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Abstract 

In the last twenty years, industrial and academic research has produced over one hundred new 
converter topologies for drives applications. Regrettably, most of the published work has been 
directed towards a single topology, giving an overall impression of a large number of 
unconnected, competing techniques. To provide insight into this wide ranging subject area, an 
overview of converter topologies is presented. Each topology is classified according to its 

mode of operation and a family tree is derived encompassing all converter types. Selected 

converters in each class are analysed, simulated and key operational characteristics identified. 

Issues associated with the practical implementation of analysed topologies are discussed in 
detail. 

Of all AC-AC conversion techniques, it is concluded that softswitching converter topologies 

offer the most attractive alternative to the standard hard switched converter in the power range 
up to 100kW because of their high performance to cost ratio. Of the softswitching converters, 
resonant dc-link topologies are shown to produce the poorest output performance although 
they offer the cheapest solution. Auxiliary pole commutated inverters, on the other hand, can 
achieve levels of performance approaching those of the hard switched topology while retaining 
the benefits of softswitching. It is concluded that the auxiliary commutated resonant pole 
inverter (ACPI) topology offers the greatest potential for exploitation in spite of its relatively 
high capital cost. 

Experimental results are presented for a 20kW hard switched inverter and an equivalent 20kW 
ACPI. In each case the converter controller is implanted using a digital signal processor. For 
the ACPI, a new control scheme, which eliminates the need for switch current and voltage 
sensors, is implemented. Results show that the ACPI produces lower overall losses when 
compared to its hardswitching counterpart. In addition, device voltage stress, output dv/dt and 
levels of high frequency output harmonics are all reduced. Finally, it is concluded that 
modularisation of the active devices, optimisation of semiconductor design and a reduction in 
the number of additional sensors through the use of novel control methods, such as those 
presented, will all play a part in the realisation of an economically viable system. 
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INTRODUCTION 

Chapter 1 

INTRODUCTION 

The successful application of power electronics has led to rapid growth in the market for 

induction motor drives. The vast majority of these drives cover the power range below 100kW. 

To most customers, the initial capital cost of the converter is probably the most important 

criterion for selection although other important factors can include: spectral performance, 
dv/dt induced motor insulation stress, electrical efficiency, electro-magnetic interference (EMI) 

compatibility, size of any input and output filter and size and weight of the converter. 

Presently, the three phase, six switch voltage source bridge converter is employed almost 

exclusively in this application on account of its high performance to cost ratio. The continuing 

requirements for improved drive performance do, however, create challenges for the converter 
designer. Minimisation of output harmonic levels, improved dynamic performance and 
reduction in the size and cost of output filter components all require high switching 
frequencies. Regrettably, high switching frequencies imply increased switching losses, leading 

to increased heatsink costs, and higher levels of dv/dt stress in the case of unfiltered outputs. 
One possible solution to the inevitable compromise is the use of resonant techniques or 
softswitching. Here the active devices in the inverter are switched at zero voltage (ZVS) or 
zero current (ZCS), minimising the switching losses. In addition, the switching transitions take 

place under conditions of controlled dv/dt or di/dt, thus avoiding the high stresses associated 
with hardswitching. If softswitching can be implemented without increasing the overall cost of 
the system then there is an obvious benefit to both drives manufacturer and customer. 

In the last twenty years, interest in the application of resonant techniques to converters has 

spawned a wide variety of novel topologies (over 100 topologies). Regrettably, most of the 

published work has concentrated on the mode of operation and supposed advantages of the 
topology rather than on providing a complete assessment including a discussion of limitations 

and possible area of applications. 

The lack of a comprehensive comparison of novel converter topologies leads to confusion for 

converter designers, manufacturers and academic researchers. In addition, the multitude 
number of topologies with their individual abbreviations and synonyms lead to puzzlement, 
misunderstanding and lag on information. 
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1.1 Objectives and Contributions to Knowledge 

The Research Committee of the University of Newcastle upon Tyne offered a scholarship to 

assess novel converter topologies for drives applications up to 100kW. The objectives of the 

project were: 

" Overview of state of the art converter topologies for induction motor drives up to 100kW 

" Gain a deep understanding of the various operation modes of each novel converter 

" Evaluate and compare the different converter topology operations 
" Critical assessment of the different converter topologies using simulation 

" Experimental comparison between the most promising novel converter and a hardswitching 

converter 

As will shown in the following chapters of this thesis, all of the objectives have been met. The 
following points outline what are believed to be new areas of work, previously unpublished by 

other authors. 

" State of the art family tree of novel converter topologies, including a bibliography of 73 

published papers in the last twenty years 

" Comprehensive and critical assessment of novel converter topologies 

" Identification and explanation of the fundamental limitations of dc-link resonant converters 
" Implementation of a DSP (digital signal processor) controlled Auxiliary Commutated 

Resonant Pole Converter (ACPI) 

" Implementation of a sensorless control scheme for the Auxiliary Commutated Resonant 

Pole Converter (ACPI) 

1.2 Overview of Thesis 

This thesis has two main sections: the Chapters and the Appendices. Chapters describe the 
theory, simulation and experimental results obtained for hardswitching and softswitching 
converters. The appendices provide detail aspects such as simulation set-ups, hardware and 
software circuits and mathematical descriptions. 

This chapter concludes with a look at the state of the art in power electronics, before Chapter 
2 introduces the family tree of converter topologies. A general comparison of all topologies is 

made and a first selection quantifies which topologies are most suitable for induction motor 
drives. Chapter 3 and Chapter 4 describe in detail operation modes of various converter 
topologies. Simulation results of the discussed topologies are shown in Appendix A. Chapter 
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5 assesses the different operation modes. It describes benefits, limitations and drawbacks of 

various converter topologies. The schematics of all discussed topologies are presented in 

Appendix D. Finally Chapter 5 selects the most promising converter topology for drives 

applications. The following chapter, Chapter 6, describes the set-up of two converter types: 

hardswitching and softswitching. The softswitching converter is the selected converter from 

Chapter 5. A more detailed description of circuits and programs are given in Appendix B. The 

set-up have been pictured and is shown in Appendix E. Chapter 6 describes also a novel 

control algorithm applied on the designed softswitching converter. The theoretical work on the 

control algorithm is given in Appendix C. Chapter 7 shows waveforms and other practical 

results. A comparison between both converter types is given. Chapter 8 concludes the work 

and provides an overall assessment of the different converter topologies. 

1.3 Electrical Machine Drives 

Electrical machine drives play a vital role today, with applications in almost every aspect of 
life. Domestic and automotive applications provide a vast market for low power applications, 
with manufacturing and process industries providing a lower volume higher value market for 

medium and high power drives. 

In the high power market, variable speed drives and servo drives represent a large and varied 

market from pumps through robot systems to rail traction. This was once the preserve of 
brushed DC machines with variable resistance or Ward-Leonard supplies, but the advent of 
electronics has opened up a wide range of machine types for variable speed operation. Today's 

variable speed drives incorporate both DC and AC machines including induction motors, 
synchronous machines, permanent magnet motors and switch reluctance motors. Induction 

motors now dominate the market and is seen as future workhorse in variable speed 
applications. 

Drives manufacturers prefer AC induction motors, because of their cost effectiveness 
compared to all other motor types. When combined with advanced control structures, AC 
induction motor drives deliver a level of dynamic performance previously only available from 
DC drives while maintaining the advantages of robustness, no brushes and lower cost. The 

global AC motor drives market is expected to expand from $3 billion in 1995 to $ 10 billion in 

the year 2000 [ 1.1]. 
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1.4 Power Electronics and its Constituent Technologies 

Power electronics deals with the conversion and control of electrical power in various 
industrial, commercial and residential applications. Almost all electrical converters are static 

electric power converters that change the energy flow from the supply to the load by using 

power switches. In welfare countries, 65% of distributed energy is converted into mechanical 

rotation energy [1.2]. 

The history in power electronics started with the invention of the mercury-arc rectifier at the 
beginning of this century. At this time switching devices of gas tubes were used to allow 

controlled power flow. Most industrial applications of the mercury-arc rectifier lasted until the 
first silicon-controlled rectifier device was developed by Bell Laboratories in 1956. It was this 
development that facilitated the start of modern power electronics. 

Today, power electronics is a multiple technology discipline (Figure 1.4.1). Each of the 

constituent component technologies interact and converter designers need knowledge in all of 
these different disciplines. 

Power 
semiconductor 

technology 

Control \/ Packaging and 
technique cooling 

technology 

Converter Manufacturing 
topology technology 

Environmental 
impact 

Figure 1.4.1: Constituent technologies in power electronics 

With no doubt the most progressive disciplines of all six technologies are the development of 
electronic power semiconductor device technology, control techniques and converter 
topologies. 
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1.4.1 Power Semiconductor Technology 

Probably the first power device was mentioned in 1882 by Jemin and Meneuvrier [1.3]. They 

experimented with an atmospheric mercury-arc rectifier and gave an account of property of an 

electric arc established between mercury and carbon electrodes, mentioning that the current 

will flow in one direction only. In 1892 Arons made the first vapour lamps by enclosing the arc 
in an evacuated vessel. Ten years later during investigations of these lamps Cooper-Hewitt 

came up with the idea to convert alternating current to direct current. The mercury-arc rectifier 
family developed from this beginning. Between 1920 and 1930 a relatively large-scale of 

practical applications of mercury-arc rectifiers were produced. With the first solid-state device 

[1.4] in 1925 and the development of the first controlled solid-state power electronic device 
, 

the Silicon Controlled Rectifier or thyristor displaced mercury-arc rectifiers (Mercury-arc 

rectifiers sustained in high voltage dc transmission (HVDC) installations until the early 1970s 

because thyristor technology was not yet sufficiently advanced). 

The remarkable feat in understanding, controlling and utilising device physics has extended the 

switching frequency, the operational voltage and current range and the reliability of the 
devices. Parallel to this development, a drop-off in prices for silicon and an aggressive 

competition market has resulted in today's cost-efficient semiconductor devices. The global 

power semiconductor market is expected to increase from $5 billion in the year 1996 to $ 11 
billion in the year 2000 [ 1.1 ]. 

1.4.2 Control Techniques 

Beside the rapid development in power device technology, motion control was also influenced 
by the use of integrated signal electronics that simplified the electronic control hardware. The 
IC industry was and still is on a self-prescribed course to greater triumphs: ever-smaller 
devices and faster circuits. Results are the introduction of microcontrollers (1970) and DSPs 
(1980). These powerful tools add intelligence as well as diagnostic capability to the motion 
control system and are today indispensable in drives. 

The advent of microcontrollers allowed control engineers implementations of varieties of 
control techniques. Microcontrollers permit simplification of control hardware, improve 

reliability and eliminate drift problems. Constant improvement in faster execution times, 
increased range of mathematical data processing and fast access time to memory marked their 

success. But with more complex and computationally intensive control schemes insufficient 

processing power is available from a microcontroller. This has led to an increase adoption of 
digital signal processors (DSPs) using the latest VLSI\ULSI (very \ ultra large scale 
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integration) technology to allow new architectures in hardware. Toady's manufactured DSPs 

from Texas Instruments led to an increasing adoption of their developed DSP first sold in 1982 

[1.5]. The advanced capabilities of DSPs, with instruction execution times of less than 40ns 

and 55 million floating-point instructions per second (MFLOPS) and higher, for a volume price 

of $ 10 a piece leads to the belief that DSPs will dominate the commercial drives market in the 

near future. 

In a like manner, software control algorithms had the same tremendous development. Software 

enables the implementation of universal control strategies, which offer flexibility but may easily 
be optimised for a given application. The use of Neural networks [1.6] and Fuzzy logic [1.7] 

are the latest software packages available, but still suffer from the large number of weights and 

rules required to implement a high performance induction motor drive. 

1.4.3 Converter Topologies 

The first known converter topology was the rectifier. The converter was only able to convert 

an ac signal to a dc signal and dates back to 1902. Performing the inverse of the rectification 

process provided more difficulties until 1906 when Steinmetz inverted a dc signal to an ac 

signal using a 'switching tube'. This tube had a single-cathode and four anodes in which the 
discharge spontaneously switched from anode to anode in predictable order. Nineteen years 
later Prince developed the 'Parallel Inverter' using two plitron tubes. This inverter used natural 

commutation and was not able to handle any reactive power. In 1931 Steenbeck and Petersen 

further developed Prince's 'Parallel Inverter' and introduced a line commutated converter that 
handled any reactive power. The `Parallel Inverter' is seen as the first converter that converts 

an ac input signal into a controlled ac output signal at different frequencies. This converter 
type became later known as the cycloconverter, when semiconductor devices were used 
instead of switching tubes (historical data given in this section have been published in detail in 

reference [1.8]). 

The AC-AC conversion technique of the cycloconverter is supplied from many unipolar 

switches (18,36, or more), which is seen as an inherent disadvantage. In addition using 
thyristors, the cycloconverter was phase-controlled meaning that a firing angle for each 
individual device controlled the power flow (natural commutation). It is well known that any 
phase-controlled converter topology produces harmonics in load voltage and line current and 
the inherent lag between line fundamental current and line voltage diminish the power factor 
[1.5]. 
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Today's converter design for AC motor drives is based on the Direct DC-Link Converter 

topology (section 1.6). This type of topology uses a three-phase input rectifier and a three- 

phase output inverter. Reduced output harmonics, fewer switches and simplicity in control 

diminish further implementation of the cycloconverter and marked the success of the Direct 

DC-Link Converter. 

Latest converter design for AC motor drives concentrates on further reduction of output 
harmonics, decrease in converter sizes (eliminating the dc-link capacitors, reducing output 
filters) and reduction in switching losses. Examples of novel topologies are: the matrix 

converter with its eighteen unipolar switches for high power applications (no dc-link 

capacitor), the multilevel converter for high voltage applications and the resonant converter 

that allows reduction in switching losses. 

1.5 Power Semiconductor Devices--State of the Art 

The present range of controlled power devices seems to be narrowing down to thyristors, gate 
turn-off transistors (GTOs), bipolar junction power transistors (BJTs), metal oxide surface 
field-effect transistors (MOSFETs) and insulated gate bipolar transistors (IGBTs), with 
promise still in MOS-controlled thyristors (MCTs; Figure 1.5.1). New devices such as static 
induction transistors (SITs) and static induction thyristors (SITHs) are under development and 
show promise for induction heating applications [1.9]. 

Figure 1.5.1 shows that thyristors dominate in the fields blocking voltage and current 

capability. Blocking voltage of 6000V and a carrier current of 3500A have been reported 
[ 1.10], but the switching frequency is limited, because of the need of the long critical hold-off 

interval and the long gate-controlled turn-on time. Thyristor converters are used for power 
distribution, as in HVDC or in phased-controlled heavy load drives applications. 

GTOs are the successors of the thyristors. The turn-off capability is an indubitable advantage 

over the thyristor but compared to other turn-off devices the switching frequency is strongly 
limited to around 2kHz. That is because of the need of large snubber circuits for the device. 

During turn-off, dv/dt on the device has to be limited, otherwise a breakdown failure would 
damage the device. Using a RCD-Snubber circuit (resistor, capacitor, diode) the snubber 
controls the dv/dt stress but the resistor causes turn-off losses with increasing switching 
frequency. Beside the use of the snubber, a large anode tail current during device voltage 
build-up causes still additional power dissipation in the device resulting in a large heatsink 

configuration. Resistors and heatsinks of GTO circuits are to be designed large, whereby 
complex snubber circuits with low power dissipation are necessary to avoid above problems 
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resulting in the need to have an expensive and bulky converter when using GTOs. In drives 

applications GTOs are mainly used for heavy drives where pulse width modulation (PWM) 

with relatively high switching frequency is required. 

With respect to the GTOs, BJTs are devices with limited need for snubber circuits. That is 
because of its almost rectangular forward bias safe operation area (FBSOA) and reverse bias 

safe operation area (RBSOA). But nevertheless design of the converter has to be well 
considered, because both safe operation areas are strongly dependent on variations in 

temperature. An increase of the temperature decreases the safe operation area and limits the 

operating forward current and blocking voltage. BJTs were implemented in many converter 
applications before the commercialisation of the IGBTs started, but robustness of IGBTs and 
the simplicity of IGBT drivers diminished further implementation of BJTs in the drives market. 

Power MOSFETs are clearly the fastest devices of all (100kHz). The low power capability 
makes this device very popular in low-voltage, low power applications, such as dc-dc power 
supplies. The major problem is the voltage conduction drop between source and drain caused 
by the internal source-drain resistor and the consequent conduction losses. Nevertheless 

continuing research seeks to increase the power range for MOSFETs using new materials such 
as gallium arsenide, silicon carbide or more sophisticated diamond. 

The physical structure of the IGBT allows the device to have a relatively constant FBSOA and 
RBSOA regarding variations of temperature. Higher switching frequency, like the BJT and 
higher current density, like the MOSFET, allow the IGBT to dominate in a power range from 
1 kW to 100kW. Simplicity of gate drives, simplicity of protection and power circuit integration 

capability, marked today's success of IGBTs. With the latest device from ABB (1200A and 
2500V [1.11]) IGBTs will dominate not only power ranges around 100kW but far beyond and 
could even replace GTOs in high power applications. 
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Figure 1.5.1: Comparison ot'power semiconductor devices. Normalisation index: Thyristor: 

3500A, Thyristor: 6000V, MOSFET: 1 MHz (Logarithmic scale for the frequency: value 
LE 1 MHz, value 0.5-1 kHz) [ 1.9] 

1.6 Direct DC-Link Converter 

With the first SCR devices available, researchers developed various converter topologies to 

meet a range of load applications. The demands of synchronous motor and induction motor 
drives require mostly a conversion of a three phase ac voltage at fixed frequency into a variable 

voltage, variable frequency three phase supply. The three phase, six switch voltage source 
bridge converter, also called Direct Voltage DC-Link Converter, was seen as an ideal 

converter topology for this application, mainly because the Direct Voltage DC-Link Converter 

uses a small number of unipolar switches. 

1.6.1 Direct Voltage DC-Link Converter 

Figure 1.6.1: Direct Voltage DC-Link Converter 

L9 

The Direct Voltage DC-Link Converter is shown in Figure 1.6.1 (using diodes for the rectifier 

and IGBTs and antiparallel diodes for in the inverter). 
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In the early days, the operational characteristics of Direct Voltage DC-Link Converters were 

limited by the technology of the first SCRs, suffering from low reverse blocking voltages, small 

di/dt rates and no turn-off capability. 

To limit voltage or current stresses snubber circuits were introduced to protect the devices. 

Snubber circuits store the switching energy during the turn-off (voltage snubber) or turn-on 

(current snubber) transition time and dump the energy into a resistor during the following turn- 

on mode (voltage snubber) or turn-off mode (current snubber). Dumping the energy worsens 

the overall efficiency of the converter so regenerative snubber circuits were introduced to 

feedback the stored energy into the system [1.12]. These circuits were complicated and the 

integrated regenerative snubber circuits counts more switches than the converter itself had. In 

addition SCRs had no turn-off capability, thus only natural commutation took place, leading to 

problems with input and output harmonics. Much effort was expended in the development of 

so called SCR Force Commutation Technology. A resonant circuit was placed in parallel or in 

series to the SCR. The resonant circuit, usually including one or two additional auxiliary SCRs 

forced the current flowing through the main SCR to zero. Using this technique, turn-off 

capabilities became available in the SCRs. However, the availability of the gate turn-off 

technology led to the gradual obsolescence of forced commutation. 

With the introduction of turn-off devices such as the IGBT, force commutation could be 

applied across the Direct Voltage DC-Link Converter. Thus beside phase-control novel control 

schemes such as PWM control was applied. PWM control is seen as the most efficient control 

method of the Direct Voltage DC-Link Converter and is in industry well established. It is 

today's most common drive set-up for induction motor drives. 

Parallel to the development of Direct Voltage DC-Link Converter was the development of the 

Direct Current DC-Link Converter. The main difference is the use of a large inductor between 

rectifier and inverter in a Direct Current DC-Link Converter, whereas a dc-link capacitor is 

integrated in a voltage-fed converter. In addition the rectifier of the current-fed converter is a 

controlled rectifier. 

1.6.2 Direct Voltage DC-Link Converter vs. Direct Current DC-Link Converter 

The choice of using a voltage-fed converter or a current-fed converter, depends on the 

application. Voltage-fed inverters, for instants, do not operate in all four quadrants in the 

torque-speed plane (when fed from an uncontrolled rectifier), but do allow instantaneous drive 

of several motors in parallel. A current-fed inverter is a one machine drive only [1.9]. Under 
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consideration of size and weight, current-fed inverters are less attractive, because of the need 
of associated output filter capacitors and the need of a heavy dc-link inductor. 

VOLTAGE-FED CURRENT-FED 
INVERTER INVERTER 

operation modes two-quadrant operation when four-quadrant operation 
usin an uncontrolled rectifier 

number of parallel drives multi-machine drive single-machine drive 

short circuit allowance no allowance of short circuit momentary allowance of short 

between two inverter legs circuit between two inverter 
legs 

performance fast performance sluggish performance 
performance under light handles no-load conditions requires minimum load 

load conditions 

required filter need inductors for output need inductors and capacitors 
filter for output filter 

required type of rectifier need either uncontrolled or need controlled rectifier 
controlled rectifier 

dc-link capacitor is lighter and dc-link inductor is heavier and 
cost cheaper than a dc-link 

more expensive than a dc-link 
inductor 

capacitor 
Table 1.6.1: Pros and cons of voltage-fed inverters and current-fed inverters 

Table 1.6.1 shows pros and cons of both inverter types. General advantageous for current-fed 
inverters are in drives application with low dynamic performance and the need of a four- 

quadrant operation. In practice current-fed inverters have to be used in the power range of at 
the least 50kVA to economically compete with the voltage-fed inverter [1.13]. Therefore the 
most used inverter type in drives application up to 100kW is the voltage-fed inverter and is 

mainly discussed in this dissertation. 

1.6.3 Demands on Novel Converter Topologies 

Drives performances can be improved when increasing the inverter switching frequency of the 
Direct DC-Link Converter. At higher frequency levels the output harmonics improve, the 
output current ripple is reduced, the output filter size decreases and the audible noise is 
reduced. However, higher switching frequency means higher losses resulting from overlapping 
of voltage across the device and current through them during turn-on and turn-off process. In 
addition, higher switching frequencies lead to higher dv/dt stress across the device and, in the 
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case of unfiltered outputs across the motor windings themselves. Demands on novel converter 
topologies can be summarised as follows: 

" Reduction or elimination of output filters 

" Higher switching frequency for better drives performance 
" Reduction in dv/dt reduces stress across the device and on motor isolation 

" Reduction in overall size and weight 
" Reduction of heatsink size 
" Switching frequency outside audible noise 
" Use of low number of devices 

" Elimination of dc-link capacitors 
" Less maintenance work 
" Easy manufacturing 
" High reliability 

" Low cost 

1.7 Softswitching vs. Hardswitching 

Devices that switches rapidly between the supply rails switch under hardswitching conditions. 
The device must be able of handling the resulting switching stress (Figure 1.6.1). During 
inductively loaded, hard switched turn-on and turn-off, the product of voltage across the 
device and current through the device leads to switching losses. In addition during conduction 
time of the device conduction losses must be added. The loss during the time where the device 
is off is negligible. Figure 1.7.1 shows voltage, current and power losses waveform. In addition 
Figure 1.7.1 shows the switching trajectory. 
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Figure 1.7.1: Hardswitching waveforms 

An alternative to hardswitching is softswitching technique. A softswitching converter keeps a 
power device from switching except when there is nearly zero voltage across the device or 
zero current through it (or both). Switching losses plummet, so that switching frequencies and 

control bandwidth can be increased, in some cases by up to an order of magnitude, while at the 

same time the voltage rate of change and the EMI are decreased. 

Softswitching can be accomplished in a variety of ways. Most of the approaches work by 
diverting and recovering switching loss energy. It is diverted from the device into capacitors or 
inductors. Then the trapped energy is recovered in the course of natural consequence of the 

operation (resonance) within the converter circuit (Note, regenerative snubbers generally use 
an auxiliary converter whilst softswitching topologies recover energy directly through the 

resonant tank). Figure 1.7.2 shows current, voltage and losses waveforms of zero voltage 
softswitching (ZVS) and zero current softswitching (ZCS). The trajectory curve of Figure 
1.7.2 shows that the switching safe operation area can be reduced when softswitching is 

applied. 
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Figure 1.7.2: Softswitching waveforms 

One speaks of zero voltage switching (ZVS), when the on-state voltage across the device is 
forced to zero and stays zero during the switching event. One speaks of zero current switching 
(ZCS), when the current through the device is forced to zero and stays zero during the 

switching event. Some topologies make use of both techniques meaning that current and 
voltage is forced to zero and stays zero during the whole switching event. 
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The question which technique (ZVS or ZCS) is the most preferable can not easily be answered. 

For instance the MOSFET for example, is well suited for ZVS, because of its very short 

current fall time at turn-off and the absence of a tail current that occurs with the use of IGBT 

devices. However, MOSFETs can not be used in the higher power range. 

Another example is given in reference [1.14]. Reference [1.14] compared various generations 

of IGBTs. The paper concludes that IGBTs of the third and forth generation are more suitable 
for ZVS than IGBTs from the first and second generation. The reason for that is because 

IGBTs of the first and second generation have a much longer turn-off time and higher and 
longer tail current than IGBTs of the third and fourth generation. Reference [1.15] compared 
high speed IGBTs and low loss IGBTs of the forth generation under ZVS conditions. The 

outcome of the paper is that high speed IGBTs are useful for high switching frequencies, but 

losses increase at lower switching frequencies, whereas low saturation IGBTs show the 

opposite behaviour. Reference [1.15] and reference [1.16] also describe the differences in 

switching behaviour of Punch-Through IGBTs and Non- Punch-Through IGBTs. In general it 

can be concluded that NPT IGBTs show higher switching losses than PT IGBTs under ZVS 

conditions. Chapter 6 describes in detail the differences and the effect on the switching 
behaviour. 

Besides the device type, the switching behaviour is also influenced by the effect of parasitic 

elements in the switching device module and parasitic elements caused by additional passive 
devices that are included in the converter design such as capacitors or inductors. Turn-off 

switching losses of diodes are more easily controlled when using ZCS. At ZCS the change of 

current rate is defined by the resonant inductor. Thus the diode is softened and rates of 

changes of voltage and current at the switching instants are limited. [1.17]. 

However the final decision of whether ZVS or ZCS applies across a device is determined by 

the converter topology, because the arrangement of passive elements determine finally the 

switching techniques (see Chapter 3 and Chapter 4). 

1.8 Control Techniques for Three-Phase Inverters 

All the known control principles can be divided into two large families: control techniques with 
and without carrier signals. The switches of the former controlled converter are switching 
synchronously to a defined constant carrier frequency. Thus the control scheme produces 
discrete harmonics in the output spectrum, whereas techniques without carrier signals 
produces a whole range of harmonics in the output spectrum. The most well known control 
techniques without carrier signals are predictive current control and hysteresis control. Well 
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known members of control techniques with carrier signals are pulse-width modulation (PWM) 

and square-wave modulation control. 

Fig. 1.8.1 shows the mechanism of sinusoidal PWM control. A sinusoidal voltage reference 
curve with adjustable amplitude and frequency are scanned by a repetitive signal (usually a 
triangular voltage) of constant amplitude. At the intersection points of the two curves the 

corresponding inverter branch is switched from plus to minus or reverse. Sinusoidal PWM 

control was first described in reference [1.18]. In the meantime variations have been realised 
like harmonic elimination PWM control [1.19] or regular sampling PWM control [1.20]. 
Sinusoidal PWM is used for open loop control or for closed loop control on the basis of field 

orientation. 
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Figure 1.8.1: Sinusoidal PWM control 

AC drives control involving field orientation is called space vector control [1.21 and 1.22] 
(Figure 1.8.2). The idea is to approach the continuously turning space vector of a sinusoidal 
supply by time dependent interpolation of the adjacent space vectors of the inverter supply. In 
space vector control the three-phase output current is converted, by a demodulating 
transformation into two right-angled currents. A characteristic feature of such control system is 
that, thanks to applied three-two co-ordinate transformations, the two output currents are dc- 
components, and with the use of linear PI regulators very high accuracy in the steady state can 
be attained. This allows the control of the induction motor with the same performance as the 
dc motor. 
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Sinusoidal PWM and space vector control share an analytical relation that was shown in 

reference [1.23]. It was derived that space vector control can also performed by sinusoidal 
PWM. In this case a third harmonic has to be superimposed on the sinusoidal reference voltage 
[1.24]. 
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Figure 1.8.2: Voltage space vectors and inverter switching states in the a, ß plane. The a, ß 

plane delineates the stator reference frame 

A similar performance to space vector control can be achieved using direct self control [1.25] 
(Depenbrock method). Fig. 1.8.3 shows the stator flux trajectory in the a, ß plane. The points 
on the track mark a constant flux during a certain amount of time defined by the controller. 
When stopping the flux vector periodically by interposing zero voltage vectors the speed and 
the stator voltage are reduced without decreasing the flux vector. This is desired in 

applications where change of speed is desired while keeping the flux constant. 
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Figure 1.8.3: Stator flux trajectory of direct self control (Depenbrock control method). The 

corresponding switching states for each voltage vector is shown in Fig. 1.8.2. a and b 
delineates the rotor reference frame and a and ß delineates the stator reference frame 

Another way of controlling the flux is to move the flux vector along a circle, thus approaching 
sinusoidal voltage supply [1.26] (Takahashi method). The torque is controlled by switching 
back and forth between two zero voltage vectors and two adjacent voltage vectors. The 

adjacent voltage vectors guide the flux inside the hysteresis band, whereas the zero voltage 
vectors cause the flux vector to stop at the points marked in Fig. 1.8.4. 
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Figure 1.8.4: Stator flux trajectory of direct torque control (Takahashi control method). The 

corresponding switching states for each voltage vector is shown in Fig. 1.8.2. a and b 
delineates the rotor reference frame and a and 0 delineates the stator reference frame 

1.18 



INTRODUCTION 

A comparison between vector control and direct torque control is given in reference [1.27]. In 

this paper it was found that direct torque control is less complex, the torque response time is 

faster than for vector control and vector control is more parameter sensitive than direct torque 

control. That is because of rapidly variation of resistance change due to the skin effect. The 

temperature variation is difficult to adapt and wrong estimated parameters degrade the drive 

performance. Direct torque control is characterised by not having a co-ordination 
transformation, not requiring a voltage or current modulator and not needing a voltage or 

current decoupling network. At the moment only ABB is using the direct torque control 
technique in commercial drives applications [1.28]. Most of today's AC drives use PWM 

control or space vector control in the case of servo drives. 

Square-wave controllers are used for hardswitching dc-link inverters for heavy load 

applications. The upper and lower switch of a phase leg conduct 1801 and the three phase 

groups are mutually phase shifted by 1200 to generate a six-step line voltage wave at the 
inverter output. The six-step output voltage is rich in harmonics, leading to current heating in 

the machine windings and torque pulsation's. Therefore square-wave controlled inverters need 
heavy filtering to avoid these problems [1.5]. 

The so far above described control methods control the output voltage of the inverter. The 
hysteresis control method is based on controlling the output current and the simplest regulation 
scheme is based on a non-linear feedback loop with two-level hysteresis comparators. It is 

characteristic for the hysteresis regulator that the instantaneous current is kept exact in 

tolerance band (Figure 1.8.5). 
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Figure 1.8.5: Hysteresis controller 
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New advanced current regulators as described in reference [1.29] overcome two major 
drawbacks of hysteresis control schemes: wide spread of harmonics in output spectral 
performance and difficulty in protection of the inverter caused by the randomness of switching 
frequency [1.30]. The new controlled current regulators improved these drawbacks. Further 
benefits are control simplicity, load parameters change independence, lack of tracking errors 
and extremely good dynamics [1.26]. 

A special class of hysteresis controller is the delta modulation controller. Here a sample and 
hold block is applied to the controller allowing switching frequency limitation to the sampling 
frequency. This type of regulator has found a wide application in three-phase resonant dc-link 

converter and is further discussed in Chapter 3. 
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Chapter 2 

CONVERTER TOPOLOGIES 

Definition of the term `converter' 
A power electronic converter controls and changes fixed input values of given electrical 

quantities into load specific output values with the help of a switching arrangement. The 

electrical quantities are: magnitude of voltage or current, frequency of voltage or current, 

number of input and output phases and phase delays. 

2.1 Classification of Converter Topologies 

Most commercial and industrial induction motors are supplied from a three-phase ac power 

supply. Exceptions may be found for isolated operation drives or in railway applications. 
However to convert the fixed input values to controlled three-phase output values either 

amplitude converters or cascaded converters are used. The former converter type uses bi- 

directional switches inserted in every phase to control the slip of the induction motor. 
However, characteristics such as poor efficiency and distortion factor problems make them 

unpopular in induction motor drives [2.1]. The latter converter type is a cascaded system of 

one or more sub-converters (the definition of a sub-converter is equal to the definition of the 

converter). 

Cascaded converter types are classified according to the link strategy between their sub- 

converters. Theoretically, only three link strategies are possible: steady (or DC) link, 

alternating (or AC) link and direct link. Direct link converters connect the input of the power 

supply straight with the output. This direct AC-AC converter includes only one cascaded sub- 

converter system. Therefore the terminology converter is used instead of sub-converter. 

Direct AC-AC converters may be divided into matrix converters [2.2-2.4] and cycloconverters 
[2.5] (Figure 2.1.1). Both converter types do not need energy storage elements between the 
three-phase input and the three-phase output. This allows conversion without changing the 

voltage or the current waveform and therefore without having additional conversion losses. 

The principal of the ac-link converters [2.6 and 2.7] (Figure 2.1.1) is based on a high frequency 
link between the input and output sub-converters. The high frequency is achieved by a resonant 
circuit that connects both sub-converters. A controller controls the bipolar switches (12 in both 
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sub-converters) in such a way that a high frequency power signal flows between the sub- 

converters. The output sub-converter of the parallel resonant converter (PRC) is a voltage-fed 

converter and the output sub-converter of the series resonant converter (SRC) is a current-fed 
converter. 

DC-Link converters were already described in Chapter 1. They convert the three-phase input 

voltage or current into a dc voltage or current by using a rectifier and converting the dc value 
into three-phase output values by using an inverter. The dc-link converter buffers the energy in 

relatively large storage elements such as capacitors or inductors. 

AC-AC Converter 

DC-Link AC-Link Direct AC-AC 

tl = "V ýl v11 
ýl 

11 

hard switched Series Resonant Cycloconverter 
Converter 

Matrix Converter 
soft switched Parallel Resonant (hard switched and 

Converter soft switched) 

Figure 2.1.1: General family tree of AC-AC converters 

Figure 2.1.1 does not show the class of multi-level topologies and they are not further 
discussed in this thesis. That is because multi-level converters are seen to offer advantages only 
for very high voltage systems, above 2kV. The highest breakdown voltage for standard IGBTs 
is classified to 3300V using the thumb rule: twice dc-link voltage is equal breakdown voltage 
of the device 1600V dc-link can be used. An increase of this voltage can not be handled from a 
standard device. Thus devices must be connected in series or multi-level converters have to be 

used. An assessment of different multi-level converters can be found in references [2.8 and 
2.9]. 

2.2 Direct AC-AC Converters 

As shown in Figure 2.1.1 direct AC-AC converters can be subdivided into cycloconverters and 
matrix converters. The matrix converter (Figure 2.2.1) was considered in the late 1970's [2.10] 

and considerable progress was made by Venturini [2.11]. The converter needs nine bi- 
directional semiconductor switches to connect each input terminal with each output terminal. 
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There is no power storage between input and output and therefore no energy store losses. In 

addition, devices in a matrix converter do not need to be rated as highly as devices in other 

converter topologies. This is firstly because of the lower reverse voltage drop across the 
device. The maximum applied voltage across each switch of the matrix converter is equal to 

the peak value of the line to line voltage of the voltage supply grid. Switches of a dc-link 

converter have to be at least rated to the 1,35-fold of the peak value of the line to line voltage. 
Secondly each switch of the matrix converter carries only a third RMS current than a switch 
that is integrated in dc-link converter. The reason for that is simple. 18 switches of the matrix 

converter must transfer the same RMS current than six switches of the dc-link converter when 
assuming a constant current source [2.4]. Nevertheless, bi-directional switches with high 

power ratings and a fast switching time are not yet available and must, therefore, be realised 

using a combination of unipolar switches with antiparallel diodes. This consequently increases 

the cost and complexity of the overall system. Another inherent problem is the change of input 

and output impedance. In a matrix converter the input must appear as a voltage source 

whereas the output must appear as a current source (or vice versa). This means the switching 
function of the converter must ensure that the side that appears as a voltage source is not short 
circuited and the other side that appears as a current source is not open-circuited. A failure 

means that voltage sources or current sources with unequal magnitudes are directly connected, 
creating an unacceptable condition. Other problems are limitation in output voltage to 43/2 of 
the input voltage and protection problems [2.11]. 

However, the matrix converter has attracted more and more researchers in academic and 
industrial fields, principally it offers the potential to have a `one silicon block' converter with 
no additional passive components (although in practice an input filter is required). 

Although the devices in a matrix converter usually operate under hardswitching conditions, 
softswitching techniques can also be applied. Reference [2.12] use additional components to 

achieve softswitching techniques in the megawatt power range. Six additional switches and 
several passive components are needed. An easier way of achieving softswitching techniques is 

reported in reference [2.4]. Here a defined control pattern is used allowing natural soft current 

commutation without any additional devices. 

