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ABSTRACT 

In order for pulsed power systems to improve as a whole, the individual components 

they are composed of must continue to improve. One of the key components of pulsed 

power systems are switching devices. Traditionally, switching devices utilized were of 

spark/gas-type. These types of devices boast high voltage and high current operation, 

making them quite desirable for pulsed power applications. Gas/spark-type switching 

devices do have several intrinsic deficiencies; specifically high conduction losses 

which must be dealt with via exhaustive cooling systems, large physical size and high 

maintenance. Solid state switching devices are an alluring solution to these issues with 

gas/spark-type devices. 

This thesis details an experimental evaluation and simulation of a 4 kV n-type gate 

turn-off thyristor (GTO) designed for pulsed power applications. The primary criteria 

of evaluation are rate of current change (dI/dt), turn-on delay time (TD), and resistance 

of the device during turn-on events (Ron(t)).  The device is an n-type, asymmetric-

blocking GTO manufactured by Silicon Power (Part No. 14N40A10) with a DC 

blocking voltage of 4 kV. A test circuit was specifically designed to minimize stray 

inductance in order to capitalize on the dI/dt capabilities of the device under test 

(DUT). Experimental data collected from resistance measurements was used to 

develop a one-switch approximate model for use in simulation. Results of dI/dt 

experiments provide a profile of DUT operation at gate currents greater than initial test 

conditions (IG > ITG); specifically dI/dt > 70 kA/μs is achieved at IG ~3ITG. Turn-on 

delay time of the DUT is also characterized.  
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CHAPTER I 

INTRODUCTION 

Pulsed power is defined as the process of storing energy over a relatively long period, 

then discharging it rapidly as electrical energy to a load [1]. There is a multitude of 

energy storage mediums; including chemical storage, mechanical storage or electrical 

storage. The fundamental intention of pulsed power systems is to discharge energy as 

electrical pulses very quickly, with respect to the amount of time in which it was 

stored, in order to achieve power multiplication. Power multiplication is the process of 

obtaining a high level of output power, relative to input power, while keeping energy 

the same. A block diagram of a typical pulsed power system is exhibited in figure 1. 

 

Figure 1. Block diagram of a typical pulsed power system [1] 

There are 3 principle stages of a pulsed power system, as presented in figure 1; 

specifically the stages are energy storage, intermediate storage/pulse shaping and 

finally transmission to the load [1]. The first of these stages, energy storage, may 

represent chemical, electrical, or mechanical energy storage; the work presented in this 

thesis utilizes electrically stored energy. Electrical energy may be stored in either a 

capacitor, via an electric field, or in an inductor, via a magnetic field [1]. Capacitive 

storage systems employ closing-type switches, while inductive storage systems utilize 

opening-type switches. Capacitive storage systems have inherently lower energy 

densities than those in inductive storage systems. This can be seen through evaluation 
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of the energy equations of both capacitive storage systems and inductive storage 

systems; shown in equations 1 and 2 [1], respectively.  

𝑤𝑒 = 𝜀𝑟 ∗ 𝜀0 ∗
𝐸2

2
[1] 

𝑤𝐵 =
𝐵2

𝜇𝑟 ∗ 𝜇0 ∗ 2
[2] 

From equations 1 and 2, one can see the maximum allowable energy exhibits a 

squared dependence on critical electric field strength (E) and critical magnetic field 

strength (B) for capacitive storage systems and inductive storage systems, 

respectively. Critical electric field strength is governed by the dielectric material used 

in the capacitive storage element; while critical magnetic field strength is governed by 

both the surface melting of the conductor and maximum mechanical strength of the 

conductor itself. In [1], two common materials used as capacitive storage and 

conductors are considered, it is therein illustrated critical magnetic field strength 

values up to two orders of magnitude greater than critical electric field values are 

readily achievable. In light of these facts, one can see that capacitive storage systems 

have inherently lower energy densities than those found in inductive storage systems. 

In spite of this fact, due to the inherent complexity of opening-type switching devices, 

pulsed power systems typically utilize capacitive storage [1]. 

Pulsed power systems are characterized by the shape and behavior of their output 

pulses. These pulses are typically defined in terms of power, energy and pulse shape. 

The last of these characteristics, pulse shape, is defined by several factors including: 

rise time, fall (or decay) time, and flatness and duration of the pulses’ plateau region 

[1]. A pulses’ rise time is typically defined as the time it takes a pulse to rise from 

10% maximum amplitude to 90% maximum amplitude. Decay time is defined in a 

similar fashion, that is, the time it takes a pulse to decay from 90% maximum 

amplitude to 10% maximum amplitude. Duration of a pulses’ plateau region can be 

defined in terms of the full width half maximum (FWHM) which is the time between 

the two points at which the pulse is 50% its maximum amplitude. Flatness of a pulses’ 
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plateau region is the how close the plateau stays to a constant value. These pulse 

characteristics are shown in figure 2. 

Figure 2. Key pulse shape parameters [1] 

Switching devices are split into two categories; closing switches and opening 

switches. Closing switches are normally in a blocking state, until triggering occurs, at 

which point the switch closes and begins conducting. This type of switching device is 

required for applications which utilize capacitive storage elements. Opening switches 

are normally in a conducting state, until triggering occurs, at which point the switch 

opens and begins blocking. This type of switching device is required for applications 

which utilize inductive storage elements. These concepts are developed and detailed in 

the following section. 

As pulse shape, and ultimately the proficiency of a pulsed power system, is largely 

dependent upon the characteristics of the switching devices [2], there is significant 

need for research focused on operation of switching devices in pulsed power 
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applications. This thesis aims to address this need, in part, by detailing the evaluation 

of a thyristor-type solid state switching device for operation in pulsed power 

applications. First a brief discussion of physical operation of thyristor type devices is 

given to provide the necessary background information to proceed with the research 

presented. Second, the device under test (DUT) is discussed in detail; providing 

known operational characteristics, unique features, and specification of the parameters 

of interest to this research. Third experimental setup and results are presented and 

discussed; these results are then compared against simulations to validate results. 

