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Abstract 

 

Design and Implementation of Three-Phase Inverters Using a 

TMS320F2812 Digital Signal Processor 

 

 

 

 

Duehee Lee, MSE 

The University of Texas at Austin, 2009 

 

Supervisor:  Surya Santoso 

 

 

 

The goal of this thesis project was to design and build a three-phase inverter 

controlled by the TMS320F2812 DSP by Texas Instruments. The TMS320F2812 is 

controlled in order to make inverters generate output waveforms which mimic the main 

reference signal coming from a computer. The project included building three different 

inverters on two platforms including auxiliary circuits and designing five pulse width 

modulation (PWM) switching algorithms for the inverters. 

The motivation was that a newly designed inverter was required as an 

intermediary device between a computer and a laboratory-scaled model of a wind turbine. 

This type of wind turbine is used to educate students and engineers and to extract 
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experimental wind power data. However, since commercial inverters don’t follow the 

main reference signal which is sent from the computer in order to operate the laboratory-

scaled wind turbine, a controllable and variable inverter  needed to be designed to 

receive that signal. 

The results are as follows. The voltage source inverter (VSI) and the current-

controlled voltage source inverter (CC-VSI) were built on the VSI platform, and the 

current source inverter (CSI) was built on the CSI platform. Furthermore, the 

TMS320F2812’s analog digital converter (ADC) driver circuit and the output LC filter 

were also designed as auxiliary circuits. Five PWM switching programs were written; 

three switching algorithms for the VSI, and one algorithm each for the CC-VSI and the 

CSI. The output waveforms from the combination of hardware and software mentioned 

above were captured, and they follow the main reference signal very well. Although each 

of the inverters performed well, the VSI in combination with the Space Vector PWM 

switching algorithm produced the cleanest output voltage waveforms with the least 

amount of noise. 

The inverters built in this thesis project can be applied to the laboratory-scaled 

wind turbine, the maximum power tracking in solar panels, and equipment for analyzing 

digital signal processing. However, before using the inverters in those applications, much 

work remains to be done to solve the problems related to  the signal distortion caused by 

the dead band time, harmonic signals caused by the fixed switching frequency, and the 

reliability issues  caused by mounting on the bread board. 

In conclusion, although this thesis does not illustrate the entire  process of  or 

explain every requirement for building the three inverters,  enough information about 

the topology of  the inverters, the hardware design, and the PWM switching algorithms 

is provided in this thesis to enable one to remake all three of the three-phase inverters. 
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CHAPTER ONE 

INTRODUCTION 

 

The U.S. has become “the top producer of wind energy,” with a total capacity of 

“25 gigawatts, enough to power over five million homes” [1]. The number of wind 

turbines and wind turbine parts manufactured in the U.S. grew in 2008, with 55 new or 

expanded production facilities [1]. Wind turbine production is expected to increase even 

further in the coming years and over 10,000 will need to be added in order to reach the 

Obama administration’s goal of 25 percent renewable energy production by 2025 [1]. As 

the wind industry grows, there will be an increased need for laboratory-scaled models of 

wind turbines, which can be used to educate students and train field engineers. To date, 

few research centers have built laboratory-scaled models of wind turbines, which means 

most students and engineers have little experience operating wind turbines before 

entering the field [2]. These laboratory-scaled models can also be used to simulate 

various characteristics of wind turbines and study how various situations can affect them. 

This type of research would be valuable to manufacturers and operators of wind turbines. 

The laboratory-scale turbines need to be controlled by a computer so that 

researchers can control the output of the wind turbine more accurately, which is 

important because the turbine should be able to simulate the characteristics of wind 

accurately. An inverter is needed to act as an intermediary between the computer and the 

turbine. The computer, in essence, tells the inverter how much power to release to the 

turbine, which in turn controls the flow of power out of the turbine. Commercial inverters 

can’t be used because they can’t follow orders that have been programmed into the 

computer in the form of a switching algorithm. Therefore, a controllable and variable 
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inverter should be designed that is appropriate to a laboratory environment. The advent of 

the Digital Signal Processor (DSP) in recent decades has opened new ways to design a 

small and powerful three-phase inverter and to apply high efficiency switching 

algorithms without bulky analog circuits, which can be cumbersome in a laboratory 

environment. 

The purpose of this thesis project was to model a DSP-controlled three-phase 

inverter which could be used to control the flow of power to a laboratory-scaled wind 

turbine. This project included building the hardware and designing the software 

(programming the switching algorithm) of the inverters. Three different inverters were 

built and tested to find the most suitable inverter according to the various simulation 

conditions. This chapter provides an overview of the three-phase inverter and the 

TMS320F2812 DSP explains the motivation for and the objectives of this thesis project, 

and the outlines organization of this thesis. 

 

1.1 Introduction to a Three-Phase Inverter 

 

A three-phase inverter is like three parallel canals, and each of the three canals 

has two floodgates respectively. In each canal, the two floodgates face two different seas, 

so, with three parallel canals in a row, three floodgates face each sea. While negating 

different sea levels to send a ship from one sea to another sea, the first floodgate is 

opened, and the second floodgate is closed. After a ship enters a canal, the first floodgate 

is closed, and the second floodgate is opened. To make a ship move continuously, only 

one of floodgates should be open at a time.  
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The working mechanism of an inverter is very similar to that of a canal except 

that an electronic switch should be closed to flow current in an inverter whereas a 

floodgate should be opened to flow a ship in a canal.  

In brief, an inverter inverts DC power to AC power. Just as a canal faces two 

different seas, an inverter connects two different power sources, DC and AC power, with 

three pairs of two consecutive switches. When an electronic switch is closed, the load is 

connected to DC current, and current will flow to the load through the other switch. Only 

one of the consecutive switches can be closed at a time. As a canal changes the speed of 

passing ships, an inverter can change the constant voltage/current flow to a sinusoidal one 

by varying the closing time of a switch in proportion to the sinusoidal wave. With the six 

switches working in a harmony, an inverter makes three output sinusoidal waveforms that 

are 120° out of phase with each other. To make a sinusoidal waveform, the six switches 

should follow a predetermined switching pattern, and this switching pattern is called 

‘Switching Algorithm’ or ‘Pulse Width Modulation (PWM)’. Since the duty ratio or 

width of switch control signals are continuously modulated, it is named as PWM. 

An inverter can be controlled by either a voltage source or a current source. When 

a constant DC voltage is available, a voltage source inverter (VSI) converts DC voltage 

into three-phase AC voltage with the help of a DC capacitor. A current source inverter 

(CSI) requires DC current source and converts DC current into three-phase AC current 

with the help of a DC inductor. A VSI should have six parallel diodes installed to ensure 

a continuous two-way flow of current, but a CSI should have six series diodes installed to 

ensure the flow of current in one direction. There are two types of VSI’s, and their 

difference lies in the control method. One is a voltage-controlled voltage source inverter 

(VC-VSI), which is commonly referred to as simply a VSI, and the other is a current-
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controlled voltage source inverter (CC-VSI). Table 1-1 shows the classification of 

inverters according to their DC input and sinusoidal waveform output. 

 

Classification of 
Inverters 

Sinusoidal Output 

Voltage Current 

DC Input 
Voltage VSI CC-VSI 

Current - CSI 

Table 1-1 Classification of Inverters 

Of course, even though an inverter is the core part in inverting DC power to AC 

power, it requires various additional appliances in order to function. These are a rectifier 

and inverter gate drivers. First, a rectifier converts 110V commercial AC source to DC 

source so that the inverter can change natural DC power into AC power. This is necessary 

because an inverter only receives DC power. For the VSI, a high capacitor is inserted 

between the rectifier and the inverter to stabilize the input voltage, whereas for the CSI, a 

high inductor is inserted between the rectifier and the inverter to stabilize the input 

current. Even though a rectifier can control the DC source to a certain level, however, the 

given conditions of this thesis project did not permit having a controlled rectifier with an 

expensive DC link choke. Therefore, all the realized inverters in this thesis project used a 

current source power supply or uncontrolled rectifiers. 

Second, using the analogy of a canal as mentioned above, just as a canal requires 

gates to control the flow of ships, an inverter needs gate drivers in order to trigger the 

gates of switches to control the amount of power. The gate driver receives orders from a 

DSP board and amplifies the digital signal to high voltage. This controls the opening and 

closing of the switches. The switches should be fast enough to control the output and 



 5

strong enough to sustain the high pressure of DC power. Metal Oxide Semiconductor 

Field-Effect Transistor (MOSFET), Gate Turn-Off (GTO) and Insulated Gate Bipolar 

Transistor (IGBT) are well used switches in inverters. IGBT is chose to use as a switch 

for reasons that will be explained in Chapter four. 

An inverter is commonly used to control the speed and torque of a motor by 

varying the frequency and amplitude of the output waveform. The motors in wind 

turbines, ventilation systems and assembly line belts are controlled by an inverter in this 

manner. Even though most inverters can control most motors, each inverter has its own 

strengths and weaknesses. For example, if a wind turbine uses a VSI, there is some 

harmonic loss and spike of voltage. This disadvantage can be reduced by using a CSI, but 

the CSI has a lower speed response. One solution to this problem is, instead of operating 

a CSI, using a CC-VSI which ensures a sinusoidal current that flows faster than regular 

CSI current. These three types of inverters were built and compared to each other in this 

thesis project in order to decide which type would work best to control the input to a 

laboratory-scaled wind turbine. 

Three-phase inverters are continuously redesigned to satisfied wide requests from 

the industry. The development of advanced and medium voltage inverters started in the 

mid-1980’s when high power switches became commercially available [3]. The GTO was 

usually used for the medium voltage inverters until the advent of the high-power IGBT in 

the late 1990’s [3]. In addition, the first current source inverter and the switching 

algorithm for CSI, such as the space vector modulation algorithm, was also developed 

and used for motor control in 1987 [4]. With the commercialization of modern DSP in 

recent decades, motor control systems that use inverters controlled by a DSP is a well-

established practice.  
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Modeling a three-phase inverter for motor control has been done in academics and 

industry to upgrade its performance. Examples of state-of-the-art inverters include the 

cascaded H-bridge multilevel inverter is the popular inverter used in the industries [5]. 

The diode-clamped multilevel inverter uses clamping diodes and cascaded DC capacitors 

to generate multiple level outputs. It can be generally configured as a various level 

topology, but only the three-level inverter is widely used in high power medium voltage 

drives [6]. Details about the inverters built in this project and the switching algorithms 

that are used to control them will be discussed in later chapters. The next section will talk 

about digital signal processors, specifically, the TMS320F2812 DSP. 

 

1.2 Introduction to the TMS320F2812 DSP 

 

Different types of analog circuits are usually required in order to implement the 

orders of each unique switching algorithm of inverters. In this thesis project, VSI, CSI 

and CC-VSI run with five different switching algorithms. However, it is impossible to 

build various analog circuits optimized for each algorithm and to install user-input 

switches to control the analog circuits. Moreover, it would be very hard to generate 

variable signals with already built static analog circuits. The foremost reason for using 

DSP in this thesis project, and therefore the motivation for developing specialized DSP 

programs, is the functional substitution of bulky analog circuits for calculating complex 

equations in real time and then generating any complex signals. DSP is now at the heart 

of power electronics, having the ability to handle complex switching control algorithms.  

DSP is made by many competitive companies, for example, Texas Instrument 

(TI), Analog Device, Motorola and Freescale. DSP market analysis shows that TI has a 
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higher number of sample codes and application programs specialized for inverter control 

than any other company. TI makes the TMS320LF240xA, the TMS320C2000, and the 

TMS320C6000 and others. The TMS320LF240xA is the least expensive since it was the 

first generation model, but it has a small memory, the TMS320C6000 is the most 

expensive model offering high-end DSP for complex digital signal processing. The 

TMS320C2000 platform was selected for this thesis project, specifically one of the 

TSM320C2000 series models, the TMS320F2812 (F2812). The F2812 provides the best 

functions for inverter control systems [7]. They are as follows: 

 

• High performance 32 bit CPU – 150MHz 

• 12 bit, 16 channel, maximum 12.5MHz ADC and input range is 0V ~ 3V 

• 14 controllable PWM peripherals 

• Real time simulation and emulation  

• IQmath library for floating point calculation 

 

The specifications and capabilities of the F2812 indicate that it displays motor-

friendly functions for a wide range of power electronics and diverse PWM algorithms [8]. 

Among the many special functions of the F2812, the most important functions are the 

Event Manager Peripheral (EVM) and the Analog to Digital Converter (ADC). The EVM 

makes switching signals and it is made up of components such as timers, PWM 

generators, capture units, space vector PWM and dead-band generation units [9]. In 

addition to the EVM, the ADC of the F2812 is used to receive a main reference signal 

and to receive the current sensor information. Furthermore, the IQmath library enables 

one to write programs in a floating point environment in spite of a fixed point machine 

[10]. Regarding the debugging environment, this DSP model also supports real-time 
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operation, such that the memory and register location can be changed while the program 

is running.  

 

1.3 Motivation and Object 

 

The motivation for this thesis project was that modeling an inverter is the first 

step toward building a laboratory-scaled model of a wind turbine which is beneficial for 

emulating various characteristics of wind turbines and training engineers. It is also used 

to study how various situations can affect the wind turbine. Most recently-built large 

wind turbines employ a Doubly Fed Induction Generator (DFIG) technology because of 

its maximized energy capturing ability. Therefore a DFIG was be used as the main 

generator of the laboratory-scaled model turbine as well. 

 

 

Figure 1-1 The Function of an Inverter in the DFIG Wind turbine System  
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A DFIG needs a three-phase AC-to-AC (AC-DC-AC) converter between its rotor 

and stator terminals. The AC-to-AC converter consists of a stator-side rectifier and a 

rotor-side inverter. For the AC-to-DC converter on the stator side, most DFIG systems 

use a rectifier with a DC link choke, and for the DC-to-AC of the rotor side, an inverter is 

used. Commercial inverters can’t be used here. The computer controls this inverter with 

the help of the DSP, but commercial inverters can’t follow orders in the form of a 

switching algorithm from the computer. Therefore, a controllable and variable inverter 

needed to be designed, and installed on the stator side. 

The specific goal of this thesis project was to build three inverters, one VSI, one 

CC-VSI and one CSI, with five switching algorithms; three for the VSI, one for the CC-

VSI and the last one for the CSI. This thesis will address not only the implementation of 

the hardware and software of inverters, but also the theoretical and practical aspects of 

the PWM switching control of DSP. It will also address the harmonic distortion of output 

voltage, the simple LC noise filter, and the dead band effect which usually distorts output 

waveform, as discussed in section 2.3. 

The specifications of the inverters built in this project are as follows. First, the 

DSP should receive a reference signal and calculate the switching timing as programmed. 

The VSI generates a three-phase output voltage that has the same waveform and 

frequency as the reference signal. The output voltage changes according to the amplitude 

of the reference signal. The CC-VSI and the CSI generate a three-phase output current 

just as the VSI does for voltage. The working mechanism of the inverter is too simple to 

simulate, so no simulation work was included here. Instead of using a simulation, the 

hardware was built directly, and was tested to verify the system. Second, the input current 

that voltage of the rectifier should be three-phase 208VLL and the three-phase output 
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voltage should be around 181VLL. The maximum output current should be 30A, and the 

reference signal should have a maximum 3Vpp and frequency from 10Hz to 120Hz. 

As a result, the VSI makes sinusoidal output voltage which is always the same as 

the main reference signal. The CC-VSI and CSI also make sinusoidal output current 

which has the same waveform as the main reference signal. All of these output 

waveforms should have 10Hz to 120Hz frequencies and have well controlled amplitude 

of output voltage from 0.1V to 208V. 

 

1.4 Organization of this Thesis 

 

This thesis is divided into five chapters. Chapter one is the introduction and it 

provides a brief explanation about inverters and the TMS320F2812. It also discusses the 

goal and motivation for designing and constructing three different inverters.  

Chapter Two describes the basic topologies of the three inverters and their five 

switching modulation algorithms. They are the sinusoidal analog input modulation, the 

sinusoidal look up table modulation, the space vector modulation, the CC-VSI 

modulation, and the CSI space vector modulation. Calculation of the total harmonic 

distortion for the VSIs is also presented. At the end of this chapter, all the switching 

algorithms are compared to each other. 

Chapter three shows the basic information about two special functions of the 

F2812. The first one is the EVM function which can generate 14 switching signals with 

four internal timers. The second one is the analog digital converter (ADC). Its sampling 

frequency setting mechanism and the operating mode selection method were introduced. 

Furthermore, the calibration method of the ADC is also mentioned in this chapter. 
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Chapter Four mainly explains how an inverter switching algorithm works and 

how the F2812 was programmed by the various algorithms. Whereas Chapter 2 explains 

the general principles of switching modulations, this chapter discusses the real 

implementation into the F2812 to realize the switching modulations. This was necessary 

because the control theories of inverters don’t apply well to the real digital system. This 

chapter starts with an explanation of how the frequency of the main reference signal was 

measured, then shows how the five switching modulation algorithms were implemented. 

After explaining the modulation algorithm, it analyzes the output waveforms of the two 

inverters under different loads, such as inductive, resistive loads and an induction 

generator. Before and after passing through a filter, line-to-line output voltages were 

obtained and compared. The CC-VSI was also tested with a low resistor with high 

inductance to draw high current. Different waveforms between current and voltage show 

that the load is very inductive, and the CC-VSI mostly works under inductive loads, such 

as motors. It can be observed that the CSI produces a clear form of current without 

causing the spike problems associated with the VSI.   

Chapter Five discusses how to make the basic platform of the inverter and how to 

design the noise filter. According to the inverter topologies, different IGBTs and driver 

circuits were selected to build the VSI and CSI. Adding three current sensors in front of 

the load and removing an output filter can produce a CC-VSI. The ADC driver circuit is 

designed and explained. The ADC calibration algorithm is also explained in this chapter.  

Chapter Six summarizes the findings of this thesis project and discusses unsolved 

problems. It contains some ideas regarding potential enhancements to the existing 

hardware of inverters and different modulation algorithms. It also mentions some 

required preparations for applying inverters to motors. 
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CHAPTER TWO 

THEORY OF INVERTERS 

 

The objective of this chapter is to describe the basic theory and various topologies 

of the VSI, CC-VSI and CSI as well as five different switching algorithms. As mentioned 

in Chapter 1, VSI is the Voltage Source Inverter which inverts DC voltage into AC 

voltage without feedback from output. CC-VSI is the Current-controlled Voltage Source 

Inverter which inverts DC voltage into AC current using feedback information from 

output current sensors. CSI, the Current Source Inverter, receives DC current as an input 

source and generates AC current as an output. 

The motivation for describing various inverters is to compare their performance 

and controllability by providing experimental data and hardware design. These 

comparison data will be used to find a suitable inverter for the laboratory-scaled wind 

turbine. Both VSIs and CSIs are well used in the industry with various motor control 

theories, so it was important to research and test various types of inverters in order to find 

which one works best with the laboratory–scaled wind turbine by giving more exact and 

abundant experimental data.  

All inverters used this in thesis project are two-level inverters which have two 

rough output voltage levels. They are positive input DC voltage and negative input DC 

voltage. After passing through a high pass filter, an inverter can make a sinusoidal output 

waveform. Section 2.1 is about the Voltage-Controlled VSI. The Current-Controlled VSI 

will be discussed in section 2.2. Finally, the CSI is discussed in section 2.3. 
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2.1 The Voltage Source Inverter 

2.1.1 THE BASIC TOPOLOGY OF THE VOLTAGE SOURCE INVERTER 

 

The voltage source inverter inverts DC voltage to AC voltage with the help of a 

DC capacitor which stabilizes the input. The VSI is usually used in medium-voltage (100 

~ 500V) motor drives, such as air conditioners, a washing machines and water pumps, 

which require low power and a simple control. Because of their simplicity and 

controllability, there are many motor drive solutions in the industrial fields. But the 

disadvantage of the VSI is that a two-level inverter produces high dv/dt and THD, and 

therefore often requires a large size LC filter at its output terminals.  