Future prospects for matrix converters will depend largely on improvements in silicon device 

technology. If the semiconductor industry can produce and manufacture a `one silicon block' 

converter, the initial cost of a matrix converter will be reduced significantly compared to 
today's hard switched dc-link converters. 
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Figure 2.2.1: Matrix Converter 

Cycloconverters are realised by the parallel connection of three Direct DC-Link Converters. 
Isolation between every sub-converter is done by transferring reactors (Figure 2.2.2) between 

them to prevent short circuit situations and limits circulating current caused by harmonics. The 

output frequency varies between 0Hz and above the input frequency. Because cycloconverters 
only operate economically in large power applications when phase-controlled, the output 
frequency is limited to one third of the input frequency. The frequency limitation is necessary 
to minimise the line output distortions when using phase-control techniques [2.1]. 

The firing angle of each phase group is modulated sinusoidal to fabricate a mean sinusoidal 
voltage. The other phase groups are identical except phases shifted by 120°. A minimum of 18 

unipolar devices are necessary for a cycloconverter, but cycloconverter using 36 or more 
devices are reported to increase the power rating. Although cycloconverters were the first 

converter topology, today its applications are limited to heavy drives applications, constant 
frequency applications or voltage stabilisation of transmission and distribution lines [2.1]. 
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Figure 2.2.2: Cycloconverter 
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2.3 AC-Link Converters 

A Series Resonant Converter (SRC) [2.13 and 2.14] is shown in Fig. 2.3.1. The SRC belongs 

to the current-fed converter type and each of the input supply lines is connected via a high- 
frequency filter (capacitors) to a four-quadrant controlled sub-converter. The sub-converter 
generates with the output sub-converter a modulated single-phase high-power frequency 

carrier current. This carrier current is than selectively converted by the output sub-converter. 
The high-frequency content is removed by a high-frequency output filter. The result is a low- 

frequency three-phase output current. 

II 

f 

Figure 2.3.1: Series Resonant Converter 

I 

P-(YY-). 

The resonant elements in the SRC carry the main power, which leads to high losses and is, 

therefore a major drawback of this converter type. The benefit of the series link configuration 
is that switching occurs at zero-current, allowing easy use of thyristors as power devices. 

The parallel Resonant Converter (PRC) [2.15] works in a similar way, except that the PRC is a 
voltage-fed inverter and generates a modulated single-phase high-frequency carrier voltage. 
This carrier voltage is achieved by using a resonant circuit parallel to both sub-converters. 
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Figure 2.3.2: Parallel Resonant Converter 

The PRC has the advantage that resonant elements are not in the main power path. For that 

reason, the resonant components may have lower ratings than the main devices and will 
introduce relatively small losses into the system. Problems with the PRC occur by having an 
imbalance between the input and output current. In this case it is difficult to balance the link 

energy [2.16] resulting in the resonant circuit becoming over-excited (voltage reaches 
unacceptable high levels) or under-excited (resonant voltage collapses) [2.16]. 

In the same manner as the matrix converter, both ac-link converters need bi-directional 

switches. Again unipolar switches have to be used, which increase the number to 24 unipolar 
switching power devices and 24 antiparallel diodes. In addition to the high number of devices, 

ac-link converters always need input and output filters. In an effort to reduce the number of 
devices modified circuits have been suggested to halve the number required [2.17 and 2.18], 
but power factor control seems to be unattainable [2.17] and a reduction of the line-to-line 

voltage by factor of 43 limits the application areas [2.19]. Nevertheless, applications for ac-link 
converters are reported: for example in variable-speed generation to excite rotor windings of a 
doubly-fed generator [2.20]. The ac-link converter should prove to be a viable alternative to 

other converter topologies in the near future when bi-directional power devices become readily 
available. 

2.4 DC-Link Converters 

DC-Link converters use relative large energy storage elements to buffer reactive power. Figure 
2.1.1 shows that dc-link converters are sub-divided into hard switched and soft switched dc- 
link converters which are introduced in the following two sections. 
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2.4.1 Hardswitching DC-Link Converters 

The hardswitching converter has already been discussed in Chapter 1. This section shows the 

hardswitching dc-link converter again only for completeness (Figure 2.4.1). Table 2.4.1 

summarises the drawbacks of this topology. 

Figure 2.4.1: Toady's standard converter type in drives applications 

PROBLEM CONSEQUENCE 

operational switching frequency is limited drive performance, 

limited, because switching losses problems with torque pulsation, 

switching frequency increase proportional with 
relative slow response time, 

switching frequency windings heating, acoustic noise 

problems 

overlapping of dc-link voltage limitation in converter efficiency, 

switching losses across the device and load current need of relative large heatsinks 

through the device increase weight and size 

transition speed 
to reduce losses high transition EMI problems, damage on motor 

speed is needed isolation 

Table 2.4.1: Inherent drawbacks of hardswitching six-bridge voltage-fed converters 

The drawbacks summarised in Table 2.4.1 are becoming more important in growing markets 

such as servo drives. Servo drives are usually applied to a high performance variable speed 
drive, which often has the ability to control position as well as speed. Servo drives offer the 
highest performance of common drives systems, with a typical torque bandwidth of 1000Hz 
[2.21]. As a result they require a high switching frequency, good output spectral performances 

and low torque ripple. It has been estimated by Frost and Sullivan that the world wide market 
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for servo drives will be worth $ 1813 million in 1999 [2.22]. It is therefore worth investigating 

possible solutions to the limitations of the hard switched inverter. 

2.4.2 Softswitching DC-Link Converters 

Softswitching converters claim to overcome the problems of hardswitching converters. 
Softswitching converter allow reduction in switching losses, by forcing either current or 

voltage to zero before the switching event occurs. Thus higher switching frequencies can be 

achieved leading to better drive performances. In addition dv/dt stress and di/dt stress can be 

controlled, because of the use of defined resonant components (LC-circuit). EMI is therefore 

controllable. In the following some examples are given, describing fields of application for 

softswitching. 

The idea of using resonant circuits for power conversion is not new and goes back to the 

earliest days in the evolution of power electronics. At this time thyristors were the principal 
type of device employed and turn-off was achieved only when the current flowing through the 

thyristor reached zero. Since natural commutation techniques limit the range of converter 
topologies that may be implemented, forced-commutated circuits were introduced. Force 

commutated converters use additional auxiliary thyristors and additional passive components 
such as capacitors and inductors to resonate the current flowing through the thyristor to zero 
[2.23]. 

Another application of resonant circuits in power electronics lies in induction heating [2.24]. 

Here an inductive load is connected in parallel to a capacitor, creating a parallel resonant 

circuit. The switches of the converter excite the load and the thyristors are commutated by 

resonance of the load current (load commutation). 

As already mentioned GTO devices need RCD snubber circuits for voltage protection and the 

energy dissipation in the resistor leads to bad efficiency. To increase the efficiency regenerative 

circuits were introduced to transfer the stored switching energy of the snubber back to the 

supply [2.23]. Again resonant circuits were needed to shift the energy away from the snubber 
circuits. 

Another example of integration of LC combinations was the development of high frequency 
link converters (HF-converter) [2.25-2.27]. HF-converters are the predecessor of the ac-link 
converters. A resonant circuit and an excitation converter are inserted between two sub- 
converters (one input and one output sub-converter). The excitation converter is of a lower 

power rating than the sub-converters and is needed to start up the voltage oscillation in the 
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HF-circuit. HF-converters have found application in dc-dc conversion and in power 
transmission over 1MW. 

In the past softswitching circuits took their course for load resonant converters. Here the load 

(LC circuit) provides already all elements for the energy transfer. In some load application it is 

easy to add one missing resonant component onto the load i. e. either L in case for high- 

frequency fluorescent lightning [2.5] or in case for induction cooking [2.5]. In induction motor 
drives however the load is determined by the inductance of the motor windings and a build-on 

of capacitors on a standard motor is unlikely. Therefore the hard switched dc-link topology 

using gate turn-off devices gained more and more acceptance in drives, simply because of easy 
design, limited control complexity and robustness. 

A mile stone in the development of softswitching was the publication from Prof. Divan [2.28]. 

1986. This paper describes the first softswitching dc-link converter: the resonant dc-link 

inverter (RDCL, Figure 2.4.2). The RDCL is typified by a single resonant tank, inserted into 

the dc-link, which must undergo a resonant transition each time any inverter leg changes its 

switching state. From that many other topologies followed. In the last twenty years of 
development of softswitching topologies two other important papers have been published that 
have to be cited, because of their impact on novel topologies. 

While the inverter input voltage of the converter based on Prof. Divan's oscillates 

continuously, Prof. Malesani designed a RDCL topology that allows only resonant oscillations 
if the inverter changes its switching status [2.29]. This was a major step especially for the 

controllability of the RDCL. The converter type has been later called quasi resonant dc-link 

converter (q-RDCL). Both types are discussed in detail in Chapter 3. 

Prof. DeDoncker published his pole commutated inverter (PCI) [2.30] in 1990. By way of 

contrast, every pole (or leg) has its own resonant circuit which undergoes a resonant transition 

at every switching instant of that leg (Figure 2.4.2). As it happened for RDCL many sub- 
topologies on PCI have been also proposed. Some of them are discussed in Chapter 4. 
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Figure 2.4.2: Comparison pole commutated inverters (top) and resonant dc-link inverters 

(bottom) 

In view of the high number of the different published topologies a family-tree summarises the 

main topologies and show the link to each other (Figure 2.4.3). 

PCIs, which require a larger number of active and passive components than their RDCL 

counterparts, can be divided into resonant pole commutated inverters (RPI) and auxiliary 

resonant pole commutated inverters (ARPI). The RPI topology does not need an additional 

switch to achieve zero voltage or zero current switching, whereas the ARPI needs support 
from one or more auxiliary switches.. 

The RDCL group is subdivided into two sub-groups: basic resonant dc-link inverters (basic 

RDCL) [2.28], and parallel resonant dc-link inverters (PRDCL) [2.31] (Figure 2.4.3). In the 
basic RDCL topology, the inverter is connected to the reservoir capacitors via an inductor. As 

this effectively decouples the inverter leg voltage from the fixed reservoir voltage, some form 

of clamping is usually applied to prevent high voltage transients being applied to the inverter 

switches. This is reflected in the modified topologies of the active clamped (ac) and passive 

clamped (pc) basic RDCL inverters. 

The principal feature of all PRDCL inverters is the series device in the dc-link. When the 

switch is closed, the dc link voltage is applied to the inverter. When the switch is opened a 
resonant transition occurs allowing zero voltage switching of the bridge switches. 
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PWM techniques are well established in induction motor drives and are, therefore, a desirable 

feature of any proposed converter topology. All PCIs and PRDCL inverters meet this aim to 

some degree and the basic RDCL inverter can be PWM controlled with the aid of auxiliary 
circuits (ACs). Figure 2.4.3 shows the principal circuits of PWM controlled RDCLs, often 
referred to q-RDCLs [2.29,2.32-2.37]. The number of the different arrangements of the ACs 

is large and Chapter 3 explains some of them. Figure 2.4.4 gives two of possible auxiliary 

circuit arrangements. 

RDCL 

Softswitching DC-Link Converter 

ýBRDCL 

dT 

-º PRDCL 

udc 

ac-BRDCL 

rl 
ý 

Vdc 

1 

pc-BRDCL 

Vag 

IF i 
pcq-RDCL 

Vac AC / 

PCI 

RPI 

IResonant 

udc Clrcmt 

--------------- ARPI 
r ----------- 

I Vdc 
PP-1 

Figure 2.4.3: Family tree of softswitching dc-link converters. BRDCL: basic RDCL, ac: active 
clamp, pc: passive clamp, acq: active clamp quasi-, pcq: passive clamp quasi-, AC: Auxiliary 

Circuit. The circuitry shown in the dotted square appears three times 
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Figure 2.4.4: Two examples of possible auxiliary circuit arrangements in quasi RDCL 

converters. Left: passive clamp quasi-RDCL [2.38]; Right: active clamp quasi-RDCL [2.39] 

All the various converter topologies shown in Figure 2.4.3 claim to overcome the drawbacks 

of hardswitching converters. Table 2.4.2 summarises the characteristics and claimed benefits of 

softswitching dc-link topologies. 

CHARACTERISTICS CLAIMED BENEFITS 
switching higher better output spectral performance, no audible noise frequency 

switching losses lower higher efficiency, smaller heatsinks 
lower stress on motor isolation, less EMI problems, dv/dt stress lower 

smaller output filters 

snubber ? no less amount of passive components 
size and weight smaller and lighter less package problems 

additional components Reduction in cost of heatsinks and filters outweigh cost of 
cost and devices but smaller components and devices 

heatsinks and filters 

Table 2.4.2: Characteristics and claimed benefits of resonant converters compared to the 
hardswitching dc-link converter 

2.5 Comparison between the three major AC-AC Converter Topologies 

The list of desirable features identified in section 1.6.3 may be used as the basis for a 

comparative assessment of novel converter topologies Table 2.4.3 summarises a qualitative 

comparison of the different topologies compared to the hardswitching dc-link converter. It 

should be stressed, however, that at power ranges under 100kW, cost is by far the most 
important single factor in determining the choice of topology. In this power range converter 
circuits are mass-produced and every small increase in cost must be outweighed by a large 

increase in performance. 
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SOFTSWI. DC- AC-LINK 
SOFTSWI. MATRIX DIRECT AC-AC 

LINK CONVERTER 

reduction in 0 + 
output filter 

higher switching ++ ++ 
frequencies 

reduction in 
i} ++ - 

dv/dt stress 

reduction in size 0 
and weiht 

reduction in 
+ 0 

heatsink size 

switching 

frequency + + + 0 

outside audible 

noise 

reduction in 

output spectral 
++ + + 

performances 

low number of 

devices 

elimination of 0 ++ 4+ ++ 
dc-link capacitor 

less maintenance 0 + + + 
work 

easy 
_ + 

manufacturing 

high reliability - -- -- 

low cost 0 -- -- -- 

Table 2.4.3: Vague comparison of various converter topologies compared to the 
hardswitching dc-link converter based on demands on drives applications. (++ well enhanced, 

+ improved, 0 no improvement, -less beneficial, --worse) 

One benefit of both, ac-link converter and direct AC-AC converter, is the elimination of the 
large dc-link capacitor essential in the dc-link topology. This capacitor can cause problems 
because of its limited life performance, its size and its cost. In addition, the missing link 

arrangement (direct AC-AC) or the small link arrangement (ac-link) improves 
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manufacturability. Input and output filters are, however, required for these topologies, which 
increases both weight and size. In spite of the significant gains to be made in eliminating the dc 
link, the additional costs of bi-directional switches make the ac-link converter and direct AC- 
AC converter unattractive. At the moment, bi-directional switches are not available thus 

unipolar devices must be used. This increases the overall cost and diminishes reliability. Both 

converter topologies need at least twelve switching devices more than the hardswitching dc- 
link converter with uncontrolled rectifier. In addition more driver circuits are needed and a 

much more complex control structure has to be implemented increasing further the initial cost. 

Table 2.4.3 shows that softswitching dc-link converters are expected to display similar 
performance when compared to their ac counterparts. Given that the costs of a dc link inverter 

and uncontrolled rectifier will always be much lower than those of any ac link or direct AC-AC 

topology, there is little doubt that the dc-link inverter is the preferred topology. For this 

reason, ac-link converters and direct AC-AC converters are unlikely to be commercialised in 

the 1kW-100kW power until cost effective bi-directional switches can be implemented. 
Therefore neither converter types will be discussed further in this thesis. If cost effective bi- 
directional devices do become available then the matrix converter might have sufficient 
economic leverage to penetrate the drives market in this power range. 

To conclude this chapter one can say that the softswitching dc-link converter is the only 
promising topology for induction motor drives application up to 100kW. The next three 

chapters review the number of variations in softswitching dc-link topologies, describe their 
operation modes and summarise the different topologies in terms of cost, losses and stress. 
Chapter 3 introduces RDCL topologies whereas Chapter 4 analysis PCI topologies. Chapter 5 

assesses all the various topologies and suggests the most promising softswitching dc-link 

converter. 
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Chapter 3 

RESONANT DC-LINK INVERTERS 

This chapter analyses various RDCL topologies. It describes the principals and theories of the 
different circuits and investigates their performances using PSPICE simulation. In keeping with 
the requirement for a low initial cost, only those circuits using less than two active devices and 

a low number of passive components were taken into account. The simulation results are 

presented in Appendix A. 

The study of each topology is based on an introduction of a simplified circuit followed by a 

step by step analysis of each individual operation mode. To develop an equivalent circuit the 
following assumptions have been made: 

a) The dc-link capacitor is larger than the resonant capacitor thus the input side can be 

simplified by a constant dc voltage source (Vd,. ). For clarity the inverter input voltage is 

written as Vi,,. 
b) The resonant transition occurs only during a very short period of time. As a result the 

individual phase currents can be assumed to remain constant during this time. 

c) The motor inductance is much greater than the resonant inductor of the inverter. Given that 

assumption, the inverter and the load can be simplified by using a switching device (S), a 
diode (D) and a current source (Iload). The current source Load remains constant during the 

switching period and depends on the individual phase currents and the state of all six 
inverter devices. 

d) All components are ideal except where specifically noted. 

3.1 Basic Resonant DC-Link Inverter (basic RDCL) 

The basic RDCL [3.1 and 3.2] with its equivalent circuit is shown in Figure 3.1.1. A resonant 
inductor (1, ) and resonant capacitor (Q are inserted between the dc-link capacitor and the 
inverter. The LC combination allows the inverter input voltage (V;,,,, ) to resonate. Once the 

voltage V; n� is equal to zero a change in the switching status of the inverter is enforced under 
zero voltage conditions. 
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3.1.1 Operation Modes of the basic RDCL 

The basic RDCL operation can be divided into two operation modes (see Figures 3.1.2 and 
Figure 3.1.3). 

Current boost mode (A): When the switch S is conducting, the inductor IK is clamped across 
the dc-link. Thus the resonant current (ir) ramps-up allowing L, to store enough energy for the 

resonant cycle. Once it reaches the threshold Inl switch S opens (In is a function of the losses in 

the system and the load current). 

Resonant mode (B): The voltage source Vdc is used to resonate the LC network. The 

oscillation of this network gives rise to instants of zero voltage. Once the voltage V;,,,, is zero 
the antiparallel diode D conducts and S can switch on under zero voltage conditions. When the 

current it reverses switch S starts to conduct and a new current boost mode starts. 

3.2 

Figure 3.1.1: Schematic and equivalent circuit of the basic RDCL 
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Vin, (t) = OV 
Vinv (t) = Vdc (l 

- COSCO 00 
+ 

(3.1.1) 
+Z0(Ir1 -Ilod)sin wot 

(3.1.3) 

1r (t) = 'load + dc t (3.1.2) i 
r(t) = 'load + 

f(Vdc 
- Vinv (t))dt LT 

Lr 

(3.1.4) 

wo=1 (3.1.5) 
LICr 

Z0 = 
C` 

(3.1.6) 

L, is the remaining current stored in the inductor 1,, after the switch S is turned off. 

Figure 3.1.2: Operation modes A and B of the basic RDCL 

As shown in Figure 3.1.2 each individual operation mode is expressed with equations 
describing the inverter input voltage V; ý,,, and the resonant current i, Equations 3.1.5 and 3.1.6 
describe the typical characteristic equations of any resonant circuit: resonant frequency Wo and 
resonant impedance Zo. Both equations are determined only by L1 and C, From both equations 
it can be shown that by keeping the value Lr constant and decreasing the value of C, the 

resonant frequency and impedance increases. When keeping the value of Cr constant and 
decrease the value of I, than the outcome is a higher resonant frequency but a decreased 

resonant impedance, 

The resonant frequency wo is related to dv/dt and di/dt stress on devices and passive 
components. A high resonant frequency may destroy underrated devices or damage isolations 

on capacitors and inductors. In addition EMI problems start with high dv/dt and di/dt stress. 
The resonant impedance Zo is an indicator of voltage and current peak stress. In addition a low 
impedance results in an unsuccessful resonant oscillation meaning that voltage or current does 
not reach the zero level. This is explained with the help of equation 3.1.3. The voltage V;,,,, 
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does not reach zero when the absolute value of the second term is smaller than the absolute 
value of the first term. That is the case when Zo is too low. 

Both equations (3.1.5 and 3.1.6) show that resonant converter designs have to compromise 
between stress in voltage peak, stress in current peak, voltage transition time and current 
transition time. 

irz 
Vdc 
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Figure 3.1.3: Normalised waveforms V;. � (solid line) and it (dashed line) over one cycle of 

resonant period of the basic RDCL 

Since the link waveform is periodic and nearly sinusoidal, the interval between allowed 

switching times is fixed by the link frequency and the output must be synthesised from discrete 

pulses. This means that well-established modulation techniques such as PWM are not suitable. 
The following section describes optimised control techniques for the basic RDCL. 

3.1.2 Discrete Pulse Modulation Techniques (DPM) 

To control the basic RDCL discrete pulse modulation techniques have to be applied. Classical 

techniques for discrete pulse generators are: the linear delta modulator and the sigma delta 

modulator. More unconventional modulators are the exponential sigma delta modulator, 
current regulated delta modulator, modified sigma delta modulator and adjacent state current 
regulator [3.3-3.7]. In addition, fuzzy logic and neural networks have also been applied on 
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pulse modulation techniques as shown in reference [3.8]. Considering the varieties of these 

control schemes only the two classical control systems are further discussed. 

Figure 3.1.4 shows the block diagram of the linear delta modulator [3.9]. The modulator 
encodes a band-limited analogue input signal, into a two-level output. The output binary 

waveform is fed back through an integrator and compared with the reference signal. The error 

Figure 3.1.4: Block diagram of a linear delta modulator 

The block diagram of the sigma delta modulation is shown in Fig. 3.1.5. This control scheme is 
implemented by calculating the difference between output voltage and the voltage reference 
resulting in an error. This error function is integrated and dependent on the sign of the 
integrator output the switching signal generates. The synchronisation of this signal to the 

resonant link frequency is done again by a sample and hold (S/H) term. 

fc 

Vr + f( vo 
IN- 

S S/H 

Figure 3.1.5: Block diagram of a sigma delta modulator 

A comparison of different delta modulation controllers is given in references [3.3,3.6-3.8, 
3.10]. From most interest is thereby the results of the output spectral performance between 

3.5 

signal is quantised into one of two possible levels depending on polarity. The output signal of 
the quantiser is regularly sampled by the link frequency signal (detecting zero volts across the 
inverter input) to produce a binary code for the inverter switches. 



RESONANT DC-LINK INVERTERS 

PWM controlled hard switched inverters and delta modulated resonant dc-link inverters. That 

is because delta modulated controlled hard switch converters were well known for their spread 

spectrum in the voltage output spectral performance. References [3.6 and 3.7] compared the 

output spectral performance between PWM controlled inverters and delta modulated resonant 
dc-link inverters. The authors describe that given a tenfold increase in link frequency, a delta- 

modulated resonant link-type inverter will show an improvement in voltage harmonic distortion 

over an equivalent hard switched inverter employing PWM. This improvement is of the order 

of three times. However, because of the inherent wide spread of the voltage output spectrum 

when applying delta modulation techniques, low-frequency voltage harmonics are significantly 
higher compared with PWM control techniques and are difficult to remove. Reference [3.10] 

compared both inverter types concerning the total current output harmonic distortion (THDi). 

It was shown, that the PWM controlled hard switched inverter shows lower THDi values in 

the low current range compared to its counterpart, and similar THDi values in the higher 

current range. 

Even modified modulation techniques as mentioned before could not significantly improve the 

voltage or current harmonics in the lower frequency spectrum range [3.3-3.7]. These 

unsatisfactory results lead to the conclusion, that resonant converters driven by DPM control 
do not improve the drive performance. 

3.2. Clamp Basic Resonant DC-Link Inverter (clamp basic RDCL) 

A significant problem of the basic RDCL is the periodical voltage over shoot from the input 

voltage of the inverter. Thus, seen from the devices in the inverter, every device must be 

capable of at least double the dc-link voltage under steady state conditions. However, under 
transient conditions, when instantaneous power flow reverse and dc link switches and current 
flows back to the dc supply, a one-cycle transient is obtained where peak voltage stress occurs 
during the resonant cycle, exceeding the steady-state values [3.11]. To constrain the steady- 

state and transient stress, techniques have been developed to clamp the inverter input voltage 
to a certain percentage of the dc-link voltage. This can be done by either an active clamped 

circuit or a passive clamped circuit. 

3.2.1 Principles of the active clamp basic RDCL 

The circuit schematic of the active clamp basic RDCL inverter [3.11-3.13] is similar to the 
basic RDCL discussed in section 3.1. Figure 3.2.1 shows that additional elements are the clamp 
switch (Scamp), the clamp diode (Dclamp) and a pre-charged capacitor (Cclamp)" The latter is larger 

than the resonant capacitor C. but smaller than the dc-link capacitor. In a manner similar to the 
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basic RDCL the dc bus is shorted to allow a pre-charging of the inductor L,. On releasing the 
bus short, the link voltage resonates towards its natural peak. Instead that of V. overshooting 
to twice the dc-link voltage, V; � gets clamped to a certain level. This level is determined by the 

clamp factor (k), where k results from the voltage across the pre-charged clamp capacitor 
Ccia, �P, and the dc-link voltage Va.. Once Vin� reaches the voltage (kVd, ), diode Dci, mp turns on 
and clamps the bus voltage. With D, 

. iamp conducting, Sciamp is switched on under a lossless 

manner. 

Cciax 

Figure 3.2.1: Schematic and equivalent circuit of the clamp basic RDCL 

3.2.2 Operation Modes of the active clamp basic RDCL 

The circuit analysis of the active clamp basic RDCL is based on four operation modes (Figures 
3.2.2 and 3.2.3). 
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Current boost mode (A): The first mode is the current boost mode already discussed in section 
3.1. 

Resonant mode (B): Once the switch S is released a resonant mode starts. Again this mode is 
identical to the resonant mode of the basic RDCL and all equations in section 3.1 can be 

applied. At the end of the resonant mode the voltage V;,,,, reaches the voltage kVd, and diode 

Dciamp starts conducting. 

Clamp mode (C): With Dciamp is conducting device Sciamp is turned on in a lossless manner and 

. 1amp. The charge eventually the current icla�, p transfers from the diode D,: ia, �P to the device Sc 

. i.,, p conducts is recovered during the interval when transferred to the capacitor C,, amp when D. 
Sc, amp conducts. When the net charge transferred to Cclamp equals zero, Sciamp must be turned off 
and the clamp mode has finished. 

Resonant mode (D): The LC circuit is released from the clamp voltage and V;,,,, resonates 
towards zero. When V;, reaches zero the current boost mode takes over. 

v;,,, (t) = OV (3.2.1) 
Vin� (t) = Vdc (1- cos() 0t) + 

+Zo(Ir, -I, aa, 
)sinwot 

(3.2.3) 

ir=I goad + Ld° t (3.2.2) ir=I load + (Vac - V;,, 
v 
)dt (3.2.4) 

o=1 (3.2.5) 
J-1 

Zo = 
C` 

(3.2.6) 

Irl is the remaining current stored in the inductor I, r after the switch S is turned off. 

3.8 

current boost mode (A) resonant mode (B) 



RESONANT DC-LINK INVERTERS 

clamp mode (C) resonant mode (D) 

(3.2.7) (3.2.11) 

ir= 'load +Lf (kVac - VdC )dt (3.2.8) ir=I loan Lr 
$ (Vag - V; 

iv 
)dt (3.2.12) 

r 

CO t--1 
(3.2.9) CO o=1 

(3.2.13) 
V Lr (Cr + Clamp) LrCr 

z- 
Lr (3.2.10) Zo = 

L' (3.2.14) 
Cr +C'clamp Cr 

Ire is the remaining current stored in the inductor I, r after Dclamp starts conducting. Ira is the 

remaining current stored in the inductor I, after Sclamp is turned off. 

Figure 3.2.2: Operation modes A to D of the active clamp basic RDCL 
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Figure 3.2.3: Normalised waveform of V;,,,, (solid line) and i1 (dotted line) over one cycle of 

resonant cycle of the active clamp basic RDCL with k=1.4 
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In the active clamp basic RDCL topology the clamping voltage has to be always greater than 

the steady-state peak voltage. The clamp diode ensures that the voltage across the clamp 

capacitor reaches at least the dc-link level. The stored energy in the inductor leads to an 
increase of the clamp voltage. The resulting clamp factor k defines finally the clamp time. A 

low clamp factor means a long clamp time. The choice of the k factor was investigated in 

reference [3.11]. In [3.11] it was shown that k is a function of the resonant LC elements and 

the time period of the resonant link cycle. The following relation was given: 

Tp =2 L, CT(cos'(1-k)+ 
k2 

l) 
(3.2.15) 

where Tp is the period of one resonant link cycle. Tp includes the rise and fall time, the clamp 
time and the current boost time of V;,,,,. 

Figure 3.2.4 shows a plot of equation 3.2.15 with the values Lr=5µH and Cr=1µF. The case for 

k>2 degenerates into a natural clamping part as happens for the basic RDCL. For clamping 

, any attempt to further increase the link frequency can only be achieved voltages less than 2Va, 

with the sacrifice of an increase in the clamp factor. 

TP/µs 
50 - 

40 

30 

20 

10 

0 

1 1.2 1.4 1.6 1.8 2 

k 
Figure 3.2.4: Clamp factor k as a function of the link cycle period Tp [3.11] 

So far the active clamp basic RDCL needs one additional switch more than its predecessor the 
basic RDCL. However reference [3.14] suggests a way of removing this additional switch. The 

author proposes to exchange Sclamp, Dclamp and Cclamp with a non-linear capacitor (Cn0 ). A non- 
linear capacitor can be manufactured as single- and multilayered ceramic capacitor that is 

saturable depending on charge. Thus, the capacitance is dependent on voltage as seen in Figure 
3.2.5. 
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C 

Cnonl 

Cnon2 

V 

Figure 3.2.5: Idealised capacitance voltage characteristics of a non-linear capacitor 

With this component the link frequency of Vh,,, can be manipulated without controlling the 

clamp circuit. If the inverter input voltage is lower than kVd,: the resonant frequency is: 

0 Xr=Cnonl (3.2.16) 

and during the clamp mode 

CO 
LrCnon2 

(3.2.17) 

So far no practical results have been published but research work is increasing in this area as 
seen in references [3.15-3.18]. Another concept for eliminating the switch Sciamp is to insert a 
transformer in the resonant circuit. This topology is called the passive clamp basic RDCL 

topology. 

3.2.3 Principles of the passive clamp basic RDCL 

In contrast to the active clamp basic RDCL using a non-linear capacitor, passive clamp basic 
RDCLs have been practically completed in the research laboratories [3.19,3.20]. A 

transformer-coupled clamp circuit limits the peak value of the inverter input voltage similar to 
the active clamp version. Figure 3.2.6 shows the circuit and the equivalent circuit: 
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Figure 3.2.6: Schematic and equivalent circuit of the passive clamp basic RDCL 

The designer of a passive clamp converter topology has mainly to focus on the dimensioning of 
the clamp transformer T [3.19-3.21]. As shown in Figure 3.2.6 the transformer is expressed as 
main inductance (Lm) and stray inductance (La). Inductance L. is proportional to the product of 
the primary winding (np)2 and the core permeability (µ). The stray inductance LQ can be 

expressed as: 
I-c2 

I'Q 
- 

L'm 

c2 
P 

(3.2.18) 

with (cP)2 represents the coupling factor. As seen from Figure 3.2.6 L. is parallel to L. To 

ensure that the resonance parameters do not change too much, Lm has to be set much larger 

than Lr resulting in a large number of turns on the primary side. Furthermore it has to set into 

account that the stray inductance must be as small as possible, because a high L,, prevent 

unsuccessful voltage oscillation of V;. � after the clamp mode [3.19]. 

The analysed four operation modes of the active clamp version can also be applied to the 

passive clamp technique. The only equations that have to be changed are the equations 3.2.7 to 
3.2.10. During the clamp mode diode De, amp conducts and therefore current is flowing through 
the secondary winding n, of the transformer. Thus V; ý, � gets be clamped to: 
V; n�(t)=kVd, (3.2.19) 

with 
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=(1+n k P) (3.2.20) 
n, 

whereas for k=1 the resonant frequency wo remains zero and Zo is equal zero. 

Although the passive and active clamp basic RDCL meet the target of limiting the overshoot 
voltage to less than twice the dc-link voltage, both topologies suffer from the disadvantage of 
being DPM controlled. 

3.3 Parallel Resonant DC-Link Inverter (PRDCL) 

The obstacles of the converter topologies discussed so far are: subharmonic problems resulting 
from DPM control, high device stresses and conduction loss in the resonant inductor. So, the 

possibility of applying PWM control and reducing the voltage stress was quite a desirable 

objective in the development of new resonant dc-link inverter topologies. As a consequence 
effort reached into the Parallel Resonant DC-Link Inverter described in references [3.22-3.29]. 

3.3.1 Principles of the PRDCL 

The typical design characteristics are a power switch between the dc-link capacitor and the 
input of the inverter and small snubber capacitors connected parallel to each switching device 
in the inverter as seen in Fig. 3.3.1. The snubber capacitors are used to achieve turn-off under 
near zero voltage conditions. Once a resonant mode is activated and the voltage V;,,,, reaches 
zero volts, the snubber capacitors will be discharged. 

Most of the time V;,, � is connected straight to Va. via Stump. When the switch opens, a resonant 
oscillation is activated, resonating the inverter input voltage to zero and backwards. Once the 
inverter input voltage again reaches the value Vac the clamp switch Sciamp is switched on and 
clamps the inverter input voltage to the dc-link value. 

Dciamp 
r--- i 

Sclamp T 
Sr 

4 2Dr I 
Df 

j Cr Vdc Vmvl 

L 

Figure 3.3.1: Schematic circuit of the PRDCL proposed in reference [3.27] 
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The principle of operation of the PRDCL is discussed with the help of the circuit given in 

reference [3.27]. Any other PRDCL topology works in a similar but design distinctive way. 
For the circuit analysis the following equivalent circuit can be presented: 

Vac 

Figure 3.3.2: Simplified circuit of the PRDCL proposed in reference [3.27] 

The capacitor Ca. � in the simplified circuit is the equivalent capacitor across the bus during the 
switching period. Knowing C,,,,, the capacitance parallel to each device can be calculated to: 

C 
C3" 

(3.3.1) 

3.3.2 Operation Modes of the PRDCL 

The resonant cycle can be divided into seven operation modes which are now analysed (see 

Figure 3.3.3 to Figure 3.3.7). 

Clamp mode (A): In the first mode the resonant circuit is in steady state Sciamp or Dciamp is 

conducting and Sr and S are off. 

Resonant mode (B): When a control signal is commanded to turn Sr on, S, turns on under zero 

current conditions. Thus resonant current it starts to resonate and energy will be stored in Lr 

and Cr. 
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clam mode (A) 

Vdc Csnu 
`Jýv 

1 
Iload Iload 

Vin� (t) = Vdc (3.3.2) Vin� (t) = Vdc (3.3.4) 

ir(t) = OA (3.3.3) ir(t) $(Vdc 
- Vcr(t))dt (3.3.5) 

Vä = LX, C 
dVcr (t) 

+ VCr \ (t) \ 
(3.3.6) 

d2t 

Co o=1 
(3.3.7) 

LrCr 

Z (3.3.8) 

Figure 3.3.3: Operation modes A and B of the PRDCL 

Resonant mode (C): As soon as it reaches a current level 1,1 that provides the circuit with 
enough energy to overcome the internal losses (In is a function of the load current and losses 
in the resonant circuit), switch Sciamp opens. The voltage of the inverter is now released from 

the dc-link supply and a resonant oscillation takes place between the capacitor Cr, the snubber 
capacitors of the inverter C.,,,, and the inductor Lr. 

Resonant mode (D): Once V;,,,, is equal to zero all snubber capacitors are discharged and 
voltage V;,, � remains at zero for a while. In this condition, S can be turned on under zero 
voltage. The oscillation continues now between Cr and Lr and the current it decreases, reverses 
and increases in the opposite direction (see Figure 3.3.7) so that it is flowing through diode D, 

resulting that device Sr can be switched off under zero voltage conditions. 
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Cr 

Lr 

resonant mode 

'load 

Cr 

L 

Vm. y(t)=c1(Vdc -VCrl)+ZI(c1Iload +Irl)* 

*sin(OIt+c2Vdc +c1V 
1- 

'load Vinv(t) = OV 

Csnu + Cr 

(3.3.9) 

with 

c, = 
Cr 

(3.3.10) 
Csnu + Cr 

C2 (3.3.11) 2 Csnu +Cr 

1r (t) =LJ (udC - Vcr (t))dt (3.3.12) 
r 

Vdc =L 

dVCr (t) 
+ VCr ( 

,. 
(C'r + C. 

u) d2t 
t) 

( 

tr(t)= Lf (-Vc,. (t)) dt 
r 

OV = LrCr 
d 

dztt) + Vcr (t) 

Iload 

(3.316) 

(3.3.17) 

(3.3.18) 

(3.3.13) 

w, =1 (3.3.14) with coo from equation 3.3.7 

I LrCrCsnu 

Csnu +Ci 

Z=1 (3.3.15) with Zo from equation 3.3.8 
wAnu 

Vcrj is the actual voltage across the resonant capacitor Cr at the time when Sciamp switches off. 
Inl is the remaining current in the inductor at this time. 

Figure 3.3.4: Operation modes C and D of the PRDCL 

Resonant mode (E): When the current it is equal to the reference value Ire switch S is turned 

off allowing a resonance between Cr, L, and Ce,,,,. Ir2 must be large enough to allow a 

successful backswing of the inverter input voltage. 

