
 

ABSTRACT 

CHEN, BIN. Development and Application of the Light Triggered Emitter 

Turn-Off (LT-ETO) Thyristor. (Under the direction of Alex Q. Huang.) 
 

The performance of a power semiconductor device greatly determines the possible 

advancements of power electronics systems in regard to efficiency, volume, reliability, 

cost, cooling method, and even circuit topology. An advanced high power semiconductor 

device, the Emitter Turn-Off (ETO) thyristor, has been demonstrated to improve the 

performance of silicon thyristor-based high power devices. The Light Triggered Emitter 

Turn-Off (LT-ETO) thyristor was subsequently developed, which resulted in an optically 

controlled power device with excellent static and dynamic performance and expanded 

functionality through integrated sensors. This dissertation analyzes the design and 

verifies the performance of the LT-ETO. 

Conventional high power semiconductor devices require dedicated external power 

supplies with isolation capability. In contrast, the LT-ETO power switch is optically 

controlled, a capability not currently available in other commercial high power switches. 

Optical control greatly simplifies high power converter construction and lowers the 

overall cost of the system. The developed LT-ETO has been verified in converter circuits. 

If used in a pulse width modulation (PWM) voltage source converter (VSC), there is no 

minimum PWM carrier frequency or load current limitation for the LT-ETO if the VSC 

modulation frequency is greater than several Hz. 



 

The LT-ETO-based solid-state circuit breaker (SSCB) and solid-state fault current limiter 

(SSFCL)—which benefit greatly from the LT-ETO’s high current interruption 

capability—optical control interface, and built-in sensors, are proposed. Comprehensive 

investigation of the LT-ETO as an AC switch is part of this research. 

A discussion of innovative methods to achieve complete sensor integration in the LT-

ETO is also included in this research. The voltage, current, and temperature sensors are 

integrated in the device itself for the first time, another capability not currently available 

in other commercial high power switches. Conventional converters rely on expensive 

external sensors to gather the voltage, current, and temperature information; but the LT-

ETO converter can utilize built-in sensors for protection and close-loop control. The 

experimental results show that the built-in sensors are very precise and the protection 

functions can effectively protect the LT-ETO and the converter in a timely manner. 

Through modeling and analysis, methods to improve the series operation of the LT-ETO 

are also proposed. Firstly, the static voltage balance is analyzed, and then a compensated 

gate driver is proposed to improve the dynamic voltage balance. Experimental results 

demonstrate excellent dynamic voltage balance of the LT-ETO in series operation using 

only a very small RC snubber. Finally, an active control gate driver method is proposed 

to automatically achieve dynamic voltage balance by utilizing the LT-ETO’s built-in 

voltage sensor. 
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CHAPTER 1. INTRODUCTION 

1.1. State-of-the-art high power semiconductor devices 

In the modern world, more and more electrical energy is processed through power 

electronic systems for various applications in industrial, commercial, residential, military, 

information, and aerospace environments [A 1]-[A 3]. Power semiconductor devices have 

been the key technology of power electronics, a new engineering field dedicated to the 

research and application of electrical energy conversions. Historically, the foundation, 

development, and evolution of power electronics have generally followed the trends of 

power semiconductor devices. 

Power electronic systems are commonly used to process low and medium power 

levels, ranging from hundreds of milliwatts to tens of kilowatts. High power 

semiconductor devices are increasingly used to process very high power levels ranging 

from hundreds of kilowatts to gigawatts. This high power application trend is increasing 

rapidly with the development of Flexible AC Transmission Systems (FACTS), High 

Voltage DC (HVDC) transmission systems, and high power traction applications [A 4]-

[A 9]. At the same time, the possible switching frequency for the high power 

semiconductor devices is increasing the range from tens of Hertz (Hz) to kiloHertz (kHz), 

which can dramatically decrease the size of the power electronics systems. Fig. 1.1 shows 

state-of-the-art high power applications with different power and voltage ratings. Fig. 1.2 

shows the power range and switching frequency range of today’s high power 

semiconductor devices [A 4]-[A 7]. 
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More than fifty years have passed since the first silicon power switch, the Silicon-

Controlled Rectifier (SCR), was developed for practical application. The SCR can be 

turned on by a controlled command but cannot be turned off unless the voltage and 

current change polarity. Since the 1970s, silicon power devices with turn-off capability 

have been developed. Currently, the most widely used high power semiconductors are 

thyristor, Gate Turn-Off (GTO) thyristor, High Voltage Insulated Gate Bipolar Transistor 

(HVIGBT), and Integrated Gate Commutated Thyristor (IGCT). 

Fig. 1.3 illustrates power handling capabilities of commercially available high power 

semiconductors. The maximum collector-emitter voltage and DC collector current are 

shown for Insulated Gate Bipolar Transistors (IGBTs), and the repetitive peak off-state 

voltage and maximum on-state RMS current are shown for thyristors, GTOs, and IGCTs 

[A 15], [B 1]-[B 14], [C 1]-[C 7]. 
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Fig. 1.1 The high power applications with different power and voltage ratings 
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Fig. 1.2 Power range and switching frequency range of high power semiconductor 

devices 

 

Fig. 1.3 Power range of commercially available high power semiconductor devices [A 22] 
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In general, the following parameters are critical for a semiconductor switch designed 

for power conversion applications [A 19]: 

1. Maximum current conducting capability 

2. Maximum voltage blocking capability 

3. Forward voltage drop during on-state and its temperature dependency 

4. Leakage current during off-state and its temperature dependency 

5. Switching transition times during both turn-on and turn-off 

6. Controllable di/dt or dv/dt capability during switching transition 

7. Ability to withstand both high current and voltage simultaneously 

8. Capability to withstand dv/dt when the switch is “OFF” or during turn-off 

9. Capability to withstand di/dt when the switch is “ON” or during turn-on 

10. Conduction losses, switching losses, etc., and thermal handling capability 

11. Control power requirement and control circuit complexity 

The following sections introduce the characteristics of state-of-the-art high power 

semiconductor switches in more detail. 

1.1.1. Thyristor and GTO 

Modern power electronics began with the invention of the thyristor, which was known 

as the Silicon-Controlled Rectifier (SCR) in the 1950s and dominated the marketplace for 

the first two decades. Since its introduction, the thyristor has been widely used in phase 

controlled DC drives, AC drives, lighting and heating control, welding control, HVDC, 

Static Var Compensation (SVC), and solid-state circuit breakers [A 6], [A 14]. 

The basic structure and equivalent circuit of a thyristor are illustrated in Fig. 1.4. The 

thyristor is a four-layer three-junction device of the structure of PNPN [A 6], [A 14], 
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where PNP and NPN transistors are connected in regenerative feedback mode. The 

thyristor is typically fabricated on a single wafer substrate with a size up to six inches in 

diameter. 

The thyristor is capable of supporting voltage in both directions and can be triggered 

into a current conduction mode in one direction (anode to cathode) by a small current 

pulse into the gate when the anode voltage is positive. 

 

Fig. 1.4 Basic structure and equivalent circuit of a thyristor 

The Light Triggered Thyristor (LTT) is a special type of thyristor that can be triggered 

into conduction by light applied directly to the gate area rather than by the electrical 

current impulse [B 7]. LTT with an 8 kV/5 kA power rating is commercially available 

now. Fig. 1.5 shows a picture and cross section of the LTT T2563N, produced by Eupec. 

The LTT greatly simplifies the thyristor gate control unit, saves gate control energy, and 

improves reliability and electromagnetic immunity. More and more LTTs are being used 

in high voltage power electronic systems such as HVDC and SVC [B 15], [B 16], [B 22]. 
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Fig. 1.5 Picture and cross section of the LTT T2563N 

The most powerful semiconductor switch among all known power semiconductor 

devices, the thyristor has the highest voltage blocking and current conducting 

capabilities. The biggest disadvantage of the thyristor is that it cannot be turned off by its 

gate control, and it can only be turned off if the anode current falls below a certain 

minimum value or if the polarity of the anode voltage is reversed. Thus, a very 

complicated communication circuit is required to turn off the device. For this reason, the 

thyristor is used widely in AC applications in which the turn-off is automatically 

achieved when voltage changes polarity. 

The Gate Turn-Off (GTO) thyristor [A 6], [A 14] is also a thyristor type device as 

illustrated in Fig. 1.4. From the structure point of view, many more gates are employed in 

the GTO than the thyristor, allowing gate current to be more uniformly injected into or 

extracted out of the gate terminal. Similar to the normal thyristor, a positive gate current 

pulse can turn it on. The unique capability is that a negative gate current pulse can also 

turn it off without voltage changing polarity. The required condition to turn off a GTO is 

to have a negative gate current that satisfies equation (1-1). 
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The ratio of the anode current to the gate current at the turn-off is defined as the turn-

off gain. From equation (1-1), the maximum turn-off gain can be expressed as follows: 
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α
β                                               (1-2) 

Good gate turn-off capability is obtained by increasing the turn-off gain, which is 

achieved by making the gain of the NPN transistor close to unity and the gain of the PNP 

transistor small. A low gain for the PNP transistor can be obtained by reducing the 

minority carrier lifetime in the N-base region, forming anode shorts, or including a highly 

doped N-type region (buffer layer) at the anode region. A large turn-off gain is normally 

desirable to reduce the gate driver requirement. 

A GTO with an anode short or a buffer layer has no reverse voltage blocking 

capability [B 18], [B 24], [B 40], [B 43], [B 46], [B 47]. This type of GTO is called an 

asymmetrical GTO. A GTO without an anode short or a buffer layer is called a 

symmetrical GTO. With the buffer layer, the wafer thickness of the asymmetrical GTO 

can be much thinner than that of the symmetrical GTO with the same forward voltage 

blocking capability, leading to the benefits of lower voltage drop and lower turn-off loss. 

Because there is always an anti-parallel diode connected to each of the GTOs in the 

voltage source converter (VSC), the reverse blocking capability is not required in the 

VSC. The symmetrical GTO has reverse blocking capability, finding its applications in 

current source converters (CSCs). 
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To improve the turn-off homogeneity among different cathode regions in a large wafer 

GTO, the highly integrated gate and cathode geometry structures are used. The basic goal 

is to maximize the periphery of the cathode and minimize the distance from the gate to 

the center of the cathode region. Fig. 1.6 shows the wafer structure difference between a 

GTO (a) and a normal thyristor (b). 

                

(a) GTO                                             (b) Thyristor 

Fig. 1.6 Picture of the wafer structure 

A notable disadvantage of the GTO is the requirement of a snubber network to reduce 

the switching stress for safe turn-on and turn-off [A 16], [B 21], [B 24], [E 12]. Fig. 1.7 

diagrams a GTO-based VSC with snubbers, which significantly affect the performance of 

GTO-based power converters. On the positive side, the turn-on di/dt snubber reduces the 

stress on the GTO and associated diodes and moves the turn-on losses to a passive 

element—a resistor. On the negative side, the di/dt snubber network requires an 

additional cooling system to remove heat from the resistor and snubber diode, and as a 

result, the overall converter size increases. For the turn-off dv/dt snubber, its main 

function is to help the GTO turn off safely by limiting the voltage rise rate. Its drawback 
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is that it increases the overall system losses because an energy amount equal to CV
2 

 is 

lost each time a GTO turns off and turns on. 
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Fig. 1.7 Diagram of a GTO-based VSC with snubbers 

Fig. 1.8 illustrates the standard GTO turn-off circuit and its loop inductance [E 4], [E 5]. 

Fig. 1.9 shows the waveforms of a standard GTO during turn-off. To turn off the GTO, 

switch S1 is closed to apply negative voltage Vd to the GTO’s gate. Lg is the GTO gate 

inductance (which is about 10 nH), Lc is the coaxial cable inductance (which is about 200 

nH), and Ld is the gate driver inductance (which is about 100 nH). The total gate loop 

inductance Lgt is around 310 nH. During turn-off, the negative gate current increases 

linearly at a rate determined by Vd/Lgt. When the current reaches IG=IA/βm, the device 

starts to turn off. Because βm >1, the turn-off happens when the cathode current is non-

zero—indicating that thyristor conduction continues during the turn-off. In inductive 

turn-off operation, this potentially results in the GTO destruction when the GTO voltage 

starts to rise. For this reason, a dv/dt snubber is helpful because it limits the voltage levels 

on the GTO and allows current to be diverted to the snubber. Many studies [A22], [B30] 

[B31], [B56]-[B59], [B63] have indicated that the turn-off capability of a GTO is limited 



 

10 

by three factors: maximum cell turn-off current, dynamic avalanche and non-uniform 

current distribution during turn-off transient. The third factor can be largely improved by 

an innovative gate driver method discussed later in this chapter. 
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Fig. 1.8 The standard GTO turn-off circuit and its loop inductance [A 22] 

 

Fig. 1.9 Waveforms of a standard GTO during turn-off [B 64] 
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1.1.2. IGCT and other hard-driven GTOs 

In the late 1990s, an innovative GTO gate driver method merged to form the hard-

driven GTO concept [B 19], [B 27]. By combining the advantages of the low on-state 

voltage drop of the thyristor and the uniform turn-off mechanism of the transistor, hard-

driven GTO has largely expanded its application area. 

The concept of the hard-driven GTO is to turn off the GTO by quickly driving the 

GTO’s gate current to be equal to the anode current before the anode voltage starts to 

rise. In this condition, referred to as unity turn-off gain or hard-driven, the NPN transistor 

turns off first, thus the entire GTO turns off in the rugged open-base PNP transistor 

mode, eliminating any possibility of latching. Fig. 1.10 shows the waveforms of a hard-

driven GTO during turn-off [B 32]-[B 34], [B 41].  

 

Fig. 1.10 Waveforms of a hard-driven GTO during turn-off 
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In the hard-driven turn-off, the turn-off gain is always unity, and it does not follow 

equation (1-1), which applies only when the GTO gate current ramps up slowly. The 

main advantage of the unity turn-off gain is that the device can now withstand much 

higher stress during turn-off and we can remove the dv/dt snubber. 

Suppose the GTO’s storage time, defined as the time interval between the GTO 

starting to be turned off by the negative gate current to the anode voltage starting to rise, 

is ts, the gate loop total inductance is Lgt, and the gate voltage applied to turn off the GTO 

is Vd, then the maximum GTO anode current ITGQM that can be turned off through the 

unity turn-off gain can be calculated in equation (1-3). The storage time is determined by 

the amount of carriers stored near the P-base and N-base junction. Because of the large 

negative gate current, the storage time ts in the unity turn-off gain condition is typically 1 

µs. 

gt

sd
TGQM

L

tV
I

⋅
=    (1-3) 

To obtain high emitter efficiency at the cathode end, which is desirable for good turn-

on characteristics, the N+ emitter layer of the GTO must be highly doped [B 17], giving a 

gate-cathode reverse breakdown voltage, VGRM, to the adjacent P-base of typically 20 V-

24 V. Therefore, Vd must be designed to be less than VGRM to guarantee the GTO gate-

cathode junction will not constantly break down and destroy the GTO.  

Assuming Vd is 18 V, then according to equation (1-3) and Fig. 1.8, the maximum 

unity turn-off gain current ITGQM of a standard GTO is only about 60 A, which is much 

less than the GTO’s current rating. Equation (1-3) also indicates that the maximum unity 



 

13 

turn-off gain current can be increased by increasing Vd and/or increasing ts, and/or 

decreasing Lgt. 

Several innovative approaches have been proposed to realize unity turn-off gain. 

According to their realizations, they can be classified into two different categories: hard-

driven and MOS (metal oxide semiconductor)-controlled. 

Hard-driven approaches use a powerful gate driver to realize the unity turn-off gain, 

which can deliver the huge negative gate current during the turn-off process (Fig. 1.10). 

This category includes the Resonant Gate Commutated Thyristor (RGCT) [A 19], the 

Diode Assisted Gate Turn-Off Thyristor (DAGTO) [A 19], and the Integrated Gate 

Commutated Thyristor (IGCT) [B 28]. The MOS-controlled approaches use additional 

metal oxide semiconductor field-effect transistors (MOSFETs) to help the turn-off 

process of the GTO. Other than the unity turn-off gain, these approaches can also save 

control power for the turn-off process. This category includes the MOS Turn-Off 

(MTO
TM

) [B 51], [B 52] thyristor and the Emitter Turn-Off (ETO) thyristor [D 11] (refer 

to section 1.1.4). 

Fig. 1.11 shows the turn-off principle of MTO
TM

 and IGCT [A 19]. For the MTO
TM

, 

when it is turned off, the MOS switch is acting as a short circuit to the emitter junction of 

the GTO. Thus the cathode current will be commutated to the MOS switch path. To 

assure the high current commutation rate, the voltage drop due to the MOSFET on-

resistance and loop stray inductance LG should be very small compared to the forward 

voltage drop of the GTO’s emitter PN-junction (about 0.7 V). The only way to make this 

idea work is to integrate the MOSFET with the GTO housing so that the inductance can 

be reduced to near zero. 
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(a) MTO
TM

                                                     (b) IGCT 

Fig. 1.11 The turn-off circuit of MTO
TM

 and IGCT [A 19] 

The MTO
TM

 was demonstrated by Silicon Power Corporation (SPCO). Fig. 1.12 

shows a picture of the SPCO 500 A/4.5 kV MTO
TM

 with its gate driver. Because of the 

limitation stated in equation (1-3), the demonstrated MTO
TM

 cannot turn off more than 

500 A without a snubber. 

 

Fig. 1.12 SPCO 500 A/4.5 kV MTO
TM

 with its gate driver 
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When the IGCT is turned off, a negative voltage (typically 18 V) is applied to the 

emitter junction of the GTO by turning on the MOS switch. According to equation (1-3), 

to increase the gain turn-off current ITGQM to over 4000 A, Lgt should be as low as 4.5 nH. 

This was achieved in the 1990s, when the IGCT—a low cost approach to greatly reduce 

the gate loop inductance—was introduced by ABB [B 28], [B 30]. By using the coaxial 

GTO housing and interconnecting gate driver with a power semiconductor device by a 

printed circuit board, IGCT dramatically reduces the total gate loop inductance to less 

than 3 nH. Fig. 1.13 illustrates the housing, the low inductance gate contact, and the 

wafer. Fig. 1.14 shows a picture of IGCT 5SHY 35L4512, produced by ABB [B 12]. 

 

Fig. 1.13 IGCT housing, low inductance gate contact, and wafer 

 

Fig. 1.14 The picture of IGCT 5SHY 35L4512 
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Significant advantages of the IGCT over the standard GTO [B 57] are as follows: 

• By eliminating the current inhomogeneous distribution during turn-off, IGCT can 

be safely turned off without a dv/dt snubber. IGCT dramatically simplifies the 

converter construction, increases the converter efficiency, and reduces the cost. 

• Turn-off and turn-on delay time is highly reduced, making it much easier for the 

device series connection applications. 

• Power consumption of the gate driver is greatly reduced. 

At present, IGCTs with peak off-state voltage/maximum turn-off current of 4500 

V/4000 A [B 12] and 6000 V/3000 A [B 62] are commercially available [B 50]. 4500 

V/5500 A [B 60] and 6500 V/4200 A [B 61] IGCT are in test and evaluation. A prototype 

10 kV IGCT is also reported [B 29], [B 48], [B 49]. 

Integrating the turn-off unit into the housing of the standard IGCT results in a new 

concept of the Internally Commutated Thyristor (ICT) [B 44], [B 45]. Fig. 1.15 shows the 

principle and a prototype picture of the ICT. 