The experimental specifications of the VSI used in this thesis project are as 

follows. Theoretically, after an uncontrolled rectifier converts 60Hz three-phase 110V 

AC to 250V DC, a VSI inverts 250V DC to various AC voltages whose frequency is 

between 10Hz to 120Hz. While testing the systems, 30V power supply was used instead 

of a rectifier to prevent a short circuit accident, and then the VSI inverted this 30V into 

three-phase 70V AC output voltage. The topology of a VSI for motor drives can be 

classified into two types. The first topology is a VSI with an uncontrolled diode rectifier 

PWM. The second topology is the double-sided inverter that can flow power in a two-

way direction. The first topology is shown in Figure 2.1.  

 

 

Figure 2-1 The Basic Topology of PWM VSI with an Uncontrolled Diode Rectifier 
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A VSI with a rectifier consists of a three-phase PWM inverter with freewheeling 

diodes and a three-phase diode rectifier in the front end. Since it uses an uncontrolled 

rectifier, it cannot control the input DC voltage, but it can control the amplitude of output 

voltage by changing the duty cycle of switches. The inverter in Figure 2.1 is exactly the 

same as the inverter built in this thesis project, except for the output filter and the control 

board of power switches. The power switches can be IGBT or MOSFET.  

A VSI with a rectifier has two advantages. First, it is very simple to build and 

easy to control. Control signals are required only for the right inverter since the left 

rectifier works automatically. Second, this topology can be used to build a multi-level 

inverter for a motor drive system. As explained, the inverter is a two-level inverter whose 

output voltage of each phase is digitized by two voltage levels, positive DC input and 

negative DC input. However, the parallel connection of the VSI means that the two-level 

inverter actually functions as several multi-level inverters. In other words, a multi-level 

inverter makes many rough outputs before passing through the filter. The main difference 

between a two-level and multi-level inverter is the number of IGBT switches in one 

phase. For example, a five-level inverter requires eight IGBT switches in one phase 

rather than two IGBT switches, as a two-level inverter requires. The higher the number of 

IGBT switches, the lower the amount of distortion, so less power is lost during the 

inversion process. The effect of five-level inverters is better than two-level inverters, but 

the two-level inverter is much easier and cheaper to build, and simpler to operate by a 

computer. 

A VSI with a rectifier has two disadvantages. First, since it cannot control the 

input DC voltage from the rectifier, there is a lot of loss in the inverter when it should 

make a low voltage from a high voltage. On the other hand, when it tries to make a high 

voltage, it cannot make the amplitude of the output waveform bigger than the input DC 
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voltage. In this case, sometimes a boost converter in the DC link is used to increase the 

input power to the inverter, and this will increase the price of the inverter. Second, 

reverse power converting is not possible in this topology, since the current in the DC link 

cannot pass through the rectifier diodes, so it cannot be used for an application which 

requires a motor and a generator at the same time. The specific construction of the VSI is 

shown clearly in Figure 2-2 below. 

 

 

 

Figure 2-2 The Implementation of a PWM VSI Topology with an Uncontrolled Diode 
Rectifier 

 

The second topology is the double-sided PWM inverter. The basic topology is 

shown in Figure 2.3 below. The function of the left inverter in Figure 2-3 is to keep the 

DC link voltage constant regardless of the magnitude and direction of the rotor power. 

The function of the right inverter works as a normal inverter, but sometimes it sends back 

remnant power to the left inverter. Therefore, the double-sided PWM inverter is called a 

back-to-back inverter. 
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Figure 2-3 The Basic Topology of a Double-Sided PWM VSI 

 

The advantage of the double-sided inverter is that it can flow power in a two-way 

direction, so it can keep a constant DC in both motor control and generator control. In 

motoring mode, the machine demands active power. The left PWM in Figure 2-3 acts as 

a rectifier with all the switches open, whereas the right converter acts as an inverter with 

a general switching algorithm. Even though all the switches in the left inverter are open, 

since it has six parallel diodes, it can still work as a rectifier. In generator mode 

operation, the generated energy is converted to electrical energy, and the right inverter 

converts the energy to AC and pumps it back to the left.  

The popular application of the double-sided PWM VSI is for rolling mill drive 

type applications, flywheels, and wind turbines, where frequent accelerations and 

decelerations may be required. The decelerations or breaking power will be transferred 

back to the grid through the left inverter in Figure 2-3. The power flow between the grid 

and the direct voltage link can be reversed at any time instantly. Even though most of the 

time the left inverter is used as a rectifier with all open switches, this inverter sometimes 

controls the switches in order to improve the harmonic noise and power factor. When the 

input AC voltage fluctuates, the left inverter regulates the DC voltage better than an 

uncontrolled rectifier [11]. 
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Figure 2-4 The Implementation of the Double-Sided PWM VSI 

 

2.1.2 DEAD BAND TIME 

The term ‘Dead Band Time’ refers to the time delay that is required after turning 

off one switch, Q1 or Q2, in phase A and before turning the other one back on in phase A 

as shown in Figure 2-5. This time delay is required in order to avoid a short circuit fault 

known as a ‘Shoot-through fault.’ When a transition is happening between an upper 

switch Q1 and a lower switch Q2, if both are turned on at the same time, it will cause a 

short circuit.   

                                            

 

Figure 2-5 Transition from the Closed Q1 Condition to the Closed Q2 Condition. 
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Figure 2-7 Dead Band Effect [13] 

 

Figure 2-7 shows the distortion due to the dead band effect. The distortion amount 

depends on the switching frequency, delay time, and DC voltage. In the positive half-

cycle, since the upper IGBT is turning off faster than the scheduled time, there is voltage 

loss for every switching cycle. Similarly in the negative half, since the upper IGBT is 

turning on slower than the scheduled time, the output voltage increases slightly [11]. The 

net result is that the fundamental voltage is slightly decreased. The dead band time 

phenomenon occurs periodically. Because this periodicity is the same as the switching 

frequency, there is waveform low frequency harmonic distortion.  
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Among the many PWM techniques, only two concepts, the sinusoidal and space 

vector PWM are explained in this chapter. 

 

2.1.3.1 Sinusoidal Pulse Width Modulation Theory 

This section focuses on the three-phase sinusoidal pulse width modulation 

(SPWM) scheme. A PWM signal means a sequence of pulses with changing pulse 

widths. Realization of a three-phase SPWM is composed of three sinusoidal reference 

waves and one triangular carrier wave [15]. In SPWM, the triangular carrier waveform is 

compared with three sinusoidal waves that are 120° out of phase with each other to obtain 

balanced three-phase output voltages, as shown in Figure 2-9.  

The basic working algorithm is as follows. When the reference wave is larger than 

the triangular wave in Figure 2-9, the upper switch, Q1, Q3 or Q5 in Figure 2-2 is on and 

leads to . When the reference wave is smaller than the triangular wave, the 

lower switch, Q2, Q4 or Q6 in Figure 2-2 is on and leads to . The output 

waveform has two values, and it is described as a two-level inverter [15]. Since the line-

to-neutral has only two values and the DC average value, only the harmonics in the line-

to-line voltages are of concern.  

 

 

Figure 2-9 Three Phase Sinusoidal Reference Signals and a Triangle Signal 
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The output voltage can be controlled as follows. The voltage of the fundamental 

frequency component in the output wave can be controlled by the amplitude and 

frequency modulation indices 

 
                    and                          (2.1) 

 

 and  are peak values of the modulating and carrier waves, respectively. The peak 

value of the fundamental frequency component in phase A is 

 

                                                  (2.2) 

 

The line-to-line RMS voltage is 

 

                  √
√

0.612  [16]                (2.3) 

  

Even though there are various modes of SPWM according to the carrier wave and 

the realization method, in this application, a symmetric and asynchronous SPWM is used 

with 15 kHz carrier wave. First, the symmetric PWM signal is characterized by an 

isosceles triangle which is centered with respect to each PWM period, and it is shown in 

Figure 2-9. The advantage of a symmetric PWM signal over an asymmetric PWM signal 

is that it causes fewer harmonic distortions than an asymmetric PWM signal in the 

currents of a motor when sinusoidal modulation is used [16]. Under the symmetric PWM, 

the switching frequency becomes half of the frequency of the asymmetric PMW.  

Second, the asynchronous SPWM features a fixed switching frequency which is 

not an integer multiple ( ) of the fundamental frequency [16]. Even though the 
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asynchronous SPWM generates non-characteristic harmonic noise, asynchronous SPWM 

was implemented in this thesis project since the internal clock of the digital DSP cannot 

always generate the integer modulation index ( ) according to the various frequencies 

of input signals. 

However, it is very hard to implement SPWM like the waveform shown in Figure 

2.9, which is a naturally sampled SPWM. One major limitation of working with naturally 

sampled PWM is the difficulty of its implementation in a digital modulation system. The 

intersection of the reference sinusoid and the triangular carrier is defined by a 

mathematical equation and is complex to calculate. To overcome this limitation, the 

alternative is to implement the modulation system using a regular sampled PWM 

strategy, where the low-frequency reference waveforms are sampled and then held 

constant during each carrier interval. These sampled values are compared against the 

triangular carrier waveform to control the switching process of each phase leg [15].  

 

2.1.3.2 Space Vector Modulation 

This section describes the basic principle of the space vector pulse width 

modulation (SVPWM) for the two-level VSI. The SVPWM is a switching modulation 

scheme using eight combinations of six switches in an inverter. Considering that only one 

of the switches in one phase (in Figure 2-10) is always turned on to avoid a short and an 

open circuit, there are eight possible combinations of the three-digit binary number in 

Table 2-1. Each of the eight combinations makes its own discrete output voltage. Even 

though an inverter only can make eight discrete output voltages, the SVPWM 

approximates the theoretical ideal output voltage and makes virtual continuous output 

voltage by changing the continuance time of each combination. 
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Figure 2-10 A Simplified Circuit Diagram of a Three-phase Inverter and a Delta 
Connection 

The SVPWM starts with Equation 2.4, assuming that the operation of the inverter 

is three-phase balanced as in Figure 2-10. 

 

                     0                       (2.4) 

 

From a mathematical point of view, one of the phase voltages is redundant since 

two-phase voltages are enough to find the lost phase voltage by using Equation 2.4, so 

the third phase can be deleted using the Clark transformation in Equation 2.5.  

 

                  
1

0 √ √                   (2.5) 

 

The Clark transformation established the relationship between VAN, VBN and VCN 

and Vd and Vq. Vd is the real part, and Vq is the imaginary part in the d-q frame, and they 

are normalized to each other. The d axis and q axis of a d-q plane correspond to the direct 
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& quadratic axes of the stator of an AC machine. Theoretically, they can map to all real 

numbers by varying VAN, VBN and VCN. However, due to the fact that only eight 

combinations of switches make only eight combinations of VAN, VBN and VCN, Vd and Vq 

are mapped to only eight points in the d-q frame in Figure 2-13. For example, it is 

assumed that switches Q2, Q3 and Q5 in Figure 2-10 are closed and new circuits are 

drawn in Figure 2-11. 

 

 

Figure 2-11 One of the Switching Patterns in an Inverter: Q2, Q3, and Q5 are Closed   

Under the combination of switches in Figure 2-11, each line-to-neutral voltage is 

calculated in Figure 2-12. 
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Figure 2-12 Calculating Line-to-Neutral Voltage for Case No.4 in Table 2-1  
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All combinations of VAN, VBN and VCN and their Vd and Vq values are given in 

Table 2-1. 
 
No Turn on 

Upper 
Switches  

Line-to-Neutral Line-to-Line d-q Field 

A B C Van Vbn Vcn Vab Vbc Vca Vds Vqs Vector 

1 0 0 0 0 0 0 0 0 0 0 0 O 

2 0 0 1 - /3 - /3 2 /3 0 -   2 /3 0  

3 0 1 0 - /3 2 /3 - /3 -   0 - /3 
/√3 

 

4 0 1 1 -2 /3 /3 /3 -  0  /3 
/√3 

 

5 1 0 0 2 /3 - /3 - /3  0 -  - /3 
-

/
√3 

 

6 1 0 1 /3 -
2 /3 /3  -  0 /3 

-
/

√3 
 

7 1 1 0 /3 /3 -
2 /3 0  -  -2 /3 0  

8 1 1 1 0 0 0 0 0 0 0 0 O 

Table 2-1 Space Vector Switching Table for VSI 

 

Now the reference voltage V can be expressed as an imaginary number by 

 

                                                  (2.6) 

 

Mapping the reference voltages Vs corresponding to the eight combinations of 

switches onto the d-q imaginary plane results in six non-zero vectors and two zero 

vectors. The non-zero vectors form the axes of a hexagon. The eight vectors in Figure 2-
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Now a question arises: How can an inverter make a continuous sinusoidal output 

with finite basic vectors? The inverter should make a sinusoidal output waveform, and 

mathematically a sinusoidal waveform is the shadow trajectory of a rotating vector 

around the origin of the plane. Therefore, if an inverter has a rotating vector and can find 

its shadow trajectory, an inverter can make a sinusoidal waveform.  

For the SVPWM, an inverter has a reference voltage V as a rotating vector which 

is circling around the origin of the d-q plane with a frequency corresponding to that of the 

output three-phase voltages. Even though the inverter has only eight finite vectors, it can 

make a virtual rotating reference voltage V through the time division algorithm. The 

notion of time division is the central theme of the SVPWM, and it has an averaging or 

balancing effect.   

For any given magnitude and frequency, the reference voltage V is always 

surrounded by three adjacent basic vectors, two non-zero vectors and one zero vector, 

among the eight finite basic space vectors. 
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0
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Figure 2-15 Approximating the Reference Voltage V by Vectors U0, U60 and a Zero 
Vector 
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Furthermore, each one of the three adjacent basic vectors has its own possessing 

time to make the reference vector V. During this processing time, the inverter stays on 

one of the eight switching patterns according to the series of calculations shown in Table 

2-1. The possessing time is also based on the three adjacent basic vectors, and this 

represents the duty-cycle time of the chosen switches during a total period T. Assuming 

that the sampling period T is sufficiently small, and that the reference vector V can be 

considered constant during T, V can be approximated by the vector sum of two adjacent 

basic vectors and one zero vector as shown in Figure 2-15 [16].  

 

  0                          (2.7) 

 

dx, dy and dz are the possessing time of the vectors U0, U60, and any zero vector 

respectively. Which of the two zero vector switching patterns are chosen depends on the 

number of switches in the non-zero vector that need to be changed. For greater efficiency 

and noise reduction, it is better for only one switch to open or close. Therefore, the DSP 

selects a zero vector switching pattern that requires only one switch to be changed. Each 

vector can be expressed as the phase form. 

 

  

                                  [16]               

(2.8) 

  

 

Since V is on the d-q plane, it can be divided by a real part and an imaginary part. 
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      cos           sin
√

     (2.9) 

The possessing times of the two basic non-zero vectors are as follows. 

 

          √   sin                     √   sin     (2.10) 

 

The possessing time of a non-zero vector is found easily, and dz is given by T-dx-dy.  

As a result, when V rotates one revolution in space, the inverter output voltage 

varies periodically. The inverter output frequency corresponds to the rotating speed of V, 

and its output voltage can be adjusted by the magnitude of V. Equations 2.10 can be 

expressed by the modulation index ma, and the reference voltage V should be located 

within the hexagon, 

 

                  √             
  

√
               (2.11) 

 

Thus the maximum modulation index is 1 and its range is between 1 and 0. As a 

result, the maximum line-to-line RSM voltage is as follows.  

 

                   √3  
√

0.707               (2.12) 

 

This indicates that for a given DC bus voltage, the maximum inverter line-to-line 

voltage generated by the SVM scheme is 15.5% higher than that by the SPWM scheme 

[16]. As a result, for any given reference voltage V, the sinusoidal output voltage can be 

approximated in reverse. Figure 2-16 shows the approximation process. 
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Figure 2-16 The Flow Chart of deciding a Switching Pattern from any Given Reference 
Voltage V  

 

When V passes through sectors one by one as changing θ, SVPWM continuously 

finds two adjacent basic vectors with their possessing time, and a different combination 

of switches will be turned on or off according to their possessing time to make output 

voltages resemble the reference voltage V. If a DSP can find three adjacent basic vectors 

and change the possessing time of those vectors continuously and automatically, it can 

continuously approximate a reference vector V.  

 

2.1.4 TOTAL HARMONIC DISTORTION OF THE VOLTAGE SOURCE INVERTER 

Since an inverter makes three-phase sinusoidal output voltage waveforms that are 

120° out of phase with each other, the three-phase output voltages are expressed as 

follows. 

                  cos cos        

            cos cos   [17]    (2.13) 

  cos cos   

 

ma is the modulation index from the Equation 2.11, Vdc is the input DC voltage, 

and w0 is the rotating frequency of reference voltage V. V0 is the amplitude of output 
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voltage, so V0 is the same as maVdc. The three-phase line-to-line output voltages are given 

by the differences between the phase leg voltages as shown below. 

 
√3 cos 6  

            √3 cos  [17]        (2.14) 

√3 cos
5
6  

 

After passing the Fourier transform, those equations are as follows. 

 

cos
4

2
 

sin 2 cos 17  

(2.15) 
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2

 

sin 2 cos  17  

(2.16) 

 

√3 cos
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2
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 cos 3 2  17  
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In this case, there are triple sideband harmonics that are cancelled on a line-to-line 

basis. Overall, the following phase leg harmonic components will not appear in the line-

to-line output voltage; 

 

• Carrier harmonics 

• Sideband harmonics with an even combination of m ± n 

• Triple sideband harmonics, where n is a multiple of 3. 

 

Since all odd sideband harmonics are eliminated in the first carrier harmonic 

group (m=1), this means that the significant sideband harmonics in this carrier group will 

occur at frequencies of 2 , 4  [17]. For the second carrier harmonic 

group, the significant sideband harmonics will occur at 2 , 2 5 , and 

2 7  [17]. Although certain sources say that the frequency of the carrier signal 

has to be a multiple of three in relation to the frequency of the sinusoidal wave in order to 

reduce the total harmonic distortion [16], according to the experiment shown in Chapter 

4, in reality, this practice doesn’t result in better harmonics. 

 

2.2 The Basic Algorithm of the Current-Controlled VSI 

 

The Current-Controlled VSI switching algorithm is an instantaneous feedback 

current control method where the real current continuously follows the main reference 

current within a hysteresis band (HB). As indicated in the Figure 2-17, if the actual 

current exceeds the HB, the upper device of the half-bridge is turned off and the lower 

device is turned on.  
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Figure 2-17 Current and Voltage Waveform of the CC-VSI [11] 

 

As the current decreases and crosses the lower band, the lower device is turned 

off and the upper device is turned on. The narrower the band is, the more frequently 

switching takes place and the higher the quality of the currents. The width, h, of the HB 

decides the switching frequency of the inverter. The switching frequency will increase, 

which will in turn cause higher switching losses. The net result is that the HB should be 

set to a value that represents an optimal trade-off between the quality of the currents and 

the switching losses of the inverter.  

Actually, the switching frequency of the VSI under the CC-VSI modulation 

algorithm depends on the parameters of the load. However, if the F2812 adjusts the size 

of the hysteresis band, the switching frequency is also adjusted. Although the technique is 

simple, the control is very fast, and the device current is directly limited. The 

disadvantages are that it produces a harmonically non-characterized waveform and slight 
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phase lag that increases with frequency. Furthermore, the inverter switching frequency 

may vary with motor parameters. 

 Before an inverter checks the current of the output waveform, it has already 

passed the upper hysteresis band and reached the maximum output current limit. After it 

reaches the maximum output current, the inverter realizes that the output current is too 

high and turns off the upper switch. If the current increases much too quickly, the output 

current reaches the minimum value within a few micro-seconds. Therefore a current-

controlled VSI scheme can only be applied to an inductance load with a controllable 

current slope. The inverter should check the current of the output waveform quickly 

before it reaches the maximum value. 

