Regs.DBCTL.bit.POLSEL = 1; // S3=1 inverted signal at ePWM1B

EPwm5Regs.DBCTL.bit.IN_MODE =0; //ePWM1A = source for RED & FED

EPwm6Regs. TBCTL.bit. CLKDIV = 0; /[ CLKDIV =1 */
EPwm6Regs. TBCTL.bit. HSPCLKDIV = 1;// HSPCLKDIV =1 */
EPwm6Regs. TBCTL.bit. CTRMODE = 2; // up - down mode */
EPwm6Regs. AQCTLA.all = 0x0060; Il set ePWMB6GA on CMPA up */

EPwm6Regs.AQCTLB.all = 0x0090;
EPwm6Regs. TBPRD = 37500; /[ timer period for 500 KHz */

// TBPRD = 1/2 ( 150 MHz / 500 kHz) */
EPwm6Regs.CMPA .half. CMPA = EPwm6Regs. TBPRD / 2; // 50% duty cycle first*/
EPwm6Regs.DBRED = 750; /[ 10 microseconds delay
EPwm6Regs.DBFED = 750; /[ for rising and falling edge
EPwm6Regs.DBCTL.bit. OUT_MODE = 3;// ePWM6A = RED
EPwm6Regs.DBCTL.bit.POLSEL = 1; // S3=1 inverted signal at ePWM1B

EPwm6Regs.DBCTL.bit.IN_MODE =0; //ePWM1A = source for RED & FED
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EPwm1Regs.ETSEL.all = 0;
EPwm1Regs.ETSEL.bit.INTEN =1,
EPwm1Regs.ETSEL.bit.INTSEL =5;
EPwm1Regs.ETPS.bit.INTPRD = 1;
EPwm2Regs.ETSEL.all = 0;
EPwm2Regs.ETSEL.bit.INTEN =1,
EPwm2Regs.ETSEL.bit.INTSEL =5;
EPwm2Regs.ETPS.bit.INTPRD = 1;
EPwm3Regs.ETSEL.all = 0;
EPwm3Regs.ETSEL.bit.INTEN =1,
EPwm3Regs.ETSEL.bit.INTSEL =5;
EPwm3Regs.ETPS.bit.INTPRD = 1;
EPwm4Regs.ETSEL.all = 0;
EPwm4Regs.ETSEL.bit.INTEN =1,
EPwm4Regs.ETSEL.bit.INTSEL =5;
EPwm4Regs.ETPS.bit.INTPRD = 1;
EPwm5Regs.ETSEL.all = 0;
EPwm5Regs.ETSEL.bit.INTEN =1,
EPwm5Regs.ETSEL.bit.INTSEL = 5;

EPwm5Regs.ETPS.bit.INTPRD = 1;

EPwm6Regs.ETSEL.all = 0;

EPwm6Regs.ETSEL.bit.INTEN = 1;

/I interrupt enable for ePWM1
[ interrupt on CMPA down match

[ interrupt on first event

/Il interrupt enable for ePWM2
[l interrupt on CMPA down match

I interrupt on first event

/Il interrupt enable for ePWM3
[ interrupt on CMPA down match

I interrupt on first event

/Il interrupt enable for ePWM4
/I interrupt on CMPA down match

I interrupt on first even

Il interrupt enable for ePWM5 */

[l interrupt on CMPA down match */

/[ interrupt on first event  */

[l interrupt enable for ePWM6 */

306



EPwm6Regs.ETSEL.bit.INTSEL = 5; I interrupt on CMPA down match */
EPwm6Regs.ETPS.bit.INTPRD = 1; [ interrupt on first event */

}

interrupt void cpu_timer0_isr(void)

/l'ISR runs every 2000 ns (PWM-frequency = 500 KHz)

/[ and is triggered by ePWM1 compare event

I/ 'run - time of ISR is 630 ns

{

static unsigned int index=0;

static int up_down =1,

CpuTimer0.InterruptCount++;

