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ABSTRACT  

Switching-mode single-phase DC-AC inverters have been widely used in many 

applications such as AC motor drivers and uninterrupted power supply systems. Among 

various control techniques, pulse-width-modulation (PWM) is the most effective one 

generally used to regulate the magnitude as well as frequency of the converter’s output 

voltage.  In this thesis, an open-loop asymmetric three-level inverter with a modified 

PWM approach is proposed.   This novel topology with the modified PWM approach has 

advantages of smaller device voltage, less harmonics and power loss, and more flexible 

device selection, compared with conventional H-bridge inverter and NPC inverter.  

Theoretical analysis is completed; digital simulation is conducted to verify the theoretical 

analysis. Experimental implementation base on DSP is also performed and the results are 

demonstrated.  Moreover, this inverter is applied in a three-arm solar power system. The 

theoretical analysis and digital simulation for the whole system are also presented.  
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CHAPTER 1  

INTRODUCTION  

1.1 Objective and Motivation 
 

In recent years, many places in the world have been experiencing continued shortage of 

electric power or energy crisis due to their fast increasing demand [1]-[2].  To solve this 

problem, significant efforts of research and development have been given in two areas: 

Firstly, improve the efficiency of present power conversion and utilization system.  This 

is possible due to the confluence of several factors: (1) The fast development of the 

power semiconductor devices and converters. Various high power semiconductor devices, 

such as Isolated Gate Bipolar Transistors (IGBT) and power MOSFET were developed 

and become commercially available.  Nowadays, the increased power ratings as well as 

switching speed, ease of control, and reduced costs of power semiconductor devices 

make the new converter topologies possible [1]. (2) The rapid advancement of 

microprocessors or Digital Signal Processors (DSP).  The controller for a power 

converter requires a high controlling and data-processing speed to achieve high 

performance.  The speed of DSP has been raised dramatically in last 15 years.  Today’s 

DSPs are operating at a data-processing rate of up to several hundred megahertz, which 

can meet the requirements of high-performance control, thus making the real-time digital 

control of power converter realizable.  Secondly, develop efficient renewable energy 

generation and conversion systems to supplement conventional fossil-fuel based energy 

supply and eventually replace it.  

 The renewable energy generation and conversion (REGC) system has many advantages 

over conventional energy supply, e.g. the ability of regeneration, reusability and less 

pollution.  However, the renewable energy generation and conversion technologies are 

not completely mature yet.  There still exist problems such as low efficiency and high 

cost.   The main sources of renewable energy currently under development include solar, 

wind, hydro-power and biomass, etc [2]. The solar power system has the potential to 

become one of the main renewable energy sources due to the commercial availability of 
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semiconductor-based photovoltaic devices, reduction in the system cost and development 

of power electronic technologies.   

In recently years, the solar power generation and conversion technology is developing 

rapidly.  One of the important tasks is to make solar power generation and conversion 

system more efficient and more reliable.   One of the main objectives of this thesis is to 

evaluate and improve the system configuration and circuit topologies of distributed 

renewable energy conversion system which can take multiple inputs from solar power 

and other renewable energy sources.  It is also an interesting task to develop integrated 

control functions based on an advanced DSP for the new power converter that can 

process multiple renewable energy sources in real time. 

1.2 Power Converter Technology Overview 

Today’s power conversion topologies can be divided into four categories according to the 

input and output power forms: AC-DC converter (rectifier), DC-AC converter (inverter), 

DC-DC converter and AC-AC converter [3].  Each type of converters has their specific 

application fields. In ac motor drives and uninterruptible ac power supplies where the 

objective is to produce a sinusoidal ac output with controllable magnitude and frequency, 

the switch-mode DC-AC converters are used [4-6].  If the power input to converters is a 

dc voltage source, this kind of converters are referred to as voltage source inverters 

(VSIs); if the input to converters is a dc current source, this kind of  converters are 

referred to as current source inverters (CSIs) which are used only for very high power ac 

motor drives now[6].  In this thesis, only VSIs will be discussed due to their wider 

applications.  The converters can be also divided into single-phase converters and three-

phase converters. In this thesis, the focus is given to the converter system where single-

phase converter is employed.  

A single-phase H-bridge inverter is shown in Figure 1.1. 
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Figure 1.1 Single-phase H-bridge  

The H-bridge topology inverter is the most popular single-phase converter in various 

applications, especially in higher power rating applications.  It consists of two arms and 

outputs a single-phase AC output voltage,outV  to the load.   Pulse Width Modulation 

(PWM) techniques [5-7] are used to control the switching devices on and off.  During last 

few years, PWM technique has been the subject of intensive research and a large variety 

of PWM control schemes have been discussed. Among them, sinusoidal, hysterieiss, and 

space-vector implementations are most commonly used [7].  Sinusoidal PWM (SPWM) 

approach is often used in single-phase applications.  It will be discussed in next section.   

1.3 Introduction of Two-Level PWM Control 

Three different sinusoidal PWM switching schemes are used commonly for two-level 

single-phase inverter.  They are bipolar PWM scheme, unipolar PWM scheme and 

modified unipolar PWM scheme [7-8].  Figure 1.2 below shows the bipolar PWM 

modulation scheme. In order to generate a sinusoidal AC output with desired amplitude 

Vm and frequency1f , a sinusoidal control signal Vcontrol at a desired frequency 1f  is 

compared with a continuous triangular waveform Vcarrier as shown in Figure1.2 (a).   
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Figure 1.2 Description of SPWM modulation (im =0.8, fm =15) 

When Vcontrol is greater than Vcarrier, the PWM output is positive; otherwise the PWM 

output is negative.  The frequency of carrier waveform Vcarrier establishes the switching 

frequency sf of the inverter.  The modulation index 
im is defined as  

cm
i

crp

V
m

V
�       (1.1) 

where Vcm is the peak amplitude of the control signal, while Vcrp is the peak amplitude 

of the triangle signal (carrier).  And the modulation ratio is defined as: 

1

carrier
f

f
m

f
�       (1.2) 

where 
carrierf  is the carrier frequency.   

The output voltage from the bipolar PWM scheme does not have zero state, which means 

the output voltage of the inverter only changes between +Vd and - Vd.  This scheme 

requires only one control reference signal, but the performance is poor.  

A unipolar PWM modulation scheme is shown in Figure 1.3 where the two switch pairs 

in H-bridge inverter are not always switched simultaneously as in the bipolar scheme. 

Instead, the switching of the two arms in Figure 1.1 is controlled by two control signals. 
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Therefore, the output voltage changes between 0 and +Vd or between 0 and - Vd in half 

fundamental period. Two control reference signals are used in this scheme. 

A modified unipolar PWM approach is given in Figure 1.4, which is an improved 

unipolar PWM approach.  In modified unipolar PWM approach, two arms switch at 

different frequencies: one is at the fundamental frequency while the other one is at the 

carrier frequencies.   It also produces unipolar output voltage waveform changing 

between 0 and +Vd or between 0 and -Vd. However, in this PWM approach, only one 

control signal is employed.   

 

Figure 1.3 Unipolar PWM scheme and output voltage 
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Figure 1.4 Modified unipolar PWM scheme and output voltage 
 
The PWM schemes introduced above are analyzed and discussed in detail in [8].  From 

the research done in [8], it is clear that two unipolar approaches are superior to the 

bipolar approach.  

1.4 Overview of Solar Power Conversion System 

The power conversion subsystem for a solar power system has two main tasks: one is to 

control the input terminal conditions to make photovoltaic (PV) modules operate at a 

maximum power point (MPP) and to capture the maximum power for the sun [9]. The 

other is to convert the output dc voltage from solar modules to a suiTable ac voltage and 

meet the utility requirements [10].  Therefore, most of the solar power conversion 

systems apply two-stage topology.  The most common two-stage systems [5] consist of a 

dc-dc solar module-connected converter to perform maximum power point tracking 

(MPPT) and a dc-ac PWM inverters as shown in Figure 1.5.  
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Figure 1.5 Two-stage solar power system 

A drawback of this topology is relatively low efficiency due to the two-stage power 

conversion.  To improve the conversion efficiency, a one-stage solar power system [10] 

shown in Figure 1.6 can be employed to improve the conversion efficiency.  In this 

topology, dc voltage generated by solar modules is converted to ac power directly by an 

inverter thus we can get higher efficiency.  However, the control method for this topology 

is complex since it has to do maximum power point tracking, provide desired output and 

balance power flow between utility, load and Solar module simultaneously [9-11].   

 

Figure 1.6 One-stage solar power system 
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1.5 Material Organization 

This thesis consists of six chapters with chapter 1 presenting the background information. 

The motivation for conducting this research is discussed as well as main objectives.  An 

overview of power converter and solar power technologies is also given in this chapter. 

Chapter 2 will discuss an asymmetric three-level dc-ac converter, an improved converter 

topology.  The circuit topology of the power converters will be discussed and selected in 

details.   It will describe and analyze the circuit configuration and operation as well as 

PWM control method.  Digital simulation results will also be presented. 

Chapter 3 will focus on the harmonics analysis of the converter proposed.  It will give an 

overview of harmonics analysis and detailed harmonic analysis for the asymmetric three-

level inverter (ATLI).  Digital simulation and evaluation of the inverter based on special 

PWM control approach proposed in chapter 2 will also be presented in this chapter. 

In chapter 4, a solar power system employing the asymmetric three-level inverter will be 

introduced. This chapter will include theoretical analysis in detail and simulation results 

of this system.  Further, its advantages over other solar power system configuration are 

presented.  

Chapter 5 will give the hardware implementation of open-loop ATLI. An experimental 

prototype will be presented. A DSP based control configuration and program design of 

PWM control will be discussed.    Finally, the experimental results will be included and 

discussed  

Chapter 6 will give the conclusion and an outlook on the future development of this 

research.  The references and appendix will be attached at the end of this thesis. 
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CHAPTER 2  

ASYMMETRIC THREE-LEVEL DC-AC INVERTER ��

2.1 Introduction 

The basic concept of DC-AC converter and three PWM modulation schemes are 

discussed in Chapter 1.   In single-phase applications, what we are especially interested in 

is the quality of the output voltage that supplies to the load.   We expect the converter can 

supply a desired sinusoidal voltage output with lower harmonics or total harmonic 

distortion (THD).  Besides the THD, we require a proper positioning in the frequency 

domain of the output voltage harmonics.  The low frequency or low order harmonics are 

undesired since a bulky and expensive LC filter is needed to reduce or eliminate these 

harmonics.   As mentioned in Chapter 1, the most-widely used single-phase DC-AC 

converter is H-bridge inverter.  However, this H-bridge circuit produces high harmonic 

content in the output voltage since the output is in a two-level waveform.  Better 

waveform and voltage control quality can be obtained by advanced inverter topologies. 