 

2.3 The Current Source Inverter 

 

2.3.1 THE BASIC TOPOLOGY OF THE CURRENT SOURCE INVERTER 

The current source inverter (CSI) inverts DC current to AC current with the help 

of a DC inductor which stabilizes the input current. The CSI is usually used in high 

power applications which require heavy power but with slow speed and acceleration such 

as milling machines and mine drills. The object of using a CSI is not only to make a 

sinusoidal output current but also to utilize many the advantages of the CSI. The 

advantages of the CSI are that it is more reliable than the VSI and recovers easily from 

short circuit problems. Since it makes a stabilized current waveform, it fits well with an 

inductor in a motor.  

The disadvantages of the CSI are high cost and lower efficiency because of the 

DC link choke and series diodes. Second, since DC current cannot be changed 
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instantaneously during operation, the dynamic reaction of the CSI is slow. Therefore, 

usually the CSI is used for slow fans or compressors. Furthermore, since it handles 

current, and current always requires loads which can extract current, the CSI does not 

work without a load [11].   

The experimental specifications of the CSI are almost same as the VSI, except the 

output is current, not voltage. The maximum output current can reach 30A at 100°C. 

However, in real experiments for this project, a 10A power supply was used, and the 

maximum output current was 6A. 

Normally the topology of a CSI can be classified by the source of current and 

commutating method. The first topology is a PWM CSI with an uncontrolled diode 

rectifier with a DC inductor. The second topology is a load commutation inverter (LCI). 

Figure 2-18 shows the basic topology of the PWM CSI with an uncontrolled rectifier. 

 

 

Figure 2-18 Basic Topology of the PWM CSI with an Uncontrolled Rectifier 

The distinguishing features of the PWM CSI compared to the VSI are its series 

diodes and output capacitors. Series diodes should be installed to make continuous 

current, which is needed in order to produce a smooth sinusoidal current waveform. 

Actually, if the uncontrolled rectifier works well, series diodes are unnecessary since the 

rectifier continuously pushes current in one direction. However, to block the current from 
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flowing in the opposite direction and to block unwanted spikes, the PWM CSI usually 

requires six series diodes. The inverter shown in Figure 2-18 can be realized with an 

output capacitor as in Figure 2-19. 

 

 

Figure 2-19 Implementation of the PWM CSI with an Uncontrolled Rectifier with Output 
Capacitors 

To avoid voltage spikes, the PWM CSI should have a bidirectional output 

capacitor to provide the current when the switching devices are commutating from the 

outgoing phase to the incoming phase [16]. The capacitor also acts as an output filter to 

make smooth sinusoidal waveform. The PWM CSI and VSI have the same capacitor 

value, as will be described in Chapter 4. 

The second topology is the LCI and it is shown in Figure 2-20. It uses a thyristor 

whose switching is assisted by the load. S represents the thyristor. Usually, the LCI 

works with a thyristor since its turn-off operation should be decided by the load 

characteristic. This is why it is called a load commutation inverter.  
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Figure 2-20 Basic Topology of the LCI 

 

The advantage of the LCI lies in its very high current and a power rating of 

100MW, so usually it is used for high power synchronous motors, such as milling 

machines, wind turbines and mine drillers. Even though thyristors cannot turn off by 

themselves, they can be turned on by the load while they are commutating with a leading 

power factor. The ideal load for the LCI is, therefore, synchronous motors operating at a 

leading power factor which can be easily achieved by adjusting the excitation current 

[16].  

 

Figure 2-21 Implementation of the LCI 
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Figure 2-21 shows the LCI topology implementation. The drawback of the LCI 

drive is its limited dynamic performance. However, most of the LCIs are used for 

applications in which the dynamic response is not a critical requirement. Only the first 

topology was implemented with a space vector pulse modulation algorithm for the CSI in 

this thesis project. 

 

2.3.2 THE SWITCHING SCHEME OF THE CURRENT SOURCE INVERTER 

The switching constraint for the CSI is different from the constraint for the VSI. 

The transition from one switching state to the next involves only two switches; either Q1, 

Q3 or Q5 is switched on, and either Q2, Q4 or Q6 is switched off. If both switches, for 

example Q1 and Q2, are turned on, the DC current will bypass through that phase, and it 

will lead to zero output current. This operating condition is called a bypass operation. In 

Figure 2-22, one of a total of nine combinations of six switches in the CSI is shown.  

 

 

Figure 2-22 One of the Switching Patterns in an Inverter: Q1 and Q6 are Closed 
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There are several switching schemes that satisfy the above constraints, including 

the trapezoidal modulation, the selective harmonic elimination modulation, the six steps 

self commutation modulation, and the space vector pulse width modulation (SVPWM) 

[11]. Among them, the six step self commutation modulation is the easiest and simplest 

algorithm. However, its frequency harmonic is too low to remove with an LC filter. The 

SVPWM for the CSI is the next easiest algorithm to realize. In spite of the complex 

calculating equations of other algorithms for the CSI, they do not have any advantages 

over the SVPWM for the CSI for retrieving heavy equations. The SVPWM scheme is 

suitable for applications where a fast dynamic response is required, so it is suitable for the 

dynamic laboratory-scaled wind turbine. The SVPWM can control the magnitude of the 

output current so a controlled rectifier is not needed. Furthermore, the SVPWM for the 

CSI can use already-calculated equations of the SVPWM for the VSI. Therefore, the 

SVPWM for the CSI was the most suitable algorithm to use in this thesis project. 

 
 
Turned on 
Upper Switch 

Turned on 
Lower Switch 

Line current  Vector 

iwa iwb iwc id iq  

1 2 0 0 0 0 0 0 

3 4 0 0 0 0 0 0 

5 6 0 0 0 0 0 0 

1 4 Id - Id 0 Id /√3 1 

1 6 Id 0 - Id Id /√3 2 

3 2 - Id Id 0 -Id /√3 4 

3 6 0 Id - Id 0 2 /√3 3 

5 2 - Id 0 Id -Id /√3 5 

5 4 0 - Id Id 0 2 /√3 6 

Table 2-2 Space Vector Switching Table for the CSI 
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Table 2-2 shows the relationship between the space vectors and their switching 

states with output currents. There are nine vectors in all; three vectors make zero output 

current and the others make the various output currents comprising the nodes of the 

hexagon in Figure 2-23. 

 Most procedures to approximate output current are similar to the SVPWM for the 

VSI. Three input currents should be transformed into two d-q currents under the 

assumption that the operation of the inverter is three-phase balanced. However, since the 

combinations of switches for the SVPWM for the CSI are different from those for the 

VSI, the input current values for the Clarke transformation are also different. As a result, 

the Id and Iq values in Table 2-2 are different from the Vd and Vq values in Table 2-1. 

 

                 
1

0 √ √                    (2.18) 

 

A typical space vector diagram for the CSI is rotated 30° from the hexagon of the 

VSI in Figure 2-13. In this case, there are nine combinations of switches; three are zero 

vectors, so they are located in the center, and the six other vectors comprise the nodes of 

the hexagon. 
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Figure 2-23 Hexagon of the CSI 

 

 in Figure 2-23 corresponds to the rotating reference voltage V in the 

SPVWM for the VSI.  can be synthesized and approximated using the three nearby 

basic vectors. When  passes each sector one by one with 2 , different 

sets of switches are turned on or off. With the proper selection of the redundant switching 

states for a zero vector, the transition for Iref moving from one sector to the next involves 

only two switches. 

 As a result, when Iref rotates one revolution in a complex field, the inverter 

output current varies one cycle over time. The inverter output frequency can be controlled 

by the rotating speed of , whereas the inverter output current can be controlled by the 

length of . The SVPWM for the CSI uses the time division theory as well.  is 

also approximated by the two adjacent vectors and one zero vector, just as reference V 

was in the VSI. In the below equations, it is assumed that  is in sector 1 and its 

16

25 
14

36

23 

45

Iref 

d

q 
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adjacent vectors are 1 and 2. TS is the sample period when a rotating reference voltage 

stays in this sector. 

 

                            (2.19) 

 

T1, T2 and T0 are the possessing time of the right vectors I1, I2, and the zero vector 

I0, respectively. The DSP selects a zero vector switching pattern that requires only one 

switch to be changed as it did for the VSI. Each vector can be expressed as the phase 

form. 

 

  

                           
√

                      (2.20) 

√
  

 

Since Iref is on the d-q plane, it can be divided by a real part and an imaginary part. 

 

    cos        sin
√

     (2.21) 

 

Finally, the possessing times are calculated as follows: 

 
  sin   

                         sin  [16]              

(2.22) 
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The maximum Iref is the radius of the greatest circle within the hexagon. 

Therefore, the maximum Iref and the modulation index are: 

 
                                                   (2.23) 

 

The maximum RMS fundamental frequency current is  

 

                   
√

0.707                         (2.24) 

 

2.4 A Comparison of the VSI and CSI 

 

In this section, by comparing the VSI and CSI, the most suitable inverter for the 

laboratory-scaled wind turbine will be presented. After enumerating the advantages and 

disadvantages of the VSI and CSI, the chapter will discuss which aspects are suitable for 

the purpose of this thesis project. Since the CC-VSI is the one of the control methods, it 

is assumed that the CC-VSI shares the same advantages and disadvantages of the VSI.  

First, the advantage of the VSI is its simple control scheme. The conventional 

carrier-based sinusoidal modulation or SVPWM scheme can be easily implemented. 

Since it is simple and widely used, most semiconductor companies make a compact and 

powerful VSI in one chip.   

Second, the advantage of the CSI is its high power controllability. Most CSIs 

handle Mega Watt (MW) unit power. Since the CSI controls the output current, it 

produces a more sinusoidal like current waveform. In case of a short circuit, the slope of 

the rising DC current is blocked by the DC choke, allowing enough time for the 
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protection to function. Another advantage of CSIs is their inherent capability to handle 

both positive and negative power flows in the drive systems. The DC link current is 

always positive, but the mean voltage of the link depends on the power supplied to the 

inverter. Hence, negative power flow is associated with a negative DC component of the 

link voltage. Such voltage polarity can easily be produced in a controlled rectifier.  

Only considering the advantages of the VSI and the CSI, the VSI is more suitable 

for the laboratory-scaled wind turbine. Above all, the VSI can be built as a small inverter 

(15cm X 15cm) with a commercial integrated circuit. It is good for a space-limited 

laboratory environment. Besides, the advantages of the CSI don’t help a wind turbine 

much, especially for a DFIG, since a DFIG does not generate negative power flows. Even 

though the CSI can handle high power in Mega Watts, the laboratory-scaled wind turbine 

generates at most 5kW. Furthermore, a short circuit for even a very short time will deal a 

fatal blow to all of the equipment, since the hand-made equipment can be weak. Since the 

SVPWM for the CSI must have a short circuit to make a zero output current, the CSI 

could potentially be damaging. 

The disadvantages of the VSI and the CSI will be discussed next. The 

disadvantage of the VSI is that it has a steep voltage slope in the inverter output voltage 

waveform. This will cause a number of problems, such as premature failure of the motor 

winding insulation, early bearing failure, and wave reflection. The rectification and 

inversion process usually generates common-mode voltage which is a DC voltage mixed 

in the output of the inverter. This is not good for controlling an inverter since the inverter 

should make a pure sinusoidal waveform without offset voltage.  

The disadvantage of the CSI is its low controllability. The frequency of the output 

current of the CSI can be controlled by its PWM switching scheme whereas the 

amplitude of the output current of the CSI is adjusted by a rectifier. Therefore, in most 
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cases, the CSI needs a controlled rectifier. In addition, due to the filter capacitor Cf, the 

stator current is not same as the line current, so additional measurements are required to 

exactly control the CSI [16]. Besides, the low dynamic performance inherent in the 

rectifier — since the DC current cannot be changed instantaneously during transition —

reduces the performance of the CSI. 

Considering the disadvantages of the VSI and the CSI, even though the VSI 

makes a high voltage spike, since the laboratory-scaled wind turbine uses low voltage and 

low power, it will not happen often. The high voltage spike may cause damage to the 

equipment. Laboratory-scaled means that cheap or exchangeable materials are used, so a 

high voltage spike will not cause a heavy loss. On the contrary, the disadvantage of the 

CSI can cause serious problems. While simulating the wind turbine, the CSI will 

repeatedly stop and start, causing, for example, low controllability, slow acceleration, low 

variability, and slow speed, which could prevent experiments from being completed 

quickly.  

In conclusion, a laboratory-scaled wind turbine requires a simple, controllable, 

and low power VSI. Furthermore, the VSI can be changed to CC-VSI at any time to make 

a sinusoidal output current. In overall comparisons for a laboratory-scaled wind turbine, 

the VSI is preferred to CSI. Most applications to real wind turbines as well as 

applications discussed in academic papers also support this conclusion [11]. 
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CHAPTER THREE 

THE BASIC FUNCTIONS OF THE TMS320F2812 DSP 

 

The two main functional modules of the TMS320F2812 (F2812) are explained in 

this chapter. They are the Event Manager Peripheral (EVM) and the Analog to Digital 

Converter (ADC). The EVM and ADC are necessary and convenient functions to control 

a three-phase inverter, so most commercial DSPs Designed for three-phase motor control 

have these two functions. 

 

First, the EVM generates six signals which control the six electrical switches in an 

inverter. It is made up of components such as timers, Pulse Width Modulation (PWM) 

signal generators, capture units, space vector PWM generators and dead band time 

generation units. Even though the EVM consists of several sub-components, only the 

operation and functionality of the PWM generating component will be discussed in detail 

because of its relevance to the inverter used in this thesis project.  

 

The second functional module of the F2812 is the ADC, which converts received 

analog signals into digital values. The ADC maps real numbers from 0 to 3 into integer 

numbers from 16 to 65,536. It is used to receive a main reference signal from a computer 

and the current values. To increase the sensitivity of the ADC, it should be calibrated, and 

detailed calibrating procedures are introduced in the last section.  
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3.1 The Event Manager 

 

A brief overview of the EVM follows. The EVM has a pair of event managers, 

EVA and EVB [10]. The PWM generator makes output channels generate twelve PWM 

signals with programmable dead band and changeable output polarity. Sophisticated 

PWM circuits of EVMs were developed for the DSP in order to minimize CPU overhead 

and user intervention while running heavy complex motor control algorithms. The PWM 

circuit is based on the comparison between the comparison register and a timer. That is, 

the comparison register is periodically compared to the value of the timer counter. After 

the timer is launched, the comparison registers are reloaded every PWM period with new 

comparison values to change the width of PWM outputs that control the duty ratio [10]. 

 In this way, an output pulse is generated and its on or off duration can be 

proportional to the value in the comparison register. When the values match, a transition 

happens in the designated output PWM channel. Then, when a second match is made 

between the values, or when the end of a timer period is reached, another transition 

happens in the associated output to move it back to the original level. These actions are 

controlled by changing the value of the CPU registers. Figure 3-1 shows how to set the 

various registers of the EVM to realize the comparison action mentioned above. 
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Figure 3-1 The Block Diagram of the PWM Circuit [10] 

 

Both asymmetric and symmetric PWM waveforms can be generated by every 

comparison unit in the EVM. To generate an asymmetric PWM signal, a timer is put in a 

continuous up-counting mode and its period register is loaded with a value corresponding 

to the desired PWM carrier period. The asymmetric PWM signal is characterized by 

modulated pulses which are not centered with respect to the PWM period, as shown in 

Figure 3-2.  

 

 

 

Figure 3-2 Asymmetric PWM Waveform Generation with Comparison Register [10] 
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On the other hand, a symmetric PWM signal is characterized by modulated pulses 

which are centered with respect to each PWM period. In this case the timer now is put in 

a continuous up/down counting mode.  

 

 

 

Figure 3-3 Asymmetric PWM Waveform Generation with Comparison Register [10] 

 

The polarity of the PWM outputs can be programmed as active low, active high, 

forced low, or forced high by proper configuration of bits in the ACTR register. The 

polarity of the PWM depends on the switching algorithm. When the modulated signal is 

greater than the saw-tooth waveform, the output of the PWM should be high. That is, to 

use the ‘Sinusoidal modulation scheme,’ active low mode should be used. 

The EVA has its own programmable dead band units, DBTCONA. By using the 

bit control, we can control the time interval, dead band time of the inverter, and the 

interval between high and low IGBT [10]. One dead band value is used for all PWM 

output channels. However, ‘Active low’ mode and ‘Symmetric PWM’ mode cannot be 

used at the same time as dead band time. Because of the DSP mechanism, both turn-on-

signals can be active, as in Figure 3-3. Of the four modes, only ‘active high + symmetric,’ 
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‘active high + asymmetric,’ and ‘active low + asymmetric’ can be used with dead band 

units. The comparison registers are shadowed and support three comparison value 

reload/update modes at the same time. A new value can be written to them at any time 

during a period to change the duty ratio of the PWM output. For the same reason, new 

values can be written to the action and period registers at any time during a period to 

change the PWM period or to force changes in the PWM output definition. 

 

3.2 The Analog Digital Converter 

 

3.2.1 THE BASIC FUNCTIONS OF THE ANALOG DIGITAL CONVERTER 

The ADC module has 16 channels, configurable as two independent 8-channel 

modules to service event managers A and B. The two independent 8-channel modules can 

be cascaded to form a 16-channel module. Although there are multiple input channels and 

two sequencers, there is only one converter in the ADC module. So if one ADC channel 

is damaged, all channels will be out of order. The ADC buffer is 12-bit. The analog input 

range is between 3V to 0V. The fastest conversion time runs at 25MHz.  

Among the many functions of the F2812 ADC, only mode selection and sampling 

frequency will be explained in this section. There are four modes of operation. One can 

decide between the cascaded or the dual mode and between simultaneous or sequential 

mode. The F2812 ADC has all four modes. In this application, the cascaded and 

simultaneous sampling modes were used.  
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3.2.1.1 First Step Operation Mode: Cascade vs Dual 

In the cascaded mode, the ADC sequencer functions as a single 16-channel 

sequencer. On each sequencer, once the conversion is complete, the selected channel 

value is stored in its respective ADCRESULTX register [7]. The number of the analog 

input channel is saved in CONVnn bits in the ADC input channel select sequencing 

control register (ADCCHSELSEQn). The CONVnn bits can have any value from 0 to 15. 

The analog channels can be chosen in any desired order, and the same channel may be 

selected multiple times, allowing the user to perform oversampling algorithms. The 

number of conversions in a sequence is controlled by MAX CONVn. If CONT RUN is 

set, the conversion sequence starts all over again automatically. 

 

Example: SEQ1: CONV00 to CONV07   SEQ2: CONV08 to CONV15 

Cascaded SEQ: CONV00 to CONV15 

 

3.2.1.2 Second Step Operation Mode: Simultaneous vs Sequential 

The ADC can also operate in simultaneous sampling mode or sequential sampling 

mode. In sequential sampling mode, CONVxx defines the input pin, and the rest of the 

process is almost the same as in the cascade mode. For example, if CONVxx contains the 

value 0101b, ADCINA5 is the selected input pin.  

In simultaneous sampling mode, the ADC has the ability to sample two ADCINxx 

inputs simultaneously provided that one input is from the range ADCINA0 – ADCINA7 

and that the other input is from the range ADCINB0 – ADCINB7. That is, the ADC can 

convert input signals on any pair of channels (A0/B0 to A7/B7). If the CONVxx register 

contains the value 0110b, ADCINA6 is sampled by S/H-A and ADCINB6 is sampled by 
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S/H-B [7]. The result of the S/H-A conversion is placed in the current ADCRESULT0 

register. The result of the S/H-B conversion is placed in the ADCRESULT1.  

 

Example:  Sequential: A0  A1  B0  B1  B2 

       Simultaneous: A0, B0  A1, B1  A2, B2 

 

3.2.1.3 The ADC Sampling Frequency 

Figure 3-4 shows well how to set the sampling rate of ADC. The peripheral clock 

HSPCLK is divided by the ADCCLKPS bits of the ADCTRL3 register.  