/I Service watchdog every interrupt

EALLOW;

SysCtrIRegs.WDKEY = OxAA, Il Service watchdog #2

EDIS;

EPwm1Regs.CMPA .half. CMPA=EPwm1Regs.TBPRD-
_1Qsat(_1Q30mpy(((0.8*sine_table[index+128])+ 1Q30(0.9999))/2,EPwm1Regs. TBPRD
),EPwm1Regs. TBPRD,0);

EPwm2Regs.CMPA.half. CMPA=EPwm2Regs. TBPRD-
_1Qsat(_1Q30mpy(((0.8*sine_table[index+384])+ 1Q30(0.9999))/2,EPwm2Regs. TBPRD

),EPwm2Regs. TBPRD,0);
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EPwm3Regs.CMPA .half. CMPA=EPwm3Regs.TBPRD-
_1Qsat(_1Q30mpy(((0.8*sine_table[index])+ 1Q30(0.9999))/2,EPwm3Regs. TBPRD),EP
wm3Regs. TBPRD,0);

EPwm3Regs.CMPB=EPwm3Regs.TBPRD-
_1Qsat(_1Q30mpy(((0.8*sine_table[index+256])+ 1Q30(0.9999))/2,EPwm3Regs. TBPRD
),EPwm3Regs. TBPRD,0);

EPwm4Regs.CMPA .half. CMPA=EPwm4Regs. TBPRD-
_1Qsat(_1Q30mpy(((0.8*sine_table[index+64])+ 1Q30(0.9999))/2,EPwm4Regs. TBPRD)
,EPwm4Regs. TBPRD,0);

EPwm4Regs.CMPB=EPwm4Regs. TBPRD-
_1Qsat(_1Q30mpy(((0.8*sine_table[index+320])+_1Q30(0.9999))/2,EPwm4Regs. TBPRD
),EPwm4Regs. TBPRD,0);

EPwm5Regs.CMPA .half. CMPA=EPwm5Regs. TBPRD-
_1Qsat(_1Q30mpy(((0.8*sine_table[index+192])+ 1Q30(0.9999))/2,EPwm5Regs. TBPRD
),EPwm5Regs. TBPRD,0);

EPwm6Regs.CMPA .half. CMPA=EPwm6Regs.TBPRD-
_1Qsat(_1Q30mpy(((0.8*sine_table[index])+ 1Q30(0.9999))/2, EPwm6Regs. TBPRD),EP
wmb6Regs. TBPRD,0);

index +=1,; /I use next element out of lookup table

if (index >511) index = 0;

EPwm1Regs.ETCLR.bit.INT =1, /I Clear ePWML Interrupt flag
EPwm2Regs.ETCLR.bit.INT =1, /I Clear ePWM2 Interrupt flag
EPwm3Regs.ETCLR.bit.INT =1, /I Clear ePWM3 Interrupt flag
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EPwm4Regs.ETCLR.bit.INT = 1;
EPwm5Regs.ETCLR.bit.INT = 1;

EPwm6Regs.ETCLR.bit.INT = 1;

/I Clear ePWM4 Interrupt flag

/I Clear ePWMS5 Interrupt flag

/I Clear ePWM6 Interrupt flag

/I Acknowledge this interrupt to receive more interrupts from group 3

if(up_down)
{
if(EPwm1Regs.CMPA. .half. CMPA
EPwm1Regs.CMPA .half. CMPA++;
else up_down = 0;

¥

else

{

EPwm1Regs. TBPRD)

if(EPwm1Regs.CMPA .half. CMPA > 0) EPwm1Regs.CMPA .half.CMPA--;

else up_down = 1;

}

if(up_down)

{
iIf(EPwm2Regs.CMPA.half. CMPA
EPwm2Regs.CMPA .half. CMPA++;
else up_down =0;