2.2 Asymmetric Three-Level Inverter Topology 

A three-level Neutral Point Clamped (NPC) inverter [12] is shown in Figure 2.1. 
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Figure 2.1 Neutral Point Clamped (NPC) inverter  
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Different from an H-bridge inverter, each arm of NPC inverter consists of 4 power 

semiconductor switching devices T1-T4 as well as two clamping diodes D1 and D2.  

Among them, T1 and T3 are a complementary switching pair, i.e. when T1 is on, T3 is off; 

when T1 is off, T3 is on.  Similarly, T2 and T4 is another complementary switching pair.  

The inverter is capable of connecting the load to positive DC bus (when T1 and T2 are 

both switched on), the negative DC bus (when T1 and T2 are both switched on) and the 

DC bus neutral point (when T2 and T3 are both switched on).  The operating states are 

summarized and given in Table 2.1. 

Table 2.1 Arm-to-neutral point output voltage in different switch conditions 

State of  Switches Output Voltage  Van 

T1 T2 T3 T4 

Vdc/2 1 1 0 0 

0 0 1 1 0 

-Vdc/2 0 0 1 1 

Therefore, the output voltage has three levels: Vdc/2, 0 and –Vdc/2.  This type of inverter is 

commonly used for high voltage applications. The topology has two important 

advantages that make it well suited to this market: less harmonic component than 

traditional two-level input and lower voltage rating on the main switching devices [12-

13].  However, it also has disadvantages compared with the H-bridge inverter.  Because it 

uses twice as many switches, the cost for the whole inverter increases correspondingly.  

To get the highest performance-to-cost ratio, an asymmetric three-level inverter (ATLI) is 

developed.  The topology of ATLI is shown in Figure 2.2.  This ATLI consists of one H-

bridge arm and one NPC three-level arm.  The inverter circuit, control and application in 

a solar power system will be further developed and evaluated in details in this thesis work. 
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Figure 2.2 Asymmetric three-level inverter 

2.3 Modulation Approaches for Asymmetric Three-Level Inverter 

As shown in Figure 2.2, the asymmetric three-level inverter (ATLI) consists of one H-

bridge arm and one NPC three-level arm.  The operation principle of the H-bridge arm 

and the operation of an NPC three-level arm are introduced in chapter 1 and last section 

respectively.   In this section, the control method for this new hybrid inverter will be 

discussed in detail. 

As discussed in section 1.3, a control method of sinusoidal pulse-width modulation 

(SPWM) can be employed in SPWM control scheme in order to generate a sinusoidal AC 

output with the desired magnitude Vm and frequency f1.   For NPC converter arm, SPWM 

technology is still employed.  However, considering there are two pairs of 

complementary switching devices in each arm, two sets of carriers or two control signals 

with different phases should be used.  Two different SPWM schemes for three-level 

converter arm are shown in Figure 2.3 and Figure 2.4. 
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Figure 2.3 Dipolar PWM scheme and gate pulse waveforms generated when im =0.8, 

fm =15 

The PWM scheme in Figure 2.3 (a) employs two control signals, as in unipolar PWM 

scheme [14].  Each Control signal controls the switching of one pair of complementary 

switching devices.  The top sinusoidal control signal is for T1 and T3 while the bottom 

sinusoidal control signal is for T2 and T4.  Figure 2.3 (b) shows the switching signals for 

T1- T4 when im =0.8 and fm =15. 

In another PWM scheme in Figure 2.4, only one control signal is involved, but two 

carrier signals are employed [5].  The top triangular carrier signal is for T1 and T3 while 

the bottom triangular carrier signal is for T2 and T4.  Figure 2.3 (b) shows the switching 

signals for T1- T4 when im =0.8 and fm =15. 

Either of these two PWM schemes can be used for NPC converter arm, in which case the 

bipolar PWM approach introduced in chapter 1 should be employed for H-bridge arm.  

However, they would not be the optimal PWM schemes for asymmetric three-level 
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inverter, because in either case, switching devices in both arms switch at carrier’s 

frequency which is relative high, thus the switching loss will be high.   

 

Figure 2.4 Conventional two-carrier PWM scheme and gate pulse waveforms generated 
when im =0.8, fm =15 

2.4 Improved Modulation Scheme for Asymmetric Three-Level Inverter 

A more efficient SPWM approach for ATLI circuit can be developed for three-level 

inverter circuit.  The scheme is quite different from ones above and presented in the last 

section.  In this PWM scheme, the switching devices in two arms are driven at different 

frequencies.  For the H-bridge arm, the two devices switch at fundamental frequency f1 

while four devices in the NPC three-level arm switch at carrier frequency fs. Figure 2.5 is 

an illustration of this modified PWM method with parameters im =0.8, fm =15. 

In this PWM method, for NPC three-level arm, one control signal and two carrier signals 

are employed.  The top triangular carrier signal is for T1 and T3 while the bottom 

triangular carrier signal is for T2 and T4.  However, the control signal is special.  It’s not 

a regular sinusoidal signal but the sum of a sinusoidal signal and a square signal, both at 
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the fundamental frequency as shown in Figure 2.5 (a).   For H-bridge arm, the switching 

signal or the control signal is a simple square waveform as shown in Figure 2.5 (b).   The 

difference between two signals for two arms makes a sinusoidal output.     

 

(a) Gate pulse waveforms generated for NPC arm 

 

(b) Gate pulse waveforms generated for H-bridge arm 

Figure 2.5 Modified PWM scheme and gate pulse waveforms generated when im =0.8, 

fm =15 
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Compared with the PWM schemes discussed in the previous section, this modified PWM 

approach has the advantage of less switching counts, thus lower switching loss and 

reduced high frequency electrical magnetic interference (EMI) [15, 16].  Moreover, 

asymmetric three-level inverter has less switching devices than NPC three-level inverter; 

therefore its cost is lower.  A detailed harmonic analysis will be discussed in the next 

chapter.   
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CHAPTER 3  

PWM HARMONIC ANALYSIS  

The topology of asymmetric three-level inverter and modified PWM switching scheme 

are introduced in Chapter 2.  In this chapter, detailed theoretical analysis and harmonic 

analysis will be presented.  MATLAB will be used to find the theoretical harmonic 

spectrum based on mathematic analysis and PSpice will be used to analyze the waveform 

and obtain the harmonic spectrum from simulation.  

3.1 General Discussion 

3.1.1  Fourier Series Analysis  

The Fourier analysis approach is a common way to analyze the frequency harmonics in 

the frequency domain of inverter output voltage.   The motor voltage generated by the 

asymmetric three-level inverter is shown in Figure 3.1.  In steady state, this waveform 

repeats with a frequency f1 which is called the fundamental frequency and time 

period 1
1

1
T

f
� .   In addition to a dominant component at the fundamental frequency, it 

contains components at higher frequencies that are multiples of the fundamental 

frequency, which can be calculated by Fourier series method.  

 

Figure 3.1 Voltage output from ATLI in steady state 

The Fourier series for a periodical signal is represented as below: 
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Where � � � �tf �Z is a periodical signal with a period of�S2 ; na and nb  can be calculated by 
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The magnitude nC of each harmonic can be derived by  
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0
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a
C
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� 
   (3.4) 

It should be noted that the calculation of na and nb can be simplified by use of PWM 

waveform symmetry properties.  The properties of odd, even and half-wave signals are 

summarized in Table 3.1.  We can see that the certain Fourier coefficients are zeros in 

special cases.    

3.1.2 Total Harmonics Distortion 

Total Harmonic Distortion (THD) is an indicator to quantify the amount of distortion in 

the output voltage or current.  It can be calculated as equation 3.5. 
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Where nSV  is the RMS value of the nth harmonic of output voltage and 1SV is the RMS 

value of the fundamental harmonic of output voltage. SV  is the RMS value of the output 

voltage. nC  is the magnitude of each harmonic.  A low THD indicates less harmonic 

components; therefore a low THD is desirable in PWM modulation.  The distortion factor 

is given in equation below: 

n=1, 2 … 
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Table 3.1 Use of symmetry in Fourier series analysis 

Symmetry Condition Properties 

Odd � � � � � � � �tftf �Z�Z �����  
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n
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3.1.3 Discussion of dV/dt Effect 

Electromagnetic Interference (EMI) noise is electromagnetic radiation which is emitted 

by electronic equipment carrying rapid changing signals, like high dV/dt [17].   Those 

noises can possibly affect the normal operation of the electric equipment nearby.    As 

discussed previously, the PWM switching-mode inverter inherently produces rapid 

voltage changes during PWM modulation, which make PWM power inverter an 

inevitable EMI noise source.  A large amount of high-frequency noise is generated by the 

switching operation of PWM power inverter in the form of the radiated and conducted 

emission.  There have been many national or international regulations to strictly limit the 

EMI emission under an allowable level such as International Electro-technical 

Commission (IEC), Federal Communications Commission (FCC) and International 

Special Committee on Radio Interference (CISPR) [8].   Sequentially, the reduction of 
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EMI has been a major concern in PWM inverter design.  Putting the noise-source 

equipment in metal cabinets can effectively reduce the radiated EMI noise, which is 

several orders lower than conducted EMI noise. 

Special interest is focused on the common mode conducted EMI in single-phase inverter 

design [18].   Common mode noise means the voltage or current measured between 

power lines and ground, which plays important role in generation of Radio Frequency 

Interference (RFI).   In ATLI topology, the common mode EMI noise cmI occurs at place 

shown in Figure 3.2.   Figure 3.2 shows that when there is sudden voltage change (dV/dt) 

between power line (leg A) and ground, high frequency common mode EMI current cmI  

will happen through parasitic capacitor pC  between power line and ground.  pC  often 

exits between noise-source equipment and cabinets connected to ground.   
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Figure 3.2 Common mode EMI noise in single phase ATLI 

There are many EMI reduction methods used to reduce EMI noises, such as EMI 

shielding, minimizing parasitic capacitor and passive and active EMI filters [17-20].  We 

will discuss the EMI effect introduced by modified PWM modulation method later. 
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3.2 Harmonic Analysis of Modified PWM Modulation 

3.2.1 Modified PWM Parameters Consideration 

From Chapter 2 we can know that the output voltage outV  between two arms is: 

BOAOABout VVVV ��� �     (3.7) 

outV  has a waveform with 5 levels: -dcV , - 2/dcV , 0, 2/dcV and dcV with same fundamental 

frequency as the desired sinusoidal output.  outV  can be expressed into Fourier series with 

fundamental component and other high frequency harmonic components.    