 

 

Figure 3-4 The Block Diagram of setting the ADC Sampling Frequency [7] 

 

An extra division by two is provided via the CPS bit of the ADCTRL1 register. In 

addition, the ADC can be tailored to accommodate variations in source impedances by 

widening the sampling acquisition period. This is controlled by the ACQ_PS bits in the 

ADCTRL1 register. 
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3.2.2 ANALOG DIGITAL CONVERTER CALIBRATION 

This section discusses the calibration of the ADC input channels which is biased 

by the internal and external errors in the F2812. If the ADC of the F2812 makes 

inaccurate output because of detects in the manufacturing process, it is said that the ADC 

has internal errors. Another reason for inaccurate output is the external errors. In this 

thesis project, the current sensor has a bipolar output (-1.5 ~ +1.5), and this must be 

converted to a unipolar signal (0 ~ 3) before being fed to the ADC. Since this conversion 

does not work accurately because of internal errors in the resistor, the OP amp, and the 

DC input, the ADC receives impacted data. These types of errors in the ADC are referred 

to as external errors. 

Generally, the linear equation between input voltage and converted output 

integers is in Equation (3.1).  

 

                                (3.1) 

 

The range of input voltage which varies from 0V to 3V and the range of an output 

integer number which varies from 0 to 4096 (=212) decide the gain of the Equation 3.1. 

The gain of Equation (3.1) is 1365 (4096/3). An ideal 12-bit ADC without errors would 

be described by Equation (3.2). The gain should be 1365, and the offset should be 0. 

 

                   1365                     (3.2) 

 

Whatever errors intervene in the above Equation (3.2), the linear Equation (3.1) 

will be different from the Equation (3.2), and errors can be classified into the gain error 

or the offset error according to the location of errors in the linear Equation (3.1) [18].  
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The gain and offset errors caused by the internal or external hardware errors can 

be calibrated by the software. The calibration procedures are as follows. After putting 

various test voltages into each ADC input channel, the converted integers are measured. 

Before saving it in the memory, data can be adjusted to negate the gain and offset errors.  

 
Input Voltage A0 B0 

0.2 286 286 

0.5 703 732 

0.8 1122 1142 

1.3 1817 1833 

1.4 1957 1955 

1.5 2086 2100 

1.6 2226 2239 

1.9 2644 2670 

2.1 2922 2951 

2.5 3480 3492 

2.8 3897 3911 

2.9 4036 4056 

Table 3-1 The Converting Results of the ADC’s Channel A0 and B0   

Test voltages are converted in two ADC channels in Table 3-1. The first ADC 

channel is called A0, and the second one is called B0. The input voltage changes from 0.2 

to 2.9. If A0 and B0 have no gain error or offset error, the converted outputs should 

follow the Equation (3.2). After drawing a trend line between the input voltage and 

converted integers, the trend line is compared to Equation (3.2), and the gain error and 

offset error can be approximately calculated. The measured output values are plotted in 

Figure 3-5.  
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Figure 3-5 The Graph of Converting Input Voltages to Integers 

The trend line of the only channel A0 is compared to Equation (3.3). 

 

                 1389 7.485                (3.3) 

 

                       .                    (3.4) 

 

Since the gain is not 1365, and the offset is not zero, the ADC channel A0 has 

gain and offset errors. The gain and offset errors caused by hardware can be calibrated by 

the software. The Equation 3.5 is the general programming code to save the converted 

data to the storage.  

 

      Value = ( (ADCRegs.ADCRESULT1 >> 4 ) );                  (3.5) 

A0 : y = 1389.x + 7.485

B0 : y = 1391.x + 19.95

Reference : y = 1365.x
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To calibrate the inaccurate channel A0, a fixed programming code which puts 

Equation (3.4) into Equation (3.5) will counterbalance the gain and offset error of the 

trend line in Figure 3-5. This combined conclusion is shown in Equation (3.6). 

 

  Value = ( ( (ADCRegs.ADCRESULT2 >> 4)–7.485 ) * 1365 / 1389 )   (3.6) 

 

This is the end of the procedure to negate the gain and offset errors of the ADC 

channels. This procedure was enough to calibrate the ADC channels. Even though there 

are 16 ADC channels, the maximum usage number of ADC channels used in this thesis 

project was four. Therefore, the same procedures were applied to four ADC channels.  

 

3.3 Summary of the Basic Functions of the TMS320F2812 DSP 

 

Among the various functions of the F2812, the two main functional modules of 

the TMS320F2812, the EVM and the ADC, were explained in this chapter. Regarding the 

EVM, the working mechanism, frequency setting methods, and the PWM generating 

mode were explained. Regarding the ADC, the basic functions, the operating mode, and 

the sampling frequency setting methods were explained. The reason why the operating 

modes were explained is that the F2812 should apply various modes according to various 

algorithms and working environments. Furthermore, an adaptive operating frequency of 

the ADC and EVM is necessary in order to cope with variant main reference signals. The 

information provided in this chapter is necessary in order to understand the methods of 

actually controlling the F2812 via switching algorithms, which are explained in Chapter 

Four. 
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CHAPTER FOUR 

IMPLEMENTATION OF THE TMS320F2812 DSP 

 

This chapter explains how to implement and realize the switching algorithm 

explained in Chapter 2. The term ‘Implementation’ refers to writing program codes at the 

registers of the F2812 to make the inverter work according to a signal from the computer. 

In this thesis project, the computer will give a pure sinusoidal signal, which is called a 

main reference signal, to the inverter in order to control the laboratory-scaled wind 

turbine. The main reference signal has frequency and amplitude information that the 

output waveforms should have. The main reference signal’s maximum amplitude is 1.5V, 

its offset voltage is 0V, and the frequency range is from 10Hz to 120Hz. 

All triggering actions of the F2812 described in this chapter are based on the 

comparison actions among registers. There are three comparison units with three timers 

in the EVM. The values in the timer change periodically, but the values in the 

comparison registers are fixed. The comparison register in each unit is periodically 

compared to the value of the timer counter in that unit. After each timer is launched, the 

comparison registers are reloaded with new comparison values in every PWM period. If 

the value in the comparison registers in one unit matches the value in the timer register, 

the F2812 is triggered and sends signals. This is called an ‘event.’ In this way, events and 

output signals are generated by the F2812. 

Based on these comparison actions, the switching algorithms were implemented, 

and events triggered signals to be sent to the switches. A total of five switching 

algorithms were implemented in this thesis project. In all, there are three switching 

algorithms for controlling the VSI, and one algorithm each for the CC-VSI and the CSI. 
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The CC-VSI algorithm is for the CC-VSI, and the space vector algorithm for CSI is for 

the the CSI. Two of the three VSI algorithms are for realizing the sinusoidal pulse width 

modulation (SPWM), and the last VSI algorithm is for realizing the space vector pulse 

width modulation (SVPWM). Because SPWM directly follows the theory of SPWM, it 

works more intuitively than other algorithms in this thesis project.  

 In the First algorithm, the F2812 controls the inverter directly using a sinusoidal 

main reference signal. This algorithm is called the analog input modulation scheme. 

When the F2812 uses a main reference signal, there is only one sinusoidal waveform. So, 

an algorithm was written in order to generate two additional sinusoidal waves and to 

ensure that the resulting three sinusoidal waves are 120° out of phase with each other.  

The second algorithm is called the sinusoidal look up table modulation. In this 

algorithm, F2812 uses the sinusoidal table which is an inherent feature of the F2812 

instead of a main reference signal. Because two additional sinusoidal tables are needed, 

an algorithm was written to create them and to cause the three tables to generate three 

sinusoidal waves that are 120° out of phase with each other. The algorithm also controls 

the reading speed which controls the speed of the waves. In addition, by changing the 

value of the tables, the F2812 can control the amplitude of the waves. 

The space vector algorithm is the last VSI algorithm. Even though two 

implementation techniques, the five-segment and the seven-segment types, were 

developed in this thesis project, since there is little difference between the five-segment 

and the seven-segment type, both were considered as one implementation algorithm. 

SVPWM continuously calculates the possession time of each adjacent vector to 

approximately synthesis the rotating reference voltage V. After deciding the three 

adjacent vectors and their possession time, SVPWM will choose the switching patterns, 

and it triggers events to send signals to each IGBT switches. 
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The CC-VSI algorithm is the only algorithm implemented for the CC-VSI. The 

CC-VSI algorithm uses the inherent sinusoidal table to generate three sinusoidal 

reference signals which lead and confine three output currents within hysteresis bands. In 

addition to generating reference signals, the CC-VSI algorithm should receive current 

values from the current sensors and observe whether they are between the hysteresis 

bands. Three timers are used in this algorithm; the first timer is used for the sinusoidal 

look up table modulation, the second timer is used to for ADC, and the final timer is used 

for observing the current periodically.    

Finally, to operate the CSI, the space vector algorithm for the CSI was used. It is 

very similar to the SVPWM for VSI, but it uses different switching patterns, the hexagon, 

and the possession times of each basic vector is different from those of VSI. The goal of 

the F2812 is to continuously calculate the three adjacent vectors and their possession 

times. 

The one common thing of the five algorithms mentioned above is that all of them 

should receive the amplitude and frequency information from the main reference signal. 

Measuring the amplitude of the main reference signal is done instantly by checking the 

saved value from the ADC. On the contrary, measuring the frequency requires the history 

of the main reference signal, so a frequency measuring algorithm is required to track the 

main reference signal and to measure the time difference. Therefore, before discussing 

the five switching algorithms, the frequency measuring algorithm will be mentioned. 
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4.1 The Frequency Measuring Algorithm 

 

This section discusses the practical method of measuring the frequency of a given 

signal. Measuring the frequency of the main reference signal is the first step in making 

the output. The frequency information should be extracted from the main reference signal 

in order to make the output waveform have the same frequency. Furthermore, this 

frequency information is used to implement the ‘Sinusoidal Pulse Width Modulation 

(SPWM)’ described in section 2.1. SPWM requires three sinusoidal waveforms that are 

120° out of phase with each other. Since only one reference signal is given, the F2812 

should generate virtually the other two reference signals by delaying the main reference 

signal of 120° twice. Therefore, the frequency should be measured in order to get the 

frequency information needed to generate three balanced sinusoidal waveforms that are 

120° out of phase with each other. 

The main method of calculating the frequency is by measuring the time difference 

between two adjacent zero crossing points of the sinusoidal waves. The zero crossing 

point is the intersection between a graph and the X axis. With a pure sinusoidal 

waveform, the time difference between two adjacent zero crossing points is the half 

period. Then what is the zero crossing point in this thesis project? Since the main 

reference signal varies from -1.5V to 1.5V, the zero crossing point would seem to be 0V, 

but this is not true with the F2812. Because the input range of the analog digital converter 

(ADC) is between 0V and 3V, the main reference signal should be shifted up 1.5V by the 

ADC driver circuit so that the signals satisfy the input range of the ADC. The ADC maps 

real numbers from 0V to 3V into integer numbers from 0 to 4,096, so 1.5V is 2,048. 

Therefore, the zero crossing point of the main reference signal becomes 1.5V, which is 
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shifted up 1.5V from 0V, and its real value at the ADC register is 2,048. Figure 4.1 shows 

the simple mechanism of the frequency measuring algorithm.  

 

 

 

Figure 4-1 Illustration of the Frequency Measuring Algorithm 

 

Even though the frequency measuring algorithm looks simple, there are three 

problems originating from the real time system that should be solved. 
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• Program may miss a zero crossing point 

• Program may sample the same zero crossing point twice 

• Unavoidable errors 

 

For the first problem, since the main reference signal is sampled discretely, it is 

very hard to sample the exact 2,048 value. Therefore, the F2812 has to define the narrow 

band to make sure that the newly sampled value is close enough to 2,048 and to 

recognize it as a zero crossing point. If the sampled value is within the band, the F2812 

will consider it as a different zero crossing point. The size of the band should be variable. 

For example, under a high frequency the reference signal changes fast, so the band should 

be wide. If the band is narrow under the high frequency, even when the F2812 samples a 

value which is close to 2,048, it does not considerate it as a zero crossing point. As a 

result, the measured frequency will decrease. On the other hand, under a low frequency, 

the band should be narrow. If the band is wide under a low frequency, the F2812 will 

sample the same value twice within a band, and the frequency will increase. 

To solve the second problem, the F2812 should check whether the sampled value 

is a doubly-sampled value or a newly-acquired value after half of the period. To do this, 

after passing the first zero crossing point, the F2812 should check whether the reference 

signal passes the mid-band area of the reference signal. The mid-band area is the group of 

points bigger than the zero crossing point and smaller than the peak point of the main 

reference signal. The mid-band area always has the same ratio as the amplitude of the 

signal. However, if the amplitude of the reference signal is too low, the F2812 will treat it 

as a DC value and the frequency will be 0. 

Third, in spite of the high accuracy of the F2812, there are always errors. The 

F2812 always measures the frequency during 10 signal periods. The time difference 
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between zero crossing points will be saved for 20 times and used to calculate the average 

frequency. However, the F2812 must compromise between reducing errors and 

maintaining system performance. For example, when it measures a 5Hz signal, the 

system should wait two seconds until measuring the frequency and generating output 

voltage. At a frequency of 5Hz, each cycle takes an average of 0.2 seconds, so it takes a 

total of two seconds for the F2812 to read 10 signals. This waiting time will reduce the 

system’s dynamic performance, but it can guarantee the accuracy of measured frequency, 

because the system takes a large sample and averages the results rather than just taking 

one sample. 

 

4.2 Implementation of the Sinusoidal Pulse Width Modulation 

 

This section describes how the F2812’s EVM practically generates the SPWM 

with a changing main reference signal. The SPWM is the name of the method of 

controlling the inverter switches. Generating switching signals by the SPWM is done 

through a simple modification of the basic function of the F2812’s EVM. The EVM 

normally generates a fixed-width pulse, but in this thesis project, the width of the pulse is 

periodically changed to mimic a sinusoidal waveform. This is done by updating the 

comparison registers periodically. 

The SPWM modulates the duty cycle of switches directly or indirectly using a 

main reference signal, which is a sinusoidal waveform. There are two algorithms to 

implement the SPWM depending on the level of usage of the main reference signal. In 

the first algorithm, the analog input modulation scheme modulates the duty cycle of 

switches directly using the main reference signal. In the second algorithm, a sinusoidal 
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look up table modulation scheme modulates the duty cycle of switches using a saved 

sinusoidal table instead of the main reference signal. This algorithm only receives 

frequency and amplitude information from the main reference signal. 

 

4.2.1 THE SINUSOIDAL ANALOG INPUT MODULATION 

The function of sinusoidal analog input modulation algorithm is to ensure that the 

PWM duty ratio is proportional to the sinusoidal main reference signal, and that the 

output voltage will have the same waveform as the main reference signal [19]. To obtain 

balanced three-phase output voltages which are equal to the reference signals, a triangular 

waveform is compared with three reference signals that are 120° out of phase with each 

other. To generate three-phase output voltages which are shifted by 120° to each other, 

generally three reference signals are needed. However, in this thesis project, the F2812 

has only one reference signal, so it should build the other two reference signals. It is 

assumed that the given reference signal is the most advanced signal since the system uses 

causal signals. The F2812 can generate the other two reference signals from the given 

main reference signal, since all reference signals are delayed sinusoidal waveforms. 
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Figure 4-2 Illustration of Sinusoidal Analog Input Modulation Algorithm 

 

The basic principle and sequence of the sinusoidal analog input modulation 

algorithm is well expressed in Figure 4-2. When the F2812 samples the main reference 

signal, it records a signal in the large memory table. We can virtually know the values of 

the other two reference signals by analyzing the table. Let’s assume that the main 

reference signal is the phase A signal in Figure 4-2. The value of the phase B signal (3 in 

Figure 4-2) which lags behind by 120° (2 in Figure 4-2) is the same as the value of the 

phase A signal (1 in Figure 4-2). In the same way, the value of the reference signal 

lagging behind by 240° is the same as the value of the main reference signal. The 

following procedures are illustrated in Figure 4-2. 

 

Given leading reference signal 

Value of Second 
reference signal 

1

2

3

Moment of measurement 

Direction of Progress 

The value of the second reference signal is the same as the two 
over third period shifted value of the leading reference signal. 

Phase B Phase A

240° back in time 
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1. At the moment of measurement, the F2812 measures the value of the phase A 

signal, and it wants to know the value of the phase B signal which is 120° out 

of phase with the phase A signal. 

2. To find the value of the phase B signal, F2812 searches its own table 240° 

back in time.  

3. Since the old value of the phase A signal (2) is the same as the present value 

of the phase B signal (3), the F2812 can predict the value of the phase B 

signal which is 120° out of phase with the phase A signal. 

  

Then how can the F2812 search its memory table and find the old value? In this 

thesis project, a ‘shift’ refers to the number of reference points in the memory table that 

the F2812 has to count back to find the reference point needed to calculate another 

reference signal. For example, the table is filled with one sine wave with a sampled value 

of 1,024. In this situation, the shift value is 1,024/3=341. The number of samples of the 

main reference signal during one period will decide the ‘shifts’. As a rule of thumb, if the 

frequency of the main reference signal increases, the number of samples during one 

period will decrease. Since the sampling frequency is constant, the ‘shifts’ depend on the 

frequency of the main reference signal. So, the ‘shifts’ can be calculated using the 

equation shown below. 

 
                      

  
                      (4.1) 

 

The Constant value depends on the sampling frequency. The value of the main 

reference signal is entered in comparison register 1 after finishing one period of 

triangular waveform. The value of the main reference signal lagging behind by one ‘shift’ 
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is put in comparison register 2. The value of the main reference signal lagging behind by 

twice the ‘shift’ value is entered in comparison register 3. After that the F2812 will make 

a pulse with a duty ratio that is proportional to the values in the comparison registers. 

The F2812 cannot modulate precisely since the main reference signal is digitized. 

The values in the comparison registers behind by two or three shifts are not the same as 

the virtual reference signal lagging behind by 120°. In other words, 120° is a theoretical 

number, but the value of the shifts is an integer number which is different from 120°. 

Increasing the ADC sampling frequency is one way to reduce the gap between an 

exact 120° lag and the actual shifts by expanding the sampling lists. However, changing 

the sampling frequency creates same hazards. The system should always have the full 

waveform during one period in order to trace old values, but the sampling frequency 

can’t be too high, because the F2812’s memory capacity is low; it can’t handle anything 

over 64KB. On the other hand, if the sampling frequency is too low, the F2812 will not 

save the exact waveform. Therefore, deciding the sampling frequency is really important. 
 

4.2.2 THE EXPERIMENTAL RESULTS OF THE SINUSOIDAL ANALOG INPUT MODULATION 

In the experiment, the loads were three 470Ω resistors. A voltage source power 

supply was used and its maximum output power was either 25V and 1A or 6V and 5A. 

The given sampling frequency was 15.6 kHz with the sinusoidal analog input modulation 

algorithm. At this sampling frequency, it was determined that the minimum frequency of 

the main reference signal should have been 1.56Hz in order to save 10,000 samples in 

one full wave cycle, since the F2812’s memory capacity is limited to 10,000 entries. The 

maximum frequency of the main reference signal should be 156Hz in order to save 100 

samples, since it was assumed that 100 samples are enough to generate a sinusoidal 
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waveform. Therefore, the F2812 could receive the main reference whose frequency range 

was between 1.56Hz and 156Hz. 

 

Figure 4-3 Maximum and Minimum Frequency of the Main Reference Signal with the 
Sampling Frequency of the Sinusoidal Analog Input Modulation Algorithm 

 

4.2.2.1 The PWM Switching Signal of the Sinusoidal Analog Input Modulation 

The PWM signal of the upper and lower switches under the sinusoidal analog 

input modulation algorithm is shown in Figure 4-4. The F2812 makes these signals which 

are proportional to the value of the sinusoidal reference signal. These signals enter into 

the IGBT gate driver circuit, and the IGBT closes during the width of a signal. It is clear 

that the width of a signal changes and that switch control signals are complementary to 

each other in order to avoid a short circuit accident. 
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Under the sinusoidal look up table modulation, the frequency of the PWM signal 

depends on how often and how fast updates are made to the comparison register by 

reading sinusoidal tables through the Interrupt Service Routine (ISR). The ISR is a 

special part of the program that contains periodic jobs for the CPU in the main program.  

When there are internal or external requests to do these periodic jobs, the CPU should 

visit the ISR, finish the jobs, and come back to the main jobs. Whenever the timer value 

matches the value in the period register, the ISR is accessed to load a new value in the 

comparison register.  

