ABSTRACT

CHEN, QIAN. Development and Application of the Self-power Emitter Turn-Off (SPETO)
Thyristor. (Under the direction of Alex Q. Huang.)

The self-power emitter turn-off thyristor (SPETO) is a GTO-MOSFET hybrid high power
device that has high current turn-off capability. A SPETO rated at 4.5 kV and 4 kA has been
developed and is suitable for high power and high frequency applications. With the self-
power function, neither external power supply nor isolation transformer is required for
SPETO gate drive in high voltage applications. This dissertation focuses on the improvement
of the SPETO gate drive, series operation of SPETOs, a SPETO based circuit breaker for

power distribution system, and a SPETO based H-bridge for 10 MVA STATCOM.

Self-power function can not obtain power when an anti-parallel diode is conducting the
current. Moreover, waveform distortion appears on the load side when self-power circuit
works during SPETO on-state. To reduce the power consumption of SPETO gate drive hence
to mitigate the self-power limitation and waveform distortion, several circuits for GTO on-
state gate current are introduced and discussed. A novel low loss circuit with two controllers
is proposed. The experimental results show the novel circuit is suitable for an anode shorted

GTO and consumes less power than that of other circuits.

Due to selt-power circuit, the variation of SPETO leakage current is much larger than that of
other conventional switching device, which is an impediment to achieving static voltage
balance. The existing approaches for static voltage balance are introduced and discussed. A
compensating circuit is proposed to decrease the variation of SPETO leakage current. With

the proposed circuit, SPETO is like a conventional switching device from the leakage current



perspective.

The theory, modeling, and methods for improving the SPETO’s dynamic voltage balance are
discussed. Due to the self-power function, SPETO has two scenarios before turn-off process,
resulting in a special dynamic voltage imbalance issue. The root reason of the issue is

identified, and a solution for the issue is proposed and experimentally verified.

Due to low forward voltage drop, high current interruption capability, as well as the self-
power function and built-in current sensor, SPETO is a very promising switch for solid-state
circuit breakers and fault current limiters. The design of a SPETO based solid-state circuit
breaker for power distribution system is presented. The simulation of solid state circuit
breaker and fault current limiter for fault protection is conducted. The operation of the

SPETO based circuit breaker is experimentally verified.

A SPETO based H-bridge for 10 MVA STATCOM is introduced. The topologies of H-
bridge and the designs of di/dt inductors and RCD clamps are discussed. In the experiments,
the self-power function of SPETO and the continuous operation of H-bridge are
demonstrated. The reverse recovery and forward recovery of anti-parallel diode are

investigated. The designs of di/dt inductor and RCD clamp are verified in the experiment.
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CHAPTER 1. INTRODUCTION

1.1. Introduction of high power semiconductor devices

In the modern world, with the increasing demand of electrical power in various
applications, power electronics technology becomes increasingly important. With the power
electronics utility, the power is converted among different ratings and forms to meet various
requirements [A 1][A 2].

In the high power area, high power switching devices are widely used to process very high
power levels ranging from hundreds of kilowatts to megawatts. With the development of
Flexible AC Transmission Systems (FACTS), High Voltage DC (HVDC) transmission
systems, and high power traction application, the demand for high rating and high
performance power semiconductor devices continues to rise [A 3][A 4][A 7][A 9].

Currently widely used high power semiconductor devices include thyristor, gate turn-off
thyristor (GTO), insulated gate bipolar transistor (IGBT), and integrated gate commutated
thyristor (IGCT) [A 5][A 10]. Fig. 1.1 illustrates power handling capabilities of commercially
available high power semiconductor devices. Their current rating varies from several
hundred amperes to several kiloAmperes (kA). The maximum voltage can be as high as ten
kilovolt (kV).

For thyristor and GTO, the switching frequency ranges from ten of Hertz (Hz) to hundreds
Hertz. For IGBT and IGCT, the switching frequency increases to several kiloHertz (kHz)

which can significantly decrease the size of the power electronics systems [A 6][A 8][A 12].
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Fig. 1.1  Power range of commercially available high power semiconductor devices

In the following sections, the characteristics of GTO, IGBT and IGCT will be introduced
in detail.

1.1.1. GTO

The picture of GTOs from ABB is shown in Fig. 1.2. GTO is a thyristor device, and its
basic structure and equivalent circuit are illustrated in Fig. 1.3, where PNP and NPN

transistors are connected in regenerative feedback mode [A 5].



Fig. 1.2 GTO picture (ABB)
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Fig. 1.3 Basic structure and equivalent circuit of GTO

The GTO can be turned on by a gate signal, and can be turned off by a gate signal of
negative polarity [B 3].

Turn-on is accomplished by a positive current pulse between the gate and cathode
terminals. Because the gate-cathode behaves like a PN junction, there will be a relatively
small voltage drop between the terminals. A small positive gate current must be maintained
during GTO on-state in order to improve reliability [B 5].

Turn-off is accomplished by a negative voltage between the gate and cathode terminals.

Some of the forward current (about one-third to one-fifth) is used to induce a cathode-gate



voltage which in turn induces the forward current to fall and the GTO will switch off and
transit to the blocking state.

The required condition to turn off a GTO is to have a negative gate current that satisfies
equation (1-1) [B 8]-[B 9].

I.> Apyp T Cypy -1
G

1, (1-1)

O npy
A GTO with an anode short or a buffer layer has no reverse voltage blocking capability [B
4] [B 8] [B 16]. This type of GTO is called asymmetrical GTO. A GTO without an anode
short or a buffer layer is called symmetrical GTO. The structures of asymmetrical GTO and

symmetrical GTO are illustrated in Fig. 1.4.
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Fig. 1.4  The structure of the (a) asymmetrical GTO and (b) symmetrical GTO



Reverse blocking capability adds to the forward voltage drop because of the need to have
a long, low doped P region. Therefore, with the same forward voltage blocking capability,
the forward voltage drop of an asymmetrical GTO is less than that of a symmetrical GTO,
leading to the benefits of lower conducting 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) [B 6].

GTO requires external devices to limit the turn-on current and turn-off voltage to prevent
device destruction. During turn-on, the device has a maximum di/dt rating limiting the
increase of current. This allows the entire bulk of the device to reach turn-on before full
current is reached. If this rating is exceeded, the area of the device nearest the gate contacts
will overheat and melt from over current. The rate of di/dt is usually controlled by adding a
di/dt snubber, usually an inductor. Reset of the inductor usually places a minimum off time
requirement on GTO based circuits.

During turn-off, the forward voltage of the device must be limited until the current tails
off. If the voltage rises too fast at turn-off, not all of the cells inside the device will turn off
and the GTO will fail, often explosively, due to the high voltage and current focused on a
small portion of the device. Substantial dv/dt snubber circuits are added closure to the device
to limit the rise of voltage at turn-off. Resetting the snubber circuit usually places a minimum

on time requirement on GTO based circuits [B 6].



Fig. 1.5 diagrams a GTO-based VSC with di/dt snubbers and dv/dt snubber. The
drawbacks of di/dt snubber and dv/dt snubber are that they require an additional cooling
system to remove heat from the resistor and snubber diode, and as a result, the overall

converter size increases.
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Fig. 1.5 Diagram of a GTO-based VSC with snubbers
1.1.2. IGBT

With simple gate-drive characteristics compared to thyristor based devices, high current
and low saturation voltage capability compared with power MOSFET, IGBT is widely used
in medium power industry applications such as switched-mode power supply, traction motor
control and induction heating. Recently with increasing voltage and current handling
capabilities, IGBT is used in high power conversion area as well [C 2].

Fig. 1.6 shows an ABB IGBT module with 4.5 kV and 1.2 kA rating. The typical cross
section of IGBT is illustrated in Fig. 1.7. IGBT combines an isolated gate FET for the control

input, and a bipolar power transistor as a switch in a single device. Large IGBT modules



typically consist of many devices in parallel to achieve very high current handling

capabilities.

Fig. 1.6  ABB IGBT module (4.5 kV, 1.2 kA)
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Fig. 1.7  Typical IGBT cross section

By turning off as the open-base transistor mode, IGBT does not have the latch mechanism
as the GTO. Thus dv/dt snubber is not required for the turn-off of IGBT. Another important

characteristic making the IGBT different from latch type devices is its current saturation



feature. IGBT can be used in the voltage converters without di/dt snubber. IGBT’s current
saturation capability effectively limits the over-current caused by the reverse-recovery of the
diode. By eliminating the bulky dv/dt and di/dt snubbers, the construction of IGBT based
converter is highly simplified [C 3]-[C 4].

Additionally, when over-current fault happens, IGBT can limit the rising rate of the fault
current by increasing collect-emitter voltage, making the over-current protection much easier
than with the latch type devices.

To be used in the application where fail-short is desirable, the press-pack structure of

IGBT is developed as well. The press-pack IGBT is shown in Fig. 1.8.

Fig. 1.8  Pres-pack IGBT

1.1.3. IGCT

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 IGBT. Fig. 1.9 shows

the picture of ABB IGCT (4.5 kV /4 kA) [B 10]-[B 20].

Fig. 1.9 ABBIGCT (4.5 kV/ 4 kA, SSHY 35L4510)

The turn-off scheme of IGCT is based on hard-driven GTO technology. The maximum
GTO anode current Itgom that can be turned off through the unity turn-off gain can be
calculated in equation (1-2), where t; is 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. L is the gate loop total inductance, V4 is the gate voltage applied to turn off

the GTO [B 20]-[B 21].

I _ Vd ) ts
TGOM — I (1-2)
g
To obtain high emitter efficiency at the cathode end and hence achieve good on-state

characteristics, the N+ emitter layer of the GTO must be highly dope, giving a gate-cathode

reverse breakdown voltage, Vgrm, to the adjacent P-base of typically 20 V-24 V. Therefore,



V4 must be designed to be less than Vgrym to guarantee that the GTO gate-cathode junction
will not constantly break down and GTO will not be destroyed.

Because of the large negative gate current, the storage time t; in GTO unity turn-off gain
condition is typical 1 us. Assuming the gate loop total inductance L, is 200 nH and Vg4 is 18
V, then according to equation (1-2), the maximum unity turn-off gain current Itgom of a
standard GTO is only about 90 A.

By using the coaxial GTO housing and interconnecting gate drive with a power
semiconductor device by a printed circuit board, IGCT dramatically reduces the total gate
loop inductance to less than 3 nH. Fig. 1.10 shows IGCT housing, gate contact and wafer [B

5].