Finally, conclusions based upon the research are presented. 
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CHAPTER II 

THYRISTOR DEVICES 

Introduction 

One of the most pivotal elements in a pulsed power system is the switching device. 

Traditionally switching devices known as thyratrons were used as closing-type 

switches in many pulsed power systems. A thyratron is a vacuum tube device capable 

of blocking voltages in the tens of kilovolts (kV) [2], [3]. Though thyratrons are 

capable of blocking high voltage, making them desirable for pulsed power 

applications, they also exhibit on-state voltage drops on the order of 100 V leading to 

significant conduction losses. These conduction losses must be dealt with via 

extensive cooling systems.In order to address issues of conduction losses, large 

physical size, and the high-maintenance nature of spark/gas-type switching devices, 

such as thyratrons, new technologies for switching devices must be pursued. Solid 

state switching devices address each of these design concerns. 

The thyristor was designed as a solid state replacement for thyratrons [3], offering the 

ability to block high voltages without the high on-state voltage associated with a 

thyratron. In addition to a reduction in losses, thyristors offer the additional benefits of 

reduced required maintenance, increased ruggedness and a significant reduction in 

physical size. Relatively simple construction of thyristor devices have contributed to 

their widespread adoption for pulsed power applications. Typical thyristor type 

devices are however severely limited in dI/dt operation. Thus, for pulsed power 

applications, dI/dt operation of these devices must be thoroughly investigated. 

Through the use of special gate structures these devices can achieve dI/dt ratings much 

greater than those in typical thyristor devices [2]. The following sections detail the 

physical structure and operation of both typical and GTO thyristor type devices. 
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Physical Structure 

A typical thyristor is a four-layer device consisting of three terminals; namely they are 

the gate (G), anode (A), and cathode (K). Depicted in figure 3 are both a simplified 

one-dimensional vertical structure of a generic thyristor and a simply two-transistor 

model of a typical thyristor. Thyristors display a P-N-P-N layer construction, 

consisting of three P-N junctions [4], [5]. From the one dimensional structure given in 

figure 3, one can derive an equivalent circuit representation of a generic thyristor, also 

provided in figure 3. This equivalent circuit consists of a complementary pair of 

bipolar transistors, and is valid for low-frequency and DC operation [5]. It can be seen 

that each transistor receives a base current from the collector of the other, as will be 

detailed further in sections to come this fact leads to a regenerative process; this 

regenerative process is the root of a thyristor type device’s “latching” operation. 

Figure 3. Structure of a typical thyristor 

When discussing the operation of thyristor-type devices, it is beneficial to consider 

two categories of devices; the gate turn-off thyristor (GTO) and the typical thyristor. A 

GTO is a specific type of thyristor which shares nearly all operational characteristics 

with those of a typical thyristor, with one very significant difference; the ability to be 
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turned-off by the device gate terminal. This feature is discussed in greater detail in 

subsequent sections. 

Blocking Operation 

A thyristor structure can operate in one of two blocking states: forward-blocking or 

reverse-blocking [5]. In the description of both blocking states, applied gate current is 

assumed to be zero. During the forward-blocking state the potential at the anode of the 

device (the P1 region in figure 3) is greater than that at the cathode of the device (the 

N2 region in figure 3), this causes junctions J1 and J3 to become forward biased, while 

junction J2 is reverse biased. Thus, junction J2 blocks the flow of current. Here 

junction J2 must be able to support the applied voltage to the thyristor to sustain 

blocking. During the reverse-blocking state, the potential at the anode of the device 

(the region P1 in figure 3) is less than the potential at the cathode of the device (the 

region N2 in figure 3). The device is now faced with the inverse scenario as presented 

in the forward-blocking state, with junctions J1 and J3 being reverse biased and 

junction J2 being forward biased. In order for the device to sustain blocking operation, 

junctions J1 and J3 must be capable of blocking the applied voltage [4], [5].  

Due to these characteristics of the thyristor, devices may be designed to have 

equivalent forward and reverse blocking ratings; these thyristors are classified as 

symmetric devices. Contrarily, thyristors may additionally be designed to block 

significant potentials in one direction, while having negligible blocking potential in 

the other; these devices are classified as asymmetric devices. GTO devices, which 

include anode shorts, generally fall into the latter classification of thyristor devices. 

The short across junction J3 greatly reduces the reverse-blocking capabilities of GTO 

devices [5]. The inclusion of anode shorts also serves to prevent the device from 

critically failing under reverse current conduction. 
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Turn-On Operation 

To examine the turn-on operation of a thyristor, first assume the device is in the 

forward-blocking state; the process is illustrated in figure 4.  

Figure 4. Electron/Hole flow during thyristor turn-on 

A sufficient amount of positive current is now applied to the gate terminal of the 

device. The application of this current will cause electrons to be injected across 

junction J3 (from the N2 region to the P2 region); these electrons then diffuse through 

the P2 region and sweep across junction J2. The presence of these excess electrons 

leads to a charge imbalance in the N1 layer. The depletion region of junction J2 begins 

to extend into the N1 region, adding positive space charge thereby correcting this 

charge imbalance. The increase is length of this depletion region leads to an increased 

efficiency of hole transport from P1 to P2 regions across the N1 region. These extra 

electrons in the N1 region impact the device in a second manner, an increase in the 

amount of holes injected into this layer from the P1 region. This, paired with the 

increased efficiency of hole transport through the N1 region, leads to significant 

increase in hole transport from the P1 to P2 region, thus increasing the current 

conducted by the device to its final on-state value. The presence of more holes in the 
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P2 region leads to an increase in the amount of electrons injected from the N2 to P2 

region, which then begin this entire process over. This process is termed positive 

regeneration and is the mechanism behind a key characteristic of thyristors; latching 

on. Once a thyristor has latched on, the gate no longer retains any control over the 

device [3-5]. 

Turn-Off Operation 

A typical thyristor cannot be moved from the on-state back to the blocking-state by the 

gate of the device [5]. The only means by which a traditional thyristor can return to the 

blocking-state from the on-state is by reducing the current conducted by the device 

below a threshold known as the holding current [4] for a sufficient period of time. 