First, the frequency of the PWM depends on how often the F2812 will visit the 

ISR by changing the ‘step’ size. The ‘step’ refers to the counting method of the timer, a 

step size of one means the timer counts by one count (ex. 1, 2, 3,... , 10). The step size of 

10 means the timer counts in 10-count increments (ex. 10, 20, 30, and so on). For 

example, in Figure 4-10, the left figure has a step size of 10, but the right one has a step 

size of 20.  

 

 

Figure 4-10 Illustration of Sinusoidal Look up Table Modulation Algorithm   

Step size is 10 Step size is 20 
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After counting five steps, the arrow in the left figure arrives at the middle of the 

sinusoidal wave while the arrow in the right figure already reaches the end of the wave 

since it has a bigger step size. The F2812 considers that the right sinusoidal in Figure 4-

10 runs faster than left one, and therefore has a higher frequency. Although the step size 

indicates how quickly the pointer moves through the reference table, it is not the only 

factor in determining the frequency of the PWM signal. 

The F2812 can also be programmed to read a table at different rates by changing 

the Event Manager (EVM) timer frequency. The time duration between each reading 

depends on how often the ISR is visited since the program code ordering the reading of a 

table is in the ISR, and the EVM timer frequency decides the speed of visiting the ISR. 

When the speed of visiting the table increases, the sine wave also behaves as if it passes 

rapidly. For example in Figure 4-10, if the visiting time of the program in the left wave is 

twice as fast as that of the program in the right wave, the program can sweep the left and 

right wave at the same time in spite of a different step size. Therefore, the frequency of 

the output waveform also depends on the speed of visiting the ISR which is the EVM 

timer frequency. 

 As a result, the step size and EVM timer frequency control the output frequency. 

First, the larger the step, the quicker the overflow into the upper byte and the faster the 

pointer traverses through the sine look-up table. Theoretically, the frequency at which the 

sine wave will be modulated can be calculated from the following formula 

 

                        
 

 [19].                         (4.2) 
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In Equation (4.2), 1/T is the EVM timer frequency. The frequency at which the PWM 

signal will be modulated is inversely proportional to the period at which the ISR is 

accessed [19]. The output frequency is the timer speed multiplied by the step size and 

divided by 216. The timer speed can be any value between 5 kHz and 30 kHz in order to 

get an output frequency of between 10Hz and 120 Hz. 

The method of setting the output frequency of a sinusoidal look up table 

modulation can be understood through the following example. The assumptions in this 

example are as follows. The number of values in the list is 1,024. Since the cycle of the 

timer is 65,534 counts, each value will be read every 64 counts (65,534 / 1,024 = 64). 

This means that during 64 counts, the PWM will point to the first value. During the next 

64 counts, the PWM will point to the second value and so on. Specifically, if the size of 

the table is 1,024, since a sinusoidal wave can be divided into four quarters, the end of the 

first quarter of the sine wave will be the 256th value of the table. To reach this value, the 

timer should count 64* 256 = 16,384. The size of the list does not change the output 

frequency. Increasing the list size only raises the quality of the PWM by mimicking a 

natural analog sinusoidal wave more accurately.  

Under the above assumption, if the step size is 1 (meaning the timer counts by one 

count at a time), the PWM will point to the first value of the sinusoidal waveform during 

the first 64 counts and will point to the second value during the second 64 counts. On the 

other hand, if the step size is 32, the PWM will point to the first value of the sinusoidal 

waveform during one count and point to the second value during the two counts. These 

two examples are well organized in Table 4-1. 
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Step 
size The table has 1,024 indexes 

1 

0x0000 0x0001 0x0002 0x0003 … 0x0040 … 0xFFEF 0xFFF0 

1st sine 
value 

1st sine 
value 

1st sine 
value 

1st sine 
value … 2nd sine 

value … 
1023rd 

sine 
value 

1,024rd 
sine 

value 

32 

0x0000 0x0020 0x0040 0x0060 0x0080 … … 0xFFD0 0xFFF0 

1st sine 
value 

1st sine 
value 

2nd sine 
value 

2nd sine 
value 

3nd sine 
value … … 

1,024th 
sine 

value 

1,024th 
sine 

value  

Table 4-1 Example of a Look up Table 

 

In addition to changing the frequency, the F2812 also can change the amplitude of 

the sinusoidal wave that is saved in the table. It can change the value in the comparison 

register before comparing with the triangular wave. The amplitude of the main reference 

signal is measured continuously, and according to the measured amplitude, the value 

saved in the table changes.  

 

4.2.4 THE EXPERIMENTAL RESULTS OF THE SINUSOIDAL LOOK UP TABLE 

MODULATION 

The PWM switching signal of the sinusoidal look-up table is almost the same as 

the sinusoidal analog input modulation. To compare the sinusoidal waveform with a 

timer counter, the maximum value of sinusoidal waveforms in a table should be smaller 

than the value of the counter register. Furthermore, after making the sinusoidal table in 



 

the F

frequ

the v

they h

cleare

look-

clear 

some

Figur

F2812’s mem

uency is deci

Figure 4-

oltage signa

have the sam

er than the w

-up table. Ho

waveforms 

e noise to the

 

re 4-11 Outp
Refe

 

mory, it is 

ided by the c

11 shows th

al of one pha

me frequency

waveform of

owever, ano

is that it de

e signal. 

put Waveform
erence Signa

hard to ch

counter regis

he output wa

ase, and low

y. The ampl

f the sinusoid

other reason 

epends on th

m of the Sin
al without an

80

ange the fr

ster of the F2

aveform with

wer signal is 

litude of the 

dal analog in

why the an

he analog inp

nusoidal Loo
n LC Filter 

equency of 

2812.  

hout an LC f

the referenc

voltage is a

nput modula

nalog input m

put through 

ok up Table M

a timer. T

filter. The up

ce signal. It 

around 36V. 

ation since it

modulation p

the ADC w

Modulation a

The switchin

pper signal i

is shown tha

This is muc

t uses a stabl

produces les

which can ad

 

and the Main

ng 

is 

at 

ch 

le 

ss 

dd 

n 



 

4.2.4
LC F

is sho

When

coupl

algor

Secon

sinus

of the

Figur

.1 The Outp
Filter 

The outpu

own in Figu

n it is compa

le of reason

rithm uses th

nd of all, t

oidal analog

e waveform 

 

 

re 4-12  Outp
Refe

put Wavefo

ut waveform

ure 4-12. L is

ared with Fi

ns why the h

he more dis

the switchin

g input modu

is a feature o

put Wavefor
erence Signa

rm of the Si

m of the sinus

s 100uH, an

igure 4-5, th

harmonic no

crete sinuso

ng frequency

ulation. Har

of the sinuso

rm of the Sin
al with an LC

81

inusoidal L

soidal look-u

nd C is 149u

he peak of th

oise may no

oid than the 

y of this a

rmonics may

oidal look-up

nusoidal Loo
C filter 

ook up Tab

up table mod

uF. The cutti

he waveform

ot be reduce

sinusoidal a

algorithm is 

y not be redu

p table algor

ok up Table 

ble Modulat

dulation with

ing frequenc

m is too thick

ed well. Firs

analog input

lower than

uced well. T

rithm.  

Modulation

tion with an

h an LC filte

cy is 1.3 kHz

k. There are 

st of all, thi

t modulation

n that of th

The thick pa

 

n and Main 

n 

er 

z. 

a 

is 

n. 

he 

art 



 

signa

ratio 

21.6V

4.2.4

up tab

with 

Figur

The upper

al. Their freq

is 0.866. Th

V. In the test

 

.2 FFT of th

The FFT 

ble modulati

an LC filter 

 

re 4-13  FFT

 

 

r wave is the

quencies are

he input DC 

t, the amplitu

he Sinusoida

of the outpu

ion algorithm

is shown in 

T of sinusoid

e output wav

e 60Hz. The

voltage is 2

ude of the ou

al Look up 

ut voltage w

m is shown i

Figure 4-14

dal look-up ta

82

veform and 

e amplitude 

25V. Thus, th

utput voltage

 Table Modu

without an L

in Figure 4-

4.  

able modula

the lower w

of the main

he amplitud

e was almos

ulation with

LC filter mad

13, and the F

ation without

wave is the m

n reference 

de of the outp

t 22V.  

hout/with an

de by the sin

FFT of the o

t an LC filter

main referenc

is 1.3V. Th

put should b

n LC Filter

nusoidal loo

output voltag

 

r 

ce 

he 

be 

 

ok 

ge 



 

kHz. 

4-14,

wave

the no

result

repre

Figur

modu

were 

The switc

Both harmo

, which sho

eform. Even 

oise signals 

t accords wi

esent harmon

 

 

re 4-14 FFT

 

In section

ulation (SPW

taken unde

ching freque

onic frequen

ows the outp

though the c

whose frequ

ith the thick 

nic noise. 

T of sinusoid

n 4.2, the pra

WM) for the

er the SPWM

ncy is 4.6 k

ncies are wel

put with an

cut-off frequ

uencies were

parts of the 

dal look-up ta

actical imple

e VSI were 

M. The SPW

83

kHz and two 

ll shown in 

n LC filter 

uency of the 

e bigger than

upper wave

able modula

ementation m

introduced, 

WM modula

times the sw

Figure 4-13

has a smoo

output filter

n 2 kHz surv

eform in Figu

 

ation with an

methods of th

and the ou

ates the wid

witching fre

3 and Figure

other and cl

r is almost 2 

vived in Figu

ure 4-12 sin

n LC filter 

he sinusoida

utput voltage

dth of the sw

quency is 9.

e 4-14. Figur

leaner outpu

kHz, most o

ure 4-13. Thi

ce thick part

 

al pulse widt

es of the VS

witch contro

.2 

re 

ut 

of 

is 

ts 

th 

SI 

ol 



 84

signals directly or indirectly using a sinusoidal main reference signal. According to the 

level of usage of the main reference signal, there are two algorithms to implement the 

SPWM; they are the sinusoidal analog input modulation and the sinusoidal look up table 

modulation. The sinusoidal look up table modulation makes better output voltage 

waveforms close to the natural sinusoidal waveform, but it doesn’t remove harmonic 

noise well. On the other hand, even though the sinusoidal analog input modulation makes 

distorted output voltage waveforms, it removes harmonic noise well, since it uses higher 

switching frequencies. 

 

4.3 Implementation of the Space Vector Pulse Width Modulation 

 

The practical implementation of the space vector pulse width modulation 

(SVPWM) for the two-level VSI is discussed in this section. There are two modulating 

schemes to control the switches in the VSI; the first one is the SPWM which is mentioned 

in section 4.2, and the second one is the SVPWM which will be mentioned in this 

section. The SPWM is realized by two switching algorithms, but the SVPWM is realized 

by only the space vector algorithm. Since only one algorithm is used to implement the 

SVPWM, the SVPWM and the space vector algorithm have the same meaning. 

The main idea of the SVPWM is that the F2812 should approximately and 

continuously synthesize the rotating reference voltage with eight combinations of inverter 

switches, since the output voltage will mimic the reference voltage. Therefore, the 

frequency of the output voltage is same as that of the reference voltage. The eight 

combinations of inverter switches make eight outputs called vectors, and they consist of a 

hexagon in Figure 2-13. When the reference voltage rotates on the hexagon, three 
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adjacent vectors that are two basic vectors and one zero vector, synthesize the rotating 

reference. Each vector has its own possessing time. Even though the F2812 has only eight 

vectors, by controlling the possessing time, it can synthesize the reference voltage, so it 

can make sinusoidal output voltage.  

Therefore, in this section, the methods of doing the calculations explained in the 

above paragraph will be discussed. First, the F2812 should control the frequency of the 

reference voltage to control the frequency of the output voltage. Second, the F2812 

should find three adjacent vectors as well as their possessing times. Finally, the F2812 

should be able to change the values of all variables while the reference voltage is rotating. 

The angular speed of the reference voltage V in Figure 2-15 can be defined in the 

same way as the frequency of the output waveform under the sinusoidal look up table 

modulation algorithm. 

 

                                                     (4.3) 

 

From the angular speed in Equation (4.3) the angle of the reference voltage V is 

calculated in Equation (4.4), and from the angle, the position of the V on the hexagon is 

found. 

 

                                                 (4.4) 

 

Since the F2812 knows the position of the main reference signal, it also finds the 

three adjacent vectors in Figure 2-13. Now, it is time to calculate the each possessing 

time of the three adjacent vectors. Equation (2.10) is rewritten as Equation (4.5). 
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       √   sin                     √   sin         (4.5) 

 

Since the F2812 operates based on the fixed point system, in order to calculate the 

sin function, the F2812 needs a table of sinusoidal values which is used in the sinusoidal 

look up table modulation. Because the d-q decomposition is identical among the six 

sectors in Figure 2-13, only a 60° sine look-up table is needed [20]. In order to complete 

one revolution, the sine table must be cycled through six times. After selecting three 

adjacent basic vectors and calculating their possessing times, the next step is deciding a 

zero vector switching pattern to reduce noise and achieve better efficiency.  

The zero vector switching patterns should satisfy the two requirements for the 

minimization of the switching frequency [16]. First, the change from one switching state 

to the next involves only two switches in the same phase. Second, the change of switches 

for the reference voltage moving from one sector in the space diagram to the next 

requires no or a minimum number of switches. According to the Table 2-1, there are two 

zero vector switching patterns, so one of them is selected to satisfy the conditions 

mentioned above. 

After finding a zero vector switching pattern, the zero vector possessing time can 

be split and allocated between transitions of other switching patterns. The number of split 

possessing times of a zero vector will decide the number of switching steps in the 

sampling period T in the Equation (2.7), and depending on the number of switching steps, 

two methods to implement the SVPWM were used in this thesis project. If a zero vector 

is not split and inserted in the middle of transitions of two adjacent vectors, there are five 

switching steps, and it is called the five-segment SVPWM. If a zero vector is split and 

inserted in both the end and the middle of transitions, there are seven switching steps, and 



 87

it is called the seven-segment SVPWM. Since, however, there is little difference between 

them, they were not classified into two different algorithms.  

After the number of segments and the number of switching steps are decided, the 

possessing time of the first vector is saved in the first comparison register. The sum of 

possessing time of the first and second vector is saved in the second comparison register. 

When the count of the F2812’s timer becomes same as the first comparison register 

value, the first event is triggered, and the F2812 makes the switching pattern of the first 

adjacent vector. When the count of the F2812’s timer increases and becomes same as the 

second comparison register value, the second event is triggered, and the F2812 makes the 

switching pattern of the second adjacent vector. However, the detailed working 

mechanisms of the comparison registers can be different according to the number of 

segments. 

 

4.3.1 THE FIVE-SEGMENT SPACE VECTOR PULSE WIDTH MODULATION 

If the SVPWM has five switching steps in a sampling period T as shown in Figure 

4-15, it is called the five-segment SVPWM. Insertion of one zero vector makes the five-

segment SVPWM. In the five-segment space vector modulation, one of the three inverter 

output terminals is clamped to either the positive or negative DC bus without any 

switching during the sampling period. The switching sequence should be arranged such 

that all the switching signals in an inverter phase are continuously suppressed during the 

sequence for a period of 2π/3 per cycle of the fundamental frequency [16]. Figure 4-15 

shows the five-segment switching sequences. In the five-segment SVPWM, a zero vector, 

which is the first vector in Table 2-1, is made by turning on all upper switches in the VSI. 
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Figure 4-15 Switching Timing of the Five-segment SVPWM [19] 

 

A five-segment SVPWM algorithm can be easily implemented. A built-in 

function of the F2812, the space vector generator, greatly simplifies the generation of 

symmetric SVPWM waveforms. To activate this built-in function, the register value 

should be set to allow the SVPWM to start. Second, the rotating direction shown in 

Figure 2-13 should be decided after the Ta, Tb, and Tc times have been calculated, and the 

sector where the reference voltage is located has been decided. Furthermore, this 

information should be updated by periodically visiting ISR. 

 

4.3.2 THE OUTPUT WAVEFORM OF THE FIVE-SEGMENT SPACE VECTOR PULSE WIDTH 

MODULATION 

The PWM switching signal of upper IGBTs in the VSI are shown in Figure 4-16. 

The flat bottom PWM switching signal in Figure 4-16 proves that these switching signals 

were taken under the five-segment SVPWM. Figure 4-16 resembles Figure 4-15. Because 
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4.3.3 THE SEVEN-SEGMENT SPACE VECTOR PULSE WIDTH MODULATION 

Splitting a zero vector into three pieces and inserting them between switching 

transitions makes the seven-segment SVPWM. Since two more pieces of a zero vector 

are inserted at the end of the switching pattern of the five-segment SVPWM, the seven-

segment SVPWM has seven switching steps in a sampling period T as shown in Figure 4-

17. Deciding a zero vector between switching transitions is as follows. At the end of the 

switching pattern, a zero vector is made by turning off all upper switches, and in the 

middle of the switching pattern, a zero vector is made by turning on all of the upper 

switches. The different zero vectors are used in order to minimize the switching 

transitions. Since two of the three upper switches turn on in the middle of the switching 

patterns, turning on the last switch is the simplest way to make a zero vector. By using 

both zero vectors in the seven-segment SVPWM, the F2812 can reduce the output 

harmonic noise. 

 

 

 

Figure 4-17 Switching Timing of the Seven-Segment Space Vector Pulse Width 
Modulation [16] 
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 In Figure 4-18, the transition from one state to another is accomplished by 

turning one switch on and one switch off. Once the PWM duty ratios Ta, Tb and Tc are 

calculated, and the switching scheme is decided, the appropriate comparison values for 

the comparison registers can be determined. 

 

 

 

 

  

                (4.4) 

  

 

 

 

 
Tx,Ty,Tz Vector space staying time 
Ta,Tb,Tc Compare register value 

Table 4-2 Time Terminology Explanation 

 

Implementing a seven-segment SVPWM is similar to the sinusoidal analog input 

modulation in that the F2812 should update the comparison register with new values. The 

difference between the implementation of the seven-segment SVPWM and the sinusoidal 

analog input modulation is in that the SVPWM calculates all new values according to 

many equations while the sinusoidal analog input modulation uses the sampled main 

reference signal. The other difference is that the order of the comparison registers should 

Figure 4-18 Half Switching Timing of the 
Seven-Segment SVPWM 
[20] 
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be swapped according to the sector region as shown in the Table 4-3. When the reference 

voltage V rotates through each sector one by one on the hexagon, since the first turned on 

switches are continuously changing, the order of comparison registers should also be 

changed.  

 

Sectors ,  ,  , , ,  ,  

  dy +  T -  T -  dx +   

 dx +    dy +  T -  T -  

 T -  T -  dx +    dy +  

Table 4-3 The Changing Orders of the Comparison Register 

Where T1 is 

                                                   (4.5) 

 

For example, if the reference voltage V is in the first sector between U0 and U60 

vectors, the reference voltage has U0 and U60 as two adjacent vectors. In the first sector, 

the phase A’s switch should turn on first. Therefore, the smallest value T1 should be 

saved in the first comparison register. Similarly, the same operation should be done as the 

reference voltage V rotates. 
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4.4 Implementation of the Current-Controlled VSI Algorithm 

 

In this section, the practical implementation of the CC-VSI PWM algorithm will 

be discussed. As mentioned in Section 2.2, a CC-VSI makes three sinusoidal output 

currents that resemble the three reference signals that are 120° out of phase with each 

other. However, since the F2812 can have only one main reference signal, it should 

duplicate the main reference signal twice as it does using the SPWM. According to the 

output waveform results, the sinusoidal look up table algorithm shows better performance 

than the sinusoidal analog input modulation. Therefore, the F2812 uses the sinusoidal 

look up table algorithm to duplicate the other two reference signals that are 120° out of 

phase with each other to implement the CC-VSI algorithm. 

The main function of this algorithm is to track the reference signal in relation to 

two guide lines, called a hysteresis band, as shown in Figure 2-17. While continuously 

tracking output currents, if the output current goes outside the guidelines, the switches are 

changed to fit the situation. For example, if the current increases and goes above the 

upper guideline, the upper switches Q1, Q3, and Q5 in Figure 2-10 turn off to cut off the 

source power. On the contrary, if the current decreases and goes below the lower guide 

line, the lower switches Q2, Q4, and Q6 in Figure 2-10 turn on to boost the output 

current. 