Fig. 1.10 IGCT housing, low inductance gate contact, and wafer

The turn-off circuit of IGCT is illustrated in Fig. 1.11. 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 MOSET switch. According to equation (1-2), the gain turn-off current Itgowm 1s increased

to over 4 kKA.

10



Fig. 1.11 Turn-off circuit of IGCT

By quickly driving the GTO’s gate current to be equal to the anode current before the
anode voltage starts to rise, 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. 1.12
shows the waveforms of an IGCT during turn-off [B 14].

The significant advantages of the IGCT over the standard GTO are as follows [A 12]:

e 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.

e Turn-off and turn-on delay time is highly reduced, making it much easier for the
device series connection applications.

e Power consumption of the gate drive is greatly reduced.

11
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Fig. 1.12  Waveforms of a hard-driven GTO during turn-off

1.1.4. Emitter Turn-off (ETO) Thyristor

The Emitter Turn-Off (ETO) thyristor is another emerging GTO-based high power device.
It is based on the mature technologies of the GTO and power MOSFET to achieve GTO
hard-drive and further improvement [D 1]-[D 8].

Fig. 1.13 shows the ETO’s simplified equivalent circuit and Fig. 1.14 shows a picture of
the previously developed ETO. Emitter MOSFET Q. is integrated in series with the GTO’s
cathode, and gate MOSFET Q, is connected to the GTO’s gate. To handle high current, both

Q. and Qg consist of many parallel MOSFETs.
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Fig. 1.13 The ETO simplified equivalent circuit [D 6]

Fig. 1.14 A picture of the ETO [D 7]

The turn-off of ETO is achieved with the assistance of Q. and Q.. During the turn-off
period, Q, is on and Q. is off. There is a voltage V. applied across loop stray inductor L,
and the GTO’s gate-cathode junction J;, forcing the GTO current to commutate from the

GTO’s cathode to the gate. V. can be as high as the avalanche voltage of the MOSFETs,

13



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 L,
(according to measurement, the total gate loop inductance L, is about 15 nH) can be tolerated
to achieve the unity turn-off gain at high turn-off current [D 5] [D 7] [D 16].

At present, the ETO with a peak off-state voltage / maximum turn-off current of 4.5 kV /5
kA has been reported. The 5 kA snubberless turn-off capability of the ETO at 2.5 kV DC bus
voltage has been demonstrated [D 7], as shown in Fig. 1.15. It clearly demonstrates that the

hard-driven condition was achieved with a large gate inductance of GTO at 5 kA.
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Fig. 1.15 ETO snubberless turn-off waveform at 2.5 kV/5 kA
To improve the performance and functionality of ETO further, self-power ETO (SPETO)

which has the control power self-generation function is implemented [D 6] [D 9] [D 12] [D

19]-[D 20]. Fig. 1.16 illustrates the circuit diagram of SPETO which consists of traditional
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GTO, emitter MOSFET Q., gate MOSFET Q, integrated gate drive circuit and self-power

circuit. Fig. 1.17 is a photography of 4.5 kV/ 4 kA SPETO.
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Fig. 1.17 Picture of SPETO (4.5 kV /4 kA)

The self-power circuit obtains power from the voltage across the SPETO and the current
going through the SPETO. The capacitor bank C; is charged by the self-power circuit, and

the energy stored in C; is supplied the input of a DC-DC converter, which is a conventional
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high efficiency fly-back converter with transformer isolation and multi-outputs for internal
control and the gate drive circuit of SPETO.

1.2. Dissertation outline

This dissertation is dedicated to the development and application of self-power Emitter
Turn-Off (SPETO) thyristor.

We will investigate the gate drive improvement, voltage balance between SPETOs in
series operation, SPETO based circuit breaker for power distribution system, and SPETO

based H-bridge for STATCOM in the following chapters.

Chapter 1—Introduction

This chapter provides background information and a foundational technical overview of
high power semiconductor devices and related technologies that are the subject of this

dissertation.

Chapter 2—Improvement of SPETQO’s gate drive

In this chapter, the mechanism of self-power function of SPETO is illustrated and the
power consumption of SPETO gate drive is analyzed first.

Self-power function has a limitation when an anti-parallel diode is connected with SPETO
in parallel. When the load current is going through an anti-parallel diode, self-power circuit
can not obtain power. Moreover, when self-power circuit obtains power during SPETO on
state, waveform distortion appears on the load side. To mitigate the limitation of self-power
function and to reduce waveform distortion, the power consumption of the gate drive must be

decreased.

16



To reduce the power consumption of the gate drive, several circuits for GTO on-state gate
current are introduced, and their advantages and drawbacks are analyzed and compared. A
novel low loss circuit is proposed and verified in the simulation and experiment. The
experimental results show the novel circuit is suitable for anode shorted GTO and consume

less power than that of other circuits.

Chapter 3—Series Operation of the SPETOs

This chapter discusses the theory and approaches for voltage balance of SPETOs in series
operation.

Unlike conventional switching devices such as GTO, IGBT or IGCT, the leakage current
of SPETO varies over a wide range. If only resistors are connected with SPETO in parallel to
achieve static voltage balance, the power losses on these resistors will be enormous. To
decrease the variation of SPETO leakage current, the composition of SPETO leakage current
is analyzed, and a solution with a compensating circuit is proposed and verified by the
experimental results.

Modeling and analysis of dynamic voltage balance and the impact of various snubbers on
dynamic voltage balance are conducted.

Due to self-power function, SPETO has two scenarios of on status. When command off
comes, SPETOs in different scenarios begin their turn-off process at different times. As a
result, a unique dynamic voltage imbalance issue appears. The root reason of the unique issue

is addressed, and a solution to solve the issue is proposed and experimentally verified.
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Chapter 4—SPETO based circuit breaker for power distribution system

This chapter introduces SPETO based circuit breaker for power distribution system. Due
to low forward voltage drop, high current interruption capability, as well as the self-power
function and built-in current sensor, SPETO is a very promising switch for solid-state circuit
breakers and fault current limiters.

The topologies of solid-state circuit breaker are introduced. A design of SPETO based
solid state circuit breaker for power distribution system is presented. The simulation of solid
state circuit breaker and fault current limiter for fault protection is conducted. Finally the

operation of the SPETO based circuit breaker is experimentally verified.

Chapter 5—SPETO based H-bridge for STATCOM
This chapter introduces SPETO based H-bridge for STATCOM. The electrical and

mechanical designs are presented, and the experimental results are shown to demonstrate the
operation of SPETO based H-bridge.

The topologies of H-bridge are introduced. The designs of di/dt inductor and RCD
snubber are discussed. Based on simulation, the parameters of di/dt inductor and RCD clamp
have a great impact on the voltage spike across SPETO during turn-off.

In the experiment, the self-power function is verified in continuous operation of H-bridge.
The impacts of reverse recovery and forward recovery of anti-parallel diode are discussed.

The design of di/dt inductor and RCD clamp is verified in the experiment.

Chapter 6—Summary and future work

This chapter summarizes this dissertation and highlights the significant contributions for

the development and application of SPETO. Possible future work is also proposed.
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CHAPTER 2. IMPROVEMENT OF SPETO’S GATE

DRIVE

2.1. Introduction

With self-power function, neither is external power supply required for SPETO device
during its operation, nor is an isolation transformer required to insulate the gate drive of
SPETO from the external power supply with ground potential in high voltage application. By
removing the external power supply and isolation transformer, the total cost of SPETO based
utilities could be greatly reduced, also the mechanical structure could be significantly
simplified [D 6] [D 12].

Self-power function endows many benefits, whereas it has some limitation during its
operation. In addition, the self-power function brings waveform distortion on the load side
when SPETO is used in power converter or other applications [D 19]-[D 20].

In this chapter, the mechanism of the self-power circuit will be illustrated first. Then the
limitation of self-power and how waveform distortion is generated will be explained. Ideas to
improve the gate drive of SPETO, hence reducing the limitation and the waveform distortion

issue will be presented. The ideas are verified by simulation and experimental results.
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2.2. Mechanism of self-power circuit

SPETO obtains power for its gate drive from the voltage across the device or the current
going through the device. The mechanism of self-power circuit is illustrated in detail in the
below sections.

2.2.1. Operation principle during start-up

In Fig. 2.1, the SPETO is in off state during start-up. Qs consists of several high voltage
MOSFETs connected in series, and it works as a linear regulator. C; is charged by I, and the
voltage across C; rises up to Vi which is set to 100 V. The DC-DC converter is a multi-

output flyback converter, which provides power for the gate drive circuit of SPETO [D 12].
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Fig. 2.1  Self-power during startup
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Based on the real measurement, in SPETO start-up, I is about 18 mA [D 14]. The
maximum DC voltage rating of SPETO is 2800 V. Based on equation (2-1), the maximum
power losses on Qg is 48.6 W during start-up.

Py, =1,-(V, —100) (2-1)

2.2.2. Operation principles during switching

The power consumption of the SPETO gate drive during switching operation is much
larger than during start-up and off state. Additional power can be obtained more efficiently
from the current going through the SPETO. During switching operation, a hysteretic control
1s used to maintain V. between Vier; and Viep. Viert and Viep are set to 110 V and 150 V,
respectively [D 12]. The relationship of all voltage references is illustrated in equation (2-2).

K‘efO < Vrefl < Vc < I/ref2

(2-2)
When V. swings between Vi and Vip, Ds is reverse biased. Therefore, there is no

current flowing through Qs, and no power losses appear on Q.

Fig. 2.2 shows the mechanism of self-power during SPETO switching operation. When
SPETO is commanded to turn on, the gate switch Q, is turned off and a pulse current is
injected into the GTO’s gate to turn on the GTO quickly. At the same time, the control circuit
checks V. value. If V. is lower than V., Q. will be kept off as shown in Fig. 2.2(a). Since
GTO is turned on and Q. is off, the GTO current I, is forced to charge the capacitor bank C;.
For convenience, the behavior that Q. keeps off for self-power purpose during SPETO on

state is called active charging.
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During active charging, the rising rating of V. is decided by I, and the capacitance of C,
as shown in equation (2-3). The obtained energy in C; can be calculated by equations (2-4).
av,/dt=1,/C (2-3)
E=C- (V;i)‘Z - I/rifl)/z (2-4)
The capacitor bank C; is made up of ten electrolytic capacitors whose voltage rating is

200 V, and the total capacitance of C; is 1000 uF. From equation (2-4), we determine that the

obtained energy in C; is approximately 5.7 J.

When V. increases to Vien, Q. is turned on immediately. As shown in Fig. 2.2(b), D, is
reverse biased, and I, flows through Q. directly. By controlling Q. during SPETO on state,
V. swings between V. and Vip, and self-power function is achieved during SPETO

switching operation.