       

(a) Principle of the ICT                                        (b) Picture of ICT prototype 

 

Fig. 1.15 The Internally Commutated Thyristor (ICT) [B 44] 
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Compared to a standard IGCT, the turn-off capability is improved further by the even 

lower stray inductance and the lower equivalent Series Resistance (ESR) of the multi-

layer ceramic (MLC) capacitors compared to electrolytic capacitors. The lower gate 

power consumption and the higher ambient temperature range are claimed as additional 

benefits compared to the standard IGCT. 

1.1.3. IGBT and IEGT 

The supremacy of the GTO in the high power conversion area is increasingly being 

challenged by the Insulated Gate Bipolar Transistor (IGBT), an integrated MOS-bipolar 

power transistor whose voltage and current handling capabilities are constantly 

improving by using better microelectronics fabrication technology [A 6], [A 14], [C 9]. 

Due to the simplified MOS control interface and excellent performance, the IGBT is the 

most widely used power device today, covering industry applications from a few kW to 

megawatt levels. 

The N-channel IGBT is essentially an N-channel MOSFET with an additional P-layer 

to improve the conduction capability by injecting minority carriers. Hence the IGBT has 

a much lower forward voltage drop as compared to a power MOSFET structure, but 

higher than a GTO. Compared to MOSFET, the switching speed of IGBT is also limited 

by the time taken for removing the stored charge from the drift region due to the injection 

of the holes during the on-state current conduction. The turn-off time, especially the tail 

current, is strongly determined by the minority lifetime. The tail current is the main cause 

of the IGBT’s turn-off loss (Eoff). Reducing minority lifetime can decrease the turn-off 

time and the tail current but increase the on-state voltage drop (VF). Therefore, a trade-off 

has to be made for the switching speed versus the on-state voltage drop. 
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The Injection-Enhanced Gate Transistor (IEGT) is essentially an improved IGBT. It’s 

designed in such a way that larger numbers of electrons accumulate at its electrodes [C 8], 

[C 10], [C 15], [C 16]. This has been achieved by optimizing the gate structure and the 

distance between the electrodes. Hence IEGTs exhibit reduced on-state voltage more than 

a standard IGBT. Fig. 1.16 shows the cross section and the carrier distribution of the 

IGBT and the IEGT. Fig. 1.17 shows the equivalent circuit and the circuit symbol of the 

N-channel IGBT and IEGT. 

 

Fig. 1.16 Cross section and carrier distribution of IGBT and IEGT [C 23] 
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(a) The equivalent circuit           (b)   The circuit symbol 

Fig. 1.17 N-channel IGBT/IEGT 
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Since its introduction about twenty years ago, IGBT/IEGTs have been improved to 

realize higher and higher blocking capability and lower and lower losses, using 

microelectronics fabrication technologies such as local lifetime control, punch-through, 

or field-stop structure. Additionally, the press-pack structure of HVIGBT/HVIEGTs 

(IGBT/IEGTs whose voltage block rating is over 3300V) [A 10], [A 11], [A 17], [A 18], [E 

10] is also developed to further improve the reliability. Press-pack devices are favorable 

to applications where fail-short is desirable [A 15]. The pictures of the standard 

IGBT/IEGT and the press-pack IGBT/IEGT [C 4] [C 22] are shown in Fig. 1.18. 

 

(a) Standard IGBT/IEGT package 

                

 (b) Press-pack IGBT/IEGT 

Fig. 1.18 The IGBT/IEGT package picture 
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Similar to the IGCT, the IGBT also turns off in the open-base transistor mode and 

therefore does not have the latch-up mechanism as the GTO. Thus the dv/dt snubber is 

not required for the turn-off of the IGBT. Another important characteristic making the 

IGBT different from the thyristor-based devices is its current saturation feature and 

controllable di/dt. Because di/dt can be controlled by the gate, the IGBT can be used in 

the voltage converters without a di/dt snubber. IGBT’s current saturation capability also 

effectively limits the fault current when a short circuit happens, although this current 

must be interrupted within ten microseconds because large power dissipation 

dramatically increases the device temperature. 

1.1.4. ETO 

Although IGBT technology is now the preferred technology for power electronics 

applications, the thyristor-based devices still have as advantages such as low conduction 

loss, high voltage block capability, and high reliability. In very high power applications 

(> 1 MW), hard-driven GTO technologies such as IGCT are still superior to the 

HVIGBT/HVIEGTs. The Emitter Turn-Off (ETO) thyristor is another emerging hard-

driven GTO device based on the matured technologies of the GTO and power MOSFET 

to further improve GTO-based high power devices. Different from the IGCT, the ETO 

concept provides the potential to develop a new generation of high power devices with 

better performance, more functionality, and lower costs [A 19]-[A 22], [D 11]-[D 18]. 

Fig. 1.19 shows the ETO’s simplified equivalent circuit and Fig. 1.20 shows a picture 

of the previously developed ETO. An emitter switch Qe is integrated in series with the 

GTO’s cathode, and a gate switch Qg is connected to the GTO’s gate. To handle high 

current, each Qe and Qe consists of many parallel MOSFETs. Although it looks similar to 
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the cascode GTO switches [B 35]-[B 39] studied before, the ETO was proposed and 

demonstrated to achieve breakthrough performance in large area GTOs’ turn-off speed 

and ruggedness. 
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Fig. 1.19 The ETO simplified equivalent circuit [D 6] 

 

Fig. 1.20 A picture of the ETO [D 6] 

ETO is turned on by turning on Qe and turning off Qg, while at the same time injecting 

a suitable current into the GTO gate (GGTO). ETO is turned off by turning on Qg and 
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turning off Qe. During this turn-off period, there is a voltage VQe applied across loop stray 

inductor Lgt and the GTO’s gate-cathode junction J1, forcing the GTO current 

commutating from the GTO’s cathode to the gate. VQe can be as high as the avalanche 

voltage of the MOSFETs, which can be much higher than the GTO’s gate-cathode 

reverse breakdown voltage, VGRM. So if an ETO turns off the same current as an IGCT, a 

much higher gate loop inductance Lgt (according to measurement, the total gate loop 

inductance Lgt is about 15 nH) can be tolerated to achieve the unity turn-off gain at high 

turn-off current. A special low inductance GTO gate design, which is used in the IGCT, 

is not required for the ETO [D 1], hence the cost of the ETO is inherently lower than the IGCT 

approach. 

The ETO’s turn-off storage time ts is defined to be the time interval between when the 

ETO starts to be turned off by the negative gate current and when the anode voltage starts 

to rise. The maximum ETO anode current ITGQM, which can be turned off through the 

unity turn-off gain, is given in equation (1-4). 

gt

sQe

TGQM
L

tV
I

⋅
=   (1-4) 

At present, the ETO with a peak off-state voltage/maximum turn-off current of 4500 

V/5000 A has been reported. The 5000 A snubberless turn-off capability of the ETO at 

2.5 kV DC bus voltage has been demonstrated [D 6], [D 7], as shown in Fig. 1.21. This 

result clearly demonstrates that the hard-driven condition was achieved with a large gate 

inductance GTO at 5000 A. 
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Fig. 1.21 ETO snubberless turn-off waveform at 2.5 kV/5 kA [D 7] 

 

1.2. Dissertation outline 

This dissertation is dedicated to the development of an advanced ETO, the Light 

Triggered Emitter Turn-Off (LT-ETO) thyristor, which not only includes the advantages 

of the hard-driven GTO, but also additional innovations to eliminate other limitations in 

high power devices. The developed LT-ETO is a superior power semiconductor device 

that is not currently available in IGCT or other commercial technology. 

We will investigate the development, analysis, and applications of the LT-ETO and 

present our findings in the following chapters. 

Chapter 1—Introduction 

This chapter provides background information and a foundational technical overview 

of the power semiconductor devices, power electronics systems, and related technologies 

that are the subject of this dissertation. 
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Chapter 2—LT-ETO design and verification in power converters 

This chapter presents the innovative new design and experimental demonstration of 

the LT-ETO. The ETO’s Gate Driver Unit (GDU) power consumptions are analyzed and 

a new power management strategy is proposed to greatly reduce power consumption of 

the GDU in stand-by, on-state, and switching modes. A new control power self-

generation method is then proposed, designed, and experimentally demonstrated. The 

resulting device is effectively a three-terminal light triggered power device—the LT-

ETO. From a user’s point of view, the LT-ETO achieves optically controlled turn-on and 

turn-off, and all the internal power required is self-generated. 

The LT-ETO has three working modes in the VSC: start-up mode, active switching 

mode, and inactive switching mode. In the active switching mode, the LT-ETO obtains 

gate driver power through a highly efficient passive charging circuit. During startup, a 

new start-up circuit dramatically reduces the start-up voltage of the LT-ETO. It also 

maintains the power supply to the LT-ETO under other conditions (refer to Chapter 2 for 

more information on operating conditions). The proposed self-power generation has no 

limitation on the VSC carrier frequency and load current if the VSC modulation 

frequency is not too small (several Hz). These conditions are typically satisfied in a pulse 

width modulation (PWM) VSC. 

Because an external power supply for the LT-ETO is not required, the developed LT-

ETO can greatly reduce the cost and increase the reliability of the power converters. 

Chapter 3—Application and verification of the LT-ETO in an AC circuit 

This chapter discusses how the developed LT-ETO achieves a very high commutating 

rate (diG/dt 12 kA/µs) compared to previously reported values in the ETO. With a 6 µF 
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dv/dt snubber, it can safely turn off 8 kA current instead of the 4 kA current under GTO 

mode. Further improvement of the maximum turn-off current of the LT-ETO is possible 

if larger GTO devices are used. 

Due to the optical interface, low forward voltage drop, high current interruption 

capability, as well as the built-in current sensor, the newly developed LT-ETO is a very 

promising switch for AC applications such as solid-state circuit breakers and fault current 

limiters. This chapter presents a conceptual design of a solid-state circuit breaker and 

fault current limiter based on the LT-ETO. The AC operation of the LT-ETO is 

experimentally verified. 

Chapter 4—Built-in sensors integration and their applications 

This chapter presents the design and experimental demonstration of the innovative 

built-in sensors integration in the LT-ETO. The voltage, current, and temperature sensors 

are integrated in the LT-ETO for the first time. Different from the conventional 

converters which rely on expensive external sensors to gather the voltage, current, and 

temperature information, the LT-ETO converter can now utilize the built-in sensors for 

protection and for close-loop control. The experimental results show that the built-in 

sensors have a very high precision and speed, and the protection functions can effectively 

protect the LT-ETO and the converter in a timely method. 

The LT-ETO’s built-in sensors and protection functions can be used to improve the 

performance and reliability, as well as to reduce the cost of the high power electronics 

systems. 
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Chapter 5—Series operation of the LT-ETO 

The light trigger interface enables series connected LT-ETOs to be used in 

applications that require very high operation voltages, such as the HVDC. This chapter 

discusses the theory, modeling, and methods for improving the LT-ETO in series 

operation. The developed methodology also applies to other hard-driven GTOs. A unique 

static voltage balance issue in the LT-ETO is identified and analyzed. A preliminary 

solution is proposed. 

The ETO device has a good dynamic voltage balance performance in series operation 

because of the almost identical storage time. Other critical factors affecting the dynamic 

voltage sharing—driver delay and storage time delay—are also identified here. 

Although the LT-ETO’s storage time cannot easily be changed at the semiconductor 

device level, it can be adjusted at the gate driver circuit level. By increasing the dynamic 

voltage pulse during the gate current commutation phase, the gate commutation time is 

significantly reduced in the LT-ETO, thus the dependency on the load current is reduced 

and the series operation performance is improved. Using a simple RC snubber, a 

compensated gate driver is proposed to further improve the dynamic voltage balance 

where the gate driver delay time, storage time delay, and rising time deference are 

compensated. Perfect voltage sharing can be obtained and is verified experimentally. And 

finally, for the first time, an active control gate driver method is proposed to achieve the 

dynamic voltage balance automatically by utilizing the LT-ETO’s built-in sensors. 
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Chapter 6—Summary and future work 

This chapter summarizes this dissertation and highlights the significant contributions 

the LT-ETO thyristor can make to the development of state-of-the-art power electronics 

systems. Possible future work is also proposed. 
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CHAPTER 2. LT-ETO DESIGN AND 

VERIFICATION IN POWER CONVERTERS 

2.1. Introduction 

Conventional high power semiconductor switches require an external power supply to 

power their gate drivers. The external power supplies for gate drivers need to be 

individually designed according to each gate driver’s power consumption, which depends 

on the switch type, the driver circuit, and the switching frequency. Typically this power is 

provided from the low voltage potential (usually ground potential) side, and a high 

voltage isolation transformer is required to isolate the gate driver and power switch from 

the power ground potential [A 16], [E 4]. In high power applications, multi-level topology 

and/or series switch connection may be employed and hence tens or even hundreds of 

high power semiconductor switches are used to build the whole system. The total power 

consumption of all the gate drives can be very high, especially for the current controlled 

devices such as the GTO and IGCT. This makes the auxiliary power supply large and 

complex. At the same time, it is also difficult to implement reliable insulation design for 

the power supply transformers and cables. 

A newly developed device, the Light Triggered Emitter Turn-Off (LT-ETO) thyristor 

is dedicated to eliminating the external power supply requirement while retaining the 

merit of a traditional ETO. 
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2.2. Isolated gate driver power requirement of high power semiconductor switches 

High power switches are triggered on or off by the external gate driver unit, which 

usually includes a driver, an optical/electrical interface, and a DC-DC converter to supply 

the entire gate driver unit. The optical interface isolates the power switches and control 

unit and reduces EMI noise. Fig. 2.1 shows the circuit diagram of a typical high power 

switch and the gate driver unit. Fig. 2.2 shows a picture of the IGBT and gate driver 

board.  
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Fig. 2.1 Circuit diagram of a typical high power switch and gate driver unit 

 

Fig. 2.2 Picture of the IGBT and gate driver board [C 24] 

Although the optical interface can provide the necessary isolation capability, the built-
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in DC-DC converter does not have high isolation capability as the IGCT does. The built-

in DC-DC converter in some IGBT gate drivers has isolation capability; however, that 

capability is only as high as the device blocking voltage. Hence in applications such as 

multi-level topology and/or series switch connection, external isolation transformers are 

required to supply electrical power for the gate driver units. 

Fig. 2.3 shows the auxiliary power supply system scheme for one phase-leg of a nine-

level cascaded VSC. External power supply, isolation transformers, and connection 

cables are used to deliver the electrical power to the power switches. Fig. 2.4 shows the 

picture of one phase-leg and its auxiliary power supply for a 2X75MVA STATCOM, 

which is located in Glenbrook, CT, USA.  

20-100 kHz square waveform

Auxiliary 
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+
+

+
+

AC Terminal
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Fig. 2.3 Isolated auxiliary power supply system scheme for one phase-leg of a nine-level 

cascaded VSC 
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Fig. 2.4 One phase and its auxiliary power supply for a 75MVA STATCOM 

Each phase has fifteen cascaded full bridges to form a 31-level converter. There are 60 

GTOs per phase (a total of 360 GTOs) that need 6 cabinets to provide the required 

auxiliary gate driver power through 45 large isolation transformers (36kV/5kVA) and 

hundreds of wires. The large number of auxiliary power supplies, transformers, and their 

numerous connection wires and cables will greatly increase the cost and reduce the 

reliability of the entire system. 

2.3. Efforts to eliminate the isolated gate driver power supply 

Instead of obtaining control power from the low voltage potential side, other methods 

[E 1]-[E 4] were proposed to make the converter compact by reducing the number of 

components in the power supply circuit and simplifying the insulation design for the 

overall converter system. 
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Fig. 2.5 shows one of these efforts for the GTO gate driver [E 4]. In the off state of the 

GTO, the power supplying capacitor is charged through the pre-charging resistor. When 

the GTO is turned off, the power supplying capacitor is charged by the voltage applied to 

the GTO via the input capacitor and one diode. The power supplying capacitor is much 

bigger than the input capacitor, hence the high voltage is supported by the input 

capacitor, which also works as a small dv/dt snubber capacitor. When the GTO is turned-

on, the energy stored in the input capacitor is discharged through the reactor and the 

GTO. The input capacitor then starts to be charged reversely (a), the diode conducts (b), 

and so the supplying capacitor is charged again. 

 

Fig. 2.5 One auxiliary power supply scheme for a GTO gate driver [E 4] 

There is no other active device to control the obtained power, and the acquired energy 

depends on the operation of the main switch. Therefore, the energy obtained by the power 

supplying capacitor depends on the GTO switch frequency and the GTO voltage. If the 

obtained power is not sufficient, the GTO will have to switch at higher frequencies than 
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normal operation. If the acquired energy is too much, it has to be partly discharged on the 

over-voltage protecting resistor [E 4]. 

Another lossy component is the pre-charging resistor. Assuming Vc is the power 

supplying capacitor voltage for the gate driver, VAK is the anode-cathode voltage of GTO 

at off-status, Pdriver_static is the static gate driver input power consumption, and VAK _min is 

the minimum start-up voltage for the gate driver to begin working. The power loss of the 

pre-charging resistor Rp can be obtained by following equations: 
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A low start-up voltage is always favorable in debugging and is necessary for a low 

input voltage power converter such as a booster converter. From equation (2-3), the 

power loss on the pre-charge resistor increases dramatically when the start-up voltage 

decreases. It also increases proportionally to the static input power consumption of the 

power switch’s gate driver board. 

This analysis also applies to other power switches sucg as IGCT and IGBT. The static 

input power consumption of a typical HVIGBT gate driver board is around 1.8 W (15 

V/120 mA) [C 24]. The measured static input power consumption of a typical IGCT [B 

11] is around 5.0 W (20 V/250 mA). Assuming VAK=2800 V, a 100% efficiency DC-DC 
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converter is used to provide the electrical power for the IGBT and IGCT gate driver 

board (refer to Fig. 2.5), the pre-charge resistor loss at different conditions is calculated 

and drawn in Fig. 2.6. This loss ranges from tens of watts to kilos of watts for both IGBT 

and IGCT. 

Fig. 2.7 shows a similar method to get the driver power from the dv/dt snubber, which 

is proposed in [E 1]. In the off state of the GTO, the capacitor for the power supply CC is 

charged through DS, RC, and the pre-charging resistor R0. When the GTO is turned off, 

the dv/dt snubber capacitor CS is charged by the voltage applied to the GTO via DS. At 

the time the GTO is turned on, the energy stored in the capacitor CS is discharged through 

GTO, DC, RC. Part of that energy is delivered to CC. However, only a small percentage is 

used for supplying the power to the gate unit. Most of the energy stored in snubber 

capacitor CS is dissipated in the resistors RS and RC. Another lossy component is the pre-

charging resistor Ro. The conversion efficiency is low and the power obtained from the 

dv/dt snubber is hard to control. 
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Fig. 2.6 Pre-charge resistor loss at different conditions 
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Fig. 2.7 The dissipative snubber scheme for GTO gate driver [E 1] 

Clearly these approaches of obtaining power from the anode side have the 

disadvantage of low efficiency. Numerous efforts to improve efficiency come at the cost 

of a more complicated circuit and extra devices. The energy regeneration snubber scheme 

[E 2], [E 3] composes three functional units: the capacitive turn-off snubber, the energy 

recovery unit, and the regeneration unit, as shown in Fig. 2.8. When the main switch Tn is 

turned off, the load current commutates to the snubber capacitor CS and the snubber diode 

DS. The energy recovery unit is to recover the energy stored in CS. After the main switch 

Tn is turned on, the energy in CS is transferred to L1 when IGBT V1 is turned on. When 

V1 turns off, the inductor current will flow through D1 to charge power supplying 

capacitor C1. The energy recovery circuit transfers the excess snubber energy back to the 

DC link. When the accumulated power is more than what the gate driver needs, T2 is 

turned on, and the extra energy is transferred to L2 through T2, D2, and Tn. When Tn turns 

off, the energy in L2 will be delivered to the DC capacitor bank. 
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Fig. 2.8 The energy regeneration snubber scheme for a GTO gate driver [E 2], [E 3] 

Methods [E 1] and [E 4] are too lossy and thus not suitable for high frequency 

operation. The circuit in methods [E 2] and [E 3] is costly and also suffers a relatively high 

power loss if used for high frequency converters. This scheme greatly increases the 

number of components and it is impossible to integrate this function with the power 

switch. The start-up circuit, which is not mentioned in this method, will also cause 

additional loss. 