Resonant mode (F): The capacitor voltage Vr falls to zero and Df becomes forward biased. A 

new resonant mode between Lr and C,,,,, takes place (see Figure 3.3.5). 
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resonant mode 

G 
1 

CsnuT Vine Iload 

Lr 
1 

Ir 

V; 
n� 

(t) = c, VV12 (1- cosw, ) - Z, (c, I, 
oa, + 

+Ir2)sin co , 
t- 

Road 

Csnu + Cr 

(3.3.19) 

with c,, from equations 3.3.10 

resonant mode 

Df 

Csnu Vinv Iload 

La 

lr 

Vmv(t) = -ZZIr3 sin CO 2t (3.3.22) 

lr (t) =Lf (-Vcr (t))dt (3.3.20) ir (t) =Lf (-Vcr (t))dt (3.3.23) 
rr 

OV = Lr (Cr + Csnu) 
dVcr (t) 

+ VC, (t) OV = LrCsnu 
dVcr (t) 

+ Vý (t) (3.3.24) 
dt dt 

(3.3.21) 

with wl from equation 3.3.14 (02 =1 (3.3.25) 
L'r. _snu 

with Z1 from equation 3.3.15 Z2 = 
Lr 

(3.3.26) 
Csnu 

VCr2 is the actual voltage across the resonant capacitor Cr when S has been turned off and Ire is 

the remaining current at this status. Ira is the remaining current. 

Figure 3.3.5: Operation modes E and F of the PRDCL 

Clamp mode (G): The link voltage Vi,, v is restored to the dc-link voltage Va,. Thus Dciamp gets 
forward biased and is able to conduct. Now Sciamp can be switched on under zero voltage 
conditions. The current it decreases linearly to zero (Figure 3.3.6). 
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clamp mode (G) 

Load 

t 
r/t) 

= Ir4 + 
Lr 

r 

L4 is the remaining current in L, 1 when Dcianp starts conducting. 

Figure 3.3.6: Operation mode G of the PRDCL 
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Figure 3.3.7: Normalised waveforms V;, (solid line) and ir (dashed line) of the PRDCL 

Figure 3.3.7 represents only one resonant cycle in one modulation period. With PWM control 
the switching status of the inverter is changing six times in one modulation period. Thus the 
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dc-link voltage is shaped with six notches during one inverter switching period (Figure A. 2.7 in 

Appendix A). This effect decreases the average dc-link voltage and leads to an substantial 

reduction of the average voltage supply to the motor and consequently a reduction in supplied 

power. Thus the method of `true' PWM control must be changed for the PRDCL. This leads 

to the development of modified PWM control techniques where the number of notches is 

limited over one modulation period. 

3.3.3 Modified PWM Control Schemes 

The demand of reducing the number of notches and still allowing a certain degree of PWM 

control can be accomplished when using capacitors C as turn-off snubbers (Figure 3.3.8). The 
introduction of snubber capacitors allows a new mode called `snubber mode'. The snubber 
mode can only be activated when the switching device is carrying the load current. If so the 

parallel capacitor acts as a snubber during the turn-off process of the switching device and the 
turn-off process occurs under zero voltage conditions. The commutation process IGBT-Diode 
is completed when the antiparallel diode carries the load current. Once this diode conducts the 

parallel switching device can be turned on likewise under zero voltage conditions. Thus the 

whole commutation process IGBT-Diode is under a lossless manner. To commutate the 

conducting antiparallel diode the resonant circuit must be activated to clear the voltage across 
the charged snubber capacitor. That has already been discussed in section 3.3.1. 

Fig. 3.3.8 illustrates the snubber mode for clarity. The load current Ipolel is constant during the 

commutation process. When S1 is commanded to turn-off, the current is shunting into the two 

snubber capacitors C. The voltage Vc4 falls linearly at a rate proportional to the load current 
magnitude. When VC4 falls below the negative dc rail, D4 becomes forward biased and 
immediately picks up the load current. Once D4 is conducting S4 can be switched on under 
zero voltage conditions. 

The opposite commutation (S4 is commanded to turn-off whilst D4 is conducting) requires the 
resonant mode of the dc-link, because resonating the dc-link voltage to zero is the only way to 
discharge the snubber capacitor parallel to S1. 

Using both different modes the number of resonant oscillation is therefore reduced. However 

applying modified PWM schemes means that at any state information must be given about the 
direction of the three load currents and information is needed of the switching status of each 
device in the inverter. 
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Figure 3.3.8: Commutation effect when using snubber capacitors 

In the literature several modified PWM (mPWM) schemes have been suggested and can be 

summarised to two classical schemes that are now discussed. In spite of the fact that in 

literature no standardised abbreviation of these control schemes are given, the following two 

control schemes are called mPWM3 and mPWM2. The number represents the number of poles 

switched during one modulation period. 

For further discussion of these PWM techniques the voltage space vector diagram from Figure 

1.7.4 is shown again. 
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Figure 3.3.9: Switching patterns of the space vector diagram in the stator stationary reference 
frame 

Fig. 3.3.10 shows an example of the switching status of the mPWM3 control. After the 

resonant mode is activated, the inverter input voltage Vin� is zero, therefore all snubber 

capacitors are discharged. To start the switching sequence the voltage vector whose direction 

is nearest to the actual current vector Iact has to be chosen. In this example the switching 

pattern (010) corresponding to V is applied. The inverter voltage resonates back to its dc-link 

value and charges all capacitors that are connected to the remaining open switches. By 

choosing the nearest voltage vector to the actual current vector Iact every turned-on switch is 

also conducting. During the modulation period, only one turn-off commutation per converter 
leg can be applied. To obtain the demand voltage Vdem only aligned voltage vectors must be 

used (in this example the sequence V2, Vl and Y6 is applied). Once V6 is activated, a resonant 
oscillation is needed to discharge all snubber capacitors because now only diodes are 
conducting and no zero voltage switching can be carried out using the snubber capacitors. The 
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total modulation period Ti., of the inverter results in the on-state times of the different applied 
forcing vectors and the time of the whole resonant process as seen in Fig. 3.3.10. 

v 

_act *, % V 
em 

.................. 
a 

`Reso' stands for resonant mode. 

I IV V VI V. eso 

Tin� 

Figure 3.3.10: Switching status and time period of the mPWM3 control method 

The mPWM3 control scheme implies that every pole must change during one modulation 
period. This operation is violated in the case where commutation in one pole is required 
regardless of the current direction. This happens, for instance, if the inverter enters the so- 
called six-step condition, where inverter switches must be kept on for half the period of the 
fundamental frequency, irrespective of the current direction. 

The mPWM2 control scheme changes only two poles during one modulation period (see Fig. 
3.3.11). Again once the resonant mode is activated and the inverter voltage is zero the voltage 
vector that is nearest to the actual current vector has to be chosen (e. g. V ). Thus all snubber 
capacitors are zero and therefore all switches switch under zero-voltage conditions. When the 

on-state time of the first vector has been completed, all upper switches (or lower switches) 
must be switched off. In the space vector diagram, turning off all upper switches corresponds 
with the zero vector Yo, whereas turning off all lower switches corresponds with V,. The 

choice of zero vector depends on the current vector. If the current vector is in sectors a, b, c, V. 

must be chosen, otherwise V7 (Figure 3.3.9). In our example (V3 is applied) switch S2 turns off 
and S5 turns on resulting in Yo. Now all lower devices are on and the load current flows 

through S4, S6 and D5. The choice of the following vector is determined by the vector that 
approaches closest the demand vector Vaem and that uses only one or two of the remained 
unchanged poles. In this example it is vector Vl. Once the on-state time of the second forcing 

vector has finished the resonant circuit must be activated again. 
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Figure 3.3.11: Switching status and time period of the mPWM2 control method 

So far both techniques need the help of the snubber mode. As the commutation time is 

proportional to the reciprocal of the load current it increases under light load conditions. This 

can be expressed with the equation (3.3.29): 

Vac om (3.3.29) =1 Igoaddt =I boea T 
2C 

f 
2C 

with Tcom is the time of the commutation process IGBT-Diode. 

To avoid the extension of the commutation time with decreasing load current a resonant mode 
is needed that is faster than the commutation time when using snubber capacitors. This leads to 

the conclusion that under light load conditions the number of switching events of the resonant 

mode has to increase. 

References [3.25,3.30 and 3.31] investigated the output spectral performance of a hard 

switched inverter applying the conventional PWM scheme and the mPWM2 scheme where one 

pole is clamped to the upper or lower rail during one modulation period. (also called bus 

clamped space vector modulation). The results show that the bus clamped space vector 

modulation has a poor performance of the output spectral performance compared to the 

conventional PWM scheme at hardswitching converters. It is assumed that a comparison will 

come to the same conclusion [3.32] when applying both control schemes at PRDCL. 

3.4 Quasi-Resonant DC-Link Inverter (q-RDCL) 

The q-RDCL is the forth sub-topology in the RDCL family branch. The q-RDCL is a cross 
between the PRDCL and the clamp basic RDCL. Most of the proposed q-RDCL claim `true' 

PWM controllability, improving the output spectral performance. Again many circuits have 
been proposed [3.33-3.42], but not all of the cited circuits show `true' PWM control. 
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Two circuits are in the following further discussed because both of them show relatively good 
PWM performance [3.40 and 3.41]. The q-RDCL uses a clamp technique known from the 
basic clamp RDCL topology. Thus the q-RDCL must be divided into the active clamp q-RDCL 
topology and the passive clamp q-RDCL topology. The topology proposed in reference [3.41] 

uses an active clamp technique and the topology suggest in reference [3.40] uses the passive 
clamp version. Topology [3.41] is discussed first. All other cited topologies work in a similar 
but design distinctive way. Regrettably space does not permit explanation of all individual 

operation modes of each converter. 

3.4.1 Principles of the active clamp q-RDCL 

The operation modes during the resonant cycle are identical to the modes A, B, C (current 
boost mode, resonant mode and clamp mode) as discussed in the active clamp basic-RDCL 
topology in section 3.2. Differences between topology [3.41] and an active clamp basic RDCL 
include the position of the clamp capacitor and its operating voltage level. In section 3.2 the 
clamp capacitor is placed parallel to the resonant inductor and the capacitor is pre-charged to a 
lower level than that of the dc-link voltage. Topology [3.41] inserts the clamp capacitor 
parallel to the inverter and the capacitor is pre-charged to around 120% of the dc-link voltage. 

Figure 3.4.1 shows the circuit and equivalent circuit of the proposed active clamp q-RDCL. An 

auxiliary zero voltage switching circuit is inserted between dc voltage source and the 
conventional inverter. The additional circuitry includes two switches (Sclamp, Dý 

,, amp and Sr, Dr), 
the clamp capacitor Cc, amp and the resonant components Lr and C,. To start the resonant cycle 
Sciamp and Sr are activated thus 120% of Vag (the clamp voltage) appears across the inverter. 
The voltage drop across L. allows to energy to be pumped into the inductor. Once enough 
energy is stored device S, is switched off and a resonant mode is activated between C, and L. 
The inverter input voltage reaches zero, swings back and is clamped via the clamp diode Dciamp. 
Six operation modes describe the converter operation. 
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Figure 3.4.1: Schematic and equivalent circuit of the active clamp q-RDCL from reference 
[3.41] 

3.4.2 Operation Modes of the active clamp q-RDCL 

The operation modes of the active clamp q-RDCL are illustrated in Figure 3.4.2 to 3.4.5. 

Steady state mode (A): Sclamp and S, are off and the dc-link voltage is applied across the 
inverter input. 

Current boost mode (B): When one of the switches in the inverter like to change its status both 

auxiliary devices are turned on and Vin� gets clamp to the defined voltage kVda across the 

clamp capacitor. In that time an increasing current is flowing from Cclamp to the dc-link 

capacitor. 
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steady state mode (A) 

Lr 

Vdc vi" 

current boost mode (B) 

Lr 

Vag kvac 
Road 

Vinv 
Tamp Cý 
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V; 
m� 

(t) = Vdc (3.4.1) Vjý,,, (t) = kVdC (3.4.3) 

ir (t) = OA (3.4.2) ir (t) =Lf (kVdC - V& ) dt (3.4.4) 
r 

Figure 3.4.2: Operation modes A and B of the active clamp q-RDCL 

Resonant mode (C): Once enough energy is stored in L (Iii) the clamp device is switched off 

under zero voltage condition. Thus the input of the inverter is released from the clamp 

capacitor and the voltage V; n� resonates towards zero. 

Zero voltage mode (D): The inverter input voltage reaches zero and the change of the inverter 

status can be carried out. During this time diode D is conducting and S is switched on under a 
lossless manner. 

resonant mode (C) zero voltage mode (D) 

Vdc 
Cr Vinv Iload Vdc 

T TI 
Vinv(t)= Vdo(1-COS(J0t)+ 

+ ZO (I 
r, 

'load) sin wot 
(3.4.5) Vmv (t) = OV (3.4.9) 

ir (t) =ifV;, v 
(t) dt (3.4.6) ir (t) = 

La° 
t (3.4.10) 

rr 

wo=1 (3.4.7) 
LTC, 

Zo = (3.4.8) 

In is the remaining current stored in the inductor Lr after the device Stump is turned off. 

Figure 3.4.3: Operation modes C and D of the active clamp q-RDCL 
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Resonant mode (E): The current direction flow of i, changes from Sr to Dr, and S, can be 

switched off under zero voltage conditions. The voltage V;, � resonates towards the dc-link 

value and overshoots. 

Clamp mode (F): When V; � is equal to the clamp voltage across the clamp capacitor Cclamp,, 
Dclamp gets forward bias. With Dciamp conducting the inverter input voltage is clamped. Once 

the energy is restored in the clamp capacitor the current flowing through Dciamp reaches zero 
Ampere and the voltage V;, drops down to the dc-link value Vac. 

resonant mode (E) 

Lr i, 

Vdc 
Cr Vinv 

1r 

T 

clamp mode (F) 

Lr 
Road 

Vd0 kVd0 
Vinv 

Cclamp Cr 

it 

Vinv(t) 
- 

Vdc (1 - COS 0) 1) 
t)+ 

(3.4.11) 
+Zo(Ir2 - Iload)sinwot 

ir (t) =if Vmv (t)dt (3.4.12) 

wo=1 (3.4.13) 
LrCr 

Zo = 
Cr 

(3.4.14) 

V; 
ý� 

(t) = kVdC 

1r \tl = Lr 
f (kVdc 

- Vdc )dt 

(3.4.15) 

(3.4.16) 

Ire is the remaining current stored in the inductor I, after diode Dc1emp starts conducting. 

Figure 3.4.4: Operation modes E and F of the active clamp q-RDCL 

3.27 



RESONANT DC-LINK INVERTERS 

ir 
Vdc 
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IR 
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-1 

Ir1 

-2 

-3 

Vinv 

Vdc 

2,00 

1,00 
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-1,00 

-2,00 FA 

-3,00 

-------------+--------------- 

--------------I-------------- 
AB 

ICI 
DI 

I--ý S 

E 

S 
_, 
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Figure 3.4.5: Normalised waveforms V; �� (bold line) and i, (solid line) of the active clamp q- 
RDCL [3.41] 

3.4.3 Principles of the passive clamp q-RDCL 

The author in reference [3.40] inserts a transformer between dc-link capacitor and input of the 
inverter allowing the voltage to be clamped using the passive clamp technique. In addition, the 

circuit consists of a small additional inductor, two switches, which are driven from the same 
gating signal and two diodes (see Figure 3.4.6). This additional circuitry is needed to allow 
PWM control. Because the resonant mode and clamp mode are exactly the same as already 
discussed in the passive clamp basic RDCL topology the operation modes will not be discussed 
in detail here. 

The general operation can be described as follows: Before a resonant cycle is initiated the 
inverter input voltage is clamped to the dc-link voltage (assuming the resonant inductance is 

small compared to the load inductance), the auxiliary inductor L12 is reset to zero current 
conditions and both auxiliary switches are off. Whenever a PWM switching command is 

generated, both auxiliary switches are turned on (under zero current conditions) to initiate a 
resonant transition. The dc-link voltage is applied via Cr and forces the inductor current 1Lr2 to 
increase. Once iLr2 is larger than the load current a second resonant mode is activated (resonant 

circuit: Cr-L11-Lr2) and the inverter input voltage resonates to zero. This mode will be 

maintained (circuit: 1,, -1,2) until the auxiliary switches turn-off. Than the voltage resonates 
towards the dc-link value and overshoots this value until it reaches kVd,., k is the clamp factor 
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given in equation 3.2.20. The current in Lr2 flows through both auxiliary diodes and decays to 

zero. Once this current reaches zero the steady state mode remains. 

A 
Lrl 

- 
it 

"P " 

Vd 
T 

£E±J 
Cr 

" Vmv, 

DciamP 

Lam, 

gad 

Figure 3.4.6: Schematic and equivalent circuit of the passive clamp q-RDCL proposed in 

reference [3.40] 

Figure 3.4.7 shows the inverter input voltage of the passive clamp q-RDCL from reference 
[3.40] over one resonant cycle. As can be seen, the voltage oscillates during the clamp mode. 
The reason for this ringing is the leakage inductance between the primary and secondary 
winding. Own simulation results showed on one hand that the ringing becomes worse if the 
leakage inductance increases, on the other hand an increase in the clamp factor leads to a 
shorter on-state time of the clamp mode. A small clamp factor leads to the extreme that the 

clamp mode suppress the steady-state mode. In this case current circulates continuously in the 
transformer leading to high losses. 
oltage/V 
700 
60 

0 
0 

05 10 15 20 
time/µs 

Figure 3.4.7: Simulated inverter input voltage waveform of the passive clamp q-RDCL [3.40] 
(see also Appendix A) 
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Chapter 4 

POLE COMMUTATED INVERTERS 

Chapter 4 analyses Pole Commutated Inverters (PCIs) in the same manner as Chapter 3 

analysed RDCL topologies. Again the study of each topology is based on an introduction of a 

simplified circuit followed by a step by step analysis of each individual operation mode. In spite 

the fact that PCIs using three identical resonant circuits for each pole, only one pole of each 
topology is analysed and drawn in the schematic. All statements and theoretical expressions 

apply therefore to the other two poles. Concerning the development of the equivalent circuit, 
the assumptions described at the beginning of Chapter 3 are once again assumed. Simulation 

results are given in Appendix A. 

PCIs can be classified into two subgroups: Resonant Pole Inverters (RPI) and Auxiliary 

Resonant Pole Inverters (ARPI). The RPI topology does not need an additional switch to 

achieve zero voltage or zero current switching, whereas the ARPI needs support from one or 

more auxiliary switches. Figure 4.1 shows the family tree of the PCI. 
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PCI 

RpI ARPI 

basic ARPI using non- 
basic RPI [4.1] symetrical switches [4.9,4.10] 

L 

basic ARPI using 
ADPI [4.2] symetrical switches [4.11] 

7-9 T-ý- 
IS 

- N-LRPI [4.4-4.8] ACPI with two auxiliary switches 
1 [4.12-4.17,4.21,4.22] 

±--4- 
ACPI with one auxiliary switch [4.16,4.17] 

-77 (31 EM- 
TiT 

_ -ý 

Figure 4.1: Family tree of the PCI topology. All schematics show only one pole including the 

phase motor inductance (except D-CRSI and S-CRSI where the complete inverter is shown). 
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4.1 Resonant Pole Inverters (RPI) 

The principles of all RPI inverters are generally speaking the same. A resonant inductor is 
inserted, connecting the output phase with auxiliary components, that are joined to the dc-link. 
The inductor carries permanently the current during the operation time of the inverter and has 

two major functions. Firstly it offers a `freewheeling mode' or sometimes called `clamp mode'. 
In this mode the switching status of the pole remains constant and a constant current is flowing 

through the inductor (except in the basic RPI, where the current is further increasing [4.1]). 
Depending on the direction of the load current the freewheeling current is larger or smaller 
than the load current level. Secondly the inductor offers the resonant mode allowing to change 
the pole status under softswitching conditions. Both main modes: freewheeling mode and 
resonant mode, alternate frequently controlled from the PWM controller. 

The principle of the RPI is analysed with the help of the Auxiliary Diode Commutated 
Resonant Pole Inverter (ADPI) [4.2]. The principals of the other RPI topologies are similar 
and can be abbreviated from the operation modes of the ADPI circuit. 

D1 S 
Cl Daux, 2 7, CauxI 

Vao 
S2 4k' 

C2 Daux2 
TIVOut 

Caux2 

........................................... 

Si 
Dl 

Ci Dauxi Cauxl 
Ir Vdc 

52 
Lr 

D2 

I 
C2 DauxC2 Caux2 Vout I load tT 

Figure 4.1.1: Schematic and equivalent circuit of one pole of the ADPI 

The circuits analysing the operation modes of the ADPI are given in Figures 4.1.2 to 4.1.6. 
Figure 4.1.7 shows the normalised waveform of inductor current it and phase output voltage 
M. O. 
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Freewheeling mode (A): To start with, it is assumed that the freewheeling diode D,,,, 2 and the 
IGBT S2 are conducting (Figure 4.1.2). D,,, ý conducts the load current IlOad and the current it 

and switch S2 conducts the current i, The current it is negative (I,, ) and the voltage Vo�t is 

clamped to zero. This mode stays on for so long until the controller commands to change the 

pole status. 

Commutation mode (B): With IGBT S2 conducting the device turns-off and commutation 
takes place between S2 and D1. The commutation process is provided with the help of 
capacitor C2 that acts as snubber capacitor. Because the impedance of inductor In is larger than 
the impedance of both capacitors C1 and C2 the current it remains constant at In, during the 

commutation mode B. 

Freewheeling mode (A) Commutation mode (B) 

C1 Cauxl Cl Cauxl 
I load lr I load Vdc 

lr 
Vdc 

Lr l. r 
Daute 1vout 

1 C2 Daute 

T2 Iv.. t IS 
Vo�ý(t) = OV (4.1.1) V0, (t) = OV (4.1.3) 
ir(t) = Ir, (4.1.2) ir(t) = Ir, (4.1.4) 

I,, is the remaining current stored in the inductor L, r during the previous freewheeling mode. 

Figure 4.1.2: Operation modes A and B of the ADPI 

Current ramp-up mode (C): With diode D1 conducting the current i, increases towards positive 
current levels. The source of the current ramp-up operation is the positive applied voltage Vac 

across inductor I, 

Current ramp-up mode (D): The current direction of it reverses its direction and IGBT Si 

carries the inductor current. The voltage V0Ut is still clamped to zero volts. 
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Current ramp-up mode (C) Current ramp-up mode (D) 

D1 C1 Caux1 S1 Cl Cauxl 
1 lr /ý/ý I load 

1 
Ir I load 

_I 
Vdc vdc ý! 7I 

Lr Lr 1vout 

D2 C2 

V0�t(t) = OV (4.1.5) Vout(t) = OV (4.1.7) 

ir(t) = Ir, + 
Ld° 

t (4.1.6) ir(t) = Ir, + 
Ld° 

t (4.1.8) 
L,, 

r 
Irl is the remaining current stored in the inductor I, during the previous freewheeling mode. 

Figure 4.1.3: Operation modes C and D of the ADPI 

Resonant mode (E): The current it is equal Iioad and the circuit becomes a resonant circuit with 
the elements L, 

, 
C.,, xl and C. 2 . 

The current ir resonates upwards above the load current. The 

voltage across Ce, 1 resonates to zero and the voltage across Ca,,, i resonates to the dc-link 

value. The resonant transition stops when diode Da, l gets forward biased. 

Freewheeling mode (F): Diode D8., conducts and the inductor L carries at least twice the 
load current. This stage remains until the next incoming control signal commands to change the 

switching status of the pole. 
Resonant mode (E) Freewheeling mode (F) 

Si 
Cauxi 

1r 10-%. o%,. % 
II load 

C2 Caux2 
-=: 

_i 
out \' 

udcý-ºr ii 
Lr 

VO, 
t 

(t) = Vdc (1- cosw at) +I ion Zo sin co of 
(4.1.9) 

/ 'r (t) = load +L (Vdo 
- Vout (t))dt j 

r 

(4.1.10) 

( 
Vdo 

lr\tý=Iload + 
rL 

0 

1 
coo _ 

Lr(Ca i +Csux2) 
(4.1.11) 

L Zo =r (4.1.12) with Zo from equation 4.1.12 
V Ce 

p+ 
CBuxz 

Figure 4.1.4: Operation modes E and F of the ADPI 

(4.1.14) 
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Vouc (t) = Vac (4.1.13) 
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Commutation mode (G): Before the pole status is changed, IGBT S1 turns off and the current 
in the inductor Lr forces the voltage across diode D2 to zero with the help of capacitor C1(see 

snubber mode section 3.3.2). 

Current ramp-down mode (H): Diode D2 conducts and a negative voltage Vac is applied across 
inductor L. Thus current i1 starts to decrease. 

Commutation mode (G) 

Cl Dauxl 

Ir I load 
Vdc 

C2 Caux2 
I ̀ %out 

Current ramp-down mode (H) 

C1 Dauxl 

11-4--(1 
Vdc 

D 2 276 Caux2 

Vout = Vac (4.1.15) Vauc = Vac 

r 
(t) =I goad + 

Vd° 
(4.1.16) ir (t) = Dead + 

Vd` 
- dc t 

Zo Zo Lr 

with Zo from equation 4.1.12 with Zo from equation 4.1.12 

Figure 4.1.5: Operation modes G and H of the ADPI 

I load 

iVout 

I 

(4.1.17) 

(4.1.18) 

Resonant mode (7): The current i, ramps down until it becomes equal the load current hoed. The 

resonant inductor In resonates with C. �xl and Ca�x2. The resonant current it commutates from 
D2 to S2 naturally as jr reverses (Figure 4.1.7). 

Resonant mode (J): The current direction of jr is negative and IGBT S2 conducts. The voltage 
V0 resonates to zero during the resonant mode and gets clamped to zero volts once diode 
Da,,, a takes over to carry the load current. 
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Resonant mode (I) Resonant mode (J) 

C1 Cauxl C1 Cauxl 

lr I load Ir I load 

_= 
Vdc Vdc 

Vout caux2 
Ivout 

Dý 2S Caux2 

T z 
Ts 

Vout (t) = Vdc cos() at 
+ IloadZO sinew of 

Vout (t) = Vdc COS 0) 0t 
+ Iload Z0 sin W of 

(4.1.19) (4.1.23) 

1r (t) ": -I load -Lf Vout (t)dt (4.1.20) ir (t) =I load- 
iJ 

Vou, (t)dt (4.1.24) 
rr 

wo =(1 (4.1.21) coo =1 (4.1.25) 
I'r(Cauxl +Caux2) Lr(Cauxl +Caux2) 

Z- 
Lr 

(4.1.22) z0 = 
Lr 

(4.1.26) 
o- C'auxl + Caux2 C'auxl + Caux2 

Figure 4.1.6: Operation modes I and J of the ADPI 

r 
Z0 

Vdc 

2 

i 

0 

1r1 - 

-1 

.2 

-3 

Vout 

Vdc 

0.50 

-0.50 

-1.50 

Figure 4.1.7: Normalised waveform of .. t (solid line) and it (dashed line) over one pole 

commutation cycle of the ADPI 

The high freewheeling current of the ADPI topology is reduced when inserting a transformer 
into the output phase of the ADPI. This is reported in reference [4.3] and the topology is called 

4.7 



POLE COMMUTATED INVERTERS 

Transformer assisted ADPI (TADPI in Figure 4.1). Both topologies make use of additional 

diodes connected at the phase output (called Da,,, l and Da,,, in the ADPI topology) allowing 

control over both the inductor freewheeling time and the peak inductor current. Figure 4.1.8 

shows a simulation result comparing both topologies under same load conditions. The 

maximum freewheeling current level of the TADPI is reduced by around 20% compared to the 

ADPI topology (simulation parameters are given in Appendix A). 
current/A 

2.51loa -------- ADPI 
21 load ------- T- 

t- TADPI 

OA 

-0.75I1oad 

05 10 15 20 25 30 35 40 45 50 55 
time/µs 

Figure 4.1.8: Inductor current waveforms of the ADPI and TADPI (Simulation results from 

Appendix A) 

In contrast to ADPI and TADPI the basic RPI [4.1] (Figure 4.1) operates without freewheeling 

current. Instead the current ramps up and down in the resonant inductor. When the controller 

commands a change in the switching status the current in the inductor is high enough to supply 

the resonant circuit with sufficient energy. Regrettably the range of PWM control is limited by 

the need to transfer sufficient energy into the resonant inductor at low duty ratios whilst 
keeping the inductor current within sensible limits at high duty ratios. To allow a reasonable 
degree of PWM control, the peak current has to be higher than 3 p. u. [4.1]. 

All RPI circuits suffer from the high current flow in the inductor that results in losses. The 

current waveform of a Non-Linear Commutated Resonant Pole Inverter (N-LRPI) [4.4-4.8], 

displays a considerably lower inductor current. The freewheeling current can be reduced to as 
low as the load current (1 p. u. ), however the saturable reactor that enables a low freewheeling 

current also requires a variable frequency control technique to be applied [4.8]. 

4.2 Auxiliary Resonant Pole Inverters (ARPI) 

The inherent freewheeling current of the RPI topology limits PWM controllability, because of 
the long transition time between building up and transferring current into the resonant inductor 

especially under light load conditions. To increase PWM controllability additional switches are 

needed to control the inductor current in a more appropriate way. The topology that makes 
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use of additional devices in a Pole Commutated Inverter is known as Auxiliary Resonant Pole 
Inverter (ARPI, Figure 4. I). 

The dc-link converter provides in general three of theses sources: upper rail (full dc-link 

voltage), lower rail (zero volts) and midpoint of the dc-link capacitors (half the dc-link 

voltage). This allow to determine when to force current flow into the inductor and the amount 
of current. The Auxiliary Commutated Resonant Pole Inverter (ACPI) makes use of the 

midpoint of the dc-link voltage (Figure 4.1), whereas all other ARPIs tap the upper and lower 

rail of the dc-link voltage or are connected to the neighbouring phases (D-CRSI, S-CRSI in 
Figure 4.1). In the following, the basic ARPI and the ACPI topologies are discussed in detail. 

4.2.1 Basic Auxiliary Resonant Commutated Pole Inverter (basic ARPI) 

The arrangements of the auxiliary switches varies with the topology (Figure 4.1). Reference 
[4.11] uses devices without antiparallel diodes. In this configuration all devices must withstand 
the dc-link voltage under forward and reverse blocking voltage. Thus symmetrical devices are 
the backbone of this topology. At the moment only symmetrical thyristors are commercially 
available (Chapter 1). In addition the inverter is unable to be PWM controlled [4.20], thus 
hysteresis control must be applied. 

Its counter part is presented in reference [4.1] and makes use of four IGBTs with antiparallel 
diodes as known in conventional hardswitching converters. This arrangement allows PWM 

control. In addition the four switches can be controlled in two different ways, either pole 
commutation takes place with a freewheeling current or without freewheeling current [4.10], as 
it is shown later. This section describes now in detail the operation modes of the topology 

proposed in reference [4.1]. 
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Si Dý Ss 
D, 

C1 C3 , 
i 1ýr 

Vdc 
S Z 

C2 Vout 

jh S4 D4 
C4 

I load 

Figure 4.2.1: Schematic and equivalent circuit of one pole of the basic ARPI using non- 
symmetrical switches 

The circuit analysis of the basic ARPI is based on twelve operation modes (Figures 4.2.2 to 
4.2.8). 

Freewheeling mode (A): A constant current I,, is flowing through IGBT S3, diode D1 and 
inductor L1. The current In is larger than the load current Iioad. The voltages Vo�t and V2 are 
clamped to the dc-link voltage Vac. This status remains until the controller demands change in 

pole status. 

Resonant mode (B): Turning off IGBT S3 results in oscillation between inductor Lr and 
capacitors C3 and C4. The voltage Vo�c resonates to zero, whereas voltage V2 remains at the 
dc-link voltage level. The inductor current it starts to ramp down. 
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Freewheeling mode (A) 

D, 

qS3 

lr load Vdc 

C2 

I 

1v2 
C4 

Ivout 

Resonant mode (B) 

Di ZY, C3 

Vag load 
Lr 

C2 
jV2 C4 

iVout 

TI 

Vogt (t)= Vac (4.2.1) Vout(t)= Vac coswof - Ir, Zo sinwof 
(4.2.4) 

Vz (t) =Vag (4.2.2) Vz (t) = Vac (4.2.5) 

1r (t) = Irt (4.2.3) ir (t) = I,, -f (Vac - Voue (t))dt (4.2.6) 

cD o=1 (4.2.7) 
1-r(C3+Ca) 

Zo=, ; 
L'_ (4.2.8) 

Irl is the stored current in the inductor I, from the previous pole commutation. 

Figure 4.2.2: Operation mode A and B of the basic ARPI 

Current ramp-down mode (C): Once the voltage Vo�t reaches zero diode D4 picks up the load 

current and clamps the voltage Vo�c to zero. The current it decreases further. 

Current ramp-down mode (D): The current i,. reaches the zero threshold and changes its 

polarity (Figure 4.2.8). IGBT S1 provides the path for the negative current in the inductor I, 
Current ramp-down mode (C) Current ramp-down mode (D) 

DI 
C3 

1: rc3 Vdc 
I load 

44 
f Lr L 

C2 ýFIV2 D4 
fVout 

1 C2 Týu2 D4 Is T 
Vo. t 

(t) = OV (4.2.9) Vo. t 
(t) = OV 

V2 (t) = Vdc (4.2.10) V2 (t) = Vac 

1r(t) = Ire - 
dc t (4.2.11) ir(t) = Ir, - 

Ldc 
t Lrr 

Ir, is the stored current in the inductor L from the previous pole commutation. 

Figure 4.2.3: Operation modes C and D of the basic ARPI 

I load 

Ivout 
(4.2.12) 

(4.2.13) 

(4.2.14) 

4.11 



POLE COMMUTATED INVERTERS 

Current ramp-down mode (E): Current i, ramps towards the negative value of the load current. 
When the inductor current it reaches this threshold IGBT S4 takes over to carry the additional 
current. Voltage V2 stays constant during the whole ramp down mode. 

Resonant mode (F): IGBT S1 turns off initiating a resonant mode. The resonant frequency is 

determined by the values of the resonant inductor I, and the capacitors C1 and C2. During 

resonant mode (F) voltage Vo�c remains zero. 

Current ramp-down mode (E) Resonant mode (F) 

S1 
Cl 

- 

LI 

C3 
C3 

it I load 1r I load 
Vdo Vdc 

LT 77 JS4 S4 

C2 Vz Vogt C2 

T 1VZ V0 

V., (t) = OV (4.2.15) Vor, (t) = OV (4.2.18) 
V2 (t) = Vdc (4.2.16) V2(t) = Vdc cos w, t- Ira Z, sin (alt 

(4.2.19) 

ir (t) = Ir, - 
LI` 

t (4.2.17) it (t) = Ira -f I(t)dt 
(4.2.20) 

(01 -1 (4.2.21) 
Lr(C, +C2) 

r 
C 

(4.2.22) Z, = 
F., + 

2 

Ira is the stored current in the inductor I, when IGBT S1 turns off. 

Figure 4.2.4: Operation modes E and F of the basic ARPI 

Freewheeling mode (G): With enough energy stored in inductor L, the voltage across 
capacitor C2 reaches zero and diode D2 starts conducting. The conducting diode clamps the 
voltage to zero and the voltage difference across the resonant inductor L, is zero. Zero voltage 
across the resonant inductor leads to freewheel the stored current Ire in inductor I, via diode 
D2 and IGBT S4. 

Resonant mode (H): When the controller demands that the pole is returned to its original 
status, the IGBT S4 is forced to turn-off. Resonance occurs between the elements 1, C1 and 
C2. Voltage V2 remains zero during resonant mode (H) and current i, increases. 
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Freewheeling mode (G) Resonant mode (H) 

CI C3 Cl C3 
Ir load Ir load Vdc Vdc 

Lr Sa Lr 1 
ID2 

+1V2 

Ivout 
D2 Ca IVouc 

Vout(t)=0V (4.2.23) Vout(t)=Vdc(1-cosw0t)-Ir2Z0sin wat 

(4.2.26) 

V2 (t) = 0V (4.2.24) V2 (t) = OV (4.2.27) 

lr(t) =Ire (4.2.25) 'r(t) = Ire +f 
\L (t) 

t (4.2.28) 

r 

co (4.2.29) O I'r(C3 +C4) 

Za =CC (4.2.30) 
4 

Ire is the stored current in the inductor Lr once diode D2 starts conducting. 
Figure 4.2.5: Operation modes G and H of the basic ARPI 

Current ramp-up mode (7): With zero voltage across the capacitor C3 diode D3 starts 

conducting. A positive voltage is applied across inductor I, r and the current it ramps further up. 

Current ramp-up mode (J): During the time when diode D3 is conducting IGBT S3 is turned 

on under zero-voltage conditions. The current it reaches zero and changes its direction (Figure 

4.2.8). Thus IGBT S3 conducts. 
Current ramp-up mode (I) Current ramp-up mode (J) 

C1 D3 CI 
S3 

1r I load 

4d: 

1ub08d 
_=H Lr *I Lr 

D2 C4 I VoUt ý D2 Ca I Vouc 

Vouº (t) = Vdc (4.2.31) Vout (t) = Vdc (4.2.34) 

V2 (t) = OV (4.2.32) V2 (t) = 0V (4.2.35) 

ir(t) = 10 + 
Ld` 

t (4.2.33) 'r(t) = 10 + 
Ldc 

t (4.2.36) 
rr 

Ira is the stored current in the inductor 1, once diode D2 starts conducting. 
Figure 4.2.6: Operation modes I and J of the basic ARPI 
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Current ramp-up mode (K): Current it changes its polarity and is boosted up to higher levels. 

IGBT S2 picks up eventually the positive current flowing through inductor L. During the 

whole boost mode voltage V2 is clamped to zero volts. 

Resonant mode (L): With IGBT S2 conducting the device is turned off. A resonant cycle takes 

place between the resonant inductor L, r and both capacitors C1 and C2. When the voltage 
across capacitor Ci reaches zero volts diode D1 starts to conduct. The freewheeling mode (A) 

takes over with a stored current of In in the inductor L (assuming zero losses in the converter 
system). 