After analysis we can see that when frequency modulation fm  is an odd number and 

there’s 90 degree’s phase angle between carrier signal and control signal, the output 

voltage waveform will be odd and half-wave symmetry.  As indicated in Table 3.1, the 

odd and half-wave symmetry will eliminate all even harmonics.   Therefore, in this 

approach, the frequency modulation index mf should be chosen to be an odd integer to 

promise less harmonic distortion and lower THD in the output PWM waveform.   For 

ATLI, the NPC arm switches at switching frequency swichingf  while the H-bridge arm 

switches at fundamental frequency1f .  In modified PWM approach, the switching 

frequency for NPC arm, the switching frequency is equal to: 

1fmf fswiching �u�      (3.8) 

In the discussion below, 1f  is given as 60Hz, fm is chosen to be 25 to make the output 

voltage waveform odd and half-wave symmetry.  Therefore, the switching frequency 

swichingf  is 1500 Hz.  The modulation index im is chosen to be 1.0. 

3.2.2 Modified PWM Switching Vectors 

In order to calculate the harmonic coefficientsna , nb and nC in Fourier series, we need to 

obtain the switching angles at which the transition in output waveform takes places first.  

The calculation is performed by MATLAB.  The results are listed in Table 3.2 below.  

The switching angels are computed from 0 to 360 degrees.  
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Table 3.2 summarizes the switching vectors for modified PWM at selected modulation 

parameters from 1�T  to 41�T .  The output voltage pattern is shown in Figure 3.3. 

Table 3.2 Switching vectors of modified PWM with 0.1� im and 25� fm  

Vector Vector Vector Vector 
i i�T (deg) 

outV  
i i�T (deg)

outV  
i i�T (deg)

outV  
i i�T (deg)

outV  

1 0 0 12 103.98 2/dcV 23 194.40 0 34 297.22 - 2/dcV

2 8.64 2/dcV  13 104.90 dcV  24 200.24 - 2/dcV 35 300.85 - dcV  

3 14.40 0 14 117.22 2/dcV 25 217.97 - dcV  36 309.88 - 2/dcV

4 20.24 2/dcV  15 120.85 dcV  26 222.06 - 2/dcV 37 317.96 - dcV  

5 37.97 dcV  16 129.88 2/dcV 27 230.15 - dcV  38 322.06 - 2/dcV

6 42.06 2/dcV  17 137.96 dcV  28 239.18 - 2/dcV 39 339.78 0 

7 50.15 dcV  18 142.06 2/dcV 29 242.81 - dcV  40 345.63 - 2/dcV

8 59.18 2/dcV  19 159.78 0 30 255.13 - 2/dcV 41 351.39 0 

9 62.80 dcV  20 165.63 2/dcV 31 256.04 - dcV     

10 75.13 2/dcV  21 171.39 0 32 283.98 - 2/dcV    

11 76.04 dcV  22 188.64 - 2/dcV 33 284.90 - dcV     

 

3.2.3 Modified PWM Spectrum Analysis 

The theoretical harmonic spectrum of the modified PWM output voltage outV  can be 

computed by using Fourier series theory introduced and switching vector calculated in 

previous sections.   SinceoutV  is odd and half-wave, we can get: 
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    (3.9) 

From equation 3.9 we can know that all the even harmonics are zero, we only need to 

consider odd harmonics.  The equations used to calculate the nth odd harmonic are listed 

below.  outV  is normalized from (-dcV , dcV ) to (-1, +1). 
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Figure 3.3 Output pattern of modified PWM method with 0.1� im and 25� fm  
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Where kV is the output voltage between two switching angles 1��k�T  and k�T . The magnitude 

of each harmonic nC can be calculated using equation 3.4 after na and nb  are calculated.  

MATLAB is used to computed the first 60 harmonic magnitudesna , nb  and nC .   

The total harmonic distortion (THD) for this PWM scheme is about 24.75% calculated by 

MATLAB.  The normalized magnitudes of first 60 harmonic components are listed in 

Table 3.3 and the harmonic spectrum is shown in Figure 3.4. From Table 3.3 and Figure 

3.4 we can see all even harmonics are absent for this add and half-wave symmetry; the 
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magnitude of fundamental frequency component is 1.0, which indicates the magnitude of 

desired output frequency is equal to the DC input voltagedcV .  The high frequency 

harmonics occur at around 25th and 50th harmonics, which indicates that the dominant 

high frequency harmonics will appear aroundfm , fm2 , fm3 and so on.  

 Table 3.3 Magnitude of first 60 harmonic components in output when 0.1� im , 25� fm  

i iC (%) i iC (%) i iC (%) i iC (%) i iC (%)

1 100 13 3 25 17.77 37 5.49 49 2.61 
2 0 14 0 26 0 38 0 50 0 
3 0.43 15 3.09 27 3.23 39 5.89 51 1.60 
4 0 16 0 28 0 40 0 52 0 
5 0.1 17 0.13 29 3.71 41 2.22 53 2.55 
6 0 18 0 30 0 42 0 54 0 
7 0.27 19 3.33 31 3.30 43 3.97 55 0.93 
8 0 20 0 32 0 44 0 56 0 
9 0.05 21 3.69 33 0.02 45 0.9 57 4.54 
10 0 22 0 34 0 46 0 58 0 
11 1.36 23 3.23 35 3.86 47 1.86 59 1.66 
12 0 24 0 36 0 48 0 60 0 
 

 

Figure 3.4 Frequency spectrum for modified PWM with 0.1� im and 25� fm  
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3.3 Digital Simulation of Asymmetric Three-Level Inverter 

After the structure description and harmonics analysis of the PWM switching approach in 

chapter 2, the simulation development and preliminary results of ATLI are reported in this 

section.  The simulation software tool selected is PSpice, which is a powerful general-

purpose analog and mixed-signal circuit simulator used to verify circuit designs and to 

predict the circuit behavior.  

The procedure of performed PSpice simulation follows the steps below: First, a device 

level simulation circuit will be drawn using PSpice schematics tool based on the 

proposed circuit topology and PWM control algorithm. After going through necessary 

debugging process to correct various simulation problems or errors, the simulation results 

waveform will be generated in PSpice A/D and given in the display window. The PSpice 

A/D tool can also handle various output data analysis such as Fourier analysis as well as 

additional mathematic calculations and functions. In the simulation, we will focus on the 

voltage output waveform and its harmonic component distribution.  Simulation results 

will be shown and analyzed in detail in the following sections. 

 In this section, the PWM control circuit and IGBT based ATLI power circuit will be 

simulated in PSpice with parameters listed in Table 3.4.  Table 3.5 gives the main power 

components chosen for PSpice simulation.   

Table 3.4 PWM scheme parameters used in PSpice simulation 

 fm  im  1f (Hz) DC bus Voltage (V) 

Modified PWM scheme 25 1.0 60 270V 

 

 

 

 

Value 
Parameters 
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Table 3.5 Power devices selected for PSpice simulation 

Label Description Value Manufacturer 
T1-T6 N-channel Insulated Gate 

Bipolar Transistor (IGBT) 
IRGPC50S 
600V/41A 

International  
Rectifier 

D1-D8 Fast recovery diode 
 

MUR1100 
1000V/1A 

Micro Commercial 
Component 

RL Load Resistor 20-Ohm  N/A 
LL Load inductor 1 mH N/A 

C1-C2 DC bus capacitor 1 mF N/A 

 

3.3.1 Circuit Configuration of Simulated Conversion System 

The schematic for the complete inverter system is shown in Appendix A.  The circuit 

consists of five parts: power circuit of inverter bridges, PWM logic generation, gate drive, 

output filter and RL load, which are outlined using bolded lines.  VSIN, VPULSE and 

VPWL_RE_FOREVER signal generators are used to provide Vcontrol and Vcarrier 

waveform in the PWM modulation.   The operational amplifier LM318 is used to do the 

comparison.  When Vcontrol is greater than Vcarrier, the output of LM318 is 15 V; When 

Vcontrol is smaller than Vcarrier, the output of LM318 is -15 V. Six voltage-controller voltage 

sources (EVALUE) are employed to consist of the decoupling and gate drive circuit. LC 

low-pass filter followed by an LR load are connected to the inverter output.  

3.3.2 Design of LC Filter  

Another parameter to be introduced is the lowest-order harmonic (LOH).  It is the lowest 

frequency harmonic component (nearest to the fundamental frequency) with a magnitude 

greater or equal to 3% of the fundamental component.  This parameter is employed to 

find the point where the first dominant harmonic group will occur.  From the analysis and 

simulation we can know that frequency of LOH of modified PWM method 1LOH ff m f�  � u.   

The transfer function of simple second-order LC low pass filter can be expressed as:  

  � � � �
� � � �1

1
1

1

2 ������
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Where L is the inductance, C is the capacitance, RL is the parasitic resistance of the 

inductor and RC is the parasitic resistance of the capacitor.  Since the parasitic resistances 

are small, they can be ignored in the calculation.  Therefore, the simplified transfer 

function of LC filter becomes: 

� � � �2
1

1
G S

S L C
� 

�˜ � ˜ � �
     (3.13) 

With fixed value of inductor at 1 mH, the capacitance can be calculated using the 

derivation of the above equation easily as below: 

�� ��
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   (3.14) 

The function of the LC filter is to reduce high frequency harmonics.  As a result, f in 

equation 3.13 is actually the frequency of LOH while �� ��G S  can be several attenuation 

levels: 3%, 1% and 0.5%.  Considering other factors like the volume and the cost of LC 

components, the parameters with LOH suppression of 3% is selected for the simulation 

and later experiment. 

3.3.3 Simulation Results 

A transient analysis is performed to examine the input logic waveform, the gate pulse 

waveforms, the output waveforms and harmonic spectrum.  In this simulation, the AC 

load is a 20-Ohm resistor connected with a 1 mH inductor in series.  The resulted 

fundamental load voltage is about 191 V (rms) while the load current is about 9.55 A 

(rms).   

The input modulation signals and resulting switching signals for IGBT gates in one 

fundamental period are displayed in Figure 3.5.  The load output waveforms are 

displayed in Figure 3.6.  From these two Figures we can see that the switching signals 

and load output voltages are produced successfully according to the modified PWM 

scheme as discussed in chapter 2. 