All reported methods require the use of a dv/dt snubber; however, for high power 

converters that use IGCTs and ETOs, the dv/dt snubbers are not necessary and 

snubberless operation is preferred to achieve high converter efficiency [A 16], [B 50], [D 

3], [D 7]. Moreover, these methods can only obtain power by fully turning off the switch, 

thus they cannot be used as DC or AC switches. 
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2.4. The LT-ETO concept 

The basic ETO concept (refer to section 1.1.4) was proposed in the late 1990s. Like 

most other high power semiconductor devices, it features an optical command interface 

and needs a galvanic auxiliary power supply, as shown in Fig. 2.1. 

A Light Triggered Thyristor (LTT) is a direct light triggered device (refer to Fig. 1.5). 

Triggering is achieved by a laser pulse applied to the integrated amplifying gate structure, 

hence it does not have an electrical driver. Therefore, the external power supply is not 

needed. The main issue with this device is that it cannot be light triggered off. 

The Light Triggered Emitter Turn-Off (LT-ETO) thyristor is essentially an electrically 

triggered device. However, its terminal characteristics can be considered as a light 

triggered device, with two electrical terminals and one optical terminal. The circuit 

symbol of LT-ETO is shown in Fig. 2.9. The control power self-generation function 

allows this device to operate without an external power supply. 

Optical 

CMD

Optical 

CMD

                        

Fig. 2.9 The circuit symbol of LT-ETO 

2.4.1. New method to obtain power for device gate driver 

In most cases for an energized power switch, there is either voltage across the device 

when the device is OFF or there is current through the device when the device is ON. 
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Thus the idea arose to obtain the required control power for its gate driver from the 

voltage across the device and the current through the device, which indicates that the 

power device can get control power from the main circuit instead of from the auxiliary 

circuit, as shown in Fig. 2.10. 

Fig. 2.11 shows the circuit implementation to obtain power for a gate driver. S1 is the 

main switch that can block the rated voltage and conduct the rated current. S2 is used to 

control the energy obtained from the current through the device by diverting the current 

to the DC-DC converter. S3 is used to control the energy obtained from the voltage across 

the device by lowering the voltage to the DC-DC converter. More importantly, obtaining 

power from the voltage dramatically improves the LT-ETO’s ability to work at other 

critical conditions. As a result, there are no minimum carrier frequency or load current 

limitations for the LT-ETO to operate in PWM VSC if the modulation frequency is less 

than 2 Hz, which is always satisfied in a real PWM VSC. 
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Fig. 2.10 The circuit diagram to obtain power for the gate driver 
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Fig. 2.11 The circuit implementation to obtain power for the gate driver 

2.4.2. Implementation of the control power self-generation function in SPETO 

The first effort required to implement the control power self-generation function is 

called Self-Powered ETO (SPETO)[A 22], [D 5], [D 8]. SPETO can obtain enough 

power for the gate driver during the switch turn-on, and the accumulated energy is 

exactly the control power needed. Fig. 2.12 demonstrates the main circuit scheme of 

SPETO and Fig. 2.13 provides a picture. 

In the early days of SPETO, the control power self-generation capability was mainly 

from the current through this switch, making it less than suitable for applications where 

the VSC output frequency is low [D 5], for example in a Variable Voltage Variable 

Frequency (VVVF) motor driver system. SPETO’s application is also limited by a weak 

start-up circuit—the required start-up voltage is as high as 500 V. This makes it harder to 

debug the device, and it also cannot be used in applications where the DC bus voltage is 

very low, such as a low input voltage boost converter [D 8]. Another drawback is the 
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relatively high power loss on the resistor R1, especially when you try to lower the start-up 

voltage or integrate more functionality. Moreover, SPETO is a limited function switch 

due to the small number of control and logic ICs, which are limited by the power losses 

of the start-up circuit. 
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Fig. 2.12 The main circuit scheme of SPETO [D 8] 

 

Fig. 2.13 A picture of SPETO [D 8] 

To expand the application range and enable more functions, a low loss gate driver 

circuit has been designed and implemented in the LT-ETO. A new power management 

strategy is also introduced to generate the gate driver power from both the voltage across 
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the device and the current through the device. Thus this new device can work at low VSC 

output frequency and light-load condition, as well as in DC and AC switch applications 

[D 14]. 

2.5. Electrical design of the LT-ETO 

2.5.1. Electrical design to achieve control power self-generation 

Fig. 2.14 illustrates the circuit diagram of LT-ETO—a high power semiconductor 

switch with an integrated gate driver circuit as well as a traditional GTO, gate MOSFET 

Qg, and series MOSFET Qe. The LT-ETO also includes an additional power obtaining 

circuit, a turn-on suppression circuit, and integrated current, voltage, and temperature 

sensors. 
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Fig. 2.14 The circuit diagram of the LT-ETO 
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The power obtaining circuit obtains power from the voltage across the LT-ETO and 

the current through the LT-ETO. In this circuit, Qs (several MOSFETs in series), D2, D3, 

and C1 are used to obtain power and store the energy into capacitor bank C1. Then, the 

power from C1 is supplied through filter L1 and C2 to the input of a DC-DC converter, 

which is a conventional high efficiency fly-back converter with transformer isolation and 

multi-outputs for internal control and the gate driver circuit of LT-ETO. The start-up 

voltage of the DC-DC converter, Vref0, is set to 100 V and the minimum voltage to 

maintain the stable output, Vmin, is only 30 V. 

The turn-on suppression circuit suppresses the turn-on operation of the LT-ETO when 

its anti-parallel diode is conducting current. This circuit includes two voltage references 

(V1 and V2), a comparator (Q1), a diode D1, and a resistor (R1). Because the current goes 

through the anti-parallel diode during half of a cycle [A 22], the turn-on suppression 

circuit saves half of the LT-ETO’s gate driver power requirement in an inverter 

application. Instead of the parasitic diode of GTO, the anti-parallel diode of Qs, is used to 

detect the conduction status of the LT-ETO’s anti-parallel diode, which is used in a VSC. 

This makes the turn-on suppression circuit suitable for all different kinds of GTOs, not 

just for the anode-shorted GTO. 

Table 2.1 shows the truth table of the LT-ETO’s main components (“1”-ON, “0”-

OFF). A typical difference with the previous version is that the LT-ETO will charge C1 to 

achieve control power self-generation function at a certain condition. More detailed 

analyses and waveforms are presented in the following paragraphs. 
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Table 2-1 Truth table of the LT-ETO’s main components 

GTO Qg Qe LT-ETO 

0 1 0 0 

1 0 1 1 

1 0 0 1 (charging C1) 

 

The resulting LT-ETO does not require external power input for its gate driver. The 

turn-on and turn-off commands to the LT-ETO are sent through an optical fiber, 

effectively making the device an optical switch, aptly named Light Triggered ETO (LT-

ETO), with two electrical terminals and one optical command terminal (CMD), as shown 

in Fig. 2.9. 

Schottky diode D3 is used to obtain power and store the energy into the capacitor bank 

C1. Thus there is one additional branch connected with the GTO’s cathode, and there may 

be some transient intervals related with the reverse recovery of this Schottky diode 

branch. We find there is no influence on the LT-ETO turn-off operation, and there is 

some extra reverse recovery loss only when the LT-ETO works in the turn-on period of 

active switching mode. Detailed analysis is presented in following paragraphs. 

Although Qs refers to several MOSFETs in series, it does not need a complex circuit 

for the level shifters and gate drivers normally used for the series switches, because they 

are working as a linear regulator, not a power switch. Thus integration in the GDU board 

is simple and inexpensive. Fig. 2.15 shows the simplified circuit diagram of Qs in-series 

and Fig. 2.16 shows the reasonably good voltage balance result when the LT-ETO is 

snubberless switching on and off. V1, V2, andV3 represent the voltage from the drain of 

MOSFET Qs1, Qs2, and Qs3 to the cathode of the LT-ETO accordingly. 
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Fig. 2.15 Circuit diagram of Qs in-series 

 

Fig. 2.16 Test result to show the voltage balance of Qs in-series 

The Qs branch acts as a linear regulator and thus the loss on Qs during the LT-ETO 

off-status can be calculated by equation (2-4). 
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Here, Vref0 is the start-up voltage for the built-in DC-DC converter. 

To achieve a low start-up voltage with reasonable loss on Qs, we must reduce the loss 

of the Gate Driver Unit (GDU). 

The main electrical improvement of the control power self-generation function is to 

reduce the power consumption of the GDU in stand-by, on-state, and switching. It is 

concentrated on the energy budget of the GDU board to consume less power in standby 

mode. Thus the control power self-generation method is highly efficient and affordable. 

As a result, the start-up voltage can be greatly reduced. 

2.5.2. New energy budget to decrease power consumption 

Lowering power consumption of the LT-ETO’s GDU is very important in making the 

control power self-generation efficient and affordable. It is also very important to lower 

the power consumption of the GDU at off-state to reduce the start-up voltage. 

2.5.2.1. Power consumption of the previous ETO’s GDU 

Fig. 2.17 illustrates the circuit diagram of a traditional ETO design, including DC 

current injection and the pulse current injection and clamp circuit. 

The power consumption of ETO in on-state, off-state, and during switching is quite 

different, as described next. 

During off-state (no switching), the power consumption of the ETO is its control IC’s 

quiescent power consumption and the DC current source, which is shorted by Qg during 

off-state. 
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Fig. 2.17 The driver circuit diagram of the previous ETO [A 22] 

When the ETO is commanded to turn on, the emitter switch MOSFETs are turned on 

and the gate switch MOSFETs are turned off. A DC current is then injected into the 

GTO’s gate. Almost at the same time, a firing current pulse is injected into the GTO’s 

gate by a pulse current source (I1) to turn on the GTO. While the ETO is on, only a small 

DC current is provided for the GTO’s gate. When the ETO is commanded to turn off, the 

emitter switch MOSFETs are turned off and the gate switch MOSFETs are turned on. 

Current pulse injection, MOSFET’s gate driver, and DC current injection will consume 

most of the power during switching, which is much bigger than control IC’s quiescent 

power consumption. The power consumptions of current pulse injection and MOSFET’s 

gate driver are proportional to the ETO’s switching frequency. 

During on-state (no switching), the power consumption of the ETO is its control IC’s 

quiescent power consumption and the DC current source, which is injected into the GTO 

gate during on-state. 

The power consumption of ETO in off state and during switching at different 

frequencies can be calculated in equations (2-5), (2-6), (2-7), and (2-8). 
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ICICIC IVP ⋅=                                                               (2-5) 

32_ IVP DCGTO ⋅=                                                           (2-6) 

swpkPULSEGTO fILP ⋅⋅⋅= 2

11_
2

1
                                        (2-7) 

swdriveMOSMOSFET fVCP ⋅⋅= 2                                             (2-8) 

Fig. 2.18 shows the ETO’s GDU power consumption in off-state and during switching 

at different frequencies. In Fig. 2.18, P_GTO_DC denotes ETO’s DC current injection 

power consumption, P_GTO_pulse denotes ETO’s pulse current injection power 

consumption, and P_MOSFET denotes ETO’s MOSFET’s gate driver power 

consumption. 
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Fig. 2.18 The previous ETO’s gate driver power consumption in off-state and during 

switching at different frequencies 
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Fig. 2.19 shows the total measured ETO’s GDU power consumption, which includes 

the losses of the input DC-DC converter. The gate driver power consumption increases 

dramatically from off-state to switching state and also increases with the switching 

frequency. The main power consumption of ETO’s GDU comes from the DC current 

injection and pulse current injection. The DC current injection is dominant at low switch 

frequency and at off-state. It can also be observed that this ETO’s GDU power 

consumption at on-state and off-state is as high as 13.2W. 
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Fig. 2.19 The previous measured ETO’s GDU power consumption at different frequencies 

2.5.2.2. Power consumption of the LT-ETO 

Based on the preceding power consumption analysis, one of the new power 

management strategies focuses on reducing the power consumption of pulse current 

injection and DC current injection, especially the power consumption at off-state. 
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Fig. 2.20 illustrates the circuit diagram of the LT-ETO, including DC current injection 

and the pulse current injection and clamp circuit. Firstly, the parameters of V2 and I3 are 

optimized to reduce the power consumption. The DC current injection is controlled and 

only consumes power when the LT-ETO is commanded to turn on and at on-state. Thus, 

its power consumption is proportional to the LT-ETO’s duty cycle and there is no DC 

current injection loss at off-state. Secondly, the pulse current injection and clamp circuit 

is simplified, and the parameters of L1 and the injection peak current I1pk are adjusted to 

reduce the pulse current injection power consumption almost by half; however, it is still 

enough to maintain the high di/dt turn-on capability of the LT-ETO [D 12]. Moreover, the 

driver voltage of all MOSFETs is optimized, which also reduces the MOSFET’s gate 

driver power consumption. 
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Fig. 2.20 The driver circuit diagram of the LT-ETO 

Fig. 2.21 shows the LT-ETO’s GDU power consumption in off-state and during 

switching at different frequencies (Duty=0.5). Fig. 2.22 shows the measured GDU power 

consumption of the LT-ETO at different frequencies and duty cycles.  

 



 

50 

 

0

5

10

15

ETO's GDU 

power 

consumption 

(W)

Off-State 100 Hz 500 Hz 1000 Hz 3000 Hz

P_IC

P_MOSFET

P_GTO_PULSE

P_GTO_DC

 

Fig. 2.21 The LT-ETO’s gate driver power consumption in off-state and during switching 

at different frequencies (Duty=0.5) 
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Fig. 2.22 The measured LT-ETO’s GDU power consumption at different frequencies and 

duty cycles 

These figures demonstration that the gate driver power consumption of LT-ETO in 
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off-state is small (only 1.8 W), and that of on-state without switching is around 9 W, 

which corresponds to the control power requirement if the LT-ETO is used as a DC or 

AC switch. The LT-ETO’s gate driver power consumption increases dramatically when 

switching frequency and/or when duty cycle increases. The maximum power 

consumption at 3 kHz is only 22 W at maximum duty. 

For an actual LT-ETO device there are four MOSFETs in total (Qe, Qg, Qp and Qc) 

that control the entire LT-ETO and ensure its ON/OFF function, as shown in Fig. 2.23, 

instead of two MOSFETs (Qe and Qg) as shown in Fig. 1.19. Fig. 2.24 shows the 

designed timing of MOSFET gate drivers and pulse current injection and Fig. 2.25 shows 

the measured waveforms of MOSFET gate drivers and pulse current injection. 

 

 

Fig. 2.23 The circuit diagram of LT-ETO to illustrate the gate driver timing 

 



 

52 

 

 

Fig. 2.24 Designed timing of MOSFET gate drivers and pulse current injection 

2.5.3. Mechanical design of the LT-ETO 

Fig. 2.26 shows a picture of the 4.5 kV/4 kA LT-ETO developed by the author. Fig. 

2.27 shows a cross section of the LT-ETO, indicating the various components of the 

integrated device. 

LT-ETO utilizes a double-side press-pack cooling package and achieves small thermal 

resistance. The power MOSFET Qs is placed on the bottom copper layer, so that the heat 

generated by Qs is easily removed by the cooling system of the LT-ETO. 
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(a) Waveforms of MOSFET gate drivers 

 

(b) Waveforms of pulse current generate and injection 

Fig. 2.25 Measured waveforms of MOSFET gate drivers and pulse current injection 
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Fig. 2.26 A picture of the LT-ETO 

 

Fig. 2.27 A cross section of the LT-ETO 

2.6. LT-ETO power management strategy 

The current source converter (CSC) can be considered the dual circuit of the voltage 

source converter (VSC). Thus, the LT-ETO’s operation in CSC can be analyzed similarly 

to its operation in VSC, which is presented in following sections. 

2.6.1. Three main operation modes of the LT-ETO in VSC 

In designing the power obtaining strategy we defined the operation of the LT-ETO in 

three operation modes: start-up mode, active switching mode, inactive switching mode. 

Fig. 2.28 depicts a simplified voltage source converter phase-leg. ETOp and ETOn are 

the upper switch and the lower switch, respectively, of the phase-leg. Dp and Dn are the 
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anti-parallel diodes of ETOp and ETOn. CMDp and CMDn are the switching commands to 

ETOp and ETOn. 

 

Fig. 2.28 Simplified phase-leg of the voltage source converter 

In start-up mode, no switching commands are received, and the internal control and 

gate driver circuit keep both ETOp and ETOn in the off-state—effectively they are in 

series connection (refer to section 5.2), assuming the output current Iout of the phase-leg is 

positive when it flows out of the phase-leg. When Iout is positive, we define that the upper 

switch ETOp works in active switching mode. Iout will flow through ETOp if ETOp is on 

and ETOn is off and Iout will flow through Dn if ETOp is off and ETOn is on. When Iout is 

negative, we define that the upper switch ETOp works in inactive switching mode. Iout 

will flow through ETOn if ETOp is off and ETOn is on and Iout will flow through Dp if 

ETOp is on and ETOn is off. The lower switch ETOn follows the same working principle 

as that of ETOp. When Iout is negative, ETOn works in active switching mode. When Iout 

is positive, ETOn works in inactive switching mode. 
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2.6.1.1 Operation principle in start-up mode 

To obtain power from the voltage across LT-ETO, we have proposed an innovative 

low loss start-up circuit. This circuit is primarily used to power up the LT-ETO during 

the start-up mode. In this mode, the LT-ETO is off and the power for the gate driver is 

obtained from the voltage across the LT-ETO, as shown in Fig. 2.29. The charge current 

Ic1 charges capacitor bank C1 and then provides the power input to the DC-DC converter 

through filter L1 and C2. Qs is controlled to charge C1 to the start-up voltage Vref0, which 

is set to 100 V. So Ic1 is almost constant (18 mA) during the start-up to provide 1.8 W 

power (Fig. 2.22) for the gate driver and internal control circuits, which means the LT-

ETO’s built-in DC-DC converter will draw 18 mA from the anode side. If the maximum 

DC bus voltage is 2800 V, the voltage across each LT-ETO is around VAK=1400 V when 

two LT-ETO voltages are balanced. The maximum loss on Qs is only 23.4 W during 

start-up: 

)100(018.0 −⋅= AKQs VP                                             (2-9) 

 

Fig. 2.29 The start-up mode of LT-ETO 
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2.6.1.2 Operation principle in active switching mode 

The power consumption of the LT-ETO gate driver is much larger during active 

switching operation. Additional power can be obtained more efficiently from the current 

through the LT-ETO. During turn-on in the active switching mode, a hysteretic control is 

used to maintain Vc within a certain range. Vref1 and Vref2 are set to 110 V and 150 V. The 

relationship of all voltage references is illustrated in equation (2-10). 

