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ABSTRACT 

The development of solid-state switches for pulsed power applications has been of 

considerable interest since high-power semiconductor devices became available. 

However, the use of solid-state devices in the pulsed power environment has usually 

been restricted by device limitations in either their voltage/current ratings or their 

switching speed. The stacking of fast medium-voltage devices, such as IGBTs, to 

improve the voltage rating, makes solid-state switches a potential substitute for 

conventional switches such as hard glass tubes, thyratrons and spark gaps. Previous 

studies into stacking IGBTs have been concerned with specific devices, designed or 

modified particularly for a specific application. The present study is concerned with 

stacking fast and commercially available IGBTs and their application to the 

generation of pulsed electric field and the switching of a high intensity Xenon 

flashlamp. The aim of the first section of the present study was to investigate different 

solid-state switching devices with a stacking capability and this led to the choice of 

the Insulated Gate Bipolar Transistor (IGBT). It was found that the collector-emitter 

voltage decreases in two stages in most of the available IGBTs. Experiments and 

simulation showed that a reason for this behaviour could be fast variations in device 

parasitic parameters particularly gate-collector capacitance. Choosing the proper 
IGBT, as well as dealing with problems such as unbalanced voltage and current 

sharing, are important aspects of stacking and these were reported in this study. 
Dynamic and steady state voltage imbalances caused by gate driver delay was 
controlled using an array of synchronised pulses, isolated with magnetic and optical 
coupling. The design procedure for pulse transformers, optical modules, the drive 

circuits required to minimise possible jitter and time delays, and over-voltage 

protection of IGBT modules are also important aspects of stacking, and were reported 
in this study. 

The second purpose of this study was to investigate the switching performance of 
both magnetically coupled and optically coupled stacks, in pulse power applications 

such as Pulse Electric Field (PEF) inactivation of microorganisms and UV light 

inactivation of food-related pathogenic bacteria. The stack, consisting of 50 1.2 kV 

IGBTs with the voltage and current capabilities of 10 kV, 400 A, was incorporated 



into a coaxial cable Blumlein type pulse - generator and its performance was 

successfully tested with both magnetic and optical coupling. 
As a second application of the switch, a fully integrated solid-state Marx generator 

was designed and assembled to drive a UV flashlamp for the purpose of 

microbiological inactivation. The generator has an output voltage rating of 3 kV and 

a peak current rating of 2 kA, although the modular approach taken allows for a 

number of voltage and current ratings to be achieved. The performance of the switch 

was successfully tested over a period of more than 106 pulses when it was applied to 

pulse a xenon flashlamp. 
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Chapter 1 

INTRODUCTION 

Many established and emerging technologies use devices and systems that require high 

peak powers at high voltages. These cover a wide range of applications and include 

high power microwave sources [1,2], ion beam generation and acceleration [3], 

lightning simulation [3,4], nuclear weapons simulation [5], high power ultrasound 

sources for rock fracturing [6,7], electronic pasteurisation and sterilisation of 

foodstuffs [8-10], and environmental applications such as the treatment of hazardous 

water or waste and flue gases [11]. Pulsed power systems provide the ability to store 

large amounts of electrical energy over a relatively long period of time (typically 

millisecond to seconds), followed by release of this energy in a very rapid time scale 

(usually less than a few microseconds) to allow high peak powers of up to hundreds of 

MW to be produced. 

Switching devices are essential components in pulsed power systems and the levels of 

the voltage and the other key parameters of the output pulses depend directly on the 

characteristics of the switches. Advances in the field of pulsed power technology in 

relation to pulse-forming networks and compression techniques involve increased 

energy storage, increased power density, and larger voltage handling. However, the 

overall performance of pulsed power systems with high pulse repetition rate is limited 

by the speed and reliability of the switching devices. 

The advent of high-power semiconductor devices has led to the development of solid- 

state switches for pulsed power applications. However, the use of solid-state devices in 

the pulsed power environment has been somewhat restricted by limitations in 

voltage/current rating and switching speed. For the past two decades, a large number 

of researchers have attempted to use semiconductor switches in pulsed power systems 

as a substitute for conventional switches such as hard glass tubes, thyratrons, and spark 

gap switches [12,131. The results of these studies reveal that the advantages of solid- 

state switching devices for pulsed power applications over conventional switches are: 
longer lifetime, no degradation, high repetition frequency, no warm-up time, zero 

maintenance, consistent characteristics, no in-life adjustment of the ancillary circuits 
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and higher of ciency [12-16]. This has led to the gradual replacement of conventional 

switches such as the thyratron by solid-state switching devices such as the MOSFET 

[14]. 

Most of the previous work on stacking solid-state switching devices has focused on 

specific devices, which have been designed or modified particularly for a specific 

pulsed power application [17-19]. This, in addition to the high cost of these devices, 

has limited their applications. The present investigation is concerned with stacking fast 

solid-state switching devices, designed for fast power applications, and their 

application to the generation of pulsed electric field and the switching of a high 

intensity xenon flashlamp. 

The first part of this study was to investigate different solid-state switching devices 

with a stacking capability for use in fast pulse power applications. Various potentially 

suitable semiconductor devices were examined and compared in terms of their 

availability, switching characteristics and stacking capability. This study led to the 

choice of the Insulated Gate Bipolar Transistor (IGBT), and, in order to fully 

understand IGBT operation, a study of IGBT characteristics was undertaken, and 

suitable models for analysis are discussed and reviewed. A comprehensive review of 

the various methods for operating IGBT devices in series and parallel is presented and 

a suitable method for fast pulse power application then selected. Equal voltage and 

current sharing, and simultaneous turn on of all devices are some of the difficulties 

encountered with series and parallel-connected semiconductors. In order to control the 

dynamic and steady state voltage imbalances caused by gate driver delay, an array of 

synchronised pulses, isolated from each other, is required, and this was provided using 

magnetic and optical coupling. The design procedures for the pulse transformers, 

optical emitter/receiver modules and the drive circuits required to minimise possible 

jitter and time delays are important aspects of stacking, and are reported in this study. 

The success of the overall design was confirmed by simulation and experiment. Over- 

voltage protection of the stack was achieved by limiting the supply voltage to no more 

than 80% of the IGBT rated value, and auxiliary protection was provided by 

connecting fast voltage suppressor devices such as Transil, Transient Voltage 

Suppressor, Tranzorb and Voltage Dependent Resistor across the IGBT modules. 
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The second objective of this study was to investigate the switching performance of 

both magnetically coupled and optically coupled stacks, in pulse power applications 

such as Pulse Electric Field (PEF) inactivation of microorganisms and UV light 

inactivation of food-related pathogenic bacteria. The semiconductor switch, consisting 

of IGBT devices, was incorporated into a coaxial cable Blumlein type pulse generator 
in order to investigate the effect of pulsed electric fields on the inactivation of a 

microbial population suspended in liquids in static and flow systems. One of the 

important and complicated components of the PEF processing system is the treatment 

chamber. Several designs of static and flow chamber were investigated, and a coaxial 

geometry test cell was selected. The coaxial test cell was optimised in terms of the 

electric field distribution across the gap and its performance was confirmed by 

simulation and experiment. The PEF experiments were carried out for E. coli and 

Bacillus cereus with different numbers of pulses. As a second application of the 

semiconductor switch, a fully integrated solid-state Marx generator was designed and 

assembled to drive a UV flash lamp for the purpose of microbiological inactivation. 

The reduction in microbial viability is discussed for the inactivation of food-related 

pathogenic bacteria such as E. coli and Salmonella. 

Chapter 2 provides a review of pulsed power techniques and devices suitable for 

switching, with an emphasis on semiconductor devices. The choice of the Insulated 

Gate Bipolar transistor (IGBT) for fast pulse power applications is validated. In 

Chapter 3, the switching characteristics of the IGBT are discussed and a 

comprehensive review is provided of the various techniques for operating IGBT 
devices in series and parallel. Experimental arrangements for the tests carried out on 
different IGBTs are described in Chapter 4. The switching speed of the different IGBT 
devices is evaluated by experiment and computer simulation. The stacking procedure 
for 600 V and 1.2 kV IGBTs, together with the operating performance of the stacked 
IGBTs are also discussed in Chapter 4. Chapter 5 covers the approach and procedure 
for stacking 1.2 kV IGBTs using optical coupling. A prototype optical system is 

introduced and the stack performance in terms of switching speed is discussed and 

compared with that of the stack assembled using magnetic coupling. In Chapter 6, the 

operational performance of the optically coupled IGBT stack in an application 
involving the use of high-intensity pulsed electric fields (PEF) is discussed. In Chapter 

7, another approach to cell inactivation is described using UV radiation again using an 
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optically coupled stack of IGBTs. The design and performance of a fully integrated 

solid-state Marx generator that drives a UV flashlamp is described in this chapter. 