2.2.3. Limitation of self-power and waveform distortion issue

When SPETO is used in power converters, a freewheeling diode Dry is required for most
topologies as Fig. 2.3 shows. During the time that the load current goes through Dy, neither
is off-state voltage across SPETO, nor is on-state current going through SPETO. As a result,
the self-power circuit is unable to obtain power in such circumstances. The energy stored in
C, can only sustain the gate drive circuit for about 0.3 second. After that, the gate drive will
lose power, and SPETO will be in an uncontrolled state. The limitation of self-power
function prevents SPETO’s use in some applications such as the converter with extra low

switching frequency.
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Fig. 2.3  SPETO parallel with freewheeling diode

Moreover, waveform distortion on load side is caused by the self-power function when
SPETO is used in high power utility [D 20].

As Fig. 2.2(a) shows, during active charging, the voltage across SPETO V is the sum of
GTO forward voltage and V.. The waveform of V. and V, is shown in Fig. 2.4, where the
forward voltages of GTO and D, are neglected since they are only several volts, which are
much smaller than V..

When active charging happens, V is higher than 100 V which makes the device more
like a voltage source than conventional switching devices. As a result, waveform distortion
on the load side is produced when SPETO is used in power utilities. In cases where the line
voltage of the system or the bus voltage of power utility is in the comparable range of V., the
impact of active charging on waveform distortion becomes more severe. Moreover, the more
frequently that active charging happens, the more waveform distortions appear.

Fig. 2.5 shows a SPETO based H-bridge, and Fig. 2.6 shows the waveform distortion on

load side.
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Fig. 2.6  Waveform distortion of H-bridge

During SPETO operation, the time between two consecutive active chargings could be
calculated by equation (2-5), where C; is the capacitor bank value, and Pgq is the power
losses of the gate drive.

1

5 Cx (I/rif2 - Vrif] )

t= (2-5)
P

gd

To mitigate the limitation of self-power function and the waveform distortion, the power
consumption of gate drive must be decreased, such that the power energy in capacitor bank
could sustain the gate drive circuit for a longer interval, and the active charging appears less
frequently.

2.3. Power consumption of SPETO’s gate drive

The power consumption of the gate drive comes from three elements: high current pulse
to turn on GTO rapidly, DC current to keep GTO on, and power consumption of other

control circuits. The power consumption of current pulse injection is proportional to the
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SPETO’s switching frequency. During the on-state (no switching), the power consumption of
the gate drive is from DC current circuit and the control circuit.

Fig. 2.7 shows the SPETO’s gate drive power consumption in the off-state and during
switching at different frequencies (Duty=0.5). Fig. 2.8 shows the measured gate drive power

consumption of the SPETO at different frequencies and duty cycles [D 11].
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Fig.2.7  The SPETQO’s gate drive power consumption in off-state and during switching at

different frequencies (Duty=0.5)
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Fig. 2.8 The measured SPETO gate drive power consumption at different frequencies and

duty cycles

From the figures, it is demonstrated that the power consumption of the SPETO gate drive
in the off state is small (only 1.8 W), and the power consumption during the SPETO on state
is approximately 10 W. Further investigation reveals that the DC current circuit consumes
most of the power of the gate drive (about 8 W) during SPETO on state. The thermal pictures
also confirm this.

To verify the thermal performance of the gate drive, SPETO is heated by its conduction

power loss until the GTO junction temperature reaches 125°C. The thermal pictures of both

top and bottom sides of the gate drive are shown in Fig. 2.9.
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(b) bottom side

Fig. 2.9  The thermal picture of the SPETO gate drive

The hot areas shown at the top and bottom sides are in the same vertical position on PCB,
where the DC current circuit is placed. The hot areas verify that a great deal of energy is
consumed in the DC current circuit.

If a low loss DC current circuit could be achieved, the power consumption of SPETO gate

drive could be reduced greatly. As a result, the limitation of self-power and waveform
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distortion problem could be mitigated.

For IGCT and GCT, the DC gate current requirement extends from a few amperes to more
than 10 A with the increase of device voltage and current rating. It is reported that 15 A
current is required for 6 kV 6 kA asymmetric GCT. Therefore a low loss DC current circuit is
desired by the gate drive of IGCT and GCT as well.

To achieve a DC current circuit with low power dissipation, several existing DC current
circuits are presented in this chapter, and their advantages and disadvantages are analyzed
and compared. A novel low loss circuit is proposed and verified by the simulation and

experimental results.
2.4. DC current circuits for GTO

To achieve a low loss DC current circuit, the requirement for GTO gate current should
first be made clear. In 4.5 kV / 4 kA SPETO, ABB GTO (5SGF 40L4502) is used. Fig. 2.10
shows the curve of gate trigger current versus junction temperature of ABB GTO. In general,
the junction temperature of SPETO is 10°C or above. Based on the curve, a 5 A forward gate
current is required to keep GTO on. With lower junction temperature, a larger gate current is
required to keep GTO on. Fig. 2.11 shows the curve of the forward gate current I, versus
forward gate voltage Vgk. Assuming I is in the range between 5 A and 8 A, Vgk varies from
0.5 V to 1.2 V due to the device variance and operation condition [B 2].

From the above two curves, it can be summarized that the gate current should be above a
certain value to keep GTO on and the forward gate voltage varies over a relatively broad

range. The DC current circuits discussed in this chapter must satisfy this requirement.
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Fig. 2.11 Forward gate current vs. forward gate voltage (ABB 5SGF 40L4502)
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2.4.1. Linear regulator

The circuit shown in Fig. 2.12 is called a linear regulator, which is currently used in the
SPETO design. The linear regulator is simple and easily implemented, however it has poor
efficiency. Considering the Vg range and design margin, it is reasonable to set V; to 2.5 V.
Assume the GTO gate current is 5 A, the power loss of the circuit is 12.5 W.

For next generation SPETO with higher voltage and current ratings, a higher DC current is

expected. Therefore, the drawback of the linear regulator becomes more obvious.

GTO

<
()
U/
Controller
o

Fig. 2.12 Linear regulator

2.4.2. Buck converter

In order to improve the efficiency of the DC current circuit, the buck converter shown in

Fig. 2.13 is first considered.
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Fig. 2.13 Buck converter

For simplification, a hysteretic controller is used in the circuit since no compensating loop
is required. A traditional PWM controller works for the buck converter as well. With the
hysteretic controller, the GTO gate current I is maintained between two hysteresis levels.

The buck converter has high efficiency, however, it does not work with an anode shorted
GTO which has fast switching characteristic and is currently widely used in SPETO, IGCT
and GCT. In an anode shorted GTO, there is a parasitic diode Dga from GTO’s gate to the
anode [B 4] [B 23]-[B 24]. As shown in Fig. 2.14, when GTO and Q. are in on state and the
load current is passing through the freewheel diode Drw, Vgk would be negative if the
forward voltage drop of Dgw is larger than that of Dga. Here the voltage drop of Q. is
neglected since Q. is built up from many power MOSFETSs connected in parallel with low

on-state drain to source resistance Ryseon).
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Once Vg is negative, the voltage across inductor Vi is always positive whether Q; or Q;
is on. Even when both Q; and Q; are turned off, V| is positive due to the conduction of Q;

body diode. Consequently I will increase uncontrollably.

|t
Ig_fGA* ;Z /\ Drw
VGKf
_I

Qe(on) —

Fig. 2.14 SPETO (anode shorted GTO used) with freewheel diode

2.4.3. Buck converter with GTO gate detecting circuit

To resolve the negative Vgk issue, MOSFET Qj3 is inserted between the inductor and the
GTO gate as shown in Fig. 2.15. When negative Vg is detected by the circuit, Qs is turned
off and Ig is cut off immediately [B 35]. The diode D; provides a path for the inductor

current. Since Q3 is off, the inductor current will gradually attenuate to zero [B 23].
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Fig. 2.15 Buck converter with GTO gate detecting circuit

Once the gate current is cut off, the charge carrier density in GTO gate-cathode junction
will decrease significantly. At the moment that load current commutates from the freewheel
diode Dgw to SPETO, another low current pulse should be generated as shown in Fig. 2.16 to
create sufficient charge carriers inside the GTO and initiate safe and homogeneous

conduction under all conditions.
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Fig. 2.16 GTO gate current plot
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When Vgk is negative, its value is determined by the forward voltage drop of Dpw and
Dga. With different freewheel diode and load currents, Vgk might be very close to zero.
Therefore, it is hard to decide whether or not Q3 should be turned off, and a misjudgment
might be made during real application. Also the timing to generate the low current pulse is
critical since the pulse should occur before the commutation of load current from freewheel
diode to SPETO. Hence, it’s difficult to turn off Q3 correctly and generate low current pulse
at accurate time at any situation. The complication of the circuit design should be considered
as well.

2.4.4. Buck converter with two input voltage sources

Another idea for the negative Vgk issue is to add another input voltage source V, as
shown in Fig. 2.17. By setting V, much larger than the possible value of the forward voltage
drop of Drw, VL is definitely negative when Q; is on, such that the voltage-second balance of

inductor is achieved over periods [B 26].

'J GTO
s R
< —
V () 32 LYY AW~
A £ + VL - | R
> i
%) —I'-I—‘ Q Current
sense
V £ F
2\ o I _,
(|> Z_Vref Qe(on)q

Fig. 2.17 Buck converter with two input voltage sources
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2.4.5. Buck converter with two controllers

To make the circuit simple and reduce power loss of DC current circuit further, a
converter with two hysteretic controllers is shown in Fig. 2.18. Controller U; has lower

hysteresis levels L, and L, and controller U, has higher hysteresis levels L, and Ly, [B 24].
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Vref1 Vref2
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Fig. 2.18 Buck converter with two controllers
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When Vk is positive, U, keeps Q3 on and U; works as it does in buck converter to keep
Ig between Lj, and L;,. When Vg is negative, Uy keeps Q; off and Q; on, and U, turns Q3
on and off periodically to make I stay between L,, and Lyy,. Fig. 2.18 shows how U, works
when Vg is negative. In Fig. 2.18(a), Q3 is on and V{ is positive due to negative Vg In Fig.
2.18(b), Qs 1s off and Vi becomes negative due to V; and the conduction of diode D;. Finally
the voltage-second balance is obtained by changing the state of Q3 when Vgk 1s negative,

Fig. 2.19 depicts a timing diagram that explains the operation principle of the circuit.
Before t;, SPETO is in off state, the DC current circuit is disabled, and there is no current
injected into GTO gate. At t;, command on signal comes, and the DC current circuit is
enabled. From t; to t;, Q; and Qs are on and Q; is off, Vi is positive hence Ig rises from 0 to
Lib.