¥

else
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if(EPwm2Regs.CMPA .half. CMPA > 0) EPwm2Regs.CMPA .half. CMPA--;

else up_down =1;

}

if(up_down)

{

if(EPwm5Regs.CMPA.half. CMPA < EPwm5Regs. TBPRD)
EPwm5Regs.CMPA .half. CMPA++;

else up_down = 0;

¥

else

{

if(EPwm5Regs.CMPA .half. CMPA > 0) EPwm5Regs.CMPA .half. CMPA--;

else up_down =1;

}

if(up_down)

{

iIf(EPwm6Regs.CMPA.half. CMPA < EPwm6Regs. TBPRD)
EPwm6Regs.CMPA .half. CMPA++;

else up_down = 0;

¥

else

{

if(EPwm6Regs.CMPA .half. CMPA > 0) EPwm6Regs.CMPA .half. CMPA--;
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else up_down =1;

¥

PieCtrIRegs.PIEACK.all = PIEACK_GROUP1;
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APPENDIX E

HARMONIC BALANCE TECHNIQUE AVERAGE AND RIPPLE

COMPONENTS DERIVATION

In general, a repetitive non sinusoidal waveform f(t) repeating with an constant

frequency o can be expressed as

f(t)=F, +g () = %ao . hz::{ah cos(hat) +b, sin(hat)} (ED)
where F, = %ao is the average value,

-2 j (t)cos(hat)d (wt) h=0,..o (E2)

- = j (t)sin(hat)d (et) h=0,.,00 (E3)

where the RMS magnitude

Ja, +b,’ (E.4)
F, e

and phase ¢, is given by

tan(g,) = 2 (&9

h
The Fourier analysis for switching function is shown as below:

for a,

ahzﬂlh{sin(; (-2¢- 77+D77)j+8ln( (2¢+;r+D;r)j sm(2 (-24- 37[+D7r)] sm( (2¢+3ﬂ+D”)ﬂ (E.6)

when h is odd:
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ah-;{sin(-zﬁjcos[; h(Dz - 2¢)j+sm(h2 jcos( (2¢+D7r)] sin(—%%jcos(%h(m-w)] sm(gg Jcos[ (2¢+D;z)ﬂ (E.7)

when h is even:

ah:ﬂlh{cos[ hzﬁjsm[z (Dz- 2¢)]+cos(h2 jsm( (2¢+D7r)j cos(—shTﬂ}sm(Z h(Dz - 2¢)j 005[32 jsm( h(2¢ + Dz )ﬂ (E8)

Further we can get

When h is odd:
E.9
a, = 2 ( smh—”-smh—”jsmm—”sm h¢ (E9)
7 2 2 2

When h is even:

2 hx hz) . hDrx (E.10)
a, =—| coS— - cos— |sin——cosh¢

zh 2 2 2
Therefore,

E.11

—ismh—”sth—ﬂsmhgzﬁ for h=1,3,5,7,- ( )
ah = 7Zh 2 2

0, for h=2,4,6,8,---
Similarly, we can get the expression ofb,
bh:;{cos[;h(-Zgé-mDn)] cos[ (2¢+;z+Dz)j cos(; (-24- 37r+D7z)]+cos( (2¢+3;z+Dzr)H (E12)
when h is even:
b, = ;[(cos( hzﬂj co s(sgﬂn(cos[%h(Dﬂ—2¢)j—cos(%h(2¢+ D;z)jﬂ (E.13)

when h is odd:
E.14
b, = ﬂlhKs|nh7”_3|n%7”j[sin(%h(D;z-2¢)]+sin(%h(2¢+D;z))ﬂ (E.14)

when h is odd:
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. . E.15
b, :ismh—”smlthcoshgb (E19)
Mmoo 2 2

when h is even:
b, =0 (E.16)
Therefore,

4 . h (E.17)

—sm—”sinlthcoshgzﬁ, h=135,7,-
b, =< zh 2 2

0, h=2,4,6,8,---

Thus the components of the Fourier analysis are expressed as below:

. . E.18
b, =ismh—7[sm£hDﬂcosh¢ ( )
zh 2 2
a, =0 (E.19)
E.20
—isinh—”sinhD—ﬂsin hg, for h=135,7,--- ( )
a, =4 7zh 2 2
0, for h=2,4,6,8,--
E.21
isinh—ﬂsinlhDﬂcosh;zﬁ, h=135,7,--- ( )
b, =4 7h 2 2
0, h=2,4,6,8,--

Therefore the general expression can be written by

c, = 4%{1sin(hzﬂ)sin@ hD;rj cos(hg)sin(h8) - sin[hzﬁ)sin(thﬁj sin(hg)cos(h 9)} (E.22)

T3 h
h=135,7,--

Where the RMS magnitude is
o /alz +b12 1 4  hDx (E.23)
F,="———=—"—+—sin——
N2 a2
and phase ¢, is given by
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tan(g,) = ¢ tan(% —hg) (E.24)

T
#="7-hg

For the first fundamental component, it can be represented as,

F =acoshé+Db sinhd (E.25)
a, = %sin(%}sin(%DﬂJ cos(@)

4 . (7). (Dx).
b, = —sm(zjsm(Tjsm(qﬁ)

T
Hence the complex form is shown as below:

F = |:fe1¢f (E.26)
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APPENDIX F

PCB SCHEMATICS AND DESIGNS

DRIVER CIRCUIT:

Every bidirectional switch needs a gate driver to turn on and off the switch. The
gate driver component that is used to drive the bidirectional switches is MC33153P. The
gate driver circuit also consists of optocoupler TLP 350 which isolates the voltages and
currents on the bidirectional switch and DSP. Some other zener diodes, resistors,
capacitors and LEDs are used in this driver circuit. The schematic of the driver circuit is
shown in Figure F.1 and also the top and bottom layers of diptrace design are shown in
Figure F.2 and Figure F.3 respectively. The circuit board is printed and the components
are soldered on the printed circuit board (PCB) and the picture of the driver circuit while

it’s turned on is shown in Figure F.4.

MC33153P

1 Currerd Senge Inpui
2 Kelyin Gnd

3 VEE

4 Input

5 Orive Output

€ VCC

7 Faul OQutpot

& Desoturation Input

Figure F.1 Schematic of driver circuit
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Figure F.2 Top layer of Diptrace design of driver circuit.

Figure F.3 Bottom layer of Diptrace design of driver circuit
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Figure F.4 Laboratory setup of driver circuit.

ISOLATED DC POWER SUPPLY

Each driver circuit requires a minimum of 15V and it can work up to the
maximum voltage of 24V. In order to make these switches work independently, for each
switch an isolated power supply is needed. Since it would be difficult to get many
individual DC power supplies, an isolated power supply circuit is built to supply DC
voltage to the driver circuit. The schematic of isolated power circuit is shown in Figure
F.5. The diptrace design of isolated power circuit is shown in Figure F.6 and the

laboratory prototype is shown in Figure F.7.
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Figure F.5 Schematic of isolated power circuit.

Figure F.6 PCB design of top layer of isolated power circuit
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Figure F.7 Laboratory prototype of isolated power circuit.

POWER CIRCUIT FOR MULTILEVEL INVERTER

The main circuit of switches is shown in the diptrace design in Figure F.8. Each switch is
built individually so that they can be used to any circuit later. All these circuits driver
circuit, power circuit and isolated power circuit are connected together and are shown in

laboratory prototype in Figure F.9.