210min refcrefref VVVVV <<<<                                             (2-10) 

During this mode, D2 is reverse biased and no current flows through Qs, thus there is 

no loss on Qs. The power is obtained as shown in Fig. 2.30 (a). When the LT-ETO is 

commanded to turn on, the gate switch Qg is turned off and a pulse current Ig_on is 

injected into the GTO’s gate by a current source to turn on GTO. At the same time, the 

control circuit checks Vc. If Vc is lower than Vref1, the LT-ETO will enter into the 

charging turn-on mode and the turn-on of Qe will be delayed. Since GTO is turned on and 

Qe is still off, the GTO current Ia will be forced to charge capacitor banks C1 through D3; 

as a result, Vc will increase. The increasing rate is dependent on both Ia and the 

capacitance of C1, and the obtained energy in C1 is around 5.7J, as shown in equations (2-

11) and (2-12). 

 dtdVCI ca ⋅=                                                        (2-11) 

2/)( 2

1

2

2 refref VVCE −⋅=                                            (2-12) 

When Vc increases to Vref2, then Qe is turned on and D3 is reverse biased and Ia will 

flow through Qe, as shown in Fig. 2.30 (b). D3 is reverse recovering during this interval 

and thus there are some extra losses from the Err of D3.  Fortunately, D3 will only switch 
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at a very low frequency (several Hz as described later), so the losses are ignorable. 

C1 is designed to be a low voltage capacitor bank (1000 µF) capable of storing an 

amount of energy large enough to maintain the gate driver power of the LT-ETO for a 

fairly long time. The operation voltage range of C1 is determined by equation (2-10), (2-

12) and (1-4), in which VQe is the voltage of capacitor C1. 

 

(a) The charging turn-on of the LT-ETO 

 

(b) The normal turn-on of the LT-ETO 

Fig. 2.30 The turn-on operation in active switching mode 
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The turn-off operation of the LT-ETO is shown in Fig. 2.31. When the LT-ETO is 

commanded to turn off, Qe is turned off and Qg is turned on. The voltage between Qe’s 

drain and source (VQe) increases, forcing cathode current to commutate to Qg via the 

GTO’s gate. If Ia is high enough, VQe will reach Vc and be clamped (Ds is ON), thus C1 can 

also obtain some additional power during this time, as shown in Fig. 2.31 (a). If Ia is not 

so high, VQe will increase, but less than Vc, and the gate current communication will finish 

without the conduction of D3. Vc is designed to be lower than the breakdown voltage of 

the MOSFETs. This is favorable for the LT-ETO’s long-term reliability, for Qe is no 

longer avalanched during turn-off as it is in a traditional ETO. After the total GTO 

cathode current is commutated to the GTO’s gate, there will be no current through Qe, 

and VQe will drop as soon as the gate current communication is finished (cathode current 

of GTO is zero), as shown in Fig. 2.31 (b). The gate current communication is only 

dominant by equation (1-4) and it is zero reverse recovery for D3 during this period. 

The total anode current Ia will continue flowing through the GTO’s gate. After the 

storage time of the GTO, the LT-ETO’s anode voltage starts to increase. When it 

increases above the DC-link voltage, Ia will fall to zero, the LT-ETO will enter off-state, 

and the entire voltage applied on the LT-ETO will be supported by GTO. 

To achieve the unity turn-off gain, the gate loop inductance of the LT-ETO design is 

small enough to ensure that the required time to divert all the current from the GTO’s 

cathode to the gate is less than the GTO’s storage time. In this situation, the LT-ETO can 

be safely turned off without a dv/dt snubber, which is needed for a normal GTO mode 

turn-off. 
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(a) Before unity turn-off gain achieved 

 

(b) After unity turn-off gain achieved 

Fig. 2.31 The turn-off operation in active switching mode 

 

2.6.1.3 Operation principle in inactive switching mode 

Even in inactive switching mode, the powerful start-up circuit can obtain enough 

power from the voltage across the LT-ETO for its gate driver,. This enables the LT-ETO 
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to work at very low output frequencies and light load conditions, largely improving the 

application range of the LT-ETO. 

Take the top switch of the phase-leg, ETOp, for example, as shown in Fig. 2.32. It 

works in inactive switching mode; when its anti-parallel diode Dp is on, both the voltage 

across ETOp and the current through ETOp are zero. ETOp also cannot obtain power 

when ETOn is on. It can only obtain power from the voltage across ETOp, which is 

similar to start-up mode. This is also the case for the bottom switch when ETOn works in 

inactive mode. 

When a device works in inactive switching mode it does not conduct current. 

Consequently, the turn-on of the device is unnecessary. In this situation, the turn-on 

operation of the device can be suppressed to save gate driver power [D 5], [E 8]. (The gate 

driver suppression function implemented within the LT-ETO gate driver has been 

discussed in detail.) The LT-ETO gate driver monitors the on/off state of the LT-ETO’s 

anti-parallel diode and keeps the LT-ETO off if its anti-parallel diode is conducting 

current when the LT-ETO command CMD is on [A 22]. Here, the anti-parallel diode of 

Qs, instead of the parasitic diode of GTO, is used to detect the conduction status of ETO’s 

anti-parallel diode, which is used in a VSC. This makes the turn-on suppression circuit 

suitable for all different kinds of GTOs, not just for the anode-shorted GTO. 

This reduces the power consumption of the LT-ETO to around 1.8 W (Fig. 2.22), 

which means the ETO’s built-in DC-DC converter will draw 18 mA from the anode side. 

The start-up circuit can power up the LT-ETO in this state as discussed previously. The 

average loss on Qs is demonstrated in equation (2-13). 
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        )100(018.0)100(018.0' −⋅=−⋅= DCAKQs VVP                            (2-13) 

    

(a) Current flow through Dp 

   

 

(b) Current flow through ETOn 

Fig. 2.32 The operation in inactive switching mode of ETOp 
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Even when there is no load current, the gate driver suppression function does not work 

at all because the LT-ETO cannot detect diode conduction. All gate driver power is 

obtained from the voltage across the device. If VAK=1400 V for each switch when two 

LT-ETO voltages are balanced, according to Fig. 2.22, the maximum power consumption 

of the ETO at 3 kHz is 22 W. Thus the loss on Qs is 286 W at most, as shown in equation 

(2-14). 

)100(22.0' −⋅= AKQs VP                                              (2-14) 

Because there is no switching or conduction loss for the LT-ETO in this case, 

dissipating 286 W is not a burden for the LT-ETO’s cooling system, as it is designed to 

remove several kilowatts of heat. 

2.5.4. LT-ETO power management strategy in PWM VSC 

Fig. 2.33 provides a summary of the power management strategy of the control power 

self-generation function in VSC. Taking the upper switch ETOp of a PWM voltage source 

converter phase-leg for example (di/dt snubber and associated clamp circuit are not 

included), Fig. 2.33 shows the on/off command to ETOp, the anode to cathode voltage 

across ETOp, the ETOp current and load current, and Vc, which is the voltage across C1 of 

ETOp (refer to Fig. 2.14). 

During start-up mode, both ETOp and ETOn are off. The energy storage capacitor C1 is 

charged up sharply until Vc reaches Vrefo at time t1 and Vc is kept constant at Vrefo. The 

built-in DC-DC converter is activated and ETO is ready for switching with all its 

functions. 
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Fig. 2.33 A summary of the power management strategy of the control power self-

generation 

During active switching mode, at time t2, ETOp receives the switching command-ON 

signal and ETOp is in active switching mode. The Qe is off, and Vc will be charged to a 

higher threshold Vref2 at t3 after a number of switch cycles that is determined by the value 

of the load current and duty width of the PWM signal. Then Qe is on, and Vc decreases 

gradually due to the power consumption of the GDU board. After several switching 

cycles, at t4 the Vc drops to the lower threshold voltage Vref1, the charging turn-on 
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function during the active switching mode is activated again, and Vc is charged to the 

upper threshold voltage Vref2 at t5. 

During inactive switching mode, the device ETOp is kept off to save GDU power 

consumption. However, Vc decreases even further than Vref1 (t6-t7) if the carrier frequency 

of the VSC is low enough to stay in inactive switching mode. Thanks to the powerful 

start-up circuit, Vc is charged to Vrefo immediately when the complementary switch ETOn 

is turned on before the Vc drops to the DC-DC converter’s shut off voltage Vmin. 

It is very important for this LT-ETO-based PWM VSC to work as a traditional power 

device with an external power supply, which means the ETO should always be ready to 

switch or keep “ON” at all normal work conditions, despite the working frequency and 

load type. The following analysis takes a full-bridge PWM VSC as an example, both for 

2-level PWM VSC and 3-level PWM VSC, to ensure the LT-ETO has no minimum 

working frequency limitation with all the different load types. 

A total of eight patterns are possible in a full-bridge VSC, according to the different 

combinations of output voltage polarity and output current direction, as shown in Fig. 

2.34 (a)-(h). 

A 2-level PWM VSC has four possible patterns to generate “+V” and “-V” levels of 

output voltage at different output current directions, as shown in Fig. 2.34 (a)-(d). When 

Iout>0, the pattern always switches between (a) and (b). When Iout<0, the pattern always 

switches between (c) and (d). Thus, no matter what kind of load, one switch works in 

active switching mode and its complementary switch works in inactive mode for both 

bridge-legs.  
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(a) Vout>0, Iout>0, status “1”                            (b) Vout<0, Iout>0, status “-1” 

              

(c) Vout>0, Iout<0, status “1”                            (d) Vout<0, Iout<0, status “-1” 

              

(e) Vout=0, Iout>0, status “0”                            (f) Vout=0, Iout>0, , status “0” 

                 

(g) Vout=0, Iout<0, status “0”                            (h) Vout=0, Iout<0, status “0” 

Fig. 2.34 A summary of the eight switch combinations in a full-bridge VSC 
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For all four LT-ETO switches, either there is enough current through the LT-ETO 

switch or enough voltage across the LT-ETO switch in a modulation frequency cycle. As 

analyzed previously, all four LT-ETOs can get enough energy for all their functions if the 

modulation frequency is greater than several Hz, which is always satisfied in a PWM 

VSC. Thus, there is no minimum carrier frequency limitation for the LT-ETO operating 

in a 2-level PWM VSC. 

The situation becomes more complicated in a 3-level PWM VSC. It has four possible 

patterns to generate “+V” and “-V” levels of output voltage at different output current 

directions, as shown in Fig. 2.34 (a)-(d). A 3-level PWM VSC also has an additional four 

possible patterns to generate “0” level of output voltage by keeping both top 

switches/diodes or both two bottom switches/diodes “ON”, as shown in Fig. 2.34 (e)-(h). 

When Iout>0, a 3-level PWM VSC always switches patterns between (a) and (e)/(f) or 

between (b) and (e)/(f). When Iout<0, it switches patterns between (c) and (g)/(h) or (d) 

and (g)/(h). Obviously, the switching frequency between these “+V”, “-V”, and “0” levels 

is equal to the actual modulation frequency of the VSC. 

When a 3-level PWM VSC switches patterns between (a) and (e)/(f) (Iout>0), or 

between (d) and (g)/(h) (Iout<0), no matter what kind of load, one switch works in active 

switching mode and its complementary switch works in inactive mode for both bridge-

legs. Two LT-ETOs in one bridge-leg switch between these two modes at the actual 

modulation frequency of VSC. However, two LT-ETOs in another bridge-leg keep their 

working mode unchanged, not switching when Iout direction remains the same. 

Fortunately, one of them is “ON” (with load current through this LT-ETO) and another is 

“OFF” (with DC bus voltage VDC across it). As discussed previously, all four LT-ETOs 
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can obtain enough energy for all their functions if the modulation frequency is greater 

than several Hz. 

When a 3-level PWM VSC switches patterns between (b) and (e)/(f) (Iout>0), or 

between (c) and (g)/(h) (Iout<0), no matter what kind of load, one switch works in active 

switching mode and its complementary switch works in inactive mode for both bridge-

legs. Two LT-ETOs in one bridge-leg switch between these two modes at the actual 

modulation frequency of VSC. As discussed previously, these two LT-ETOs can get 

enough energy for their all functions if the modulation frequency is greater than several 

Hz. However, two LT-ETOs in another bridge-leg keep their working mode unchanged, 

not switching when Iout direction remain the same. Unfortunately, the anti-parallel diode 

of one ETO will stay “ON” until the Iout changes direction, thus there is no current 

through the LT-ETO and no voltage across the LT-ETO during this period. The LT-ETO 

might lose its control power when the VSC carrier frequency is fairly low. From previous 

analysis, the frequency limitation is several Hz. However, this issue can be easily solved 

by swapping the VSC’s “0” level patterns between (g) and (h) or (e) and (f) during this 

period. Effectively, for both bridge-legs, one switch works in active switching mode and 

its complementary switch works in inactive mode for both bridge-legs. Obviously, the 

switching frequency between these combinations is equal to the actual modulation 

frequency of the VSC. The switching frequency between these two modes is equal to half 

of the actual modulation frequency of the VSC after swapping the “0” level patterns. For 

all four LT-ETO switches, either there is enough current through the LT-ETO switch or 

enough voltage across the LT-ETO switch during this period. In addition, all four LT-

ETOs can get enough energy for all their functions if the modulation frequency is greater 
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than several Hz. Thus, there is no minimum carrier frequency limitation for an LT-ETO 

operating in a 3-level PWM VSC. A related fact--swapping the “0” level patterns can 

also make the thermal-balance better among all LT-ETOs/diodes. 

Even when there is no load current, gate driver suppression will not work because the 

LT-ETO cannot detect diode conduction. All power for the gate driver is obtained from 

the voltage across the LT-ETO, which is half of the DC bus voltage, as demonstrated in 

equation (2-14). 

To summarize, there are no minimum carrier frequency or load current limitations for 

the LT-ETO operating in either a 2-level or 3-level PWM VSC. This principal result also 

applies to other multi-level VSCs, such as diode-clamped multi-level VSC (DC-VSC), 

flying capacitor multi-level VSC (FC-VSC), and cascaded H-bridge multi-level VSC 

(CH-VSC). The LT-ETO’s control power self-generation function can be expanded to a 

broad range of applications. 

2.6. Experimental demonstration of the LT-ETO in a pulse tester 

The characteristics and performance of the LT-ETO are measured in a pulse tester, 

which is basically a clamped inductive load. Fig. 2.35 shows the circuit scheme of a pulse 

tester and Fig. 2.36 provides a picture of the pulse tester setup. The primary experimental 

result is shown in Fig. 2.37. 
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Fig. 2.35 The circuit scheme of the pulse tester 

 

Fig. 2.36 A picture of the pulse tester setup (no external power supply for the LT-ETO) 

Vref1 and Vref2 are set to 110 V and 150 V in the experiment (on the GDU board). At 

time t1, the LT-ETO is commanded to turn on. Because Vc is lower than Vref1, the turn-on 

of Qe is delayed. After the GTO is turned on, the LT-ETO’s node voltage drops to Vc, and 

then Ia starts to charge C1 so Vc starts to rise. At time t2, Vc reaches Vref2. Then Qe is turned 

on and Ia is diverted to Qe immediately. At time t3, the LT-ETO is commanded to turn off. 
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Eventually Va rises to above DC-link voltage and Ia decreases to zero. During this 

switching period, Vc is charged from 110 V to about 150 V (Vref1 and Vref2 are set to 110 

V and 150 V). According to equation (2-8), the LT-ETO successfully obtains 

approximately 5.72J energy in this switching period. According to Fig. 2.22, this stored 

energy can maintain the LT-ETO’s gate driver for at least 0.4s operation at a 1 kHz 

switching frequency. 

Fig. 2.38 shows detailed waveforms of the LT-ETO at turn-off transient. Unity turn-

off gain is achieved within 1 µs. The drain-source voltage Vds of MOSFET Qe is clamped 

to below its breakdown voltage, which helps to improve the reliability of the entire LT-

ETO device. 

 

Fig. 2.37 The test result of the LT-ETO in a pulse tester 
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Fig. 2.38 The detailed waveforms of the LT-ETO at turn-off transient 

 

2.7. Experimental demonstration of the LT-ETO in a boost converter 

The characteristics and performance of the LT-ETO are also measured in a high 

voltage boost converter. Fig. 2.39 shows the circuit scheme of the high power boost 

converter. In this circuit, the LT-ETO is turned off without a dv/dt snubber. The input 

DC-link voltage Vdc is 500 V and the LT-ETO switching frequency is 1 kHz. The boost 

converter works in discontinuous switching mode. The peak value of the current Ia is 

approximately 800 A. The output voltage Vout is 1500 V. Fig. 2.40 shows a picture of an 

LT-ETO-based boost converter. The experimental results are shown in Fig. 2.41, Fig. 

2.42 and Fig. 2.43. 
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Fig. 2.39 The circuit scheme of the high voltage boost converter 

 

Fig. 2.40 A picture of the LT-ETO-based boost converter 
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Fig. 2.41 shows the experimental results in 200 ms/div time scale. The LT-ETO works 

in normal turn-on mode first, and the voltage Vc decreases gradually due to the gate 

driver power consumption. When Vc reaches Vref1 at time t1, the charging turn-on mode 

is activated, indicated by VQe increasing. After a sequence of charging turn-on operations, 

Vc increases to Vref2, and LT-ETO resumes normal turn-on mode. Then, the Vc decreases 

gradually again. After approximately 800 ms, Vc reaches Vref1 at time t5 and the charging 

turn-on mode is activated again. 

The time duration between t1 and t5 depends on the gate driver power consumption 

and the amount of energy stored in the capacitor C1. Therefore, a higher switching 

frequency and/or a larger duty cycle cause the time duration between t1 and t5 to be 

shorter. On the other hand, a larger capacitance of C1 will lead to longer time duration of 

between t1 and t5. A higher Vref1 and Vref2 will also result in more energy stored in 

capacitor C1 therefore, a longer interim, t1 to t5, between active switching. 

Fig. 2.42 shows the experimental results in 1 ms/div time scale around time t1. From 

t1 to t3, it takes five charging turn-on mode operations to bring Vc up from Vref1 to Vref2. 

The number of charging turn-on mode operations will be lower if the LT-ETO switches 

at a high current and a larger duty cycle. In each charging turn-on operation, VQe 

increases to Vc, as explained previously. 

The time duration between t1 and t3 depends primarily on the charging current and the 

amount of energy stored in the capacitor C1. Therefore, a higher charging current and/or a 

larger duty cycle will cause the time duration between t1 and t3 to be shorter. On the 

other hand, a larger capacitance of C1 will lead to longer time duration of between t1 and 

t3.  
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When C1 is charged, the actual voltage across the boost inductor is Vdc-Vc, therefore 

the current is smaller for a fixed duty cycle. Fig. 2.43 illustrates that during the charging 

turn-on mode, the peak current of Ia decreases by 20% compared to that during the 

normal turn-on mode. This is because Vdc (500 V) is relatively low compared to Vc 

(about 110 V-150 V). 

This current distortion will be relatively smaller when Vdc is higher. For example, if 

Vdc is 2500 V, the current distortion is approximately 5%. The increase of VQe during 

charging turn-on mode causes output voltage distortion as well. This distortion can be 

considered as input current variance according to the input voltage disturbance, which 

indicates it can be fixed by a close-loop control. 

Fig. 2.43 shows the details of a charging turn-on operation in 10 µs/div time scale 

around time t1. At time t1, the LT-ETO is commanded to turn on. Since Vc is now less 

than Vref1, the charging turn-on mode is activated and the turn-on of Qe is delayed. After 

the GTO is turned on, the LT-ETO’s anode voltage Va drops. Because Qe is still off, VQe 

begins to rise quickly and eventually is clamped to Vc. Then, Ia starts to charge C1 and Vc 

begins to rise. At time t2, the LT-ETO is commanded to turn off. Qe is kept off, Qg is 

turned on, and the GTO starts to turn off. VQe drops down when the unity turn-off gain is 

achieved (the current that flows out of the GTO cathode is fully diverted to GTO’s gate). 