From t; to t3, U, keeps Q3 on since Ig is below I,,. The voltage-second balance of the
inductor 1s achieved by changing the states of Q; and Q,. As a result, I toggles between I,
and ;.

At t3, Vgk becomes negative due to the conduction of freewheel diode. Once Vgk is
negative, V. is positive no matter Q, is on or off. As a result, U; could not control I any
more. Ig increases until it reaches I, at t4 and U, takes over the control work.

From t4 to ts, U; keeps Q, on as Ig is above I;,. The voltage-second balance of the
inductor is achieved by controlling the state of Qs. Consequently Ig toggles between I, and

L.
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At tg, the load current commutates back from freewheel diode to SPETO. As a result, Vg
goes from negative to positive. From tg to t7, U; keeps Q; on as Ig is larger than Ly, and V is
negative no matter Qs is on or off Consequently, I keeps decreasing until it reaches I}, at t;.

Once Ig reaches I;,, U; turns Q; off and takes over the control work again. From t;, Ig

toggles between I, and I}, as it does from t; to ts.
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Fig. 2.19 Timing diagram of buck converter with double controller
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As shown in Fig. 2.18, when Vgk is negative, Ig does not go through V; which means
there is no power loss on the V. With this particular character, a buck converter with two
controllers consumes less power than does a standard buck converter. Moreover, the control
work commutates between U; and U, automatically and there is no need for a GTO gate
voltage detecting circuit.

2.4.6. Novel buck converter with two controllers

In Fig. 2.18(b), while the gate current Ig goes through V,, power energy brought by Ig is
stored in V. Unfortunately V; has a different ground from V,, and the power energy stored
in V; is difficult to recycle.

In order to recycle the power energy stored in V,, a novel buck converter with two
controllers is presented in Fig. 2.20. The operation principle of the novel circuit is similar to
that of the circuit in Fig. 2.18, while the routes of I in two circuits are different [D 19]-[D 20].

Fig. 2.20 shows the route of Ig when Vgk is negative. The route of Ig is depicted in Fig.
2.20(a) and Fig. 2.20(b) for Qs on and off, respectively. When Qs is on, Vy is positive due to
the negative Vgk. When Qs is off, Vi is negative due to the conduction of D;. By changing
Qs state, the voltage-second balance on inductor is achieved.

Since Ig goes through V; when Qs is off, the power energy is stored in the voltage source
V; and could be recycled during other time. Ig charges V; periodically and a voltage ripple
will appear on V. The voltage ripple can be suppressed by low ESR capacitors which are

connected with V| in parallel.
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Fig. 2.20 Novel buck converter with two controllers
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2.5. Simulation results of DC current circuits

To verify the novel buck converter with two controllers, simulations are conducted and
the results are shown in Fig. 2.21.

At t;, Vgk changes from positive to negative value and Ig starts to increase. At tp, the
controller U, takes over the control work and I toggles between hysteretic level L,, and Lyy.
At t3, Vgk changes back to positive value and Ig starts to decrease until the controller U,
takes charge of the control work again at t4.

In Fig. 2.21, it can be seen that the V; current Iy; is periodically negative from t; to t3. The
negative current of Iy; occurs when Qs turns off and I is forced to go through V. The power
energy brought by Igis stored in V; and is recycled, improving the overall efficiency of the

DC current circuit.
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Fig. 2.21 Simulation result of novel buck converter with two controllers

Based on the simulation, the power losses of the aforementioned circuits are compared
and listed in Table 2-1. From the table, it can be seen the power loss of the novel circuit is

lower than those of all other circuits.

43



Table 2-1 Circuit parameters and simulation results of dc current circuits

Circuit 1 Circuit 2 Circuit 3 Circuit 4 Circuit 5
Vi 3V 5V 5V 5V 5V
V, N/A N/A 2V 5V N/A
Vak 1 kHZ, 0.5 V (60% duty), -0.3 V (40% duty)
Ig 5A 5A 5A 5A (Vegx =0.5V),
7A (Vex =-0.3V)
Py, I5W 1.87 W 7.74 W 232 W 1.46 W

Circuit 1: linear regular;

Circuit 2: buck converter with GTO gate detecting circuit

Circuit 3: buck converter with two input voltage sources

Circuit 4: buck converter with two controllers

Circuit 5: novel buck converter with two controllers

2.6. Experimental results of the novel circuit

Based on the proposed idea, a circuit prototype is designed and tested. The simplified

schematic of the circuit is shown in Fig. 2.22, and the picture of the circuit is shown in Fig.

2.23.

In Fig. 2.22, V; is set to 5 V and a voltage source Vgk acts as the voltage across GTO gate
and cathode. The inductor value L is selected as 3.3 uH and Ry is the resistance value of the

inductor which is 7.7 m ohm. Ry and C, are used to achieve lossless current sensor. If

equation (2-6) is satisfied, the inductor current can be derived from equation (2-7).
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R xC =L
R

L

(2-6)

V=R, xI, 2-7)

The voltage across Cs is amplified by operational amplifier A; and then is provided to the

controller U; and U,.

Current
Q1 |H Probe
V1 L % : L RL
O 3G UCNm‘Wv
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S, ) Vex
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Z_ 1+
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Fig. 2.22

Circuit diagram of test setup (novel buck converter with two controllers)
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Fig. 2.23 Picture of test setup (novel buck converter with two controllers)

Fig. 2.24 shows the experimental results. Before t;, Vg is positive. Q; and Q, switch on
and off complementarily to keep the inductor current between L, and Lp. Qs stays on and
the circuit works as a regular buck converter. Once Vg changes from positive to negative at
t1, the inductor current starts to increase until it reaches L,y at t,.

From t, to t3, Q; is off and Q, is on. Q3 switches on and off periodically to keep the
inductor current between L., and Lo,

At t3, Vgk changes back to positive value and the inductor current starts to decrease until it

reaches L, at t4.
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Fig. 2.24 Experimental results of the novel circuit
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The power loss of the novel circuit is measured in the experiment and compared to the
simulation result. From the comparison, the low loss characteristic of the novel circuit is

verified in the experiment.

Table 2-2 Comparison between simulation and experimental results

Simulation result Experimental result

Vi 5 Vdce
Vak 1 kHz

0.4 V(60% duty)

-1 V(40% duty)
Ig 3A (Vgx=04YV)

5A (VGK:-I V)
Py, 0.85W 090 W

2.7. Idea to reduce V,i during active charging

To decrease Vi during active charging, the reason that V,.; and Vi are set above 110V
should be explained first. The turn-off operation of the SPETO is shown in Fig. 2.25, Fig.
2.26 and Fig. 2.27, where V. is the voltage across Qe during SPETO turn-off.

As shows, when the SPETO is commanded to turn off, Q, is turned on first and then Q. is
turned off. The GTO current starts to charge the output capacitor of Q. and V. rises, forcing
the cathode current commutate to GTO’s gate.

If I, is high enough, V. will reach V. and be clamped by C,, thus C; can also obtain
additional power during turn-off, as shown in Fig. 2.26. If I, is not high enough, Vq.is less

than V. and the gate current communication will finish without the conduction of D;.
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After the total GTO cathode current is commutated to the GTO’s gate, there is no current
going through Q., and V. will drop as soon as the gate current communication is finished
(cathode current of GTO is zero), as shown in Fig. 2.27.

The total anode current I, will continue flowing through the GTO’s gate. After the storage
time of the GTO, the SPETO’s anode voltage starts to increase. When it increases above the
DC voltage, I, will fall to zero, the SPETO will enter the off-state, and the entire voltage
applied on the SPETO will be supported by GTO.

To achieve the unity turn-off gain, the commutation rating of the gate current should be
high enough to ensure that the required time to divert all of the current from the GTO’s
cathode to the gate is less than the GTO’s storage time. Therefore, the SPETO can be safely

turned off without a dv/dt snubber.
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The rising rate of I, is determined by the equation (2-8), where L, is the stray inductance
of GTO gate-cathode loop. L, is determined by SPETO mechanical structure, and it’s
difficult to reduce L, further based on the current design.

dl, Vv,
& _ & (2-8)
d L

g
According to equation (2-8), a high V. is preferred during turn-off, such that a high rising
rate of I, and a short storage time could be achieved. Since the maximum value that Vg, can
reach during SPETO turn-off is limited by V., to ensure SPETO could turn off 4 kA current

safely, Vier and Viep are set to above 110V.
To decrease V during active charging, power MOSFET Qq could be added as Fig. 2.28

shows.
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Fig. 2.28 Solution to decrease voltage across SPETO during active charging
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During SPETO on state, Qg4 keeps on and the self-power circuit acts as the original design.
Once command off signal comes, Qq is turned off immediately therefore the voltage across
Qe during turn-off will not be clamped by C,. Since the peak value of V. will not be
clamped by V. any more, V .r; and V ., can be set to much lower values, resulting in a lower

V. during active charging.
2.8. Conclusions

In this chapter, the mechanism of the self-power function of SPETO was illustrated.
The self-power function has limitations when the free-wheeling diode is active. Moreover,
waveform distortion at the load side is caused when active charging happens during SPETO
on state. To reduce the self-power limitation and the waveform distortion, the power
consumption of SPETO gate drive must be decreased.

To reduce the power consumption of the gate drive, several existing circuits for GTO on-
state gate current were presented and analyzed. A novel low loss circuit was proposed. By
obtaining power from gate current when SPETO gate voltage is negative, the proposed
circuit reduces the power consumption of SPETO gate drive, hence mitigating the limitations
of SPETO self-power function and waveform distortion. The circuit was simulated and
experimentally verified, proving its low power consumption performance.

An idea to reduce the voltage across SPETO during its active charging was proposed in

this chapter as well.
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CHAPTER 3. SERIES OPERATION OF THE SPETOS

3.1. Introduction

In recent years, the demands for high power converter for power transmission and
conversion have increased significantly. In this kind of high power converter, high voltage
rating is preferred to decrease the power loss. Meanwhile the increasing voltage is also a
requirement for AC applications such as solid-state circuit breakers and fault current limiters.
For these applications, thyristor based devices like GTO, IGCT and ETO are suitable
candidates because of their high blocking voltage rating and low conducting loss.

Due to the limited voltage rating of current commercial switching devices, the series
connection of power semiconductor devices is a necessary technique for high voltage
converters, circuit breakers and so on.