Chapter 2 

REVIEW OF HIGH VOLTAGE SWITCHING DEVICES 

2.1 Pulsed power techniques 

The primary aim of a pulsed power system is to produce high output powers from low 

input power sources. This is achieved through the use of pulse compression, where 

the energy is supplied to a storage device over a long time period and is released from 

the energy storage device in very short time. A typical pulsed power system is 

assembled from four basic elements. These are a primary power source, an 

intermediate energy store, a pulse forming network (PFN) and at least one high- 

power switch. A generalised diagram for a pulsed power system with examples of the 

system components is shown in Figure 2.1. Initially, the PFN element is charged 

through a capacitive or inductive energy store by the primary power source. The PFN 

element may be a coaxial cable, a stripline or a water-filled1 line and is usually the 

section of the circuit that determines the main pulse characteristics. A suitable 

resistance or inductance controls the flow of energy to the PFN. The PFN is charged 
to the same voltage level as the primary power supply in the case of resistive 

charging, and to a maximum of twice the primary power supply in the case of 
resonant charging. 

Intermediate 
PIFN Energy Store 

Switch 1I Load 

Coaxial Cable, 
Stripline 

PowerSupply 

Semiconductor Device, Plasma Drill, 
Spark Gap Treatment Cell 

Figure 2.1 Pulsed power system with examples of system components. 

1 Water-filled line would need to be pulsed charged due to ionic conduction losses. 
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The PFN delivers its stored energy to the load through a high voltage switch in times 

of between ns and ps and allows very high peak powers to be generated. The speed of 

the switch is one of the factors that determine the pulse generator performance and it 

is critical that the switch can safely handle the charge transfer, whilst exhibiting fast 

closure time and high di/dt. Typically, the switching device can take the form of 

either a closing switch or an opening switch. Closing switches are used to produce 

high power pulses with capacitive storage circuits. In these circuits, upon closure of 

the switch, energy is transferred from the capacitor to the load. Opening switches are 

used where energy is stored in the form of an electromagnetic field around an 

inductor. Upon opening the switch, the current flowing through the inductor is 

interrupted and the energy stored in the electromagnetic field is transferred to the 

load. Given the inherent difficulty in developing opening switches capable of 

transferring high peak powers, more extensive use is made of closing switches. 

In pulsed power applications, the switch is an essential component and the levels of 

the voltage and other key parameters of the output pulses depend directly on the 

characteristics of the switch [15]. The characteristics of an ideal switch suitable for 

fast-pulsed power applications include efficient voltage and current handling 

capability, high dI/dt (up to 1015 A s"1), and fast closure time in the range of 

nanoseconds. It is difficult however to obtain all of these characteristics with one 

device and this places limitations on voltage, energy per pulse or pulse repetition rate 

and thereby on the overall system performance. The following section (2.2) details 

the basic design and operation of the most commonly used closing switches. These 

are the self-closing spark gap, the triggered spark gap, the thyratron, and the ignitron 

[for pulsed power applications]. In 2.3, some semiconductor switches used for pulsed 

power applications are introduced and their switching characteristics discussed. 
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2.2 Closing switches 

2.2.1 Self-closing spark gap 
One of the simplest forms of closing switch is a self-closing or overvoltaged spark 

gap. Basically, a spark gap consists of two uniform field, or quasi-uniform field 

electrodes, separated by an insulating gas or gas mixture. As the breakdown voltage 

in a uniform DC field is a function of pressure and distance as governed by Paschen's 

law [20], for ideal gases, the breakdown voltage can be adjusted simply by adjusting 

the gap spacing, the gas pressure or the gas type. Self-closing spark gaps are typically 

used for circuit or component protection, where, upon application of a high voltage 

pulse above the determined safe level, the pulse is diverted to ground through the 

discharged gap [21]. 

2.2.2 Triggered spark gap 
For spark gaps, the switching discharge is initiated by overvolting the gap. However, 

in order to achieve a low jitter and higher degree of synchronisation, a trigger method 

is usually employed. This offers faster conduction and pulse risetimes than those 

available from a conventional spark gap switch, and allows control of the spark gap in 

terms of pulse initiation and repetition rate. The trigger method can be mechanical, 

electrical or optical. The trigatron, field-distortion (FD) gap and rotary spark gap are 

examples of triggered closing switches [21,22]. 

A trigatron is constructed from a pair of parallel high voltage electrodes, with a third 

trigger electrode situated in, but insulated from, the earth electrode. The switch 

operates by being set to a voltage level, which is just beneath the self-breakdown 

voltage for the switch. A fast trigger pulse applied to the trigger electrode forms a 

small plasma channel between the trigger electrode and the main earthed electrode. 

The resultant ionisation of gas atoms and molecules and emission of UV photons in 

the region near the plasma channel results in rapid photoionisation and electron 

avalanches in the region between the main electrodes. This allows plasma formation 

and breakdown to occur in the main gap, thus closing the switch [21.24]. 
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A field-distortion (FD) switch is also a three-electrode spark gap, but in this case, the 

third electrode is a knife-edge ring electrode situated between the two main 

electrodes. Application of the trigger pulse to the trigger electrode distorts the field 

within the switch. This distortion causes breakdown between the main electrode and 

the trigger electrode, which overvolts the remaining half of the switch. This results in 

a second discharge initiation, which has the effect of closing the switch. 

A rotary spark gap switch is an example of a mechanically triggered spark gap 

switch. The basic principle involves altering the spark gap path length through the 

inclusion of a metal conductor (usually brass or stainless steel) in the spark gap. To 

trigger the switch, a rotating electrode is moved towards a pair of fixed circuit 

electrodes, initiating breakdown of the gap. A rotary spark gap exhibits some degree 

of timing jitter between pulses as a result of mechanical variations in the path of the 

moving trigger electrode. 

2.2.3 Thyratron 

The thyratron is a low-pressure switch that was originally developed in the 1940s for 

repetitive radar applications. It has found use in a number of applications such as in 

gas lasers and microwave sources, where a high repetitive capability is required 

[25,26]. The rapid rate of voltage recovery (typically of the order of a few tens of µs) 

makes the thyratron very suitable for applications with high pulse repetition rate (- a 

few kHz). However, the thyratron has limited voltage (a few tens of kV) and current 
(a few kA) handling capabilities and is not as robust as the spark gap. The voltage and 

current ratings of thyratron switches can be improved by using series and parallel 

combinations of thyratrons [27]. 

2.2.4 Ignitron 

The ignitron, like the thyratron, is a low pressure device. It is suitable for relatively 
low voltage (tens of kV) and high current (hundreds of kA) applications such as the 

discharge of large capacitor banks and crowbar circuits, high power lasers, arc 

welders and electromagnetic railguns. The ignitron is constructed of an anode, a 

mercury-pool cathode and an ignitor or starting electrode immersed in the mercury 

pool. All electrodes are housed in a stainless steel vessel, which is evacuated. The 
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ignitron requires a voltage pulse of a few kV for triggering. The ignitron has a very 

slow recovery after closure and this makes it suitable for single-shot or low repetition 

rates only [21,28,29] 

2.3 Semiconductor switches 

Semiconductor switches offer a number of advantages over conventional switching 
technology, such as longer lifetime, zero maintenance and consistent characteristics. 
A variety of power semiconductor devices is used in power electronics switching 

applications, and these can be divided into the following three groups [18]: 

1. Unipolar devices, where charge conduction is due mainly to flow of one type 

of carrier, usually electrons. These include Schottky diodes, Junction-Field- 

Effect-Transistors (JFET), Metal-Semiconductor Field-Effect Transistors 

(MESFET), Metal-Oxide-Semiconductor Field-Effect Transistors 

(MOSFET), and Static-Induction-Thyristors (SIT). 

2. Bipolar devices, where drift-diffusion processes of both electrons and holes 

contribute to current flow. These include power Bipolar-Junction-Transistors 

(BJT), Insulated-Gate-Bipolar-Transistors (IGBT), Gate-Turn-Off Thyristors 

(GTO), MOS-Controlled Thyristors (MCT), Reverse-Conducting-Thyristors 

(RCT), and MOS-Assisted-Gate-Triggered-Thyristors (MAGT). 