Current boost mode (K) 

Cl 
S3 

Ir load Vdc 

Lr 
S2 C4 1-F-jVout 

Vouc (t) = VdC 

V2 (t) = oV 

Ira i w" t 
l Lr Lr 

ý' 
Lr(C, +C2) 

_ CLr 
Z' 

,+ C2 

Ira is the stored current in the inductor Lr once diode D2 starts conducting. 

Figure 4.2.7: Operation modes K and L of the basic ARPI 
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Figure 4.2.8: Normalised waveform of V01 ,, (solid line), V2 (solid line) and it (dashed line) over 
one pole commutation cycle of the basic ARPI 

The analysed basic ARPI is controlled in such a way that a freewheeling current flows through 
the resonant inductor. Reference [4.10] describes a different control scheme of the basic ARPI 

without any freewheeling currents. The idea is to store energy in the inductor only when the 

switching status of the pole changes. Thus freewheeling losses are reduced. The operation 
mode is described as follows: Assume a positive load current is flowing through diode D4 and 
all IGBTs S1, S24 S3 and S4 are off. The full dc-link voltage applies across capacitor C2. The 

capacitor can not discharge because IGBT S2 remains open. Now, the controller demands a 
change in pole status and turn-on both IGBTs S1 and S4 at the same time (SI is switched on 
under zero-voltage conditions because the dc-link voltage is applied across capacitor C2 only). 
The inductor current ramps up and above the load current level the current in diode D4 

commutates to IGBT S4 naturally. With both IGBTs conducting (Si and S4) both are turned 

off at the same time and voltage resonance is initiated across the left side of the pole and the 

right side of the pole. Resonating elements are inductor L, 1 and all capacitors C1, C2, C3 and C4. 
At half of the resonant time diode D2 and diode D3 get forward biased and start conducting. At 
this time only IGBT S3 is turned on and IGBT S2 stays open. Thus the inductor current 
decreases linearly to zero and the voltage across capacitor C2 is zero as well. To change the 
pole status to its initial state IGBT S3 is switched and capacitor C3 works as a snubber 
capacitor as discussed in section 3.3.2. In the same manner light load conditions are not 
controllable with this scheme. 
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Figure 4.1 shows two topologies called Delta-Configured Auxiliary Resonant Snubber Inverter 
(D-CRSI) [4.18] and Star-Configured Auxiliary Resonant Snubber Inverter (S-CRSI) [4.19]. 

Both topologies connect their auxiliary resonant branches between two output phases. Each 

auxiliary branch consists of a resonant inductor and a reverse blocking auxiliary switch. The D- 
CRSI uses antiparallel diodes to allow resonant current to flow in reverse direction, whereas 
the S-CRSI must block the negative voltage with a series diode. Both topologies are based on 
the principal to store energy in the auxiliary inductor and to use this to change the switching 

status of the two poles simultaneously. Although both topologies may operate with space 

vector control, the control can be very complicated because it requires sensing both load and 
resonant currents in the logic design [4.18]. Thus non-adjacent state space vector is applied. 
That means that during one inverter switching period one pole is unchanged and the other two 

poles changes their status. This control scheme is similar to the already discussed modified 
PWM control schemes applied on PRDCL topologies (mPWM, section 3.3.2). Figure 4.2.9 

shows the switching diagram of a non-adjacent state space vector modulation. 
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Figure 4.2.9: Non-adjacent space vector control 
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From an initial state of (100), i. e., switch S1 is on, and switches S2 and S3 are off, the 

allowable next states are (010), (001) or (011). This control scheme makes it difficult to apply 
the zero vectors (000) and (111). 

4.2.2 Auxiliary Commutated Resonant Pole Inverter (ACPI) 

Compared to the basic ARPI the ACPI makes use of the midpoint of the dc-link capacitors to 

store current in the inductor when commutation of the pole is needed. [4.12-4.14]. Most of the 

time the auxiliary switches are off. When a change in the pole status is demanded from the 

controller, one of the auxiliary switches is turned on under zero-current conditions allowing 

current to be stored in the resonant inductor. The amount of stored current depends on the 

commutation process of the pole. Less current is stored when the commutation process from 

the conducting IGBT to the opposite diode is needed and more current must be stored when 
the opposite commutation (Diode-IGBT) is commanded. The latter commutation is discussed 
first. 

DMsi Cl 
MSi 0.5Vac Dass DAS2 

t 14 MS2 
10.5 Vao AS 1 AS2 

Iv.. 
t 

DMS2 C2 

....................................................................................................................................... 

DMS1 
C1 

0.5Vac 
MSi 

Das I DAS2 

I` MSx C2 Load 
0.5 Vac AS I AS 2 Vouc T n.. ý_ 

Figure 4.2.10: Schematic and equivalent circuit of one pole of the ACPI 

The operation modes are analysed with the help of Figures 4.2.11 to 4.2.19. 
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Commutation Diode-IGBT: 
Steady-state mode (A): hoed is positive and the load current is flowing through diode DMS2 

resulting in a clamped zero output phase voltage V0,, c. Both auxiliary devices are open and the 

antiparallel diode D, S2 prevents current flow through inductor Lr. 

Current ramp-up mode (B): The controller commands to change the switching status of the 

pole. To do so the IGBT AS2 turns on first. The half of the dc-link voltage is applied across 
the inductor I, r and inductor current i,, ramps up. The current it reaches the load current level 

and diode DMS2 commutates to IGBT MS2 naturally. 

Steady-state mode A Current ramp-up mode 

0.5Vdc - 

i- 

Ci 
t0.5Vac 

--Cl 
AS2 

Lia DASi Iload 

0.5Vdc D Voºt 1 o. 5Vdc V 

V0 (t) = OV (4.2.45) V0 (t) = OV (4.2.47) 

ir(t)=OA (4.2.46) ir(t)=i f 0.5Vdcdt (4.2.48) 
r 

Figure 4.2.11: Operation modes A and B of the ACPI 

Current ramp-up mode (C): The IGBT MS2 conducts and the half of the dc-link voltage 
applies still across inductor I, resulting in a further increase of inductor current ir. 

Resonant mode (D): IGBT MS2 turns off and resonance takes place between L, 1, C1 and C2. 
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Current ramp-up mode C 

10.5Vdc Ci 
AS2 i, 

1Lr DASI 1 Iload 

0.5Va- I Vout j 
MS2 

Vout (t) = OV (4.2.49) 

it (t) = Iload +L0.5Vd, dt (4.2.50) 
r 

Resonant mode (D) 

10.5___ 
Ci 

T. INIAs2 1T Lr DAS1 1'°' Iload 

1 0.5Vdc 

AZ 
t( 

Vou, (t) = 0.5VdC (1 - COSO) 0t) + 

+Ir, Z0 sin wot (4.2.51) 

it (t) = Ir, +LJ (O. 5Vdc - V.,,, (t))dt 
r 

(4.2.5 2) 

w=1 (4.2.53) 
L�(Ci+ C2) 

Zo =C 
+'C 

(4.2.54) 
2 

I,, is the stored current in inductor L, when IGBT MS2 turns off. 
Figure 4.2.12: Operation modes C and D of the ACPI 

Current ramp-down mode (E): With zero volt across diode DMSI the diode gets forward biased 

and starts conducting. The resonant current it ramps down naturally, because the output phase 
voltage Vo�c is now equal the dc-link voltage and therefore a negative half dc-link voltage 
applies across the inductor I,. 

Current ramp-down mode (F): IGBT 

current ramps down linearly to zero. 
Current ramp-down mode (E) 

0.5Vdc DMsl 

TLINIAs2 k 

MS 1 is switched on under zero voltage. The inductor 

Current ramp-down mode (F) 

MS, I 0.5Vac 

TIP, r-Oh AS2 Ir 

Lt L* DAS1 ̀i'ce 
1 Iload Lr DAS1 Iload 

0.5Vdc 
Cs 

Vouc j 0.5Vdc 
CZI 

Vouc 

Voie (t) = Vac (4.2.55) Vo�t (t) = Vac (4.2.57) 

iý (t) = Iý, - 
it $ 0.5Vdcdt (4.2.56) i,, (t) = Iload - Lf0.5VdCdt (4.2.58) 

r 
Ir! is the stored current in inductor Lr when IGBT MS2 turns off. 

Figure 4.2.13: Operation modes E and F of the ACPI 
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Steady state mode (G): Once it reaches zero auxiliary IGBT AS2 switches off under zero 

current switching conditions. Diode D, s1 stops conducting and prevents the inductor current i, 

from a natural backswing. 

910.5Vac MS1 

t 1v0 I ioaa 
0.5Vdc C2 Ut ,1 

Vout (t) = Vdc (4.2.59) 
ir (t) = OA (4.2.60) 

Figure 4.2.14: Operation mode G of the ACPI 

it Zo Vcui 
Vdc Vdi 

2.00 2.00 

kt 
1.50 

-------------------------ý' -------' 
1.50 

' '. 

.i I"" 
1.00 ;I1.00 

0.50 
"". 

0.50 
" 

's 

0.00 ' "" 
0.00 

" 

AB CI D IE FIG 

tý 

-0.50 -0.51 

Vow 

vac 

2.00 

1.50 

1.00 

0.50 

0.00 

-0.50 

Figure 4.2.15: Normalised waveform of V0 (solid line) and it (dashed line) over the pole 

commutation process Diode-IGBT 

Commutation IGBT-Diode 

Steady state mode (G): IGBT MS I conducts the load current and both auxiliary devices are 
off. Diode D, s1 withstands the voltage of 0.5Vdc. Thus no current flows in inductor L, r. The 
output phase voltage is equal the dc-link voltage. 

Ramp-up mode (H): The controller demands to change the switching status of the pole. 
Therefore IGBT AS I is commanded to turn-on first. Thus the half of the dc-link voltage 
applies across the resonant inductor and the current i1 increases linearly. 

Steady state mode (G) 

0.5Vdc MS1 

DIload 

O. SVdc C2 

T1'%'0Figure 

4.2.14: Operation mode G of the ACPI 
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Stead state mode G 

O. SVac MS 147I 

ioea 
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ir (t) = OA (4.2.62) ir (t) =if (0.5 VdC - Vag )dt (4.2.64) 
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Figure 4.2.16: Operation modes G and H of the ACPI 

Resonant mode (I): Once current it reaches a defined current threshold (Ir2) that is smaller than 

the load current IGBT MS1 turns off resulting in a resonance oscillation between I, C1 and 
C2. 

Ramp-down mode (J): The voltage V0 resonates to zero and diode DMS2 starts conducting 
clamping the output phase voltage V0 to zero volts. With diode DMS2 conducting IGBT MS2 

can turned on under lossless manner. The current it decreases linearly to zero because the 

voltage across the inductor L changed its polarity during the resonant mode. 
Resonant mode (Il Ramn-down mode (J) 

O5Vdc 
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C1 O. 5Vdc 
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- Ir2ZO sin wrt (4.2.65) 
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w_0 jr (CI + C2) 
(4.2.67) 

Z° 
CLC 

(4.2.68) rz 

Ire is a defined current level threshold. 
Figure 4.2.17: Operation mode I and J of the ACPI 
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Steady state mode (K): IGBT AS 1 is switched off under zero current conditions and diode 

DMS2 is carrying the full load current Iload. 

Steady state mode (K) 

10.5Vdc Cl 

1I load 

T 

10.5Vdc 
DMS2 Va�t ( 

Vogt (t) = OV (4.2.71) 

ir (t) = OA (4.2.72) 

Figure 4.2.18: Operation mode K of the ACPI 
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Figure 4.2.19: Normalised waveform of V0 (solid line) and i,. (dashed line) over one pole 

commutation process IGBT-Diode 

Figure 4.1 shows that the number of auxiliary switching devices can be reduced to one, when 

using an IGBT in a diode bridge configuration. The advantage lays in cost reduction, but a 

sensor circuit must be integrated in the auxiliary path, providing zero current detection. This 

detector is needed to turn-off the device once the inductor current i, reaches zero. That is 

because with the diode bridge configuration none of the diodes get reversed biased to stop the 

current it from further oscillation. 
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Chapter 5 

ASSESSMENT OF CONVERTER TOPOLOGIES 

Chapters 3 and 4 identified the major classes of softswitching converters. Selected topologies 
from each class were analysed in detail and key differences in component stresses, output 

performances and control complexity were investigated. Chapter 5 provides a comparative 

assessment of softswitching topologies for motor drives applications. Sections 5.1 and 5.2 

describe advantages and disadvantages of the many sub-topologies published in the last twelve 

years. For a better understanding Appendix D shows the schematics of all topologies discussed 

in this chapter. Section 5.3 describes fundamental limitations of softswitching related to the 

physical behaviour of power diodes and IGBTs. Section 5.4 translates the outcome of section 
5.3 into topology specific constraints on PWM modulation schemes and the resulting harmonic 

output spectrum. Section 5.5 considers each major class of topology in turn, identifying 

features such as devices stresses, additional losses, output waveforms fidelity, control 

complexity, number of additional components and cost. In addition, conclusions are drawn 

concerning the most appropriate softswitching topologies. 

5.1 Comparison of Resonant DC-Link Inverters 

The following comparison is based on the author's theoretical work, simulation results and 

statements published in various papers. In this section the switching status ZVS is used when 

zero voltage is applied across the switching device. This includes also the case when an 

antiparallel diode is connected with the switching device and the diode conducts the current. 
ZCS is used when zero current flows through the switching device. 

5.1.1 Comparison of basic RDCL and clamp basic RDCL Topologies 

The unclamped basic RDCL [5.1 and 5.2] (Figure 3.1.1) finds little application in practical 
circuits because of uncontrolled inverter leg voltage and the very high levels of resonant 
inductor current. Overshoot voltages higher than three times the dc-link voltage are reported in 

reference [5.2]. This overshoot happens at times when the inverter input current changes from 

maximum positive to maximum negative value. Another drawback is the use of a sophisticated 
controller to assure proper energy in the resonant components. 
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To alleviate the high voltage stress problems of basic RDCL converter topologies, the active 

and passive clamp basic RDCL were introduced [5.3-5.7] (Figure 3.2.1 and Figure 3.2.6). The 

voltage stress across the inverter switches depends on the clamp factor. Normally a clamp 
factor of 1.2 to 1.4 is applied to achieve a compromise between overvoltage stress and the time 

period of the resonant link cycle (equation 3.2.15). 

Reference [5.8] summarises problems occurring when operating the active clamp basic RDCL 

topology. Firstly a per-cycle charge balance of the clamp capacitor is required to sustain link 

oscillation. That is, losses in the resonant components and the clamp switch must be 

anticipated and are compensated by storing sufficient initial current in the resonant inductor 
before the resonant cycle. The compensation technique tends to pump excessive charge into 

the clamp capacitor in order to ensure that the link voltage will return to zero. Unfortunately 

the excessive charge accumulation in the clamp capacitor causes the clamp voltage to increase. 
Thus a regulation loop is required to co-ordinate the conflict between sustaining link resonance 
and limiting the clamp voltage increase. The regulation requires a complicated control 
algorithm for the clamp switch, which relies on precise current sensing or current observer. 
The link resonance becomes difficult to maintain over all operating conditions. Secondly, the 

per-cycle clamp time is not constant and depends on the actual load current. Thus output 
harmonics vary. 

In contrast to the active clamp circuit, the passive clamp basic RDCL does not require an 
additional switch to activate and deactivate the clamp mode. Main difficulty lies in realisation 
of the clamp transformer, particularly where a low clamp factor is required. Under these 

conditions the transformer clamp winding and clamp diode will experience a voltage stress of 
larger than the dc-link voltage. Thus, the clamp diode will typically consist of a number of 
series connected devices adding further to the complexity and cost of the circuit. In addition, 
the transformer leakage reactance will further increase voltage stress and may lead to increased 
EMI problems. A distributed co-axial winding in an integrated magnetic assembly that 

combines the resonant inductor and the clamp transformer could alleviate this problem [5.7]. 

Besides the discussed problems with basic, active clamp and passive clamp basic RDCLs, the 
topologies lack a true freewheeling state and the link is, therefore, in almost continuous 
resonance. As a result, DPM techniques must be employed to control this class of inverter. The 

relative high levels of low frequency harmonics so introduced (section 3.1.2) may adversely 
affect performance in some applications. A further concern is the continuous flow of current in 
the resonant inductor. Levels of current considerably in excess of highest per-phase load 
current mean that a conservative, and therefore bulky, design is necessary to avoid 
unacceptable conduction losses. Table 5.1.1 summarises the discussion above. 
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UNCLAMPED ACTIVE CLAMPED PASSIVE CLAMPED 

additional switches 0 1 0 

other additional 1L, 1C 1L, 2C 1C, IT, 1D 
components 

control complexity of high very high moderate 
resonant circuit 

control type DPM DPM DPM 

switching status of ZVS /ZVS ZVS /ZVS ZVS /ZVS 
inverter switches on/off 

switching status of 
--- ZVS/ZVS --- 

auxiliary switches on/off 

max. voltage stress of 3V& W& kVda 
inverter switch 

max. voltage stress of 
-- - (k-1)Vdc --- 

auxiliary switch 

current stress of inverter 
yes yes yes 

switches ? 

current stress of 
--- yes 

auxiliary switches ? 

need of snubber no no no 
capacitor 

difficulties in control of 

comments voltage stress clamp voltage, clamp complicated transformer 

unacceptable capacitor must be pre- 
design 

charged 

Table 5.1.1: Comparison of basic RDCL inverters (T: transformer, D: Diode) 

5.1.2 Comparison of PRDCL Topologies 

The earliest PRDCL topologies [5.9 and 5.10] used four additional switches to allow resonant 
transitions between dc-link capacitor and the inverter. Besides their high circuit complexity, 
one of the four switches suffers a voltage stress of at least twice the dc-link voltage and a 
current stress of at least twice the load current [5.11 and 5.12]. Because of the inherent 

repetitive notches in the inverter input voltage, the average supply voltage is reduced, which 
limits the output power when using conventional basic space vector control. 

Reference [5.13] suggests splitting and transferring the resonant capacitor of circuits [5.8] and 
[5.9] from the input side to each inverter switching devices (section 3.3.1). The capacitors 
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have two functions: operation during resonant mode and operation during snubber mode, 
depending on the applied control scheme and directions of phase currents. The value of the 
`resonant-snubber' capacitor is given in equation 3.3.1. The transfer of the capacitor allows the 

application of modified PWM control (mPWM) to limit the average voltage drop of the 
inverter input voltage. In addition all switches could be rated to the dc-link voltage. However, 
the impact on transition time when using snubber capacitors has been already discussed in 

section 3.3.3. It was found, that under light load conditions, the commutation time extends to 

unacceptable values. Another disadvantage of mPWM is the worse output harmonics as 
discussed in Chapter 3. 

Based on topology [5.13] many topologies have been derived: for example topologies [5.11] 

and [5.14]. These PRDCL topologies were mainly motivated by the desire to optimise the 
circuit arrangement with the applied mPWM scheme. In each case the number of additional 
switches is always three. The topology proposed in reference [5.14] operates in a similar 
fashion to the ACPI discussed in section 4.2.2. The topology makes use of the split input 

capacitors, which introduces subtle charge balance problems. In order to realise softswitching 
for the full load range, the timing is also critical to control commutation energy [5.12]. 

Most of the PRDCLs mentioned so far store energy during the first half of the resonant mode 
in the commutation inductor. During the remainder of the converter cycle, the current 
freewheels in the inductor and produces conduction losses, especially when the modulation 
index is low [5.12]. References [5.15] and [5.16] use mixed capacitive and inductive storage 
elements to store the oscillation energy [5.15] thus avoiding freewheeling losses. In addition, 
both topologies use just two auxiliary switches. The main difference between the topologies is 

the use of a pre-charged resonant capacitor in topology [5.15] for energy transfer. This 

capacitor is relatively large and it seems to be difficult to balance the voltage across it. Both 
topologies suffer from the disadvantage of requiring mPWM techniques and therefore do not 
handle light load conditions. 

To summarise, none of the PRDCL topologies is `true' PWM controllable thus mPWM 
techniques must be applied. Some authors developed circuit specific mPWM control 
techniques (cs mPWM), but mPWM and cs mPWM are not satisfactory for drives applications 
(see section 3.3.3). In addition, the switch in the dc-link path, that is characteristic for 
PRDCLs, leads to constant high on-state losses, because most of the time the switch is on. The 
PRDCL is the only resonant dc-link topology that keeps the voltage stress across the inverter 
switches to the dc-link voltage level. Table 5.1.2 compares various PRDCL topologies. 
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5.10 15.91 15.131 15.121 15.151 15.161 

additional switches 4 4 3 3 2 2 

other additional components 1L, 2C 1L, 2C 1L 6C IL, 1C 1L, 7C 1L, 7C, ID 

control complexity of resonant high high moderate high 
fairly 

moderate 
circuit high 

control type cs mPWM cs mPWM mPWM cs mPWM mPWM 
mPWM 

switching status of inverter on/off 
ZVS ZVS/ ZVS/ 

/ZVS ZVS/ZVS ZVS/ZVS 
ZVS ZVS 

ZVS/ZVS 

switching status of additional 
3 ZVS/ 3 ZVS/ 1 ZVS/ 3 ZVS/ 

1 ZVS/ 1 ZVS/ 

switches on/off 
ZVS, 1 ZVS, 1 ZVS, 2 ZVS 

ZVS, 1 ZVS, 1 

ZCS/ZVS ZCS/ZVS ZCS/ZCS ZCS/ ZCS/ZVS 
ZVS 

max. voltage stress of inverter switch Vdc Vdc Vac Vdc Vac Vdc 

max. voltage stress of auxiliary 2 Vag 2 Va, Vd, Vdc Vdc Vdc 
switch 

current stress of inverter switches ? ye; yes yes no yes yes 

current stress of auxiliary switches ? yes yes yes no yes yes 

need of snubber capacitors no no yes no yes yes 
improved problems also pre- problems 

comments control to 
many 

at light known charged at light devices 
5.9 load ZVT capacitor load 

Table 5.1.2: Comparison of several PRDCL topologies (cs mPWM: circuit specific mPWM. 
ZVT: PRDCL topologies that applies zero voltage switching to IGBTs and diodes without 
increasing their voltage or current stresses are also known as (ZVT) zero voltage transition 

converter. The same applies for (ZCT) zero current transition converter) 

5.1.3 Comparison of q-RDCL Topologies 

The earliest active clamp q-RDCL topologies were derived from active clamp basic RDCL 

topologies and used `resonant-snubber' capacitors. The clamp mode time of the active clamp 
basic RDCL was set to be rather large compared to the resonant mode time. This could be 
done by precise definition of the LC relation [5.17]. A longer duration of clamping time gives 
the opportunity to include a certain amount of PWM control [5.17]. Nevertheless, strictly 
speaking, these early topologies were not `true' q-RDCLs, because the dc-link voltages still 
underwent continuous cycle by cycle resonant oscillation that was only interrupted by a long 

clamp mode. The large circulating currents present during the long clamp mode also led to 
significant inductor conduction losses. 
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Other early q-RDCL topologies [5.18] short the resonant inductor in the dc-link path by using 
a switch. During the time where no change in the inverter switching state is commanded, the 
dc-link voltage is applied across the input of the inverter. On opening the switch a resonant 
mode is activated between L and C. In this topology C is across the input of the inverter and 
every change in switching status of each switch must share this capacitor. In this configuration 
neither mPWM nor PWM can be applied [5.17]. 

As q-RDCL topologies have progressed, many circuits and control ideas have been published 
[5.19-5.22]. However, all topologies have one main drawback: an increase in the number of 
additional components and switches. For example, the topologies of references [5.17 and 5.18] 

use only one additional switch, whereas the topology of reference [5.21] uses four. 

A somewhat different topology in the long list of q-RDCLs is proposed in reference [5.23] 
(Figure 3.4.1). Firstly only two additional switches are required. Secondly the clamp capacitor 
is pre-charged to over the dc-link voltage level. None of the other q-RDCLs use clamp 
capacitors that are pre-charged to a level above the dc-link voltage. Topology [5.23] is 

explained in detail in section 3.4.1. Unfortunately one of the auxiliary switches sees a high 
inrush current. This occurs because of a flow of charge from the clamp capacitor into the 

parasitic capacitances of the inverter devices. The inrush current leads to EMI problems and 
turn-on losses. 

As already discussed for the active basic RDCL topologies, the largest difficulty in 
implementing the active clamp q-RDCL lies in maintaining the correct level of charge on the 

clamp capacitor. In general, active clamp techniques tend to pump excessive charge into the 

clamp capacitor in order to ensure that the link voltage will reach zero during resonant 
transition. As a result the clamp voltage will tend to increase without limit. Regulation of the 

clamp voltage seems to be very difficult, especially as switching frequencies are increased. 

The development of the passive clamp q-RDCL has not been as dramatic as the development 

of the active clamp q-RDCL. Figure 3.4.6 shows the standard arrangement of a passive clamp 
q-RDCL. Although the control of the circuit is less complicated compared to an active clamp 
q-RDCL, a complicated transformer design is needed as discussed in section 5.1.2. Reference 
[5.24] describes an arrangement to reduce the number of switches from two to one. It replaces 
one of the switches in Figure 3.4.6 with an inductor. This additional inductor must be 

magnetically coupled with the transformer, adding further to its complexity. 
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5.18 5.17 15.211 15.231 15.81 15.241 

additional switches 1 1 4 2 2 1 

other additional 1L, 2C, 1D 1L, 7C 2L, IC, 1L, 2C 1C, IT 1C, IT 
components IVS, ID 

control complexity of high high complex fairly high moderate moderate 
resonant circuit 

control te cs PWM cs PWM PWM PWM PWM PWM 

switching status of ZVS/ZVS ZVS/ZVS ZVS/ZVS ZVS/ZVS ZVS/ZVS ZVS/ZVS 
inverter on/off 

switching status of 1 4 1 ZCS/ZVS, 
additional switches 1 ZVS/ZVS ZVS/ZVS ZVS/ZVS 1 ZVS/ZVS 2 ZCS/ZCS 1 ZCS/ZCS 

on/off 

max. voltage stress of kVda kVdo kVdo kVd0 kVdo kVdo 
inverter switch 

max. voltage stress of 2Vdc 2Vdo Vdc Vdc Vdc Vdc 
auxiliary switch 

current stress of yes no no no no no 
inverter switches ? 

current stress of yes yes yes yes yes yes 
auxiliary switches ? 

need snubber no yes no no no no 
capacitors 

also known as clamp mode 
inrush-current 

difficult very difficult 

comments synchronised longer many devices 
during turn-on of transformer transformer 

RDCL resonant mode 
one auxiliary design design 

device 

Table 5.1.3: Comparison of several q-RDCL topologies (VS: voltage source, T: transformer, 
D: Diode, cs PWM: circuit specific PWM) 

Finally a comparison of the output harmonic spectra between active and passive clamp q- 
RDCL is shown in Figure 5.1.1. The comparison is done using PSPICE simulation. The 

simulation shows that the passive clamp q-RDCL, produces high distortions at low frequency. 
That is because the passive clamp q-RDCL has no charge control during resonant mode. The 

active clamp q-RDCL is able to control the charge balance using the clamp switch. 
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Figure 5.1.1: Output spectral performances of active and passive clamp q-RDCL (Vd,: =60OV, 
fs 1OkHz, f=5OHz, m, =0,5) 

5.2 Comparison of Pole Commutated Inverters 

As in section 5.1 the comparison is based on the author's own theoretical work, simulation 
results and statements given from other authors. 

5.2.1 Comparison of RPI Topologies 

The constantly increasing or decreasing current of the resonant inductor of the basic RPI 
[5.25] (Figure 4.1) leads to very high inductor losses and strong limitations on the range of 
application of PWM control. As a consequence it is of little interests for drives applications. 

The resonant inductor current of the ADPI [5.26] (Figure 4.1) flows continuously and has to 
be substantially larger than the load current to provide enough energy for the resonant mode 
and the freewheeling mode. High peak current (larger than 2.5*I1opd) in the resonant inductor 
during the freewheeling mode causes significant overall losses. To limit this peak current the 
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capacitors parallel to the clamp diodes have to be set very large at the expense of the output 

voltage transition time degree of PWM controllability. 

The TADPI [5.27] (Figure 4.1) reduces the inductor freewheeling time to around 30% 

compared to the ADPI topology (Figure 4.1.8). Careful design of the inductor is of great 
importance in keeping the overall losses down. These include the on-state losses of additional 
diodes and those of the transformer. PWM controllability is limited as for the ADPI. 

BASIC RPI ADPI TADPI N-LRPI 

additional switches 0 0 0 0 

other additional 3L, 3C 3L, 12C, 4D 2L, 15C, 3T, 12D 6L, 6C 

components 

control complexity for 
moderate fairly high fairly high high 

resonant circuit 

control te pseudo PWM PWM PWM PWM 

switching status of ZVS/ZVS ZVS/ZVS ZVS/ZVS ZVS/ZVS 
inverter on/off 

switching status of 

additional switches on/off 

max. voltage stress of Vd. Vdc Vdc Vdc 
inverter switch 

max. voltage stress of 2Vao 2Vda Vdo Vdc 
auxiliary switch 

current stress of inverter 
yes yes yes yes 

switches ? 

current stress of 

auxiliar switches ? 

need freewheel current? yes yes yes yes 

need coupled 
comments 

for drives not high freewheeling 
many devices 

saturation 
suitable current L- 

I inductors I 
Table 5.2.1: Comparison of several RPI topologies (pseudo PWM: current ramps up and 

down. To limit excessive overcurrent, pole transition must be activated, even when no change 
from controller is commanded) 

The N-LRPI (Figure 4.1) has a distinct advantage over other RPI topologies in that the 
installed switching power of the semiconductor is close to 1 pu. The first proposed topologies 
[5.28 and 5.29] needed an additional current source to maintain charge balance across the dc- 
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link capacitors. Later versions [5.30-5.32] eliminate the current source using an additional 
current feedback winding on the saturable inductor. However, the mode of operation of any N- 
LRPI requires that changes in duty ratio must be accompanied by changes in switching 
frequency [5.32]. Table 5.2.1 shows a comparison of the RPI topologies. 

All RPIs suffer high losses during freewheeling mode and have limited PWM control 
capability. Furthermore, many RPI carry a large freewheeling current, particularly under light 
load conditions. Resonant inductor losses and dv/dt stress can be only reduced by limiting the 
PWM range. 

5.2.2 Comparison of ARPI Topologies 

The resonant transition times of the RPI topologies are relative long. Long transition times 
degrade PWM controllability. To bring PWM control one step closer, the basic ARPI can be 

used (Figure 4.1). Here the ARPI may be operated with [5.25] or without a freewheeling mode 
[5.33]. In both topologies the load current must be used to charge the device snubber 
capacitors during half of switching transitions. This produces variable transitions times and 
decreases the inductor current but limits performances at light load currents. The current stress 
of all switches proposed in reference [5.25] varies between Iload and 1.5*Iload. Aside from 

academic interest in this topology one must conclude that a practical implementation is 
hindered by 6 additional devices rated to the same values as the main switches and the complex 
control structure. The topology in reference [5.33] uses auxiliary switches that are from 

smaller power range than the main switches. Nevertheless the number of devices and control 
complexity makes both circuits unattractive for drives applications. 

The ACPI [5.34] (Figure 4.1) seems to offer a good compromise between voltage transition 
time and degree of PWM controllability. Firstly, no freewheeling current flows through the 
resonant pole inductor, giving much reduced losses. Secondly, a high degree of PWM control 
can be achieved without excessive device stress at higher inverter switching frequency. This 
circuit does, however, require a large number of active devices and has hitherto been 
discounted largely on cost grounds. An additional problem may arise under low frequency 
output conditions due to asymmetric charging/discharging of the split dc-link capacitance. This 
will cause the mid-point voltage to drift unless charge balance control is applied. 

Attempts to eliminate the charge drift of the ACPI have resulted in the D-CRSI [5.35] and the 

, 
S-CRSI [5.36] topologies (Figure 4.1). The D-CRSI has the advantages of avoidance of over- 
voltage ringing due to the junction capacitances of the diodes and parasitic components in the 
auxiliary circuit. It is, therefore, suitable for multiphase operation without circulating current 
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between of state branch and its corresponding output load current [5.35]. However, the 
drawbacks for both topologies is that in each case two legs must change state simultaneously 
limiting the flexibility of any applied PWM control strategy. 

BASIC ARPI ACPI D-CRSI S-CRSI 

additional switches 6 6 6 6 

other additional 3L, 12C 3L, 6C 3L, 6C 3L, 6C, 1D 
components 

control complexity for fairly high moderate high high 
resonant circuit 

control te PWM PWM pseudo PWM pseudo PWM 

switching status of ZVS/ZVS ZVS/ZVS ZVS/ZVS ZVS/ZVS 
inverter on/off 

switching status of ZVS/ZVS ZCS/ZCS ZCS/ZCS ZCS/ZCS 
additional switches on/off 

max. voltage stress of Vd. V& Vdc V& 
inverter switch 

max. voltage stress of 2Vac 0.5V& Vdc VdC 
auxiliary switch 

current stress of inverter 
no no no no 

switches ? 

current stress of 
yes yes yes yes 

auxiliary switches ? 

need freewheel current both possible no no no 

can be controlled all three phases non-adjacent non-adjacent space comments with or without must be connected space vector vector control freewheeling to the same mid- control 
current point 

Table 5.2.2: Comparison of several ARPI topologies (pseudo PWM: non-adjacent space 
vector control, Figure 4.2.9) 

5.3 Switching Speed Limitations of PT and NPT IGBTs 

In practical semiconductor switches, current and voltage transitions do not occur 
instantaneously. This situation is exacerbated in bipolar devices by the need to establish and 
remove quantities of stored charge (the well known forward and reverse recovery effects in 
diodes and voltage and current tailing effects in IGBTs are all examples of this phenomenon). 
In controlled devices, this manifests itself as a variable delay between the application of the 
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control signal and the demanded change in switch state. Clearly, any ZVS or ZCS scheme 

which requires a controlled switch to change state at the zero point will be sensitive to such 
delays. To avoid such problems, most softswitching implementations employ the uncontrolled 

characteristic of the diode for either the turn-on or turn-off transition. Consider, for example, 
the combination of IGBT and antiparallel diode. In ZCS applications, turn-on is achieved using 

the IGBT while turn-off is achieved by forcing the current to zero using an external circuit. 
The external circuit is arranged to provide the necessary current reversal between turn-on and 

turn-off and the IGBT is turned off in a zero current manner. For ZVS operation, turn-off is 

achieved using the IGBT while turn-on requires the diode to be forced into conduction first 

before turning on the IGBT. Again, the external circuit must ensure the required current 

reversal. 

The operation of bipolar switching devices is also strongly influenced by the rate of change of 

applied voltage or current. In the case of diode commutation, the rate of change of current 

must be limited to prevent excess reverse recovery current. For example, when used as a series 
blocking device in a ZCS application (e. g. the auxiliary devices in an ACPI), the diode's 

recovery characteristics must be respected when choosing a suitable value for the ZCS 
inductor. It is also sensible to limit di/dt values in ZVS applications to avoid potential reverse 

recovery currents. 

iý 

i J' 
VC 1C 

current 
overshoot 

1 

voltage 
overshoot 

--------/' 

time 
to t1, 

Figure 5.3.1: IGBT collector current (dash line) and collector voltage (solid line) waveforms 
for a hard switched inverter bridge leg under inductive load conditions. Current overshoot is 

due to diode reverse recovery, voltage overshoot is due to stray inductance and diode forward 

recovery 
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Under hard switched inductive load conditions, IGBTs suffer significant losses due to current 
tailing at turn-off and, to a lesser extent, voltage tailing at turn-on (Figure 5.3.1). 

These losses are associated with the build up (turn-on) and decay (turn-off) of the stored 
charge in the wide base region of the device (Figure 5.3.2). 

V n+ 
emitter gate 

lightly doped n 
type epi-layer 

buffer layer n+ 

- 
ýJ P+ n+ ý 

emitter gate 

50µm 

lightly doped n 
type wafer 

-300pun 

p substrate 

collector -300prn 
p` layer collector 

Figure 5.3.2: Punch through (PT) and non punch through (NPT) IGBT structures 

To avoid voltage tailing losses in softswitching, di/dt values must be limited to ensure that the 
level of n-base charge tracks the current. In practical terms this means that the current rise time 
t,; should be much greater than the n-base diffusion time tNB: 
tri » tNB (5.3.1) 

Adequate conductivity modulation (i. e. sufficient levels of charge) can only be attained if the 
lifetime of carriers in the n-base, i, is comparable with the n-base diffusion time [5.37]. Hence: 
tR >> z (5.3.2) 

During hard switched turn-off, n-base charge extraction occurs through a mixture of 
recombination and carrier sweep out during the turn-off dv/dt and recombination alone during 
the subsequent tail period. In softswitching, dv/dt driven carrier sweep and natural 
recombination act together throughout the turn-off process. 

The effect of the charge sweep out term can be seen on many softswitching waveforms as a 
characteristic `bump' in the collector current during the rise of collector voltage. To avoid the 
resulting switching losses it is necessary to make the softswitching voltage transition time, t, 
much longer than the carrier lifetime. 
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tr, »z (5.3.4) 

It is clear that the carrier lifetime performs a central role in determining the limits to effective 

softswitching operation. The lifetime is, in turn, determined by the need to produce effective 
conductivity modulation in the base region of the diode or IGBT [5.37]: 

2 

>w (5.3.5) 
4D. 

where wl., s is the width of the n-base region and D. is the ambi-polar diffusion coefficient. For 

typical punch-through (PT) epitaxial IGBT and pin diode structures, the n-base width can be 

estimated from the blocking voltage VBR: 

wNB N Eax 
(5.3.6) 

c 

where Ec is the critical field in silicon (approx. 250kV/cm). Combining equation (5.3.5) and 
equation (5.3.6) shows that the high-level lifetime must vary as the square of the breakdown 

voltage. For example, a 1200V device could be expected to display a carrier lifetime of some 
200ns. This in turn places a lower limit on softswitching transition times of around 600ns (3 z) 
for significant reduction in switching loss. For non-punch-through (NPT) IGBTs, the lifetime is 
determined by the thickness of the silicon wafer used in processing. For example, a typical 
wafer thickness of 300µm requires a lifetime of around 7.5µs. Even allowing for some increase 
in forward voltage drop it is unlikely that this lifetime could be reduced much below 2µs which 
is still a factor of 10 larger than in a 1200V PT structure. For hardswitching applications this is 

not a problem since the longer lifetime is compensated by a much reduced initial tail current, 
leading to comparable or even reduced switching loss [5.38]. Under softswitching conditions, 
however, the requirement for greatly increased transition times mean that NPT devices have 
limited application. 