Both holding current and the amount of time a thyristor is required to be below this 

current are specific to each device and will be specified by the manufacturer. 

Reduction of the amount of current conducted by the device must be achieved by 

external circuitry; specifically current must be reduced to a level which pulls both 

bipolar transistors (see figure 3) out of saturation. This process allows the thyristor to 

move to an off-state. 

A GTO has the unique feature of retained gate control, even during the on-state. A 

GTO device may be turned-off by the application of a sufficiently large negative gate 

current, rather than the necessity of reversing the anode-to-cathode polarity (as is the 

case with a typical thyristor type device) [5]. This unique feature is due to 

modification in device layout, namely interlocked gate/cathode layout, a shortened 

length of the P2 layer and the inclusion of anode shorting [5]. The interlocked 

gate/cathode layout serves to increase the outer area of the cathode while 

simultaneously decreasing the distance between the gate structure and center of the 

cathode structure. This allows negative applied gate current to have a greater impact 

on the entire junction J3. The inclusion of anode shorts allows for faster turn-off of a 

GTO [5]; this structure is illustrated in figure 5. 
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Figure 5. GTO shorted-anode structure 

Turn off of a GTO is dependent upon the removal of holes from the N1 layer of the 

device, however due to the inclusion of anode shorts there can be no reverse voltage 

(or current) from anode to cathode. Thus, holes cannot be swept out of the N1 region 

and must rely on internal recombination and diffusion for removal. In a typical 

thyrsitor the heavy p-type doping on either side of the N1 region prevent significant 

hole diffusion from N1 to either the P1 or P2 region; this causes the turn-off process to 

be rather lengthy. The answer to this is the anode shorted structure, where the N 

regions which short the anode of the device directly to the N1 allow hole diffusion to 

account for an equal amount of hole removal as internal recombination; this results in 

quick turn-off times in an anode shorted GTO device [6]. 
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dI/dt Limitations 

As previously discussed, thyristor-type devices are limited in dI/dt operation when 

compared with thyratron-type devices. This is due to the structure as well as the 

operation of a thyristor-type device. When a positive gate current pulse is applied to 

turn the thyristor on, current begins flowing from the gate to the cathode developing a 

lateral voltage drop in the P2 region of the device. The result of this voltage drop is the 

edge of the cathode (region N2) closest to the gate region of the device will become 

more forward biased than the rest of the device; subsequently this location will endure 

most of the electron injection at the beginning of turn-on. This corresponds to an 

initially turned-on area, which spreads laterally across the cathode. Eventually, as the 

current continues to flow laterally the entire cathode will become forward biased 

nearly uniformly; this will cause the entire cathode to inject electrons in a near 

uniform fashion [7]. 

The allowable rate of device current rise (dI/dt) is largely dependent upon the initially 

turned-on area in the cathode region, if dI/dt surpasses this allowable level of dI/dt the 

device may be either degraded permanently or destroyed. The degradation or 

destruction of the device is principally due to localized overheating due to 

instantaneous power dissipation within the initially turned-on region. This effect is 

important for gated turn-on as well as undesired turn-on, as previously detailed gated 

turn-on will exhibit this effect at the edge of the cathode nearest to the gate region of 

the device. For undesired turn-on, the location of this effect will be largely unknown 

and dependent on non-uniformities within the device itself. Due to the complexity of 

this phenomena, dI/dt capabilities of thyristor-type devices may only be determined 

experimentally [7]. In order to increase the dI/dt capability of thyristor-type devices, 

the initially turned-on area of the device must be increased [7]. This can be 

accomplished by a few methods; specifically amplifying gates, emitter gates, field 

initiated turn on (FI) andgate-cathode interdigitation (as detailed in previous sections). 

Principally, the majority of these methods incorporate laterally flowing currents from 

the P2 and N2 regions to aid in the turn-on process; rather than relying solely on gate 

current for device turn on. 
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Board Layout 

Due to the packaging of the DUT and the need to minimize parasitic inductance, 

special consideration to printed circuit board (PCB) layout was required. A stacked 

two board design was implemented to accommodate the two-sided packaging of the 

DUT and to keep the current return path of the test circuit short, thereby reducing 

inductance of the test circuit. A capacitor array is positioned on the bottom board close 

in proximity to the anode of the DUT; a current viewing resistive network is placed on 

the top board close in proximity to the cathode of the DUT. Several physical 

topologies for the current viewing network were considered, with minimized parasitic 

inductance in mind. A wide area, thin pad current viewing path with a single network 

of in-line resistors on each side of the top board was the chosen topology. This layout 

serves to minimize differences in voltage drops across individual resistors in the 

network due to wave travel time and inductive voltage drop; this allowed for greater 

accuracy of current measurements.   

Board layout was designed such that modifications in the circuit response were 

possible. This allowed the use of a single PCB in multiple configurations, thus 

complete evaluation of the desired parameters was accomplished with a single board. 

A top down and side profile of the test board layout is provided in figure 7 and a 

photograph of the test setup is illustrated in figure 8; comparison of these two figures 

helps in visualizing the current return path. Important to note is how the configuration 

mode of the test circuit is selected, this is accomplished by selecting different values 

of the load resistor shown here.  
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Figure 6. Test board layout 

Figure 7. Current return path shown on photograph of test board 
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CHAPTER III 

DEVICE UNDER TEST 

Silicon Power SolidTRON Device 

The device under test (DUT) is a Silicon Power CCSSC14N40A10, an asymmetric n-

type closing switch with a rated DC blocking voltage of 4 kV. The gate structure of 

this closing switch is like those common to typical GTO devices. The DUT also 

exhibits high peak current capabilities and a low on-state voltage drop much like 

typical thyristor devices. The DUT is part of the SolidTRON device line manufactured 

by Silicon Power. As the name suggests, SolidTRON devices are designed to function 

as solid state replacements for spark/gas-type switching devices (such as thyratrons) in 

pulsed power applications. The DUT exhibits high dI/dt capabilities; specifically for 

this device dI/dt ratings up to 30 kA/µs have been measured [8]. The DUT is also 

capable of high peak current conduction; ratings of up to 10 kA and 14 kA (repetitive 

and non-repetitive, respectively) have been measured for pulse widths of 10 μs [8]. A 

picture of the DUT is shown in figure 6. 