3. Bulk avalanche devices that often require optical triggering. These devices 

have high dark resistivity (> 104-108 S2cm2) and large anode-to-cathode 

separation, and this allows them to be implemented in very high power (-. 1 

MW) switching systems. 

Because of the absence of minority-carrier stored charge, the switching speed of 

unipolar devices is fast and in most cases, the gate-drive power requirements are low 

and simple. Compared to unipolar devices, bipolar devices exhibit lower conduction 
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losses and lower switching speeds. Bulk avalanche devices are commonly 

constructed from III-V compound semiconductors, especially Gallium Arsenide 

(GaAs), to improve switching speed and achieve high values of blocking voltage 
[ 18]. In the following section, some of the semiconductor switches, which have been 

used in pulsed power applications, are introduced, and their switching characteristics 
discussed. 

2.3.1 Thyristor 

The thyristor, or silicon-controlled rectifier (SCR), was the first solid-state power 

electronic switch. It has a four-layer n-p-n-p junction structure as shown in Figure 

2.2. It differs from the transistor in that it is a latching device, which is turned on by a 

gate pulse and remains conducting until the current falls to zero. The peak gate 

current is the only parameter that affects the pulsed anode current dI/dt capability of 

the thyristor, and to achieve a short turn-on time, a large trigger current pulse must be 

used [15]. 

Cathode Gate 

Catho 1a 
Gat J, n_ 

Anode 

n+ 
(a) (b) 

Figure 2.2 Diagram of a thyristor, (a) top view, (b) side view. 

When a conventional thyristor turns on, the conducting area is localised around the 

gate lead and then spreads relatively slowly over the whole silicon chip. The turn-on 

time of the whole chip is therefore relatively long, resulting in a limit on the dl/dt 

rating of the thyristor [30]. This is the main reason that the use of the thyristor for 
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fast-pulsed power applications has been limited [15]. Where a thyristor with a high 

dI/dt is required, special manufacturing techniques must be used [31]. The most 
direct approach is to use an iterdigitated gate structure (Interdigitating means 

modifying the gate-cathode geometry such that there are many small cathode and 

gate regions intermixed), such that several areas around the chip periphery are 

triggered simultaneously. In this case, a much larger gate current is required since the 

gates are, in effect, connected in parallel. The forward blocking capability of a 

thyristor is normally less than the reverse blocking capability. However, the forward 

blocking capability can be improved by short-circuiting the p-base region to the n+ 
layer as shown in Figure 2.3. This structure is referred to as the cathode-shorted 

structure. Thyristors with a cathode-shorted structure have a much better switching 

performance than thyristors with an interdigitated gate structure [32]. 

Cathode Gate 

T 
r__ý P 

n7 
P+ 

1 Anode 
Figure 2.3 Cathode-shorted thyristor. 

Thyristors have the potential to replace gas switches over the pulse parameter ranges 
1-10 kV, 1-100 kA, 1-10 kA/ps [15,33]. 

2.3.2 Gate-Turn-Off Thyristor (GTO) 
The gate turn-off thyristor (GTO) is similar in construction to a thyristor but with 
four layers rather than three. It is turned on by current flowing into the gate terminal, 

as for a conventional thyristor, but it can be turned off by taking current out of the 

gate, that is, with a negative gate current. There are two different structures of GTO; 

symmetrical and anode-shorted [13]. Figure 2.4 shows the structure of a GTO that is 

anode-shorted. This structure is used to decrease the turn-off time of the device. As a 

result, however, the reverse blocking voltage capability is reduced to 20-30 V. A 

GTO thyristor with an anode-shorted structure (called a Reverse Conducting 
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Thyristor, RCT) is specially suited for pulse applications, because the asymmetric 
design allows an optimum combination of low power losses, high blocking voltage 

and pulse repetition frequencies in excess of 20 kHz [34]. 

Cathode Gate 

J3 
J2 
J, 

Figure 2.4 Anode-shorted GTO. 

A GTO thyristor with a symmetrical structure has a reverse blocking voltage up to 

80% of the forward voltage, and this makes it suitable for pulse applications [13]. 

Compared to a standard thyristor, a GTO has a similar high forward blocking voltage 

rating, a higher voltage drop and a higher latching current. The gate drive needs to be 

maintained for a longer period during turn-on to ensure that the higher latching 

current is reached. [31]. It is not possible to construct a GTO with an internal 

amplification thyristor as in a conventional thyristor, and so to achieve a high dI/dt 

during turn-on and turn-off, high gate currents (typically 30% of the anode current) 

are required. The maximum rate of rise of current during turn-on for GTO is 

600A/ps. However, it has been shown that it is possible to improve the dI/dt 

capability of a GTO by using a ring gate-cathode structure and high interdigitation. 

These devices (called Fast-High-Current-Thyristors, FHCT), have very short 

cathode-gate distances and extremely long gate-cathode periphery. This leads to 

dynamic plasma spread at turn-on so that the device conducts extremely rapidly [17]. 

GTO thyristors can offer an alternative to conventional valve technology in pulse 

applications. 

2.3.3 Metal-Oxide-Semiconductor-Field-Effect-Transistor (MOSFET) 

The Metal-Oxide-Semiconductor-Field-Effect-Transistor (MOSFET) is a voltage- 

controlled device, which uses the continuous application of a gate-source voltage in 

order to remain in the on state after turn-on. The gate current is only applied during 
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transitions from the on to off state or vice versa in order to charge or discharge the 

gate capacitance. The voltage drop across the MOSFET during conduction is IV to 

10 V. which is greater than for other devices. The inherent pulse capability of the 

MOSFET, typically peak currents of 4 times the continuous rating, allows it to 

handle large current surges (a few 100 A) and makes it attractive for pulsed power 

applications [ 12,16]. The MOSFET is a majority-carrier device and in contrast to the 

Bipolar Junction Transistor (BJT), has no stored charge that must be removed during 

conduction [31]. As a result, MOSFET switches turn on and off very rapidly. In 

addition, the positive temperature coefficient of MOSFET switches makes it easy to 

use them in parallel [35]. As shown in Figure 2.5, a MOSFET contains an integral 

diode from the p-base region to the drain terminal, which is called the body diode. 

The body diode allows reverse current to flow when the MOSFET is in the off state. 

An external diode is normally shunted with a MOSFET to allow the reverse current 

to flow through the external diode rather than through the inherent reverse diode of 

the device. As a result, a MOSFET usually has no reverse blocking voltage capability 

[16]. 

S. 
SiO 

.G 

v Polysil icon 

n+ 
R, 

Body diode n- 

n+ 

"D 

Figure 2.5 Power MOSFET and body diode. 

Single MOSFET devices with voltage and current ratings of a few hundreds of volts 

and a tew tens of amperes are available. 
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2.3.4 MOS-Controlled-Thyristor (MCI) 

The need to maintain a low on-state voltage, while reducing gate drive requirements, 
has led to the development of a new type of device known as the MOS-Controlled- 

Thyristor (MCT). The MCT is basically a GTO thyristor with two MOSFETs built 

into the gate structure. One of the MOSFETs is responsible for turning the device on 

and the other is responsible for turning it off [31-36]. The structure and equivalent 

transistor of an MCT is shown in Figure 2.6. Because the I-V characteristic of the 

MCT is essentially the same as that of the GTO, the MCT has the power handling 

capability of a GTO of equivalent size [37]. To turn on the MCT, the gate is driven 

to a negative voltage with reference to the anode, thereby turning on the p-mos 

MOSFET. To turn off the MCT, the gate is driven by a positive voltage with 

reference to the anode. This turns on the n-mos MOSFET, which shorts the emitter 
junction of the pnp transistor and turns the device off. An MCT can be switched 

rapidly from off to on and vice versa, with typical switching times of 1 ps [38]. The 

MCT is an asymmetric device and has a small reverse-blocking voltage capability 

(typically 25 V). An MCT possesses a low forward-voltage drop when compared to 

other fast turn-off devices [38-41]. 

Gate 
Q Anode (+) 

emitter A Turn-off 

Turn-oi 
p-mos 

p-base ---i 

n* emitter 

Cathode (-) 

Figure 2.6 Structure and equivalent transistor of an MCT. 

i-mos 
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The dV/dt limitation of an MCT is the same as for a GTO, (typically 500-1000 V/µs) 

and this can be increased by minimising the resistance of the gate-drive circuitry 
[42]. 