The key requirement for series operation is to ensure static voltage balance at off-state and
dynamic voltage balance during turn-on and turn-off transitions. For traditional switching
devices, static voltage balancing can be achieved simply by connecting a resistor in parallel
with each device. However, dynamic voltage balancing presents additional difficulties.

Currently, there are two methods widely used in the industry to achieve dynamic voltage
balance: load side balancing (snubber in parallel with devices) and gate side balancing
(active gate control). For IGBTs, dynamic voltage balance can be achieved through active
gate control without any additional components [C 4]-[C 8]. However, because there is no

Forward Biased Safe Operation Area (FBSOA), series-connected GTOs, IGCTs and ETOs
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must use a voltage balance network to achieve dynamic voltage balancing during the
switching transition [B 7] [D 4].

Fig. 3.1 is a typical circuit of two GTOs in series connection. Rpc and RC snubber are
used for static and dynamic voltage balancing, respectively. During turn off, the dynamic
voltage imbalance between two GTOs is mainly caused by the difference of gate drive delay

and storage time.

Drw

RDC RS
GTO}Z §

T

Drw
R R
GTO }Z s e
T

Fig. 3.1  Typical circuit of two GTOs in series connection

The typical storage time of a high power GTO is approximately 25 us, and a £10%
tolerance is reasonable for the storage time with GTOs made from the same process [B 19].
The voltage difference between two GTOs due to the storage time can be calculated using

equation (3-1).

-1
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For 4 kA/ 4.5 kV GTO with 2.5 kV operating voltage, a 8 uF capacitor is required to
ensure a maximum voltage difference within +10% of the rated operating voltage. A resistor
with high power rating is also needed for the snubber.

The bulk snubber for the dynamic voltage balance has the following drawbacks:

(1) Costly capacitor, resistor and cooling parts.
(2) Large energy ( C,-V?/2) trapped in Cs, causing higher loss at higher switching

frequencies.
(3) Extended switching transient time resulting in limited applicable switching frequency.

By achieving unity gain turn off, the SPETO device has a much smaller storage time. For
4.5 kV/4 kA SPETO, the typical storage time is only 1.3 uS which is less than one tenth of
that of GTO with similar voltage and current rating.

In this chapter, the static and dynamic voltage imbalance issues of SPETO are presented
and analyzed, and the solutions for these issues are proposed and experimentally verified.
The modeling and analysis of the dynamic voltage balance are conducted as well.

3.2. Analysis of the static voltage balance of SPETOs

3.2.1. Static voltage imbalance caused by self-power function

Fig. 3.2 shows two SPETOs in series connection, where Rpc is parallel with each SPETO
device to achieve static voltage balance. The value of Rpc could be calculated by equation
(3-2), where AV is the acceptable static voltage difference and Algro is the leakage current

difference between two devices. The power loss on each parallel resistor Py is calculated by
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equation (3-3), where Vy,s is the total voltage across two devices and AV is assumed to be

much smaller than V.

According to equation (3-3), with fixed Vy,s and AV, larger Aljex 1S, more power is

dissipated on the parallel resistors.
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Fig.3.2  Two SPETOs in series connection

i-val _ [av]

R =
DC
|IET01 - IET02| |A[ETO|

v, V2 oAl
P — bus \2 /R — bus ETO
loss ( 2 ) DC 4 A V

(3-2)

(3-3)

For conventional switching devices like GTO, IGBT or IGCT, the leakage current of one

particular model is mainly dependent on the device junction temperature. When two or more

devices are series connected, the parallel resistors need only to compensate for the leakage

current difference caused by the device junction temperature. While for SPETO, the leakage
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current is more complicated due to its self-power function. Fig. 3.3 shows the simplified

circuit configuration of SPETO in off state [D 18].
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E —IE DZ/ZE i T Converter
o
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Fig. 3.3  Leakage current of SPETO in off state

As shown in Fig. 3.3, when SPETO is in off state, its leakage current Igto consists of three
parts: Igro, I, and Igp, where Igro is the GTO leakage current, I, is the current through zener
diode D,, and Igp is current required by gate drive circuit in off state. The maximum
difference of Igto between SPETOs is shown in equation (3-3), where Algro, Al, and Algp
are variations of Igro, I, and Igp, respectively. In SPETO design, the resistor R; value is 1.5
Mohm, hence Al, is much smaller than Algro and Algp, and it is neglected in the following

analysis.
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Lpro =1gro +1. +1gp (3-4)
Alry = M gro + AL+ Al g, (3-5)
Due to the complexity of the gate drive circuit and the tolerance of component value, the
variation of Igp is SmA. If only parallel resistors are utilized to obtain static voltage balance
as shown in Fig. 3.2, the resistors need to compensate not only Algro, but Algp as well. To
get an idea of the power loss on parallel resistors, an example is given here. Assuming the
temperature of all SPETOs are the same, the difference of GTO leakage current Algro is
much smaller than Algp, and therefore Algro is almost equal to Algp. Viys 1s 4.16 kV, AV is
100 V and Algp is 5 mA. According to equation (3-2) and (3-3), Rpcis 20 kohm and P is
216.32 W. To handle 216.32 W power losses, many high power resistors have to be used and
heat-sink for the resistors must also be taken into account.

3.2.2. Solution for fixed bus voltage application

When the bus voltage Vi, is a fixed value, a simple balancing circuit shown in Fig. 3.4
could be used to achieve static voltage balance. The breakdown voltages of zener diodes D,;
and D, are selected to Vp,s/2, the resistor Rg; and Ry, are used to limit the current through

MOSFETs Q; and Q, when voltage spikes occur during the turn-off transition.
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Fig. 3.4  Balancing circuit for fixed bus voltage

Assume the voltage across S; exceeds Vy,s/2, the zener diode D,; breaks down and the
voltage across R,; makes Q; working in the saturation region and the current Ig; compensates
for the leakage current difference.

To calculate the power losses on the balancing circuit, assume Igro; is larger than Igto;.
When the static voltage balance is achieved by the balancing circuit, the current through Q; is
the difference of Iie; and lieao as in equation (3-6), and the current through Q, is
approximately zero. Taking the same values of Vs, AV and Algp used above, the power loss
on Ry and Q) is about 10.4 W and the power loss on Ry, and Q, is very small. A similar

analysis applies to the case when Igro; is larger than Igro;.

IQI = ]ETOZ - IETOI 5 (]ETOZ > ]ETOI) (3-6)
Py + PQI =Viror '([ETOI_[ETOZ) (3-7)
]Q2 ~0 (3-8)
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P, + PQ2 ~0

Furthermore, the static voltage balancing circuit could be modified to act as a voltage
spike clamp as Fig. 3.5 shows. In off state, the voltages across capacitors C; and C, are half
of the bus voltage, and the diode Ds; and Dy, are used to prevent the capacitor from being
discharged when switching devices are turned on. During switching device turn-off, the
capacitors act as snubbers to clamp the voltage spike across S; and S,. The power energy

brought to the capacitors will be dissipated via Q; and Q, path. More detailed description can

be found in [B 37].
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Ds2 Dz Re2 S l la2
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Fig. 3.5  Balancing circuit with voltage spike clamp
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In continuous operation, C; and C, are charged during every turn-off transition of S; and
S,. The power energy stored in C; and C, could be considered to power the gate drive as

shown in Fig. 3.6.

NDs1
g D1 Rs1
Z T Gate
4; Cs Q; Converter drive
S1
Rz1
D
D52 DZ2 RS}
-1 Gate
}Z C, ::le Converter drive
S,
RzZ |

Fig. 3.6  Balancing circuit with self-power function

In Fig. 3.6, converters are used to convert the high voltage on C; and C, to low voltage
that is required by the gate drive circuit. Thus no external power supplies are required for the
gate drives.

The static voltage balancing circuit in Fig. 3.4 and Fig. 3.5 is simple and effective for
fixed bus voltage application, whereas it is ineffective when the bus voltage varies over a
wide range. Since the breakdown voltage of the zener diode is predetermined, if the bus
voltage varies over a wide range, a static voltage balance can not be achieved by the

balancing circuit.

61



3.2.3. Solution for variable bus voltage application

To overcome the above mentioned drawback of the balancing circuit, a compensating
circuit for the gate drive current is implemented in SPETO devices as shown in Fig. 3.7. A
sampling resistor Ry with high precision value is added in Qg path. The current going through
R; 1s sensed by a current shunt IC and is converted to a voltage signal. The voltage signal is
compared to a reference voltage Vi, and the error between them is amplified by an
operational amplifier. The output of amplifier drives a MOSFET to compensate for the gate
drive current. With the compensating circuit, finally the current through Qg is equal to a
predetermined value I.r. By setting I,.¢ slightly larger than the maximum value of Igp among
all series connected SPETOs, the difference of Igto between SPETOs could be reduced
significantly [D 18].

With the compensating circuit, the leakage current of SPETO is shown in equation (3-10).
The maximum difference of Igro is shown in equation (3-11), where Al is the variation of
Lier and Al, 1s neglected. Al,.r is caused by the tolerance of sampling resistor, current shunt
and reference voltage.

With a high precision sampling resistor, current shunt and reference voltage, Al,.r could be
much smaller than Algp, as a result, Algro becomes much smaller with the compensating
circuit.

Liro =1gr0 +1, +]ref (3-10)

Al g zAIGTO"'AIref (3-11)
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Fig. 3.7  Proposed compensating circuit for SPETO

3.2.4. Experimental demonstration of the static voltage balance issue

Since the solution for fixed bus voltage is simple and has been verified in other papers, the
experiment here focuses only on the solution for variable bus voltage. Fig. 3.8 shows the
circuit configuration of the experiment, where two SPETOs with proposed compensating
circuit are connected in series, and a 100 kohm resistor is connected to each SPETO in

parallel. The temperatures of two devices approach the ambient temperature, and the bus

voltage increases from 300 V to 4.16 kV slowly.
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Fig. 3.8  Circuit configuration of static voltage balance test

The experimental result is shown in Fig. 3.9, V, and Vg are the voltages across two
SPETOs. It can be seen that the voltage difference between Vg and Vy, is very small over
the bus voltage range, indicating a static voltage balance.

With the compensating circuit, the power loss on each parallel resistor is about 43.2 W,
which is only one fifth of that without the compensating circuit. It should be pointed out that
even Al is larger than 5 mA, nevertheless it could still be compensated with the proposed

solution.
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Fig. 3.9  Experimental result of static voltage balance

In the above experiment, the junction temperatures of SPETOs are closer to each other;
therefore the difference of GTO leakage current Algro is very small. In real applications, if
there is a significant difference in GTO junction temperature, Algro must be considered.
Because the GTO leakage current could not be sensed and compensated by the compensating
circuit, it has to be compensated by parallel resistors or other methods.