Figure 8. DUT (a) side view (b) top-down view 
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ThinPakTM Technology 

One unique feature of the DUT is the use of ThinPak packaging. ThinPak technology 

is a two-sided wire bond free packaging technique used for power semiconductor 

devices and modules. Due to the removal of wire bonds, ThinPak reduces the amount 

of parasitic resistance and inductance of power modules by an order of magnitude. 

Power modules which have replaced wire bonds with ThinPak lids experience a 40% 

reduction in mechanical stress, which improves temperature cycling life by several 

orders of magnitude [9]. 



Texas Tech University, Tyler Flack, May, 2015 

16 

CHAPTER IV 

EXPERIMENTAL SETUP 

Test Configurations 

The test circuit is a series RLC circuit designed to be operated in two different test 

configurations; each configuration was designed to evaluate one or more turn-on 

characteristics of the DUT. The first configuration produces an underdamped series 

RLC circuit response, while the second produces an overdamped response. Schematics 

of the first and second test configurations are provided in figure 9 and 10, respectively. 

Here the capacitor (Cbank) represents an array of fifteen 10 nF ceramic disk capacitors. 

This array was charged to a voltage (VPS) via an isolated, external Bertan Series 230 

power supply. The DUT was operated as a high-side switch having a low-inductance 

current viewing resistor network (Rsense) between the DUT cathode and ground. This 

current viewing network consists of 20 surface mount resistors connected in parallel. 

The current viewing network was measured to have total resistance of 5.4 mΩ; 

measurements were made using a Megger DLRO10HD Digital Low Resistance 

Ohmmeter. Current is viewed by measuring the voltage drop across the network via a 

50 Ω coaxial cable.  The inductor (LS) shown in the schematic represents parasitic 

inductance of the test circuit, not a discrete inductor. Table 1 provides values for each 

element in the test circuits for both configurations. Figures 11 and 12 provide plots of 

the device current data for 1 kV ≤ VPS ≤ 4 kV for underdamped and overdamped 

configurations, respectively. 
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Figure 9. Schematic of underdamped test configuration 

Figure 10. Schematic of overdamped test configuration 
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Table 1.Test circuit values 

Parameter 

name 

Value 

Underdamped Overdamped 

VPS 1 kV to 4 kV 

Cbank .15 µF** 

LS 24 nH** 

RGK 10 Ω 

Rsense .005 Ω 

RLoad 0 Ω (Short) 10 Ω 

** - Due to non-linearity of Cbank, value is approximate. 

Figure 11. Underdamped device current 
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Figure 12. Overdamped device current 
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Gate Driver 

The DUT was driven by an external high-side battery powered gate driver, consisting 

of a PNP bipolar transistor controlled by a fiber optic trigger. The fiber optic trigger is 

a normally on signal which is pulled low when a push button is pressed.  This inverted 

control signal biases the base of the PNP transistor circuit to produce a pulse of 

sufficient magnitude to trigger the DUT; a circuit representation of the high-side gate 

driver is provided in figure 13. 

Figure 13. High-side gate driver circuit 

This high-side gate driver receives a base control current from an external fiber optic 

push button trigger. When the button is pressed, the fiber optic control signal is pulled 

low which causes the PNP transistor to begin conducting. The capacitor connected on 

the emitter side of the PNP transistor serves to provide an initial peak in the output 

waveform, typical to thyristor drive circuits. As illustrated in figure 13 the gate driver 

is battery powered. It is important to note that the ground of this circuit is isolated 

from the ground in the primary test circuit. 

Diagnostics 

Measurements were taken with several different probes; specifically a precision 

resistive-capacitive voltage divider, a 50 Ω coaxial cable and a Pearson current 
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monitor were used to take and validate measurements. Multiple probes and 

measurement devices were used to validate measurements taken and out of the 

necessity of certain measurements (i.e. to monitor charging voltage, a very high 

voltage high frequency probe was required). 

The precision resistive-capacitive voltage divider was a VD60 Wideband HV Voltage 

Divider, manufactured by Ross Engineering. This probe is designed to take 

measurements up to 60 kV from DC up to 10 MHz. The Ross VD60 was used to 

monitor charging voltage, as a probe with the capability to monitor high voltage 

signals which change rather quickly was necessary. This probe measures with 

accuracies of 0.01% to 0.1% for DC measurements, 0.04% to 1% for AC 

measurements, 3% for DC to 1 MHz measurements and 3 dB for 10 MHz 

measurements [14].  A 50 Ω coaxial cable was used as the primary method of current 

measurement for the experimental setup. The cable was soldered directly across the 

current viewing resistive network and data collected via the oscilloscope was 

processed to yield current measurements. In order to add validation to the 50 Ω 

coaxial cable method, a pearson current monitor was used to monitor the current 

through the current sensing network.  
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CHAPTER V 

CAPACITORS 

Due to the impact of capacitance on simulation and various parameters evaluated, it is 

important to consider the capacitors used in the test circuit and how they operate. The 

capacitors used in this system are class 2 ceramic disk capacitors with rated DC 

voltage of 6 kV, manufactured by Vishay (Part No. 564R60GAS10). In general, class 

2 ceramic capacitors exhibit high voltage operability, which makes them desirable 

energy storage elements for pulsed power systems. However, class 2 ceramic 

capacitors are also subject to change in capacitance (ΔC) with change with change in 

applied voltage, temperature, and frequency [10]. Change in capacitance versus 

applied DC voltage is shown in figure 14. ΔC due to applied voltage is the effect 

which has primary impact on the presented work and thus is the only effect considered 

in a quantitative fashion; however ΔC due to frequency and temperature cannot be 

entirely overlooked and are considered qualitatively when applicable. In addition to 

ΔC with respect to applied voltage, class 2 capacitors also exhibit ΔC with respect to 

frequency; this behavior is shown in figure 15 [10]. The average frequency each 

capacitor experiences is nearly 2.75 MHz, thus frequency of operation is sufficiently 

high for ΔC due to frequency to impact simulation and calculations. 
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Figure 14. ΔC vs. applied voltage 

Figure 15. ΔC vs. Frequency [10] 
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Dependence on Applied DC Voltage 

To consider the impact of applied DC bias voltage on class 2 ceramic capacitors, one 

must consider the polarization method and the resultant impact of DC bias voltage on 

said polarization. Methods or polarization in class 2 ceramic disk capacitors are as 

follows: atomic, dipole, electronic and space charge. Capacitors designed to be very 

dense (i.e. high capacitance per volume) are largely dominated by dipole polarization. 