2.3.5 MOS-Assisted-Gate-Triggered -Thyristor (MAGT) 

The MOS-Assisted-Gate-Triggered-Thyristor (MAGT) is specially designed for 

high-repetition-rate pulsed power operation [43]. The MAGT has both the high- 

power handling capability of a thyristor and the fast turn-on capability of a 

MOSFET. The maximum current and dl/dt rate for an MAGT have been measured to 

be 8.5 times and 5.3 times respectively the values obtained for conventional 

thyristors. A maximum current of 8 kA, a blocking voltage of 2.5 kV and a dl/dt of 

21 kA µs-' at a pulse duration of 0.1 µs have been obtained from a single MAGT 

device [44]. The basic structure and equivalent circuit of the MAGT is shown in 

Figure 2.7. The MOS gate electrode is placed on the edge of the p-base layer in order 

to turn on the thyristor with a high dl/dt ratio. The base electrode is placed on the A- 

base layer to ensure high dV/dt immunity at high repetition rate. 

Gate Base Cathode 

i Cathode 

p-base Base 
Gate 

n-emitter 
" 

n-base 

p-emitter 
Anode 

Anode 
Figure 2.7 Structure and equivalent transistor for an MAGT. 

In the MAGI, a high-speed turn-on occurs because electrons are injected from the 

cathode into the n-base layer through the MOSFET. Furthermore, the p-base width is 
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optimised to produce high emitter injection efficiency so that the device turns on 

quickly. In MAGT device, only one MOSFET is present and is responsible for turn- 

on. Hence MAGTs have fast turn-on times, as for MCTs, but their turn-off times are 

similar to those of conventional thyristors. 

2.3.6 Static-Induction-Thryistor (SIT) 

The Static-Induction-Thyristor (SIT) is a vertical channel field-effect device, which 

exhibits fast switching speeds (<20 ns), high dI/dt (1 kA µs 1) and dV/dt (1 kV µs-') 

capability and low forward-voltage drop. The vertical channel geometry allows for 

fabrication of interdigitated structures, which leads to higher current ratings [45,46] 

The SIT structure is shown in Figure 2.8. 

The device is fabricated using an n-type, highly resistive GaAs substrate that is not 
intentionally doped. The SIT, as with a normal thyristor, can be operated at a high 

ambient temperature because of its negative temperature coefficient. SITs are 

classified into two groups: anode-shorted and reverse-conductive. In the latter, 

reverse polarity diodes are connected in parallel to allow reverse current flow. Each 

group is divided further into two types depending on the differences in the structure 

of the n-region between anode and cathode. These are termed nonpunch-through 
(NPT) and punch-through (PT). The n-buffer layer between the p+ drain contact and 
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the n drift layer is not essential for the operation of the SIT and some SITs are in fact 

made without it and termed nonpunch-through. Compared to the NPT-type, the PT- 

type SIT has a shorter current rise time, a larger voltage drop and a shorter turn-on 

time. This makes the PT-type more suitable for pulsed power application in the 

medium power region [47-50]. 

2.3.7 Insulated-Gate- Bipolar-Transistor (IGBT) 

In the low and medium power range, Bipolar Junction Transistors (BJTs) have been 

the most commonly used power semiconductors, despite some limitations due in part 

to the current drive (which can be uneconomic in terms of the number of components 

and the dimensions of the resulting circuits), and also the fact that minority carrier 

conduction places a limit on the maximum frequency of use. The introduction of 

power MOSFET devices now allows much simpler voltage drives to be used, and has 

made operation at much higher frequencies possible, as conduction occurs with 

majority carriers. The use of this device has grown rapidly in low voltage 

applications, but the dissipation characteristics in conduction have limited its use at 

high voltages. Insulated-Gate-Bipolar-Transistors (IGBT)2 are a newer class of high 

voltage device which combine the simplicity of drive of the MOS structure with the 

ability to handle high values of current typical of a bipolar device [51-53]. The IGBT 

is intended to operate as a MOSFET from the control standpoint but with the 

advantages of a BJT at the main electrodes. Typically both the turn-on and turn-off 

times for an IGBT are slower than those of a MOSFET, but the peak current density 

in an IGBT is approximately five times higher than that of a MOSFET having the 

same die area. The vertical section of the IGBT together with the equivalent circuit is 

shown in Figure 2.9. Conductivity in the collector-drift region is controlled by the 

injection of minority carriers. 

2 The IGBT terminals are labelled collector, gate and emitter. This terminology retains compatibility 
with the BIT, which the IGBT has replaced in many applications. 
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Figure 2.9 Structure and equivalent transistor of an IGBT. 

Although the IGBT is structurally a 4-layer device like the thyristor, its operation is 

fundamentally different, as it is designed to prevent thyristor action with a metal short 

between the n+ source region and the p-body. The resulting structure is essentially 

equivalent to that of a vertical n-channel MOSFET, except it has a p+ injection layer 

instead of n+. In this way a junction is created with the if area of the collector, such a 

junction injects holes into the if area during conduction, modulating the resistance 

and significantly reducing the VcE(, at) of the device. In the forward conducting state, 

when a positive voltage is applied to the gate conductor with respect to the emitter 

conductor, the p' n junction (J2) is reverse biased. The depletion layer extends into 

the n drift region and provides the forward blocking-voltage capability. The forward 

and reverse blocking voltage capabilities of the IGBT are approximately equal 

because of the involvement of the common if drift region [pe-agrawal]. If the positive 

voltage at the gate is greater than the threshold voltage VT, an n-channel is formed in 

the p-region just beneath the gate terminal, in a manner similar to that in the 

MOSFET. Electrons flow from the nn emitter to then drift region through the n- 

channel. These electrons constitute the base current of the pn p+ transistor. The 

emitter of this transistor (p+ region) injects holes into the base (n region). Thus there 

is double injection into the if region. The density of the injected carriers increases 

with the increase in the positive bias on the collector of the IGBT. As a consequence, 

the conductivity of the if drift region increases very significantly and the IGBT is in 
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the on-state. To turn the IGBT off, the channel is cut off by setting the gate voltage to 

below the threshold voltage. The channel current is a significant proportion of the 

total IGBT current, and therefore, under a constant collector-emitter voltage, the 

change in gate voltage results in an immediate reduction of the total current 

depending on the circuit conditions. The remaining current corresponds to the 

removal of injected holes and electrons from the n drift region. This is usually a slow 

removal, so that the IGBT exhibits a tail current. The removal of stored charge can be 

greatly enhanced with the addition of an n buffer layer, which acts as a sink for the 

excess holes and significantly shortens the turn-off time. This device structure is 

referred to as Punch-Through (PT) IGBT while the structure without the nn buffer 

region is referred to as a Non-Punch-Through (NPT) IGBT. NPT-IGBTs have 

positive temperature coefficient regarding the forward voltage drop Went over the 

whole current range, a great advantage for paralleling modules. The tail-current in 

NPT-IGBTs is low, so that their turn-off losses are lower than those in PT-IGBTs. 

When a negative voltage is applied to the collector of an IGBT with respect to its 

emitter, the p+n junction (J3) is reverse biased. The depletion layer extends into the n 

drift region and provides the reverse blocking-voltage capability. The combination of 

two transistors in the structure of the IGBT constitutes a parasitic thyristor. This is 

undesirable but unavoidable. In first-generation devices this parasitic element caused 

latch-up conditions so that the gate of the MOSFET could lose extinction control. 

The introduction of further p+ diffusion in the base body region is one of the methods 

used to cancel the effects of the parasitic thyristor. Other methods of fabrication to 

avoid latch-up in IGBTs are also available [36,54,55]. 

2.4 Choice of IGBT 

Solid-state switches have the potential to replace conventional switches for both sub- 

microseconds pulsed switching at high frequencies (several kHz) and 50-1000 µs 

pulsed switching at low frequencies (0.01 - 50 Hz) [54-58]. Following this review of 

the parameters of solid-state switches, their general properties are compared in table 
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2.1, the IGBT was determined to be the preferred device for stacking in HV switching 

applications. 

Table 2.1 Comparison of solid-state switching devices. 
Voltage Current Speed Availability Cost 
Rating Rating 

Thyristor High High Low Readily LOW 
(1-10 W) (1-100 kA) available 

GTO High High Low Medium Medium 

MOSFET Low 
(Under 1kV) 

LOW 
(Under 100 A) 

High 
(Under 

available 
LOW 

MCT High Medium Medium 
(Under Special order High 

(Under 1kA) ills) only 

MAGI Medium High High Special order High (1-3 W) only 

SIT Medium Medium High 
Special order 

only 
High 

IGBT Medium Medium High Readily 
available 

Low 
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Chapter 3 

SWITCHING CHARACTERISTICS AND OPERATION OF THE 
IGBT 

3.1 General 

An IGBT is a device for which the control characteristics are similar to that of a 

power MOSFET, and the output characteristics (V versus I) are similar to those of a 
bipolar junction transistor. The controlling parameter is an input voltage, normally, 

the gate-emitter voltage, rather than an input current. Figure 3.1 shows the complete 

I-V characteristics of an IGBT. 