5.4 PWM Limitations of Softswitching Topologies 

From the foregoing discussion, it is clear that the voltage and current transition times must 
exceed certain minimum values for the full benefits of softswitching to be realised. In addition, 
the voltage transition times should not be sensitive to changes in load current. These 

requirements effectively define maximum values for both the resonant frequency and resonant 
tank impedance: 

11 dv 
w°_ 

LC Veff dt 
(5.4.1) 

z0 =C f<_V I` 
ff (5.4.2) 

load, max 

VVff is the effective voltage amplitude of the resonant pulse and is determined by the converter 
topology and level of boost current. In general it should be slightly greater than the dc 
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reservoir voltage, Vdc, for RDCL topologies and slightly greater than VdJ2 for the ACPI and 

related topologies. A further restriction might be placed on the maximum rate of change of 

current and hence the resonant inductor: 

di -, 
L> VdýCdt 

J max 

(5.4.3) 

It has been shown that the various classes of converter topology exhibit different per-unit (pu. ) 

transition times. For example, the active clamp q-RDCL with a clamp factor of 1.2 has a 
transition time of around 2.06 pu. while the ACPI displays an average transition time of just 

0.5 pu. The minimum times for which a high (thin) or low state (t1,,;,, ) can be applied to the 

output of an inverter leg may then be estimated (Figure 5.3.3) and the PWM range available at 

a given switching frequency determined: 

RPM =1- 
th'm'°T tjmý 

=1-2NP�Tof3 (5.4.4) 
T. 

kmin 
A b2 

V. 
inv 

Figure 5.3.3: Inverter leg voltage for a RDCL inverter showing minimum high and low leg 

output state durations 

For a given topology and dc reservoir voltage, the maximum resonant frequency compatible 
with a softswitching transition time of t� may be estimated: 

co 0Veff < 
Vd° 

(5.4.5) 
t. 

Substituting this limiting value into (5.4.4) yields: 

RPw =1- 4nNP�t. f, V°ff 
Vdc 

(5.4.6) 

The equivalent PWM range for a hard switched topology may be determined from the 

minimum pulse width time tb: 
RPxw =1- 2tbf, (5.4.7) 

Equations (5.4.6) and (5.4.7) permit a comparative assessment of PWM control range to be 

made (Figure 5.3.4). It has been assumed that the minimum pulse width time can be well 
approximated by the minimum softswitching transition time. 
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Figure 5.3.4: Basic space vector PWM control range as a function of normalised switching 
frequency. For RDCL topologies, control performance is also affected by the available PWM 

resolution -a control range of 2/3 corresponds to the onset of DPM operation 

The above discussion of PWM range assumes that each leg may be considered independently. 

While this is true for PCI topologies, the common dc link of RDCL inverters implies a degree 

of coupling. Switching state transitions in different inverter legs must either occur during the 

same link transition or be separated by a time which is no shorter than the link transition time 
itself. It is, therefore, possible to define a resolution figure for RDCL topologies: 

OPA = 2nNP�t. f, V`ff (5.4.8) 
Vdc 

As the PWM frequency increased, both the PWM range and PWM resolution will be decreased 

until the link is in continuous resonance. In the case of basic space vector control, six link 

transitions are required in each PWM cycle. If the PWM frequency is increased to the point 

where the PWM resolution equals 1/6 (this corresponds to a PWM range of 2/3 in Figure 
5.3.4), the inverter will be forced into a DPM control regime. It is also worth noting that the 

resonant link voltage is seen by all legs of the inverter at each transition. This not only 
increases the voltage distortion at the inverter output but effectively triples the number of 

voltage transitions seen by the motor windings. As many as half of these link transitions may be 

eliminated in certain topologies by placing individual snubber capacitors across the main bridge 

switches rather than utilising a single resonant capacitor. In this case, the load current is used 
to charge the snubber capacitance during IGBT turn-off. The voltage transition time is then 
dependent on the load current, leading to impracticable slow transitions under light load 

conditions. As the individual snubber capacitance is just one third of the capacitance seen 
during resonant transitions (equation 3.3.1), it is also necessary to ensure the highest load 

currents do not produce excessive device dv/dt. A technique to reduce the number of link 

transitions, involving modification of the basic space vector PWM strategy (mPWM), has 
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already been discussed. It has been shown, however, that this typically results in reduced 
output current quality and is, therefore, of limited application (section 3.3.3). 

5.5 Overall Comparison of Converter Topologies 

The basic RDCL, active clamp and passive clamp basic RDCL find little application in practical 
circuits because of the uncontrolled inverter leg voltage and the very high levels of resonant 
inductor current. DPM control techniques must be employed to control this class of converter. 

PRDCLs show bad output harmonics performance because of the use of mPWM -a situation 
that becomes worse under light load conditions. 

Q-RDCLs are a mixture between PRDCL and active or passive clamp basic circuit. This 

combination allows a high variety of topologies. However, when increasing inverter switching 
frequency the output performance of this topology becomes similar to a DPM controlled active 
or passive clamp basic RDCL, for given LC values. Changing the LC values (making them 

smaller) allows a higher PWM range but dv/dt stress increases, ultimately approaching the 

values seen in hardswitching. In addition, all q-RDCL employ a pre-charged capacitor with the 

attendant problem of maintaining the charge constant at high converter switching frequency. 

RPI topologies suffer from high losses during freewheeling mode and have limited PWM 

control capability. Furthermore, they carry a large freewheeling current, which introduces 

additional losses that are particularly noticeable under light load conditions. Resonant inductor 
losses and dv/dt stress can only be reduced by using either additional switches or by limiting 

the range of PWM control. In addition retaining high PWM resolution at high switching 
frequency demands increased output dv/dt stress. Of all ARPI variants discussed in the thesis, 
the ACPI seems to be the most promising offering a high degree of PWM control without 
excessive device stress at high frequency. 

Table 5.5.1 provides a comparison of the resulting softswitching topologies and the hard 

switched topology according to a variety of performance metrics. 
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-RDCL PRDCL ACPI HARD SWITCHED 

additional components + + ++ 0 

relative PWM range: equation 

5.5.1 
0,08 0,32 0,63 1,0 

limited PWM resolution? Yes Yes No No 

inverter switching frequency + + ++ 0 

reduced overall switching losses + + + 0 

additional conduction losses ++ ++ + 0 

overall efficiency + + ++ 0 

output voltage distortion ++ ++ 0 + 

output dv/dt control + + + 0 

current output harmonics + + 0 + 

size and weight 0 0 0 0 

initial cost + + ++ 0 

Table 5.5.1: Performance comparison of some common softswitching voltage source inverter 

topologies (+: high, ++: very high) 

The PWM control performance figures are derived from the PWM range defined in equation 
(5.4.6): 

Vac 

%s 
27rNPu Veff (5.5.1) 

All figures assume a common dc reservoir voltage level, identical switching transition times 

and make use of the best, theoretical per-unit transition times. Of the soft switched topologies, 
it is clear that the ACPI performs best while active clamp q-RDCL topologies are at distinct 
disadvantage. Identical switching transitions mean that switching losses and levels of output 
dv/dt are reduced to similar levels in all considered soft switched topologies. The reduction in 

softswitching loss must, of course, be considered against the losses in the resonant tank and 
any auxiliary switches. In the case of RDCL topologies, additional conduction losses occur as 
the result of either an inductor or switch in series with the main power path while additional 
output voltage distortion arises because of limited PWM resolution. 

It should be noted that the PWM control range and therefore the PWM control performance 
effectively determines the ranges of output voltage available from the converter. Using Figure 
5.3.4 the voltage is therefore a function of transition time and inverter switching frequency. 
The transition time is determined for both, hard and soft switched converter, by the physical 
limitations due to switching behaviour of the devices or the LC values. The transition time of 
the ACPI has to be set lower than that of the hard switched converter to limit dv/dt stress (e. g. 
transition time of ACPI is twice as long as for a hard switched converter). To allow the ACPI 
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the same PWM control range the switching frequency must be higher than that of the hard 

switched converter (e. g. more than twice). As will shown in Chapter 7 an increase of switching 
frequency of the ACPI is attainable, because of its low losses. 

In the final reckoning, performance benefits must be weighed against the additional cost. The 
ACPI variant may have a brighter future if a sufficient large number of components can be 
integrated into a single power module, additional control hardware could be limited and 

number of sensors reduced. Regrettably semiconductor industry have not yet offered modules 
that allow integration of the switching arrangement of ACPI in one module. In addition power 
semiconductors have been optimised for hardswitching. Optimisation for soft switched 
operation could yield reductions in silicon area. Finally further reduction in cost is possible 
once the number of sensors needed for the ACPI can be reduced. The following chapter 
describes a control method that reduces the number of sensors and limit the control hardware. 
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Chapter 6 

EXPERIMENTAL ARRANGEMENTS 

This chapter describes the arrangement of an electric drive system. Chapter 6 is sub- 
divided into five sections. Section 6.1 describes in general the experimental set-up of the 

converter test circuit. Section 6.2 analyses the power converter technology. In addition 
this section analyses a novel scheme for sensorless control of the ACPI, that has not been 

published elsewhere. The hardware set-up of the controller is discussed in section 6.3. 

The load configuration and test equipment are described in section 6.4 and 6.5 

respectively. More detailed circuit diagrams are given in Appendix B for the power 

converters and their additional electrical and electronic circuits. Also Appendix B 

includes the hardware set-up of the controller and the software code. 

6.1 Experimental Arrangements of the Drive Set-up 

An electric drive system for induction motors comprises of four main elements; the 

electrical power converter, the induction motor, the mechanical load and the control 
electronics. For experimental purposes the mechanical load and the induction motor can 
be simplified to an inductor-resistor load bank. This simplification is allowed when 
focusing on switching losses, overall efficiency or stress of the converter rather than on 
drive performances. 

Each converter is connected between a 3-phase power supply and the 3-phase load bank. 
The load is represented by three inductors and three large resistors. Each output phase of 
the inverter is connected to an inductor connected in series with a resistor. The bulky 

resistance of the load bank allows around 20kW of power dissipation and all three 

resistor-inductor phases can be either star or delta connected. The converter is controlled 
by an electronic control system communicating with a PC. Figure 6.1.1 shows the 

experimental test circuit of the converters. During the developing process of the test 
bench the design philosophy behind the complete system was to produce a test bench 

that would be flexible (allowing quick rearrangements in the set-up), modular (easy 

exchanges of components) and test friendly (accessibility for measurements). 
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Figure 6.1.1: Arrangement of the converter test circuit 

6.2 Power Converters 

A 20kW hardswitching converter and a 20kW ACPI converter have been developed for 

comparative study. Figure 6.2.1 shows the general set-up of both converters. Each 

converter has four main elements; the input rectifier, dc-link filter, dc-link dump, and the 
inverter. It was decided to keep the arrangements of the rectifier, dc-link filter and dc- 
link dump when changing the inverter from the hardswitching configuration to the ACPI. 

4 

Figure 6.2.1: Converter arrangement 

6.2.1 Input side 

.................... 

Xýq 

A simple diode rectifier bridge is used to rectify the three phase supplying dc-link voltage 
(Figure 6.2.1). The rated input voltage of 415V line to line allows an average dc-link 

voltage of around 560V. The rated power line current is 30A per phase. The choke 
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between dc-link capacitor and rectifier limits the inrush-current and in conjunction with 
the dc-link capacitor and the input line inductance it improves the current form factor. 
The dc-link capacitor and choke provide the dc-link filter, which reduces the voltage 
ripple from the output voltage of the rectifier. The main functions of the dc-link 

capacitor are to act as a energy storage reservoir, and to present a low supply impedance 

to the inverter bridge. 

When connecting the converter with a motor a reverse power flow takes place when the 

motor acts as a generator or during the braking mode. With a diode bridge rectifier this 

energy can not be transferred into the main power supply. Thus energy has to be dumped 
into a resistor. This function is taken from the dump circuit. A hysteresis controller 
determines when to switch on or off the dump IGBT depending on the dc-link voltage 
level. However because of the inductor-resistor load bank reverse power flow can not be 

generated and the dump driver would never be active. Nevertheless it was decided to 
implement a dump circuit to allow induction motor drives for later research work in 
drives performance. 

6.2.2 Output side 

Hardswitching: 

The load bank is connected to the poles of the inverter. Each pole includes one upper 
and one lower IGBT with anti-parallel diodes representing two switches (upper switch 
MS I and lower switch MS2). For every pole low-saturation IGBT modules, including 

two switches from Toshiba with rated values of 1200V and 150A, have been used 
(MG15OQ2YS11). The decision to use these Toshiba modules results in compromising 
between cost and performance. From the viewpoint of performance the device 
MG15OQ2YS11 promises improved switching losses under zero-voltage conditions, 
because of its relative short and small tail currents. The device is manufactured from an 
epitaxial silicon structure that includes a small buffer layer doped with life time killers. 
That results in short and small tail currents [6.1]. Compared with homogeneous silicon 
structured devices such as the device BSM150GB123D from Siemens power loss 

reduction shows no strong improvement under zero-voltage switching [6.1]. In addition 
the Toshiba module is on average in price compared to its competitors (SEMIKRON 
SKM150GB123D: £247, Toshiba MG150Q2YS11: £173, Siemens 
BSM150GB12ODN2: £135; all rated at 150A/120OV). The PT-IGBTs are controlled by the 
driver module IHD680AN from Concept. This driver allows isolation between low 

voltage side and high voltage side, voltage saturation protection and +/- 8A gate current. 
The hardswitching inverter was tested up to 20kW with a maximum frequency of 20kHz. 
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A sinusoidal PWM control scheme was implemented in the controller with a maximum 
modulation index of 1. The robust IGBTs made the use of snubber circuits unnecessary. 

ACPI: 

Each pole uses the same IGBT modules and drivers as used in the hardswitching 
inverter. The additional auxiliary path includes two ultra fast IGBT modules from 
International Rectifier (IRGPC50KD2) driven by IIID680AN Concept drivers (AS1 and 
AS2 in Figure 6.2.2). The IR modules are very fast in turning on and turning off. The 

maximum impulse current is 100A. This value is needed when the resonant peak current 
ramps up to around 80A at maximum load current. Alternative topologies are possible 
for implementing the auxiliary switch. Reference [6.2] discusses the use of one switch 
combined with four diodes in a bridge configuration (Figure 4.1 in Chapter 4). Although 

saving on one active device driver, this solution needs a current detection circuit to 

ensure turn-off at zero current during the resonant mode. The zero-current switching 
operation of the auxiliary switches permits the use of thyristor like devices. References 
[6.3 and 6.4] use MCTs whilst [6.5] uses two antiparallel thyristors. At present, MCTs 

are limited in their current handling capability and available thyristors have long recovery 
times. For these reasons individual IGBT co-packs, including ultra fast antiparallel diodes 

were utilised. The size of the resonant inductor and resonant capacitors depends on 
overall efficiency demands, PWM controllability and output spectral performance. 
During test runs a resonant inductor of 5.7µH was used in combination with two values 
of capacitance (20nF and 67nF) for comparative purposes. A detailed discussion on how 

resonant inductor and resonant capacitor influence the performance of the ACPI is given 
in Appendix C and Chapter 7. A more detailed discussion of auxiliary switches in this 
topology is given in reference [6.2]. 

Rsuo C8 
0 

ýr 

r 
T 

Besides the discussed switches and passive components the ACPI need further additional 
components. Two free-wheeling diodes are needed to allow to turn-off the auxiliary 
devices at any time even when still carrying the resonant current. In this case the diodes 
clamp the potential to the upper or lower rail, and provide a current path for the stored 
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current in the inductor. Thus the inverter can be turned off at any switching status 

without damaging the auxiliary devices. The RC combination in parallel to the auxiliary 

switches is needed to suppress voltage oscillation across the auxiliary devices during 

turn-off. Once the conducting auxiliary device turns off resonance occurs between the 
junction-capacitance of the diode and the inductor. The values of resistor R�p and 
capacitor Cup can be calculated from the following equations: 
Va° 

= Ir max * Rs, 
p 

(6.2.1) 
2 

2dc 
= Ir max *Z0 = Ir mC` (6.2.2) 

sup 

2 

Pý, 
p =0.5*Lr*Irm *ff81 +C*l 

2d`J 
*fseux (6.2.3) 

Ir, max is the maximum reverse recovery current, Pa�P the power losses in the resistor and 
f, a, the switching frequency of the auxiliary circuit. 

Figure 6.2.3 shows the voltage oscillation across the auxiliary devices during turn-off 
device AS2 without any RC-snubber. 
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VAS2 

. .... 1 . .... ......... ..... 
.. 

1"_". 
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ý-1 
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100V/Div 
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Figure 6.2.3: Voltage oscillation across the auxiliary devices during turn-off process 

without RC snubber 

Figure 6.2.4 shows the turn-off performance using the snubber RP 3952, Cs�P IOnF. 
The picture shows a strong reduction of the oscillation. Under consideration of a 
maximum reverse recovery current of 1,. =20A and a frequency of the auxiliary circuit 
of f,, 81 20kHz, equation 6.2.3 leads to losses at P8�P =15.68W. These losses are far too 
high. 
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f_ ............ .L............ P.... ...................... . -1 

100V/Div 

14s/Div 

Figure 6.2.4: Reduced voltage oscillation across the auxiliary devices during turn-off 

process with RC snubber (R=3952, C=10nF) 

A decrease in capacitance leads to less voltage peak reduction but lower losses. The 

snubber R=10052, C=1nF was seen to satisfy both voltage overshoot and losses 

(Pa�p 1.57W, Figure 6.2.5). 

VAS2 VASI 

.11. ........ 

100V/Div 

I µs/Div 
Figure 6.2.5: Reduced voltage oscillation across the auxiliary devices during turn-off 

process with RC snubber (R=10092, C=1nF) 

6.2.3 Control of the ACPI -- Terminology and Definitions 

So far only a few control schemes have been published describing the control of the 
ACPI. A discussion of these schemes follows in the next section, but for better 

understandings the terms: on-state time, current ramp-up mode and current ramp-down 

mode (section 4.2.2) are new defined. From now on the on-state time is called state- 
time. The current ramp-up modes B and C (Figure 4.2.15) are summarised to one mode 

and described as ramp-mode. The same applies to the ramp-down modes E and F that 

are also called ramp mode. Modes H and J (Figure 4.2.19) are called boost mode 
respectively. Figure 6.2.6 shows again Figure 4.2.15 and Figure 4.2.19 but includes the 

new terminology. 
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Figure 6.2.6: Switching waveforms of the ACPI (upper waveform Diode-IGBT 

commutation, lower waveform IGBT-Diode commutation) 

The decision if boost mode or ramp mode applies is a function of load current level, its 

direction and the annlied switching status (Table 6.2.1). 

CONVERTER STATUS BOOST MODE RAMP MODE 

Iioad>0A ® IGBT of MS1 
yes no 

conducts 
I, oad<0A ® IGBT of MS2 

yes no 
conducts 

Iload>0A ® Diode of MS2 
yes no 

conducts ®Iload<It,, 

Iload<OA ® Diode of MS1 
yes no 

conducts G Iload>-It,, 

Iload>0A ® Diode of MS2 
no yes 

conducts ®IlOad>Ith 

Iload>OA ® Diode of MS2 
no yes 

conducts ® Iload<-Ith 

Table 6.2.1: Converter stati that determine if the boost mode or the ramp mode is 

applied (Iw represents the threshold current level: Ith Ißt+IIOad or Ith=Ibot) 
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6.2.4 Control of the ACPI - State of the Art 

Reference [6.3] controls the ACPI by monitoring the current flow through every main 
switching device. Every diode and every IGBT has its own current sensor to detect if the 
device is conducting. Thus twelve sensors monitor the current flow through all main 
devices. Besides these sensors the ACPI is equipped with six additional current 
transducers and eight voltage transducers. Three current transducers are inserted into the 

auxiliary paths detecting zero current, the other three current sensors monitor the three 

phase currents. Six voltage transducers detect zero-volts across the six main devices, one 
voltage transducer measures the midpoint voltage and another voltage transducer the dc- 
link voltage. Reference [6.4] reduces the number of sensors. It eliminates the current 
sensor in the auxiliary path by a mixed analogue/digital controller which calculates the 

resonant current by integration. In addition reference [6.4] makes use of the inherent 

repeating switching status applied on the ACPI as shown in Figure 6.2.6 Reference [6.4] 
implemented a switching pattern following the switching status in a logic hardware 

configuration. The state time is calculated by a mixture of analogue/digital hardware 

using integrators and logic components. The number of sensors in reference [6.4] is 

reduced to current transducers for all three phases, zero-voltage detection sensors for 

each main device and a voltage transducer for dc-link voltage measurement. Reference 
[6.2] uses a completely digital solution of controlling the ACPI. The idea is to implement 

the switching pattern in a FPGA instead of using an analogue and digital circuitry. This 

state machine is connected to an EPROM. The EPROM is a look-up table for the FPGA. 
Once the FPGA applies a new switching pattern it reads the state time from the EPROM. 
The EPROM is fed with the latest update on the load current levels and the dc-link 

voltage. This information is used to select the right state time for the FPGA. However 
inserting an EPROM has two limitations: 1) When storing the information in an EPROM 
the information must be measured first for each pole and under all load conditions. Thus 

test runs of the ACPI are necessary or values must be calculated leading to less precision; 
2) the fixed data in the EPROM allows limited flexibility during operation mode. The 

number of used sensors of the ACPI in reference [6.2] still remains the same as in 

reference [6.4] but works without any analogue integrators, which are known for off-set 
and drift problems. Also reference [6.2] modified the zero-voltage detection circuit from 

reference [6.4]. Instead of using a voltage divider with a comparator and reference 
voltage, reference [6.2] uses the gate drive of the driver circuit to detect zero voltage 
across the switching device. This information is feedback into the gate driver circuit that 
includes a second state machine for short circuit protection and start-up. Figure 6.2.7 

shows the different control schemes. 

6.8 



EXPERIMENTAL ARRANGEMENTS 

3 phase current signals Analogue/digital 
dc voltage and mid-point voltage signal controller fuing signals to 

26 additional signals 
(Integrators, comparators, 

logic devices) [6.31 

3 phase current signals Analogue/digital 
dc voltage and mid-point voltage signal controller firing signals to 

(Integrators, comparators, 6 zero voltage status signals 10 logic devices) [6.4] 

dc voltage signal Digital controller firing signals to 

(FPGA, logic devices) 
[6 . 2] 

6 zero voltage status signals 

3 phase current signals 

dc voltage and mid-point voltage signal 
Digital controller firing signals to sw 

(FPGA, DSP) 
Proposed system 

Figure 6.2.7: Control of the ACPI-State of the art 

6.2.5 Proposed sensorless control of the ACPI 

The proposed control scheme reduces the number of sensors and increases the accuracy 

of state time by on-line mathematically processing of the measured values for any load 

currents using a DSP chip. Cycle by cycle calculations are performed in a DSP to 
determine the optimum switching instants for both auxiliary and main devices without the 

need of an additional current sensor in the auxiliary path or monitoring the voltage across 

the main devices. Only the load current level and its direction have to be monitored. This 

information is taken from the phase current sensors that are already implemented in a 

conventional hardswitching converter drive system. 

Figure 6.2.6 shows that during one commutation three state modes apply. The length of 
the state time is a function of various parameters that are discussed in the following 

example. 

Assuming the load current is positive and diode of switch MSZ is conducting (Figure 

6.2.2). 

Status: AS22{on} 
To activate the resonant mode, one of the auxiliary devices is turned on first. The control 

signal that commands turn-on of the auxiliary device is generated from the PWM 

6.9 



EXPERIMENTAL ARRANGEMENTS 

controller (in our example the controller demands to turn-on the auxiliary switch AS2). 

The status AS2{on} remains for a certain amount of time until the next status MS2{off} 

applies. The time between the different stati is a function of the direction of the load 

current and magnitude. In our example we assume that the load current is positive and 

therefore we call the state time tDIp (DIp: commutation from Diode to IGBT under 

positive load current). The state time tDIp applies until the inductor current reaches a 
defined threshold level. The threshold value can be mathematically expressed shown in 

Figure 6.2.6. Regrettably the measurements of the inductor current at the required speed 
is not acceptable, because there are no inexpensive standard components on the market. 
Thus the threshold level must be calculated. (A shunt as on-line measurement, may cause 

trouble since the whole control interface should be isolated from the power circuit). 

An estimation needs the required data of the resonant inductance, dc-link voltage and the 

mid-point voltage. With these data the current in the resonant inductor can be expressed 

to: 

irJ Ovdt (6.2.4) 

AV = Vdc - Vmid 
`6.2.5) 

with Av is the applied voltage across the resonant inductor. The dc-link voltage and 

midpoint voltage can be simply measured using voltage dividers. 

Status: MS2{off} 

The DSP calculates the required state-time and sends a control signal to turn-off switch 
MS2. This is precisely the time when the current reaches its defined level. The turn-off of 

the main device results in voltage resonance across both main switches. In our example 
the voltage across device MS1 resonates towards zero, whereas the voltage across MS2 

resonates towards the dc-link voltage. Both reference [6.4] and reference [6.2], use zero- 

voltage detection circuits. The main IGBT turns on only when the measured voltage 

across the device is zero and an `okay' signal from the controller reaches the IGBT 

driver. The `okay' signal is calculated using equation: 
t, = 7C ! 2L-,, -C, (6.2.6) 

tr is defined as time, where mathematically the voltage across the device MS1 is zero. 
Appendix C shows that the influence of internal small resistance on the resonant time is 

negligible and variation in inductance and capacitance with temperature rise tolerable. 

However the statement that the voltage reaches zero after time tr collapses is only true at 

zero load condition. A change in the load results consequently in change of the voltage 
waveform. The voltage waveform can be expressed as (Appendix C): 

6.10 



EXPERIMENTAL ARRANGEMENTS 

VDiode-IGBT(t) = Zde 
(1-cosw0t)+Iboost Zo sinco0 (6.2.7) 

VIGBT-Diode (t) = VDiode-IGBT (t) +I 
load 

Z0 sin co pt 
(6.2.8) 

where resonant impedance Zo and resonance frequency coo are given in equations 4.2.54 

and 4.2.53. It shows that the waveforms are a function of the load current and boost 

current. This relation is used in the proposed control scheme. 

Figure 6.2.8 shows the theoretical voltage waveform under light load conditions and 
Figure 6.2.9 under high load conditions (with the values 5.7µH and 20nF) using 
equations (6.2.7 and 6.2.8). 

VoltageN 

500 Diode-IGBT Iload=5A, Iboost=5A) 

400 
IGBT-Diode Iload=5A, Iboost=5A) 
Diode-IGBT Iload=5A, Iboost=15A) 

300 
IGBT-Diode(Iload=5A, Iboost=15A) 

200 

100 

0 
0 200 400 600 800 1000 1200 1400 

time/ns 

Figure 6.2.8: Voltage across IGBT vs. time at light load 
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Figure 6.2.9: Voltage across IGBT vs. Time at high load 

Once the voltage reaches zero the antiparallel diode starts conducting. During this time 
the IGBT (in our example MS1) must turn-on allowing softswitching. The commutation 
process IGBT-Diode is from less interest, because the diode still conducts once the 
commutation process has completed (diode picks up the load current). Thus the 

Diode-IGBT(Iload=40A, Iboost=5A) 
/ IGBT-Diode(Iload=40A, Iboost=5A) 

A Diode-IGBT(Iload=40A, Iboost=15A) 

_,, 
IGBT-Diode(Iload=40A, Iboost=15A) 

0 200 400 600 800 1000 1200 1400 
time/ns 
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controller must take care only not to turn-on the IGBT too early. At the worst case 

scenario (boost current of 15A and maximum load current of 40A) the earliest turn-on 
impulse is 400ns (Figure 6.2.9). This is easy to implement in a DSP controller. During 

the commutation Diode-IGBT the timing of the firing impulse must be set with more 

accuracy. That is, because the diode conducts only for long where the voltage is zero 
(Figure 6.2.8 and 6.2.9). Consequently a longer `zero' time increases the chance of 

successful softswitching during the turn-on process. 

Figure 6.2.8 and Figure 6.2.9 show clearly that with a higher boost current (15A) the 

conduction time of the diode is longer compared to the conduction time using a 5A 

boost current even under all load conditions (note, the times where the voltage 

waveforms crosses the time axis and 1400ns is equal the diode conduction time). Care 

must be taken when increasing the boost level to a very high value. Firstly the losses in 

the auxiliary circuit increases and secondly the dv/dt stress across the main devices 

increases (Figure 6.2.9). It was seen that 15A boost current satisfy both having a relative 
long diode conduction time and small losses in the auxiliary path (Appendix Q. With a 
15A boost current a state time t,,, o of 1.2µs can be used without losing any zero-voltage 
switching performances under all load conditions. 

Note, that Figure 6.2.8 and Figure 6.2.9 show an instantaneous turn-off process of the 
IGBT MS2. With the flexibility of a DSP controller the turn-off delay can be included 

when changing the offset of the variable. In addition other time delays can be taken into 

account such as time delay between controller and driver or propagation delay time of 
the driver. 

Status: MS, (on) 
Once the main IGBT turns on (after 1.2µs), the current in the resonant inductor 
decreases linearly until it reaches zero. Again sensorless control is applied to turn off the 

auxiliary switch (our example AS2). That is because during the commutation process of 
the pole the current in the auxiliary circuit is flowing in one direction only, but the 

applied voltage across the diode changes with the commutation. Thus the conducting 
auxiliary diode gets reversed biased and stops the current flow in the opposite direction. 

Status: AS2(off) 
With AS2 off the circuit remains in the steady-state mode until the PWM controller 
demands a new change in the pole. 
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The four discussed switching stati can be summarised to one switching sequence 
(sequence 1 in Figure 6.2.10). The same applies for the commutation process IGBT- 
Diode (Figure 6.2.10). 

PWM demand MS1{on} 
AS2{on} 

tDIp, Iload>O 

tlDn> Iload<O 
MS2{off} 

1 

PWM demand MS2{on} 
AS1{on} 

tIDp, Iload>0 

tDlm Iload<O 

MS1{off} 

MS1{on} MSZ{on} 
tDIp, Iioad>O trop, Iload>O 
troy, Iioaa<O tDI� Iload<O 

AS2{off} AS1{off} 

sequence l sequence 2 

Figure 6.2.10: Switching stati of one pole at different load conditions 

The state time of each switching state is a function of the load current, the dc-link 

voltage and the midpoint voltage (except for the resonant mode). These times can be 

calculated to (equations 6.2.9 to 6.2.13): 
IGBT-Diode, positive load current 

t]Dp - 
L1 (- 'boost) 

(6.2.9) 
- 

(Vdc 
- Vmid) 

IGBT-Diode, negative load current 
LFIbin 

t IN _ (6.2.10) 
mid 

Diode-IGBT, positive load current 

tDý = 
L1(Iload +Iboost ) 

(6.2.11) 
Vmid 

Diode-IGBT, negative load current 

tnin = 
Lr(- Ilaaa - Iboost ) 

(6.2.12) (Vdc 
- Vmid ) 

resonant mode is set to: 
trmo =122Ps (6.2.13) 

Knowing the sequence and the direction of the load current the DSP uses always the 
right equation and calculates the different state times. 
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It has to make sure, that long lifetime and temperature variation do not effect the results 
of the calculations. This is discussed in the following section. 

6.2.6 Performance of Novel Control Scheme vs. Parameter Variations 

When calculating the state time, one has to be certain that temperature variation will not 
affect the performance of the sensorless control scheme. For example changes in 

temperature will affect component values and semiconductor parameters such as 
switching times. 

The ramp mode and the boost mode can be described with similar equations thus the 

effect of parameter changes is the same. The effect of change of the inductance value 
during temperature rise can be expressed with the introduction of the overall temperature 
coefficient of the core given in data books. Using an iron powder core two individual 

temperature coefficients have to be considered. Firstly the temperature coefficient of the 
core permeability and secondly the temperature coefficient of the percent permeability 
versus both dc magnetising force and peak AC flux densities ranges [6.6]. With both 

values given from the manufacturer the state time can be plotted against temperature rise 
with the help of equation 6.2.4. Figure 6.2.11 shows the time vs. temperature change for 
the ramp mode and boost mode under worst-case conditions. 

time(p) 
1,2 
1,1 

1 
0,9 
0,8 
0,7 
0,6 
0,5 
0,4 
0,3 
0,2 
0,1 

0 

v",, 
ramp mode (Iioad=40A, Iboost=15A) 

boost mode (Iload=OA, Ißt=15A) 

25 50 75 100 125 
temperature rise CC) 

Figure 6.2.11: On-state time vs. temperature at different operation modes 

With Figure 6.2.11 one can conclude that the error of the state time of ramp mode and 
boost mode is negligible. The same statement applies by change of value of the 
inductance during lifetime [6.4]. 
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During the resonant mode the resonant time is only minor effected from change in 

temperature. Appendix C shows that the influence of internal small resistance on the 

resonant time is negligible and variation in inductance and capacitance with temperature 

rise tolerable. 

6.2.7 Set Up of the Sensorless Controller 

The sequences with their individual switching stati are stored in an FPGA. A DSP 

communicates with a FPGA in which a sinusoidal PWM generator is implemented. The 

DSP calculates the actual state time for every switching status and sends the information 

to the FPGA. Thus it is important to keep the sequences in an order, because a wrong 

state time send to the FPGA would change the complete time scaling of both sequences. 
To do so, the interrupt that is responsible for the synchronisation of the controller system 
is used to synchronise the data transfer from DSP to FPGA. The maximum voltage of the 
triangle waveform is used to generate the interrupt signal (Figure 6.2.12). Once an 
interrupt occurs the DSP reads the actual phase currents, dc-link voltage and midpoint 
voltage. The DSP then calculates all needed time demands tDIp, tD)p etc. in readiness for 

the resonant commutations `sequence 1' and 'sequence 2'. In addition, it calculates the 

usual voltage and frequency demands determined by the control structure of the drive. At 

the end of the interrupt routine all calculated data are fed into the FPGA. 

interrupt interrupt 

sgquerýce 1+ equence 1 

sequence 2 sequence 2 

voltage triangle 
demand voltage 

Figure 6.2.12: Order of sequences and interrupts 

The FPGA (Figure 6.2.13) includes counters, multiplexers and logic gates. The data 

which carries the information of state times is stored in buffers. Voltage demand Vamand 

and frequency demand fdema�d is also fed into the FPGA. From both values the FPGA 

generates the PWM pattern with its programmed sinusoidal PWM generator and the 
interrupt signal. The information is applied to one of the auxiliary switches and to the 
internal logic block. The logic block triggers a pre-set input selector. The input selector 
is only a channel to let the selected state time through a down counter. The down 

counter counts continuously with a frequency of 20MHz. Once the counter reaches zero 

6.15 



EXPERIMENTAL ARRANGEMENTS 

it feeds this information back to the control logic block that commands a new trigger 

signal to the input selector. In addition the converter triggers an output selector that 

commands the turn-on or tun off of one of the devices of one pole of the ACPI. 

r---------------ý 

udemand - º PRIM Tº AS2{on} 
, 1 demand AS1{on} demand 

-º uffer 
2 

º uffer MSz{off} 
3 

O 
counter 

O MS1{on} 
º uffer p F 4 1clock a0 

, ASZ{off} 

I O 
buffer O 

O 
O MS1{off} 

5 
-º uffer 

MS2{on} 

6 AS1{off} 
uffer 

-------------- 

MS2{off} _r- 
to 

converter 
MS1{on} -º 
AS2{off} 
MS 1 {off} control 
MSZ{on} logic 
AS, {off} -º 
AS2{on} º 
AS1{on} -0 

current 1 2 3 4 5 6 
direction 

Iload>O tDIp treso tDTp tIDp treso tlDp 

Iload<O tIDn treso tIDn tDIn treso tDln 

Figure 6.2.13: Simplified circuit of the FPGA 

Using the described set-up the ACPI is sinusoidal PWM controlled and is running at a 

maximum switching frequency of 10kHz. 

6.2.8 Other Circuits 

Other circuits associated with the power converters are: a dc-link voltage divider for 

measurement of the dc-link voltage (the mid-point of the dc-link capacitors is measured 
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in case of the ACPI); Hall effect current transducer for phase current measurement; 

power switch gate drives circuit including the driver module IHD680AN; communication 

systems with the controller; protection circuits; auxiliary power supplies. 

The phase current transducer uses a 50A Hall effect device with a bandwidth of DC to 
150kHz. Gate drive circuits for the IGBT power switches allow 8A isolated gate pulses 
to flow into or out of the gate. The gate driver includes voltage saturation protection, 

provides output pins to indicate a fault and power supply under-voltage lockout. The 

driver card communicates with the controller via bi-directional transmission lines. 

Transceivers on the driver and the controller allows interface free transmissions of data. 