Even though the CC-VSI uses the same topology as the VSI, there are two main 

differences between the VSI and CC-VSI regarding the usage of current sensors and the 

PWM generator of the EVM function. The CC-VSI does not use the PWM generator of 

the EVM function, but it uses the current sensors. On the contrary, the VSI does not use 

current sensors, but it uses the PWM generator of the EVM. The CC-VSI uses the current 
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sensors in order to monitor and guide the three output currents as mentioned above. 

Therefore, in this algorithm, the analog digital converter (ADC) receives four input 

signals. The first input signal is the main reference signal. Measuring the frequency and 

amplitude of the main reference signal is the same as the other VSI algorithms. The 

remaining three signals are three current values from the current sensors. The ADC 

receives and converts four signals continuously.  

The CC-VSI does not use the PWM generator of the EVM in the F2812.  

Even though using a deterministic PWM function is more convenient, it cannot be 

used in this algorithm, since the switching frequency of the CC-VSI algorithm is not 

predictable. Instead, the CC-VSI algorithm uses the general purpose input and output 

(GPIO) as the outlet of switch control signals. Since the GPIO shares the output with the 

PWM generator, setting the GPIO register to use it as a general IO port is important in 

this algorithm. The specific setting codes are as follows. 

 

• GpioMuxRegs.GPAMUX.all = 0x0000;   // Using GPIO as IO 

• GpioMuxRegs.GPADIR.all = 0x003F;     // Using GPIO as output 

• GpioDataRegs.GPADAT.all = 0x0015;    // Set initial output as low 

 

The core elements of this algorithm are the double Interrupt Service Routines 

(ISR). The first ISR with a slow frequency continuously generates virtual reference 

signals that are 120° out of phase with each other. Since the F2812 automatically saves 

all reference signals in a table, the ISR knows exactly the value of the hysteresis band at 

any time it is required. On the other hand, the second ISR with a fast frequency 

continuously watches the sampled current value. When the second ISR compares the 

sampled current value with the hysteresis band, it fetches the values of the three reference 
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signals which were made from the first ISR. Since the frequency of the second routine is 

faster than that of the first ISR, most of the time, the second ISR uses the same values as 

the main reference signal. That is, the reference signal looks like a step waveform. Within 

the same step, the hysteresis band will be parallel to that step. 

The frequency of ISRs should be high, because the di/dt slope of the load is very 

steep. After the upper switch turns on, the output current increases very rapidly. Thus, if 

the F2812 lags, it will not have time to turn off the upper switch before the output current 

hits the maximum value. Therefore the F2812 should vigilantly monitor the three output 

currents. If the output currents are within the hysteresis band, the F2812 does nothing, so 

fast checking does not increase the program load pressure on the F2812.  

However, if the second ISR is done too frequently, the F2812 doesn’t have time to 

generate three reference signals, since the second ISR has a higher priority of interrupting 

the F2812. After controlling the switches of phase A, the F8212 then controls the 

switches in the phases B and C. The CC-VSI uses the topology of VSI. Consequently, it 

definitely requires dead band time. However, since the F2812 does not use the PWM 

generator in connection with the CC-VSI, the dead band generation unit cannot be used 

either. To generate the dead band, the F2812 should turn off the switch and then turn on 

another switch. For circuit protection, there is a very short delaying loop during the gap 

between the intersection of the upper and lower switches. Deciding the band size is also 

important. Although the output current is small, if the size of band is also narrow, the 

mandatory frequency of second ISR will be too high. On the other hand, if the size of 

band is too wide, the output current cannot hit the band. Since the F2812 enters the stand-

by mode, if the current does not hit the hysteresis band, the F2812 stops all operations. 

Therefore, the hysteresis band should be decided regarding the maximum output current. 

 



 

4.4.1

4.4.1

wave

conve

647m

the o

sourc

VSI c

Figur

ampli

outpu

in Fig

 OUTPUT WA

.1 Output C

The sinus

eform is the

erts it to vo

mV. Since th

output curren

ce power sup

cannot handl

 

re 4-23 Outp

Since the

itude of the 

ut looks bad 

gure 4-22 is 

AVEFORM O

Current Wa

soidal curren

e output of 

oltage. Its r

he amplitude 

nt is 2.5A. In

pply and the

le a huge cur

put Current W

 current sen

output is lo

but it will b

60Hz, but i

F THE CURR

aveform of t

nt waveform

current sen

esistance is 

of the wave

n this exper

e load was 

rrent.  

Waveform o

nsor convert

ow and the s

be better wit

t can be cha

100

RENT-CONTR

the Current

m of the CC

nsors. The c

0.134Ω. Th

eform in Fig

riment, the V

small induct

f the CC-VS

ts its input c

signal to noi

th much curr

anged to any

ROLLED VSI

-Controlled

C-VSI is sho

current senso

hat means 5

gure 4-23 is 

VSI received

tance withou

SI 

currents into

ise ratio is r

rent. The fre

y value betwe

I 

d VSI 

own in Figur

or measures

5A will be 

500mV, the 

d power from

ut resistance

 

o low voltag

really bad. T

equency of t

een 0 and 12

re 4-23. Thi

s current an

converted t

amplitude o

m the curren

e, so the CC

ge output, th

Therefore, th

the waveform

20 at anytim

is 

nd 

to 

of 

nt 

C-

he 

he 

m 

me 



 

accor

while

4.4.1

the se

23 w

frequ

depen

hyste

the hy

Figur

rding to the 

e the F2812 i

 

.2 The Hyst

The magn

ection 2.2, th

was taken to 

uency of 70

nds on the s

eresis band. I

ysteresis ban

 

re 4-24 Hyst

 

main referen

is running. 

teresis band

nified versio

he output cu

check this 

0Hz that is

slope of outp

If the curren

nd as shown 

teresis Band 

nce signal. H

d of the Out

on of Figure 

urrent should

theory. It is

s the switch

put current, t

nt jumps too

in Figure 4-

of Output C

101

However, th

put Curren

4-23 is sho

d move with

s shown tha

hing frequen

the slope of 

o fast before 

-24. 

Current Wave

he hysteresis

nt Waveform

own in Figur

hin hysteresi

at the outpu

ncy of the C

f sinusoidal w

the F2812 c

eform of the

 band canno

m of the CC

re 4-24. As 

is bands, so 

ut currents v

CC-VSI. Th

wave, and th

checks it, it 

e CC-VSI 

ot be change

C- VSI 

mentioned i

the Figure 4

vibrate with 

his frequenc

he size of th

can go abov

 

Hystere
Band

ed 

in 

4-

a 

cy 

he 

ve 

esis 
ds 



 

4.4.1

graph

the C

Figur

distor

filter.

Wher

the o

distor

frequ

Furth

.3 OUTPUT V

The outpu

h is the outp

CC-VSI. The

 

re 4-25 Outp

 

The uppe

rted with hi

. Without ce

reas the VSI

output curren

rtion. The C

uency depend

hermore, the 

VOLTAGE AN

ut voltage an

put voltage o

 load is 100m

put Voltage a

er graph in 

igh noise. T

easing, the C

I really want

nt at will, an

CC-VSI can

ds on the ou

filter may b

ND CURRENT

nd the curren

of the CC-V

mH inductan

and Current 

Figure 4-25

The first reas

CC-VSI trac

ts to avoid h

nd this actio

nnot current

utput load, it

block the fas

102

T WAVEFORM

nt waveform

VSI, and the 

nce with 5Ω

Waveform o

5, a voltage 

son is that t

cks, monitors

high noise an

on is inevita

tly use a fi

t is very har

st movemen

M OF THE CC

m of the CC-V

lower graph

.  

of the CC-V

waveform 

the CC-VSI 

s, and chang

nd distortion

ably accomp

ilter at outp

rd to calcula

nt of currents

C-VSI 

VSI are take

h is the outp

 

SI without a

of the CC-V

does not u

ges three ou

n, the CC-VS

panied by hi

put. Since t

ate the cut-o

s. Therefore

en. The uppe

put current o

an LC Filter

VSI, is muc

se the outpu

utput current

SI can contro

igh noise an

the switchin

off frequency

, the CC-VS

er 

of 

ch 

ut 

s. 

ol 

nd 

ng 

y. 

SI 



 

didn’

outpu

volta

curre

low v

with 

volta

almo

Figur

The g

100m

sinus

t use a filte

ut of the CC-

Another r

ge waveform

ents, the curr

voltage pow

a low volta

ge to outpu

st 2V, and it

 

re 4-26 FFT 

The FFT 

graph in Fig

mH inductan

oidal curren

er in this the

-VSI should 

reason for th

m is its use

rent needs to

wer supply, t

ge input cou

ut voltage is 

ts output vol

of the Outpu

of the outpu

ure 4-26 sho

nce, the CC

nt waveform

esis project.

be studied m

he high level

e of a low 

o be high eno

the inverter 

uld result in

too high. I

ltage has rela

ut Current W

ut current wa

ows that the 

C-VSI make

ms. The conn

103

However, th

more deeply

ls of noise a

resistor. Sin

ough to cont

should use 

n high noise,

In Figure 4-

atively high 

Waveform of

aveform of t

frequency o

es this switc

nection betw

he possibilit

y in the near 

and distortion

nce the CC-

trol. To extr

a low resist

, since the r

-25, the max

peak noise.

f the CC-VSI

the CC-VSI 

of the peak v

ching noise

ween the rate

ty of using 

future. 

n of the CC-

-VSI contro

ract high cur

tor. Using a

relative ratio

ximum outp

 

I 

is shown in

value is 3 kH

e when it tr

e of rising c

a filter at th

-VSI’s outpu

ls the outpu

rrent from th

a low resisto

o of the nois

put voltage i

n Figure 4-26

Hz. Given th

ries to mak

current in th

he 

ut 

ut 

he 

or 

se 

is 

6. 

he 

ke 

he 



 104

load and the hysteresis bands make this frequency. If other loads were used, the peak 

frequency would be different. Even though there was an output filter, it may be hard to 

filter the 3 kHz noise, since the designed cut-off frequency is 1.2 kHz. 

 

4.5 Implementation of the Space Vector Modulation for the CSI 

 

This section discusses the practical implementation of the space vector pulse 

width modulation (SVPWM) for the CSI. Among the various possible switching 

algorithms for the CSI, the SVPWM was selected for this thesis project. The SVPWM of 

the CSI is similar to the SVPWM for the VSI, so the F2812 can share many portions of 

the programming code of the two algorithms. Another reason the SVPWM was used is 

that it’s a simpler and easier working mechanism to implement than other switching 

algorithms. 

 

 

Figure 4-27 Implementation of the PWM CSI with an Uncontrolled Rectifier with Output 
Capacitors 



 105

 

The practical way to implement the SV-CSI is similar to the practical way to 

implement the SVPWM since the main idea of the space vector for CSI (SV-CSI) is 

similar to the one of the SVPWM. Therefore, only the differences between the two will 

be discussed in this section.    

The biggest difference between the SV-CSI and the SVPWM for the VSI is the 

switching condition. First, under the SVPWM for the VSI, only one switch should be 

turned on in a vertical line as shown in Figure 4-27, while under the SVPWM for the 

VSI, only one switch should be turned on in a horizontal line as shown in Figure 4-27. 

The switching composition of the SV-CSI is shown in Table 4-4. In each number in the 

table, each digit tells the number of a switch; for example, the number 12 in Sector 4 and 

Step 1, means that switches Q1 and Q2 in Figure 4-27 turn on. Likewise, the number 35 

in Sector 6 and Step 6 means that switches Q4 and Q5 turn on.    

 
Sector 

 Step1 Step2 Step3 Step4 Step5 Step6 Step7 Always on 
Switch 

1 12 14 16 12 16 14 12 1 
2 56 16 36 56 36 16 56 6 
3 34 36 23 34 23 36 34 3 
4 12 23 25 12 25 23 12 2 
5 56 25 45 56 45 25 56 5 
6 34 45 14 34 14 45 34 4 

Table 4-4 Table of the Number of Switches During the SV-CSI 

The second difference between the SV-CSI and the SVPWM for the VSI is 

regarding the production of the zero current. This is sometimes done under the SV-CSI 

by having both switches in one phase leg turned on at the same time. There is another 

way to cut off current, and it is turning off all the switches. However, since the rectifier 
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sends current continuously, the F2812 cannot turn off all the switches which send current 

to the load side. If the current is discontinuous because all the switches are shut down, 

there will be a high voltage spark. To keep the current flowing without sending current to 

the load side, turning on both switches in one leg is a unique solution. Furthermore, to 

reduce the output noise, one switch should turn on continuously while the reference 

current Iref remains in the same sector. 

Normally, the PWM generator in the F2812 cannot turn on both switches in one 

phase leg since the F2812 generates two complementary signals at the same time. In 

order to generate two positive signals to turn on both switches, before starting the next 

period of the triangular waveform, the F2812 should change the polarity of the lower 

switch. Even though the F2812 generates a complementary signal, the polarity can be 

changed when the program options have been changed from the active high to the active 

low. However, it is too complex to do this within a short time. 

It can be concluded that the F2812’s PWM generator is not good for the SV-CSI 

because of the F2812’s complementary output signals. The alternative method to 

implement the SV-CSI is using the general purpose input and output (GPIO) and three 

CPU timers. The CPU timer0 will count the angular speed of the reference current. 

Periodically it calculates the staying time of each switch. After that, the F2812 puts this 

value into the register of CPU timer1. The CPU timer1 can count time in micro seconds.  
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4.6 Summary 

 

In Chapter four, the methods to implement the frequency measuring algorithm 

and the five switching algorithms using the F2812 were introduced in this chapter. The 

output waveforms under the different switching algorithms are taken and compared in 

this thesis. The output waveform was taken with or without an LC filter to figure out the 

importance of the filter. Furthermore, the FFT of output waveforms was taken to compare 

the harmonic signals. In the next chapter, the ways to design inverters will be discussed. 
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CHAPTER FIVE 

IMPLEMENTATION OF THE HARDWARE 

 

The objective of this chapter is to discuss the process of building the hardware of 

the inverters and peripheral circuits. The motivation for developing special inverters 

instead of buying a commercial inverter was to make inverters that can generate a three-

phase output waveform that mimics the sinusoidal main reference signal. This chapter 

discusses the following steps in the process: designing the main platforms, selecting the 

parts, assembling the parts and the main platform, checking the compatibility of parts, 

and drawing an electronic card.  

Only two main platforms for the VSI and the CSI were built even though three 

main topologies of the inverter – the VSI, the CSI and the CC-VSI – were developed 

since the CC-VSI shares the main platform with the VSI. However, the current sensors, 

essential parts for running the CC-VSI, were added to the VSI platform with a special 

feedback circuit. The VSI and the CSI platforms had to be built independently, since the 

VSI and CSI use different platforms because of the deployment of diodes. For example, 

the VSI uses parallel diodes and commercial IGBTs which already have a driver circuit. 

Unique printed circuit boards (PCB) were also designed to install parts of the VSI. On the 

contrary, to make the CSI, series diodes, IGBTs and a driver circuit were purchased and 

assembled respectively since no company makes special IGBTs combined with series 

diode.  

For the peripheral circuits, ADC driver circuits and the output low pass filter were 

designed and built. There were two reasons for designing an ADC driver. First, the ADC 

driver works as a buffer between the F2812 and the current sensor in order to absorb 
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excessive currents. Second, as mentioned in section 4.1, the current sensor has a bipolar 

output from -1.5V to 1.5V, whereas the input range of the analog digital converter (ADC) 

is from 0V to 3V. Therefore, an ADC driver is required to shift the input value up by 

1.5V. In addition, an output low pass filter should be designed to filter unnecessary 

harmonic noise. 

 This chapter starts by explaining how the switching device was selected for the 

inverter, and then it explains how the IGBT driver was selected. The design of the 

platforms for the VSI and CSI are discussed consecutively. Finally, the design of the 

peripheral circuits is discussed. 

 

5.1 Selecting a Switching Device 

 

The first step in designing an inverter is selecting an electronic switching device. 

Power capability and switching speed are essential factors in selecting an electronic 

switching device. The induction motor of the laboratory-scaled wind turbine requires 208 

VLL, 10ALN and 2 kW ratings for the stator side, and in order to reduce the switching 

noise and the size of the output capacitor, the switching frequency of the switching 

device should be between 10 kHz to 20 kHz. 

Among the various electronic switches in the power industries, the IGBT was the 

best fit for this project because it has a switching speed on the order of 100 kHz, and the 

IGBT works at a low or medium voltage rating, which is lower than 1MW. Therefore, the 

IGBT is the best solution for low power applications and for the medium switching 

frequency both of which coincide with the working environment of the laboratory-scaled 
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wind turbine. Furthermore, IGBTs have been used in the academic and industrial fields 

for a long time. 

  

5.1.1 TYPES OF IGBTS 

Depending on the number of IGBTs and the existence of a driver circuit, 

commercial IGBTs are classified into three types. They are the ‘single IGBT’, the ‘IGBT 

Module’ and the ‘IGBT Integrated Motor Solution’. A ‘single IGBT’ has one IGBT. The 

other two types have two or three IGBTs in one integrated circuit (IC) package. The 

number of IGBTs installed depends on the companies. The first difference between the 

‘IGBT Module’ and the ‘IGBT Integrated Motor Solution’ is the existence of a driver 

circuit. Only the ‘IGBT Integrated Motor Solution’ has a driver circuit. The second 

difference is the power rate; the commercial ‘IGBT module’ can handle high power 

without a driver circuit but the ‘IGBT Integrated Motor Solution’ handles medium power 

with a driver circuit. 

Traditional inverter designs were composed of six ‘Single IGBTs’ and auxiliary 

circuits. An inverter design using six individual IGBTs takes much time and costs a lot. 

Besides, it is not reliable. However, these days, many companies make IGBT IC 

packages (IGBT Module + IGBT Integrated Motor Solution) for AC induction motors to 

eliminate external components and increase system reliability. The IGBT integrated 

motor solution has six IGBTs, six parallel diodes, and integrated drive circuits in one 

compact module. Since the laboratory-scaled wind turbine requires medium power, the 

IGBT integrated motor solution is better than any other IGBT. Moreover, considering 

that the IGBT integrated motor solution has six parallel diodes, it was the best IGBT for 

the VSI.  
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5.1.2 SELECTING THE IGBTS FOR THE VSI AND THE CSI 

In spite of the conclusion made in section 5.1.1, the guidelines for the best IGBT 

vary between the VSI and the CSI. Most of the commercial IGBT IC packages mentioned 

above are built with six parallel free-wheeling diodes, and this is the topology of the VSI. 

On the contrary, the topology of the CSI is different in that the CSI should have six series 

diodes, so they require a different IGBT type. Because of this, even though the IGBT 

integrated motor solution is the best solution for the VSI, the CSI cannot use it since no 

industrial IGBT has series diodes. Therefore, from now on, the selection of IGBT types 

and their auxiliary circuits are discussed separately for the VSI and CSI.  

 

5.2 Selecting an IGBT for the VSI  

 

As stated in the section 5.1.1, the best IGBT for the VSI is the IGBT integrated 

motor solution. It can reduce the number of parts and the noise that occurs in the copper 

wires between parts. Table 5-1 shows IGBTs from the three major power device 

companies. 

 
Company Name Voltage Current at 

25°C 
Current 
at 100°C Input Input 

Voltage Price 

Fairchild 
FSAM30SH60A 600 30 20 Inverting 5V $24 

FSBB30CH60C 600 30 20 Non-
Inverting 3.3V $21 

International 
Rectifier 

IRAMX16UP60A 600 16 8 Non-
Inverting 3.3V $32 

IRAMX20UP60B 600 20 10 Inverting 3.3V $34 

ST 
Semicondoctor 

STG3P3M25N60 600 50 30 Non-
Inverting 5V $57 

L6229N 600 30 15 Non-
Inverting 15V $46 

Table 5-1 Commercial IGBT Integrated Motor Solutions 
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At first, the IRAMX20UP60B by International Rectifier was a strong candidate 

for the switching device for the VSI [21], because it was assumed that 10A at 100° is 

enough to run the laboratory-scaled wind turbine, and it was well fit to the PCB in the 

laboratory. Considering that a laboratory-scaled wind turbine has no fan to cool down the 

inverter, the VSI will reach a high temperature within a short time. However, the IRAMX 

series cannot flow a high current, especially at high temperatures. The STG3P3M25N60 

by ST Semiconductor has no driver circuit, so it was not selected. Likewise, the L6229 by 

ST Semiconductor is incompatible with the F2812 since the input voltage of the L6229 is 

5V whereas the F2812 uses 3.3V.  