The compensating circuit makes SPETO look like a conventional switching device from
the leakage current perspective. With the compensating circuit, the impact of the self-power
circuit on leakage current is reduced significantly, and hence the variation of SPETO leakage
current is mainly dependent on device junction temperature.

The overall variation of the compensating circuit is mainly determined by sampling
resistor, current shunt IC and voltage reference. The tolerance and temperature variations of

these components are listed in Table 3-1. According to parameters in Table 3-1, it is
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reasonable to determine an estimated value +1% for the overall variation of the compensating

circuit.

Table 3-1 Parameters of key components in the compensating circuit

Tolerance | Temperature variation
Sampling resistor 0.1% 25ppm/°C
Voltage reference 0.1% 50ppm/ °C
Current Shunt IC +0.5% (Total error)

3.3. Modeling of the dynamic voltage balance

For thysitor based switching devices, a di/dt snubber is generally required to limit the
current rising rate of the device and the reverse recovery of the anti-parallel diode, therefore
the voltage balance during turn-on transition is not a practical concern for SPETOs in series
connection. Greater concern is focused on the dynamic voltage balance during turn-off
transition.

Fig. 3.10 shows the waveforms during SPETO turn-off transition. At the beginning of to,
the gate drive receives the turn-off command signal. At the beginning of t;, the gate drive
turns Q. off. Therefore t, is the circuit related gate drive delay.

At the beginning of t;, GTO starts to be turned off by the negative gate current. At the end
of t,, the anode voltage starts to rise. The GTO’s storage time t; is the sum of t; and t,.

During the storage time, the minority carriers in the P-base region of the GTO are pulled out
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by the negative gate current I, until the main junction J, (refer to Fig. 1.13) is recovered.
Storage time is device dependent, and it is also affected by the device junction temperature.
During the voltage rising time t.;, the minority carriers in the n” region are swept out while
the voltage increases to the DC link voltage value.
During the current falling time tir, anode current I, rapidly falls to its tail value, and then
the tail current decreases slowly to zero. The current falling time is determined by the
minority carrier’s recombination in the undepleted n” region.

All of the above factors affect the dynamic voltage balance of SPETOs.

rrrr1yr1r1r1r|prr1rr17 1 17011 i1 [ 1rrr17 17 171717177 17 17T 1T 1T 7 T T T T 7T T T

C I, | I 1 = | ]
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Cha A0V Ew o Chd 10K Bw & Oh1 s 380V

Fig. 3.10 Waveforms during SPETO turn-off transition
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After the storage time, GTO enters a PNP transistor mode and begins to support the
voltage. During the voltage rising time t,;, the space depletion region expands to support the
voltage, which forms an equivalent junction capacitor. In Fig. 3.11, an equivalent circuit of
SPETO with an RCD snubber is used to study the dynamic voltage balance. C; is the
equivalent junction capacitor of GTO during this period, and the stray inductance is ignored

to simplify the analysis.

Ds
1§Z § Rs1
+ | Cj
Vi ==
) p— CS1
DSZQZ
§ R82
+ Cj2
\P
) p— Csz

Fig. 3.11 Simplified equivalent circuit of SPETO during turn-off transition

The voltage waveforms during turn-off transition of two SPETOs are shown in Fig. 3.12.
The maximum voltage difference during turn-off transition can be derived by equations (3-12)
and (3-13).

Vbus = I/vl (tvr) + V2 (tvr - A[s ) (3-12)
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AV = I/l(l‘vr)_I/Z(l‘vr _Ats) (3_13)
In the above equations, V| and V, are the anode-cathode voltages of SPETOs. At; is the
difference of the storage time of the two SPETOs including the difference of circuit related

gate drive delay ty and the difference of device-dependent storage time delay t;+t,.

Fig. 3.12 Voltage waveforms during turn-off transition of two SPETOs in-series

(a) Dynamic voltage balance without snubber
From above analysis, we know the dynamic voltage imbalance AV between devices is
caused by At, and the difference of C;. If there is no snubber connected with switching device,

AV can be expressed by equations (3-14).

(CjZ _Cﬂ)V I 2'Iak 'Ats

AV = bus
Ci+Ch Cy+Ch

(3-14)

69



In equation (3-14), the first part represents the voltage imbalance due to the difference of
C;, and the second part represents the voltage imbalance due to the difference of t;.

(b) Dynamic voltage balance with capacitor snubber

If a capacitor Cs is connected with switching device as a snubber, the dynamic voltage

imbalance AV can be expressed by equations (3-15).

_ (Cj2 +Cs1)_(cjl +C,y) + 2-1, -At,
(Ch+C)+(Cy+Cy) ™ (C+C)+(C,,+Cy)

(3-15)

Usually C; is much larger than C;, therefore by adding the capacitor snubber, AV can be
reduced significantly.

The capacitor snubber is charged during turn-off transition, and discharged during turn-on
transition. For thyrisor based devices, the current rising rate cannot be limited by the device
itself. Therefore, a current rush will appear during turn-on, and cause extra power dissipation
on the switching device. If the capacitor value is large, the current rush will result in a
thermal issue, and might even destroy the switching device.

(c) Dynamic voltage balance with RCD snubber

To reduce the current rush, RCD snubber shown in Fig. 3.11 could be considered. During
turn-off, RCB snubber acts as a capacitor snubber. During turn-on, the capacitor is
discharged via resistor, and hence no current rush appears on the switching device.

The dynamic voltage imbalance AV with an RCD snubber is the same as that with a

capacitor snubber.
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In RCD snubber, a diode is used resulting in extra cost compared to the capacitor snubber.
Meanwhile, the mechanical structure of RCD snubber is more complicated than that of
capacitor snubber.

(d) Dynamic voltage balance with RC snubber

In some cases, a RC snubber is used to achieve dynamic voltage balance. With an RC
snubber, during turn-off the voltage across the switching device V(t) is:

R-1,-[1 ( Gre )] (3-16)
. . _eX p— . -
ak p RCC

J s

2
V()= lu 4, S
C,+C, (C,+C)

J K
If the snubber resistor satisfies equation (3-17), Taylor expansion can be applied to
equation (3-16).

C, +C,
oo Gt (3-17)

J s

R>>

By omitting the 2" and above level part in Taylor series, we get equation (3-18) and (3-
19).
I, -t
V)~ —%— 3-18
(1) c (3-18)

J

(CJZ_CjI)V +2'1ak.Ats

AVz bus
Cj1+Cj.2 C,+C,

(3-19)

Obviously if equation (3-17) is satisfied, the RC snubber does not help dynamic voltage
balance.
If the snubber resistor satisfies equation (3-20), we can get equation (3-21) and (3-22).

R € *C (At, +1,) (3-20)
<<= + -
C' . C s vr

J s
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Iak l

V(t) =
© C,+C,

(3-21)

Vn (CL+C)—-(C;+Cyy) N 2.1, At
(Ch+C)+(C,+C) ™ (C+C)+(Cp+C,y)

(3-22)

Obviously if equation (3-20) is satisfied, the RC snubber is like a capacitor snubber or a
RCD snubber.

3.4. Analysis of the dynamic voltage balance of SPETOs

3.4.1. Dynamic voltage imbalance issue of SPETO

For SPETOs in series connection, there is a special case of dynamic voltage imbalance
caused by self-power function. Fig. 3.13 shows the turn-off waveform of two SPETOs in
series connection. One device is turned off much earlier than the other device, resulting in a
significant voltage imbalance between the two devices. This abnormal phenomenon can not
be explained by the gate drive delay and storage time.

In the following sections, the reason of the issue is analyzed, a solution is proposed and

the experimental results are presented.
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Fig. 3.13 Waveform of SPETO dynamic voltage imbalance issue

As analyzed in chapter 2, there are two scenarios for SPETO during its on state. These

two scenarios are shown in Fig. 3.14, where Q. is gate signal of Q. and V(. is the voltage

across Q.’s drain and source during turn-off.
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Fig. 3.14 Two scenarios of SPETO turn-off transition

In scenario 1, both GTO and Q. are on and all GTO current goes through Q.. In scenario 2,
GTO is on whereas Q. is off to let the GTO current charge capacitor bank.
Assuming the command turn-off signal comes at to, after a gate drive delay time Q is

turned on at t; to prepare for GTO current commutation. In scenario 1, Q. is turned off at t,
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and then V(. increases, forcing cathode current commutate to GTO’s gate. Therefore the
storage time starts at t;.

While in scenario 2, before the command turn-oft signal comes, Q. is already off and V.
is approximately equal to V.. Once Q. is turned on at t;, V. forces cathode current
commutate to GTO gate instantly. Therefore the storage time starts at t;.

If two SPETOs are in different scenarios before turn-off transition, even if they received
the turn-off command signal at the time, the SPETO in scenario 2 starts the turn-off process
much earlier than the SPETO in scenario 1 does. As a result there is a significant voltage
imbalance between the two SPETOs during turn-off.

3.4.2. Solution for dynamic imbalance issue of SPETO

From the analysis above, it could be seen that the dynamic voltage imbalance between
SPETOs is caused not only by the gate drive delay and storage time, but is also affected by
self-power function.