The simulation result of harmonic spectrum is shown in Figure 3.7. This spectrum 

analysis also confirms that the magnitude of fundamental component equals to 
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2701270 � �u (V) and the dominant harmonic components appear at the frequencies 

around 1 ff m�u , 1 2 ff m�u , 1 3 ff m�u and so on. 

Switching Signal for T 1

Switching Signal for T 2

(a)

(b)

(c)
 

Figure 3.5 Modified PWM input and gate signals for T1 and T2 (Note: Gate signals for 
T3 and T4 are just the inverse of T1 and T2) 

 

PWM  Output  Voltage

Load Voltage after Filter

Load Current

(a)

(b)

(c)
 

Figure 3.6 PWM output voltage waveform and load output waveform (60Hz) 
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Fourier Analysis of Modified PWM Output

 
Figure 3.7 PSpice simulation of harmonic spectrum 

In simulation above, the triangle carrier signals are generated by existing functional block 

in PSpice library.  Actually, these triangle signals can be produced by using simple analog 

circuits.   As displayed in Figure 3.8, the triangle waveform generator is actually a 

proportional plus integration circuit consisting of two comparators. 
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Figure 3.8 Circuit of triangle wave generator 
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The amplitude of the triangle voltage is          

 1

2
T Z

R
U U

R
� r �  � r     (3.15) 

Where ZU is the reverse zener voltage of the zener diode.  The frequency of the triangle 

voltage is      

2

1 34
R

f
RR C

�                    (3.16) 

From equation 3.15 and 3.16 it is known that we can change the amplitude and frequency 

of the triangular carrier by changing the resistance values of R1~R3.  However, to apply 

this triangle generator to produce two series of carriers in Figure3.5, we still have to 

adjust the output voltage into desired scales.  Appendix B shows the complete schematics 

of carrier generator in PSpice. 

In Figure 3.9, input PWM modulation waveforms produced by carrier generator 

discussed above and corresponding switching signals are displayed. Compared the 

switching signals in Figure 3.9 with switching signals in Figure 3.5, we can see they are 

the same, which proves the carrier generator circuit functions correctly and meets the 

PWM control requirement. 

Switching Signal for T 1

Switching Signal for T 2

(a)

(b)

(c)

 
Figure 3.9 Modified PWM input produced by carrier generator and gate signals for T1 

and T2 (Note: Gate signals for T3 and T4 are just the inverse of T1 and T2) 
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3.4 Summary 

Brief comparison of the modified PWM scheme of ALTI and conventional bipolar PWM 

and unipolar PWM scheme will be given in this section.    

The parameter THD we introduced above is used to measure the total harmonic distortion 

without any filtering.  When we evaluated power quality of the harmonic distortion 

behavior after a second-order LC filter parameter DF is used. 

Table 3.6 gives a brief comparison of key performance related operating parameters and 

performance evaluation data of our modified PWM scheme and conventional bipolar and 

unipolar PWM scheme.  The converter’s switching frequency fswitching listed in Table 3.6 

is directly in proportion with the switching loss of the inverter with the given power 

devices. The indicators of bipolar PWM scheme and unipolar PWM scheme are 

calculated using the same techniques and modulation parameters as we used for modified 

PWM scheme.   

Table 3.6 Comparison of modified PWM scheme and conventional bipolar and uniploar 
PWM scheme 

switchingf              Parameters 

 
 
PWM Schemes 

fm

 

Arm A 

(Hz) 

Arm B 

(Hz) 

Estimated Cost of 

Harmonic and 

EMI Filtering 

THD 

(%) 

DF 

(%) 

LOH

(Hz)

(a) Bipolar/one level 45 2700 2700 High 84.97 1.73 2580

(b) Unipolar/two 

level 

22 1320 1320 Moderately high 
44.78 0.94 2460

(c) Modified /three 

level 

25 1500 60 Moderately low 24.75 0.92 1500
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From Table 3.6 we can see that the ATLI with modified PWM scheme has a lot of 

advantages [8] in comparison with bipolar PWM scheme or unipolar PWM scheme: (1).  

ATLI with modified PWM scheme produces much lower harmonic distortion; (2) the 

overall switching frequency is much smaller thus switching loss is much lower, compared 

with circuit (a) and (b).  From the EMI noise reduction point of view, since one arm 

switches at fundamental frequency, which is very low, the high-frequency EMI noise will 

be greatly reduced because of much less voltage transition in fundamental period.  

Therefore, this scheme is preferred for EMI noise reduction.   Although different 

switching frequencies in modified PWM scheme may cause switching stress between two 

arms, this problem could be solved by selecting fast semiconductor switching devices for 

NPC arm while using low speed switching devices in the second arm, which increases the 

flexibility of device selection.  
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CHAPTER 4  

SOLAR ENERGY GENERATION AND CONVERSION SYSTEM 

USING ASYMMETRIC THREE-LEVEL INVERTER 

As mentioned in Chapter1, solar power will be one of the main renewable energy sources 

due to its cleanness, regeneration ability and potential to be used for popular application.  

Much effort has been put into the research of solar power system in the past years.  In this 

chapter, a solar energy generation and conversion system (SEGCS) will be presented.  

The ATLI discussed in the previous chapters will be employed as a core element in this 

system to further achieve desirable control functions and performance.  

 
4.1 System Architecture & Description 

A system block diagram of ATLI based solar power conversion system is given in Figure 

4.1.  The system consists of three parts:  solar power source, three-arm DC-AC converter 

and controller.  The solar power source acts as the primary source of energy and consists 

of single PV panels arranged in series and parallel; The ATLI converter converts the 

input DC voltage to an AC voltage with desired amplitude and frequency, it also manages 

the power flow balance between solar power source, load and utility spontaneously; The 

close-loop controller tracks the maximum power point of solar power source and 

maintains the DC bus voltage and input current at a desired level.  Each of these three 

parts will be discussed in detail in separate sections in this chapter.   

 
Figure 4.1 Block diagram of SEGCS 
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4.2 Modeling of Solar Module 

To model a solar cell, it is important to understand what is solar cell and how it works.   

A solar cell or photovoltaic cell is a device which converts light energy into electric 

energy.    When it is exposed to light, a process of photon reflection and absorption will 

be induced, free carriers will be generated and charge carriers will be separated at last.   

The solar cell is primarily made of semiconductor material whose properties determine 

how effectively the process happens.   Some of the most important properties include the 

absorption coefficient, drift-diffusion parameters, surface recombination velocities and 

the reflectance of the semiconductor surface [21].   

In practical applications, the voltage produced by one single solar cell is usually 

insufficient for most electric power devices.  Therefore, an array of tens solar cells are 

connected in series to form a “solar module” to provide enough voltage and power.  

Some key parameters of a solar module include open circuit voltage, maximum power 

voltage, short circuit current, maximum power current, maximum power etc.  These 

parameters can be found in datasheet of solar module provided by manufacturer.   

As an example, a practical solar module selected for simulation and experiment is Sharp 

NE-80EJEA. The maximum output power of this solar module is 80 W. The 

specifications, I-V curves and P-V curves of this solar module supplied by manufacturer 

are shown in Figure 4.2 and Figure 4.3.   

A lot of research has been done in mathematical and electrical model of solar cell and 

solar module recently.  Some major achievements are listed in Appendix C.   

The maximum power can be expressed as the production of maximum power point 

voltage and current. 

mmm IVP �u�       (4.1) 

For one solar module consisting of n solar cells connected in series, the maximum power 

equals to n times of maximum power for single solar cell, the maximum power point 
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voltage equals to n times of maximum power point voltage while maximum power point 

current remains the same.   

For example, considering a solar panel of Sharp NE-80EJEA the maximum power point 

parameters are provided by manufacturer.  They are: 

3.17� mV  V, 63.4� mI  A, 80�|�u� mmm IVP  W. 

 

Figure 4.2 Electrical specifications of Sharp NE-80EJEA solar module 

 
Figure 4.3 I-V and P-V characteristic curves under different insolation conditions 
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4.3 Introduction and Analysis of MPPT Control 

4.3.1 Introduction 

As mentioned in the previous section, the output current and power of a solar module 

depend on environmental conditions like temperature and insolation.  The output power 

changes with the change of certain environmental condition. 

Maximum Power Point Tracker (MPPT) is an electronic system that operates the solar 

module in a way that allows the modules to produce the maximum power [9].  One major 

problem in solar system is the probable mismatch between the operating characteristics of 

the load and the solar module.  A typical I-V curve is shown in Figure 4.4.   When a solar 

module is connected to a load directly, the system’s operating point will be at the 

intersection of the I-V curves and load.  This operating point is not the solar module’s 

maximum power point in many cases.  This can be seen clearly in Figure 4.4.   Therefore, 

a MPPT will be used to solve this problem.    

 

Figure 4.4 I-V curves of solar module and linear load 

4.3.2 Maximum Power Point Tracking Algorithm 

Many MPPT search algorithms have been proposed and researched, like Perturb and 

Observe (P&O) algorithm, Incremental Conductance algorithm, Parasitic Capacitance 
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algorithm, Constant Voltage algorithm etc [22].   Among them, Perturb and Observe 

(P&O) is the most commonly used MPPT algorithm due to its ease of implementation in 

its basic form [22].   Besides, several papers have been written to comparing different 

algorithms to P&O and results have shown it is comparably favored among them.   As a 

result, P&O will be employed for the MPPT in this SEGCS. 

The P vs. V curve of a solar system has a global maximum at the MPP.  Thus, if the 

operating voltage of the solar module is perturbed in a given direction and dP/dV>0, then 

we can know that the perturbation is moving the system’s operating point toward the 

MPPT. The P&O algorithm would then continue to perturb the solar module voltage in 

the same direction.  If dP/dV<0, then the change in operating point is moving the PV 

system away from MPPT, and the P&O algorithm changes the direction of the 

perturbation.  Based on this concept the voltage command of the dc-link is generated as 

below: 

�� �� �� ��nSIGNknVstep *� 
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Where n means nth sampling period; k is a positive constant gain used to set the changing 

speed of the voltage command. 

A disadvantage of P&O is that it oscillates around the MPP in steady state.  To solve this 

problem, an adaptive P&O algorithm is adopted.  In this adaptive P&O algorithm, the 

step speed k is variable.  When the system works at initial state or transient state, k is 

bigger so that the system has a faster dynamic response; when the system steps into  

steady state, k is smaller in order that the fluctuation of DC-link voltage is smaller and 

waveform of input currentini  has smaller distortion from sinusoidal.  Based on this 

concept, the voltage command of the dc-link is generated as in Equation 4.3.  The flag is 

used to indicate whether the system operates at MPPT or not.  When 1flag � , it means 

(4.2)
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the system is still searching the MPP; when 1flag � �� , it means the system is already 

operating at MPP in steady state. 