 Finally, the two remaining IGBT candidates, the FSAM30SH60A and the 

FSBB30CH60C by Fairchild, were evaluated [21]. The FSAM30SH60A has a higher 

power rate than the FSBB30CH60C, but the FSAM30SH60A has a lower switching 

frequency than the FSBB30CH60C. The FSBB30CH60C can handle up to 3kW, which is 

bigger than the maximum output power of the laboratory-scaled wind turbine. It is 

necessary that the inverter run under a high frequency in order to reduce output noise. 

Therefore, after careful consideration, the FSBB30CH60C was selected as the switching 

device for the VSI, because it has an adequate power rate for the VSI and runs under high 

frequency [19]. It also has the same input voltage as the F2812, 3.3V. 

 

5.3 The Basic Design of the VSI 

 

This section discusses the basic design of the VSI. The circuit diagram and the 

basic topology of the VSI are well shown in Figure 2-10, so only the rough block 

diagram is shown in Figure 5-1. The IGBTs in Figure 2-10 correspond to the block, 
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labeled ‘IGBT & IGBT Driver’, and the connection of all the components, shown as 

block diagrams, happens on a wood plate called the ‘platform’ in this thesis project. 

When the components in Figure 5-1 are connected properly on the VSI platform, the 

inverter is complete. Since the CC-VSI uses the same topology as the VSI, the current 

sensors and ADC driver board should be on the platform of the VSI.  

 

 

Figure 5-1 Simple Illustration of the Exterior Design of the VSI  
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The VSI platform has two output terminals. The first output is directly connected 

to the current sensor, since the CC-VSI should not have an output filter. The second 

output is connected to the output filter for using the platform as the VSI. The three-phase 

voltages pass through the output filter and reach the second output terminal. In any case, 

all three-phase voltages should flow through the current sensors. Since the PWM 

switching algorithm for the VSI ignores the current sensor signals, it does not disturb the 

operation of the VSI. The red wire is the phase A, the black wire is the phase B, and the 

blue wire is the phase C. The color of the wire is really important in order to eliminate 

confusion. All wires are connected with fast-connectors to facilitate quick and easy 

reassembling. The VSI platform has three 10A fuses for short circuit accidents. 

 

5.4 The Circuit Diagram of the PCB for the VSI 

 

This section will discuss the FSBB30CH60 in much detail, and it will show the 

connection of the FSBB30CH60 to the supporting parts. The FSBB30CH60C is a 600V 

30A 2.4kW IGBT module including control ICs for gate driving and protection. It is an 

advanced IGBT module that Fairchild has recently developed (02/2008) and designed to 

provide very compact and high performance AC motor drives mainly targeting low-

power inverter-driven applications [8]. FSBB30CH60C has a circuit protection and a 

low-loss IGBTs. It is very reliable since it is protected by the under-voltage detection and 

short circuit protection [8]. It does not require an optical coupler to connect to the F2812. 

Figure 5-2 is a circuit diagram of the FSBB30CH60C and its supporting parts. To 

prevent burning the F2812 by the high current flow, a 100Ω resistor was inserted 

between the F2812 and the IGBT. Usually six RC low pass filters are used between the 
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F2812 and the gate input signal pins. However, in this thesis application, since the F2812 

handling current is low, no filter capacitor was inserted. For the power line, AWG #16 

stranded wires were used, since they can reduce the noise which originates from the one 

thick copper line. In addition to reducing noise, a stranded wire is flexible enough to bend 

and fit in small spaces. AWG #14 solid wires were only used when the IGBT was 

mounted into the green plug. Wire bigger than #14 is not recommended since it is too 

thick to bend.  
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Figure 5-2 VSI: Circuit Diagram of the FSBB30CH60C and its Auxiliary Circuits 
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Figure 5-3 The Picture of the Printed Circuit Board (PCB) Diagram for the VSI 

 

To mount the FSBB30CH60C and its peripheral circuit as shown in Figure 5-2, a 

special PCB should be designed like Figure 5-3 which shows the back side of the PCB 

for the VSI. The specification of the FSBB30CH60C is SPM27-EC (44mm x 26.8mm) 



 124

and is not fit to a general bread board, so this PCB is designed on the bases of blue print 

circuit diagram in the FSBB30CH60C application notes [22]. The specification of this 

PCB is 3.5” x 2.5” (94mm x 61mm). The J2 connector receives positive input, and J1 

connector receives the negative input, and the J4 connector receives signals from the 

F2812. 

The specific designing rules for the PCB for the VSI are as follows. First, since 

IGBT emits lots of heats, the PCB should be equipped with a heat sink. General thermal 

resistance of the FSBB30CH60C is between 1 and 2 °C/W, so the thermal resistance of 

the heat sink should be lower than 2 °C/W in order to cool down the inverter quickly. 

However, there is no commercially available heat sink which is less than the PCB board 

and whose thermal resistance is smaller than 2 °C/W. After compromising between 

thermal resistance and size, the heat sink ‘518-95AB-MS4’ from the ‘Wakefield Thermal 

Solutions’ was selected. Its size is 61mm X 57.90 X 24.13mm and its thermal resistance 

is 2 °C/W.  

Second, it is important to draw a wire on the PCB. To avoid error, all wirings 

should be as short as possible. To prevent surge destruction, the wiring between the filter 

capacitor and the positive power and ground pins should be as short as possible. The use 

of a high frequency non-inductive capacitor of around 0.1~0.22µF between the P pins in 

the PCB & Ground pins was used.  
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Figure 5-4 Picture of the VSI 

Figure 5-4 is the picture of VSI. The DC input is located in the bottom right-hand 

corner. The big heat sink and the attached components in the middle and bottom of the 

picture are the main body of the VSI; they are the FSBB30CH60C, the heat sink, and its 

auxiliary circuits. The small board with the green plug in the left and middle of picture is 

the current sensor. The yellow testing board has the ADC driver circuit. Two 15V wall 

adapters are connected to this board and make 15V, GND and -15V. The yellow wires 

pass the DC power to the current sensor and current values to the F2812. Three bipolar 

capacitors and inductors occupy the top of the VSI wood board.  
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5.5 Selecting an IGBT Driver for the CSI 

 

This section will discuss the guidelines for selecting the main parts of the CSI. 

The main parts include the IGBT, the series diode, and the IGBT driver. Therefore, this 

section will mention how the IGBT and diode were selected, and then it will explain how 

a IGBT driver was selected. As discussed above, six individual IGBTs were used to make 

a CSI with the same number of series diodes. For selecting an IGBT and diode, specific 

selection guidelines were not applied, since all commercial parts have similar 

specifications and prices. However, among the many selection guidelines, the generation 

date and price are the main criteria. The HGTP12N60A4 by Fairchild was selected as the 

IGBT for the CSI since it has no parallel diode, and it is qualified for stator current for 

the laboratory-scaled wind turbine. As well, the FFH30S60S, also by Fairchild, was 

selected as the series diode. It covers up to 30A and 600V. 

The next step was selecting an IGBT driver from among three kinds of IGBT 

drivers as mentioned in section 5.1. The first option was the three-phase IGBT driver 

which controls six IGBTs at the same time. It is true that using one chip to control six 

IGBTs would provide many advantages, for example, compactness of the IC, an 

advanced input filter for noise prevention, and internal isolation between the F2812 and 

output. However, the space vector algorithm of the CSI should turn on both the upper and 

lower IGBTs at the same time in one phase to make 0A current in the load side, but a 

three-phase IGBT driver cannot do this because it has a ‘shoot through prevention circuit’ 

which prevents the IGBTs from turning on at the same time and making a short circuit. 

Therefore, it was impossible to use a three-phase IGBT driver for the CSI in spite of its 

powerful advantages. 
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The second option was a half bridge driver which can control two IGBTs at the 

same time. When considering a half bridge driver, one should investigate the existence of 

a ‘shoot through prevention circuit, if one wants to use the SV-CSI algorithm. The 

biggest advantage of using a half bridge driver instead of three-phase driver is that a half 

bridge driver gives many freedoms of design to the designer with all the necessary 

auxiliary circuits. For example, a half bridge driver can control an even number of IGBTs 

whereas a three-phase driver should always control the multiples of six. Furthermore, if 

one of the six drivers is broken, the three-phase driver cannot be used any more. Table 5-

2 shows the IGBT driver products from the three major power device companies. 

 

 Company  
# of 

controlled 
IGBT 

Inverting Output 
Enable 

Support a 
floating 
voltage 

Shoot 
through 
prevention 

Three 
phase 

IR 
IRS2336 3 Inverting Yes Yes Yes 

IR2136 3 Inverting Yes Yes Yes 

Fairchild FAN7888 3 Non-
Inverting No Yes Yes 

Half 
Bridge 

IR IR2103 2 Inverting Yes Yes Yes 

Fairchild 
FAN7392 2 Non-

Inverting Yes Yes No 

FAN7482 2 Non-
Inverting No Yes No 

Single 
IGBT 

IR IR2117 1 Non-
Inverting ● Yes ● 

Fairchild FAN7362 1 Non-
Inverting ● Yes ● 

ST TD351 1 Non-
Inverting ● Yes ● 

Table 5-2 Commercial IGBT Drivers 

The last option is a single IGBT which can control only one IGBT. It provides the 

highest level of freedom for designing an inverter. However, no single IGBT driver can 

compete with a half bridge driver under a three-phase inverter design because the CSI 
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requires six power lines for six IGBT drivers, isolated voltage and ground point of the 

high side.  

According to the above analysis, the half bridge driver with a non-inverting 

output and without a ‘Shoot through prevention circuit’ was chosen as the driver IC of 

the CSI. The ideal half bridge driver should be compatible with 3.3V CPU logic voltage 

and should fully isolate the output signal from the input signal while supporting high side 

control voltage with a bootstrap circuit. After extensive research, the FAN7392 by 

Fairchild was selected as the IGBT driver of the CSI for this thesis project. 

 

5.6 The FAN7392 IGBT Driver Circuit of the CSI 

 

The half bridge IGBT driver FAN7392 and its auxiliary circuit diagram are 

explained in this section. Since the FAN7392 does not run by itself, the FAN7392 

requires auxiliary circuits which support and protect it. The FAN7392 by Fairchild was a 

newly-developed integrated circuit in 2008. It is cheaper than any other device with better 

application references [23]. The FAN7392 can drive high speed IGBTs that operate up to 

600V. Another feature of the FAN7392 that gives it an advantage over other makes and 

models is its ‘SD signal’ which is a “shutdown’ signal for unintentional accidents. If the 

SD is ‘1’, all switching signals become ‘0’. Since only two IGBTs (one on the high side 

and another on the low side) are turned on at once, it is very useful to be able to turn off 

both of these IGBTs in the same phase using the SD signal.  
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Figure 5-5 Circuit Diagram of the FAN7392 and its Auxiliary Circuits 

Figure 5-5 is the schematic of the driver circuit of one phase. The auxiliary circuit 

is a buffered output stage with all transistors designed for high current driving capability 

and minimum cross conduction. It has a high-voltage process and common-mode noise 

canceling techniques that provide stable operation of the high side driver under high dv/dt 

noise circumstances. An advanced level shift circuit completely can shut down the IGBT. 

The high current and low output voltage drop feature makes this device suitable for motor 

control applications. In addition, bootstrap capacitors and resistors were assembled and 

the values were set as shown in Figure 5-5 in order to catch up with the fast input 

switching signals. With these auxiliary circuits, the FAN7392 could send switching 

signals to the IGBTs. 
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5.7 The Basic Design of the CSI 

 

The basic design of the IGBT and diode in one phase of the CSI is introduced in 

this section. Since the single phase of the CSI in Figure 2-19 is the same as the block 

diagrams in Figure 5-6, assembling and connecting the various components exactly as 

shown in Figure 5-6 will complete the CSI.  

 

 

Figure 5-6 Simple Illustration of Connection between an IGBT and a Diode in the CSI  
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Figure 5-6 is the cleanest and most effective arrangement of the CSI components 

in one phase. As described in section 1.1, the diodes should be installed in series with the 

IGBTs in the CSI. The diode can be installed at a collector of the IGBTs (above the 

IGBT) or at an emitter of the IGBT (beneath the IGBT). Then, is the diode located above 

or beneath the IGBT? The high side IGBT works well whether the diode is in above or 

beneath, but the low side IGBT may not work properly if the diode is located beneath the 

IGBT.  

The solution is in the IGBT driver. Since most commercial inverters are VSIs 

where the emitter is directly connected to the GND, most IGBT drivers are designed to 

control the voltage difference between a gate of an IGBT and GND. Therefore, the 

FAN7392 of the low side IGBT also measures the voltage difference between the gate 

and emitter. However, if a series diode is installed to an emitter of the low side IGBT, the 

IGBT driver cannot measure the proper voltage difference between the gate and the 

emitter because of the forward voltage drop of the diode. As a result, the CSI has six 

series diodes at the collector of IGBTs like Figure 5-6.  

This configuration gives another advantage. A connector, a diode, and an IGBT 

can all be installed at the same heat sink. This also provides convenience for connecting 

wires. A diode and an IGBT are sold already pre-assembled in the TO-247 package. This 

package has a metal plate on the back side to transfer the heat.  
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Figure 5-7 Picture of the CSI 

 

The overall picture of the CSI is shown in Figure 5-7. The three pairs of heat 

sinks in the top left corner of the picture are the IGBTs and series diodes. One IGBT and 

its diode share one heat sink to reduce the redundant space. In the bottom right corner of 

the picture, there is a control board. Three IGBT drivers and the ADC driver circuit are 

implemented on the yellow board. Three 15V adapters are used on this control board; two 

are for the ADC driver circuit and one is for the IGBT control driver. 
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5.8 Analog Digital Converter Driver Circuit 

 

The design guidelines and circuit diagram of the analog digital converter (ADC) 

driver circuit are discussed in this section. Because of three reasons, the driver circuit 

should be installed between the F2812’s ADC and signal sources such as the output of 

the current sensors and the main reference signal. First, as mentioned in section 4.1, the 

current sensor has a bipolar output (-1.5 ~ +1.5), so this must be converted to a unipolar 

signal (0 ~ 3) before being fed to the ADC. The driver circuit converts a bipolar signal to 

a unipolar signal. Second, the driver circuit works as a buffer to block the over currents 

from the signal sources. Finally, the driver circuit can amplify or shrink the input signal 

to fit in the range of the ADC. An operational amplifier (OP-AMP) is the best solution as 

a driver circuit to satisfy above mentioned goals since it is easy to implement, cheap to 

buy, and concise to use. The OP AMP’s resistor values and design guide will be 

mentioned too. Figure 5-8 is the overall circuit diagram for OP AMP and its auxiliary 

circuits. 

 

Figure 5-8 Circuit Diagram of ADC Driver Circuit using OP-AMP 
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The practical method of shifting up the signal voltage is explained. The 

relationship between the input1 and output1 in Figure 5-8 is as follows.  

 
                     15                  (5.1) 

 
                    where                        (5.2) 

 
                 15               (5.3) 

 

In order to shift up the signal, another voltage should be added to the original signal 

through the OP-AMP. As a rule of thumb, to convert the bipolar signal (-1.5 ~ +1.5) to 

unipolar signal (0 ~ 3), 1.5V should be added to the bipolar signal. Since the OP AMP 

already uses +15V and -15V as voltage sources, using one of these voltages will be easy. 

In order to divide 15 by 10 by the Equation (5.3), the ratio between resistor R3 and R4 

should be adjusted as 10 to 1. After R3 and R4 are adjusted, R1 and R2 are also adjusted to 

maintain the gain of the Vin in Equation (5.3), since the amplitude of the bipolar signal 

(1.5+1.5=3) is same as that of the unipolar signal (3-0=3). The practical values of the 

resistors are in Table 5-3. 
 

     

Value 10KΩ 1KΩ 10KΩ 1KΩ 

Table 5-3 Resistor Values of ADC Driver Circuit 
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The OP-AMP satisfies the second goal and half of the third goal. For the second 

goal, if the high current flows through the input signal, the OP-AMP lets it flow through 

the ground, and even in the worst case, the OP-AMP will be destroyed and protect the 

F2812’s DSP. However, it is hard to expect the OP-AMP to fully satisfy the third goal 

mentioned above. Given the ration between R3 and R4, it is impossible to magnify the 

input signal by only changing the ratio between R1 and R2 in Equation (5.3). On the 

contrary, the OP-AMP can shrink the signal by varying the values of R1 and R2 even 

though it is not required in this thesis project. Therefore, the OP-AMP with well designed 

auxiliary circuits works as a buffer and a signal shifter at the same time.  

 

5.9 The Output Low Pass Filter 

 

Designing an LC filter for the VSI is explained in this section. In contrast to the 

VSI and CSI, the CC-VSI should not have a filter at the output terminal since the current 

oscillates continuously depending on the reference signal. The PWM VSI makes 

rectangular voltage waveforms, which in turn cause several problems in the motor. The 

first problem is that voltage spikes on the motor terminals are caused by the high dv/dt 

during switching transitions. The second problem is the additional losses in the motors 

caused by the high frequency current ripple. The above-mentioned problems can be 

solved by installing a low pass filter at the output terminal. Among the various types of 

low pass filters, an LC filter is the most simple and efficient solution for a laboratory 

scale inverter. An LC filter softens the dv/dt at the machine terminal and shunts away the 

common mode current [25]. A delta connection filter, such as an LC filter, has a better 

output waveform than a star connection filter without strand current.  
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Figure 5-9 Star Connection of the Filter Topology 

 

As a rule of thumb, for a fundamental frequency of 60Hz, the resonance 

frequency has to be at least 600Hz and the PWM frequency of the inverter has to be at 

least 6 kHz [16].  In this application, the frequency of the output waveform changes 

from 10 to 120 Hz. So, the maximum resonance frequency of the filter should be 1.2 kHz. 

Then, the switching frequency can be 12 kHZ. Since the VSI switching algorithms 

usually use 15 kHZ as the switching frequency, 1.2 kHz is enough as the resonance 

frequency. A 100uH inductor was used. According to the general LC filter output 

equations, 

 
                          

·
                         (5.4) 

 

Even though C is roughly calculated to 176uF, since the 149uF was available in 

the market, it was purchased. Unfortunately, the LC filter also produces some problems, 

namely the resonance frequency, the common mode voltage on the motor terminals 

against the ground, and the rising costs of the inverter unit. The damping resistance Rd 

prevents the resonance effect, and in real applications, motor impedance is considered as 
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a damping resistance. Therefore, additional damping resistance is not required in 

connecting it to the laboratory-scaled wind turbine, so it does not designed in this thesis 

project in spite of its importance.  

In this section, an LC filter was designed to remove noise and harmonics from the 

output voltage signal of the VSI and CSI. For the CC-VSI, since the switching frequency 

of the IGBT changes continuously depending on the loads, it is hard to calculate the cut-

off frequency, so an LC filter was not used for the CC-VSI. The exact value of the 

capacitor and inductor were calculated. IT is that L was 100uH and that C was 149uF. 

They were connected as a star connection. The successful results of the LC filter are well 

shown in Chapter 4. 

 

5.10 Summary 

 

In this chapter, detailed hardware designing methods and guidelines were 

explained. The VSI and CSI were built on different platforms. For the VSI, the IGBT 

Integrated Motor Solution, FSBB30CH60C by Fairchild, which has six IGBTs, six 

parallel diodes, IGBT driver circuit, and auxiliary circuits, were used to build it. The CC-

VSI was made by simply adding current sensors to the VSI, so the CC-VSI shares a 

platform with the VSI. To mount the FSBB30CH60C and its auxiliary circuits on the 

board, a special PCB was designed and drawn.  