On region ICE*i V 
ICE 

VBR VCE 

Cut-off region T 

(a) (b) 
Figure 3.1 The I-V characteristics of an IGBT cell. 

Vge 

As can be seen in Figure 3.1, the IGBT has three regions of operation. 

1. A cut-off region, where VGE 5 VT. 

2. A pinch-off, saturation or active region, where VCE Z VGE-VT and VGE> VT- 

In this region, the collector current is given approximately by [59] 

lc =2 gm (vcE 
- Vr)Z (3.1) 

The transconductance g. depends on the device geometry and is defined as 

g Ilic 
AVGE 

(3.2) 

The transfer characteristic of the IGBT is almost linear over a wide range of 

output current, becoming non-linear only at low collector currents where the 
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gate-emitter voltage approaches the threshold value. The transconductance of 
an IGBT is significantly larger than (typically 2 times) the g. of a MOSFET. 

3. A linear or ohmic region, where VCE S VGE-VT and VGE> VT. 

The output resistance, r0= RCE, defined as RCE = 
AVCE 

, 
is normally very high 

Aic 

in the pinch-off region, typically of the order of MCI, and is very small in the 
linear region, typically of the order of mO [59]. 

For switching actions, IGBTs must be operated in the linear region with a low 

collector voltage. A gate-to-emitter voltage of about 15 V has to be established to 

turn on the IGBT and maintain its operation in the ohmic region of operation. 

3.2 IGBT gate drive consideration 

For gate-insulated devices such as MOSFETs and IGBTs, it is the charge on the input 

capacitance that creates the n-channel for conduction. To speed up the switching of 

these devices, the input capacitor must be charged quickly. This means that the gate- 

circuit current controls the speed of the switching action. Therefore, for fast 

switching, current pulses are preferred to voltage pulses. For insulated-gate devices, 

switching efficiency depends strongly on stray capacitance and depletion-layer 

capacitance [60-63]. The switching behaviour of an IGBT, on the other hand, depends 

on gate-emitter capacitance Cg. and gate-collector capacitance Cgc, while the 

collector-emitter capacitance plays no role. A simple approach to the analysis of 

switching transients in an IGBT may be taken by considering only Cge and Cgc, for 

both cases of driving the gate by current and voltage pulses, and this is done here for 

both (i) a current pulse driving the gate, and (ii) a voltage pulse driving the gate. 

3.2.1 Driving the IGBT gate by current 

Although IGBT and MOSFET devices are supposed to be driven by voltage pulses, in 

practice, their switching speed and power dissipation are practically optimised by 

controlling the gate current during switching [64-69]. Figure 3.2 shows typical gate- 
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charge curve and static characteristics of insulated-gate devices during a turn-on 
transient, while a constant current is injected into the gate. 

VT I V- 

o14 t 

(a) 

(b) 
Figure 3.2 Gate charge of insulated gate devices during a turn-on transient. (a) 

switching transient traces and (b) static characteristics with the corner points 
reported in (a). 

With reference to Figure 3.2, at the beginning, the collector current (Ia) is very small 

until VGE reaches a threshold voltage (VT) at point 1. As long as the voltage VDE 

remains below VT, no drain current will flow. The time taken for the gate voltage to 

reach the threshold voltage represents a turn-on delay period, namely td. During the td 
interval, the input capacitance is (Cge+Cgc) and the gate voltage, VDE rises linearly 

and is obtained from the following equation: 

Q VT (Cge + Cgc ) 
td =19=1g (3.3) 

The collector current begins to flow after the gate voltage reaches the threshold 

voltage. By considering the case of an IGBT with linear characteristics, the collector 

current will increase in proportion to the gate voltage. Since the device is now in its 

active region, the collector current flows and reaches its maximum value I, at point 2. 
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Between points 2 and 4, the Miller effect' occurs and the input capacitance appears 
to be infinite since the gate voltage remains constant even though the gate circuit is 

supplying current to the gate. This constant voltage is known as the Miller voltage, 
and is around 4 to 6 V, depending on the level of current being switched. Using 
linearized transfer curve, the collector-current slope in the pinch-off region can be 

calculated as follows: 

lc z S. vcE (3.4) 

die dvGE 
dt gin " 

/t 
(3.5) 

di I It 
Sr "R Cge (3.6) 

Equation (3.6) shows that the collector-current slope is determined by the rate of 

supply of charge to the gate during the first slope of the gate voltage. While the 

Miller effect takes place, the collector-emitter voltage is related to the rate of supply 

of charge to the gate and the equation for its slope is given by 
dvCE 

_ 

dvCC 
+ 

dvGE 

dt dt dt 
(3.7) 

Since the gate voltage is constant, all the input current flows into the Cgc and 

consequently; 
dycE__ Is 

dt Cgc 
(3.8) 

From equation (3.8), the collector-voltage slope is related to the rate of supply of 

charge to the gate in the Miller effect zone. Because the collector voltage exhibits 

two different slopes during this phase, two different capacitances Cgc(1) and Cg¬2) are 
defined and consequently; 

dvCE 
=1g (first slope) (3.9) 

dt Cgc(, ) 

±cE 
= 

11- 
(second slope) (3.10) 

dt C (2) 

The Miller effect is a way of dealing with a situation where the voltages at both ends of a capacitor 
change at the same time, either independently or dependently. In certain circuits, instead of taking 
into account what actually happens with the voltage, we can say that this is equivalent to having a 
larger capacitor. The Miller effect states that the simultaneous switching of both terminals of a 
capacitor will modify the effective capacitance between the terminals. 
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As soon as the Miller effect ends, the gate voltage can begin to increase again, 
reaching its final value at point S. 

3.2.2 Driving the IGBT gate by voltage 
In this case, a step voltage Vd drives the gate-insulated device. The turn-on waveform 
for this case can be divided into three phases over the times t1, t2 and t3 shown in 

Figure 3.3. 

V 

V 

T 

V, 

X X< 
tl t2 t3 

Figure 3.3 Turn-on transient of a gate-insulated device for the case of a step 
voltage applied at the gate terminals. 

As long as the gate voltage VDE remains below the threshold voltage VT, no collector 

current will flow. The time tl taken for the gate voltage to reach VT that is, the turn- 

on delay is obtained from equation (3.11) where R. G is the total resistance in the gate- 
emitter circuit. 

tý = RQ (Cg, + C. ) In 1 

I 
(3.11) 

Collector current begins to flow after ti and the gate-emitter voltage rises 

exponentially and can be expressed by equation (3.12). 
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VGE= Vd 1- e (3.12) 

The equations for collector current and its slope are 

i, =8. (Vd -Yde -VT)2 (3.13) 

and 

dig 
= 

28m 
Vd .e 

ý(cr+cs`) (1- 
Vr 

-e 
ýcr+c ') (3.14 dt Rc(Cgs +CV) Vd 

n) 

If a linear transfer characteristic as described by equation (3.4) is used, the slope of 
the collector current is obtained from 

g+ 
C). 

(V° -Vr - 
:9 (3.15) 

dt Rc (C 
gc 

If the stray inductance Lge in the gate-emitter path is considered, equation (3.15) 

must be rearranged as follows 

di, 
= 

g, � (Vd - VT L9 (3.16) 
dt RG (Cge + Cgc) + Lge "g,,, g 

At the end of phase t2, the collector current reaches its maximum value. If the stray 
inductance L, in the collector-emitter path is small, then the Miller effect is 

negligible and the gate voltage will continue to rise. In Figure 3.3, transient 

characteristics have been shown for the case where L, is very small and because of 

this, there is no Miller-effect zone in the gate voltage during phase t2. Beyond phase 

t2, the drain voltage begins to fall to the on-state voltage of the device. Because the 

drain current is now constant, according to equation (3.4), the gate voltage is also 

constant and all the input current flows into the capacitance Cgc during this period. In 

addition, the slope of the collector voltage can be expressed as follows; 

Vd -VT - 
il 

- dvcE 
= 

Ig g"' (first slope) (3.17) 
dt Cgccn Csc(I) 

Vd - Vr - 
l` 

dvcE 
=Ig 

g"' (second slope) (3.18) 
dt Cgc(2) Cgc(2) 
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The gate voltage may continue to rise beyond time t3, but this will not influence the 

collector current or voltage because both have reached their steady-state levels. 