Circuits for safety and protection have been designed. Protection circuits are overvoltage 

protection and undervoltage protection of the dc-link voltage, overcurrent protection of 
the output current, input current limitation and over-temperature protection of the 
IGBTs. The overvoltage prohibits the dc-link voltage to overrate the maximum voltage 

of the dc-link capacitors. Undervoltage protection eliminates the case of generating an 
inrush current during a short circuit of the dc-link. Overcurrent protection of the phase 
current is necessary to exclude the case of slow overheating of the devices or man 
failure. Current temperature sensors are mounted on heatsinks, monitoring the heatsink 

temperature. At a maximum of 110°C a fault is recognised to shut down the gate drives 

and disconnect the rectifier from the supply board. An auxiliary power supply provides 
power for all individual built-in systems of the converter. The auxiliary power supply is 

split into two independent voltage sources allowing safe shut down of the complete 
converter system in case one auxiliary power supply fails. 

6.3 Control Electronics 

Figure 6.3.1 shows the general arrangement of the control equipment. Most of the 

control circuits are mounted in a 19" rack cabinet, with connections to the PC and the 

power converter. 
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Figure 6.3.1: Arrangement of the controller 

In this arrangement the PC acts as a file store and allows programs to be written, 
compiled, and downloaded to the control electronics. Another serial connection permits 
the actual values of program variables to be loaded into the PC terminal in quasi-real 
time. 

The rack includes several cards for several functions (Figure 6.3.1 and 6.3.2). The main 
card is the DSP card based on Texas Instruments TMS320C31 operating at 40MHz. The 
32bit floating point DSP has a large address space with extensive addressing capabilities 
and is able to perform complex mathematical functions quickly and is capable of handling 
large look-up tables. The TMS320C31 is set around a common backplane, where the 
DSP control board is the bus master. The following cards are connected to the 
backplane: one PWM card, seven 10-bit analogue input cards and one 12-bit analogue 
output card. All cards are isolated from the backplane, hence all cards and the processor 
can be accessed at the full processor 40 MHz clock speed. 

DSP 
IIpII Analogue II Analogue 

Input Output 

Figure 6.3.2: DSP drive backplane 
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The phase currents, dc-link voltage and midpoint voltage (using the ACPI) are inputs of 
the analogue cards. In addition voltage and frequency demands are manually controlled 

using control pins on the analogue cards. 

The PWM card is capable of controlling six pairs of devices independently with PWM 

frequencies of at least 20kHz. The majority of the work is performed by a XILINX Field 

Programmable Gate Array (FPGA) which is configured by software held in a PROM at 

power up. All PWM control parameters are software programmable. These include for 

example, PWM frequency, dead times when running the hardswitching converter or 
boost times when running the ACPI. The PWM card holds the master clock of the whole 

controller and fires synchronised pulses to the DSP card. Besides the components FPGA 

and PROM other components such as output buffers and opto isolators are also included 

on the PWM card. 

Due to the software basis of the system all measurable and inferred parameters can be 

output either via an analogue output card for display on scope or via a serial link 

connected to the computer. This software initialises the processor and enables a memory 
data buffer to be generated. The data buffer is connected with the DSP on board and 
enables the controller to communicate with the PC. 

The DSP TMS320C31 is programmed in `C' which enables more complex algorithms 
and data structures to be implemented with ease. Although implemented in `C', some 
assembly language instructions are required for parts of initialisation and interrupt 

routines. 

A software protection was implemented in the `C' program. The protection monitors 
demand values for the PWM card. Values leading to a short-through in the pole, 
overvoltage, undervoltage or overcurrent govern to disable all the inverter power 

switches. 

6.4 Load Configuration 

The induction motor and the mechanical load are represented by using inductors and 
resistors. Figure 6.4.1 shows the load bank for one phase. The load is adjustable allowing 
to test the converters under various load conditions. The 20mH inductor is tapped at the 
middle allowing 5mH, lOmH or 20mH output impedance. Using star connection of all 
three phases the load bank can dissipate 20kW power without any fan-cooling system. 
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Figure 6.4.1: One phase of the load bank 

6.5 Test Equipment 

High voltage measurements were performed using differential voltage probes from 

UNIVERSAL PROBE. Current measurements were carried out using current probe and 

current amplifier set-ups from Tektronix. All the test equipment was tested, adjusted and 

offsets were recorded in case the need for later theoretical calculations. Cable lengths 

between probe and oscilloscope were adjusted to ensure equal propagation delays for 
both voltage and current measurement set-ups (This is crucial in case of recording losses 

across devices). Temperature measurements were made using thermocouples. It was 
made sure that voltage, current and temperature were measured at the same point at the 

converter when changing converter design from hardswitching to softswitching. In 

addition tests were only done when the ambient temperature was similar when comparing 
the temperature performance between hardswitching and ACPI. Measured data were 
captured with the help of the Tektronix oscilloscope, TDS744 (500Mhz, 2GS/s). In case 
of measuring losses or voltage output spectra this data has been prepared for Excel and 
Matlab programs allowing the data to be manipulated for off-set corrections or time 
delay corrections. Regrettably high accessibility for measurements on the converter 
results in relatively high stray inductance hence oscillations on the measured waveforms. 

6.20 



MEASUREMENTS ON ACPI AND HARD SWITCHED CONVERTERS 

Chapter 7 

MEASUREMENTS ON ACPI AND HARD SWITCHED CONVERTERS 

Chapter 7 describes test results taken from the converters described in Chapter 6. Section 7.1 

shows how to dimension the values L1 and Cr and how this affects the performance of the 

converter and influence current and voltage waveforms. Sections 7.2 to 7.4 show a variety of 
measured waveforms and results of calculations that have been based on the measurements. In 

addition, it describes and gives explanations for some phenomena that have been measured. 
Finally, section 7.5 summarises the results in the form of a table. 

7.1 Impact of Resonant Inductor and Resonant Capacitor on ACPI Performances 

The values of resonant inductors and resonant capacitors of the ACPI dictate the performances 
of the topology. The important values that describe the performance are commutation time 
(t, +t, ), resonant peak current (Ipeak) and dv/dt stress across the main switches (dv/dt). The 

commutation time (t,,, o+tr) is a function of L and C, (equations 4.2.48 and 4.2.53) and includes 

the resonant time (tn30) and the current rise and current fall time (tr) during ramp mode and 
boost mode. It is desirable to set the commutation time as short as possible to reach a high 
degree of PWM controllability. The resonant peak current (Ipeak) is also a function of L1 and Cr 
(equations 4.2.48 and 4.2.54). A low maximum current is preferred to minimise current stress 
and not to over-dimension the auxiliary switches as that would increase the cost. Both 

commutation time and resonant peak current, must also be chosen with respect to low losses. 

Equation 4.2.51 shows that the dv/dt stress across the main switches is dictated by I, and Cr. 
From this equation the resonant time, resonant peak current and dv/dt stress can be expressed 
as a function of 1, and Cr. Figure 7.1.1 and Figure 7.1.2 show how L,. and Cr affect the values. 
The dv/dt stress must kept relatively low to increase the lifetime of the devices and reduce the 
stress across the motor isolation. 
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Figure 7.1.1: Resonant peak current Ipeak and resonant time te, o vs. Lr and Cr 

Figure 7.1.1 shows that the peak current decreases with increasing inductance and the 

percentage increase of peak current is smaller at high capacitance values than at low 

capacitance values for one inductor size. The resonant time increases with larger inductance 

and the percentage increase of resonant time decreases with larger capacitance at constant 
inductance. Figure 7.1.1 helps to dimension resonant inductor and resonant capacitor. On one 
hand resonant time should be small in order to gain high PWM range. Thus a small inductance 
is needed. On the other hand the peak current should be kept small during resonant mode to 

minimise losses. Therefore the inductor chosen should be relatively large. From the design of 
the auxiliary switches, however, one can say that a smaller peak current is in favour for the 
devices because the ratio between peak current and rated current must be kept small to 
increase the lifetime of the devices. Most semiconductor manufacturers design IGBTs that 
withstand a pulse current of twice of the maximum rated current for a defined pulse length. 
When defining the maximum output current (42A) and boost current (15A) as rated current 
(57A) the resonant peak current should not overshoot 60A (Note that Figure 7.1.1 shows only 
the resonant peak current. The total maximum current that flows through the auxiliary path is 
57A plus 60A equal 117A). Applying this result in Figure 7.1.1 one can say that the minimum 
inductance is around 5µH, considering that 100nF is the largest applied resonant capacitor. 
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The next step is the definition of value of the resonant capacitors. It is reasonable to set the 

commutation time of the ACPI similar to that of the dead time of its hard switched 

counterpart. In hardswitching topologies, 1.5µs to 2.5µs is usually applied in a power range of 

up to 100kW. Applying this time value and the defined inductor size in Figure 7.1.1, the 

resonant capacitors should be around IOnF to 30nF. 

For the ACPI, 20nF resonant capacitors and a 5µH inductor are used for each pole. In reality, 

the self-designed inductor has an inductance of 5.7µH. In addition, later tests using 67nF 

capacitors have been used to compare the performance of the ACPI across a range of resonant 

capacitors. 

Using the defined values of Lr and Cr the dv/dt stress must be considered. Figure 7.1.2 shows 

the dv/dt stress for various modes. The dv/dt stress applied during resonant mode and boost 

mode is small compared to the constant dv/dt stress of the snubber mode. The highest stress 

occurs during resonant mode and ramp mode. The dv/dt stress is, however, greatly reduced 

when compared to hardswitching as it is shown in the four following sections of this chapter. 
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Figure 7.1.2: dv/dt stress for snubber mode (Case 1), resonant mode and ramp mode (Case 2) 

and resonant mode and boost mode (Case 3) vs. time (L, =5,7µH, C, 20nF, Iboo$t=15A, 

Vde 560V) 

Beside the dv/dt stress another kind of stress has to be considered. The di/dt stress of the 

auxiliary switches must be in an appropriate range. A high di/dt stress leads to damage on 
IGBT and diode. Figure 7.1.3 shows the relation between the maximum rise current Imax and 
ramp and boost time tr at ramp mode and boost mode as a function of Lr. Firstly the maximum 
resonant current Imax is not a function of L,. or C1, because the current level is defined from the 
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maximum load current (42A) and the boost current (15A). The time at ramp mode and boost 

mode is only a function of Lr (equation 4.2.48). This mode controls the current stress di/dt (the 

current stress during the resonant mode is negligible compared to the current stress during 

ramp mode and boost mode). Figure 7.1.3 shows that a larger inductor reduces the di/dt stress 
but increases the commutation time and therefore worsens the PWM control range. 
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Figure 7.1.3: Maximum rise current Imp and rise time tr during ramp mode and boost mode vs. 
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Figure 7.1.4: Commutation time of snubber mode compared to commutation time (treg(, +tr) of 
resonant mode and ramp mode vs. load current 

Figure 7.1.4 shows the differences in commutation time (t,. so+t1) when applying resonant mode 
and ramp mode or snubber mode. At around 9A the commutation time of the snubber mode is 
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shorter. Nevertheless applying the snubber mode problems start to occur. When the ACPI is 

running under full load and with a low output frequency the midpoint dc-link voltage of the dc- 

link capacitors starts to drift. In general the midpoint voltage varies around the half of the dc- 

link voltage. That is because the charge in and out of the midpoint is a function of the 

amplitude and direction of the load current. Charge is referred and drawn from the midpoint 
during one output frequency cycle. In case of connecting all three poles to one pair of dc-link 

capacitors the symmetric output current waveforms show that the charge from in and out of 
the midpoint is equalised. When applying the snubber mode the amount of charge is unequal 
because during the snubber mode the auxiliary circuit is not activated. Therefore a shift of the 

midpoint potential occurs. Nevertheless, it has to be mentioned that the ACPI has midpoint 

shift problems even when applying resonant mode and ramp mode. With high output current 

and low frequency, as during motor start up, there may be a sustained time interval in which 
the charge resulting from ramp mode and resonant mode can not be compensated using 
`normal' control techniques. Thus the control must be extended to handle this situation. The 

designed ACPI monitors the midpoint voltage. In case the voltage reaches a threshold the 

controller indicates a fault. 

7.2 Measured Switching Waveforms at Main Switches 

The following four sections show waveforms of voltage, current and losses, measured at the 
bottom device of one pole of the ACPI under various commutation processes and under the 

conditions of hardswitching and softswitching using 20nF and 67nF capacitors. The load 

current is set to around 50A. 

7.2.1 Waveforms for commutation IGBT-Diode, bottom IGBT conducts and turns off 

.............................. 
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200V/Div 

Figure 7.2.1: Turn-off waveforms under hardswitching conditions (IGBT-Diode) 
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Figure 7.2.1 shows the typical turn-off waveforms. The voltage rises up quickly towards the 

dc-link voltage level. Stray inductances in the converter design leads to overshoot in the 

voltage. Once the voltage reaches its maximum value, the current start to decrease. The long 

overlap time of voltage and current leads to high turn-off losses. 

1 current 
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Figure 7.2.2: Turn-off waveforms under softswitching conditions (Cr 20nF, IGBT-Diode) 

The voltage waveform looks similar to that of hardswitching, but the current waveform looks 

different (Figure 7.2.2). Firstly the current waveform shows a boost step before the resonant 

part takes place. This is the effect of the described boost mode. Secondly the tail current shows 

a `bump' in its tail. This effect is characteristic for softswitching as it is described in Chapter 6. 

Both boost step and `bump' lead to losses. However, the losses are greatly reduced compared 
to hardswitching, because the overlap time of current and voltage is shorter. 
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Figure 7.2.3: Turn-off waveforms under softswitching conditions (Cr 67nF, IGBT-Diode) 
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The voltage rise in Figure 7.2.3 is slower compared to Figure 7.2.2. That is because of the 
larger resonant capacitor. The `bump' in the tail current is smaller in amplitude but longer. The 
losses are further reduced. 

7.2.2 Waveforms for commutation Diode-IGBT, top diode conducts and bottom IGBT 

turns on 
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Figure 7.2.4: Turn-on waveforms under hardswitching conditions (Diode-IGBT) 

Figure 7.2.4 shows the typical waveform of a hardswitching converter during commutation 
Diode-IGBT. The current peak is the result of the reverse recovery effect of the diode. Again 
losses are high. 
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Figure 7.2.5: Turn-on waveforms under softswitching conditions (C, 20nF, Diode-IGBT) 
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The waveform in softswitching mode looks totally different when compared with 
hardswitching. The voltage resonates to zero. Once the voltage is zero the current start to 
increase (Figure 7.2.5). The oscillation in the current resolves from the converter design. 

During the resonant mode the capacitors carry the load current. Thus no reverse recovery 
effect occurs during turn-on conditions. This results in reduced turn-on losses. 
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Figure 7.2.6: Turn-on waveforms under softswitching conditions (Cr=67nF, Diode-IGBT) 

The dv/dt stress is lower compared with Figure 7.2.5. Again losses are low (Figure 7.2.6). 

7.2.3 Waveforms for commutation Diode-IGBT, bottom diode conducts and top IGBT 
turns on 
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Figure 7.2.7: Turn-off waveforms (diode) under hardswitching conditions (Diode-IGBT) 
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Figure 7.2.7 shows again a peak in the current waveform. Again the stored charge of the 

conducting diode has to be removed. The losses in this commutation process are lower 

compared to the losses shown in Figure 7.2.4. That is because the switch is not conducting the 
load current during turn-off. 
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Figure 7.2.8: Turn-off waveforms (diode) under softswitching conditions (C,. 20nF, Diode- 
IGBT) 

Figure 7.2.8 shows no peak current, because once the IGBT is turned off the resonant circuit is 

activated. The losses are greatly reduced compared to hardswitching. 
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Figure 7.2.9: Turn-off waveforms (diode) under softswitching conditions (C1 67nF, Diode- 
IGBT) 

Again a large capacitor decreases dv/dt stress and losses, but increases the commutation time. 
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7.2.4 Waveforms for commutation IGBT-Diode, top IGBT conducts and turns off 

:.....:....:....:....:.... 4......................... _. ý 

............... 

i 

current 
5OA/Div 

losses 
20kW/Div 

voltage 
200V/Div 

500ns/Div 

Figure 7.2.10: Turn-on waveforms (diode) under hardswitching conditions (IGBT-Diode) 

The commutation process can be seen as softswitching in a hard switched converter. Virtually 

zero losses occur. Nevertheless high dv/dt stress remains. 
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Figure 7.2.11: Turn-on waveforms (diode) under softswitching conditions (C, 20nF, IGBT- 

Diode) 

The current oscillation is characteristically for this commutation process. The oscillation results 
from a resonant circuit formed from the resonant inductor and the reverse recovery 
capacitance of the auxiliary diode. This oscillation leads to losses. To some extend the turn-on 
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losses of the main switches of the softswitching converter outweigh the turn-on losses of the 

main switches of the hard switched converter under this switching conditions. 
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Figure 7.2.12: Turn-on waveforms (diode) under softswitching conditions (C1 67nF, IGBT- 
Diode) 

Using a larger capacitor has no effect on the oscillation (Figure 7.2.12). 

7.2.5 Output Current Waveforms 

Figure 7.2.13 shows the output phase current of the hardswitching converter at f, -1OkHz 
switching frequency, fo�t=50Hz output frequency and 28A peak current. 
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Figure 7.2.13: Phase output current of the hard switched converter (fs 1 OkHz, fot=5OHz, 
Iioad=20A) 
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Figure 7.2.14: Phase output current of the ACPI (fa 1OkHz, fo, d=50Hz, I, oad=20A) 

Figure 7.2.14 shows the phase output current of the ACPI under the same load conditions. 
Virtually no difference is seen between the current waveforms. However, section 7.4 
investigates the current frequency spectra. Differences have been found in current harmonic 
distortions. 

Figure 7.2.15 shows the output current waveform at a switching frequency of fs 2.5kHz 
including the resonant current of the auxiliary circuit (fs 2.5kHz, foc=50Hz). The figure shows 
that the resonant peak current follows the amplitude and direction of the phase current. During 

the commutation IGBT-Diode the maximum current is constant to 15A, whereas during the 

commutation Diode-IGBT the current follows the amplitude of the output current. 
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Figure 7.2.15: Phase output current and auxiliary current of the ACPI (ffl 2,5kHz, fo�t=50Hz, 
Iioad=20A. f. =2,5kHz has been chosen to show the resonant pulses in detail over the whole 

output frequency) 
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7.2.6 Measured Waveforms at Auxiliary Switches 

Figure 7.2.16 shows the current in the auxiliary path during one pole commutation period. 
When the auxiliary current reaches zero ampere the reverse recovery current of the auxiliary 
diode is activated. That leads to the overshoot in current as it can be seen in Figure 7.2.16. The 

current overshoots leads to losses, voltage oscillation across the auxiliary devices and current 

ringing as it is shown in Figure 7.2.11 and 7.2.12. The first resonant cycle represents the 

commutation IGBT-Diode, whereas the second cycle shows the commutation Diode-IGBT 
(load current 20A). 
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Figure 7.2.16: Auxiliary current of the ACPI (fs I OkHz, Iload=20A) 
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Figure 7.2.17 shows voltage, current and losses waveforms across the auxiliary path in one 
modulation period. The highest losses occur in the inductor and not in the auxiliary switches. 
The conduction losses of the auxiliary switches are negligible, but the reverse recovery effect 
of the auxiliary diodes worsens the results. 
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Figure 7.2.17: Comparison of waveforms measured at devices in the auxiliary path (Iload=20A) 
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Figure 7.2.18 shows the synchronisation of voltage waveform of the upper main switch and the 

current waveform of the auxiliary circuit during one turn-on and turn-off event of the upper 
switch. The waveform of losses represent the losses of the upper switch. 
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Figure 7.2.18: Synchronisation of the voltage across the main switch and the auxiliary current 
(f, =lOkHz, Iio, d=20A). Losses shown are for the main switch 

Figures that show the synchronisation of voltage waveform of the main switches and the 

auxiliary current may be used to determine delay times resulting from the driver circuits or the 
devices itself. 

7.3 Measured Switching Losses 

The turn-on and turn-off losses of the hardswitching operating switch are shown in Figure 
7.3.1. As already known turn-off losses are higher compared to turn-on losses. Both increase 

with the load current. 
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Figure 7.3.1: Turn-on and turn-off losses of the hardswitching converter 
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In comparison to the hardswitching losses Figure 7.3.2 shows the softswitching losses of the 

main switches using 20nF resonant capacitors. In average the turn-off losses are reduced to 

50% and the turn-on losses by 66%. Again turn-off losses are higher than turn-on losses. 
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Figure 7.3.2: Turn-on and turn-off losses of the main switches of the ACPI 

Beside the switching losses shown in Figure 7.3.2 the losses in the auxiliary circuit must be 

taken into account. Figure 7.3.3 shows the auxiliary losses when commutating from IGBT to 
diode and Figure 7.3.4 shows the auxiliary losses when commutating from diode to IGBT. 

Both figures include switching losses and conduction losses of the auxiliary IGBTs, the 

auxiliary diodes and the inductor. When comparing both figures one can see that the auxiliary 
losses occurring during the commutation Diode-IGBT are much higher than those occurring 
during the commutation IGBT-Diode. 

Figure 7.3.3 shows that the inductor losses decrease with higher load current. This is because 

energy needed for pole commutation is diverted from the stored energy in the resonant 
inductor (resonant circuit) to the load current (snubber mode). This can be explained if it is 

realised that the resonant mode is basically a superposition of resonance (because of the 

resonant inductor and the resonant capacitors) and snubber effect (because of the resonant 
capacitors, which behave like snubber capacitors in this configuration (see Appendix C and 
section 3.3.3)). To achieve a resonant transition time that is relatively insensitive to load 

current levels a high resonant boost current is required. In this case the stored energy in the 
inductor controls the speed of commutation. At high load current the snubber effect dominates 

and commutation time is short. It is even possible for the load current to be so high that a 
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boost current is not needed for commutation. In this case the auxiliary device can turn-on at 
the same time as the main device turns off (direct resonant mode) [7.1]. 

Figure 7.3.3 shows also the losses of switch AS2 are higher than the losses of AS 1 because 

conduction and switching losses of the IGBT of AS2 outweigh the conduction losses of the 
diode of AS1. Both losses are independent of load current because of the fixed boost current 

and resonant current. 
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Figure 7.3.3: Losses in the auxiliary circuit during commutation IGBT-Diode 
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Figure 7.3.4: Losses in the auxiliary circuit during commutation Diode-IGBT 
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Figure 7.3.4 shows that the losses of the auxiliary switches and inductor losses increase with 
growing load current. The inductor losses dominates because both ramp and boost modes are 
active, resulting in a relatively high level of inductor current compared to the IGBT-Diode 

combination. The losses of switch AS 1 are higher than the losses of AS2 because the IGBT of 
AS 1 is switching and conducting, whereas only the diode from AS2 is conducting. 

Figure 7.3.5 shows the superposition of the values given in Figure 7.3.3 and 7.3.4 and clearly 
demonstrates that the commutation process Diode-IGBT dominates. 
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Figure 7.3.5: Overall losses of the auxiliary circuit in one modulation period 

Finally Figure 7.3.6 shows the overall comparison of the losses and includes data on PWM 

control range (%PWM), dv/dt stress, resonant peak current and resonant time. At light load 

conditions the losses of the ACPI are higher compared to the hard switched converter, because 

of the additional auxiliary losses. With increasing load current the ACPI becomes more 
advantageous from the viewpoint of losses. A comparison between the ACPI with 20nF and 
67nF resonant capacitors show little difference in the overall losses. This is largely due to the 
fact that reduced losses in the main switches are compensated by increased conduction losses 
in the auxiliary switches and resonant inductor. A higher value of inductance would enable 
reduced losses to be achieved at C=67nF at the expense of a further reduction in PWM 

controllability. Figure 7.3.6 shows in addition that the degree of PWM controllability decreases 

with larger resonant period but cuts down the dv/dt stress across the devices. The 20nF 
capacitor gives the same degree of PWM controllability as the hard switched converter, but 
reduces the dv/dt stress. 
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Figure 7.3.6: Overall losses of hard switched converter and ACPI in one modulation period 

7.4 Measured and calculated Voltage and Current Output Spectra 

Before starting to discuss the results of the output spectra it is important to describe the steps 

that lead to the results first. 

200000 data points have been captured for each measurement of the output spectra. The 

output frequency was set to 50Hz. That is equal to a time period of 20ms. 200000 data points 
for 20ms results in a minimum time step of lOOns. Thus the turn-on and turn-off process of the 

switches could be monitored for both the hard switched converter and the ACPI. The 

maximum frequency range of the output spectra is defined by the Nyquist criteria. With a 

minimum time step of 100ns the maximum frequency is 5MHz. The minimum frequency of the 

output spectra is defined by the output frequency of the converter that was set to 50Hz. 

Unfortunately the oscilloscopes that have been used in the laboratory are not able to store 
200000 data points. Thus the 20ms time period was sub divided into eight zones (Zone 1 

represents the data from Oms to 2.5ms, zone 2 represents the data from 2.5ms to 5ms etc. ). 

Therefore each measurement captures 25000 data. The data from each zone was saved on a 
PC and once all eight measurements had been taken, the files were linked together creating one 
file representing 200000 data points. 
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The vertical resolution is set by an analogue-digital-converter and the acquisition mode. The 

oscilloscope uses an eight bit converter, which means that 256 levels represent the signal 

amplitude. These levels are distributed over 10.24 vertical divisions. Using IV/Div sensitivity 

and the 200/1 divider of the differential voltage probe, the maximum voltage is given to +/- 

1024V. In the high-resolution acquisition mode of the oscilloscope the vertical resolution is 

increased by frequently recording the measured data and comparing the data. The increase in 

resolution is given by the relation between the maximum sample rate of the oscilloscope (TDS 

744: 2 GSamples/s) and the sample rate applied from the user (25000 data for 2.5ms => 10 

MSamples/s). This leads to additional 200 levels per division or additional 2048 levels for 

10.24 divisions. Therefore the vertical resolution in total is 2304 levels (256 levels plus 2048 

levels) or 11.1699 bits. 

If the discretisation error is assumed to be a Gaussian white noise source of amplitude 

equivalent to 1 discretisation level, the `noise floor' of the Fast Fourier Transformation (FFT) 

may be estimated as follows: 

maximum peak to peak voltage 
2 

Noise voltage 
maximum number of levels 

. FFT bin width (7.4.1) 
Nyquist frequency 

2048V Z ( 

2304 

) ) 

Noise voltage ; SBZ 
50Hz = 2.81mV 

The result show that the `noise floor' is about 2.8mV in a 50Hz bin. As seen in this section, the 

voltages of all voltage spectra are mostly above this value. This leads to the conclusion, that 
the used method of measurement is sufficiently accurate for comparing frequency spectra, even 

at higher frequency. 

During the measurements it was important not to change the trigger level of the oscilloscope 

and not to change the output frequency and load conditions. In addition care had to be taken 

when adjusting the set-up of the oscilloscope for a new measurement. Once all data were 
available in one file a FFT in Matlab was taken. The results have been plotted as Bode plot (x 

and y axis in logarithm format) and are shown in the following. 

Figures 7.4.1 and 7.4.2 show the output voltage spectrum of the phase voltage of the hard 

switched converter (Figure 7.4.1) and the ACPI (Figure 7.4.2) in the frequency range 10Hz to 
1MHz. The peak voltage of the carrier frequency (50Hz) for the hard switched converter is 
270V. That results in a RMS voltage of Vph, l,,,, u=191V. The peak voltage of the carrier 
frequency of the ACPI is 262V leading to Vph, l, m, s 185V RMS voltage at 50Hz. The RMS 

voltage for hard switched and ACPI can be calculated with the help of equation 7.4.2: 
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v, =1r v2 (t)dt = 
0t 

v2 (v) 
T, J Ts 

u=1 

(7.4.2) 

with Ot=100ns, T =20ms, K=200000 and v(u) representing the collected data points. This 

results in Vph, n,,, =235V for hard switched and 231V for the ACPI. Both Figures show not much 
differences in the maximum peak voltages at switching frequency and its multiple. Figure 7.4.2 

shows in addition periodic voltage peaks in the output spectra commencing at 200kHz. These 

peaks result from the natural frequency of the auxiliary circuit. 
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Figure 7.4.1: Phase output voltage spectrum (hardswitching converter) 

7.20 



MEASUREMENTS ON ACPI AND HARD SWITCHED CONVERTERS 

10° 

10a 

10 

100 

10"' 

10,2 

10-3 

10-` 
10' 

Figure 7.4.2: Phase output voltage spectrum (ACPI) 

Figure 7.4.3 and Figure 7.4.4 show the output spectra of the line-to-line voltage. The RMS 
line-to-line voltages of the hardswitching converter is 401V and 321V at 50Hz, compared to 
399V and 322V at 50Hz of the ACPI. Again the peak values at the multiple of the switching 
frequency are similar. Figure 7.4.4 shows the same periodical voltage peaks as Figure 7.4.2. 
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Figure 7.4.3: Line-to-line output voltage spectrum (hardswitching converter) 
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Figures 7.4.5 and 7.4.6 show the output spectra of the phase output voltage in the frequency 

range between 1MHz and 5MHz. The figures show that the noise level of the ACPI is lower 

than that of the hardswitching converter. The maximum peak voltages of the hardswitching 

converter are not below 0.08V whereas the majority of peaks of the ACPI are below this 

value. In the frequency range between 1MHz and 2MHz the ACPI shows still the periodical 

voltage peaks. Above 2MHz the voltage level of these peaks get smaller and the effect 
disappears in the output spectra. 
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Figure 7.4.5: Phase output voltage spectrum (hardswitching converter, high frequency) 
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Figure 7.4.6: Phase output voltage spectrum (ACPI, high frequency) 

The last two output voltage spectra are shown in Figure 7.4.7 and 7.4.8. Both spectra 

represent the line-to-line voltage in the frequency range from IMHz to 5 MHz. Again most 

maximum peak values of the ACPI are lower when compared to the hard switched converter. 
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Figure 7.4.7: Line-to-line output voltage spectrum (hardswitching converter, high frequency) 
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Figure 7.4.8: Line-to-line output voltage spectrum (ACPI, high frequency) 

Figures 7.4.5 to 7.4.8 show a reduction in noise of the ACPI in the frequencies above 1MHz. 

Between 10Hz and 1MHz the output spectra looks similar. Therefore it is worth to calculate 

the unweighted total noise power using: 
k*n*fl 

Vk = Zv2(u) 
V u=n*ft 

(7.4.3) 

fl is the minimum frequency step in the output spectra (50Hz), n defines the starting point of 
the frequency range that likes to be investigated, k is the number of data of the investigated 

range. The total noise power can be used to approximate the noise energy that is stored in an 
investigated frequency range. The frequency range of the output spectra have been split in 

three parts. The frequency range 5Hz to 5kHz is captured on decade base (5Hz-5OHz, 50Hz- 

500Hz etc. ), the frequency range 5kHz to 1MHz is captured on octave base (5kHz-lOkHz, 

lOkHz-2OkHz, 20kHz-4OkHz, etc. ) and the frequency range 1MHz to 5 MHz is captured on 
dual base (1MHz-2MHz, 2MHz-3MHz, etc. ). This splitting leads to a moderate comparison of 

the power noise of both converters. 

Figure 7.4.9 shows the total noise power of the line-to-line voltage of the hard switched and 
ACPI converter. As expected the noise power is lower at frequencies above 1MHz. From 

interest is that a reduction in noise power level starts already at around 160kHz for the ACPI. 

This result show that the additional voltage peaks generated from the auxiliary circuit and 
found in the output spectra (Figures 7.4.4 and 7.4.7) do not add substantial noise power. The 
ACPI shows also a reduction in noise power in the frequency range 100Hz-lOkHz. Between 
10kHz and 160kHz the noise of the hard switched converter is lower. That leads to the 
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assumption that the amplitudes of the multiple of the switching frequency (9.8kHz) and its 

sidebands must be higher for the ACPI than for the hard switched converter. Above around 
160kHz the voltage level of the multiple of the switching frequency and its sidebands decrease. 
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Figure 7.4.9: Total noise power of the line-to-line voltage of hard switched and ACPI 

converter (y axis in logarithm format, unit in volts, x axis describes different frequency ranges) 

The current output spectra of the hardswitching converter and the ACPI is shown in Figure 

7.4.10 and 7.4.11. When comparing the current harmonics the lower frequencies are of interest 

because low frequencies result in torque ripples. 
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Figure 7.4.10: Phase output current spectrum (hardswitching converter) 
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Figure 7.4.11: Phase output current spectrum (ACPI) 

A useful indicator to compare both spectra is the Total Harmonic Distortion of the current 
(%THD; ). Reference [7.2] describes the equations needed to calculate %THD;: 

I2 - I2 V 
is %THD; 100- ph ̀M" ph'1'" (7.4.4) 

Iph, 
l, rms 

Iph, l, rm __ 
Iphl (7.4.5) 

Iph 
rms = 

Tt 
i (u) Iph =ti (u) () 

K2K27.4.6 

D=I ITS u=1 

Again 200000 data points have been captured over a time period of 20ms. Using Lt=100ns, 

K=200000, E i2 = 61807684,4A2 and T, =20ms the RMS phase output current Iph,,,,, g and the 

RMS phase output current at 50 Hz Ipl,,,,,,,, can be calculated. The current values of the hard 

switched converter are: Iph, =18.064A and Iph, j,,, �, 18,057A. The values for the ACPI are: 
Ipi,, 17119 17.594A and Ipkl, r�g l7.586A. From these four values and with the help of equation 
7.4.4 %THD; can be calculated: 2.979% (hardswitching), 2.638% (ACPI). That shows that the 

current distortion of the designed ACPI decreases around 11.5% when compared to the hard 

switched converter. 

7.5 Summary of measured Data 

Table 7.5.1 compares the performances of the hardswitching converter with the ACPI at an 

output power of around 10kW. The reduction in losses, from 655W in the hard switched 
converter to 497W in the ACPI is clearly significant in terms of the power device cooling 

requirements. It is also significant that the total harmonic distortion content of the output 
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current and voltage is barely affected by softswitching control scheme (section 7.4). This 

demonstrates that the controller is effective in preserving the maximum degree of PWM 

control whilst reducing switching losses and output dv/dt. 

HARDSWITCHING SOFTSWITCHING 

load values (phase) R=10,252, L=lOmH R=10,252, L=lOmH 

dc-link input power 10455W 9726W 

output power 9800W 9229W 

efficiency 93,73% 94.73% 

converter supply frequency 50Hz 50Hz 

output frequency 50Hz 50Hz 

inverter switching frequency 9.8kHz 9.8kHz 

RMS line-to-line input voltage 240V 240V 

RMS phase output current 18.064A 17,594 

RMS phase output current at 50Hz 18.057A 17,586 

%THD; 2.979% 2,638% 

RMS phase output voltage 234,95V 230,59V 

RMS phase output voltage at 50Hz 191.46V 185,4V 

RMS line-to-line voltage 400.76V 399,13V 

RMS line-to-line voltage at 50Hz 320.87V 322,12V 

amplitude modulation index 0.98 0,95 

mag. commutation delay time 2s 3,5 s 

average output dv/dt 1500V/ s 500 V/ p 
Table 7.5.1: Comparison of performances of ACPI (C, 20nF) and hard switched converter 
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Chapter 8 

CONCLUSIONS 

The work presented in this thesis provides a comprehensive and critical assessment of novel 

converter topologies for controlling electrical machines with power ratings up to 100kW. A 

mixture of theoretical work, simulation and experimental work has been used to investigate all 
of the major classes of softswitching converter topology. For each class of topology, the mode 

of operation has been studied and fundamental performance limitations have been identified. 

The results of the studies have, for the first time, allowed a critical assessment and comparison 
of the many softswitching topologies to be presented in a coherent form. From this comparison 
one softswitching topology, the Auxiliary Commutated Resonant Pole Converter (ACPI), has 

been identified as the most promising novel topology. Experimental results from a 20kW 
ACPI, employing a unique sensorless DSP controller, have been presented and compared with 
results from an equivalent hard switched converter. 

8.1 Overview of Novel Converter Topologies 

A detailed survey of softswitching voltage source inverter topologies, suitable for induction 

motor drives applications, has been presented. Distinguishing operational features have been 
identified and used to construct a family tree encompassing all known softswitching converter 
types. Converter types which employ large number of devices (e. g. ac-link and direct AC-AC 

converter) have been identified as unattractive, because of the high initial cost. 

Simple sub-topologies of the remaining softswitching dc-link topology, employing a minimum 
number of components are found towards the top of the family tree. Such converters operate 
in almost continuos resonance and are characterised by high peak current and voltage stress 
coupled with no PWM control. Derived topologies, employing auxiliary circuits, operate in a 
quasi-resonant mode and display PWM control. Here, the peak levels of resonant current are 
determined by the desire to render the resonant transitions insensitive to changes in switching 
state and load current. 

The majority of topologies based on the resonant pole concept benefit from completely 
independent control over each leg. The use of three separate resonant circuits, each with its 

own circuitry does however, incur a severe cost penalty. 
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8.2 Assessment of Novel Softswitching Converter Topologies 

For resonant dc-link schemes, only those converters which are PWM control compatible are 
likely to gain acceptance. Thus only PRDCL or q-RDCL topologies are seen to be attractive. 
The requirement to resonate the link voltage to zero at every inverter state transition depresses 

the average converter output voltage and limits the resolution of any applied PWM scheme for 

PRDCL topologies. To reduce the number of link transitions, resonant capacitors are placed 
across each switch, allowing a passive or "snubber" mode of operation. In this way, depending 

on the load current magnitude and direction, the resonant circuit does not always need to be 

activated. One drawback of using the snubber mode is that under light load conditions the 

commutation time increases unacceptably. Another suggestion for reducing the number of link 

transitions is the use of modified PWM control (mPWM), however the control schemes reduce 
output current quality. Q-RDCL topologies avoid the output voltage depression associated 
with PRDCL topologies by allowing the output voltage level to rise above the DC link level in 

a controlled manner. With this technique, the average output voltage is directly controlled by 

the switch duty ratio as it is in the hard switched converter. Finally, most of the PRDCL and q- 
RDCL topologies use pre-charged clamp capacitors, whose charge level can be difficult to 

control. 