Eventually, Va rises above output voltage Vout, and Ia decreases to zero. During this 

switching cycle, C1 is charged from 110 V to about 120 V. The LT-ETO obtains about 

1.2 J energy and stores it in the 1000 µF low voltage capacitor bank C1 in this switching 

cycle. The charging turn-on operation continues in the following switching cycles until 

the Vc is charged to 150 V. 
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Fig. 2.41 The experimental results of the LT-ETO in active switching mode (200 ms/div 

time scale) 

 

Fig. 2.42 The experimental results of the LT-ETO in active switching mode (1 ms/div time 

scale) 
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Fig. 2.43 The experimental results of the LT-ETO in active switching mode (10 µs/div 

time scale) 

 

2.8. Conclusions 

This chapter presented the innovative design and an experimental demonstration of the 

LT-ETO. GDU losses were analyzed in detail. New LT-ETO circuit and power 

management strategies that largely reduce the power consumption of the LT-ETO’s GDU 

in stand-by, on-state, and switching modes, were proposed and verified. 

The newly proposed control power self-generation method was designed and 

experimentally demonstrated. In this demonstration the LT-ETO achieved complete 

optically controlled turn-on and turn-off, with all internal power being self-generated. 

The resulting LT-ETO did not require external power input for its gate driver. The turn-

on and turn-off command to the LT-ETO was sent through an optical fiber, effectively 
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making the LT-ETO a light-triggered switch with two electrical terminals and one optical 

command terminal (CMD). 

The LT-ETO has three working modes in the VSC: start-up mode, active switching 

mode, and inactive switching mode. In active switching mode, the LT-ETO obtains gate 

driver power through a passive charging operation. The simple start-up circuit 

dramatically reduces the start-up voltage of the control power self-generation function. It 

also makes the LT-ETO able to work at other critical conditions with the proposed 

control power self-generation method. Finally, the LT-ETO is ready to switch or remain 

“ON” when there is either enough current through it or enough voltage across it. No 

matter what kind of load, there are no minimum carrier frequency or load current 

limitations in a PWM VSC if the modulation frequency is greater than several Hz. These 

conditions are typically satisfied in a PWM VSC. 

Because an external power supply for the LT-ETO is not required, the LT-ETO’s 

control power self-generation function greatly reduces the cost and increases the 

reliability of power converters. This control power self-generation function makes the 

LT-ETO extremely suitable for high voltage applications such as series-connected 

devices and multi-level converters. 
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CHAPTER 3. APPLICATION AND VERIFICATION 

OF THE LT-ETO IN AC CIRCUITS 

3.1. Introduction 

In power distribution systems, the short-circuit fault current can be as much as 10-20 

times the maximum operation current of the feeding transformer, which is typically 600-2 

kA rms. Circuit breakers and current limiters provide short circuit protection in such 

systems. However, the most widely used electromechanical solution has some obvious 

drawbacks, including slow switching time (100 ms) and a limited number of operations 

(<50) before replacement or repair. Because of the slow speed, these solutions have no 

influence on the peak fault current; all grid components must be oversized to withstand 

this peak value (10-20 times). 

Utility engineers faced with the challenges of integrating new generations into existing 

power systems, clearing faults more quickly, or finding an alternative to SF6 breakers, 

may find a solution in the emerging solid-state circuit breaker (SSCB) and solid-state 

fault current limiter (SSFCL). For years, electric utility companies have been searching 

for a practical, reasonably-priced SSCB and SSFCL to provide services with high 

reliability and low maintenance. According to a recent investigation [F8]-[F12], the 

SSCB and SSFCL offer the following advantages: 

• High-speed interruption 

• Limited fault current 

• Limited inrush current 
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• No arc generation 

• High reliability and maintenance-freeLow line disturbance 

• Potential for including precise and intelligent fault control 

Table3.1 compares mechanical circuit breakers and solid-state breakers. Solid-state 

breakers are superior to mechanical breakers in some critical performance areas while 

their rating is still not as high as for mechanical breakers. Solid-state breakers also incur 

higher power losses while they are in service. 

Table 3-1 Mechanical versus solid-state circuit breaker comparison 

 

The SSCB and SSFCL are based on high-power semiconductor devices. Their fast 

switching speed (in the range of a few µs) makes them attractive alternatives for 

distribution networks. SSCB and SSFCL functions can be achieved in a number of ways 

[F 1]-[F 4]. Fig. 3.1 shows one simplified topology of an SSFCL. Basically, it is an SSCB 

combined with current limiting impedance (reactor, capacitor, or resistor), a voltage 

limiting element (varistor or arrester), a current detector, and a control unit. The series 

switch (a mechanical switch) provides full isolation capability after the SSFCL acts, as 
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well as when the SSFCL is being maintained. Clearly, the key technology is the solid-

state switch-based SSCB. 

 

Fig. 3.1 Simplified topology of a solid-state fault current limiter (SSFCL) 

According to a survey conducted by EPRI [F8]-[F12], the main requirements for a 

solid-state switch are as follows: 

• Continuous current and on-state voltage drop 

• Maximum through current without turn-off 

• Maximum turn-off current and voltage blocking 

Fig. 3.2 illustrates a typical circuit breaker trip curve and an SSCB trip curve. Today’s 

SSCB design can operate only in part of the electro-mechanical circuit breaker operation 

region due to the relative small maximum trip current capability.  
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Fig. 3.2 A typical circuit breaker trip curve [F 13] and a SSCB trip curve 
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However, SSCB’s flexible trip capability enables a trip point to be set by the control 

unit to clear frequently-occurring small faults quickly without tripping the main electro-

mechanical circuit breaker, and thus prevents a fatal influence to other branches. To 

protect the system, the SSCB needs to coordinate with other traditional electro-

mechanical circuit breakers. This flexible trip current setting can be achieved by utilizing 

the LT-ETO’s built-in current sensor or an external current sensor. 

3.2. Design of the SSCB 

3.2.1. Candidate solid-state switches 

IGBT, GTO, ETO, and IGCT are all included in the list of state-of-the-art high power 

semiconductor switches that can potentially be used for SSCB and SSFCL applications. 

In contrast to converter applications, the switching speed and switching loss are minor 

issues. More important are continuous current capability, on-state voltage drop, and turn-

off capability. 

The most prevalent voltage of distribution equipment is up to 69 kV, which is much 

higher than that of silicon material-based semiconductor devices (refer to Fig. 1.3). To 

block this high grid voltage, semiconductor devices must be connected in series with 

redundancy. The press-pack housed device is suitable for this purpose because it assures 

redundancy in the event that device fails short. The string can still remain operational. 

(1) Continuous current and on-state voltage drop 

Fig. 1.3 shows the power range of commercially available high power semiconductors. 

Fig. 3.3 shows the relative on-voltage drops of different semiconductor switch. These 
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figures clearly demonstrate how thyristor-based semiconductor switches such as ETO, 

IGCT, and GTO are superior to IGBT from the conduction loss and on-state voltage drop 

point of view. Here, the comparison is based on the same die size and blocking voltage 

level. The difference in on-state voltage drops of the ETO, IGCT, and GTO is due to the 

different thyristor structure. 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 500 1000 1500 2000 2500 3000 3500 4000

current (A)

o
n
-s
ta

te
 v
o
lt
a
g
e
 (
V
)

ETO

IGCT

IGBT

 

 

Fig. 3.3 Absolute [D 20] and relative on-state voltage drops comparison  

GTO (5SGF40L4502, 4.5kV/4kA) [B 8], IGCT (5SHY35L4511, 4.5kV/3.8kA) [B 5], IGBT 

(CM900HB90H, 4.5kV/900A) [C 5], ETO (4045TA31, 4.5kV/4kA) [D 19] 
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To achieve higher continuous current capability for SSCB and SSFCL applications, 

parallel connection of power semiconductor devices offers the only possibility of 

reducing the conduction loss and on-state voltage drop. 

The on-state characteristic that demonstrates the low conduction loss and positive 

temperature co-efficiency of the ETO is shown in Fig. 3.4. Because the ETO has a 

stronger positive temperature coefficient than the GTO or IGCT, the ETO has better 

current sharing in parallel operation to expand the continuous current capability, even 

more so than the IGBT. 

 

Fig. 3.4 On-state characteristic of the ETO [D 19] 

(2) Maximum blocking voltage 

To achieve higher blocking voltage capability for SSCB and SSFCL applications, 

series connection of power semiconductor devices is the only option. The most important 

aspect in series connection of switching devices is the balancing of static and dynamic 

voltage. The emerging ETO device has excellent series operation performance, as 

discussed later in Chapter 5. 
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(3) Maximum through current without turn-off and maximum turn-off current 

The maximum through current for thyristor-based switches is as high as tens of kA, 

which meets utility requirements. However, the maximum turn-off current is limited for 

power semiconductor devices. 

The widely used standard GTO drive technology results in a non-homogeneous turn-off 

transient process, which in turn results in the need for a bulky and costly dv/dt snubber 

circuit. Using the ABB GTO 5SGT 40L4502 as an example, this GTO has 4500 V 

voltage blocking capability, 3000 A maximum turn-off current capability with a 6 µF 

dv/dt snubber capacitor, and a 25 µs turn-off storage time. Using this GTO as its main 

switch, however, the ETO reduces the turn-off storage time to less than 1 µs, and can 

safely turn off 5000 A without a dv/dt snubber at 2500 V DC bus voltage [D 6], [D 7].  

For converter applications, this turn-off capability is adequate. However, for SSCB and 

SSFCL applications, a much higher turn-off capability is needed [F 1], [F 8]-[F 12]. 

3.2.2. LT-ETO with higher current interruption capability 

Replacing the present electro-mechanical switchgear in a distribution system [F 1] 

requires a much higher current interrupt capability for the solid-state switch. Following 

are some limitations for a hard-driven GTO (that is ETO and IGCT) to achieve a higher 

turn-off current: 

1. Gate current commutation rate dIG/dt to achieve unity turn-off gain is limited. 

2. Dynamic avalanche (~200 kW/cm
2
 for silicon) sets a limitation on current 

filament formation during turn-off, limiting the maximum turn-off power density 

for large area devices. 
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3. Negative differential resistance in the sustained dynamic avalanche mode creates 

positive feedback among GTO cells. 

4. Non-uniform material characteristics in a large silicon wafer (for example Φ75 

mm) initiate a non-uniform dynamic avalanche. 

As reported in [B 56], [B 57], increasing the current commutating rate is crucial to the 

turn-off performance of the IGCT. The same rule applies to the ETO. Even under the 

hard drive condition, a higher diG/dt commutating rate can ensure a more homogeneous 

turn-off transient process over all the GTO cells in the wafer, thereby increasing the turn-

off capability of the device. 

By dramatically decreasing the gate loop stray inductance, a high current commutation 

rate can be achieved in the IGCT. In a 4-inch IGCT, where a 20 V turn-off voltage is 

used in conjunction with a low inductance (about 3 nH) housing, which uses a specially 

designed ring gate structure, a 6 kA/µs diG/dt commutating rate is obtained [B 57]. 

However, the IGCT has difficulty increasing the diG/dt further. Scaling its gate loop 

stray inductance LG to below 3 nH is difficult due to the physical structure limit. And the 

maximum reverse break down voltage (BV) of the GTO gate-cathode junction sets 

another limit for the turn-off voltage in the drive unit, as demonstrated in equation (3-1). 

GG LBVdtdi // =                                                          (3-1) 

Hence, the diG/dt of the IGCT is limited by the physical structure limit. The ETO can 

break this limitation set by with gate loop stray inductance LG and the break down 

voltage of the GTO gate-cathode junction, while still using a traditional GTO with a 

much higher gate loop stray inductance LG. ETO devices designed for circuit breaker 
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applications use a dynamic technology to generate a short reverse voltage pulse in the 

current commutation period. This voltage pulse is significantly higher than the 

breakdown voltage of the GTO’s gate-cathode junction; however, it will decrease 

automatically when the commutation finished. In this way, the diG/dt commutation rate 

can be increased dramatically. The gate loop stray inductance LG of the Φ75 mm ETO is 

approximately 16 nH and a very high 12 kA/µs diG/dt commutating rate is achieved in the 

LT-ETO. 

Limitation 2 listed above sets another limitation that applies to all bipolar power 

devices, including IGCT and ETO. Under a high electric field, an avalanche process will 

occur inside the silicon. While the junction is conducting high current, the avalanche 

voltage decreases significantly due to the existence of carriers in the depletion region. 

This process is called dynamic avalanche. 

The ETO turn-off is essentially accomplished in the PNP mode, which begins after the 

unity-gain is achieved. Assuming all carriers in the depletion region are moving at their 

saturation speed at the point when dynamic avalanche happens, the power density of the 

device is the product of anode current density JA and the anode-cathode voltage VAK. It 

can be expressed as shown in equation (3-2). 

2/2

cssAKA EvVJ ⋅⋅=⋅ ε                                                       (3-2) 

This is equal to approximately 200-300 kW/cm
2
 for silicon, where Ec is the critical 

electric field causing avalanche breakdown, vs is the saturation velocity of holes, and εs is 

the dielectric constant of silicon. Although dynamic avalanche itself is not destructive for 

silicon material, it results in a lower impedance state for the semiconductor cell. This low 
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impedance state, which is coupled with strong positive feedback among many PNP cells 

for a large wafer device, will result in device destruction. In many experiments the large 

area device failure was observed at around 200kW/cm
2
. 

To avoid this failure mechanism while turning off large amounts of current, a suitable 

dv/dt snubber with low stray loop inductance can be used. The maximum power density 

at turn-off can be significantly reduced compared with that of snubberless turn-off. 

Fig. 3.5 shows the ETO turn-off waveform with a 6 µF snubber capacitor. The turn-off 

current is improved to 8 kA (compared with 5 kA in snubberless mode) and 3 kA in GTO 

mode (none-hard-driven). 8 kA corresponds to an average current density of 180 A/cm
2
 

and the maximum anode voltage is 3.8 kV after turn off. 

Anode Current Anode Voltage

t3t1 t2 t5t4

Anode Current Anode Voltage

t3t1 t2 t5t4

 

Fig. 3.5 ETO turn-off waveform at 8 kA with a 6 µF snubber 

In the period t1-t2, the current commutation finishes and the unity-gain is realized in 

about 650 ns at a rate of 12 kA/ µs. The maximum power density during turn-off occurs 
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at t3 and is about 120kW/cm
2
. There is a peak anode voltage at t4 that is caused by the 

stray inductance in the snubber loop. At t5, the anode current falls to zero and the switch 

is fully turned off. 

Due to the power peak at t3, any further increase of the turn-off current with a 6 µF 

snubber is also subject to the dynamic avalanche limitation mentioned previously. The 

maximum power density achievable in the snubbered turn-off is lower than that of 

snubberless turn-off (>230 kW/cm
2
) [A 22]. 

This is believed to be caused by the different dynamic process in snubbered and 

snubberless turn-off. In snubbered turn-off, at t=t3 both current and voltage are changing 

in the device and the device is subject to larger perturbations than the snubberless case 

(only voltage change). 

Additionally, snubber parasitic inductance must be reduced to lower the power peak 

during turn off. Improving the GTO wafer uniformity and sustained mode avalanche 

characteristics is also effective [B 58], [B 59]. Further improvement of the maximum 

turn-off current of the ETO is possible. For example a Φ75 mm ETO may be able to turn 

off a 10 kA current. 

3.2.3. LT-ETO operation principle as an AC switch 

An additional operation mode is possible when the LT-ETO is used as an AC switch. 

This operation mode requires the LT-ETO to remain in the on-state until a fault occurs 

and the LT-ETO trips, similar to the active switch mode in a VSC but with some 

significant differences as discussed next. 

Generally, there are two structures for a solid-state AC switch, as shown in Fig. 3.6. 
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Topology (a) uses a full diode rectifier to reduce the number of active power switches. 

However, this topology has a major drawback: additional on-state losses caused by the 

diode result in higher operation costs. Topology (b) uses anti-parallel power switches. 

Half of the time, the AC current will flow through one branch. The diode in each branch 

blocks the reverse voltage for the asymmetrical high power switches. 

 

                 

(a) Rectifier bridge solution                             (b) Anti-parallel solution 

Fig. 3.6 AC switch (breaker) topology [F 14] 

Fig. 3.7 illustrates the anticipated waveform of the AC switch. For a rectifier bridge 

solution, the LT-ETO works in active switch mode and is similar to the condition in a 

voltage source converter except that the voltage is rectified sinusoid instead of DC. For 

the anti-parallel solution, one branch will be in a reverse block region when the branch 

voltage is revered. The LT-ETO in this branch will not be able to obtain any power 

during this time and will consume the energy stored in capacitor C1. The total energy 

available to maintain this mode of operation is about 6.2 J, as calculated in equation (3-3). 

2/)( 2

min

2

1

' VVCE ref −⋅=                                                   (3-3) 

Because the on-state power requirement of the ETO is 9 W, according to equation (3-
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3), the ETO switch can operate for more than forty 60 Hz cycles, even in this mode. This 

indicates that the present design of the LT-ETO can safely be used in either AC or DC 

switch applications. When it works in active charge mode, there will be a voltage notch 

(<150 V); however, it is smaller than 5% of the designed operation voltage of this AC 

switch and only lasts a few µs. It needs to meet the IEEE STD 519-1982 for the harmonic 

control in electrical power systems. The width of this notch is determined by the LT-ETO 

switch current value when the control power self-generation function acts. 

 

(a) Rectifier bridge solution 

 

(b) Anti-parallel solution 

Fig. 3.7 Illustration waveforms of AC switch 

 

3.2.4. SSCB implementation using LT-ETO 

SSCBs are floating devices placed in series in distribution or transmission lines with 

voltage levels of 4.16 kV-69 kV or higher. Therefore, the auxiliary power supplies, 
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isolation transformers, and their wiring will greatly increase the cost and reduce the 

reliability of the system. However, for an LT-ETO-based circuit breaker and current 

limiter, these challenges are dramatically relieved by the LT-ETO’s control power self-

generation function as presented in Chapter 2. The LT-ETO can obtain the power for its 

gate driver directly from the line. Auxiliary power supplies and isolation transformers are 

not required.  

The circuit breaker and current limiter require expensive external current sensors for 

the over-current protection control. For the ETO-based circuit breaker and current limiter, 

the external current sensor can be replaced by the ETO’s built-in current sensor [D 4], 

which measures the device current and sends it to the controller for coordinating over-

current protection. Because current information is delivered by optical fiber, there is no 

isolation problem and much less noise. The ETO also features built-in voltage and 

temperature sensors, further simplifies the system design. 

The current rating of commercially available symmetrical GTOs is much smaller than 

that of asymmetrical GTOs due to the immature fabrication technique employed in the 

manufacturing of symmetrical GTOs. The on-state voltage drop of available symmetrical 

GTOs is too high, therefore we need to use available asymmetrical device in series with a 

low on-state voltage diode to achieve reverse voltage blocking capability. To reduce the 

number of devices, we can use two 4.5 kV LT-ETOs combined with a 9 kV rectifier 

diode to build a 9 kV SSCB module. 

Fig. 3.8 shows the circuit diagram of a proposed LT-ETO-based 9 kV SSCB module. 

The maximum blocking voltage is 9 kV and the maximum turn-off current is 8 kA. As 

discussed in section 3.2.2, a 6 µF snubber capacitor is connected in parallel with the LT-
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ETO for 8 kA current interruption capability. A resistor in parallel with the LT-ETO is 

used to improve the static voltage balance of two LT-ETOs’ series operation. The high 

energy metal oxide varistors (MOVs) are for over-voltage protection at switch-off 

transient due to the stored energy in the line inductance. A series mechanic switch (refer 

to Fig. 3.1) is needed as part of the circuit breaker to provide the necessary full isolation 

capability. 