The dynamic behaviour of IGBTs is affected by unavoidable parasitic capacitance in 

the form of the structure, often referred to as Cge, Cgc and C".. Equation (3.14) shows 

that the rate of rise of collector-current during turning on can be controlled by RG. A 

high dI/dt that leads to fast switching requires a very small RG. Moreover, in the 

selection of the value of RG for power application, two other factors must be 

considered; to minimise power consumption, Ro must be low, while to minimise 

electromagnetic interface (EMI) generation, a high value of RG is needed. Therefore, 

a compromised value for RG must be chosen in order to achieve relatively low-power 

losses, together with acceptable rates of rise of collector-current and EMI level. 

High-power dissipation occurs during the intervals t2 and t3 (Figure 3.3) and after 

point 1 in Figure 3.2, where the device sustains both high current and high voltage 

simultaneously. It would be possible to accelerate the collector-emitter voltage, and 

thus the switching speed, by shaping the gate current, without increasing the 

collector-current slopes and EMI levels. This could be achieved by charging the 

input capacitance quickly, which would not change the slope of the collector current 

and would consequently increase the rate of rise of the collector voltage [70]. It has 

been shown that if the gate voltage applied to the device is decreased, the ability of 

the IGBT to withstand short circuits during fault will be improved. When a short 

circuit occurs in a circuit that includes an IGBT, the current rises rapidly, pulling the 

IGBT out of its full conduction state. VcE is increased and causes a current to flow 

through the Miller capacitance. Due to the presence of a high RG, the gate-emitter 

voltage increases to a higher peak value and the fault current rises again, potentially 
damaging the device. Lowering the value of RG during turn-off improves clamping of 
the gate-emitter voltage, thus reducing the fault current magnitude significantly [71]. 

Therefore, a trade off has to be made by the designer based on the other 

considerations, and the drive circuit can be configured to allow the use of two 
different values of gate resistance, one for turn-on RG(on), and the other for turn-off 

RG(ofl). 
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A corresponding analysis can be performed for device turn-off [60]. The above 

observations remain valid for power MOSFETs during turn-off but not for IGBT 

devices. At turn-off, IGBTs show a tail during the fall of the collector voltage due to 

the time required for the excess carriers in the epitaxial collector region to 

recombine. This tail is responsible for large losses and its effect cannot be reduced by 

means of the driving circuit [64]. 

3.2.3 Off-state negative gate voltage requirements 
Negative gate bias is not necessary to turn off or hold off an IGBT. But certain 

dynamic conditions, such as fast 
, may turn on the device. This false turn-on is 

dependent on voltage across the IGBT, voltage rise time, gate bias voltage, gate 
impedance, and temperature. Spurious triggering can be avoided totally, by using 

negative gate bias voltage (a reverse bias of less than -5 v) and a low gate impedance 

(S 20 0) [72-74]. 

3.3 Series operation of IGBTs 

In order to increase the voltage rating of IGBT devices, a wide drift region must be 

used and this increases the on-state resistance of the device. Although it is possible 
to decrease the on-state resistance by injecting a high level of charge into the 

collector, this slows down the IGBT speed and consequently increases the 

switching losses. The series connection of medium-voltage (< 1.5 kV) devices is 

more practical for high-speed switching [75]. There exists an optimum number of 

series IGBTs that give the best on-state voltage for given voltage and current 

ratings. The complexity of the overall switch, the acceptable losses per IGBT, and 

the overall cost affect the optimum number of devices used in a switch [76]. In 

designing a high-speed switch made up of IGBTs in series, the problems of 
isolation and voltage sharing have to be addressed. Switching pulses have to be 
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level shifted across a high-voltage barrier with minimum stray capacitance-to-earth. 

Voltage sharing has to be ensured both during switching and in the steady state. In 

the steady state, parallel resistors are commonly used. The resistor value need only 

be an order of magnitude lower than the IGBT off-state resistance, which is very 

high (> 10 MO). The losses in the resistors are therefore quite negligible. Timing 

errors in switching pulses, non-identical gate circuit components, and stray 

capacitances to ground are the reasons that make non-equal voltage sharing across 

the devices connected in series. Different delays during the turn-on transient can 

produce spike voltages across the slowest device, and during the turn-off transient 

the leading switching pulse produces an over-voltage across the fastest device. In 

power applications, if delays are limited to less than 0.3 ps, they do not create 

significant over-voltages, switching times being in the scale of ps. However, in 

pulsed power applications with pulse lengths of a few hundred nanoseconds, the 

delay between switching pulses must be limited to a few nanoseconds. Stray 

capacitances to ground can result in unequal voltage sharing, with the device 

farthest from ground carrying the highest voltage. During fast rising voltages across 

a stack of devices, these stray capacitances draw significant amounts of current and 

therefore cause unequal voltage distribution across the elements in the stack [77]. 

This is an issue for IGBT modules because they are normally connected to a copper 

base plate via an insulating ceramic substrate, and this results in a high collector to 

ground capacitance. Although device selection can be adopted to minimise the extra 

cost involved in the sharing circuits, it is unpopular because it is impractical if more 

than a few devices are used. Small differences are to be expected between IGBT 

parameters such as threshold voltage, transconductance, and gate-emitter 

capacitance. The techniques available to ensure that the voltage is shared equally 

across the devices in the transient and steady states may be classified, as shown in 

Figure 3.4. The techniques used to design the sharing circuits can be divided into 

load-side (passive snubber), and gate-side (active snubber). 
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Turn-of Volts Active voltage dV/dt control Active over-shoot 
points equalisation control control 

Synchronisation Active control 

Passive snubbers Gate side 

Seriesing techniques 
Figure 3.4 The techniques available to ensure equal voltage sharing 

3.3.1 Load-side techniques (passive snubber) 

A load-side technique is designed to slow down the of all the devices to the 

speed of the lowest device, using extra components such as snubbers on the load 

side. As shown in Figure 3.5, this technique typically employs equalising networks 

of resistors and capacitors to eliminate any differences in IGBT switching speed and 

to ensure that the voltage is shared nearly equally during a turn-off transient. 

R 

R 

Figure 3.5 Equalising network of resistors and capacitors. 
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3.3.1.1 Equalising network of resistors 

Assuming that the range of maximum leakage current for devices is from Ib(max) to 

Ib(min), the maximum voltage imbalance occurs when the first device in the string has 

a leakage current of Ib(m;,, ) while all the remainder have Ib(. ). By assuming Ib(m; n) = O, 

VD as the maximum blocking voltage for each device, Vs as the maximum blocking 

voltage of the string, and n as the number of devices which are placed in series, the 

value of the maximum allowable resistance is obtained from [78]: 

RS nVD-Vs 
(n -1)16(.. ) 

(3.19) 

If resistors with tolerance of a are used, the worst case occurs when the first device 

has a parallel resistance at the upper tolerance while all the others have parallel 

resistance at the lower limit. Therefore, the appropriate maximum resistance is given 

by [78]; 

SV°(n-1)(1-a)-(Vs -VD)(l+a) nz2 (n -1)(1- a2 ) Tb(max) 
(3.20) 

3.3.1.2 Equalising network of capacitors 
During the steady state, resistors alone are sufficient to ensure equal voltage sharing 

in the string, but as mentioned earlier, during turn-off, different delays on switching 

pulses time can cause a transient unequal voltage distribution across the devices in 

the string. This problem can be solved by the use of equalising networks of 

capacitors. The capacitor action is to provide a transient current path by bypassing a 

recovered device to allow slower devices to recover. In a method similar to that for 

calculating the sharing resistors, the values of capacitors are given by; 

C> 
(n 1)Qm 

(nVD - Vs)(1- a) 
(3.21) 

When Q. is the maximum stored charge and a is the capacitor tolerance [78]. 

3.3.2 Gate-side techniques (active snubber) 

In gate-side techniques, attention is focussed on the control side to ensure voltage 

sharing. This approach may be further split into methods that control the point of 

turn-off to achieve voltage sharing, and those that employ the gate-controlled active 
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regime of operation. As the turn-off time of an IGBT may be temperature dependent, 

the synchronisation approach is not very attractive for use with IGBTs. The gate- 

controlled active regime of operation offers superior voltage-sharing performance at 

the cost of increased switching loss. Some examples of gate-side technique are active 

over-shoot control, active voltage control, and control. The active over-shoot- 

control method is an adaption of that used with series connection of conventional 

thyristors. In this method, an active overvoltage-control circuit, effectively clamping 

the peak voltage attained by each device, replaces the over-voltage crowbar circuit. 