�� �� �� ��nSIGNknVstep *�  

�� �� �� �� �� ��nVnVnV steprefref ��� �� 1  
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1k  When 1flag �  
                                         k = 

2k  When 1flag � ��  

Figure 4.5 shows the block diagram of P&O algorithm.  

vpv+

+vpv-
-

i pv

MPPT

vpv

Sign +

+Variable Step Size

Vstep

Current produced by
PV module

Voltage across PV module

dt
d

dt
d

dt

dVpv

dt
dPpv

�y

.

Vref

k�� k��

flag

  
Figure 4.5 Block diagram of P&O algorithm 

 

4.4 Extension to a New Three-Arm ATLI Converter 

The circuit of ATLI given in Figure 2.2 can be extended to a new multifunctional 

converter with a three-arm configuration [11], as shown in Figure 4.6.  The proposed 

circuit topology has the solar modules connected directly on the DC bus.  It consists of 

four parts: Solar module, REC-arm with MPPT controller and V&I controller, COM-arm 

and INV-arm.   As indicated by their names, REC-arm is the major portion for rectifying, 

(4.3)
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INV-arm does the inverting mainly while COM-arm provides common path for both 

rectifier and inverter portions.   The REC-arm with COM-arm forms an H-bridge rectifier 

and the INV-arm which is an NPC three-level arm with COM-arm forms an ATLI.  

PWM switching methods are used for asymmetric H-bridge rectifier (AHBR) and ATLI.   

For decoupling the control for rectifier and inverter portions to decrease its complexity, a 

line-frequency switching scheme which is simultaneous to inverse phase of the input 

voltage is used for COM-arm.  As a result, modified PWM approach is used for both H-

bridge rectifier and ATLI to reduce the switching frequency, decrease the harmonics and 

reduce high frequency EMI, as discussed in chapter 2 and 3.    The modifier PWM 

approach for AHBR is very similar to that for ATLI except only one carrier signal is 

needed [8].   

The circuit diagram of Figure 4.6 shows an integrated hybrid converter of combined 

HTLI and AHBR functions.   

 

Figure 4.6 Circuit diagram of integrated ATLI converter and system 

One major advantage of this hybrid converter is its capability of multiple functions.  That 

is, it can balance the solar power, the load power and the power fed or drawn from the 



 39

utility or local AC sources.   There are three operation modes of this system which are 

shown in Figure 4.7.  When the solar power output from the solar module is greater than 

the load demand, the extra power will be fed back to a local AC source, i.e. micro-turbine 

or utility as shown in Figure 4.7 (a).  At this time, the solar system will operate in power 

feeding mode.  When the solar power is not enough for the load demand, the local AC 

source will supply power to the load. The second mode of power flow is shown in Figure 

4.7 (b), this mode is called source-sharing mode when both solar and local AC source 

supply the load power as required.  In the third mode when solar power is not available 

like at night, the utility will provide all the power load needs.   The three operating 

functions can be achieved by the hybrid converter given in Figure 4.6.    

 

(a) 

Figure 4.7 Three operation modes of three-arm converter. a) Solar power feeding mode. 
b) Power-sharing mode. c) Local AC source mode 
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(b) 

 

(c) 

Figure 4.7 Continued 
 

4.5 Controller Design 

To achieve the functions and operation modes discussed in the previous sections, the 

control structure of SEGC is designed as shown in Figure 4.8.  It mainly includes the 

rectifier controller, the switching signal generator for COM-arm and modified PWM 

switching signal generator for INV-arm.  The rectifier employs MPPT controller to track 
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the maximum power point of solar modules and generate the voltage command for the dc 

bus in the outer loop.  The output of the dc voltage controller then produces a current 

command for input inductor current.  This will make input current in phase (in partial 

utility mode or complete utility mode) or in inverse phase (in power feeding mode) with 

the input utility voltage.  The COM-arm switching signal generator generates the driving 

signals synchronous with input voltage.  The modified PWM switching generator for 

INV-arm generates modified PWM switching signal in high frequency as introduced in 

chapter 2.  For INV-arm, open loop control is used; however it is very easy to add a 

close-loop control.   In this thesis, we will focus on the design of rectifier controller.  The 

PWM switching signal generators for COM-arm and INV-arm are the same as introduced 

in chapter 2. 

 

 

Figure 4.8 Control scheme for SEGC 

The complete block diagram for the AHBR controller is shown in Figure 4.9.  In the outer 

loop, the MPPT controller tracks the maximum power point based on Perturb and 

Observe algorithm.  The dc-bus voltage command generated is then used as the reference 

value for voltage loop.  The PI control algorithm is employed in voltage loop to generate 

the error signal as reference for inner current loop.   Then we use a low-pass filter after PI 

controller to remove the ripple in the error signal caused by the oscillation of P&O 
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algorithm in steady state.   The pole P of the low-pass filter is used to reduce the second-

order ripple so it should be chosen to be much lower than the second-order frequency.  

The error signal after filter is then multiplied with synchronous sinusoidal signal to 

produce the input current command.  If the input current follows this command closely, it 

will be sinusoidal and in phase or in reverse phase with input voltage to get the unity 

power factor.  A P controller is used in current loop controller to guarantee that the inner 

loop is faster than outer loop.   

 

Figure 4.9 Block diagram for rectifier controller 

Where ipv = current produced by PV module;  

vpv = DC voltage across PV module which is also the DC bus voltage;  

Ppv = the output power from PV module; 

Vstep = the step change of PV voltage; 

Vdcref
 = the DC voltage command generated by MPPT; 

i in = input current; 

i inref = input current command generated; 

vcontrol = generated control signal for rectifier PWM generator.  
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4.6 Simulation of the Whole System 

After the structure description and detailed analysis of SEGC, this section reports 

software simulation results conducted on PSpice simulation software.  Since the AHBR is 

a boost converter from ac to dc side, the dc-bus voltage, which is maximum power point 

voltage of the solar modules, should be greater than the maximum peak voltage of AC the 

input voltage. Therefore it’s necessary to properly arrange the configuration of the solar 

panels which are connected to the dc link.  Considering a design example using solar 

module of Sharp NE-80EJEA, the maximum power point voltage of each solar module 

Sharp NE-80EJEA is 17.3 V, which is far less than the peak AC voltage. Therefore, 12 

Sharp NE-80EJEA solar modules are connected in series to produce a maximum power 

point voltage 207.6 V and a maximum power 960 W.   In the following sections, a 960 W 

SEGC will be simulated; On the other hand, the power capability of this system can be 

further increased by connecting more solar modules in series or in parallel.  The main 

circuit for SEGC in PSpice is shown in Figure 4.10.  The device ratings, control variables 

and parameters used in the simulation are listed in Table 4.1.   

The equivalent circuit in Figure C.3 in Appendix C is used to model the high-voltage 

solar module array in PSpice.   Figure 4.11 shows its simulation result.  It can be seen 

that the simulated I-V curve is very close to the I-V curve shown in Figure 4.4, which 

proves the validness of the model.   

 

 

 

 

 

 

 

 

 

Table 4.1 PSPICE simulation parameters for SEGC 
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Label Description Value Manufacture 
Main System Parameters 

Vin Utility RMS voltage 110V N/A 
R1 Input line resistance 0.1�
  N/A 
L1 Input line inductance 1.5mH N/A 
C1 DC bus capacitor 40mF N/A 
C2 DC bus capacitor 40mF N/A 

Rs1-Rs10 Snubber resistance 15 �
  N/A 
Cs1-Cs10 Snubber capacitor 0.1uF-1uF N/A 
Risample PV current sample resistance 0.001 �
  N/A 
Re1-Re12 IGBT gate resistance 1k �
  N/A 

Lf Load voltage filter 
inductance 

1mH N/A 

Cf Load voltage filter capacitor 0.364mF N/A 
LL Load inductance 8.3 �
  N/A 
RL Load resistance 13.64mH N/A 

T1-T8 IGBT with Diode IXGR60N60U1 
600V/75A 

IXYS Corporation 

D1-D2 Diode BY249-300 
200V/7A 

Philips 
Semiconductors 

MPPT and V&I Loop Parameters 

Gain_step Voltage increasing step 0.2 

Gain_U Proportional gain for PV voltage PI controller 10 

INT Time constant for PV voltage PI controller 0.1s 

Rmf PI control signal filter resistance 10k �
  

Cmf PI control signal filter capacitor 2uF 

Gain_I Proportional gain for input current PI controller 1 

PWM Pulse Generator Parameters 

fcarrier_rec Carrier frequency for REC_arm 2.7kHz 

fcarrier_inv Carrier frequency for INV_arm 1.5kHz 

fref Reference signal frequency 60Hz 

mi_rec Modulation index for REC_arm 1 

mi_inv Modulation index for INV_arm 1 



 45

T5
2

1

3

MPPT

I+
V+
I-
V-
Vref

L1
1 2

PV

0
1

40
43

Cs5

Rs6

Risample

Rs10

T4
2

1

3

Rs7

Cs10

T3
2

1

3

0

PWM_Generator_for_INV_Arm

Z5E
Z7G
Z5G
Z6G
Z6E
Z8G
Z7E
Z8E

Cs3

LL

1

2

T8
2

1

3

T1
2

1

3

Lf
1 2

PWM_Generator_for_COM_Arm

Z4G
Z3G
Z4E
Z3E

Cs8

Rs5

RL

Vin

V&I_Close_loop

V+
V-
I-

Vref
I+

Z1E
Z1G
Z2G
Z2E

D1
3 1

Rs3

C1
T6

2

1

3

T2
2

1

3

Cf

R1

C2

Cs7

Cs9

D2
31

Rs1

T7
2

1

3

Cs6

Cs4

Rs4

Cs1

Rs9

Rs8Rs2

Cs2

 

Figure 4.10 Main circuits for SEGC in PSpice
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PPVIPV VPV:40V/div  

Figure 4.11 Simulated I-V and P-V curves for high-voltage solar module array 

The simulation results for dc-bus voltage, output current from solar module array, load 

voltage, load current, input voltage and input current are shown in Figure 4.12 to Figure 

4.14 when different load power are required. 