For all soft switched converters, it has been shown that the softswitching control fidelity is 

related to the ratio of the resonant transition time, to the characteristic carrier lifetime of the 

power semiconductor switches and, hence, to their voltage blocking capability. Regrettably, 

when conventional space-vector PWM control is employed, the finite transition period serves 
to limit not only the PWM range but also the PWM resolution. In addition, for PRDCL and q- 
RDCL topologies, the common resonant link means that all output phases see an increased 

number of voltage transitions with important consequences for output filter design or motor 
losses. 

PCIs have the advantage of utilising a separate resonant circuit for each pole and do not suffer 
from the restricted PWM resolution and output voltage distortion encountered in RDCL 
designs. RPI topologies do, however, suffer from high resonant inductor losses and a limited 
PWM control range. The ARPI topology, on the other hand, uses a quasi-resonant technique 
to minimise inductor losses and displays an improved PWM control range. The largest PWM 

control range of all softswitching topologies is found in the ACPI topology. It does, however, 
have a high component count and is, therefore, relatively expensive when compared with hard 

switched converters. 

8.2 



CONCLUSIONS 

The results of the assessment show the ACPI to be most promising topology, offering a high 

degree of PWM control without excessive device stress and the potential to operate at 
switching frequencies far above the normal hard switched limit without significant degradation 

of its control characteristics. 

8.3 Improvement of the ACPI Topology 

Compared to hard switched topologies, the ACPI topology seems to be unattractive because 

of its high initial cost. To bring down the cost two options are possible. Firstly a reduction in 

the number of sensors and secondly integration of some or all of the discrete devices into one 

or more power modules. 

Work in this thesis has focused on reduction of sensors, with the help of a digital signal 
processor (DSP) and field programmable array (FPGA). Both devices are implemented in the 

controller, which requires only the load current and dc reservoir capacitor voltages as inputs. 

The cost of the control elements for the ACPI is thus reduced to a level comparable with that 
found in most state-of-the-art hard switched drives. 

A performance comparison has been made with hard switched inverter at 10kW level (both 

converters are rated to 20kW). At this power level the results show reduced overall losses and 
reduction in output dv/dt stress over nearly the whole frequency spectrum without significant 
degradation in output current fidelity. 

The lack of additional sensors and integration of control functions into the DSP provides a 
cost-attractive solution for drives systems particularly where a DSP is already used to provide 
motor control functions. However, it ist clear that any savings in cooling cost would offset 
the additional hardware cost. 

In the final reckoning, performance benefits and cost must be weighed with the application. 
The vast majority of motor drives operate at fundamental frequencies which rarely exceed a 
few hundred Hz and have relatively modest dynamic requirements. As such, they do not 
require very high PWM carrier frequencies. If the customer can put up with the acoustic noise 
and the output THD levels, the only remaining benefits from the ACPI are higher switching 
frequency and inherent control over output dv/dt. High speed drives or servo drives requiring 
enhanced dynamic performance, would clearly have more to gain from an increase in PWM 
carrier frequencies. 
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8.4 Further Work 

Although the work outlined in this thesis has answered many questions and presented several 
topologies, there are still some questions which remain unanswered and avenues of research 
which deserve further investigation. 

A clear economic incentive for the adoption of the ACPI topology could be provided by 

integration of the main switches, the auxiliary switches and even the resonant capacitors into a 
single power module. In addition, zero voltage switching of the main device permits a different 

optimisation of the device design. Higher device current densities can be achieved at the 

expense of a reduced (hard switched) turn-off safe operating area. Modified designs could be 

used to reduce either the total silicon area (device cost) or the on-state voltage (cooling cost). 

It is likely, therefore, that the most significant advances in the ACPI and in novel converter 
technology will come from the power devices themselves. Thus, investigation of optimisation 
and integration of devices for resonant converters would be worthwhile. 
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Appendix A 

SIMULATED WAVEFORMS 

Appendix A shows simulated waveforms from various converter topologies. One has to bear in 

mind that only selected waveforms are given, because the high variety of collected waveforms 

would expand this appendix. This Appendix can be cross read with Chapter 3,4 and 5. Section 

A. 1 describes the simulation program that has been used and the simulation set-up. Section A. 2 

shows waveforms of RDCL topologies and section A. 3 shows waveforms of PCI topologies. 

A. 1 Simulation Set-up 

All discussed topologies were simulated in Micro Sim/P SPICE. The PSPICE analysis program 

allows designing and simulating circuit designs containing both analogue and digital 

components. PSPICE starts a simulation by calculating the bias-point of the circuit. Thereby 

PSPICE sweeps sources, global parameters and model parameters through a range of values. 
The bias point is then calculated for each value of sweep. Thus for example, transfer functions 

of amplifiers or high and low thresholds of logic gates can be found. When PSPICE calculated 

the bias point it starts with the transient analysis. PSPICE maintains an internal time step which 
is continuously adjusted to maintain accuracy while not performing unnecessary steps. During 

periods of inactivity the internal time step increases. During active region, it decreases. 

Between two time steps PSPICE calculate voltage, current and other defined output 

parameters in the analogue and digital circuit. It is removing the time from the circuit 

producing a steady state circuit. In order to solve the circuit equations PSPICE uses an 
iterative algorithm following Newtown's iteration criteria. 

Each resonant converter was simulated on a test circuit as shown in Figure A. 1.1 for RDCL 

topologies and Figure A. 1.2 for PCI topologies. Both test circuits use a voltage source and a 
diode at the input side. This combination is equivalent to an ideal three phase supply voltage 

and a diode bridge rectifier. As a consequence, a switch dump resistor is required to prevent 

excessive link voltage during periods of motor regeneration. In the simulation a simplified 

controlled dump resistor was used. 

The inverter side was simplified by a single switch and a diode for the RDCL circuits. Turning 

on the device is thus equivalent to allow simultaneous conduction of both switches in an 
inverter leg. The inverter side of the PCI circuits do not include an additional switch, because 
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turning on both switches at the same time would mean a short circuit in the PCI topology. The 

performance of PCI circuits were simulated using one pole. Therefore only a load current had 

been directly connected to the inverter side. 

The load current can be expressed either as a constant current source or a current step source 
depending on the converter topology. For the basic RDCL and the clamp basic RDCL it can be 

assumed that the inverter switching statues remains constant for several resonant cycles before 

the switching status changes. Thus an ordinary dc current source describes the load. A dc 

current source has been also used when simulating PCI topologies. Here the load inductance of 

each pole is much greater than the resonant inductance and therefore the load current can be 

assumed constant over several pole switching commutations. For PRDCL and quasi-RDCL 
topologies a current step source has been used. The dc-link voltage resonates mostly when the 

status of the inverter is changing. Thus it has to be taken into account the changing state of the 
inverter. In reality, the inverter input current consist of high frequency pulse widths which vary 
due to the applied modulation strategy. Reverse power flow was simulated by changing the 

sign of the dc current source or the step current source. 

Figure A.!.!: Test circuit for resonant dc-link inverters 

one pole 
of a PCI 1 

circuit 

Figure A. 1.2: Test circuit for pole commutated inverters 

The model for each power semiconductor was simplified to a voltage controlled resistance 

with a low pass filter in series with the controlling voltage. This allowed reasonable on-state 

accuracy to be obtained with a minimal penalty on execution time. Accuracy during switching 
transitions was considered to be less important since all transistors took place at either zero 
voltage or zero current. 
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The control circuit for each converter was realised using a mixture of digital and analogue 

components as well as look-up tables. All capacitors, inductors and bus bars included a series 

resistance to model losses. 

A. 2 Resonant DC-Link Inverters 

The simulated inverters were designed for a nominal power rating of 10kW. The dc-link 

voltage was set to 500V and a resonant dc-link frequency of 60kHz was chosen when PWM 

control was applied. The controller was programmed to ensure that zero voltage time for the 

main inverter switches was at least 1µs. 

BasicRDCL: Lj 5gH, Cr 1µF, Iioad=43A 
Figure A. 2.1 shows the simulated inverter input voltage. As discussed in Chapter 3 the voltage 
resonates up to a level of at least twice the dc-link voltage. The average resonant frequency is 

set to 66kHz. 

Figure A. 2.2 shows the resonating inductor current i1. The maximum value of the current 
results from the impedance, the load current and the current boost mode level. During the 
boost mode the current increases linearly for the duration of short circuit of the inverter. This 

time is defined by the controller. With equation A. 2.1 the current peak resulting from 
impedance and load configuration can be calculated to: 
1Peak 

_ 

Vdc 

+I, Qad = 
500V 

+43A = 266A (A. 2.1) FrL 5µH 
1µF 

The controller adds additional currents between 4A to 14A. A simulated inductor resistance of 
0.152 leads to instant losses at peak current of 7.8kW. This value shows that the basic RDCL 

topology tends to have high inductor losses. 

Figure A. 2.3 shows the simulated switching pattern of the switch S. 
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Figure A. 2.1: Simulated inverter input voltage of the basic RDCL topology 
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Figure A. 2.2: Simulated resonant current of the basic RDCL topology 
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time/µs 

Figure A. 2.3: Simulated switching pattern of switch S of the basic RDCL topology 

Active clamp basic RDCL: L, =5µH, C1 1µF, Cclamp 100µF, Vclamp 280V, Road= 43A 

Figure A. 2.4 shows the inverter input voltage (voltage pulses) and the voltage across the clamp 

capacitor (dc voltage). With a dc-link voltage of 500V and a 280V pre-charged clamp 

capacitor the clamp voltage is around 750V. Thus the inverter input voltage is reduced to 25% 

compared to the basic RDCL circuit. In addition Figure A. 2.4 shows that the voltage across 
the clamp capacitor is not constant. It varies slightly with every switching event. The change of 
this voltage (ramps up and down) is the result of two different charge operation modes 
(charging mode and discharging mode) that play an important role in the active clamp 

A. 4 



SIMULATED WAVEFORMS 

technique. Once the inverter input voltage reaches the clamp voltage the diode is forward 

biased and starts conducting to charge the clamp capacitor (charging mode). At around half of 
the clamp time the clamp capacitor starts to discharge and current commutates from the clamp 
diode to the clamp IGBT (discharging mode). The charge across the capacitor is constantly 

monitored and the clamp IGBT must turn off when the charge balance across the clamp 

capacitor is equal zero. This is difficult to achieve from the point of view of sensors and 

controller. 

Figure A. 2.5 shows the resonant current. Again a simulated inductor resistance of 0.152 results 
in large instant inductor losses. 

Figure A. 2.6 shows the on and off state of switches S and, Sclamp" 
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Figure A. 2.4: Simulated inverter input voltage (pulse-line) and voltage across the clamp 
capacitor (dc-line) of the active clamp basic RDCL topology 
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Figure A. 2.5: Simulated resonant current of the active clamp basic RDCL topology 
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on 

off 
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time/µs 

Figure A. 2.6: Simulated switching pattern of switch S (dotted line) and switch Sclamp (solid 
line) of the active clamp basic RDCL topology 

PRDCL: L 1.5µH, Cr 0.25µF, Cs, u 33.6nF, Iioad=(0A, 15A, 28A, 43A) 
The simulated inverter input voltage is shown in Figure A. 2.7. One can say firstly that the 

voltage is always clamped to the dc-link voltage and secondly the dc-link voltage includes 

voltage notches. This notches lead to supply voltage drop of the inverter and consequently to a 
reduction in the output power (Chapter 3). 

Figure A. 2.8 shows the simulated step load current. The steps OA, 15A, 28A and 43A have 
been randomly chosen. This current must flow through the clamp switch Sciamp leading to high 

on-state losses as the following example shows: It is given: a device on-state voltage of 2.7V, 
3 OA rms. load current, Ips zero voltage on-state time and a switching frequency of 10kHz. In 

addition the modified PWM control scheme mPWM2 is applied (section 3.3.2) thus the 
resonant circuit is activated only once in one inverter switching period. Therefore the on-state 
losses can be calculated to (equation A. 2.2): 

Plosses, 
on - state = 2.7V*30A - 2.7V*30A* 

1µs 
= 80.19W (A. 2.2) 

100µs 

Figure A. 2.9 shows the resonant current flowing through the resonant inductor. In comparison 
to the basic RDCL and the clamp basic RDCL topology the current stress is drastically 

reduced. 

Figures A. 2.10 to A. 2.12 show the switching pattern of switches S, Sciamp and Sr respectively. 
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Figure A. 2.7: Simulated inverter input voltage of the PRDCL topology 
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Figure A. 2.8: Simulated step load current for the PRDCL topology 

current/A 
180 
130 
80 
30 

-20 
-70 

-120-1- 
0 20 40 60 80 100 120 140 

time/µs 

Figure A. 2.9: Simulated resonant current of the PRDCL topology 
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Figure A. 2.10: Simulated switching pattern of switch S of the PRDCL topology 
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Figure A. 2.11: Simulated switching pattern of switch Sc, a., p of the PRDCL topology 
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Figure A. 2.12: Simulated switching pattern of switch S, of the PRDCL topology 

Active clamp q-RDCL: Lr=5µH, C, =50nF, Cclamp 100µF, Iload=(OA, -15A, -28A, -43A) 
The simulated waveforms shown for the active clamp q-RDCL result from reverse power flow 

conditions. Thus the load current is negative. 

Figure A. 2.13 shows the inverter input voltage V;.,,. (When the inverter input voltage drops 

from the clamp value to its dc level a high frequency oscillation starts, accommodated from the 

interaction between the resonant inductor and the resonant capacitor during turn-off of S, e9 and 
Sclamp). As discussed in Chapter 3 the inverter input voltage is clamped and most of the time it 

stays at dc-link level. 

Figure A. 2.14 shows the simulated negative load current. At this point it has to be said that all 

simulated resonant inverters show no difference in performances, when testing the resonant 
inverter under forward power flow or reverse power flow. Figure A. 2.15 shows how the 

resonant current follows the load current. 
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The switching patterns for Se., Sciamp and S are given in Figures A. 2.16, A. 2.17 and A. 2.18 

respectively. 
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Figure A. 2.13: Simulated inverter input voltage of the active clamp q-RDCL topology 
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Figure A. 2.14: Simulated step load current for the active clamp q-RDCL topology 
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Figure A. 2.15: Simulated resonant current of the active clamp q-RDCL topology 
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Figure A. 2.16: Simulated switching pattern of switch S1 of the active clamp q-RDCL topology 
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Figure A. 2.17: Simulated switching pattern of switch Stump of the active clamp q-RDCL 
topology 
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Figure A. 2.18: Simulated switching pattern of switch S of the active clamp q-RDCL topology 

Passive clamp q-RDCL: Lr2=5µI-1, C, 50nF, Cclamp 100µF, Lr1+L p 20µH, L�ý=320µH, 

coupling factor=0.99, Iload=(OA, 15A, 28A, 43A) 

The inverter input voltage of the passive clamp RDCL topology is shown in Figure A. 2.19. As 

discussed in section 3.4.2 the voltage tends to oscillate during the clamp mode because of the 

stray inductance of the transformer. A coupling factor of one would result in a constant 
inverter input voltage at clamp voltage level but a coupling factor of one is an unrealistic value 
from the viewpoint of the transformer design. The simulation waveform shows an additional 
oscillation once the clamp mode has finished. The inductor current flowing through Lr1+L�P is 

somewhat higher than the load current once the clamp mode has stopped (Figure A. 2.20). This 

charge unbalance results in a second unintentional oscillation between Lr1+Lnp and the resonant 
capacitor. Figure A. 2.20 and Figure A. 2.22 show the current in the primary winding and the 

secondary winding. When the inverter input current drops from the maximum value to zero 
(Figure A. 2.20) the inductor L1+Lnp has stored such a large quantity of energy that the clamp 
mode remains constant until the next switching event (Figure A. 2.19 and Figure A. 2.22). 
Consequently a large current is flowing through the secondary winding. Figure A. 2.21 shows 
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the current flowing through L12. Inductor Lr2 stores only the needed energy for an successful 
resonant cycle. That explains the short resonant pulses of ire. 
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Figure A. 2.19: Simulated inverter input voltage of the passive clamp q-RDCL topology 
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Figure A. 2.20: Simulated resonant current it of the passive clamp q-RDCL topology 
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Figure A. 2.21: Simulated inductor current Lr2 of the passive clamp q-RDCL topology 
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Figure A. 2.22: Simulated current of the secondary winding of the transformer of the passive 

clamp q-RDCL topology 

A. 3 Pole Commutated Inverters 

The simulated PCIs were supplied from a 560V dc voltage source. The load current was 

chosen to either +100A (motor mode) or -100A (generator mode) given a nominal power 

rating of 56kW for each pole. The inverter switching frequency was set to around 20kHz when 
PWM control was adopted. The controller was programmed to ensure that a amplitude 
modulation index of 0.5 was applied. 

ADPP L,. =19µH, CIGBr=4OnF, CDIODE=IPF, hoad=100A 
Figure A. 3.1 shows the simulated phase output voltage. The large resonant inductor result in a 
low dv/dt stress across the switching devices that shortens the on-state time of the dc-link 

voltage across the device and shortens and limits the degree of PWM controllability. 

Figure A. 3.2 shows the inductor current that consists of two modes: freewheeling mode and 

resonant mode. During the freewheeling mode the inductor current is constant, whereas during 

the resonant mode the inductor current changes its polarity. As seen in Figure A. 3.2, the 
freewheeling current is either +270A or -70A high. Considering a resistance of 0.1 S2 of the 
inductor the freewheeling losses are very high. 

The switching pattern of the lower switching IGBT is shown in Figure A. 3.3. 
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Figure A. 3.1: Simulated phase output voltage Vo�t of the ADPI topology 
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Figure A. 3.2: Simulated inductor current it of the ADPI topology 
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Figure A. 3.3: Simulated switching pattern of switch S2 of the ADPI topology 

TADPI. L, =8µH, CIGBT=20nF, CDIODE=I5OnF, Cuansformer 800 
, 

Lprimary 10 
, 

Leeeondary=22.5mH, coupling factor=0.99, Iioad=IOOA 
Compared to the ADPI test circuit a smaller resonant inductor and a smaller snubber capacitor 
have been inserted for the TADPI. This results in higher dv/dt stress and longer on-state time 

of the dc-link (Figure A. 3.4). 

The transformer is connected with the output of the pole allowing a reduction of the 
freewheeling current compared to the ADPI. This benefit is achieved to the expense of heavy 
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transformers and additional devices. In this simulation the current is reduced to around +190A 

and -20A. This consequently leads to a reduction of the freewheeling losses (Figure A. 3.5). 
Both topologies ADPI and TADPI must comply with equations A. 3.1 and A. 3.2: 
"dc 

> head (A. 3.1) 
Z. 

Z= 
L' 

(A. 3.2) 0 2CDIODE 

This equations show that for a given inductance Lr the capacitance CDIODE must be large 

enough to cope with the maximum load current (CDIODE'I2load). Under normal running 
conditions the capacitance might be chosen to a relative small value, but under start-up 
conditions a load current twice of that under normal running conditions or even more is 

required (CDIODE-412Ioad). Thus the capacitors have to be dimensioned four times larger as for 

rated current values. That consequently leads to an increase in resonant time and therefore to 

scarifies the degree of PWM controllability. 

Figure A. 3.6 shows the control signal of the lower IGBT of the TADPI. 
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Figure A. 3.4: Simulated phase output voltage Vo�t of the TADPI topology 
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Figure A. 3.5: Simulated inductor current it of the TADPI topology 
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Figure A. 3.6: Simulated switching pattern of S2 of the TADPI topology 

ARPI: L, i=60µH, all capacitors C=100nF, I, oad=100A 
The phase output voltage is shown in Figure A. 3.7. Using the same capacitance for all four 

capacitors result in the same dv/dt stress across each device. 

The freewheeling current is controllable and was limited to 20% overshoot of the load current 
during simulation (Figure A. 3.8). The benefit of reducing the freewheeling current leads to the 

expense of the need of additional devices rated at the same power level as the main devices. 

Thus cost of the devices for the ARPI is twice of that of an hardswitching converter. 

The switching patterns of all four devices is given in Figures A. 3.9 to A. 3.12. 
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Figure A. 3.7: Simulated phase output voltage Vo�c of the ARPI topology 
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Figure A. 3.8: Simulated inductor current it of the ARPI topology 
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Figure A. 3.9: Simulated switching pattern of switch S1 of the ARPI topology 
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Figure A. 3.10: Simulated switching pattern of switch S2 of the ARPI topology 
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Figure A. 3.11: Simulated switching pattern of switch S3 of the ARPI topology 
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Figure A. 3.12: Simulated switching pattern of switch S4 of the ARPI topology 

ACPI: I, 1=5.7uH, C=67nF, IIoad=l OOA 
The ACPI is the only topology that makes use of the midpoint of the dc-link capacitors. Using 

the midpoint allows to apply three voltages on the output: dc-link voltage, half of the dc-link 

voltage and zero volts. The phase output voltage is shown in Figure A. 3.13. 

The current waveform looks completely different compared to the other ones (Figure A. 3.14). 

No freewheeling current is needed. The ACPI was controlled without standard mode and 
direct resonant mode (Chapter 4). In case of a negative load current the large resonant current 

peaks of Figure A. 3.14 would be in the negative direction and the small resonant current peaks 
in the positive one. 

The switching pattern of the main switches are given in Figure A. 3.15 and Figure A. 3.16. 
Figure A. 3.17 shows the switching pattern of both auxiliary switches. The on-state time of AS2 
is longer than the on-state time of AS1. The overlap of the on-state times of AS2 and MS2 

results in a ramp-up or ramp-down of the inductor current. 
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Figure A. 3.13: Simulated phase output voltage V. �, of the ACPI topology 
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Figure A. 3.14: Simulated inductor current it of the ACPI topology 
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Figure A. 3.15: Simulated switching pattern of main switch MS1 of the ACPI topology 
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Figure A. 3.16: Simulated switching pattern of main switch MS2 of the ACPI topology 
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Figure A. 3.17: Simulated switching pattern of auxiliary switch AS, (short pulse) and auxiliary 

switch AS2 (long pulse) of the ACPI topology 
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Appendix B 

ELECTRICAL AND ELECTRONIC CIRCUITS 

Appendix B describes in detail the design of both power converters: hardswitching 

converter and the ACPI (Appendix B. 1), the controller set-up (Appendix B. 2), the used 
software and program given in pseudo code (Appendix B. 3). In this Appendix the given 

circuit diagrams show only the function of the circuit and do not reflect the design of the 

circuit board. The same applies to the program which shows only the main structure. 

B. 1 Power Converter 

The complete power converter is contained in a grounded metal box of the size 
(770mm*340mm*510mm). The metal box yields as electro-magnetic shield reducing 
emission and interference of electro-magnetic noise with its environment. The converter 
is earthed at one point only, because several ground connections with individual leads 

would increase the noise on the power supply lines resulting in ground fluctuations and 

voltage surges. All isolated metal objects inside the converter are connected to earth 
prohibiting floating potentials. Power is provided from a 3-phase power supply without 
neutral connection. The auxiliary power circuit is fed from a 240V single phase power 
supply. 

B. 1.1 Input side 

The input side of the converter includes the rectifier, dc-link filter and dump circuit. The 
input rectifier and dc-link filter converts the ac supply voltage into a dc-voltage. As 
Figure B. 1.1 shows, the rectifier is preceded with a contactor, fuses and an emergency 
stop. The contactor disconnects the input side of the converter with the ac power supply 
and is used as a main switch and emergency fault switch. In case the converter detects a 
fault signal the contactor disconnects the input of the rectifier with the output of the 
power supply. Likewise the emergency bottom disconnects both sides when manually 
activated. The fuses protect the rectifiers in the event of a short circuit across the dc-link. 
Using a 20kW three-phase power supply with fixed 415V line to line and 30A maximum 
rated current the rated current for fuses and diodes are given by the maximum rated 
phase current of the power supply. Thus, rated fuses of 32A (medium speed) and 
SEMIKRON diode bridge rectifiers (SKKD46/12) rated to 46A/1200V are in use. The 
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three phase rectifier is formed from three single phase bridge rectifiers. The diode bridge 

rectifier is mounted on a heatsink of 0.4°C/W. This value was calculated with the help of 

the data book from reference [B. 1]. The dc-link inductor performs the functions: 

providing a second order filter with the dc-link capacitor and to help limit input supply 

current peaks during initial charging of the capacitors, whilst running. The dc-link filter 

has a cut off frequency of 43Hz, which gives 34dB attenuation at 300Hz, the 

fundamental ripple frequency. In consideration with the given rated voltage of an 

electrolytic capacitor, the allowed maximum ripple current and its capacitance, two in 

series electrolytic capacitors rated to 385V each and 18.5A ripple current at 10011z are 

used in the converter design. Both capacitors have a capacitance of 6800µF. One has to 

be aware that a reduction in capacitance leads to an increase in the ripple voltage, and a 

reduction in stored energy and impedance, which is not preferred in drives application. 
Before activating the inverter switches of the converter the dc-link capacitors have to be 

pre-charged to around 560V, otherwise a substantial inrush current will flow into the 

capacitor, damaging the diode bridge rectifier. To limit the current a 22052 resistor is 

connected in series with the choke inductor. Once the dc-voltage reaches its level the 

resistor is manually short circuited via a switch. In addition a second problem occurs 

when using dc-link capacitors. That is because, the full dc-link voltage still remains when 

switching off the converter system. To comply with safety aspects the capacitors have to 

be discharged, requiring resistors in parallel to be connected to the capacitors. The 

discharging process takes place with l0k9 resistors given a discharging time of 

approximately 340s. The resistors are rated to 25W power dissipation. The function of 
the dump driver was already discussed in Chapter 6. Although no regenerating power is 

provided in the experimental set-up a dump driver was included allowing motor drive for 

future work. The dump circuit dissipates the energy in an external dump resistor. The 

size of the dump resistor and the dump IGBT is dependent on the generated power. The 

dump circuit has to be designed to carry at least the maximum transferred power during 

motor drive. Thus concluding that the dump resistor dissipates 20kW at 560V dc-link 

voltage with an average dump current of 36A. However not knowing the parameters of 
the machine and the mechanical load the dump IGBT is over dimensioned to twice of the 

calculated current of 36A. Thus without changing the dump circuit a range of freedom is 

given when choosing the motor and its application. The Toshiba module MG75Q2YS1 

(75A/1200V) provides the dump IGBT. An IGBT module has the advantages of using 
the lower IGBT as dump IGBT and the upper antiparallel diode as free-wheel diode. A 
free-wheel diode is connected parallel to the resistor bank providing a current path for 

the stored current in the parasitic inductance of the resistor bank, during the turn off 
process of the lower IGBT. The module is mounted on a heatsink of 0.5°C/W with 
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respect to a 20kW load. The introduction of a snubber circuit parallel to the dump IGBT 

was seen as nonessential, but can easily be mounted across the module. 

3 off each 1 off 
240V, 50Hz SKKD 46/12 4mH 22052 lOkS2 MG75Q2YS1_ 

Figure B. 1.1.: Input side 

The supply voltage of the whole dump driver is isolated from the main auxiliary supply as 
seen from the electric circuit board in Figure B. 1.2. The dc-link voltage is divided into a 
lower voltage amplitude allowing manipulation of the input voltage. The voltage is than 

compared with two different stabilised reference voltages. One comparator detects 

overvoltage at 700V and the other comparator detects undervoltage at 300V. In case an 
overvoltage is detected the dump driver switches on the dump IGBT. To turn off the 
dump IGBT the dc-link voltage must drop under 600V. In case the dc-link voltage drops 
below 300V an undervoltage fault signal appears. At 460V the undervoltage fault resets. 
An opto-coupler is used to drive the gate of the dump IGBT. The purpose of the opto- 
coupler is not to provide isolation but to allow to charge and discharge the input 

capacitance of the dump IGBT with a relative high current. In this case the opto-coupler 
provides an impulse current of 0.5A. The gate of the upper IGBT is short circuit with its 

emitter allowing a permanent turn-off of the upper IGBT. 
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A,: LM324N; Z1: BZX79C6V8; Z2: BZX85C15 

B. 1.2 Drivers for main and auxiliary IGBTs 

The driver requires isolation between the high voltage path and the low voltage path of 
the dc-link voltage and the auxiliary voltage. The low side of the driver is non-isolated to 

the auxiliary power supply, so the ground paths of the low side is earthed. The high side 

supply is transformer isolated and an impulse transformer is integrated in the used driver 

IHD680AN [B. 2]. High and low side are supplied from a regulated 5V voltage regulator 
(L7805CP). Further requirements on drivers are noise immunity, internal undervoltage 

protection and protection in the event of power circuit fault. The driver IHD680AN from 

Concept provides a common mode immunity of 5OkV/µs and makes it suitable for high 

speed power circuits. In case the auxiliary power supply drops to a certain voltage level a 
proper driver function is not guaranteed. Thus the driver shuts down and disengages the 
IGBT. The voltage saturation protection protects against unexpected high currents 
flowing through the device. In that case the driver starts to turn off the IGBT and all 
incoming signals are inhibited. This status remains in a pre-set inhibition time. The time is 

set by the user. In addition the driver flags back a fault signal to the low side. It was 
measured that a fault at the main IGBTs is detected at around 5µs and in case of the 
auxiliary IGBTs the detection time is 2µs. The driver is developed in such way, that an 
inhibition time of 20ms must pass before the driver allows again to transmit incoming 

signals. In addition it was chosen to use the fault signal of the low side as interrupt signal 

B. 4 
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for the PWM card. Consequently all IGBTs switch off when a fault signal is detected. In 

addition the contactor is commanded to disconnect the power lines between the rectifier 

and the power supply. The electric leads between driver cards, PWM card and protection 
board 2 are connected with transceivers MAX490. The slew-rate of the MAX490 is 

higher than of its counterparts and the MAX490 is equipped with circuitry allowing error 
free data transmission up to 25Mbps [B. 3]. The Concept driver provides a maximum 

output current of +/- 8A allowing fast turn-on and turn-off of both main and auxiliary 
IGBT. This high charge current is needed when using control of IGBTs in resonant 

converters. Figure B. 1.3 shows only one trail of the drive circuit. Two trails were 
combined in one circuit etched driver card controlling two IGBTs in one module (see 

Appendix E). 

B1: 74HC04; Tr1: MAX490; T1: 2N2222A; D1: 1N4007; D2: 1N4148; Z1: BZX85CI6; Z2: BZX85C15; 

Z3: BZX79C4V7; Trl=Transceiver 
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Figure B. 1.3: Driver circuit for one IGBT 

B. 1.3 Phase Output Current 

Phase current is measured using a Hall effect current transducer, LTA50P/SP1 (Figure 
B. 1.4). This meets the basic phase current measurement targets of a peak current rating 
to 50A, bandwidth of DC to 150kHz, and isolation from the power circuit. A load 

resistor converts the output current into a voltage which is than multiplied by an 
amplifier OP470-6P. It was chosen for this relative expensive amplifier, because it offers 
very low input offset current, voltages for precision operation and low drift, sufficient 
gain bandwidth for the application and reduce errors due to ground noise and power 
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supply fluctuation. Because only five values are measured (three phase currents, dc-link 

voltage and mid-point voltage), accurate current measurements are vital. The amplified 
signal is filtered using a second order Butterworth filter. This filter limits the transmitted 

noise from the power phase line to the isolated current sensor circuit. Finally the output 

voltage is offset corrected using a potentiometer. The signal is than transferred to the 

analogue/digital card of the controller and to protection board 1. To allow accurate 

current measurements, the values of all resistors used in the phase current sensor circuit 
have a precision between 0.1% and 1%. 

A,: OP470-GP 

L7 

Al 

Figure B. 1.4: 3 off phase current sensor circuits 

B. 1.4 Voltage Measurements 

15V 

rotection 
board 1 

ialogue/ 
vital card 

The dc-link voltage divider gives a 100: 1 attenuation ratio so that the voltage can be 

safely read from the analogueldigital card of the controller (Figure B. 1.5). The first stage 
divides the dc-link voltage down to a value determined by the quotient between the 

resistance among the non-inverted input of the amplifier and ground and the resistance 
among upper rail and lower rail of the dc-link. The second stage of the circuit adds this 

voltage together with a reference voltage. It was decided to set the reference voltage to 
3V to be adequate to 300V dc-link voltage. That is equal the threshold voltage of the 

undervoltage protection. In addition a small range of reference values allow a higher 

resolution of the analogue/digital card of the controller. In the event that one of the top 
end resistors gets shorted or one of the bottom end resistors open circuit, the voltage rise 
up to either plus or minus of the maximum auxiliary supply voltage. The interrupt routine 
program reads this as undervoltage or overvoltage fault and turns-off the switching 
devices. 
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Figure B. 1.5: DC-Link voltage measurements 

B. 1.5 Protection Board 1 (overcurrent and overtemperature) 

Figure B. 1.6 shows the circuit board of protection board 1. The measured current is 

compared with a hysteresis controller. The maximum current band of the controller is 

adjusted with trim potentiometers. If the phase current overshoots to +/- 50A than a fault 

is detected and the hysteresis controller triggers a delay-flip-flop (D-FF). The D-FF 

captures the fault and indicates that a fault occurred at this specific phase. The indication 
has to be manually reset. In case the heatsink temperature increases to over 
110°C/Degree the resistor of the hysteresis thermostate changes immediately its 

resistance. Under `cold' conditions the resistance is small and the base-emitter voltage is 

too low to turn-on transistor T1. Under `hot' conditions the resistance changes 
immediately once its reached the internal threshold temperature of the thermostate. The 

voltage skips and transistor T, turns-on. The conducting transistor is forward biased and 
a LED indicates the fault. The fault signal of the over temperature circuit or the over 
current circuit is send to protection board 2. 
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A,: LM324N; T1: 2N2222A 
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Figure B. 1.6: Protection board 1 

B. 1.6 Protection Board 2 

All fault signals gather together in protection board 2 (Figure B. 1.7). The fault line from 

protection board 1, the undervoltage fault line and all fault lines of all twelve IGBT 
drivers are connected to a high speed or-gate 74ACT32. If only one fault is detected the 

contactor is commanded to switch off and the PWM card inhibits further data 

transmission. Faults send from the driver cards are captured and signalised, allowing to 
identify the faulty IGBT. The contactor still remains closed when only the overvoltage 
fault occurs. Is this the case only the devices are switched off. All D-FFs must be 

manually reseted before enabling control transmissions to the driver cards. 
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Figure B. 1.7: Protection board 2 

B. 1.7 Auxiliary Power Supply 

Two regulated voltage dc power supplies provide the total power of all circuits that have 
been discussed so far. The NFS40 power supply is a non-isolated AC-DC converter with 
a nominal power rating of 25W. The output voltage is +15V, -15V, +5V and GND. Two 

NFS40 supplies have been connected in parallel. This arrangement allows to provide the 

circuits with enough auxiliary power and protects the converter in case of an auxiliary 
power supply failure. In case one of the power supplies fails, the other power supply 
have to provide twice of the power. That results in a output voltage drop of the single 
NFS40. This drop is seen from the driver IIM680AN of the driver card. The internal 

undervoltage protection responses to switch off the IGBT and signals a fault signal. 

B. 1.8 Output side 

The IGBT module Toshiba MG150Q2YS 11 are integrated in each pole of the inverter 
bridge. This low saturation 3rd generation module is a compromise between cost and 
performance. In addition great power loss reduction is gained under zero-voltage 
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switching. This statement applies not for every device. An example is published in 

reference [B. 4]. Their it was published that for example Siemens IGBTs, which have no 
doped lifetime killers, show no great improvement in turn-off loss reduction under zero- 

voltage conditions. It is concluded that NPT IGBTs (non-punch through) will have only 

a slight turn-off switching loss reduction with a capacitive snubber. The Toshiba module 
(150A, 1200V, 2.7V saturation voltage [B. 5]) is a PT IGBT (punch through). Here the 

turn-off performance is better under ZVS (Chapter 5). 

Each IGBT module is mounted on a heatsink with a thermal resistance of 0.4°C/W. 

Calculations on conduction and switching loss, of IGBT and diode using data sheets 

values show that under worst case conditions (switching 30A at 20kHz, with a dc-link 

voltage of 560V), results in losses requires fan cooling for heatsinks. However for a 

smaller duration of running time no fan cooling is required. In addition own estimations 
have shown that no fans are required when using the ACPI. Results of the loss 

calculations of the ACPI predicts that under proper zero-voltage and zero-current 

conditions the thermal resistance of the heatsink is sufficient when using the same 
heatsink for the ACPI, still during extend running duration. 

Turn-off snubbers have not been used during test runs when the inverter was 
hardswitching. Likewise, no distributed snubbers across the dc-link were needed to 

suppress high frequency ringing. 

Additional components needed for the ACPI are the IGBT modules of the auxiliary 
circuit, clamp diodes, resonant capacitors and the resonant inductor. In addition a small 

snubber circuit is implemented across the emitter of the first auxiliary switch and the 

emitter of the second auxiliary switch as seen in Figure B. 1.8. 

core 2 off T225-2B 
FR607 

560V 5.7µH 

2 off 
6.8mF 
385V 

0V 

I off 
MG 150Q2YS 11 

1nF 10052 

2 off 
IRGPC50KD2 

Figure B. 1.8: Output side of the ACPI 

4of 
PHE428RB5100J 

lOnF 
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The fast-recovery clamp diodes FR607 (6A/1000V) allow to turn-off the auxiliary 
devices in every converter status mode. Thus the stored current in the inductor can free- 

wheel via the diodes. 