 

Fig. 3.8 Proposed 9 kV SSCB module diagram for a 2 kA distribution line 

3.3. Simulations of SSCB and SSFCL for fault protection 

Fig. 3.9 shows a 3-phase 69 kV/1 kA (PF=0.8) system under study, which is modeled 

by a voltage source and the line inductance. A pure resistive load is shorted by an ideal 

short circuit with 0.001Ω grounding resistance to create the grounding fault. The 

simulation environment is Power Systems Computer Aided Design (PSCAD). 

The fault occurs at 0.5s and clears at 2.0s. The circuit breaker/fault current limiter cut 

off the line current after detecting the fault (50 µs for the ETO switch), and re-closed at 

2.5s. Fig. 3.10 shows the simulation results of one phase of waveforms without 
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protection. The fault current is as high as 40 kA (40 times) and phase voltage drops to 

zero during the fault. The fault current starts out as asymmetrical and finally becomes 

symmetrical (steady-state). 

 

Fig. 3.9 A 3-phase 69 kV/1 kA system under study 
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Fig. 3.10 Line voltage and current without protection 



 

96 

Fig. 3.11 shows the simulation result of one phase of waveforms with activation of an 

inductive SSFCL, where a 53 mH reactor is utilized for the fault current limiting 

impedance. Seen from the waveform, the original fault current is asymmetrical. There is a 

large current overshot during transience due to the turn-off delay of the SSCB, but after 

that, the fault current is limited and slowly becomes symmetrical. 

 

 

Fig. 3.11 Voltage and current with inductive SSFCL 

 

Fig. 3.12 shows the simulation results of one phase of waveforms with the activation 

of a resistive SSFCL, where a 20Ω resistor is utilized for the fault current limiting 

impedance. There is a large current overshot during transience due to the turn-off delay of 

the SSCB, but after that, the fault current is limited to symmetrical with a very small 
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phase voltage drop. The resistive SSFCL has a smaller fault current amplitude and faster 

response than the inductive SSFCL, with the cost of resistor thermal issues. 

 

 

Fig. 3.12 Voltage and current with resistive SSFCL 

 

3.4. Implementation of the SSCB 

Because SSCB and SSFCL are floating devices, the isolation issue is very important 

for the cooling system. Water cooling is traditionally used in high power systems to 

remove the massive heat generated by the semiconductor switch. Traditional power 

switches also need isolated auxiliary power supply for their control. The isolation 

problem becomes serious when the voltage rating is as high as several kV. An LT-ETO 

and heatpipe-based SSCB module is designed to solve this problem. 
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Fig. 3.13 portrays a customized heatpipe that can remove 2 kW of heat from the power 

device with a sufficient amount of forced air cooling. Fig. 3.14 shows the diagram of half 

a 4.5 kV SSCB module under test, where one symmetrical LT-ETO is in series with a 

reverse-blocking diode, in parallel with an anti-parallel diode. The MOV and snubber 

capacitor are also included. 

 

 

Fig. 3.13 A picture of a 2 kW heatpipe 

 

Fig. 3.14 Diagram of half a 4.5 kV SSCB module under test 
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Fig. 3.15 shows half of the designed modular SSCB with a heatpipe to cool down the 

semiconductor devices. Fig. 3.16 shows a single-phase circuit diagram under test. A 7.5 

mH inductor is used as the load and AC 208 V is the input power grid. 

 

Fig. 3.15 Modular SSCB (half) with a heatpipe under test 

 

Fig. 3.16 Single phase circuit diagram under test 
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Fig. 3.17 presents the experimental results that demonstrate the control power self-

generation function of an LT-ETO in an AC switch. Fig. 3.17 (a) shows the start-up 

(energizing) of the LT-ETO-based SSCB and the closing of the switch. 

At time t0, input AC voltage is applied and therefore there is a voltage across the LT-

ETO. The capacitor voltage Vc is subsequently increased to Vref0, the built-in power 

supply works, and the LT-ETO is ready to operate. At time t1, the close-command is sent 

to the LT-ETO switch through an optical fiber and the LT-ETO enters active charging 

turn-on mode. The capacitor voltage Vc is charged to Vref2 by the load current at time t2 

and the LT-ETO resumes normal turn-on mode. Then Vc decreases gradually due to the 

gate driver power consumption to the Vref1 and is finally controlled between Vref1 and 

Vref2. 

When the LT-ETO-based SSCB is in continuous operation (remains in on-status) the 

waveforms are as shown in Fig. 3.17 (b). We can see that the capacitor needs to refresh 

every 400 ms. Each time the capacitor acquires about 5.7J energy. 

Fig. 3.18 shows the waveforms of the LT-ETO active charging charge-on transient. 

We can see that when C1 is charged, the actual voltage across the inductor load is VAC-Vc, 

consequently the load voltage has a small notch and causes a tiny current distortion. 

This distortion is relatively small when Vdc is high. The designed VAC (2 kV RMS) is 

much higher compared to Vc (about 110 V-150 V). The voltage notch is less than 5%. 

The period of this notch will be smaller if the current is higher. 
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(a) Start up (energizing) and SSCB close 

 

(b) Continuous operation 

Fig. 3.17 Waveforms demonstrate the control power self-generation function of an LT-

ETO-based SSCB 
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Fig. 3.18 Waveforms of an LT-ETO active charging charge-on transient 

If Vc decreases to less than Vref1 and there is no current through the LT-ETO, it will 

continue decreasing (still higher than Vmin to maintain the LT-ETO operation) until the 

next half cycle current and/or voltage charges it (refer to section 2.5.4 and Fig. 2.33). Fig. 

3.19 shows the waveforms of an LT-ETO active charging near the current zero-crossing 

point. There are two active charging turn-on operations (t1-t2 and t3-t4) to bring Vc up to 

Vref2. The current distortion near zero-crossing will lower the load total harmonic 

distortion (THD) more than at other points. One possible solution is to inhibit the active 

charge-on operation of the LTETO when the current through this device is relatively low. 

Fig. 3.20 shows the waveforms of an LT-ETO-based SSCB when it cut off the load 

current. At time t5, optical command-off is sent to the LT-ETO. At time t6, the current 

through the LT-ETO is decreased to zero. The voltage across the LT-ETO increases 

rapidly and finally is clamped by the MOV. 
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(a) Load voltage 

 

(b) LT-ETO voltage  

Fig. 3.19 Waveforms of the LT-ETO active charging near current zero-crossing point 
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Fig. 3.20 Waveforms of an LT-ETO-based SSCB current cut-off 

3.5. Conclusions 

This chapter presented the conceptual design of a solid-state circuit breaker and fault 

current limiter. The facts presented demonstrated that the developed LT-ETO can achieve 

a very high commutating rate (diG/dt 12 kA/µs) compared with previously reported 

values, and can safely turn off 8 kA current in contrast to the original 3 kA of a GTO with 

the same 6 µF snubber capacitor. Further improvement in the maximum turn-off current 

of the ETO is possible—for example a Φ75 mm LT-ETO may be able to turn off a10 kA 

current. 

Due to the optical interface, low forward voltage drop, high current interruption 

capability, built-in current sensor, and control power self-generation function, the newly 

developed LT-ETO is a very promising switch for AC applications such as SSCB and 

SSFCL. It does not require an external power source and can successfully cut off the load 
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current in only a few µs. AC operation of the LT-ETO-based SSCB has been 

experimentally verified. 
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CHAPTER 4. BUILT-IN SENSORS INTEGRATION 

AND THEIR APPLICATIONS 

4.1. Introduction 

This chapter introduces an integrated sensors method for measuring the LT-ETO 

voltage, current, and temperature, and to transfer the measured values into a PWM signal 

whose duty cycle is proportional to the measured value, respectively. Because the sensed 

information is sent through an optical fiber for the isolation point of view, it is  easily 

received and used for protection and control purposes. 

The sensed information can be used for the built-in device-level for limitation 

protection purposes. Moreover, a local controller is built into a high power converter that 

is capable of using the sensed information to perform local converter-level protection 

functions such as over-voltage, over-current, and over-temperature protection. The sensed 

information can also be used for real-time device diagnosis. 

The LT-ETO, with its built-in sensors, fast protection speed, and smart protection 

method, enables an LT-ETO-based converter to survive under various fault conditions. 

4.2. Sensing methods of high power semiconductor switches 

Power electronics applications need voltage and current sensors for control and 

protection and a temperature sensor to monitor the cooling system. A common issue 

associated with sensors in high power converters is the isolation requirement. For 

example, a simple voltage divider that is typically used to measure voltage does not easily 

provide a galvanic isolation between the input (high voltage) of the converter side and the 
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output (low voltage) of the control side. A thermal coupler is only suitable for measuring 

water or air temperatures. For this same reason, providing the temperature for individual 

switches is difficult. 

For the current sensor, there are generally four methods for detecting the power device 

current: (a) Detect the voltage across device. According to the I-V characteristic of the 

device, the voltage can reflect the current information. (b) Use a baby device inside to 

sense the current. Its current is proportional to the total current. (c) Detect the voltage 

drop across a small resistor in series. (d) Use a current transducer (Hall sensor, magnetic 

core, and Rogowski coil) to detect the current. Fig. 4.1 shows theses current sensing 

methods for power switches. IGBT is used in the example; however, the methods also 

work for GTO and IGCT. 
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Fig. 4.1 Current sensing methods for power switches 
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A comparison of the current sensing methods used in high power switches (IGBT, 

GTO, and IGCT) is provided in Table 4.1. 

Table 4-1 Comparison of current sensing methods for power switches 

 Additional Requirement Isolated Output Linearity Accuracy Others 

(a) High Voltage Sensing Diode no Bad 

Temp. Co-efficiency. 

Mainly for protection 

(b) Specially Designed Device no Good 

Only for Medium 

IGBT 

(c) Specially Designed Device no Good 

Only for Medium 

IGBT 

Small Resistor  in-series no Very Good Extra loss 

Hall Transducer yes Very Good 

Costly. Need extra 

isolated power supply 

Magnetic Core yes Good 

Not available for DC 

and low freq. 

(d) 

Rogowski Coil yes Good 

Not available for DC 

and low freq. 

 

Practically speaking, method (d) is used in high power application because high power 

switches lack the integrated sensors used in methods (a) and (b). An external resistor (b) 

is not as common due to high losses in the resistor. Typically a Hall transducer is used for 

its good isolation capability and wide measurement frequency range, together with its 

overall accuracy and linearity benefits. However, Hall transducers are costly, bulky, and 

also need external isolated power supplies, thus making it hard to sense the voltage and 

current of every device. Commercial systems generally only sense the DC bus voltage, 
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the AC side voltage, and the AC side current for control, not the switch voltage and 

current. For protection, the switch current is normally measured in the DC input terminal 

[B 53]. However, knowing the status of each power switch helps improve system 

reliability; there are devices in series connection and/or there are cascaded VSCs. 

4.3. Design of the built-in sensors in LT-ETO 

4.3.1. Current sensor and built-in over-current protection 

The LT-ETO is a MOS-GTO hybrid high power device. Inside the LT-ETO, the GTO 

is connected in series with the MOSFETs. When the LT-ETO is conducting current, the 

total current travels through both the GTO and the MOSFETs. In this scenario, the 

MOSFETs act as a small linear resistor whose voltage drops is proportional to the 

through current. The LT-ETO’s built-in current sensor designed is based on this 

principle. 

In previous work [D 10], a built-in current sensor was proposed by detecting the 

voltage drop across the ETO’s integrated MOSFETs Qe and sending out the sensed 

current information, which is used to calculate the load current by controller. This method 

measures the current and transfers the current information to a PWM signal, whose duty 

cycle is proportional to the current value. The frequency of the PWM signal is changed 

according to the MOSFET’s junction temperature. The sensed current information is also 

used for built-in over-current protection. Also proposed is an effort to eliminate the 

temperature effect of the MOSFET’s on-resistance. However, because the temperature 

co-efficiency of Ron is not linear, it is difficult to achieve this function in the ETO. The 

measurement error will be much larger than we expect and fixing the error by calibration 
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is not easy. At the same time, the circuit to generate variable frequency has a fatal 

influence on the duty cycle, which leads another error to the current sensor. 

Another important issue is how to integrate the current sensing method with the 

control power self-generation function in the LT-ETO. During active charge mode, the 

emitter Qe is turned off when the GTO is on. We cannot use the Qe as the small sensing 

resistor during this period. 

Fig. 4.2 shows a block diagram of the built-in current sensor and over-current 

protection. Two branches sense the current through the LT-ETO. One branch senses the 

current of emitter switch Qe during the normal on-period. The voltage across the emitter 

switch Ve is sensed and sent across a resistor R1 to the PWM generator, which generates a 

PWM signal whose duty-cycle is proportional to Vi1 (see equation 4-1). Then the PWM 

signal is transformed to the optical signal and sent through the optical fiber. Another 

branch senses the voltage rising rate (see equation 4-2) of energy storage capacitor C1 

during active charge mode. The differential amplifier’s output Vi2 is then sent to the 

PWM generator as the same processing as Vi1. 

AKAKONi IIRkV ∝⋅⋅′=1                                                    (4-1) 

AK
AKc

i I
C

I
k

dt

dV
kV ∝==

1

2                                                 (4-2) 

A switch S1 connects R1 and the electrical ground. In the Qe on-state, S1 is opened and 

the Ve, which is proportional to the current through the emitter switch, is equal to Vi. In 

the Qe off-state, S1 is closed to isolate the high voltage across Qe to the low voltage 

control circuit side, in this period Vi1=0. At the same time, S1 is also used to blank the 

current edge to eliminate the noise when the entire LT-ETO is switching. Vi1 and Vi2 are 
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also sent to the comparator and latch circuit to achieve the built-in over-current 

protection. 
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Fig. 4.2 The block diagram of the LT-ETO built-in current sensor and over-current 

protection 

 

A linear, precise, integrated-circuit temperature sensor senses the MOSFET’s 

temperature and transfers it to a voltage signal Vt to set a temperature-depended reference 

for the over-current protection to compensate the MOSFET on-resistance temperature co-

efficiency, which is discussed further in section 4.6.3. 

 

4.3.2. Voltage sensor and built-in over-voltage protection 

Fig. 4.3 shows a block diagram of the built-in voltage sensor and over-voltage 

protection. The built-in voltage sensor uses a simple voltage divider to sense the voltage 

across the LT-ETO. Therefore, in a voltage source converter, we can get the DC bus 
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voltage by adding the sensed voltage of the LT-ETO in a bridge-leg together. The sensed 

voltage signal is transferred to a PWM signal whose duty is proportional to the sensed 

voltage. 

 

Fig. 4.3 The block diagram of the LT-ETO built-in voltage sensor and over-voltage 

protection 

A switch S1 connects R1 and the electrical ground. This switch is used for edge-blank, 

which is to blank the high voltage peak at the rising edge by turning on the S1 a few µs 

when the LT-ETO turns off. S1 is then opened and the Vv, which is proportional to the 

voltage across the whole LT-ETO, is sent to the PWM generator to generate a PWM 

signal whose duty-cycle is proportional to the measured voltage. This Vv can also be sent 

to the comparator and latch circuit to achieve built-in over-voltage protection. 

4.3.3. Temperature sensors and built-in over-temperature protection 

Fig. 4.4 shows the block diagram of the built-in temperature sensors and over-

temperature protection. A linear, precise, integrated-circuit temperature sensor senses the 

temperature of the emitter switch (instead of the junction temperature, the temperature of 
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the pad close to the Qe source pin is practically used) and transfers it to a voltage signal 

Vt, which is sent to the PWM generator which then generates a PWM signal whose duty-

cycle is proportional to the measured temperature. The PWM signal is transformed to the 

optical signal and sent through the optical fiber. Vt can also be sent to the comparator and 

latch circuit to achieve built-in over-temperature protection. The temperature of the entire 

LT-ETO’s cathode side is also sensed and processed in the same method. Based on the 

thermal impedence model of the LT-ETO [E15] [E17], the GTO junction temperature can 

be calculated out. 

 

Fig. 4.4 The block diagram of the LT-ETO built-in temperature sensors and over-

temperature protection 

 

4.4. Method to carry four sensed information by two optical fibers 

Optical transmitters transform the electrical signal to an optical signal and drive the 

long optical fibers, through which the optical signal is transformed to electrical signal 
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again by the optical receivers at the controller side. These optical receivers consume the 

main part of the IC static losses of the GDU board. To reduce power consumptions and 

the number of optical fibers, each optical fiber is designed to carry two sensed 

information in series. 

Fig. 4.5 provides a detailed function definition of the optical fibers. One fiber is used 

as a switching command in, and three fibers are used as feedback. First, a status feedback 

signal (one fiber) indicates the actual on/off-state of the LT-ETO. The second fiber sends 

the current information in the on-state and the voltage information in the off-state. The 

third fiber carries the Qe temperature information in the on-state and the LT-ETO cathode 

case information in the off-state. 

The two sensed information is combined in series by the synchronized status feedback 

signal and thus they can also be separated in the controller by the status feedback signal. 
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Fig. 4.5 The function definition of the optical fibers 
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4.5. Method to reconstruct the sensed information 

The output PWM optical signals of the LT-ETO’s built-in sensors are received by 

another circuit board and transformed back to the electrical PWM signal. To reconstruct 

the sensed information in the control side, there are two different methods as shown in 

Fig. 4.6. Method (a) uses an integrator-sample/hold method to reconstruct the sensed 

information. The direct output is an analog signal to which we need to add a precise A/D 

converter for the digital controller that is widely used in the control of high power 

converters. Method (b) uses a high frequency counter to measure the width of the 

sensors’ PWM output. Then the duty is transferred to a value that is proportional to the 

built-in sensors’ output duty cycle. Method (b) is very suitable for real-time digital 

control. 
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Fig. 4.6 The block diagram to reconstruct the LT-ETO’s sensed information 
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4.6. Performance of the built-in sensors 

Accuracy, linearity and fast response are all desirable features in a sensor designed for 

protection and control. The following sections introduce the test results of the LT-ETO’s 

built-in sensors. 

4.6.1. Static performance of the current sensor 

The relationship between current and duty at different temperatures can be expressed 

as shown in equation (4-3). 

bITaTIDuty +⋅= )()(_                                               (4-3) 

Here, a(T) is a temperature-dependent co-efficiency related to the resistance of Qe and 

the gain in the signal processing circuit, and b is a constant (around 0.5) that will vary 

according to the calibration. According to the results in [D10], the sensor output PWM 

duty cycle is proportional to the current in a wide range. By scaling the sensing MOSFET 

on resistor value, we can get the curve for the LT-ETO. Fig. 4.7 shows the calculated 

results of the built-in current sensor output PWM duty cycle versus the current at 25°C. 

The measurement error of this built-in current sensor is less than 1%. Equation (4-4) 

shows the relationship between current and duty at 25°C. 

52872.0000115.0_ +⋅= IIDuty                                          (4-4) 

4.6.2. The dynamic performance of a built-in current sensor 

The LT-ETO with a built-in current sensor was tested in a boost type PWM converter 

up to 1 kA peak. In this converter, the built-in current sensor measured the current during 
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LT-ETO switching. The output PWM optical signal of the built-in current sensor was 

received by another circuit board and transformed back to the electrical PWM signal for 

measurement and reconstruction. 
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Fig. 4.7 Calculated current sensor output PWM signal duty cycle versus. the current 

 Fig. 4.8 illustrates the experimental test results of the current sensor output (bottom 

curve) and the LT-ETO current measured by the Rogowski coil (top curve) during one 

switching pulse. Fig. 4.9 depicts a reconstructed current waveform whose value is 

proportional to the built-in current sensor output duty cycle. This figure clearly 

demonstrates that the built-in current sensor output matches up well with the current 

measured by the Rogowski coil. The measurement delay is less than 8 µs (the period of 

the PWM signal) and the 8 µs fixed delay can be compensated by a digital controller. 