During SPETO on state, Q. state is determined by the self-power function. One possible
solution for imbalance issue is to disable self-power function once the command off signal is
received. Fig. 3.15 shows the gate signals of Q, and Q. after the control circuit is revised. In
scenario 1, the gate signals are the same as originally presented. In scenario 2, once the
command off signal comes at ty, the self-power function is disabled and Q. is immediately
turned on. After a gate drive delay time, Q. is turned on at t; and then Q. is turned off at t,
starting the GTO turn-off process. With this solution, the storage time starts at t, whether
SPETO is in scenario 1 or scenario 2. As a result, the impact of self-power function on

dynamic voltage balance is eliminated.
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Fig. 3.15 Revised gate drive signals for dynamic voltage imbalance issue

3.4.3. Experimental demonstration of SPETO dynamic voltage imbalance

Based on the proposed solution, the control circuit is revised and the experimental
waveform for one SPETO device is shown in Fig. 3.16. In the experiment, SPETO is set to
scenario 2. At tp, command off signal comes, self-power function is disabled instantly and the
Q. gate voltage Vgqe) starts to rise. At ti, Vggqe) reaches its threshold, Q. is turned on
completely and its drain to source voltage Vgsqe) drops quickly to zero. From t; to ty, Vgqe)
keep increasing. After circuit delay time, Qg is turned off and then Q. starts to turn off at t,.
When Vggqe) 1s below its threshold at t3, Q. 1s turned off completely and the GTO turn-off
process starts. The time interval between t; and t4 is defined as GTO storage time which is

the time to remove all minority carriers in GTO p-base.
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Fig. 3.16 Turn-off waveform of SPETO with revised gate drive

Fig. 3.17 shows the circuit diagram of the test setup, and Fig. 3.18 is the picture of two
SPETOs in series connection. A 100 kohm resistor is connected in parallel with each SPETO
to get a static voltage balance. An RC snubber is used for dynamic voltage balance during

turn-off.
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Fig. 3.17 Circuit configuration of dynamic voltage balance test

Fig. 3.18 Photograph of dynamic voltage balance test

The experimental waveforms of different scenarios are shown in Fig. 3.19, Fig. 3.20 and
Fig. 3.21. The scenarios of two SPETOs in Fig. 3.19 and Fig. 3.20 are same. In Fig. 3.21, one
SPETO is in scenario 1 and the other is in scenario 2. With the proposed solution, two

devices start turn-off process simultaneously and a good dynamic voltage balance is achieved.
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Fig. 3.20 SPETO dynamic voltage balance (both SPETOs in scenario 2)
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Fig. 3.21 SPETO dynamic voltage balance (S; in scenario 1 and S; in scenario 2)

3.5. Conclusions

In this chapter, the series operation of SPETOs was discussed. Due to the self-power
circuit, the variation of SPETO leakage current is much larger than that of other conventional
switching devices, which is an impediment to the achievement of static voltage balance. The
existing approaches for static voltage balance were discussed. A compensating circuit was
proposed to decrease the variation of SPETO leakage current. With the proposed circuit,
SPETO is like a conventional switching device from leakage current point view.

The theory, modeling, and methods for improving the SPETO’s dynamic voltage balance

were discussed. Due to the self-power function, SPETO has two scenarios before turn-off
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process, which results in a special dynamic voltage imbalance issue. The root cause of the

issue was identified, and a solution for the issue was proposed and experimentally verified.
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CHAPTER 4. SPETO BASED CIRCUIT BREAKER

FOR POWER DESTRIBUTION SYSTEM

4.1. Introduction

With the development of the power system and modern industry, large electrical networks
are interconnected. Meanwhile, as shown in Fig. 4.1, renewable sources such as photovoltaic
and wind power are integrated into the current power system in recent years. As a result, the
available fault current of the network has increased and may result in existing equipment not

being adequately rated to handle the fault current condition [E 1]-[E 4].
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Fig. 4.1  Application of Solid State Switchgear for Coupling New Generation
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Currently, the widely used mechanical switchgears have drawbacks, including slow
switching time (100 ms) and a limited number of operations (<50) before replacement or
repair. Because of the slow speed, the mechanical switchgears have no influence on the peak
fault current, and all grid components must be oversized to withstand this peak value of the
fault current. Meanwhile, due to the fault current, significant voltage sag will appear on
power lines.

After years of research and development, power semiconductor devices based solid state
switchgears including solid state circuit breaker (SSCB) and solid state fault current limiter
(SSFCL) have been noticed for their short switching time, lack of arc occurrence and
intelligent functions.

Another potential area for the solid-state switchgear is to act as a sensor of voltage,
current, and power factor and the provision of other advanced distribution automation
functionalities in smart grid as shown in Fig. 4.2. Solid-state switchgear can be automated to

record and transfer vital power quality and reliability information.

83



Solid-state

Distribution switchgear
Control Center
Residential J 1 Commereial
Consumer * Consumer
iy Solid-state
" i
diorimd switchgear

Solid-state
switchgear

Distribution
Substation

Consumer onsumer

Residential g M # Commercial

Commercial

Recidontial Cunsurmer

Industrial Consunnar

Consumer

—— Communications Distribution
D Sensors 'l Local Agents Substation

Indlpserial
Consumer

Fig.4.2  Application of solid-state Switchgear for advanced distribution automation

Compared with mechanical switchgear, the solid state switchgear offers the following
advantages [E 8]-[E 11]:
e High-speed interruption
e Limited fault current
e No arc generation
e High reliability and low maintenance requirements
e Potential for including precise and intelligent fault control
Solid-state switchgears offer quick response performance; however, they have a
significant drawback of high power loss during normal operation. Moreover, the voltage and

current ratings of solid-state switchgears are still not as high as that of the mechanical
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switchgears. That is the reason that solid-state switchgears are only considered in power

distribution systems currently and not in power transmission systems.

The performance of mechanical switchgear and solid-state switchgear are compared and

listed in Table 4-1.

Table 4-1 Mechanical switchgear versus solid-state switchgear

Mechanical Switchgear

Solid-state switchgear

Response time 20 - 60 mS 5-100uS
Voltage/ current rating Full Limited
Power loss Low High
Are Yes No
Maintenance High Low

With limited voltage and current rating, today’s solid state switchgears can operate only in
a part of the mechanical switchgear operation region. By coordinating with other traditional
mechanical switchgears, flexible trip capability could be achieved by solid state switchgears
to protect the power system. Particularly for frequently-occurring small faults, solid state
switchgears could clear the faults without tripping the main mechanical switchgears.

4.2. Design of the SSCB

Fig. 4.3 shows one simplified topology of SSCB and SSFCL. SSCB consists of fast

semiconductor switch device, current sensor, controller and voltage clamp. The voltage
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clamp is used to suppress the voltage spike during the turn-off transition of the switching
device. By combining SSCB with current limiting impedance which usually is reactor or
resistor, a SSFCL is achieved. The series switch is a traditional mechanical switch, and it

provides full isolation capability when the solid state switchgear is being maintained [E 2].
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Fig. 4.3  Simplified topology of SSCB and SSFCL

The operating performance of SSCB and SSFCL is mainly determined by the capabilities
of the used semiconductor switching devices. According to a survey conducted by EPRI [E
8]-[E 11], the main requirements for the semiconductor switching devices are listed as follow:

e Continuous current and on-state voltage drop
e Maximum through current without turn-off

e Maximum turn-off current and voltage blocking
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4.2.1. Candidate solid-state switches

IGBT, GTO, SPETO, and IGCT are state-of-the-art high power switching devices that can
be considered for the SSCB and SSFCL applications. Since the switching devices need only
to turn off when fault current occurs, the switching frequency and switching loss are not the
main concern. Continuous current capability, on-state voltage drop, and turn-off capability
are the more important features.

The most prevalent voltage of distribution equipment is up to 69 kV, which is much
higher than that of silicon material based semiconductor devices. To block this high grid
voltage, semiconductor devices must be connected in series with redundancy. Compared with
standard package used by IGBT, the press-pack is more suitable for this purpose because it
assures the failed devices is in short status and the string is still operational.

(1) Continuous current and on-state voltage drop

Fig. 4.4 shows the on-state voltage drops of different semiconductor switches with the

same die size and blocking voltage rating [B 1] [C 1] [D 15].
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Fig. 4.4  On-state voltage drops comparison between switching devices
IGBT (CM900HB90H, 4.5kV/900A), IGCT (5SHY35L4511, 4.5kV/3.8kA), ETO (4045TA31,
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We can see that the thyristor-based semiconductor switches such as ETO, IGCT, and GTO
are superior to IGBT in terms of the conduction loss and on-state voltage drop.

(2) Maximum turn-off current capability

The current turn-off capability of switching devices is a major concern for SSCB and
SSFCL application since the fault current is expected to be cut off by the switching device
rapidly and completely.

Compared with thyristor-based semiconductor switches, the maximum current turn-off
rating of IGBT is much lower with the same die size and blocking voltage rating. Using
devices with 4.5 kV blocking as examples, thyristor-based devices can turn off 4 kA current

while IGBT can turn off less than 2 kA current.
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Among thyristor-based semiconductor switches, the 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 5SGF 4014502 as an example,
to achieve 4 kA maximum turn-off current capabilities, a 6 uF dv/dt snubber capacitor must
be paralleled with the device. Moreover, the turn-off storage time is greater than 20 us.

By using hard drive technology, ETO and IGCT greatly reduce the turn-off storage time to
less than 1.5us, allowing for the safe turn off of 4 kA current without a dv/dt snubber at 2.kV
DC bus voltage [D 6] [D 7].

With the above comparison, it can be determined that ETO and IGCT are the most
suitable devices for SSCB and SSFCL applications.

4.2.2. The advantages of SPETO for SSCB

SPETO is an emerging high power switching device. Compared with other traditional
switching devices like GTO, IGBT and IGCT, SPETO offers the following advantages for
the SSCB and SSFCL application [E 5]-[E 7]:

(1) Potential higher current interruption capability

To replace the present mechanical switchgear in a distribution system, much higher
current conduction and interruption capabilities are required for the solid state circuit breaker.

There are some limitations for hard-driven GTO (SPETO and IGCT) if a higher current
turn-off performance is pursued. One of the limitations is the gate current commutation rate
dlg/dt to achieve unity turn-off gain.

As reported in [B 8], the current commutating rate is crucial to the turn-off performance of

hard drive GTO like IGCT and SPETO. A higher dig/dt commutating rate can ensure a more
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homogeneous turn-off transient process over all the GTO cells in the wafer, thereby
increasing the turn-off capability of the device.

To decrease the gate loop stray inductance, a specially designed ring gate structure is used
in IGCT design, a low inductance (less than 3 nH) is achieved and a 6 kA/us dig/dt
commutating rate is obtained. The new designed IGCT 5SHY 5514500 could turn-off 5 kA
current without a snubber.

However it's difficult for IGCT to increase dig/dt further. According to the equation (4-1),
the dig/dt is decided by the reverse break down voltage (BV) of the GTO gate-cathode
junction and the gate loop inductance.

dig,/dt=BV/L; 4-1)

The maximum reverse break down voltage must be below 20V, and the gate loop stray
inductance of IGCT is approaching its limit due to physical structure limitations, hence it’s
difficult to push dig/dt further.

SPETO is not restricted by the limitation of the gate loop stray inductance Lg. With the
assistance of emitter MOSFET during turn-off, a short reverse voltage pulse is generated in
the current commutation period. The voltage pulse is significantly higher than the breakdown
voltage of the GTO’s gate-cathode junction and it will decrease automatically when the
commutation finished. With the specific turn-off scheme, a very high 12 kA/us dig/dt
commutating rate is achieved even with a 16 uH gate loop stray inductance in ®75 mm
SPETO [D 5].