Orientation of these dipoles are illustrated in figure 16 [11]. 

Figure 16. Dipole orientation in class 2 ceramic disk capacitors a) no applied DC voltage b) small applied DC 

voltage c) 5x DC applied from b 

As seen in figure 16, as DC voltage is applied to the capacitor dipoles become locked; 

the greater the DC applied voltage, the more dipoles become locked. The dielectric 

constant of a capacitor is related to the number of dipoles which are available for 

orientation (by AC voltage), thus the greater the number of locked dipoles the lower 

the dielectric constant of the capacitor; this leads to a decrease in capacitance. 

Important to note is the dipoles are dependent on applied DC field, not applied DC 

voltage directly; this generates a dependence on both DC voltage and dielectric 

thickness in a capacitor, rather than dependence exclusively on the voltage. 
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CHAPTER VI 

DI/DT 

Parasitic Inductance 

Parasitic inductance (LS) of the test circuit was calculated using equation 3; where fr 

represents the resonant frequency of the underdamped RLC circuit and Cbank 

represents the value of the capacitor array. 

𝑓𝑟 =
1

2𝜋√𝐿𝑆 ∗ (𝐶𝑏𝑎𝑛𝑘 + ∆𝐶)
→ 𝐿𝑆 =

1

(2𝜋 ∗ 𝑓𝑟)
2 ∗ (𝐶𝑏𝑎𝑛𝑘 + ∆𝐶) [3] 

ΔC is accounted for in these calculations using the following method. First, the 

reduced value of capacitance for each applied voltage is obtained from the graph in 

figure 14. For example; VPS = 4 kV yields a ΔC of -37% (C = .095 µF). However, this 

reduced capacitance is only accurate during the first peak of the underdamped 

response; after the first peak, voltage across the capacitors provokes a negligible ΔC 

(< 2% at the second peak of the 4 kV test). Considering this fact stray inductance was 

approximated using the reduced capacitance only for the first peak of the test circuit 

response, and rated capacitance for all subsequent peaks. A half resonant period was 

obtained from each zero crossing of the circuit response; this half period was used to 

calculate the resonant frequency for each peak interval of the circuit response. 

Parasitic inductance calculations for the initial peak cycle are kept as singular values, 

while the parasitic inductances of all subsequent peaks are calculated using the rated 

value of capacitance, then averaged. These results are provided in figure 17 for 1 kV≤ 

VPS ≤ 4kV. Average frequency and parasitic inductance of the test circuit are 

approximately 2.68 MHz and 24 nH, respectively. 
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Figure 17. Parasitic inductance of test circuit 

Evaluation 

Pulsed power applications often require switching devices to operate with high rate of 

current change (dI/dt). The DUT was evaluated for dI/dt capability at a given set of 

gate conditions; specifically gate current (IG) equal to 1.3 A and rate of change in gate 

current (dIG/dt) equal to 25.5 A/µs. Manufacturer initial testing of the DUT used gate 

conditions of IG = 500 mA and dIG/dt = 100 A/µs; under these conditions, dI/dt ratings 

up to 30 kA/µs were observed [8]. A complete comparison of the manufacturer’s 

initial test setup [8] and the experimental setup is provided in table 2. 

Table 2. Manufacturer’s intitial test setup vs. experimental setup 

Parameter Name 
Value 

Manufacturer Experimental 

LS 90 nH (calculated) 24 nH (calculated) 

Cbank .75 µF .15 µF 

Rsense .03 Ω .005 Ω 

IG 500 mA 1.3 A 

dIG/dt 100 A/µs 25.5 A/µs 

VPS 4 kV 1 kV – 4 kV 
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In this test, the capacitor bank was first charged to VPS; the DUT was then fired and 

allowed to ring until current in the circuit dropped below holding current, causing the 

device to turn off. Due to the low inductance design of the test board large values of 

dI/dt were possible; specifically values of dI/dt > 70 kA/µs were readily achieved. 

Experimental dI/dt ratings are approximated as the amount of current increase during 

DUT rise time [5]. Values of dI/dt are approximated using equation 4; where Tr is rise 

time of the device and ΔI is the amount of current increase over the Tr. Rise time is 

defined as the time required for the DUT to move from conducting 10% to 90% 

maximum current, calculated using equation 5; where t10 and t90 are the instants in 

time the switch is conducting 10 % and 90% maximum current, respectively. 

 

 

[Eq 4] 

 

 

[Eq 5] 

Figure 18 provides a graphical representation of the methodology used to extract Tr 

and ΔI; the test shot in figure 18 is from the underdamped configuration with a VPS of 

4 kV. 
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Figure 18. Evaluation of rise time 

Results 

Experimental results show the DUT, with increased IG, can in fact operate at dI/dt 

ratings well above the manufacturer’s initial test data, even with a decrease in dIG/dt; 

specifically for a VPS of 4 kV, dI/dt values of > 70 kA/µs were observed. The DUT 

was fired under these increased dI/dt conditions several hundred times with no 

measurable degradation. Results for dI/dt testing of the DUT for 1 kV ≤ VPS ≤ 4 kV 

are provided in table 3. For each value of VPS the DUT was fired >100 times. When 

given gate current greater than that of the manufacturer’s initial test and at VPS = 4 kV 

the DUT was capable of operating at a dI/dt values up to ~77 kA/µs; roughly two and 

a half times values observed during initial manufacturer testing. Results of dI/dt 

evaluation are plotted for each tested value of VPS in figures 19-22.  