�7�Q�W

�*�Q�W

�W�J �O

�J�J �O

(a) Waveforms of Vpv, Ipv,vin and iin 

Figure 4.12 Simulation results when Pload=2100W  
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�W�-

�J�-

�J�-

(b) Waveforms of vL and iL 

 

(c) Harmonics spectrum of iin and load voltage before and after filter 

Figure 4.12 Continued  
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�J�J �O

(a) Waveforms of Vpv, Ipv,vin and iin 

�W�-

�J�-

�J�-

(b) Waveforms of vL and iL 

Figure 4.13 Simulation results when Pload=1050W  
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(c) Harmonics spectrum of iin and load voltage before and after filter 

Figure 4.13 Continued  

�7�Q�W

�*�Q�W

�W�J �O

�J�J �O

(a) Waveforms of Vpv, Ipv,vin and iin 

Figure 4.14 Simulation results when Pload=20W  
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�J�-

�W�-

�J�-

(b) Waveforms of vL and iL 

 

(c) Harmonics spectrum of iin and load voltage before and after filter 

Figure 4.14 Continued 
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Figure 4.12 to Figure 4.14 show the simulation waveforms of solar module array current, 

DC-bus voltage, input current and voltage as well as load current and voltage in power 

sharing mode and power feeding mode.  In power sharing mode (in Figure 4.12), the 

input current is in reverse phase with the input voltage, which means the utility is 

supplying power to the load.  Besides, the input current is nearly sinusoidal to achieve a 

high power factor.   When load power almost equals to the maximum power output by 

solar module array (in Figure 4.13), the input current is very small since at this time the 

utility only provides a very small portion of load power.   When the load power is less 

than the output power by solar module array (in Figure 4.14), the input current is in phase 

with input voltage to feed power back to utility.   And the harmonic spectrums of output 

voltage before and after filter are shown in every mode.  We can see that all of them have 

small harmonic distortion, which proves the effectiveness of the NPC arm used for 

inverter arm. The P-V trajectory of solar module array in Figure 4.15 shows the MPPT 

controller has tracked the peak power successfully.   All these simulation results confirm 

the validity of the rectifier and inverter controllers and their cooperation. 

 

PPV VPV:20v/div  
Figure 4.15 P-V trajectory of solar module array under MPPT control 
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CHAPTER 5  

DSP BASED IMPLEMENTATION OF ASYMMETRIC THREE-

LEVEL INVERTER AND CONTROL 

In this chapter, the implementation of asymmetric three-level inverter with modified 

PWM control scheme will be discussed.  A hardware prototype of asymmetric three-level 

inverter and control circuit will be built based on TMS320F2812 DSP [30] platform 

which is used to provide the gate control signals for ATLI.  The code of the modified 

PWM scheme can be built, debugged and analyzed efficiently with the help of the DSP 

development tool- Code Composer Studio (CCStudio 2.1) provided by Texas Instrument 

(TI).  The DSP controlled asymmetric three-level inverter is also the core circuit of the 

three-port renewable energy system as discussed in the previous chapters.    

5.1  Hardware Configuration  

The prototype converter system can be divided into four parts: a single-board DSP, DC-

AC asymmetric three-level inverter and LC low pass filter as well as load configuration. 

5.1.1 Configuration of DSP Controller 

In the experiment, the eZdspTM F2812 stand-alone DSP board [30] is used as a prototype 

hardware platform for DSP controller.  The eZdspTM F2812 is a stand-along board that 

consists of a TMS320F2812 DSP.  It is a good platform to develop the initial control 

code and verify the control algorithms and functions for the TMS320F2812 processor.  A 

C2000 Tools Code Composer driver is also provided by TI to provide a better code 

developing and debugging environment.  Expansion connectors are provided for other 

necessary circuits, such as digital I/O expansion and analog expansion.  In this prototype 

design, the PWM output pins in the I/O expansion are utilized for the output of PWM 

control.  Figure 5.1 shows a block diagram of eZdspTM F2812 board.  Other features of 

eZdspTM F2812 board can be found in Appendix D. 

In programming the control code using the DSP of TMS320F2812, the Event Manager 

(EV) module is used to generate desired modified PWM switching signals.   
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TMS320F2812 DSP has two identical EV modules, EVA and EVB.  Both of them consist 

of 16-bit general-purpose (GP) timers, full-compare/PWM units, quadrature-encoder 

pulse (QEP) circuits and capture units.   In this experiment, EVA block is used, which 

provides six PWM outputs PWM1 to PWM6 and satisfies the gate control signal 

requirements for modified PWM scheme applied in ATLI.  Each PWM output is used to 

control one power switching device in the converter.  Figure 5.2 shows the EV function 

blocks and the control outputs used in this experiment.  

 
Figure 5.1 Block diagram of eZdspTM F2812 board 

 

 

Figure 5.2 Utilized EVA function block diagram 
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Figure 5.3 eZdspTM F2812 DSP board 

5.1.2 Prototype Circuit of ATLI 

A circuit diagram of integrated prototype system of ATLI is given in Figure 5.4.  The 

diagram illustrates the main power circuit, DSP controller, output filter, and the load with 

detailed interfacing signals.  A hardware prototype of asymmetric three-level inverter as 

shown in Figure 2.2 and Figure 5.4 is used in this experiment.  It’s a part of a three-phase 

inverter designed and built by Dr. Chang.  Only two arms of this three-phase inverter are 

used to make a single-phase asymmetric three-level inverter.  Figure 5.5 below is a 

picture of the practical prototype. 

 
Figure 5.5 A picture of ATLI prototype
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Figure 5.4 Circuit interface for the experiment system 
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The prototype of ATLI can be divided into two sections:   

1. The main circuit board.  The IGBT modules FII 30-06D with fast and soft 

recovery diode are used as the switching devices in ATLI.  The voltage rating of 

this IGBT is 600V.   

2. The power interfacing board.  The decoupling and driving circuits are on this 

power interfacing board.   In the decoupling circuit, the HCPL-4506 Optocoupler 

modules are used for isolation between DSP PWM output signal and the converter 

high voltage circuits.  In the driving circuit, four IR2181s the high voltage, high 

speed MOSFET/IGBT gate driver chip are used to drive the IGBT devices in 

converter.  An IR2181 can drive two IGBTs (high side and low side) 

simultaneously.  However, due to the special configuration of ATLI, three IR2181 

chips instead of two are needed to drive the IGBTs in NPC arm.  For the IGBT T1 

and T3 in Figure 2.2, only high side outputs of two IR2181 are used for 

decoupling reason.  Figure 5.4 shows the interconnections of the optocouplers and 

gate drivers.  

5.1.3 LC filter and Load 

The output voltage frequency in this experiment is 60 Hz.  The filter inductance and 

capacitance are designed and discussed in chapter 3.  The configurations of the second-

order LC filter and load are shown in Figure 5.6. 

L=1mH

C=30uF
R=20OhmInput

 

Figure 5.6 LC filter & load configuration 
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5.1.4 Experimental System Setup 

Figure 5.7 shows an overview of the lab experiment prototype system. 

 

Figure 5.7 Experiment system setup. 

5.2  Circuit Interface  

The configurations of components in the experimental system are discussed in section 5.1.  

In this section, the interface between these components will be described.    Figure 5.4 

shows the general interface configuration between different components.  The PWM 

output pins from TMS320F2812 eZdsp
TM 

board provide the input to the decoupling 

circuit. The outputs of the optocouplers are connected to the corresponding IGBT drivers; 

the output of these gate drivers are connected to the gate drive input ports of IGBTs in the 

ATLI power circuit.  Finally power output of the two phase circuit, the U and V phase of 

the ATLI are connected to a LC filter followed by a resistance load, as shown in Figure 

5.4.   
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5.3  Design of the Program Code of PWM Control 

The program coding structure is shown in Figure 5.8.  At first, all the control parameters 

and control registers are initialized, and the control signal table and carrier signal table 

are produced. Then the main program goes into a forever loop and stayed in an idle state.  

At the same time, the timer counter keeps counting in continuous-up and continuous-

down mode.  When the value in the timer counter matches the sample period stored in the 

period register, the T1PINT interrupt is triggered and the interrupt service routine (ISR) 

will be called.  The ISR compares the current value of control signal and the carrier signal 

at this moment and generate the corresponding PWM pattern. Then the program returns 

to the idle states and waits for the next T1PINT interrupt to do the comparison again.  

This code produces the PWM control waveform in the experiment.  Another function of 

the TMS320F2812 DSP is the programmable dead-band time control unit for the 

switching converter bridge. It allows the software setup of controlled dead-band time.  

The dead-band time selected in this experiment is 0.8 µs. 

The detailed descriptions about the interrupt structure and programming are included in 

Appendix E and Appendix F. 
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Figure 5.�� Program flowchart 
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5.4  Experimental Results 

In this section, detailed experimental results of ATLI with modified PWM control 

scheme are demonstrated for 60 Hz and 400 Hz output.  Since the volume and the cost of 

the second order LC filter will decrease with the increase of carrier frequency, which was 

discussed in chapter 3, a higher fm will be used in this experiment prototype setup to 

increase the carrier frequency thus decrease the volume and cost.  Therefore, the 

frequency index fm is selected as 45 in the experiment.  

Case 1: 60 Hz. 

When the DC input voltage is set to be 30 Volts and modulation index im  is chosen as 1, 

the experimental results are shown in Figure 5.9 to Figure 5.11.  In Figure 5.9, three 

traces illustrate the modified PWM control pattern.  The three traces are switching 

waveforms for T1, T2 and T5.  The switching waveforms for T3, T4 and T6 are just the 

inverse of switching waveforms for T1, T2 and T5.  
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Figure 5.9 DSP control outputs for T1, T2 and T5 at 60 Hz 

Load output voltage waveforms before and after the LC filter are shown in Figure 5.10.  

From the figure we can see that load output waveform is exactly at the expected output 

frequency 60 Hz and the peak output voltage is about 28 Volts, which approximates the 

theoretical calculation.  Some voltage losses may be caused by the turn-on voltage drops 

of the IGBTs.  
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Figure 5.10 Output voltage waveforms before and after LC filter at 60 Hz 

Figure 5.11 shows the frequency spectrum of the output voltages.  From the spectrum 

analysis, we can see that the harmonic components are small and focus 

around fmf �u1 , fmf 21 �u  and so on.  And the LC filter filters out most of the harmonic 

components effectively.  Generally, these experiment results are close to our previous 

theoretical calculation and simulation results. 
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 Figure 5.11 Output voltage spectrums before and after LC filter when im =1, fm =45 

Another group of experiment results are shown in Figure 5.12.  This time the experiment 

result data are collected when modulation index equals to 0.8. When im =0.8, the peak 
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voltage value is about 23 Volts.  This result approximates the theoretical calculation. 