For the CSI, since there are no commercial IGBT packages which have series 

diodes and an IGBT driver, six single IGBTs and single diodes were chosen to build the 

CSI. The IGBT is the HGTP12N60A4 by Fairchild, and the diode is the FFH30SS60S by 

Fairchild. The FAN7392, which is a half bridge driver, was used as the IGBT driver. 
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Since the FAN7392 does not work alone, its auxiliary circuits were designed by finding 

proper values of capacitors and resistors. The ADC driver circuit was made to protect the 

F2812 from the over currents and to convert the bipolar output signals of the current 

sensor to the F2812’s unipolar input signals. An LC filter was also designed to remove 

unnecessary noise and harmonics. 
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CHAPTER SIX 

SUMMARY AND FUTURE WORK 

 

The goal of this thesis project was to build three kinds of three-phase inverters 

which are controlled by the DSP TMS320F2812 and which could be used to control the 

power flow of a laboratory-scaled wind turbine. The three inverters are the voltage source 

inverter (VSI), current source inverter (CSI), and current controlled voltage source 

inverter (CC-VSI). The building process included programming the switching signal 

modulation algorithms into the F2812, designing the hardware, and testing the inverters.  

As the wind industry grows, the need for laboratory-scaled models of wind 

turbines is increasing since they can be used to simulate wind turbines and educate 

students. These laboratory-scaled wind turbines should be controlled by a computer in 

order to get accurate results, so intermediary equipment between the computer and the 

wind turbine is required. An inverter connects a computer to the wind turbine, but a 

commercial inverter can’t be used because it cannot receive special control signals. 

Therefore, controllable and appropriate inverters should be designed to satisfy the 

requirements of a laboratory-scaled wind turbine. Furthermore, to control the laboratory-

scaled wind turbine in various research environments, three inverters were built and 

analyzed to find their strong points. Five switching algorithms were also designed: three 

for the VSI and one each for the CC-VSI and the CSI. The best inverter was selected by 

comparing the functionality of all three inverters when operated using their various 

respective switching algorithm. 
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6.1 Results 

 

Three inverters – the VSI, the CSI, and the CC-VSI – were made on two 

platforms in this thesis project. The first platform is for both the VSI and CC-VSI and the 

second one is for the CSI. The first platform, on which all parts of the VSI and CC-VSI 

are assembled, is called the VSI platform, since the CC-VSI has the basic topology as the 

VSI. Among all the parts on the VSI platform, the VSI and CC-VSI share the IGBT 

Integrated Motor Solution (FSBB30CH60C) and the ADC driver circuit, but the VSI uses 

an output LC filter and the CC-VSI uses an current sensors. The FSBB30CH60C is 

compromised of six IGBTs, six parallel diodes, an IGBT driver circuit, and auxiliary 

circuits. Since the FSBB30CH60C does not fit on the general PCB, a special PCB was 

designed. The inductor and capacitor of the output LC filter are 100uH and 149uF 

respectively. The second platform is called the CSI platform which has six individual 

IGBTs (HGTP12N60A4), six series diodes (FFH30S60S), three half IGBT driver 

(FAN7392) and a ADC driver circuit. The CSI uses the output filter on the VSI platform, 

so a connection must be made between the output source of the CSI and the output filter 

on the VSI platform. 

The devised switching schemes for the VSI are the sinusoidal pulse width 

modulation (SPWM) and the space vector pulse width modulation (SVPWM). There are 

two algorithms to implement the SPWM, and they are the sinusoidal analog input 

modulation and the sinusoidal look up table modulation. To implement the SVPWM, 

only the space vector algorithm was used. Therefore, three switching algorithms were 

written for the VSI. For the CC-VSI, the ‘Current Control algorithm’ was designed, and 



 141

for the CSI, the ‘Space Vector for the CSI’ was designed. In all, five PWM switching 

algorithms were programmed for all three inverters.  

The tests showed that all of the inverters and their switching schemes performed 

well and made good waveforms. The resulting waveforms were shown in the Chapters 

Three and Four. Although the results were satisfactory in all cases, after a comparison of 

the strengths and weaknesses of the three inverters and their switching algorithms, one 

inverter and switching scheme stand out as superior to the others. 

 

6.1.1 COMPARING THE THREE INVERTERS BASED ON THEORETICAL FACTORS AND 

EXPERIMENTAL RESULTS 

In this section, the three inverters and their switching algorithms will be compared 

to each other considering their performance on the laboratory-scaled wind turbine. This 

section focuses the theoretical strength and weaknesses of the three inverters, but the next 

section will discuss their qualities based on the experimental results.   

First of all, the CSI could extract high power from the DC source since it controls 

and makes the sinusoidal output current. Furthermore, in case of a short circuit, the CSI 

has enough time to shutdown the system since the DC choke in the rectifier blocks over 

currents. On the contrary, since the amplitude of the output current of the CSI is 

controlled by the rectifier, its controllability is very low. Furthermore, current leakage in 

the output filter’s capacitor makes it hard to measure the accurate output currents. 

Therefore, the CSI is not adequate for the laboratory-scaled wind turbine because the 

wind turbine will repeatedly stop and start with the wide range of power. 

Second, the VSI has the simplest topology and PWM switching algorithm. It is 

widely used, so there are many concise commercial VSIs and their application references. 

On the other hand, the disadvantage of the VSI is that there is a high probability of high 
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voltage spike happening in the motor which can cause damage to the motor and make 

noise in the output voltage. Considering that a laboratory-scaled wind turbine would be 

built and operated in the small laboratory, the small and simple VSI is the best solution. 

Furthermore, the low power generation of the laboratory-scaled wind turbine, which is at 

most 3kW, decreases the chance of having voltage spikes in the motor.  

Finally, the CC-VSI has the same topology as the VSI, so the CC-VSI has the 

same advantages mentioned above. However, when the CC-VSI works as an inverter in 

the wind turbine, some points are better but some are worse than the VSI. On the one 

hand, the CC-VSI can make good sinusoidal current waveform with the advantages of the 

VSI and without the disadvantages of the CSI. It can remove unnecessary harmonics with 

the simple topology of the VSI. On the other hand, as mentioned in section 4.4, the CC-

VSI’s switching frequency changes according to the output loads whereas other the 

inverters’ frequencies are fixed by the F2812. Therefore, even though the irregular 

frequencies make heavy noise, the CC-VSI cannot remove it, since the cut-out frequency 

doesn’t exist. Therefore, the CC-VSI is not the best choice for the laboratory-scaled wind 

turbine. 

The next step is scrutinizing the experimental results of three inverters in Chapter 

Four. First, the CSI made a somewhat distorted output current waveform when the F2812 

tried to make zero currents as shown in Figure 4-31 and 4-32. Second, the CC-VSI made 

an output current waveform which vibrates within the hysteresis band as shown in Figure 

4-23 and 4-24. Therefore, as expected from the theoretical side, the output current 

waveform of the CC-VSI had noise and harmonics. Even though the resistors and 

inductors of the wind turbine would relax the noise, the diminishing amounts are not 

clear. In contrast, the VSI made very clean output waveforms under all three switching 



 143

algorithms as shown in Figure 4-6, 4-12, and 4-20. Therefore, when considering only 

output waveform, the VSI performed better than any other inverter. 

Considering both the theoretical factors and experimental results, the VSI is the 

best solution for the laboratory-scaled wind turbine. It is simple to build and easy to 

control. Besides, it is suitable for the limited space of the laboratory. Furthermore, 

typically the CSI and CC-VSI are used to extract high power from a turbine, because they 

can handle high power without the problem of voltage spikes. However, because 

laboratory-scaled wind turbines don’t require high power, the possibility of voltage spike 

is low, so it is not necessary to risk using the CSI or CC-VSI with all of their 

disadvantages. Therefore, the VSI is the best inverter for the low power laboratory-scaled 

wind turbine. In the next section, the three switching algorithms of the VSI will be 

compared each other to determine their suitability for the laboratory-scaled wind turbine. 

 

6.1.2 COMPARING THE THREE PWM SWITCHING ALGORITHMS FOR THE VSI 

The three PWM switching algorithms for the VSI will be compared in this 

section. Given that the VSI is the most suitable inverter for the laboratory-scaled wind 

turbine, the best PWM switching algorithm will be selected after comparing all three. The 

first two switching algorithms were devised to implement the SPWM scheme, and the 

last algorithm was devised to implement the SVPWM scheme.  

The first switching algorithm is the sinusoidal analog input modulation. It 

modulates the duty ratio of the switch control signal to be proportional to the sinusoidal 

main reference signal and ensures that the output voltage mimics the main reference 

signal. This algorithm fully uses the main reference signal by receiving and saving it. The 

advantage of the sinusoidal analog input modulation is that it can make any periodic 
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output waveform. Even though the main reference signal is not a sinusoidal waveform, if 

it is a periodic signal, the VSI can mimic that signal under the sinusoidal analog input 

modulation. The disadvantage of the sinusoidal analog input modulation is that the output 

signal can have noise when the ADC of the F2812 captures the main reference signal. 

Since the sinusoidal analog input modulation uses the whole main reference signal, small 

changes in the main reference signals can affect the output voltage.  

The second switching algorithm is the sinusoidal look up table modulation which 

modulates the duty cycle of the switch control signal using a saved sinusoidal table. This 

algorithm only receives frequency and amplitude information from the main reference 

signal, not all the waveform values like the sinusoidal analog input modulation. The 

advantage of this algorithm is that it is easy to implement because of its saved 

waveforms. Furthermore, the output voltage waveform is not affected by noise, so it 

results in the cleanest output waveform of the three inverters as shown in Figure 4-12. 

The disadvantage is that it cannot control the frequency of the output voltage. The 

variable which controls the frequency in this algorithm is the step size. Since the step size 

is discrete, it is hard to control the frequency of the output voltage accurately. 

Furthermore, the saved sinusoid in the F2812’s memory restricts the variable ranges of 

the voltage and frequency. 

The final switching algorithm is the space vector pulse width modulation 

(SVPWM) which uses eight possible combinations of six switches in an inverter. Even 

though the inverter only makes eight discrete output voltages according to eight 

combinations of switches, the SVPWM makes virtual continuous sinusoidal output 

voltage by changing the possession time of each combination. When the internal 

reference voltage rotates on the hexagon as shown in Figure 2-13, the switching patterns 

and their possessing time are calculated according to the sector. While calculating 
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equations, the SVPWM uses the saved sinusoid in the F2812’s memory, so it is a more 

advanced program than the sinusoidal look up table modulation. The advantage of the 

SVPWM is its accurate control. It can generate any kind of amplitude and frequency 

within the ranges. In addition to the high controllability, since its switching frequency is 

higher than any other switching algorithm, there is less noise after passing through the 

output LC filter as shown in Figure 4-22. The disadvantage of the SVPWM is its complex 

mechanism. It is hard to write and fix the SVPWM programs. However, after it is written, 

it provides many controllable options and clean output voltage waveforms with less 

noises. As a result, the SVPWM is the most suitable switching algorithm for the VSI, 

which is the most suitable inverter for the laboratory-scaled wind turbine. 

 

6.2 Future Work 

 

Applications of inverters, problems which block those applications and solutions 

to those problems are discussed in section 6.2. In order to apply the inverters to the 

laboratory-scaled wind turbine, additional work to install them is required and is 

discussed in this section. In addition to the laboratory-scaled wind turbine, the other 

future applications of inverters will be also introduced. The results of this thesis project 

can be used converting DC voltage from the solar panels and analyzing the signal using 

the F2812. However, the inverters have minor problems which can grow up to potential 

accidents in spite of good results in Chapter 4. Before connecting inverters to the 

applications, checking problems and suggesting solutions can reduce the chance to have 

potential damages. To achieve the goal and make a success of two applications 



 146

mentioned above, inverters build in this thesis project should be improved by fixing their 

own problems and weakness. 

 

6.2.1 LABORATORY-SCALED WIND TURBINE 

There are additional works that should be done to connect an inverter between the 

wind turbine and the computer. The VSI was selected as the best suitable inverter for the 

laboratory-scaled wind turbine, so it is assumed that the VSI will be installed in the wind 

turbine. The required works are the connecting the inverter to the rotor side of the wind 

turbine, making a controllable rectifier, and installing many sensors. 

First, the output of the VSI will be connected to the rotor side of the double fed 

induction generator (DFIG). Since the rotor side is the rotating part of the induction 

motor, special parts such as the brush and slip rings are required to maintain constant 

contact between the inverter and the rotor and allow for continuous rotation without 

entanglement of the wires. The VSI will receive the main reference signal which comes 

from the Labview program in the computer. The main reference signal has amplitude and 

frequency information which will control the amount of generating power.   

Second, a controllable rectifier is required. In this project, an uncontrollable 

rectifier or DC power supply support power to inverters, but this power equipment cannot 

supply a wide range of power. Even though the inverter can control the output power, in 

order to control the output power accurately, the DC input of the inverter should be 

adjusted. A controllable rectifier can make any DC voltage from the commercial 

electricity whose amplitude is 110V AC. It will give the better experimental environment 

to the wind turbine by supporting a wide range of DC voltage. 
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Finally, many sensors should be installed to measure important parameters of the 

wind turbines. For example, the speed of the wind turbine, the angle of the magnetic 

force, and the output power will be measured. At the same time, the F2812 should be re-

programmed to receive information from those sensors. The F2812’s ADC can receive 16 

independent signals. As a result, these measured values were converted and sent back to 

the computer. 

 

6.2.2 OTHER APPLICATIONS 

The inverters built in this thesis project can convert DC voltage from solar panels, 

and the F2812 control technique can be applied to digital signal processing with different 

DSPs. First, the solar panel generates DC voltage from sun light. In order to transfer the 

DC power to the grid, the DC voltage should be converted to AC voltage, and an inverter 

can do this work. However, the inverter’s simple converting method is not enough to 

generate electricity because the changing angle of the sun prevents solar panels from 

generating constant power. The irregular power can increase the uncertainty of the grid, 

and the power amounts generated from the solar panels are not reflected in the generation 

plan. However, the inverter can extract constant power from the solar panel by changing 

the frequency and amplitude of the output voltage. Therefore, an inverter is a necessary 

piece of equipment to generate power from solar panels, and the VSI seems to be suitable 

because solar panels are voltage sources. 

Second, the F2812 control technique can be used for digital signal processing. 

The F2812 is a powerful 32 bit DSP microchip with various I/O channels. For example, 

the F2812 can work as digital filter which receives digital series signals, filters out noise, 

and produces clean digital signals. Furthermore, the more powerful DSP C6000 series by 
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Texas Instrument, which use similar programming languages and architecture as the 

F2812 can analyze sound signals quickly and return sounds with the high quality. If it 

were built as a portable appliance, it could analyze DNA and finger print information 

quickly right in the field. Therefore, the DSP control technique developed in this thesis 

project could be used in some places where fast, simple, and powerful calculations of 

signals are required. 

  

6.2.3 PROBLEMS AND IMPROVEMENTS 

Three major problems of inverters are discussed in this section. The problems are 

the signal distortion caused by the dead band time, harmonic signals caused by the fixed 

switching frequency, and the reliability caused by mounting on the bread board. After 

introducing the problems, the improvements are suggested.  

In order to prevent a short circuit accident, the dead band time should be given 

between turning off one switch in phase A and before turning on the other switch in 

phase A, as mentioned in section 2.1.2. However, the dead band time in a PWM inverter 

has two bad effects. One is the loss of fundamental voltage and the other is low-

frequency harmonic distortion as shown in Figure 2-7. The loss of voltage depends on the 

switching frequency, delay time and DC voltage. 

The Dead Band problem can be solved by using bias voltage or the F2812. First, 

the dead band time can be compensated for easily by current or voltage feedback method 

[11]. The direction of the load current in one phase is sensed, and a fixed amount of 

compensating bias voltage is added with the modulated output voltage to make a real 

IGBT switching signal. By using the software, the F2812 can advance or delay the 

second matched edge of a PWM since there are two comparison matches in symmetric 
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PWM [10]. Because the comparison registers are shadowed, a new value can be effective 

at any time after the first match. And then a new value will make the second match to 

signal the turning on or off of a switch. This feature can compensate for current errors by 

advancing or delaying the second edge time of switches, and it would be done by the 

EVM function of the F2812. 

The next problem is the unnecessary harmonic signals. In the inverter, there are 

two frequencies. The first one is the frequency of the output voltage, and the second one 

is the frequency of the switching signal. Even though the inverter tries to make the output 

voltage with a predetermined frequency, unnecessary harmonic signals are added to the 

output voltage because of the switching actions. The harmonic signals are types of noise 

whose frequencies are multiples of the switching frequencies. The main cause of 

harmonic signals is that the switches open and close with a fixed switching frequency. A 

well-calculated output filter can filter out these harmonics, but one or two harmonics near 

the cut-off frequency can still survive and distort the output waveform.  

The randomized switching algorithms can reduce the unnecessary harmonics of 

the output waveform. The basic idea is that randomly changing switching signals can 

spread out harmonics over various frequencies. Not only does this method reduce the 

total amount of noise, but it also reduces the amplitude of dominant harmonics. The 

techniques are based on randomly adjusting the duty ratio of the zero vectors or switching 

frequency whose pattern usually follows the Gaussian distribution. The validity of this 

technique has been proved by many researchers in the field [34]. The F2812 can make the 

Gaussian distribution by itself or save the value of the distribution in the memory. 

Therefore, in the future application of the laboratory-scaled wind turbine, the randomized 

switching algorithms can improve the quality of wind power by relieving the harmonics 

of the output waveform. 
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Finally, there is the reliability problem for the both inverter platforms. For the 

VSI platform, the FSBB30CH60C is mounted on a specially designed PCB, but the ADC 

driver circuit is mounted on the general bread board. Because the bread board is made for 

general electronic parts, all parts on the bread board are soldered individually. Therefore, 

the bread board is weaker to external shocks than the designed PCB. This problem can be 

solved by designing a new PCB on which the FSBB30CH60C, its auxiliary circuits, and 

the ADC driver circuit can all be mounted. For the CSI platform, three FAN7392s and 

the CSI’s ADC driver circuit are mounted on the general bread board just as the VSI’s 

ADC driver circuit is. In addition, the CSI uses six individual IGBTs and diodes, which 

are mounted on a wood board individually, and this mounting technique cannot be 

improved because of the size of the components. Therefore, the optimal mounting 

technique for the CSI would be to mount the three FAN7392s and the ADC driver circuit 

on a specially designed PCB and leave the IGBTs and diodes on a separate board.  

 

6.3 Conclusion 

 

The goal of modeling a DSP-controlled three-phase inverter for use in a 

laboratory-scaled wind turbine was achieved. Three different inverters were built and 

each produced satisfactory results. The three-phase VSI, CSI, and CC-VSI were built on 

two platforms. The VSI and CC-VSI were built on the VSI platform, and the CSI was 

built on the CSI platform. Five switching algorithms were written to control the DSP 

TMS320F2812 which generates PWM switching signals in order to operate the three 

inverters. After the F2812 receives the main reference signal which has amplitude and 

frequency information of the output waveforms of the inverters, the inverters generate 
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two additional output waveforms which mimic the main reference signal by following the 

switching signals from the F2812. The frequency of output waveforms changes from 

10Hz to 120Hz or above. The amplitude of output waveforms changes from 0V to 

200VLL. Furthermore, all inverters can flow 30A per each phase. 

All the inverters built in this thesis project, generate clean output voltage or 

current waveforms which mimic the main reference signal. However, the inverters in this 

thesis project have three major problems that are the signal distortion caused by the dead 

band time, harmonic signals caused by the fixed switching frequency, and the reliability 

caused by the mounting on the bread board. The solutions for these problems are 

changing the duty ratio of switching signals, randomizing switching frequencies, and 

designing new PCBs. After being fixed and improved, those inverters can be applied to 

the laboratory-scaled wind turbine, the motor controls, and solar panels. The F2812 

control technique can also be applied to other signal processing applications. 
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