Table 3. dI/dt results 

VPS (kV) dI/dt (kA/µs) 

1 6.9 

2 27.1 

3 53.7 

4 77.2 
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Figure 19. dI/dt results @ 1 kV 

 

Figure 20. dI/dt results @ 2 kV 
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Figure 21. dI/dt results @ 3 kV 

 

Figure 22. dI/dt results @ 4 kV 

Results of dI/dt evaluation at 1 kV are provided in figure 19, it can be seen that the 

DUT experiences a dI/dt of ~ 7 kA/µs during its first peak. At 1 kV the DUT current 

peaks at ~ 1.3 kA. Results of dI/dt evaluation at 2 kV are provided in figure 20, it can 
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be seen that the DUT experiences a dI/dt of ~ 27 kA/µs during its first peak. At 2 kV 

the DUT current peaks at ~ 3.5 kA. Results of dI/dt evaluation at 3 kV are provided in 

figure 21, it can be seen that the DUT experiences a dI/dt of ~ 54 kA/µs during its first 

peak. At 3 kV the DUT current peaks at ~ 5.5 kA. Results of dI/dt evaluation at 4 kV 

are provided in figure 22, it can be seen that the DUT experiences a dI/dt of ~ 77 

kA/µs during its first peak. At 4 kV the DUT current peaks at ~ 7 kA.  

Notable from the results presented in this section is the non-linear dependence of dI/dt 

on VPS. This is likely due to the non-linearity of the capacitors used in the 

experiements. As illustrated by equation 6 current flowing in this circuit has a direct 

dependence on the capacitance of the capacitor bank; as these capacitors are non-

linear with increasing VPS, the current (and subsequently the dI/dt) will also exhibit a 

non-linear relation. 

 𝑖(𝑡) =
𝑑𝑞

𝑑𝑡
; 𝑞 = 𝐶𝑏𝑎𝑛𝑘 ∗ 𝑉𝑃𝑆 → 𝑖(𝑡) = 𝐶𝑏𝑎𝑛𝑘

𝑑𝑉𝑃𝑆
𝑑𝑡

 [Eq 6] 

 

Where q is charge in coulombs, Cbank is the capacitance of the capacitor bank used in 

the test circuit and VPS is the voltage from the power supply used to charge the 

capacitor bank.  
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CHAPTER VII 

TURN-ON DELAY TIME 

Gate driver 

In order to evaluate the turn-on delay time of the DUT, the amount of delay 

contributed by gate drive circuitry (TGD) must first be defined and determined. 

Evaluation of TGD is necessary in order to designate a proper time reference for 

evaluation of turn-on delay of the DUT (TD). This is the case due to the diagnostic 

methodology taken to collect TD data as discussed in previous sections. Fiber optic 

trigger which controls the gate driver also serves as the trigger signal for the 

oscilloscope used to evaluate TD of the DUT. In order to establish the fiber trigger as 

the proper time reference, experimental data must first be shifted by -TGD; shifting 

experimental data in this fashion allows for its direct comparison with the fiber trigger.  

TGD is defined as the amount of time between the trigger signal falling to 50% and the 

gate output rising to 50%; 50% is used, rather than 0%, as it is possible to obtain more 

accurate time values at 50% than 0%. Evaluation of TGD was conducted using an 

oscilloscope set to trigger on the falling edge of the fiber optic trigger. The trigger and 

gate driver output are measured and a value for TGD is extracted. A graphical 

representation of this method is provided in figure 23. After 10 trials, the gate driver 

delay was found to be approximately 160 ns. 
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Figure 23. Evaluation of gate drive delay 

Device turn-on 

Turn-on delay time (TD) is defined as the amount of time elapsed between the gate of 

the DUT receiving a control signal and when the DUT begins conducting 10% 

maximum current [13]. It is there for necessary to first define the time the gate control 

signal is received; here this is defined as the point in time the fiber trigger falls to 

50%. Definition of the reception of control signal in this fashion is possible due to the 

removal of TGD as detailed in the previous section. 

Results 

Turn-on delay time (TD) of the DUT was evaluated for 1 kV ≤ VPS ≤ 4 kV using the 

overdamped test configuration. Results show the DUT has an average TD of 

approximately 225 ns for all values of VPS; detailed in table 4. Results of TD 

evaluation for 1 kV ≤ VPS ≤ 4 kV are plotted in figures 24-27. 
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Table 4. Turn-on delay results 

VPS TD Ipeak 

1 kV 219 ns ~65 A 

2 kV 227 ns ~147 A 

3 kV 223 ns ~225 A 

4 kV 229 ns ~290 A 

 

 
Figure 24. Experimental results of TD @ VPS = 1 kV 
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Figure 25. Experimental results of TD @ VPS = 2 kV 

 

Figure 26. Experimental results of TD @ VPS = 3 kV 
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Figure 27. Experimental results of TD @ VPS = 4 kV 

As can be seen from the results provided by table 4 and figures 24-27, turn-on delay of 

the DUT is fairly static with respect to device current and DC voltage at ~225 ns. The 

largest deviation from the average value of TD happens at 1 kV. These evaluations, 

along with those in the following section on device resistance, infer the DUT operates 

most predictably in the 2 kV – 4 kV range and exhibits slightly different behaviors at 1 

kV. This will be discussed in greater detail in the following section. 
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CHAPTER VIII 

RESISTANCE DURING TURN-ON TRANSIENT 

Evaluation 

Resistance of the DUT during turn-on events, Ron(t), was evaluated using the 

overdamped test configuration. Test conditions were as follows: 1 kV ≤ VPS ≤ 4 kV 

and RLoad = 10 Ω. Resistance of the DUT during turn-on was calculated using equation 

7; where Isense is the current monitored through the current viewing network and VPS is 

the voltage across the capacitor array; RLoad and RSense were measured values. 

 

 

[Eq 7] 

VPS is monitored by a high-frequency/high-voltage probe to obtain accurate time 

dependent data for resistance calculations. It is important to note, the voltage drop 

across the DUT itself is neglected in calculation; as it is on the order of several volts 

and has little impact. 