From Figure 5.13, we can see that the amplitude of output voltage decreases with theim .  
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Figure 5.12 Output voltage waveforms at 60 Hz when im =0.9 
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Figure 5.13 Output voltage waveforms with different im  

 
Figure 5.14 shows the output voltages when fm  is set to 25 and Figure 5.15 is the 

frequency spectrum of output voltages when im =25.   
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Figure 5.14 Output voltage waveforms at 60 Hz when fm =25 
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Figure 5.15 Output voltage spectrums before and after LC filter when im =1, fm =25 

 

Case 2: 400 Hz. 

Another experiment with 400 Hz output is conducted and the results are shown in Figure 

5.16 to Figure 5.17. From the output waveform, the output frequency is exactly at 400 Hz. 

The DC voltage is set to be 30 Volts, im = 1.0 and fm  =45.  The peak voltage value is 

about 30 Volts, which approximates the theoretical calculation.  
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Figure 5.16 Output voltage waveforms before and after LC filter at 400 Hz 
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Figure 5.17 Output voltage spectrums before and after LC filter 

From Figure 5.9 to Figure 5.17 we can see that the experimental results approximate the 

theoretical analysis and simulation results very closely.  Besides, the fundamental 

frequency and the amplitude of the output voltage as well as the carrier frequency of the 

PWM scheme can be controlled by changing some parameters in the DSP program, 

which is a practical feature of the DSP-based control implementation.  
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CHAPTER 6  

CONCLUSIONS 

6.1 Conclusion 

In this thesis a new topology of single-phase DC-AC inverter-asymmetric three-level 

inverter (ATLI) is proposed and a special modified PWM control scheme is discussed.   

Besides, a solar power conversion system using ATLI is studied, simulated and evaluated.   

The discussion of ATLI and modified PWM control scheme is detailed using the 

following approaches: 1) Theoretical analysis of the advantages of the ATLI power circuit 

topology over other topologies. 2) Theoretical analysis and calculation of the harmonic 

spectrum for the modified PWM control scheme in the frequency domain. 3) MATLAB 

simulation confirming the harmonic analysis. 4) Digital simulation of detailed control 

circuit and power circuit in PSpice; 5) Hardware implementation of the core converter 

circuit based on DSP. Based on the results from the previous chapters we can get the 

conclusion that the asymmetric three-level inverter with modified PWM control scheme 

surpasses conventional H-bridge converter and NPC converter in lower harmonic 

distortion (THD), reduction of high-frequency EMI noise, lower power loss and increased 

performance-to-cost ratio.  

In order to develop a practical solar power system, the solar module is modeled first.  The 

model is then validated in PSpice.  The maximum power point tracking (MPPT) 

algorithms are introduced and compared briefly.  One of practical MPPT control methods 

is selected and implemented in the PSpice simulation.  The simulation results showed that 

the tracker designed is able to maintain the operating point of the solar module arrays at 

the maximum power point, thereby improving the energy conversion efficiency of the 

solar module.  

 The three-arm converter opology is also discussed and simulated in PSpice.  The 

simulation results verifies its automatic power balance ability, high input power factor 

and low THD in input current and output voltage. 
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Hardware implementation and experimental results are given in Chapter 5, which verifies 

the feasibility of ATLI and modified PWM control scheme. All control functions are 

implemented by a DSP board. The TMS320F2812 DSP used satisfies the control 

requirement of the high switching frequency PWM schemes.  

 

6.2 Future Research Works 

In this thesis, an open-loop asymmetric three-level inverter is developed and discussed.  

There are several aspects that can be improved in the future: 

1. Regular sampling method is employed in current DSP coding for the PWM 

control.  However, the regular sampling method has the disadvantage of 

relatively low accuracy, especially in a lower carrier frequency situation.  As a 

result, more efforts should be contributed to find an algorithm to improve the 

PWM control accuracy without increasing much complexity.   

2. In recent years, many multi-level inverter topologies are proposed and analyzed 

in order to further reduce harmonic components of the output voltage and current 

[23-24].  These topologies have more voltage levels and are derivations from the 

three-level topology by adding more switching devices to the bridge circuit.  

Therefore, the complexity of circuit topology and PWM scheme for the multi-

level topology will be increased.  More efforts are needed to explore advanced 

solutions balanced between better performance and lower control complexity as 

well as cost. 

3. In many applications such as AC motor drive, adjustable frequency, amplitude 

and phase of output voltage from inverter are required; therefore, a close-loop 

controller is necessary for the inverter.  Many novel control methods are 

developed in recent years, like sliding mode control, backstepping motion control 

[25-26]; Applying these control method in ATLI conversion system will be an 

interesting research topic in the future.  
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4. More adaptive and intelligent maximum power point tracking algorithm such as 

artificial neural network algorithm [27] can be combined into the solar system to 

further improve the performance, reliability and robustness.   
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APPENDIX A  

PSPICE SCHEMATICS OF ASYMME TRIC THREE-LEVEL INVERTER 

 

Figure A.1 PSpice schematics of asymmetric three-level inverter
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APPENDEX B  

PSPICE SCHEMATICS OF THE CARRIER GENERATOR CIRCUIT ��

 
Figure B.1 PSpice schematics of the carrier generation circuit 
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APPENDIX C  

CIRCUIT AND METHMATICAL MODEL OF SOLAR CELL AND 

SOLAR MODULE 

1. Solar Cell Circuit Model 

Solar cells consist of a p-n junction fabricated in a thin wafer or layer of semiconductor.  

The I-V output characteristic of a solar cell has an exponential characteristic similar to 

that of a diode [28].   As a result, the simplest equivalent circuit of a solar cell consists of 

a current source and a diode which are connected in parallel as shown in Figure C.1.  The 

current source represents the photocurrent generated by the sunlight and the diode 

determines the I-V characteristic.   

 
Figure C.1 Simplified equivalent circuit for single solar cell 

 
The I-V characteristic function can be derived from Kirchoff’s current law.  According to 

Kirchoff’s current law, 
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Where phI = photocurrent, temperature dependent; 

DI = diode current, temperature dependent;  

SI = diode reverse saturation current; 

m= diode ideal factor; 

TV = thermal voltage (25.7 mV at 25°C). 
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For solar cell in practices, voltage losses happen at the boundary and external contacts 

and leakage currents happen throughout the cell.   To describe these losses, a series 

resistance SR  and a parallel resistance PR are added into the equivalent circuit above [21].  

The new equivalent circuit is shown in Figure C.2.   

The I-V characteristic function can be derived from Kirchoff’s current law: 

01exp � 
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Where PI = parallel resistor current. 

 
Figure C.2 Equivalent circuit for solar cell with resistances 

The circuit shown in Figure C.3 is only the equivalent circuit for a single solar cell.   

Since output power of a solar cell is very low, many solar cells are connected in series to 

constitute a solar module.    As a result, the equivalent circuit of a solar module is shown 

in Figure C.3. 
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Figure C.3 Equivalent circuit for a solar module  

2.  Solar Cell Math Model 

A math model of solar cell will be given in this section to determine the voltage and 

current when maximum power is extracted from solar cell [29].    

The current through the solar cell is  
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This expression is a simplified form of equation (C.1) as it does not contain the diode 

ideal factor, essentially ignoring the recombination in the depletion region.    

The short circuit current   

 phsc II ���           (C.4) 

The open circuit voltage   
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The total power dissipated    
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To find the voltage when maximum power occurs, we make  
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Maximum power point voltage can be solved from equation (C.7) 
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The maximum power point current can be solved from equation (C.3) and (C.8) 
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APPENDIX D  

KEY FEATURES OF DSP BOARD 

1. Features of eZdspTM  F2812: 
The eZdspTM F2812 has the following main features: 

�x TMS320F2812 Digital Signal Processor 

�x 150 MIPS operating speed 

�x 18K words on-chip RAM 

�x 128K words on-chip Flash memory 

�x 64K words off-chip SRAM memory 

�x 30 MHz clock 

�x Expansion Connectors (Analog, I/O) 

�x Onboard IEEE 1149.1 JTAG Controller 

�x 5-volts only operation with supplied AC adapter 

�x TI F28xx Code Composer Studio tools driver 

�x On board IEEE 1149.1 JTAG emulation connector 

2. The eZdspTM  F2812 Board: 

The eZdspTM F2812 is a 5.25 x 3.0 inch, multi-layered printed circuit board, powered by 

an external 5-Volt only power supply. It has nine major connectors as shown in Figure 

D.1 below. Their functions are shown in Table D.1. 

 
Figure D.1 eZdspTM F2812 connector positions 
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Table D.1 eZdspTM F2812 Connector functions 

Connector Function 

P1 JTAG Interface 

P2 Expansion 

P3 Parallel Port / JTAG Controller Interface 

P4/P7/P8 I/O Interface 

P5/P9 Analog Interface 

P6 Power Connector 

As demonstrated in the thesis, six PWM output pins, PWM1 to PWM6 in I/O interface 

(P8) are used to provide the PWM control signals for asymmetric three-lever inverter. 

The detailed pin assignment for P8 connector is shown in Table D.2: 

Table D.2 P8 connector Pin allocation 

Pin # P8 Signal Pin # P8 Signal Pin # P8 Signal Pin # P8 Signal 

1 +5 Volts 11 PWM3 21 No connect 31 PWM8 

2 +5 Volts 12 PWM4 22 XINT1N/XBIOn 32 PWM9 

3 SCITXDA 13 PWM5 23 SPISIMOA 33 PWM10 

4 SCIRXDA 14 PWM6 24 SPISOMIA 34 PWM11 

5 XINT1n/XBI
On 

15 T1PWM 25 SPICLKA 35 PWM12 

6 CAP1/QEP1 16 T2PWM 26 SPISTEA 36 CAP4/QEP3 

7 CAP2/QEP2 17 TDIRA 27 CANTXA 37 T1CTRIP 

8 CAP3/QEPI1 18 TCLKINA 28 CANRXA 38 T3CTRIP 

9 PWM1 19 GND 29 XCLKOUT 39 GND 

10 PWM2 20 GND 30 PWM7 40 GND 
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APPENDIX E  

TMS320F2812 EV MANAGER INTERRUPT STRUCTURE  

EV interrupt events are organized into three groups: A, B, and C. Each group is 

associated with a different interrupt flag and interrupt enable register.  There are several 

event manager peripheral interrupt requests in each EV interrupt group.  Table E.1shows 

all EVA interrupts, their priority and grouping; Table E.2 shows all EVB interrupts, their 

priority, and grouping.  There is an interrupt flag register and a corresponding interrupt 

mask register for each EV interrupt group.  A flag in EVAIFRx (x = A, B, or C) is 

masked if the corresponding bit in EVAIMRx is zero. When a peripheral interrupt request 

is acknowledged, the appropriate peripheral interrupt vector is loaded into the peripheral 

interrupt vector register (PIVR) by the PIE controller. The vector loaded into the PIVR is 

the vector for the highest priority pending enabled event. The vector register can be read 

by the interrupt service routine.  Table E.3 describes the conditions for the interrupt 

generation.  