The auxiliary IGBT modules were chosen from International Rectifier (type 

IRGPC50KD2). This 600V, 52A device includes a ultra fast soft recovery antiparallel 
diode. Both, IGBT and diode, are rated to a maximum impulse current of 100A and are 
integrated in a T0247AC package. Two of theses modules are mounted on the heatsinks 

cooling the Toshiba modules. Thermally conductive isolator (Wart K177 material) 
provide thermal conduction and electric isolation between collector of the T0247AC 
housing and ground of the heatsink. To each Toshiba IGBT snubber capacitors are 
connected in parallel. In Chapter 7 it was shown the impact of the dv/dt stress under 

various resonant capacitors. During this test different Evox RIFA capacitors were used. 
This double metallized polypropylene capacitors (type PHE428RB5100J) withstand 
1600V dc and 2500V/µs. Figure B. 1.8 shows two lOnF resonant capacitors in parallel 
allowing an overall capacitance of 20nF. The resonant inductor was made of a litz wire 
winded around an iron powdered toroidal core from Micrometals. Ironpowder as core 
material is a cost-effective alternative to moly permalloy power or sendust [B. 6]. The 

core permeability is given to 10µo and the inductance rating (ratio between core cross 
section and square number of turns) to AL=21.5 (nH/N2). From reference [B. 6] the 
inductance can be calculated to 
L=N2*AL 

(N comply with the number of turns) 

(B. 1.1) 

The resonant current reaches peak values of 80A depending on the resonant capacitor 
and load. Thus during the whole resonant mode the inductance must stay constant 
otherwise resonance time and boosting time changes and therefore the estimated time 

values. In addition the magnetising current in the core has to stay outside the saturation. 
If the current reaches the saturation point the inductance becomes neglectable and no 
resonant transition occurs during the time where the current is outside the linear range of 
the B-H curve (saturation). The B-H curve of the resonant inductor was recorded 
(Figure B. 1.9). The T225-2B is a `soft' core material with a very small hysteresis band. 
In Figure B. 1.9 the hysteresis waveform is averaged. 
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Figure B. 1.9: Average B-H curve of the resonant inductor with the load current as 

parameter 

Figure B. 1.9 shows that no saturation occurs in the current range between +100A and - 
100A. The average B-H curve changes slightly with load current that results in change of 
the permeability and therefore in the inductance. The relative error of the inductance is 
between 1% and 5% with respect to the theoretical value. 

As already discussed in Chapter 6 the RC combination across the auxiliary switches is 

needed to suppress the voltage ringing across both devices. The resistor is of value of 
100Q and the capacitor of 1nF. 

B. 2 Controller 

It was decided, due to the experience and expertise present within the Electric Drives 

and Machines Group that the controller system should be based on the Texas Instrument 
DSP TMS320C3. In addition it was decided to take over circuit designs of the controller 
cards that have been optimised for drives control and that have already been developed in 

this Department. Rearrangements and upgrading of each circuit was made before use. 
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frequency phase 
demand currents 

Figure B. 2.1: Boards of the controller 

Figure B. 2.1 shows the controller including ten different controller cards fitted in a 3U 
19" rack with power supply and cooling fans. All cards are connected with a backplane 
(industrial standard) allowing to carry all required data, addresses, control and power 
lines. Card connection is provided with the DIN 41612 standard connectors. The DSP 

card includes a TMS320C31-40 processor clocked at 40MHz. The processor 
communicates with the PWM card which includes the FPGA XC3195APC84-5 from 
XIL, INX and the DSP is programmed from the emulator card TMS320C3X installed in 

the PC. In addition option is given to transfer data to the terminal of the PC with a serial 
link during idle processing time. Here phase current and dc-link voltage is monitored in 

quasi-real time. Two analogue cards define the demand values of frequency and voltage. 
Both are manually adjustable. The other five analogue/digital input cards convert the 
phase currents, the dc-link voltage and the midpoint voltage (ACPI only) into digital 

values readable for the processor. One digital/analogue output card allows to monitor 
one value under real-time condition on oscilloscope. The card was mostly used to 

monitor the demand output current of one phase. 

B. 2.1 DSP board 

The Processor TMS320C31-40 (Version A) is a powerful processing chip from Texas 
Instruments. Highlights of the processor are: 60ns single-cycle instruction execution 
time, 33MFLOPS, 16 MIPS, flexible boot program loader, one serial port support 
8/16/24/32 transfer and floating-point/integer multiplier [B. 7]. In combination with the 
TMS320C3X XDS500 Emulator package from Texas Instrument and together with 
system memory on the DSP board the complete processing system is a very effective tool 
for drives applications. The package comes with a debugger that is able to trace the `C' 
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code, compile and link it and debugger the code to the processor with the help of the 
XDS500 emulator (Version 2). The data transfers between TMS320C3X emulator PC 
board and processor is provided with a six wire high speed serial connection. Programs 

are loaded into DSP's RAM or into the external memory mounted on the DSP board. 
The static RAM (SRAM) chips on the DSP board have a memory of 32k*32 and use a 
20ns access time. When this time is subtracted from the amount of time left in processor 
cycle (28ns with a clock of 40MHz) only 8ns is left, giving enough time for one F series 
logic gate needed for communication with the backplane. To communicate with the other 
cards the controller uses 16-bits data, 11-bits address, 4-bits handshake flags and three 

control bits: DSP clock (CLK), ADC clock (ADCC=interrupt) and DSP inhibition (INH) 
(Figure B. 2.2). In addition the serial link port DSXO is used to transfer data to the PC 

terminal and the time of the interrupt routine is monitored using an oscilloscope. All 

address lines are low except one which selects the area of memory. The four handshake 
bits are: activate backplane (LAS high when backplane is active), communication with 
input or output card (1/OF high when talking to input card), read-write (R/W high when 
reading) and strobe (STRB high when no data are read or write). Figure B. 2.2 shows the 
interface between DSP and backplane. It shows that address and data lines are latched 

and buffered whereas handshake signals are only buffered. 

3o ff bu ffer 
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Figure B. 2.2: Simplified schematic of the DSP board 
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B. 2.2 PWM Board 

The majority of work is performed by a XILINX FPGA XC3195APC84-5 which is 

configured by software held in a PROM (17128DPC). A crystal oscillator (20MHz) on 
the card clocks the FPGA with the PWM frequency being controlled by a divide down 

counter. The synchronisation signal is used as interrupt signal for the control system. The 
PWM output and control of the auxiliary switches is commanded by writing voltage 
references. Besides the FPGA and the PROM other components are used for interfacing, 

output buffer and opto isolation. Data buffering is incorporated on the input side to hold 
data for the FPGA to read while buffers on the output are necessary to supply enough 
current for the opto-couplers. External inhibits are provided to turn-off manually the 
IGBTs. All signals at the output of the FPGA are connected with transceivers 26LS31 

allowing a successful transfer of data to the IGBT driver cards in a noisy electro- 
magnetic environment. Figure B. 2.3 shows the schematic of the PWM board. 

Figure B. 2.3: PWM board 

The software to the FPGA was developed using XILINX's Viewlogic software and its 
schematic is seen in Figure B. 2.4. Figure B. 2.4 shows that the voltage demand is 
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compared with an internal produced triangle signal. The output are signals that changes 
when the demand voltage value is larger or smaller than the triangle value. In case the 
demand voltage is larger than the triangle voltage, the auxiliary device AS2 must turn-on 
(SAS2 is high), in case the demand voltage is lower switch AS I (SAS I) must turn on. 
The status of SAS 1 and SAS2 and information about the modes, ramp time 1, reso time 
and ramp time 2, is feed into a statemachine. The statemachine reads data of the different 

modes that include the time delay specifications and applies the value into a down 

counter. The down counter counts until zero and changes the status of the Johnson 
Counter behind the down counter. A change in the Johnson Counter sets or resets the 
output flip flops in a pre-set order. This order can never change and once the Johnson 
Counter reaches the last state it is switched back to the top state. The decision which 
data must be loaded into the down counter depends on the status of the statemachine. In 

general a change in the statemachine activates the next mode of the following changes in 
the statemachine. Exceptions are the incoming signals SAS 1 and SAS2. 
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Figure B. 2.4: Programmed circuit schematic inside the FPGA 
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B. 2.3 Analogue/Digital Board 

An overview of the analogue/digital card is shown in Figure B. 2.5. The analogue signal 
is scaled in terms of gain and dc offset before going to the input pin of the ADC 1061 10- 

bit flash converter capable of converting up to 600kHz. The ADC requires the signal at 
its input to vary from 0 to 5V, so the input signal must be scaled to achieve maximum 

resolution. When the data have been converted to its digital equivalent, the ready line on 

the ADC goes high. This ready line is used to latch data into a buffer, the output of 

which will always have the last converted data stored. The latch 10 bits of data then 

transmitted to opto isolators to backplane latch. Once the PWM board signals an 
interrupt the interrupt is deliberately delayed sampling the analogue/digital card from the 

DSP. That has the advantage to read the latest current value stored in the latch direct 

before the next interrupt occurs. Note that the clock (CLK) signal is also isolated before 

reaching the ADC. This, together with power supply isolation, ensures that the analogue 

circuit is isolated from the backplane, and hence other channels. The resulting bandwidth 

of the board is 600kHz. 

ADC HH Latch Opto Buffer 
Coupler and Latch 

Analogue ADC1061 74F573 74F540' 
input 6N137 

H 
74F573 

Backplane 

Opto CLK 
Coupler 

6N137 

Figure B. 2.5: Schematic of the analogue/digital card 

B. 2.4 Digital/Analogue Board 

An overview of the analogue output card is shown in Figure B. 2.6. Data is transferred to 

the digital to analogue converter via the opto-isolation and transfer latch. The bandwidth 

of this circuit is 500kHz. The analogue output card with the opto-isolation and isolation 

power supplies will also provide an analogue signal that is isolated from the system 
backplane and other channels. So this card has the capability of being able to inject 

analogue signal into a floating system. 
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Figure B. 2.6: Schematic of the digital/analogue card 

B. 3 Software 

The DSP TMS320C31 operates all the required software tasks needed to control the 

converter except providing PWM signals that are calculated by the FPGA chip. The 

needed tasks are divided in two groups. One group is responsible for calculation of all 
data needed for the FPGA and the other group is responsible for protection and house 

keeping functions of the controller. The tasks in group one is summarised to: 

-monitor front panel of demand frequency and demand voltage 

-measure dc-link voltage and midpoint voltage (ACPI) 

-measure phase currents 

-calculate boost current depending on polarity of phase load current 

-calculate voltage demands for PWM board 

-calculate boost-time and resonant time for PWM board 

-send voltage demands and required boost time and resonant time to PWM 
board 

-send phase current demand to analogue output card 
The tasks in group two are summarised to: 

-switch off all IGBTs when dc-link voltage (and midpoint at ACPI) is too high 

-switch off all IGBTs when dc-link voltage (and midpoint for ACPI) is too low 

-switch off all IGBTs when phase current is to high 

-switch off all IGBTs when calculated voltage demands, boost times or resonant 
times overshoots defined threshold 

-switch off all IGBTs when time overlaps between resonant mode one and 
resonant mode two 

-send required data to the PC terminal 

-system timing including interrupt for ADC conversion and timing to read phase 
current 

-house keeping 
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The `C' language is the communication tool between user and DSP. Therefore all tasks 

was written in `C' language. The program is structured into six different sections that are 
now briefly discussed: 

Section-i: Header (Defining addresses and constant values) 
This header allocates the global vectors to there physical addresses. In addition constant 
values are defined e. g., the number PI or the angel of 120° in radian. The last part of the 
header includes a look-up table of a sinusoidal waveform. The table stores calculated 
values in an one dimension array. 400 number presents one sinusoidal cycle. 
Section-2: Header (Global values) 
This section defines all global parameters and values. It allocates vectors to physical 
addresses and provides these vectors with comprehensible names. The last section of this 
header includes the set-up for the communication between the terminal of the PC and the 
DSP (e. g. baud rate, transmission length). 
Section-3: Header (Serial Link) 
The serial link allocates the transmitted data from the DSP into characters. Every data 
from the DSP has to be decoded into a character allowing to read the incoming data for 

the user. The first part converts data into characters corresponding with the keyboard. 
The second part describes the conversion of transmitted integer data into readable 
integer data and the last part defines special characters as bell or space. 
Section-4: Header (background routine) 
The background routine defines which data are monitored on screen. In addition it 
defines how to present the data (column, row) and how to label them. Once the program 
is running this header is responsible how the data appears on screen. 
Section-5: Main program 
The main programs starts by reading the headers. The next step is the initialisation of all 
defined global constants. Major global constants are inverter switching frequency, 

resonant time of each individual pole, maximum expected dc-link voltage (mid-point for 
ACPI) and maximum expected phase currents. The program sends a start signal to the 
FPGA to start initialisation of the PWM chip and to read interrupt time, the individual 

pole resonant times and pre-set times for the first boost mode. The program is than 
calculating the highest and lowest voltage demand values for the interrupt routine. 
Further it is eliminating dc-link voltage offset and phase current offsets. Once this routine 
finished the main program goes into an endless loop. 
Section-6: Interrupt routine 
The interrupt routine is activated every time when the PWM board sends an interrupt 
signal to the DSP. The routine is now given in a pseudo code. It is important that the 
length of the interrupt routine is less than the interrupt time, otherwise wrong data are 
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calculated. The length of the interrupt routine is measured with an oscilloscope (Figure 
B. 2.2). 
/* Interrupt Routine */ 
send start signal to DSP /signal is needed to watch interrupt length*/ 
define local variables 
start counter for timing ADC conversion for the following interrupt 
read demand frequency and demand peak voltage 
read all three phase currents 
dc-link voltage correction 
dc-link voltage to high? 

{ 
yes: prepare output data to switch off IGBTs 
no: dc-link voltage to low? 

{ 
yes: prepare output data to switch of IGBTs 
} 

} 
calculate all three angles 0 of the demand frequency /*0,0+120°, 0+240°*/ 
calculate three demand voltages as function from all three angles 
repeat for all three phases 
{ 
phase current to high? 

{ 
yes: prepare output data to switch of IGBTs 
} 

scale voltage demand 
voltage demand<voaltage demand minimum? 

{ 
yes: voltage demand--voltage demand minimum 
} 

voltage demand>voltage demand maximum? 
{ 
yes: voltage demand=voltage demand maximum 
} 

} 
calculate minimum boost time /* boost time is a function of the dc-link voltage */ 
repeat for all three phases 
{ 
current positive? 

{ 
yes: convert current in boost time 
current boost time<minimum boost time? 

{ 
yes: current boost time=minimum boost time 
} 

boost time output=(current boost time, minimum boost time) 
} 
{ 
no: convert current in boost time 
current boost time<minimum boost time? 

{ 
yes: current boost time=minimum boost time 
} 

boost time output=(minimum boost time, current boost time) 
} 

} 
send demand voltage to analogue output card 
send three demand voltage values to PWM card 
send three boost time output values to PWM card 
clear all flags 
send signal: interrupt routine finished 
end 

Figure B. 3.1: Interrupt routine 
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Once the program is written the debugger assembles the program. Before that two small 

assembler programs are activated. The first program defines the start addresses of the 

physical memory for the external interrupt flags, the global addresses for reset and 
interrupt routines and the start addresses of the serial port of transmit interrupt flag and 
receive interrupt flag. The second program describes how much space is given for each 
block that is provided from the assembler. A block defines values as stack, space for 

constant variables, space for the heap or space for global variables and initialisation. 

When both programs are cleared the interrupt routine program is ready to be assembled. 
Once the assembling was successful a called mapping program is written. The mapping 
program associates assembled program parts with the physical memory arrangements of 
the DSP and the external memory chips. Here for example the programmer may decide 

to use the DSP memory for the stack, because of the faster access speed and constant 
values may stored in the external memory. Finally the linker must be activated to achieve 
the desired memory map. The program is stored in the memory chips of the DSP board 

or in the internal memory of the DSP and can be monitored with the PC. 
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Appendix C 

THEORETICAL WORK 

This Appendix describes the voltage and current waveforms of the ACPI using mathematical 

tools such as Laplacian transformation and differential calculus (section C. 1). In addition it 

shows the impact of temperature on voltage and current waveforms under various operation 

modes (section C. 2 and section C. 3). The results of section C. 1 are used in Figure 6.2.8 and 
Figure 6.2.9. The results of Section C. 2 are used in section 6.2.5 and results of section C. 3 are 

used in Figure 6.2.11. 

C. 1 Mathematical Equations describing the Resonant Mode of the ACPI 

This section describes the ACPI topology with the use of mathematical tools during the 

resonant mode and shows the mathematical deduction of the voltage across the top device. 

Figure 6.2.8 and 6.2.9 are based on these results which are discussed in this section. From 

Figure 4.2.10 the topology is drawn again (Figure C. 1.1) except the switches have not been 

considered, because they are not relevant to the maths equations describing the ACPI. 

Vd 1Vc1 
13 

VC2 Iload 

Figure C. 1.1: One pole of the ACPI topology (C1=C2=C) 

The inductance L combines the resonant inductance and stray inductances of the leads and 
housings of all modules used in this circuit. The capacitor C is the resonant capacitor. Voltage 

and current sources are assumed to be ideal and the resistor R represents all parasitic 

resistances in the upper part of the circuit (resistance of inductor, switches, diodes, dc-link 

capacitor and resonant capacitor). 

With the help of Kirchhoff s second law the circuit equation of Figure C. 1.1 is (M): 
2dc 

+ VR + VL - VCJ = OV (C. 1.1) 

The voltage drop VR and VL can be expressed as a function of il: 

FI 

o. svdc 
om 

C, 

RL 
VR VL ýIý 

C2 
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2a° 
+ i, R+L 

dlt 
- VC, =0 (C. 1.2) 

All values in equation C. 1.2 are known except the current il and the unknown value Vcl. An 

equation for il must be found to substitute the current from equation C. 1.2. With the help of 
Kirchhoffs first law the current il can be written as: 
i, +i2 = i3 +I, oad 

(C. 1.3) 

-i, =i3 -i2 +I, oad 
(C. 1.4) 

The currents il and i2 are a function of capacitance and voltage rising time or voltage falling 

time. This leads to: 

-4i, =Cddt2 -Cddt, +I load (C. 1.5) 

Voltage V2 is calculated as: 
Vc2 = Vac - Vc1 (C. 1.6) 

Substituting V2 into equation C. 1.5 yields: 

cddt, -cddt2 +I, o&d (C. 1. ß) 
and finally: 

-2C 
ddt' 

+ I, oad 
(C. 1.8) 

Equation C. 1.8 expresses current il. This equation is now used for equation C. 1.2 to substitute 

current il. 
i Va° 

- 2CR 
dV°' 

+ RI, 
oad- 

2LC 
d 

2Vc, t- 
VC, =0 (C. 1.9) 

2 dt dt 
This is a second degree differential equation with the parameters: dc-link voltage, resonant 
inductor, resonant capacitor, parasitic resistor and load current. The parameter load current 
can have two signs. Either a positive sign, in which case the current flows into the load or a 

negative sign, in which case the current flows into the pole. Thus, in the following, the two 
different cases have to be considered. To solve the equation the initial values must be found. 

Case 1) 
The phase output current flows from the pole into the load. The IGBT carries the load current 

and the boost current. The `current ramp-up' mode (see section 4.2.2) has just finished and the 

resonant mode starts to take place. The voltage across capacitor Cl is zero. The start 

conditions are given to 
Iload>OA, Vcl(0)=OV, il(0)=-Ib, IGBT->Diode 
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Case 2) 
The phase output current flows from the load to the pole. The IGBT carries the boost current. 
The `current ramp-up mode' (see section 4.2.2) has just finished and the resonant mode starts 
to take place. The voltage across capacitor C1 is zero. This can be summarised to 

Iioad<0A, Vcl(0)=OV, il(0)=Ib+Iload, Diode->IGBT 

Case 1) is discussed at first followed by case 2). 

Case 1) 
Equation C. 1.9 needs the initial values of Vgl and dVC1/dt. Both can be expressed as: 
Vcl(0)=0V (C. 1.10) 

VC, , (0) -- 
dVc, (0) 

- 
i, (0) - 'load Ib - Iload 

- 
Ib + Iload 

(C. 1.11) 
dt - 2C - 2C 2C 

Using both of the above equations, equation C. 1.9 can be written as: 
z Zd° 

- 2RC 
ddt' 

+ RJ, 
aad- 

2LC 
dVt' 

-V1=0 (C. 1.12) 

Laplacian transformation takes place and equation C. 1.12 changes to: 
Zs 

- 2RC(sVc, ) + 
RS 

- 2LC{s2 Vc, - Vý, (0)} - Vc, =0 (C. 1.13) 

The following four equations calculates the voltage Vcl: 
lac 

+ RI 
load 

s -2RCVc, s-2LCVc, s2 +2LCIb 2C°ad - 
VC, =0 (C. 1.14) 

2dc + RI load Ib +1 
2C 

load Z -> s+ 
2LC =2RCVc, s+2LCVc, s +V Cl (C. 1.15) 

Vdc 
+ R1Ib 

+ Jload 

2 '°ý 2C Vý' 
s(2LCs2 + 2RCs+ 1) + 2LC 

2LCs2 + 2RCs+ 1 
(C. 1.16) 

Va°+ 
AL 
n T'°aa 

Ib+I 
load 

2 2C Vý' =R1+R1 (C. 1.17) 
s(2s2 +Ls+ 2LC)2LC s2 +Ls+ 2LC 

With the help of the definition from the resonant angular frequency: 
1 2 (D R_ 2LC (C. 1.18) 

and the damping coefficient: 
R 

ZCw R=L (C. 1.19) 
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(C. 1.20) 
L 2w R 

equation C. 1.17. simplifies. The damping factor can be expressed without the resonant 

angular frequency (OR: 

C= 
R 

2LC=R 
FýC-L 

<1 (C. 1.21) 

From that follows the relation: 

-ý R<C (C. 1.22) 

For the designed ACPI converter the relation is true, because using the values L=5,7µH and 
C=60nF (stray inductances are neglectable) the parasitic resistor must be as small as: 

2*5,7 
R< 

60nF =13.7852 (C. 1.23) 

The parasitic resistance of the converter is much lower than the value given in equation C. 1.23 

(approx. 500mQ). 

Substituting the expressions of resonant angular frequency and damping coefficient in equation 
C. 1.17, the voltage Vgl is represented as: 

- 

2dc 
+R, 

load 
*ZIb+I, oaa 

1 
VCS 

S(SZ + wRS+w 
R) wR +s2 

+Z4wRs+w2 ZC 
(C. 1.24) 

24 
R 

The second term of equation C. 1.24 gets expand with c 2: 

- 

2dc 
RI 

load 
*2Qb+I load 

)a R*1*1 
VCI 

S(S2 + 2(w 
Rs+w R) 

wR+ 
S2 +2C(J)RS +w2 2C co R 

(C. 1.25) 

Now the inverse Laplacian transformation is used resulting in the final expression for the 

voltage Vc,: "0 

vcl (t) = 
dc 

+ load *1-1 sin(w R 1- 2t+0 )+ Ib + 'load 
*1 e-SOat 2 2CwR 1-ý2 1-C2 

*sln(COR 1-C2tl 

(C. 1.26) 

where, 
(D = arccosC (C. 1.27) 

and 
C< (C. 1.28) 

as already discussed in equation C. 1.21. 
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Case 2) 
Equation C. 1.9 needs the initial values of Vcl and dVcj/dt. Both can be expressed as: 
Vcl(0)=0V (C. 1.29) 

VC, 
dVc, (0) 

- 
i, (0) - I, 

oa - 
+1b + Iload - Iload lb 

C. 1.30 (0) = dt -2C -2C 2C 
() 

Using both of the above equations, equation C. 1.9 can be written as: 
z Vd° 

- 2RC 
dVc' 

+ RI1aad- 2LC 
dVc' 

- Vc, =0 (C. 1.31) 
2 dt d 2t 

Laplacian transformation takes place and equation C. 1.31 changes to: 

0-t 
ZS 

- 2RC(sVc, ) + 
ýS 

°d - 2LC{s2 Vc, - VV, (0)} - Vc, =0 (C. 1.32) 

The following four equations calculates the voltage Vcl: 
ac 

.L 
+ RI 

load Ib 

-2RCVc, s-2LCVc, s 2 +2LC - Vc, =0 -7 (C. 1.33) 
s 

2C 
Vdc 

+RI load Ib Z =2RCVc, s+2LCVc, s +V Cl +2LC (C. 1.34) 
s 

Z 
Vag lb 

2+ 
RI load 2C VO1 

s(2LCs2 + 2RCs + 1) + 2LC 
2LCs2 + 2RCs +1 

(C. 1.35) 

Vag Ib 
+ý '°ý 2C 2 VQ, R1+R1 

(C. 1.36) 

s(2s2 +L s+ 2LC)2LC s2 +L s+ 2LC 
With the help of the definition from the resonant angular frequency: 

(OR (C. 1.37) 
2LC 

and the damping coefficient: 

2c OR=L (C. 1.38) 

(C. 1.39) 
L Zw R 

equation C. 1.36. simplifies. The damping factor can be expressed without the resonant 
angular frequency wR: 

2LC =RC <1 C= (C. 1.40) 
2L 

From that follows the relation: 

R< C (C. 1.41) 

C. 5 



THEORETICAL WORK 

For the designed ACPI converter the relation is true, because using the values L=5,7µH and 
C=60nF (stray inductances are neglectable) the parasitic resistor must be as small as: 

12*5,7µH 
R< 

60nF =13.7852 (C. 1.42) 

The parasitic resistance of the converter is much lower than the value given in equation C. 1.23 
(approx. 500mO). 

Substituting the expressions of resonant angular frequency and damping coefficient in equation 
C. 1.36, the voltage Vc, is represented as: 

2dc + RIioaa Ib 1 
+xz (C. 1.43) VC, = i* wxs 

s(s2 + 2cc Rs+c)+ 
2ýCý 

Rs+ co R 2C 

The second term of equation C. 1.43 gets expand with o 2: 
Vdc 

+''load IbO) 
R11 VC, =2Z zz*wx+zz*-*2 (C. 1.44) 

s(s2 RS+a R) s +2CwRS+wR 2C 
_R 

Now the inverse Laplacian transformation is used resulting in the final expression for the 

voltage Vcl: f 

vc1(t) = 
Vdc 

+ ýioaa * 1- 
1z 

e-ýWat sin(CO R 1- Cz t+ ý) + 
Ib 

*1z e-lwa` 2 1-C 2CwR C 

*sin(wR 1-C2t) 

(C. 1.45) 

where, 
(D = arccosc (C. 1.46) 

and 
C< (C. 1.47) 

as already discussed using equation C. 1.40. 

As already mentioned in this section the parasitic resistance R is very low. R is a value of the 
design of the converter and the resistance of the ACPI was calculated to approx. 500mfl. Thus 
the assumption is made that the resistance R is neglectable for the following calculations. In 

case R->O) the damping coefficient yields: 
C ~- 0 (C. 1.48) 
With equation C. 1.48 the following three approximations can be made: 

1- 21 (C. 1.49) 

arccosC arccos 0=2 (C. 1.50) 
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RRR3 
` 2I, / : 

(J2 

e-ý 0Rt =et 1- -+++... 1 (C. 1.51) 
1! 2! 3! 

Equation C. 1.51 is based on the Taylor series expansion of Euler's formula. 

With these three approximations the voltage term Vgl simplifies to: 

Case 1) 

vc, (t) =2d°* [l - sin(w Rt + 2) 

]+I+ load * sin wRt (C. 1.52) 
R 

Applying trigonometric rules leads to: 

vc, (t)= 
Vd° 

*[l-coscuRtj+lb 
+ll°ad 

*sinwRt (C. 1.53) 
2 2CwR 

Case 2) 

VC1(t) = 
2a° 

L1- sin 
(w 

Rt +2+ 2Cw * sinw Rt 
(C. 1.54) 

R 

Applying trigonometric rules leads to: 

VCI(t)= 
2d` 

coswRt] +2Cý *sin() Rt (C. 1.55) 
R 

Introducing the resonant impedance: 

ZR = 2C 
(C. 1.56) 

leads to the final results: 

Case 1) 

vc1(t) = 2a° 
* [1- 

COSoo R t] + (I, + I, 
o, d 

)ZR 
sin (a) Rt 

(C. 1.57) 

Case 2) 

vcl (t) = 
2d° 

* ý1- COS() Rt] + IbZR sin cu Rt ý f(Iload (C. 1.58) 

Voltage Vcl of equation C. 1.58 is not a function of the load current, where as the voltage of 
equation C. 1.57 is load dependent. Both equation are equal to equations 6.2.7 and 6.2.8. 
Because of the similarity of both equations one can write: 
= VC1 

`t)IIGBT->Diode - VCI 
`t)IDiode->IGBT 

+ 11OadZR S1n W Rt 
(C. 1.59) 
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C. 2 Impact of Temperature Drift during Resonant Mode 

In section 6.2.6 the statement was given that during resonant mode the resonant time is only 

minutely influenced by temperature drift. Section C. 2 proofs this statement. 

The relative error of the on-state time during the resonant mode is given in equation C. 2.1: 
2LC - 2L(T)C(T) 

rel. error - 2-LC 
(C. 2.1) 

The inductor in form of a core is a linear function of the permeability µ as shown in equation 
C. 2.2: 

L= 'Nlh* (C. 2.2) 

(N=number of turns, h=higth of core material, rý=radius to the outer edge of the core, r; radius 
to the inner edge of the core) 
Thus the relative error can be expressed as: 

rel. error = 
µC - µ(T)C(T) (C. 2.3) 

The temperature dependency of the permeability and the temperature dependency of the 

resonant capacitors are given by the manufacturer. One lOnF polypropylene doubled 

metallized foil capacitor has a temperature coefficient (TK) of TKO=-200ppm/°C. Using 20nF 

capacitance for each resonant capacitor two lOnF capacitors have been paralleled. Thus during 

the resonant mode four capacitors are involved. Two lOnF capacitors in parallel at the top 

switch and two 1OnF capacitors in parallel at the bottom switch. The total TK of that 

configuration have to be considered. In a series circuit the TK is given as: 
TK, Z, + TKZZ2 

(C. 2.4) 
ý"ý =Z +Z2 

The TK in a parallel circuit is given as: 
TKZZ, + TK, ZZ 

TKpareººeº = +ZZ 
(C. 2.5) 

Z, 

The impedance Z of the capacitor C can be written as: 

ZC 
jwC 

(C. 2.6) 

In the ACPI converter it is Z1=Z2=Z. and TK1=TK2=TI c. Thus equations C. 2.4 and C. 2.5 

simplifies to: 
TK 

series = TKc (C. 2.7). 
TKpare�e, = TKc (C. 2.8) 

From equations C. 2.7 and C. 2.8 yields the total TK of the capacitor arrangement: 
TKt. w = Me (C. 2.9) 
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The temperature coefficient of the inductor TKL is given to +95ppm/°C. The temperature 

coefficient of percent permeability versus both DC magnetising force and peak AC flux 
densities ranges from -100 to -400ppm/°C. The combination results in lower inductance of high 

temperature even under biased conditions (for reference please refer to section 6.2.6). The 
TKc and TKL values have been inserted into equation C. 2.3: 

gC -_ _L1 + 95 pC AT - 400 p pm AT ICI 1- 200 pC AT 

rel. error =V 
µC 

JLJ (C. 2.10) 

Equation C. 2.10 can be simplified to: 

rel. error =1- 
(1 

+ 95 P pm AT - 400 pC OT) 
(1- 

200 pC OT) =TT (C. 2.11) 

Equation C. 2.11 shows that the relative error is substitute by equation C. 2.1. The resonant 
time T is given as: 
T= 2LC =1.5µs (C. 2.12) 

This value is valid at the ambient temperature of 25°C. Equation C. 2.11 can be rewritten as: 
T' = -rel. error *T+T= T(1- rel. error) (C. 2.13) 

and finally: 

T' =1.5g 
41+ 

95 pC AT - 400 P pm OT) 
(1- 

200 p pm OT) (C. 2.14) 

Figure C. 2.1 shows the resonant time vs. temperature rise. The error is less than 40ns over 100 
degree temperature rise. 

time(µs) 

1.54 

1.53 

1,52 

1,51 

1,5 

1.49 

1.48 

25 50 75 100 

temperas= rise (C) 

Figure C. 2.1: Resonant time vs. temperature rise 

125 
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C. 3 Impact of Temperature Drift during Boost Mode and Ramp Mode 

Figure 6.2.11 shows the on-state time vs. temperature rise at different modes (ramp-up mode 

and boost mode). Section C. 3 describes the maths that leads to the plot of Figure 6.2.11. To 

start with the relative error of the ramp-up time is introduced: 

rel. error = 
At - At(AT) 

At 
(C. 3.1) 

Putting the known equations of an inductor with core shape (C. 3.2 and C. 3.3) into equation 
C. 3.1: 

u=L 
d= 

(C. 3.2) 

z h*ln 
(C. 3.3) L=4 r 

(N=number of turns, h=higth of core material, rý=radius of the outer edge of the core, r; radius 

of the inner edge of the core) 

yields: 
L- L(OT) µ- 4(0T) 

rel. error =L= (C. 3.4) 
11 

Equation C. 3.4 shows that the relative error is only a function of the permeability. The value of 
the permeability is given from the manufacturer (for reference refer to section 6.2.6 and section 
C. 2). From that the relative error can be written as: 

µ-p(1+95p 
C OT-400p C OT) 

rel. error = (C. 3.5) 

and finally: 

rel. error =1- 11 + 95 pC AT - 400 pC AT] (C. 3.6) 

Equation C. 3.1 includes the time At(OT) as a function of temperature. From that it is given: 
At(AT) = -At* rel. error + At = At(1- rel. error) (C. 3.7) 

where during ramp-up mode the time At at 25°C is written as: 
At =L Ai = 

28tH 
*55A =1,1196µs (C. 3.8) 

Substituting equation C. 3.6 and equation C. 3.8 into equation C. 3.7 yields: 

At(AT) = Ot(1- 95 pC AT + 400 pC OT) (C. 3.9) 

This equation has been used for Figure 6.2.11. Please note, that At at boost mode (0.3054µs) 
is different to At at ramp-up mode (1.1196µs). 
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Appendix D 

OVERVIEW OF SCHEMATICS OF SOFTSWITCHING 
TOPOLOGIES 

Appendix D includes one table (Table D. 1). The table relates all discussed softswitching 
topologies with references that describe the operation mode of the topology. Some 

references are underlined to indicate that they are the same as the reference cited directly 
before them. 

TOPOLOGY 

Reference basic RDCL 

[2.281, [3.11, 
[5.11 

4 

[[3.21,15.21 

ryyA 
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clamp basic RDCL 

[3.11], [5.31, 
[3.13], L5.51 

2 rk -C: 22 K 

rvv, N 

[3.19], Ll, 

[3.20], Ll 

2K 2K 

[3.12], 15_41 

2K9: K 

2K 2K 
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[2.31], 13.241, 

L5.131 

[5.12] 

[3.26], [5.151 

T 

[13.27], IL. 16 
_ 

T 
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RDCL 

2ffT 

[2.29], L3.321, 
5.18 

12.371,13.381, 

5.17 

T 
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[2.34], 3.35 , 
[5.211 

21 

[2.39], 13.411, 
5.23 

29 2£ 

-ry, 29 2K 
[2.38], 13.401, 
j5_81, [2.36] 

29 29 

[2.35], f 3.361, 
5.24 

29 29 
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RPI 

2 2K 

[4.1], 5.25 

[4.2], 15.26 
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[4.3], (5.271 " 

[4.4], [5.301, 
[4.5], [5.291, ý 
[4.6], [5.311, 

4 I 

[4.7J, i j. 281, 

[4.8], 15.321 

L 
ARPI 

29 29 

[4.91, L51, 
[4.10], 15.33 

'2 K 

[4.11] 

T 
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[4.12], [4.13], 
[2.30], 14.141, 

155.341, [4.15], 

[4.16], [6.41, -im -im -im 
I 

[4.17], f 6_2], 

f7_1], [4.21], 

[4.22] TTT 

[4.16], 66.. 41, 
[4.17], f6.21, -fyyj _fm 

4 

L1 

T 

[4.18], 5.35 

[4.19], 5.36 

Table D. 1: Overview of softswitching topologies discussed in this thesis. 
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Appendix E 

A PICTORIAL EXPLANATION OF THE CONVERTER 

The purpose of this appendix is to enable the visualisation of the converter and test 

arrangements described in this thesis. The appendix includes pictures coupled with a brief 
description of each. 

lmý 

Figure E. 1: The picture ., 
liow, the coinpietc test arran-geinent and eonserter. Lelt: Resistor 

bank and load inductors. Middle background: Converter. Centre front: Measurement 

equipment. Right: PC and controller unit. 
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.. `1, I. A 
, 

I'l 

Figure E. 2: 1 he hack of the converter. P(B cards that include the grey or black square 
devices are driver cards. The two left driver cards control the IGBTs on which have taken the 

most measurements. The centre of the picture shows one of the large dc-link electrolytic 

capacitors. The sandwich layer of the dc bus is mounted on the top of it. In the background 

one of the auxiliary power supplies is shown (golden mesh). 

"ii 

E. 2 

Figure E. 3: Side view of the converter. The resonant inductor is screwed onto the heat,, iiik. 
The two copper spacers connect electrically the dc bus bar and the main power module. 

Beside the left copper spacer one resonant capacitor is shown (blue). 
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different voltage potentials. 

Figure E. 5: I)SP controller card. Left: ICs for communication to the backplane. Silver square: 
Quartz crystal for clocking the DSP. Centre: DSP itself. Right: Memory chips. 

E. 3 

Figure L. 4: I Iii picture shovNs the arrangement and positioning of the test probes during, test 

modes. The large blue probe is a current transducer and the black and red probes measure 
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ot 

Figure E. 6: FPGA card. Lett from the heatsink: FPGA with communication devices for the 

backplane, quartz crystal and buffer ICs. Right from the heatsink: Opto-couplers and 

transreceiver units for electrical isolation and communication to the driver cards. 

E. 4 
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