-3 NN o5l Gl R3] [N
oon (N1 -1 [N [N [N+

o °°°OO°°°OO°°°OO°°°OO°°°OO°°°O
O 00 00 00 00 00 O

Figure F.8 Diptrace PCB design of power circuit.
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Figure F.9 Overall circuit of multistring multi-level inverter

SENSOR DESIGNS:

The AC current and voltage sensors are designed for the getting closed loop feedback
signals. These signals will be sent in the Analog to Digital Converter (ADC) of the DSP.
The printed circuit board design is done using Novarm Diptrace software and the designs
of both the current and voltage sensors are shown in Figure F.10 and Figure F.11

respectively.
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Figure F.11 Diptrace design of Voltage sensor.
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DEAD TIME CIRCUIT

The importance of the dead time circuit is that it generates a short delay between the two
complementary switches. This is to make sure that the complementary switches are not
turning on together at any point of time. The schematic of dead time circuit is shown in
Figure F.12 and the printed circuit board design using Novarm’s diptrace software is

shown in Figure F.13.
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Figure F.12 Dead time circuit schematic

323



Figure F.13 Dead time circuit diptrace PCB design.

COMPLEMENTARY CIRCUIT:

The DSP has few general purpose input ouput (GPIO) pins to generate PWM signals. The
four cell cascaded converter requires 16 PWM signals and DSP F28335 can generate
maximum of 12 PWM signals. Hence complementary circuit is designed so the signals
that needs to be complemented can be sent through this circuit. The schematic of the
complementary circuit is shown in Figure F.14 and the printed circuit board design using

Novarm’s diptrace software is shown in Figure F.15.
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APPENDIX G

CANCELLATION OF ODD CARRIER AND ASSOCIATED HARMONICS AS

WELL AS EVEN BASE BAND AND SIDE BAND HARMONICS

The harmonic spectrum of a general carrier-based PWM wave can be expressed in its

most general form as:

B3 (A cos(m) + B, sin(my) )+ (A, costmy) + B,, sin(my)}

n=1 -1

f(x.y)=

3

00 0

+>° > {A,, cos(mx +ny) + B, sin(mx + ny)}

m=1 n=—w
(n=0)

Where m and n represent multiples of the carrier frequency and multiples of the

fundamental frequency. The coefficients can be expressed as:

X=awlt+0,
y=o,t+0,

And the complex coefficients are given as:
A + 1B =2i2 f Ijr{f (x, y)e (mx=m) }dxdy
T —-rn—7

The Fourier series representation of the voltage between point a and o can be expressed
as:

Vy

C

* 2 2 m=1 n=

Similarly, between b and o is,

—J (—M)sm( (m+n)}cos(mx+ny)

V,, :V—5°+ ) - Ve ZZ—J (—M)sm( (m+n)jcos(mx+n(y—7z))

The line to line voltage between a and b IS calculated to be
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V. x = cos(mx +ny )
V=V, =V, =V, Mcosy + —=> Zl ( jsin(z(m + n)j
T in—eM 2 —cos(mx +n(y — )

*
*k

From the above expression lets notice on the following two terms,

cos(mx+ny )—cos(mx+n(y—)) =cos(mx+ny )— {cos(mx +ny)cos(nz)+sin(mx + ny)sin(n;r)))}
= cos(mx + ny ) —cos(mx + ny)cos(nx)
2cos(mx+ny ), n-—odd
={0 n—even
This implies there are no even base band and side band harmonics in the line to line

voltage

Since the n must be odd to have a non-zero value and considering the terms

e 1/-1, m-even
sinf —=(m+n) =
2 0, m —odd

This implies there are no odd carrier harmonics in the line to line voltage
Note:

e Odd carrier and associated side harmonics are completely cancelled in the
output line-to-line voltage.

e Only odd sideband harmonics around the even carrier groups presents in
the line-to-line voltage

The expression can be simplified as:

V, =V, M cosy+ Ve Z Z —J ( TM)s m( (m+n)jcos(mx+ny)

m=2n=—

Cascaded-single phase converters Fourier series
Converter 1

X=wt=0_+y, M =M,
y :0e + 81 Vdc :Vdcl
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V, =V, M, cos(6, +6,) + Vie > Z o g 0 ( 1)sin[%(m + n))cos(m(@C +7,)+n(6, +6,))
P “ m

m=2n=

Converter 2

X=ot=0_+y, M=M,
y :‘99 + 82 Vdc :Vdcz

V, =V, M, cos(d, +6,) + Vaer > Z &g fm ( M )sm( (m+ n)jcos(m(@c +7,)+n(0, +6,))
r “ m

m=2n=

Converter 3

X=wt=0,+7y, M =M,
y =9e + 93 Vdc :Vdcs
V, =V, M, cos(d, +6,) + Vs i i ; 3)sin(%(m + n)jcos(m(@C +7,)+n(0, +6,))
T m=2n=

Converter 4

X=wot=0,+y, M=M,
y :99 + 64 Vdc :Vdc4
V, =V,., M, cos(é, +6?4)+ Ve § i ~3,( 4)sin(%(ern)jcos(m(HC +7,)+n(0, +6,))
T m=2 n=—o0

Generally for the k™ cell,

X=wt=0_+y, M=M,
y :ge + ek Vdc :Vdc4

V, =V, M, cos(b, +6,) + Ve > Z g ( M )sm( (m+ n))cos(m(é’C +7,)+n(0, +6,))
P “m

m=2n=

The total voltage can be expressed as:

V,=V,+V, +V,.+V,
The fundamental component of the output voltage is given as:

V =V, M, cos(6, +6,)+V,, M, cos@, +6,)+V,, M, cosd, +6,)+V,,M, cos(d, +6,)
The harmonic component of the output voltage is given as:
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\Y

I Ml)sin[%(m + n)jcos(m(@c +7,)+n(0, +6,))+

o0 o0
o,harmonic — z / z /

iz Jn(%Mz)sin(%(ern) cos(m(@, +y,) +n(6, +6,))+

%Ma)sin(%(m +n) [cos(m(8, + y,) +n(6, +6,))+

T

Y, o

= i\],](%le)sin(%(m +n) [cos(m(6, +7,) +n(6, +6,))
m=2 n=—wo

The first and third harmonics around the second carrier can be considered as the

dominant frequencies and determined as follows.

The first harmonics in both sides of the second carrier is given as

+ 2Vdcl 2Vd02
Vo =— . ‘]1(7ZM1)COS(2(90 +7,) + (6, +01))_ pn J1(7ZM2)COS(2(0C +7,) + (6, +02))_

2Vdc3 2Vdc4
. Jl(ﬂl\/ls)COS(Z(@C +73)+ (6, +93))_ n J1(7ZM4)COS(2(90 +74)+ (6, +94))

From the following identity property

I, =(-D"J,(x)

_ 2Vdcl 2Vdcz
Vol :T‘]1(7ZM1)COS(2(9c +7/1)_(0e +01))+ . J1(7Z‘|\/|2)COS(2(9C +72)_(9e +02))+

2Vdc3 2Vdc4
. J1(7ZM3)COS(2(‘9C +75)— (0, + 93))+ Jl(7ZM4)COS(2(00 +7,)— (6, +94))

T
Similarly two third harmonics around both sides of the second carrier is given as

+ 2Vdcl 2Vdc2
Vi =— - J5(2M,) cos(2(6, +y,) +3(6, +6,))— ~ J5(2M ) cos(2(6, +y,) +3(6, + 6,)) -

2Vd03 2Vdc4
J5 (M) cos(2(, +75) +3(6, +65))- J5(7M ;) cos(2(6, +7,) +3(6. +6,))
T T

_ 2Vdcl 2Vdc2
Vg = TJS(ﬂMl)cos(Z(ec +7,)-3(6, +6,))+ ~ J,(7M ) cos(2(6, +y,) —3(6, +6,))+

2Vd03 2Vdc4
- J5 (M) cos(2(6, +75) —3(6, + ) + - J5(2M ) c0s(2(6, +7,) —3(6. +6,))
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