Results 

One device parameter which is useful to know for simulation purposes is resistance 

during turn-on transients. The ability to approximately model this information allows 

for more accurate simulation prior to design of a system. Resistance of the DUT was 

evaluated, as a function of time, using the overdamped test configuration. Figure 28 

plots the resistance of the DUT for 1 kV ≤ VPS ≤ 4 kV. This data was used to develop 

an approximate behavioral model for the DUT’s resistance; this is discussed in greater 

detail in the following section on simulation. Results of resistance evaluation at each 

tested value of VPS are provided and discussed in the following sections. It is 

important to note that for 2 kV ≤ VPS ≤ 4 kV, the slope of DUT resistance is roughly 

the same until around 350 ns then there are small deviations from this slope and 

settling time of resistance is fairly dynamic. In the case of operation at 1 kV, it can be 

seen the slope if fairly close to 2 kV ≤ VPS ≤4 kV operation only to about 275 ns then 

there is a large deviation from 2 kV ≤ VPS ≤4 kV operation. 
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Figure 28. DUT resistance during turn-on transient 
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1 kV 

Results of resistance evaluation at 1 kV are provided in figure 29. Resistance of the 

DUT settles to a final value of ~ 100 mΩ over a time period of ~2 µs; as previously 

mentioned the turn-on transient at 1 kV is significantly different from those at 2 kV – 

4 kV. This fact causes the approximate one-switch model developed for simulation 

purposes to be the least accurate at 1 kV; this is discussed in greater detail in the 

following section on simulation. 

 

Figure 29. DUT resistance @ VPS = 1 kV 
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2 kV 

Results of resistance evaluation at 2 kV are provided in figure 30. Resistance of the 

DUT settles to a final value of ~ 100 mΩ over a time period of ~1 µs; as previously 

mentioned the turn-on transient at 2 kV does not differ significantly from those at 3 

kV and 4 kV. In fact, DUT resistance for the turn-on transients of 2 kV and 3 kV are 

close to identical only slightly differing in the shape of their settling waveforms. 

 

Figure 30. DUT resistance @ VPS = 2 kV 
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3 kV 

Results of resistance evaluation at 3 kV are provided in figure 31. Resistance of the 

DUT settles to a final value of ~ 100 mΩ over a time period of ~1 µs; as previously 

mentioned the turn-on transient at 3 kV does not differ significantly from those at 2 

kV and 4 kV. In fact, DUT resistance for the turn-on transients of 2 kV and 3 kV are 

close to identical, only slightly differing in the shape of their settling waveforms. 

 

Figure 31. DUT resistance @ VPS = 3 kV 
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4 kV 

Results of resistance evaluation at 4 kV are provided in figure 32. Resistance of the 

DUT settles to a final value of ~ 100 mΩ over a time period of ~.7 µs; as previously 

mentioned the turn-on transient at 4 kV does not differ significantly from those at 2 

kV and 3 kV. The only appreciable difference in the resistance of the DUT during 

turn-on transients at 4 kV is the reduction in the settling time. 

 

Figure 32. DUT resistance @ VPS = 4 kV 
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CHAPTER IX 

SIMULATION 

Setup 

Simulation of both test configurations, for 1 kV ≤ VPS ≤ 4 kV, was completed using 

ORCAD Capture. These simulations were used both for the development of an 

approximate model of DUT resistance during turn and as validation of experimental 

data. Schematics of simulation environments for underdamped and overdamped test 

configurations are provided in figure 33 and 34, respectively. 

 

Figure 33. Simulation schematic for underdamped configuration 

 

Figure 34. Simulation schematic for overdamped configuration 
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A fixed value for stray inductance is used in both simulation scenarios, approximated 

from experimental data as previously detailed. For the underdamped configuration 

capacitance is fixed at rated value. In the overdamped simulation reduced capacitance, 

as previously detailed, is used; this leads to different values of capacitance for each 

value of VPS. Parameter values used for each simulation case are provided in full in 

table 5. 

Table 5. Simulation parameters 

Parameter 

Name 

Parameter Value 

Underdamped Overdamped 

LS [nH] 24 24 

Cbank [µF] .15 .095 - .15 

Rsense [mΩ] 5.4 5.4 

RLoad [Ω] N/A 10 

Approximate model of resistance during turn-on transients 

A single ideal switch model was used as an approximate model of the resistance of the 

DUT during turn-on. Use of the ideal switch allows for wide-spread benefit from the 

development of the approximate model. Several parameters of the ideal switch are 

accessible by the user; of these various parameters, three were used in the design of 

the one-switch approximation. Specifically the three parameters are resistance when 

blocking (Ropen), resistance while conducting (Rclosed), and the time it takes the ideal 

switch model to move from Ropen to Rclosed after the time of closing termed here as 

transient time (ttran).  

An iterative approach was taken to develop the one-switch approximate model. First 

the model was given values for Ropen, Rclosed, and ttran based on experimental data 

obtained from testing at 4 kV. The resulting resistance profile was simulated and 

compared against experimental results for resistance of the DUT during turn-on. Final 

values of Ropen, Rclosed, and ttran were determined to be 25 kΩ, 100 mΩ, and 500 ns 

respectively.  
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The resistive behavior of the one-switch model compared against experimental data of 

resistance for 1 kV ≤ VPS ≤ 4 kV are provided in figures 35-38.  It is important to note 

the difference between the given value of ttran and the observed time it takes the DUT 

to settle to a final value of resistance. This difference is due to the both the method of 

interpolation used by the simulation software and the desire to have one model for all 

values of VPS. Interpolation is not linear, but a sin x interpolation method; this leads to 

a need for higher Ropen and shorter transient time than those observed experimentally. 

As shown in figures 35-38 as VPS approaches 4 kV the resistance model becomes a 

closer fit. 