This matches up well with the actual current measured by the Rogowski coil and 

produces an excellent linear and dynamic performance result. 
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Fig. 4.8 Measured current and current sensor output PWM signal 
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Fig. 4.9 Measured current and reconstructed current 
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4.6.3. Temperature compensation of a built-in current sensor 

The temperature of Qe MOSFETs is sensed by a linear, precise, integrated-circuit 

temperature sensor. Combined with the current information, this temperature information 

can be used by the control system. The actual current will be used for control after 

temperature co-efficiency compensation in the controller. 

For built-in over-current protection, two linear segments are used to match the 

temperature co-efficiency below 125°C, as shown in Fig. 4.10. The solid curve is the real 

temperature-dependent normalized on-state resistance and the dashed lines are the two 

matching linear segments. 

 

(a)

(b)

 

Fig. 4.10 The non-linear on-state resistance versus junction temperature and the two 

matching linear segments 
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The voltage threshold references in the built-in over-current protection function for 

segments (a) and (b) are given as shown in equations (4-5) and (4-6). 

1875.20125.0 +⋅= TVa                                            (4-5) 

875.1025.0 +⋅= TVb                                                 (4-6) 

It is important to remember that the reference voltage will automatically change 

according to the temperature with an acceptable error for on-device over-current 

protection. Finally, the temperature effect on the MOSFET’s on-resistance can be 

eliminated both for control and protection by considering the temperature co-efficiency of 

the MOSFET. 

Fig. 4.11 shows the transient waveforms associated with built-in over-current 

protection. When the LT-ETO current rises to the trigger value, the over-current is 

detected immediately and the protection is triggered. The LT-ETO starts to turn off. After 

about 2 µs, the current begins to decrease to zero. The LT-ETO can be set to latch-off 

indefinitely or only latch-off for a period of time. 

 

Fig. 4.11 Waveforms of a built-in over-current protection transient 
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Fig. 4.12 shows how the over-current protection setting value Vref is increased 

according to the temperature of Qe MOSFET, as described in equations (4-5) and (4-6). 

As a result, the strong temperature effect of Qe MOSFET is well compensated and the 

over-current protection value is almost constant when the temperature varies between 

20ºC to 100ºC. 
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Fig. 4.12 LT-ETO over-current protection at different temperatures 

 

4.6.4. Static performance of the voltage sensor 

The built-in voltage sensor was tested by changing the voltage across the LT-ETO 

device. The device is kept off in this test. The output PWM optical signal of the built-in 

voltage sensor was received by another circuit board and transformed back to the 

electrical PWM signal for measurement. Fig. 4.13 shows the measured voltage sensor 
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output PWM signal duty cycle versus the voltage across the LT-ETO. The relationship 

between voltage and sensor output duty is demonstrated in equation (4-7). 

   52775.0000176.0_ +⋅= VVDuty                                         (4-7) 
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Fig. 4.13 Measured voltage sensor output PWM signal duty cycle versus the voltage across 

the LT-ETO 

 

4.6.5. Static performance of the temperature sensor 

The built-in temperature sensor was tested by changing the temperature of the LT-

ETO device. The device was kept off in this test. The output PWM optical signal of the 

built-in temperature sensor was received by another circuit board and transformed back to 

the electrical PWM signal for measurement. Fig. 4.14 shows the measured temperature 
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sensor output PWM signal duty cycle versus the temperature of the LT-ETO. The 

relationship between temperature and duty is demonstrated in equation (4-8). 

     66574.0001996.0_ +⋅= TTDuty                                        (4-8) 

y = 0.1996x + 66.574
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Fig. 4.14 Measured temperature sensor output PWM signal duty cycle versus the 

temperature of the LT-ETO 

 

4.7. Converter-level protection using the built-in sensors 

A field-programmable gate array (FPGA)-based local digital controller was developed 

to control an LT-ETO-based modular VSC. This controller can read the LT-ETO sensors’ 

output signal and protect the converter at a pre-determined protection setting value. With 

this local digital controller, an LT-ETO-based power converter can operate at its rated 

capability without any concern of converter failure. The local digital controller can 

implement the basic converter-level protection function integrated inside, including over-
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voltage, over-current, and over-temperature protection functions. Fig. 4.15 portrays the 

FPGA-based local digital controller. 

 

Fig. 4.15 A picture of the FPGA-based local digital controller [E 16] 

4.7.1. Over-current protection 

The local digital controller includes an over-current protection function. The LT-ETO 

device itself also features built-in current protection function that can be used to achieve a 

faster over-current protection function such as shoot-through protection, whose trigger 

setting value is less than that of the digital controller. 

 

Fig. 4.16 Over-current protection (by local digital controller) 
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Fig. 4.16 shows the test waveforms of over-current protection trigged by the local 

digital controller. A fixed dead-time setting exists in the local digital controller between 

the command-in from the central digital controller and the command out to the LT-ETO. 

The local digital controller reads the current information (PWM duty cycle) from the LT-

ETO’s current sensor output. When the current is greater than the setting value, the local 

digital controller generates a fault signal and turns off the LT-ETO to prevent over-

current failure, and the actual switching signal pulse of the device is narrower than the 

command signal. Fig. 4.17 illustrates the test waveforms of over-current protection in a 

boost-converter. 

 

Fig. 4.17 Over-current protection in a boost-converter (by local digital controller) 

4.7.2. Over-voltage protection 

The local digital controller includes an over-voltage protection function. When the 

voltage sensor signal is higher than the setting protection point, the local digital controller 

will shut the converter off by turning off all switches. The over-voltage protection can be 
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reset by using the hysteretic control method. After protection, the local digital controller 

releases the block of all switching signals when the voltage decreases below the preset 

recovery voltage. Fig. 4.18 illustrates the test waveforms of over-voltage protection 

trigged by the local digital controller and Fig. 4.19 shows the test waveforms of over-

voltage protection in a boost-converter. 

 

Fig. 4.18 Over-voltage protection (by local digital controller) 

 

Fig. 4.19 Over-voltage protection in a boost-converter (by local digital controller) 
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4.7.3. Over-temperature protection 

The local digital controller includes an over-temperature protection function. When 

the LT-ETO’s temperature reaches a preset value, the local digital controller turns on the 

cooling system to cool down the devices. If the temperature continues to rise to the 

protection point the local controller block all the switches. Only when the temperature 

decreases to a safe point does the local controller release all the switches. Fig. 4.20 shows 

the test waveforms of over-temperature protection trigged by the local controller. 

 

Fig. 4.20 Over-temperature protection (by local digital controller) 

 

4.8. Real-time device diagnosis using the built-in sensors 

To improve the reliability across the entire system we can increase the redundant 

converters for cascaded structure and/or increase the power switches in series connection. 

One very important role to ensure this redundancy is knowing the status of the power 

switch and the converter. Thus we also need the sensors to provide information about the 

converter and the device. The integrated sensors can give us the voltage across the device, 
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the current through the device, and the case temperature of the device. These are 

extremely useful for protection and real-time diagnosis. 

Table 4.2 presents real-time diagnosis data for the LT-ETO device by using the 

voltage and current sensors together with the gate driver signal of the LT-ETO. The 

temperature sensor is used for diagnosis of the cooling system. 

Table 4-2 Real-time diagnosis table for the LT-ETO 

Command 

Signal Input 

(CS) 

Status 

Feedback 

(SF) 

Sensed 

Voltage of 

LT-ETO 

(VAK) 

Sensed 

Current of 

LT-ETO 

(IAK) 

Gate driver 

Status 

LT-ETO 

Status 

High Low - - Fail/Protected - 

High High Low - ok ok 

Low High - - Fail - 

Low Low High Low ok ok 

Low - Low High - Fail 

 

4.9. Conclusions 

This chapter presented the design and experimental demonstration of the innovative 

built-in sensors integration of the LT-ETO. The voltage, current, and temperature sensors 

are integrated in the device for the first time. These experimental results demonstrate the 

linearity and precision of the built-in sensors. Different from conventional converters that 

rely on expensive external sensors to gather voltage, current, and temperature information, 

the LT-ETO converter utilizes the built-in sensors for protection and even close-loop 

control. The temperature effect of over-current protection is compensated and the 

protection point is almost constant during a wide temperature range. Combined with the 
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FPGA-based digital controller, the protection functions are flexible and can effectively 

protect the LT-ETO and the converter in a timely method. 

The LT-ETO’s built-in sensors and protection functions can be used to improve the 

performance and reliability as well as reduce the costs associated with high power 

electronics systems. These sensors can also be used for the real-time diagnosis for the 

LT-ETO and the entire system. 
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CHAPTER 5. SERIES OPERATION OF THE LT-ETO 

5.1. Introduction  

A demand for increasing the operating voltage in power and power electronics systems 

exists in order to reduce current and prevent or minimize conduction loss. Due to the 

limited voltage rating of today’s power semiconductor devices, the series connection has 

been the industry’s most popular practice for expanding voltage levels to boost output 

voltage and output power for power electronics system. Increasing the voltage rating is 

also a requirement for AC applications such as solid-state circuit breakers and fault 

current limiters. 

The key requirement for series operation is to ensure static voltage sharing at off-state 

and uniform dynamic voltage balance at both the turn-off and turn-on transitions. Static 

voltage balancing can be achieved by connecting a resistor in parallel with each device. 

Dynamic voltage balancing during turn-on and turn-off transients is more difficult to 

achieve. Two dynamic voltage balancing techniques are currently used in the industry: 

load side balancing and gate side balancing (also called active gate control). 

For IGBTs, dynamic voltage sharing can be achieved through active-gate-control 

without any additional components [C 17]-[C 21]. However, because there is no Forward 

Biased Safe Operation Area (FBSOA), series-connected GTOs and ETOs must use a 

voltage balance network to achieve dynamic voltage sharing during the switching 

transition. 
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Fig. 5.1 illustrates the topology of two GTOs in series connection. RDC is used for 

static voltage balancing and an RCD snubber is used for dynamic voltage balancing. 

Under the clamped inductive load turn-off condition, with a big snubber capacitor Cs, the 

voltage difference between the two GTOs due to the storage time difference 2∆ts can be 

given by equation (5-1) [D 4]. 

s

sA

C

tI
V

∆⋅⋅
=∆

2
                                                     (5-1) 

The typical storage time of a traditional high power GTO is approximately 25  µs, 

which is determined by the gate driver and GTO’s parameters such as carrier lifetimes 

and doping profile. A ±10% storage time tolerance is reasonable for GTOs made from the 

same process [B 54]. 

According to equation (5-1), the required voltage-balancing capacitance will be 

around 6 µF to ensure a maximum voltage difference within ±10% of the rated operating 

voltage (normally 2.5 kV for 4 kA/4.5 kV GTO) during turn-off. There is also a 

high-voltage, high-current diode needed in the RCD snubber [B 23], [B 55]. 

 

The large dynamic voltage balance network has the following drawbacks: 

(1) Costly diode and capacitor (low stray inductance) 

(2) Large energy ( 2/2VCs ⋅ ) trapped in Cs, causing higher loss at higher switching 

frequencies 

(3) Additional mechanic clamp and electrical connection 

(4) Long switching transient time resulting in limited applicable switching frequency 
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Fig. 5.1 Topology of two GTOs in series connection [D4] 

The emerging ETO device has a much smaller storage time and alleviates these 

problems by using a simpler RC snubber. A compensated gate driver is also proposed, 

where the gate driver time delay, storage time delay, and voltage rising time delay are 

compensated to achieve even better dynamic voltage sharing. The balanced voltage 

sharing can be obtained and verified experimentally. An actively controlled gate driver 

method is also proposed for the first time to achieve dynamic voltage sharing by utilizing 

the LT-ETO’s built-in voltage sensor. 

5.2. Principle of the LT-ETO in series application 

Fig. 5.2 shows the topology of two LT-ETOs in series connection. RDC is used for 

static voltage balancing and a simple RC snubber is used for dynamic voltage balancing. 
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Fig. 5.2 Topology of two LT-ETOs in-series connection 

5.2.1. Static voltage balance issue in LT-ETO 

Different from conventional ETOs, the LT-ETO has an additional circuit branch in 

parallel with the main device to provide the start-up energy for the LT-ETO. A fixed 

power requirement of around 1.8 W and a sink current of 18 mA are needed when the 

built-in DC-DC converter is ready in start-up mode, as discussed in the Chapter 2. For 

two LT-ETOs in series, the two built-in DC-DC converters may start at different times. 

The worst case is that one LT-ETO sinks 18 mA current and the other one sinks none. 

Under this situation, the voltage of the LT-ETO that starts first will decrease and may 

disable its DC-DC converter again hence reducing the sink current and increasing the 

voltage across the device again. This process will repeat itself resulting in the voltage on 

the two LT-ETOs to oscillate at a low frequency. Therefore the control power self 

generation function in the LT-ETO makes it worse to have a good static voltage balance 
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during its start-up period, or in the worst case, may not even allow the proper start-up of 

the LT-ETO because one device may never obtain the start up power. The situation will 

be even worst if there are multiple LT-ETOs in series.  

To solve this additional problem, the static balancing resistor RDC needs to sink a 

current much higher than the extra current difference between LT-ETO1 and LT-ETO2, in 

addition to the leakage current difference of LT-ETOs and their anti-parallel diodes. The 

worst-case current difference would be around 18 mA because the semiconductor 

component leakage current is a relatively small value [B10] [B12]. This would require 

the use of a much smaller RDC value hence increasing the power dissipation in the RDC 

branch and is therefore not desirable. A higher value of RDC can be used as long as it 

ensures the LT-ETO voltage is lower than the breakdown voltage VBR and higher than the 

minimum voltage Vmin for the DC-DC converter to start. For two LT-ETOs in series, the 

RDC can be selected by equations (5-2) and (5-3). 

              
mA

VV
RDC

18

|| 21 −= , DCVVV =+ 21                                        (5-2) 

BRVVV ≤),max( 21 , min21 ),min( VVV ≥                                  (5-3) 

Through experimental verification (refer to Fig. 5.16 and Fig. 5.17), a 50 kΩ resistor 

RDC can satisfy the above requirement. The power loss on this resistor RDC is around 40 

W when two series LT-ETOs run at a 2.8 kV DC bus voltage. Now the current through 

RDC is 28 mA, and dominants the static voltage balance. This is enough to compensate 

the sink current difference of the LT-ETO’s built-in DC-DC converter (in start-up mode) 

and the leakage current difference of the GTO and the anti-parallel diode. The 
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manufacturing tolerance of RDC will also have a small influence on the static voltage 

balance, depending on the tolerance value. 

Another method for further reducing the power loss on resistor RDC is to control the 

two LT-ETOs to start up at the same time. Now the maximum current difference is only 

the difference between two built-in DC-DC converter sink currents, which is around 1.8 

mA or 10 percent of the original 18 mA difference. Therefore, equation (5-3) is changed 

to equation (5-4). 

              
mA

VV
RDC

8.1

|| 21 −= , DCVVV =+ 21                                       (5-4) 

Consequently, the value of resistor RDC can be ten times larger and its power loss can 

be reduced to only 1/10
th

 or 4 W. 

Above discussed static voltage balance issue also occurs in the VSC when LT-ETOs 

in each phase-leg are in start-up mode since all devices are in off state and are effectively 

in series connection. An additional resistor RDC is also needed to help the LT-ETO based 

VSC to start up. However, with a newly proposed method of starting the DC/DC 

converters of LT-ETOs at the same time, the LT-ETOs in each leg can start up at the 

same time. To do so, the LT-ETO’s start-up circuit needs an additonal current regulation 

loop to ensure same sink current during start-up stage automatically. In real case, LT-

ETOs in series operation always have RC snubber, which will largely relieve the voltage 

unbalance during start-up period. 

The static voltage balance is not necessary because the DC bus voltage value is 

designed to ensure the voltage of every switch cell is less than its breakdown voltage VBR, 
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therefore RDC is not needed. Of course, if each switch cell is constructed by several single 

switches in-series, RDC is still required to make the static voltage balance among the 

switches in the cell. 

5.2.2. Dynamic voltage balance issue in LT-ETO 

Considering the turn-on di/dt snubber is generally required to control the reverse 

recovery of the diode, the turn-on period is not a practical concern for the ETO in series 

connection (refer to Fig. 5.16 and Fig. 5.17). The voltage difference observed at turn-on 

is essentially nothing, as shown in later in the experimental results. Assuming the unity 

turn-off gain condition, the following sections focus on the dynamic voltage balance 

during ETO turn-off transition. 

Fig. 5.3 shows the waveforms and key parameters during ETO turn-off transition. The 

ETO’s storage time ts is defined to be the time interval between when the ETO starts to 

be turned off by the negative gate current and when the anode voltage starts to rise 

(ts=t1+t2). 

Many factors affect the dynamic voltage balance, including the following parameters: 

• The circuit related gate driver delay t1 (also called the gate current 

commutation time). During this period a negative IG increases to the value of 

IK. 

• The device-dependent storage time delay t2. During this period the minority 

carriers in the P-base region of the GTO are pulled out by the negative gate 

current IG until the main junction J2 (refer to Fig. 1.19) is recovered. 

• The voltage rising time tvr. During this period the minority carriers in the n
-
-

region are swept out while the voltage increases to the DC link voltage value. 
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• The current falling time tif, During this period, anode current IA rapidly falls to 

its tail value, then the tail current decreases slowly to zero, which is determined 

by the minority carrier’s recombination in the undepleted n
-
 region. 

 

Fig. 5.3 Waveforms during ETO turn-off transition [D 21] 

5.3. Modeling and analysis of the dynamic voltage balance issue 

After the ETO cathode current completely commutates to the gate terminal, the GTO 

device enters a PNP transistor mode. Until the recombination of the minority carrier, the 

PNP transistor begins to support the voltage, which indicates the end of the storage phase. 

At that time, the space depletion region expands to support the voltage, which forms an 



 

138 

equivalent junction capacitor during the voltage rising time tvr. An equivalent circuit of 

ETO with an RCD snubber network is used to study the dynamic voltage balance issue, 

as shown in Fig. 5.4, where an equivalent junction capacitor Cj represents the ETO device 

during this period, and the stray inductance is ignored to simplify the analysis (The result 

for ETO in-series without a snubber or with an RCD snubber can be deducted from the 

result for ETO in-series with an RC snubber.) Thus the maximum voltage deference of 

two ETOs in-series during turn-off transition can be described by equations (5-5) and (5-

6). 

)()( 21 svrvrbus ttVtVV ∆−+=
                                            (5-5) 

)()( 21 svrvr ttVtVV ∆−−=∆
                                             (5-6) 

In these equations, V1 and V2 represent the ETO’s anode-cathode voltage, ∆ts is the 

storage time difference of the two ETOs including the deference of circuit-related gate 

driver delay t1 and the deference of device-dependent storage time delay t2. 

The voltage waveforms during turn-off transition of two ETOs in-series are shown in 

Fig. 5.5. 

During the voltage rising time tvr, the minority carriers in the n
-
-region are swept out 

while the voltage increases to the DC link voltage value. The space depletion region 

expands to support the voltage, which forms an equivalent junction capacitor that is 

voltage dependent. In the following discussion, this equivalent junction capacitor Cj is an 

average value that describes the voltage rising rate at different turn-off current values. Its 

value is affected by both the voltage and turn-off current. 
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Fig. 5.4 Simplified equivalent circuit during turn-off transition of two ETOs in-series  

 

Fig. 5.5 Voltage waveforms during turn-off transition of two ETOs in-series 
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Fig. 5.6 shows the measured voltage rising time tvr, which decreases when the turn-off 

current increases. Fig. 5.7 shows the calculated Cj at a different turn-off current, which 

increases when the turn-off current increases. Fig. 5.8 shows the calculated Cj at a 

different DC-bus voltage, which decreases when the DC-bus voltage increases.  