In this method, for optimum performance, the IGBTs should be matched, as uneven 

switching times increase the switching loss in the fastest device. In the active- 

voltage-control method the collector voltage is controlled directly within a feedback 

loop, and each IGBT voltage follows a given reference-input voltage using a closed- 

loop control. In the 
d 

-control technique, the rate of voltage rise is limited using 

large gate resistors (Zg) during turn-off. An external collector-to-gate feedback 

capacitor is inserted, so that the collector-voltage rate-of-rise is controlled 

independently of turn-off delay. In this method, since the voltage is not directly 

controlled, voltage sharing is not guaranteed. In addition, any stray inductance 

included in the IGBT collector connections will cause unstable oscillations. This 

tends to degrade the closed-loop performance. 

3.3.3 Choice of snubber for fast switching 

In power applications with switching times in the scale of µs, active snubbers can 

ensure equal voltage sharing during transient and steady state, particularly in the 

turn-off transient. But because active-gate-control methods rely on sampling the 

voltage or voltage rise across the IGBTs, there is an inherent delay between the times 

at which each of the devices reacts. This makes active-gate-control methods slow and 

unsuitable for fast pulsed power applications where pulse lengths are a few hundred 

nanoseconds. Therefore, in the present study, attention is focused on the passive 

snubbers. 
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3.4 Parallel operation of IGBTs 

In order to increase the current rating of the switch, several devices have to be 

connected in parallel. Current sharing, balance of losses, balance of temperature and 

thermal stability are the main issues in the parallel operation of IGBTs. An attractive 

feature of the IGBT is that, at approximately the rated current (and lower for the 

NPT-IGBT), it has MOSFET-like behaviour where the on-state voltage increases 

with current, making parallel operation less demanding. Since temperature directly 

affects the reliability of an IGBT, close thermal coupling to reduce temperature 

differences between parallel devices is essential [79]. In order to successfully parallel 

IGBTs, attention is required in the following design aspects; 

The circuit layout must be symmetrical, both for the gate-drive circuit and the main 

power circuit. Failure to ensure this may cause imbalances during switching, with 

possible device over-heating. Such dynamic imbalances are especially important in 

high-current, fast-switching circuits. Stray inductances should be minimised as they 

can produce parasitic oscillations ranging between 1 and 300 MHz, which may cause 

gate rupture by overheating the gate and increasing switching losses and increasing 

electromagnetic interference (EMI), High thermal stability is obtained by mounting 

the parallel devices on the same heat sink. For optimum switching performance of 

parallel IGBTs, it is necessary to drive the IGBT gates with only one gate resistance 

[78,80]. In contrast to BJTs, connecting external resistors in series with the emitters 

of the IGBTs cannot improve the current balance during the turn on state. This is 

because the gate voltage rarely influences the value of VCSat), [80]. 
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Chapter 4 

PRACTICAL SYSTEMS 

In previous chapters, the IGBT was introduced as the suitable candidate for stacking 

and switching in fast pulsed power applications. This chapter describes tests carried 

out on different IGBTs: these are investigated in terms of their voltage, current rating 

and speed. The experimental arrangements for the tests are described. For fast 600 V 

IGBT devices, it was observed that they can handle a peak current of five times their 

nominal current rating during short-pulse conducting, if they are driven by fast gate 

pulses. For 1.2 kV devices, however, problems have been encountered when rapid 

switching is employed (<100 ns). The slope of the collector-emitter voltage collapse 

may be distorted when a 1.2 kV device is stressed to facilitate rapid turn-on. This 

undesirable switching behaviour and its possible reasons are investigated using both 

computer simulation and experiment. 

General issues associated with the stacking of 600 V and 1200 V IGBTs including 

gate-drive circuits for series IGBTs, signal isolation, and stack over-voltage protection 

are discussed. The chapter concludes with a description of the switching performance 

of a 10 kV, 400 A stack consisting of 50 IGBTs. 

4.1 Experimental systems 

4.1.1 High-voltage, low-power DC supplies 

The high-voltage DC supplies used in this study were a Brandenburg, model 475R 

capable of supplying 2 kV and 3 mA, a Glassman model PS/WR100R2.5-22, capable 

of supplying 20 kV and 30 mA (600 W), and an A. L. E Systems Power Supply model 
202A-40 kV-pos-pfc, capable of supplying 40 kV and peak charging rate of 2200 J/s. 

The power supplies were connected to the experimental system through decoupling 

resistor chains. These resistor chains served to isolate the power supply from the rest 

of the circuit in the event of a fault, and to limit the maximum current that could be 

drawn from the supply while the switch was closed. 
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4.1.2 Blumlein cable generators 

The most basic type of cable pulse generator consists of a single length of coaxial 

cable connected to a load through a switch. The cable is charged through a charging 

resistor or inductor and then the energy stored in the cable is released to the load upon 

closure of the switch. The output voltage of this type of generator is restricted to the 

charging voltage level for an open-circuit load and to half the charging voltage level 

for a matched load. Blumlein cable generators offer a method of producing higher 

voltage levels by charging a number of lengths of coaxial cable in parallel, and then 

discharging them in series. The schematic diagram of an X2, non-inverting Blumlein 

cable generator that was constructed to provide a unit voltage gain into a matched 

load is shown in Figure 4.1. The generator is one length of coaxial cable generator, 

with the outer braid removed between points b and c. A total of four X2 Blumlein 

generators were used throughout this study. Different lengths of coaxial cable were 

used in the construction of each generator, and this provided four different output 

pulse durations. The four generators were: 

Blumlein generator 1: switched input impedance 10 S2, output pulse duration 200 ns 

Blumlein generator 2: switched input impedance 25 S2, output pulse duration 250 ns 

Blumlein generator 3: switched input impedance 50 S2, output pulse duration 250 ns 

Blumlein generator 4: switched input impedance 25 SZ, output pulse duration 1 µs 

The four generators were used to investigate the performance of IGBT devices and 

modules for different operating parameters, such as pulse duration and current. The 

Blumlein generators were constructed using URM 43 coaxial cable, rated at 40 kV 

DC. 

OUTPUT 

CHARGING 
abc ELEMENT 

CABLE 1 CABLE 2 

ffuým 
SWITCH Q'` 

Figure 4.1 Diagram of an X2 non-inverting Blumlein cable generator. 
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Initially, the transmission lines are charged to a DC voltage, E. Upon closure of the 

switch, a negative pulse of magnitude E is created along the cable 1. Once this 

negative pulse reaches point b, a voltage of 2E is produced between b and c for an 

open circuit load. The duration of the output pulse is twice the transient time of cable 
1 or cable 2. 

4.2 Evaluation of IGBT switching speed 

4.2.1 Experiment 
Initial experiments carried out on single 600 V IGBTs, which are commercially 
available, showed that most of them have the capability of stacking and can be used in 

fast pulse power applications, if proper drive circuits are used. For 1.2 kV devices, it 

was observed that when rapid switching is employed (<100ns), the slope of the 

collector-emitter voltage collapse may be distorted. These variations in the collector- 

emitter voltage collapse during fast turn on (switching) are referred to as dual 

degradation. The effect on circuit performance caused by dual-degradation behaviour 

can be reduced by using a saturable inductance or a magnetic assist (MA) in series 

with the switch to create a delay between the voltage fall and the current rise [77,81]. 

However, applying this remedial method to most types of high-speed pulse generator, 

such as the Blumlein cable generator, causes perturbations and deviations in the shape 

of the output pulse. In order to explore the dual-degradation phenomenon in several 
1.2 kV IGBT devices, samples from different manufacturers were characterised. The 

components of interest were single chip plastic encapsulated IGBTs, in packages such 

as TO-247 and TO-220. A comparison of the published parameters for each sample 
device examined is given in Table 4.1. These include the input capacitance C; gs, the 

reverse transfer capacitance Cis, the output capacitance Cs., the peak pulsed collector 

current Ian, the rise time t1, and the fall time tf. 