 

Figure 35. Experimental Ron vs. Approximate model @ VPS = 1 kV 
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Figure 36. Experimental Ron vs. Approximate model @ VPS = 2 kV 

 

Figure 37. Experimental Ron vs. Approximate model @ VPS = 3 kV 
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Figure 38. Experimental Ron vs. Approximate model @ VPS = 4 kV 

Data validation 

Simulations were conducted to validate both experimental results and the approximate 

model of DUT resistance. There are a few differences between the simulation 

environment and experimental setup worth mentioning; the first being the non-

linearity of the capacitors and the second is the method by which the approximate 

model of DUT resistance was developed. 

Underdamped Configuration 

First, simulation of the underdamped test configuration was completed. Capacitance 

used for this simulation scenario was held constant at 150 nF (rated capacitance). 

Rated capacitance was chosen in light of the fact that decreased capacitance is only 

valid for the initial peak of the circuit response, thus the capacitance for the majority 

of the circuit response can be approximated as the rated value. The approximate model 

of DUT resistance is used in this simulation. Due to the switch resistance being 

measured from the overdamped test circuit response, the resistance is characterized for 
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much lower device current than the underdamped test scenario; specifically device 

current in the overdamped case is less than 10% of that in the underdamped case. 

Empirical evidence obtained from on-state resistance experiments show on-state 

resistance is impacted by both increased current and increased field. Thus, resistance 

of the DUT for the underdamped scenario would have a steeper slope and settle at the 

final value more quickly. Experimental data for the underdamped configuration is 

compared with simulation for 1 kV ≤ VPS ≤ 4 kV in figures 39-42. 

 

Figure 39. Underdamped results vs. simulation @ VPS = 1 kV 
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Figure 40. Underdamped results vs. simulation @ VPS = 2 kV 

 

Figure 41. Underdamped results vs. simulation @ VPS = 3 kV 
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Figure 42. Underdamped results vs. simulation @ VPS = 4 kV 

It can be seen that the first peak of the simulated device current is wider than that of 

the experimental data; this is likely due to the non-linearity of capacitance. The 

experimental setup would experience a lower value of capacitance for the initial peak, 

thus a more narrow pulse is exhibited. In addition to differences in pulse width, a 

change in resonant frequency may be seen in the experimental results, which is not 

present in the simulation due to a static capacitance. Inspection of the switch 

approximate model provides insight into another difference in simulated and 

experimental results. Simulated current has lower values for initial peaks than those 

experimentally obtained; yet subsequent peaks approach that of experimental results. 

This is likely due to the more rapid decrease in on-state resistance experimentally than 

the simulation model. 
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Overdamped configuration 

A second round of simulation was conducted for the overdamped test configuration. 

Capacitance for these simulations was taken as the decreased value of capacitance, as 

previously detailed; as it is viable for a majority of the circuit response in this 

configuration. Differences in simulated and experimental results are likely due to the 

non-linearity of the capacitors and the approximation of on-state resistance in this 

scenario. The model, even though it is an approximate model, of switch resistance is 

modeled after data taken with the same load as the simulated load. This means device 

current is much closer in this simulation and experiment. Experimental data for the 

overdamped configuration is compared with simulation for 1 kV ≤ VPS ≤ 4 kV in 

figures 43-46. 

 

Figure 43. Overdamped results vs. simulation @ VPS = 1 kV 



Texas Tech University, Tyler Flack, May, 2015 

52 

 

Figure 44. Overdamped results vs. simulation @ VPS = 2 kV 

 

Figure 45. Overdamped results vs. simulation @ VPS = 3 kV 



Texas Tech University, Tyler Flack, May, 2015 

53 

 

Figure 46. Overdamped results vs. simulation @ VPS = 4 kV 

Peak values of measured current are less than those seen in simulation; this is likely 

due to the difference in the amount of time it takes the on-state resistance of the DUT 

to settle at a final value when compared with that of the simulated model. Also 

important to note is the slower decay time of experimental results when compared 

with simulation results; this is attributed to non-linearity of the capacitor array as the 

voltage changes. 
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CHAPTER X 

FUTURE WORK 

Future work for asymmetric-blocking applications includes testing of dI/dt operation 

at peak device current at or above maximum rated current (10 kA) for repetitive 

pulsing. In addition, examination of DUT operation under various gate conditions (IG 

& dIG/dt) would further understanding of operation of the DUT. Characterization of 

the DUT resistance during turn-on taking with the addition of thermal cycling is 

another area of particularly high interest. Evaluation of the model when applied to 

systems with several of the DUT incorporated is another area of interest. Future work 

for bidirectional applications would increase the body of knowledge about the DUT. 

Bidirectional characterization would include the identification of suitable diodes to 

operate in antiparallel as well as the development of a device package capable of 

accommodating one or more devices as well as their respective antiparallel diodes. 

Future work in the area of simulation and modeling for the DUT includes the 

utilization of a dependent resistance within SPICE simulation software. Additionally, 

the use of data collected from the experiments presented in this thesis could be used as 

a table to feed into the dependent model and greatly increase the accuracy of dynamic 

resistance of the DUT during turn-on transients. 

  



Texas Tech University, Tyler Flack, May, 2015 

55 

CHAPTER XI 

CONCLUSION 

An n-type gate turn-off (GTO) thyristor with a rated DC blocking voltage of 4 kV and 

rated repeatative pulsed current of up to 10 kA (for a pulse width of ~10μs) was 

characterized for pulsed power applications. The evaluated criteria were dI/dt 

operation, dynamic resistance during turn-on, and turn-on delay time. Experimental 

dI/dt values ranging from 7 to 70 kA/µs were readily achieved for 1 kV ≤ VPS ≤ 4 kV. 

This increase in dI/dt operation over the ratings given by the manufacturer are likely 

due to the increased amount of gate current provided to the device during these 

experiments. Evaluation of turn-on delay yields a fairly constant amount of time delay 

for 2 kV ≤ VPS ≤ 4 kV with slight deviation at 1 kV. In addition, evaluation of DUT 

resistance during turn-on transients also exhibits the most deviation at 1 kV. The 

combinations of these two sets of results suggest the DUT is most predictable when 

operated in the range of 2 kV ≤ VPS ≤ 4 kV. Additionally, data collected permitted the 

development of an approximate one-switch model of DUT’s resistance during turn-on 

transients for use in simulation. 
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