These figures demonstrate the deference of two ETOs. It becomes obvious that the 

equivalent junction capacitor Cj can be analytically described by equation (5-7). 

b

DCAKAKDCj VIaIVfC −⋅⋅≈= ),(
                                         (5-7) 
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Fig. 5.6 Measured voltage rising time at different turn-off currents (VDC=1.4 kV) 
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Cj Vs. Current at 1400VDC
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Fig. 5.7 Calculated Cj at different turn-off currents (VDC=1.4 kV) 

Cj Vs. DC Voltage
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Fig. 5.8 Calculated Cj at different DC-bus voltages (IAK=1 kA) 
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5.3.1. Dynamic voltage balance without a snubber 

Applying equations (5-5) and (5-6) to Fig. 5.4 without any snubber, we get the 

expression of ∆V, which is determined by the difference of junction capacitor Cj, turn-off 

current Iak, and ∆ts. As shown in equation (5-8), the first part represents the voltage 

unbalance due to the junction capacitor difference, and the second part represents the 

voltage unbalance due to the total storage time difference at different turn-off current 

levels. Both contribute to the maximum voltage difference during turn-off. 
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                           (5-8) 

 

Fig. 5.9 3-D drawing of the dynamic voltage balance without a snubber 

(Vbus=5.6 kV and Iak=4 kA) 
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Fig. 5.9 shows a 3-D drawing of the dynamic voltage balance without a snubber 

(Vbus=5.6 kV and Iak=4 kA). Two planes are drawn as the boundary. It is evident that the 

dynamic voltage unbalance due to the average junction capacitor difference can be 

compensated by changing the∆ts. 

5.3.2. Dynamic voltage balance with an RCD snubber 

Applying equations (5-5) and (5-6) to Fig. 5.4 with an RCD snubber, we get the 

expression of ∆V, which is determined by the difference of junction capacitor Cj as well 

as the difference of snubber capacitor Cs, turn-off current Iak, and ∆ts. As shown in 

equation (5-9), the first part represents the voltage unbalance due to the junction capacitor 

difference as well as the snubber capacitor, and the second part represents the voltage 

unbalance due to the total storage time difference at different turn-off current levels. Both 

contribute to the maximum voltage difference during turn-off. Clearly the second part can 

be lowered by applying the snubber capacitor, and the first part can be lowered also, if 

the difference (percentage) of the snubber capacitor is smaller than that of the junction 

capacitor. 

We can also see that equation (5-8) is a special case of equation (4-9), and equation (5-

1) is a special case of equation (5-8), ignoring the voltage rising time tvr difference (refer 

to Cj) of two ETOs. 
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Fig. 5.10 shows a 3-D drawing of the dynamic voltage balance with an RCD snubber 

at (Vbus=5.6 kV and Iak=4 kA). Four planes are drawn as the maximum voltage difference 

boundary. This drawing demonstrates that the dynamic voltage unbalance due to the 

average junction capacitor difference can be compensated by changing the∆ts. 

 

Fig. 5.10 3-D drawing of the dynamic voltage balance without a snubber 

(Vbus=5.6 kV and Iak=4 kA) 

 

5.3.3. Dynamic voltage balance with an RC snubber 

As discussed in previous sections, applying only a simple RC snubber instead of the 

RCD snubber is favorable. The following discussion demonstrates why the RCD snubber 

can be considered as the special case of RC snubber at a certain condition. How to select 

the parameters of this RC snubber is also discussed. 
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Equations (5-10) and (5-11) can be attained by applying equations (5-5) and (5-6) to 

Fig. 5.4 without any snubber. 
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If the snubber resistor R satisfies equation (5-12) shown below, we can apply Taylor 

expansion to equations (5-10) and (5-11). 
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Omitting the higher level (including 2
nd

 and above) in the infinite Taylor series, we get 

equation (5-13). 
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Obviously this is the same as equation (5-8), which means the RC snubber cannot 

improve the dynamic voltage balance when the snubber resistor is too large. 

If the snubber resistor R satisfies equation (5-14), then equations (5-10) and (5-11) 

turn out to be equations (5-15) and (5-16). 
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Thus equation (5-17) shows how we can calculate the maximum voltage difference of 

two ETOs. 
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Clearly this is the same as equation (5-9), which means the RC snubber can improve 

the dynamic voltage balance as the RCD snubber when the snubber resistor is small 

enough. 

5.4. Compensated gate-driver to improve the voltage balance issue 

In previous discussions we learned that if we do not have two identical ETOs in series, 

we can simply lower the ∆ts—the total storage time difference of two ETOs—to improve 

the dynamic voltage balance. 

Assuming Lgt is the gate loop total inductance and VQE is the dynamic voltage pulse 

during the gate current commutation phase (refer to Fig. 1.19 and Fig. 5.3), the gate 

current commutation time t1 is proportional to the turn-off current, as shown in equation 

(5-18). 

QE

AKgt

V

IL
t

⋅
=1                                      (5-18) 

When the gate current commutation finishes, the P-base minority carrier is removed 

by the ETO’s gate current, which is now equal to its anode current under the unity turn-
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off gain condition. Because the minority carrier quantity in the P-base is proportional to 

the anode current before the turn-off process and under unity turn-off gain, the minority 

carrier depletion speed is proportional to the anode current. Thus, the ETO’s device-

dependent storage time delay t2 is almost a constant value over a wide current range. It 

depends on the device design, the charge carrier lifetime, and therefore the junction 

temperature. 

Fig. 5.11 shows the relationship between storage time and turn-off current. t1 is 

proportional to the turn-off current, while t2 is almost independent of the turn-off current. 

The total storage time ts is shown as an almost linear function of the turn-off current in 

equation (5-19), and the deviation of storage time ∆ts is shown in equation (5-20) [D 21]. 

Inst s ⋅+= 3025.0610                                 (5-19) 

It s ∆⋅=∆ 3025.0                                                    (5-20) 

With significantly decreased storage time, the ETO has much better storage time 

dispersion than the GTO. A storage time survey of the ETO made from six randomly 

selected commercial “old generation” ETOs shows that the storage time difference is 

within ±10% and the absolute value of ∆ts (max) is reduced to about ±100 ns, within the 

total ts is around 1.3µs, as shown in Table 5.1. 

Table 5-1 “Old generation” ETO storage time @ Ia=2 kA and 125 C [D 4] 

 ETO1 ETO2 ETO3 ETO4 ETO5 ETO6 

ts (µs) 1.3 1.4 1.3 1.4 1.2 1.2 

The new LT-ETO’s gate commutation time is further reduced by increasing the 

dynamic voltage pulse during the gate current commutation phase, as shown in equations 
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(5-21) and (5-22). Thus the device’s in-series operation performance is improved for the 

reduced storage time and the storage time difference. 

Insts ⋅+= 1508.0610                                          (5-21) 

Its ∆⋅=∆ 1508.0                                                   (5-22) 
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Fig. 5.11 ETO storage time at different turn-off currents [D 21] 

Unfortunately, reducing ∆ts has limitations, for a higher voltage QE MOSFET has 

much higher on-resistance, which increases the ETO conduction loss. The voltage rising 

time difference cannot be reduced by this method. 

The dynamic voltage balance introduced by the gate driver delay, the storage time 

delay, and the voltage rising time delay can be compensated by simply adjusting the time 

delay between the actual turn-off demands, as discussed previously in equations (5-8) and 

(5-9) and Fig. 5.9 and Fig. 5.10. 
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5.5. Experimental demonstration and results 

5.5.1. Experiment setup 

The Dynex GTO (Model DG858) is used to build the LT-ETO. The series number for 

LT-ETO1 (up) is #18089, and the series number for LT-ETO2 (bottom) is #18034. Their 

junction capacitors are measured as shown in Fig. 5.6, Fig. 5.7, and Fig. 5.8. The 

parameters selected for the voltage balance network are RDC=50 kΩ, RS=1 Ω, and CS=1.5 

µF. 

The total DC voltage is set to 2.8 kV, which is the limitation of the pulse tester (refer 

to Fig. 2.35). Two LT-ETOs are connected in series with no extra power supply for the 

GDU boards. A pulse generator sends out two adjustable commands to the LT-ETOs by 

optical fibers. Fig. 5.12 shows a picture of the tester setup. Rogowski coils are used to 

measure the current and high voltage differential probes are used to measure the voltage. 

 

Fig. 5.12 Tester setup for two LT-ETOs in series operation 
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5.5.2. Experimental results 

(1) Dynamic voltage unbalance due to the command delay 

A circuit related gate driver delay from the optical command-in signal and the actual 

turn-off command occurs due to the difference of the RC delay and IC parameters in the 

LT-ETO’s GDU boards. This delay is in the range of several hundred ns, which means 

the two LT-ETOs are not actually turned off at the same time, even if the commands from 

the optical fibers are the same. Fig. 5.13 shows the waveforms of two LT-ETOs in-series 

that are turned off at 2 kA. The actual turn-off command of LT-ETO1 is 80 ns later than 

that of LT-ETO2. The maximum voltage difference is as high as 510 V, around 36.4% of 

the DC voltage of each LT-ETO device. 
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Fig. 5.13 Voltage unbalance due to the different command delay 
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(2) Dynamic voltage unbalance due to the GTO difference 

The command delay difference shown above can easily be compensated by adjusting 

the optical command-in signal of LT-ETO1 by 80 ns earlier, which ensures the two LT-

ETOs actually receive a command turn-off at the same time. Fig. 5.14 shows the 

waveforms of two LT-ETOs in-series that are turned off at 2 kA. The actual turn-off of 

LT-ETO1 is almost the same as LT-ETO2. The maximum voltage difference is still as 

high as 349 V, which is equal to approximately 25% of the DC voltage of each LT-ETO 

device. This voltage difference comes from the different storage time ts and the dv/dt 

during the voltage rising period trv. These parameters are device-dependent due to the 

processing difference of the GTO. 
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Fig. 5.14 Voltage unbalance due to the GTO difference 
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(3) Compensated gate-driver to achieve dynamic voltage balance 

The time delay in the LT-ETO device affects the dynamic voltage balance 

performance between devices in-series. The driver delay can be adjusted to a small 

degree by gate resistance [D 4]. However, the storage time delay and voltage rising time 

delay are related to the device’s physical parameters and it is hard to match the storage 

time delay and voltage rising time delay between different devices by adjusting the 

parameters of each device one by one. Instead, we can adjust the actual turn-off 

command further to compensate for this difference without considering or changing the 

physical parameters of the GTO. Fig. 5.15 shows the waveforms of two LT-ETOs in-

series that are turned off at 2 kA, and now the actual turn-off of LT-ETO1 is 160 ns 

earlier than that of LT-ETO2. The maximum voltage difference is only 2 V, or around 

0.1% of the DC voltage of each LT-ETO device. This is almost a perfect dynamic voltage 

sharing! 
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Fig. 5.15 Voltage balance by adjusting the command time delay 
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Fig. 5.16 shows the waveforms of two LT-ETOs in one switching cycle. It is evident 

that the voltage sharing at turn-on transition has a positive effect because the turn-on di/dt 

snubber limited the LT-ETO devices’ current at the turn-on transition. Of course, we can 

use a similar method for turn-off voltage balance to improve the voltage sharing at turn-

on transition; however, that is not necessary. Fig. 5.17 shows the waveforms of two LT-

ETOs in double switching cycles, which depicts a favorable voltage balance between two 

LT-ETOs in a long scale, including the off period, self-power period, and normal 

switching period. 
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Fig. 5.16 Waveforms of two LT-ETOs in-series (2
nd

 pulse) 

Table 5.2 summarizes the performance of the two LT-ETOs’ series operations. Fig. 

5.18 shows the voltages of two LT-ETOs in-series at different command-off delays. 
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Because the snubber capacitor is charged to almost the same voltage, the extra loss 

caused by the discharge of the trapped energy in the capacitor is around 1.47 J ( 2/2VCs ⋅ ) 

at all conditions. This energy will damp in the snubber resistor at turn-on. However, the 

individual turn-off losses of the two LT-ETOs will be different, as shown more clearly in 

Fig. 5.19. 
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Fig. 5.17 Waveforms of two LT-ETOs in-series (double pulses) 

Table 5-2 Performance of LT-ETO in-series 

∆t (ns) Vtotal_max (kV) V1max (kV) V2max (kV) ∆Vmax (kV) Eoff1 (J) Eoff2 (J) 

-80ns 3.080 1.337 1.837 0.580 1.204 1.942 

0ns 3.101 1.451 1.802 0.351 1.418 1.901 

80ns 3.220 1.533 1.771 0.238 1.611 1.863 

160ns 3.385 1.723 1.725 0.002 1.815 1.589 
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Fig. 5.18 Peak voltage of two LT-ETOs in-series at different command-off delays 
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Fig. 5.19 Turn-off energy of two LT-ETOs in-series at different command-off delays 

 

The dynamic voltage balance at turn-off can be achieved by simply adjusting the 

command delay time of the two LT-ETOs. While there will be a trade-off between the 

same voltage sharing and the same turn-off loss, in practice the delay time for the same 

loss point is not the same as for a matching voltage sharing point. 
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Above all, the dynamic voltage balance introduced by the gate driver delay, the 

storage time delay, and the voltage rising time delay can be compensated for by simply 

adjusting the time delay among the actual turn-off demands. This is the principle of the 

compensated-gate driver method. However, this method needs to measure numerous 

parameters for each device in advance to know their gate driver delay, storage time delay, 

and voltage rising time delay (the junction capacitor Cj). Some parameters that need to be 

measured include current, voltage, and temperature dependent. Then, the digit controller 

can adjust the actual turn-off command of each LT-ETO according to the measured 

parameters and following calculation. (The results can be used to build a look-up table for 

real-time compensation.) This is a big burden in real applications. Moreover, the stray 

inductor and measurement error will introduce a calculation error for the compensation. 

5.6. Active control gate driver to solve LT-ETO voltage balance issues 

An active control gate driver method is proposed for the first time to achieve dynamic 

voltage balance automatically by utilizing the LT-ETO’s built-in sensors. No device 

parameters are measured in advance; with the help of this voltage sensor the digital 

controller can automatically adjust the time delay between the actual turn-off commands 

to compensate for the storage time delay and the voltage rising time delay until the 

voltage difference of the LT-ETOs is near zero (results can be used to build a look-up 

table for real-time compensation). The compensated gate driver method becomes a close-

loop method—the active control gate-driver method. 

From the equations (5-8) and (5-9) and Fig. 5.9 and Fig. 5.10, we can also see a trend 

of how the maximum voltage difference of the two LT-ETOs increases when the bus 

voltage and/or turn-off current increases. Increasing the bus voltage and/or the turn-off 
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current by steps, the digital controller then adjusts the time delay between the actual turn-

off commands by steps (increase/decrease) to make the voltage difference of the LT-

ETOs almost zero, and the data are recorded in the look-up table. 

Fig. 5.20 shows a flowchart of the proposed active control gate driver method. The LT-

ETO’s built-in voltage sensor is used here to measure the peak voltage of the device 

during the turn-off period. 

 

 

Fig. 5.20 The flowchart of the active control gate driver method 

5.7. Conclusions 

This chapter discussed the theory, modeling, and method for improving the LT-ETO’s 

in-series operation. A new LT-ETO device is used to further improve the device’s series 
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operation performance, and the unique static voltage balance issue in the LT-ETO is 

analyzed and prelimilarily resolved. 

The ETO device has a favorable dynamic voltage balance performance because of the 

almost identical storage time. Other critical factors affecting dynamic voltage sharing 

were identified, including driver delay and storage time delay. The time-delay caused 

voltage unbalancing issue was studied and a compensation method is proposed. Although 

the ETO’s storage time cannot simply be changed at the device level, it can be adjusted at 

the gate driver circuit level. 

By increasing the dynamic voltage pulse during the gate current commutation phase, 

the gate commutation time was significant reduced in the LT-ETO, thus reducing the 

dependency on the load current and improving the device’s series operation performance. 

A compensated gate-driver was also proposed, in which the gate driver time delay was 

compensated to achieve dynamic voltage balance. Perfect voltage sharing can be obtained 

and was verified experimentally. 

Finally, the use of an active control gate driver method to achieve dynamic voltage 

balance automatically (by utilizing the LT-ETO’s built-in sensors) was proposed for the 

first time. The developed methodology can also be applied to other hard-driven GTOs. 
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CHAPTER 6. SUMMARY AND FUTURE WORK 

6.1. Summary and major contributions 

The performance of a power semiconductor device greatly determines the 

advancements of power electronics systems in the areas of efficiency, volume, reliability, 

cost, cooling method, and even the topology. An advanced high power semiconductor 

device, the Light Triggered Emitter Turn-Off (LT-ETO) thyristor, has been developed to 

improve state-of-the-art silicon high power devices. 

This dissertation discussed the development, analysis, and applications of the LT-

ETO. Major contributions achieved through the development of the LT-ETO are as 

follows: 

(1) LT-ETO is the first known high power switching device with an efficient control 

power self-generation capability—hence the first three-terminal light triggered high 

power switching semiconductor device. 

(2)  The proposed self-power generation has no limitation on the VSC carrier frequency 

and load current if the VSC modulation frequency is above several Hz. 

(3) LT-ETO is the first known Φ75 mm device with an 8 kA current turn-off capability 

when applying a 6 µF snubber capacitor, with the potential to turn off a 10 kA current. 

(4) A conceptual design of a solid-state circuit breaker and fault current limiter based on 

the LT-ETO were proposed, and the AC operation of the LT-ETO was experimentally 

verified. 
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(5) LT-ETO is the first known high power switching device with voltage, current, and 

temperature sensors integrated within the device. The LT-ETO converter can now 

utilize the built-in sensors for protection and for close-loop control. Experimental 

results show that the built-in sensors have a very high precision and speed, and the 

protection functions can effectively protect the LT-ETO and the converter in a timely 

manner. 

(6) The theory, modeling, and methods for improving the LT-ETO’s in series operation 

were discussed. The developed methodology can also be applied to other hard-driven 

GTOs. 

(7) A unique static voltage balance issue in the LT-ETO was identifiedand analyzed. A 

prelimilarily solution is proposed. 

(8) A compensated gate-driver that further improves the dynamic voltage balance was 

proposed, and the possibility that perfect voltage sharing could be obtained by using a 

simple RC snubber was verified experimentally. 

(9) An active control gate driver method for achieving dynamic voltage balance 

automatically (by utilizing the LT-ETO’s built-in sensors) was proposed for the first 

time. 

6.2. Future work  

(1) Further improvement of the ETO’s turn-off capability 

The ETO can achieve an extremely high commutating rate (diG/dt 12 kA/µs) compared 

with previously reported values. It can safely turn off an 8 kA current in contrast to the 

original 3 kA of the GTO with the same 6 µF snubber capacitor. Further improvement of 

the maximum turn-off current of the ETO is possible. A Φ75 mm LT-ETO may be able 
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to turn off 10 kA with a suitable snubber. Snubberless turn-off capability of the LT-ETO 

can also be improved by further design enhancements in the GTO and its packaging. 

(2) Further improvement of the LT-ETO’s in-series operation 

The parameters tolerance of the ETO itself and of the external snubber should be 

considered and analyzed, thus the design guidance to optimize the ETOs in-series can be 

generated. The active control gate driver method needs to be experimentally verified and 

demonstrated. The solution of the unique static voltage balance issue in the LT-ETO need 

to be further studied. 

(3) Investigation of the ETO’s failure mode and reliability 

A common belief is that GTOs will fails short under all worst case failure conditions, 

which is favorable in industry applications. According to our experiments, ETOs always 

fails short; a comprehensive study of how the MOSFETs connected with the GTO affect 

the ETO’s failure mode is still not clear. 
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