Table 4.1 Comparison of published parameters for different tunes of 1.2 kV IGBT 
Device Manu. C;,. (pF) C,,, (pF) C. (pF) Ip=k (A) t, (ns) tt (ns) 

IRG4PH4OU Inter. Rec. 1800 18 120 120 18 130 

IRG4PI150KD Inter. Rec. 2800 53 140 90 100 200 

MGW12N120D Motorola 1003 106 126 -80 87 575 

BUP313D Siemens 1000 70 150 64 45 70 

GT15Q301 Toshiba -900 -160 -250 30 50 160 
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Two pulse generators, with switched input impedances of 10 S2 and 50 S2, and pulse 
durations of 200 nsec and 250 nsec, respectively, were used for this evaluation of 
IGBT performance under different input impedance conditions. Initially, the two 

transmission lines that comprise the input stage of the generator were charged to a DC 

voltage, and the generator fired by closure of the IGBT. A drive circuit, with a peak 

current of a few tens of amperes, was used to charge the IGBT input capacitance in 

less than 100 ns in order to speed up the switching time of the IGBT. The device 

IRG4PH40U was tested with the 10 S2 input impedance pulse generator at 1.2 kV and 

its collector-emitter voltage was monitored and recorded as shown in Figure 4.2. 
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Figure 4.2 Voltage waveform across IRG4PH40U for a 10 f) input impedance 

pulse generator (voltage amplitude 200 V/div and time base 100 ns/div). 

As can be seen, the rate of voltage fall across the IGBT occurs in two distinct stages. 

The voltage collapses quickly during the first stage and thereafter a slower rate is 

observed during the second stage termed dual degradation. As would be expected, 

this switching behaviour significantly affects the shape of the output pulse of the 

generator. This effect can be seen in Figures 4.3 - 4.6, which display similar voltage 

collapse profiles for the different devices tested, along with the corresponding output 

pulse from the Blumlein generator. In all cases, the temporal nature of the voltage 

switching is reflected in the output pulse from the generator. The 100 ns time delay 

between voltage waveforms is due to the wave propagation along the cable 2 in figure 

4.1. 

37 



!K 
,AL" 

stop M Pos: 128. Ons CH2 

Loupnng 

............ ....... EYf luiwt 

. rrrirrrr. rr ... .. rrrrýrrr. ýrrrr rrrrrirrrrirrrr 
VuliS?. ý. ý 

Hobe 

...: _ ., fEtt 

Figure 4.3 Voltage waveform across IRG4PH50KD (a) and output voltage pulse (b) 
for a 10 0 input impedance pulse generator (both traces amplitude 200 V/div 

and time base 100 ns/div). 
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Figure 4.4 Voltage waveform across MGW12N120D (a) and output voltage pulse 
(b) for a 10 ) input impedance pulse generator (both traces amplitude 200 V/div 

and time base 100 ns/div). 
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Figure 4.5 Voltage waveform across BUP313D (a) and output voltage pulse (b) 
for a 10 S2 input impedance pulse generator (both traces amplitude 200 V/div 

and time base 100 ns/div). 
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Figure 4.6 Voltage waveform across GT15Q301 (a) and output voltage pulse 
(b) for a 10 f2 input impedance pulse generator (amplitude 200 V/div 

and time base 100 ns/div). 

It is apparent from the results that the dual-degradation effect does not exist for the 

GT15Q301 device (Figure 4.6) but is present in the other four devices, being most 

significant for the IRG4PH40U device. The IRG4PH40U device was further tested 

with the 10 0 pulse generator and the voltage across the switch was varied from zero 
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to the rated switching voltage. This experiment was also carried out for two parallel 

IRG4PH40Us, and it was observed that dual degradation existed even at very low 

operating voltages. The voltage collapse across the switch and the generator output 

pulse are shown in Figure 4.7, for an applied voltage of 1.2 kV. 
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Figure 4.7 Voltage waveform across two parallel IRG4PH4OUs (a) and output 
voltage pulse (b) for a 10 E2 input impedance pulse generator 

(amplitude 200 V/div and time base 100 ns/div). 

These results indicate that the dual-degradation effect is not simply related to the 

magnitude of the current passing through the device. For example, the IRG4PH40U 

was tested in a 50 SZ input-impedance pulse-generator circuit and, as shown in Figure 

4.8, the dual-degradation effect is still apparent. 
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Figure 4.8 Voltage waveform across IRG4PH40U (a) and output voltage pulse 
(b) for a 50 0 input impedance pulse generator (amplitude 200 V/div and time 

base 100 ns/div). 
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The voltage across the switch, and the values of the collector-emitter voltage where 

the transition occurs between the fast and slow rates of fall are referred to as V() and 
VB respectively. The ratio of VB to V0 can therefore be described as a loss factor r1. 

which reflects the switching characteristic of the device. The way in which 11 changes 

as a function of V� for the IRG4PH40U is shown in Figure 4.9. It can be seen that at 
low operating voltages, the deviation accounts for -40% of the switching waveform 

whereas at higher voltages, this increases to 65%. 
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Figure 4.9 rl - V� characteristic for IRG4PH40U in a 10 S2 input impedance 
pulse generator. 

By connecting two devices in parallel, and consequently passing less current through 

each device, some reduction in the loss factor is achieved. 

4.2.2 Discussion 

Assuming that the voltage and current are linear functions with respect to time during 

switching, maximum instantaneous power in the switch occurs at 50% of the voltage 

collapse. If dual degradation is due to over-rating of the peak instantaneous power, it 

would be expected to occur prior to 50% of the voltage collapse and the 

corresponding loss factor in this case would be greater than 0.5. However, according 

to the experimental data obtained for il using 10 0,25 f and 50 0 pulse generators, 

dual degradation occurs with loss factors of less than 0.5. Therefore, these results 

suggest that dual degradation is not simply due to over-rating of the peak 

instantaneous power of the l(; BTs. 
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The role of parasitic capacitance in dual degradation was then examined. Figure 4.10 

represents the equivalent circuit of an IGBT during switching. VT represents the gate 
threshold voltage, g. is the transconductance gain and r,,. is the collector-emitter 

resistance. 

G Cgc 

Vge Cge 

C 

C0e rce 1C Vice 

EQ 
Figure 4.10 IGBT equivalent circuit during switching, where Cgc =f (V,, ) and 

is = öm (Vgr - VT ) 

As discussed earlier, the collector-emitter capacitance Cý represents the depletion 

layer capacitance in the drift region and it has no significant effect on the switching 

characteristics of the IGBT. The gate-emitter capacitance Cge is a combination of the 

electrostatic capacitance of the oxide layer in series with the capacitance of the 

depletion layer and this has only a limited effect on the switching characteristics. The 

most significant capacitance affecting the switching performance is the gate-collector 

capacitance Cgc, representing the extended drift-region depletion-layer capacitance. 

The magnitudes of the parasitic capacitances depend upon the geometry and topology 

in the IGBT structure, with higher current devices having larger capacitances [81]. 

The values of these capacitors are also a function of the operating voltage, and 

because the voltage across C,. is much larger than that across Cg,, the gate-emitter 

capacitance does not vary significantly and is usually assumed to be constant during 

switching [82-84]. To investigate further the influence of the gate-collector 

capacitance on the switching behaviour, a computer simulation of the equivalent 

circuit was carried out. 
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4.2.3 Computer simulation 
In order to simplify the simulation while focusing on the influence of the gate- 

collector capacitance, the simplified circuit of the Blumlein pulse generator has been 

used. The equivalent circuit seen from the switch (IGBT), has been drawn as shown in 

Figure 4.11. The parameters Vo, Lc, Zo, Rg and Vge are the maximum charging 

voltage, circuit stray inductance, switch input impedance, IGBT gate drive circuit 

resistance and triggering pulse voltage, respectively. 

zo Lc VO 

Rg 
ýJ " IGBT 

Vge 

T 
Figure 4.11 Equivalent circuit seen from device under test. 

According to the circuit shown in Figure 4.11, the output-circuit equation can be 

written as: 

Vo= Lc. 
dld(t) 

+Zoi, (t)+V. (t) (4.1) 

Where ii (t) is the instant collector current, and vtt (t) is the collector-emitter voltage 

drop. 

In addition, 
ig (t) 

- 
V8. -Vge (t) 

dt C, RgCj� 
(4.2) 

where C. = C8, + C., vge (t) is the instant gate-emitter voltage, and ig (t) is the 
instant gate current. 

The reduction in the collector-emitter voltage during switching causes the voltage 

across Cgc to decay, resulting in an additional current i(m flowing in the gate circuit. 

This increases the voltage drop V. across the gate resistor and slows the rate of rise of 

the gate-emitter voltage through negative feedback (Miller effect). Therefore, 

equation (4.2) has to be modified to: 
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