Table E.1 Event Manager A (EVA) interrupts 
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Table E.2 Event Manager B (EVB) interrupts 

 
 

Table E.3 Conditions for interrupt generation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX F  
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DSP PROGRAMMING FOR PWM CONTROL WAVEFORM 

GENERATION 

#include "DSP281x_Device.h"        // DSP281x Headerfile Include File 
#include "DSP281x_Examples.h"    // DSP281x Examples Include File 
#include <math.h> 
 
#define mf 45 
float PI=3.1415926;  
float mi=1.95; 
int f1=60; 
int f2; 
float tp; 
float ph; 
int no=0; 
long aa1,bb1,aa2,bb2; 
long a[mf*2];       // Look-up table 1 
long b[mf*2];       // Look-up table 2 
int i; 
int flag=1; 
int32 InterruptCount1; 
int InterruptCount2; 
int32 t3pr; 
 
interrupt void Evb_pwm_isr(void); 
interrupt void Evb_pwm_isr2(void); 
 
void init_Evb_pwm(void); 
 
void main(void) 
{ for (;flag==1;) 
 {loop: f2=f1*mf; 
  t3pr=75000000/(f2*2);     //Period 
   for (i=0;i<=mf-1;i++)      // Look-up tables initialization 
  {if (i<=mf/2) 
  {aa1=(mi*sin((i-0.25)*2*PI/mf)-1)*t3pr; 
   bb1=(mi*sin((i-0.25)*2*PI/mf))*t3pr; 
   aa2=(mi*sin((i+0.5-0.25)*2*PI/mf)-1)*t3pr; 
   bb2=(mi*sin((i+0.5-0.25)*2*PI/mf))*t3pr; 
   if (aa1<0) 
   {a[2*i]=0;} 
   else if (aa1>t3pr) 
   {a[2*i]=t3pr;} 
   else {a[2*i]=aa1;} 
   if (aa2<0) 
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   {a[2*i+1]=0;} 
   else if (aa2>t3pr) 
   {a[2*i+1]=t3pr;} 
   else {a[2*i+1]=aa2;} 
   if (bb1<0) 
   {b[2*i]=0;} 
   else if (bb1>t3pr) 
   {b[2*i]=t3pr;} 
   else {b[2*i]=bb1;} 
   if (bb2<0) 
   {b[2*i+1]=0;} 
   else if (bb2>t3pr) 
   {b[2*i+1]=t3pr;} 
   else {b[2*i+1]=bb2;} 
   } 
    
   else 
   {aa1=(mi*sin((i-0.25)*2*PI/mf)+1)*t3pr; 
   bb1=(mi*sin((i-0.25)*2*PI/mf)+2)*t3pr; 
   aa2=(mi*sin((i+0.5-0.25)*2*PI/mf)+1)*t3pr; 
   bb2=(mi*sin((i+0.5-0.25)*2*PI/mf)+2)*t3pr; 
   if (aa1<0) 
   {a[2*i]=0;} 
   else if (aa1>t3pr) 
   {a[2*i]=t3pr;} 
   else {a[2*i]=aa1;} 
   if (aa2<0) 
   {a[2*i+1]=0;} 
   else if (aa2>t3pr) 
   {a[2*i+1]=t3pr;} 
   else {a[2*i+1]=aa2;} 
   if (bb1<0) 
   {b[2*i]=0;} 
   else if (bb1>t3pr) 
   {b[2*i]=t3pr;} 
   else {b[2*i]=bb1;} 
   if (bb2<0) 
   {b[2*i+1]=0;} 
   else if (bb2>t3pr) 
   {b[2*i+1]=t3pr;} 
   else {b[2*i+1]=bb2;} 
   } 
} 
   InitSysCtrl();    // Initialize system control 
 
   EALLOW;      //Initialize GPAMUX and GPBMUX 
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   GpioMuxRegs.GPAMUX.all = 0x00ff; 
   GpioMuxRegs.GPBMUX.all = 0x00ff; 
 
   EDIS; 
 
   DINT;      //Initialize PIE control registers to their default states 
   InitPieCtrl();  
 
   IER = 0x0000;   //Disable CPU interrupts and clear all CPU interrupt flags; 
   IFR = 0x0000; 
  
   InitPieVectTable();  //Initialize the PIE vector table  
 
   EALLOW;    //Interrupts used are re-mapped to corresponding ISRs 
   PieVectTable.T3PINT = &Evb_pwm_isr; 
   PieVectTable.CMP4INT = &Evb_pwm_isr2; 
   PieVectTable.CMP5INT = &Evb_pwm_isr2; 
   EDIS; 
    
   init_Evb_pwm();   //Initialize all the Device Peripherals 
 
   InterruptCount1=0;   //Initialize count values to 0;  
 
   //Enable PIE group 4 interrupt 1,2,4 for CMP4INT, CMP5INT and T3PINT 
   PieCtrlRegs.PIEIER4.all =0x000B ; 
 
   IER |= (M_INT4); 
 
   //Enable global interrupts and higher priority real-time debug envents 
   EINT;      //Enable global interrupt INTM 
   ERTM;      //Enable global realtime interrupt DBGM 
 
   for(;flag==1;);   // IDLE loop.  Just sit and loop forever   
   } 
     
    while (flag==0) 
   { EvbRegs.ACTRB.all = 0x0000; 
    if (flag==1) 
    {goto loop;}; 
    } 
 
} 
void init_Evb_pwm(void) 
{    
    EvbRegs.GPTCONB.all = 0;   //Initialize EVB timer 3 
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    EvbRegs.T3PR = t3pr;    // Period       
 
    EvbRegs.T3CNT = t3pr/2;   //Initialize EVB timer 3 counter 
    EvbRegs.T3CON.all = 0x0846;  //Initialize timer 3 control register 
    EvbRegs.CMPR4 = 0;     //Compare Reg1  
    EvbRegs.CMPR5 = 0;     //Compare Reg2 
    EvbRegs.CMPR6 = 0;    //Compare Reg3 
 
 
    EvbRegs.EVBIMRA.bit.T3PINT = 1;  //Enable T3INT interrupt 
    EvbRegs.EVBIFRA.bit.T3PINT = 1;  //Clear T3INT flag 
    EvbRegs.EVBIMRA.bit.CMP4INT = 1; //Enable CMP4INT interrupt 
    EvbRegs.EVBIFRA.bit.CMP4INT = 1;  //Clear CMP4INT flag 
    EvbRegs.EVBIMRA.bit.CMP5INT = 1; //Enable CMP5INT interrupt 
    EvbRegs.EVBIFRA.bit.CMP5INT = 1;  //Clear CMP4INT flag  
     
    //Compare4 AL; Compare5 AL; Compare6 AL; 

EvbRegs.ACTRB.all = 0x0999;   
    EvbRegs.DBTCONB.all = 0x04EC;   //Enable deadband to be 0.8uS. 
    EvbRegs.COMCONB.all = 0xAAE0; 
 
    EvbRegs.GPTCONB.bit.T3TOADC = 2; 
} 
 
interrupt void Evb_pwm_isr(void)   // T3PINT ISR 
{   EvbRegs.ACTRB.bit.CMP7ACT=1;  //Compare7 AL; 
    EvbRegs.ACTRB.bit.CMP8ACT=2;   //Compare8 AH; 
    EvbRegs.ACTRB.bit.CMP9ACT=1;  //Compare9 AL; 
    EvbRegs.ACTRB.bit.CMP10ACT=2; //Compare10 AH; 
    InterruptCount1++;   
    InterruptCount2=0; 
    EvbRegs.T3PR = t3pr; 
     
     no=InterruptCount1%(mf);    //Load compare units 
    EvbRegs.CMPR4=a[2*no]; 
    EvbRegs.CMPR5=b[2*no]; 
    EvbRegs.CMPR6 = 0; 
    
   if (no==0) 
   {EvbRegs.ACTRB.bit.CMP11ACT=0; 
    EvbRegs.ACTRB.bit.CMP12ACT=3; 
    EvbRegs.ACTRB.bit.CMP7ACT=0; 
    EvbRegs.ACTRB.bit.CMP8ACT=3; 
    EvbRegs.ACTRB.bit.CMP9ACT=0; 
    EvbRegs.ACTRB.bit.CMP10ACT=3;} 



 82

 
    EvbRegs.EVBIMRA.bit.T3PINT = 1;  // Enable T3PINT from this timer 
  EvbRegs.EVBIFRA.all = 0x0086; 

 
   //Acknowledge interrupt to receive more interrupts from PIG group4 
   PieCtrlRegs.PIEACK.all = PIEACK_GROUP4; 
} 
 
interrupt void Evb_pwm_isr2(void)   //CMP4INT AND COMP5INT ISR 
  {InterruptCount2++;  
   if (no==(int)(mf/2) & InterruptCount2==1) 
  { EvbRegs.CMPR4=t3pr/2; 
    EvbRegs.CMPR5=t3pr; 
    } 
   else if (InterruptCount2==1) 
  { EvbRegs.CMPR4=a[2*no+1]; 
    EvbRegs.CMPR5=b[2*no+1];} 
    
   if (no==(int)(mf/2)& InterruptCount2==2) 
  { EvbRegs.ACTRB.bit.CMP11ACT=3; 
    EvbRegs.ACTRB.bit.CMP12ACT=0;} 
  
   EvbRegs.EVBIMRA.bit.CMP4INT = 1;   //Enable CMP4INT from this timer 
   EvbRegs.EVBIMRA.bit.CMP5INT = 1; //Enable CMP5INT from this timer 
 
   EvbRegs.EVBIFRA.all = 0x0086; 
 
   //Acknowledge interrupt to receive more interrupts from PIG group4 
  PieCtrlRegs.PIEACK.all = PIEACK_GROUP4; 
} 
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