Fig. 4.5 shows the SPETO turn-off waveform with a 6 uF snubber capacitor. The turn-off

current is improved to 8 kA (compared with 5 kA in snubberless mode).
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Fig. 4.5 SPETO turn-off waveform at 8 kA with an 6 uF snubber

Further improvement of the maximum turn-off current of the SPETO is possible. For
example a @75 mm SPETO may be able to turn off a 10 kA current.

(2) Build-in self-power function for gate drive

Since circuit breaker is placed in series in distribution line with voltage level from 4.16
kV to 69 kV, the auxiliary power supplies and isolation transformers are required for the gate
drives of the switching devices. In a distribution system with a high voltage rating, a number
of switching devices have to be connected in series to obtain enough blocking voltage rating.
To provide power for the gate drives of those switching devices, multi isolation transformers
are required or the transformer has to be designed with multi windings. In either case the cost

is increased and the reliability of the system is reduced.
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However, for a SPETO-based circuit breaker, these challenges are dramatically relieved
by the SPETO’s self-power function. Whether the circuit breaker is open or closed, SPETO
can obtain the power for its gate drive directly from the line, which means auxiliary power
supplies and isolation transformers are not required.

(3) Build-in sensor and protection function

To sense the line current and cut off the fault current, external current sensors are required
for SSCB and SSFCL. While for SPETO based circuit breaker and current limiter, the
external current sensor can be replaced by its built-in current sensor. Therefore, the system
cost can be reduced further. SPETO could sense device current by its unique method and
send the current information via optical fiber without isolation issues. With the current
information sensed by SPETO, the external controller could coordinate SPETO and other
circuit breakers to deal with the fault current. Moreover, SPETO has over current protection
function which adds extra protection for the switching devices. In case the external controller
is out of order, SPETO cuts off the fault current and protects itself to avoid massive loss [D
10] [D 12].

SPETO also features built-in voltage and temperature sensors and protection functions and
further simplifies the system design.

(4) Positive temperature co-efficiency for parallel connection
To achieve higher continuous current capability for SSCB and SSFCL applications,

switching devices must be connected in parallel to increase the current handling capabilities.

92



The on-state characteristic of SPETO is shown in Fig. 4.6. It can be seen that SPETO has
a stronger positive temperature coefficiency. Therefore a good current sharing between

parallel connected SPETOs can be achieved [D 4] [D 14].

On-State Voltage(v)

'1 1
0 1000 2000 3000 4000
Anode Current(A)

Fig. 4.6  On-state characteristic of the SPETO

During active charging, the voltage across SPETO is between Vi and Viep, which is
much higher than the conduction voltage drop during non-active charging. When several
SPETOs are in parallel application, the load current will commutate from the device with
active charging to the non-active charging devices. In the worst case, when active charging
happens on most SPETOs at the same time, the remaining few SPETOs have to sustain all
load current, which might cause over-current protection on those few SPETOs.

One possible solution for this issue is to connect the capacitor banks together on all

paralleled SPETOs and use one control unit to take charge of the self-power function for all
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devices. In this way, active charging happens on all SPETOs synchronously to avoid current
imbalance between SPETOs.

4.2.3. Topology design of SSCB using SPETO

Generally, there are two topologies for SSCB as shown in Fig. 4.7 [E 5]. Topology (a) is a
full diode rectifier in which fewer power switching devices are required. However, since
there are two switching devices and two diodes on either path, more on-state losses are
caused during normal operation. In Topology (b), only two switching devices and one diode
are on either path. The AC current flows through one branch at half time. Since the on-state
voltage drop of asymmetrical devices is lower than that of symmetrical switching device,
asymmetrical devices are usually employed in SSCB. To block reverse voltage, a diode with

low forward voltage drop must be connected in series with switching devices in topology (b).

- -@—[@-ﬁ—
J;!g J;lg q

(a) Rectifier bridge solution (b) Anti-parallel solution

Fig. 4.7  Topologies of SSCB
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SPETO is a self-power device which obtains power from the current flowing through the
device during the on state. For rectifier bridge solution, this is not a concern since the line
current always goes through SPETOs whether in positive half circle or negative half circle.
Therefore, SPETO could get power at any time.

However for the anti-parallel solution, one branch will be in a reverse block region when
the voltage is reversed. The SPETO in this branch will be unable to obtain any power during
this time and the energy stored in capacitor C; is consumed to power the gate drive.

The total energy stored in C; is about 6.2 J, as calculated in equation (3-3).

E=C-(V2,-V2

st ™ Vinin )/ 2 (3-3)

The on-state power requirement of the SPETO is about 10 W. As calculated, the energy
stored in capacitor C; could sustain the SPETO gate drive for about 300 ms which is twenty
times a 60 Hz period. Therefore, the present design of the SPETO can safely be used in either
topology.

Another concern is the load voltage distortion brought by SPETO active charging. When
active charging takes place, the voltage across SPETO is from Vi (110 V) to Viep (150 V),
making the device similar to a voltage source.

Fig. 4.8 shows the anticipated waveforms of load voltage for a rectifier bridge solution
and an anti-parallel solution. It could be seen there would be a voltage notch or bump in the
load voltage. Since the voltage notch or bump is less than 150 V and only lasts a few us, it’s

not a big issue when the line voltage of the distribution system is 4.16 kV or higher. The

exact width of the notch or bump depends on the line current when active charging happens.
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Fig. 4.8  Waveform distortion of load voltage in SSCB

Fig. 4.9 shows the circuit diagram of a proposed SPETO-based SSCB module for 4.16 kV
distribution system. Two SPETOs are connected in series providing a 9 kV voltage blocking
capability. A 6 uF snubber capacitor is connected in parallel with each SPETO to achieve 8
kA current interruption capability. A resistor in parallel with each SPETO is used to achieve
the static voltage balance between SPETOs. The high energy metal oxide varistors (MOVs)
are for over-voltage protection during turn-off transient due to the stored energy in the line

inductance [E 5].
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Fig. 4.9  Proposed 9 kV SSCB module diagram for a 4.16 kV distribution line

4.3. Simulations of SSCB and SSFCL for fault protection

Fig. 4.10 shows a 3-phase 4.16 kV/1 kA power distribution system under study, and the
simulation environment is SIMTRIX. The system is modeled by 3-phase voltage source, the
line inductance and load with 0.95 power factor.

In simulation, the grounding fault is produced by an ideal short circuit with 0.001€
grounding resistance. The fault occurs at 1.1s and clears at 1.5s. The circuit breaker/fault
current limiter cut off the line current after detecting the fault (50 pus for the ETO switch),

and re-closed at 2s.
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Fig. 4.10 A 3-phase 69 kV/1 kA system under study

Fig. 4.11 shows the simulation results of one phase of waveforms without protection. The
fault current is as high as 40 kA which is 40 times the normal operation value, and the phase
voltage drops to almost zero during the fault. The fault current starts out as asymmetrical and
finally becomes symmetrical at steady-state.

Fig. 4.12 shows the simulation result of one phase of waveforms with an inductive SSFCL,

where a ImH reactor is utilized to limit the fault current.
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Fig. 4.12 Voltage and current with inductive SSFCL
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From the waveforms, we can see that the fault is limited to about 6 kA, and the phase
voltage drops to 80% of its original value. The simulation result shows that SSFCL is very
effective for the short circuit fault.

4.4. Implementation of SPETO based SSCB

Typically, water cooling is used in high power applications to remove the massive heat
generated by semiconductor devices. In SPETO based SSCB design, water cooling is
replaced by heat-pipe with air cooling which has no isolation and leakage issues.

Fig. 4.13 is a picture of a customized heat-pipe. It can remove 2 kW of heat with the aid of
5 m per second of forced air. Fig. 4.14 shows the diagram of half a 9 kV SSCB module under
test, where two SPETOs are connected in series with a reverse-blocking diode. The MOV

and snubber capacitor are included as well.

Fig. 4.13 A picture of a 2 kW heatpipe
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Fig. 4.14 Diagram of a half 9kV SSCB module under test

Fig. 4.15 shows half of the designed modular SSCB under test and Fig. 4.16 shows its
circuit diagram. A 7.5 mH inductor is used as the load and AC 208 V is the input voltage

source.

Fig. 4.15 Modular SSCB (half) with a heatpipe under test
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Fig. 4.16 Circuit diagram of test setup

Fig. 4.17 shows the start-up process of SPETOs in SSCB, where V, is the input voltage
source, V¢ and V; are the voltages of the capacitor banks in S; and S,, respectively. At time
to, the input AC voltage is applied to the SSCB and load inductor. Since SPETOs are in the
off state, the capacitor banks are charged by linear regulator shown in Fig. 2.1, and V., and
V., increase gradually until they reach V.. at t;. From then on, the built-in power supply in

SPETO starts up and provides power to the gate drive. Both SPETOs are ready to operate.
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Fig. 4.17 Start up (energizing) in SSCB

Fig. 4.18 shows the closing of SSCB, where V,; and Vg, are the voltages across S; and
Sy, respectively. At time t,, the close-command is sent to the circuit breaker by optical fiber
and both SPETOs are turned on instantly. Once SPETOs are in on state, the AC voltage
source begins to charge the load inductor and the inductor current increases until it enters
stable status.

Fig. 4.19 shows SPETOs obtain power by active charging during the on-state. The
capacitors are charged by the load current; V., and V,rise to Viep quickly and then decrease

gradually to V.,.s due to the power consumption of the gate drive.
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Fig. 4.18 SSCB close
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Fig. 4.19 SSCB continuous operation
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When the SPETO-based SSCB remains on, the capacitor bank needs to refresh every
several hundred micro-seconds to maintain its voltage between V,er; and Viep. In Fig. 4.19,
the time intervals of refreshment of V., and V., are different. This is because the DC current
levels for GTOs are set to different values. With a higher DC current level, the energy in the
capacitor is consumed more quickly and the time interval required to refresh the capacitor is
shorter.

Fig. 4.20 shows the waveform of SPETO voltage during operation. When active charging
happens and the capacitor is charged, the voltage across SPETO V is equal to the capacitor
voltage V. (between Vi1 and Viep). Since the voltage across the inductor load is Vac-V,, as

shown in Fig. 4.21, waveform distortions on the load voltage are caused by active charging.
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Fig. 420 SPETO voltage during SSCB operation
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Fig. 421 Waveform of load voltage during active charging in SSCB

In the worst case, active charging occurs on S; and S, simultaneously, and the voltage
across two SPETOs can be as high as 2V .p. In designed 4.16 kV distribution power system,
2V e 1s about 5% of the line voltage, which is a small proportion.

Fig. 4.22 shows the waveforms of active charging near the load current zero-crossing
point. During t;-t,, the capacitor bank is charged but V. is still below Vi.pn. From t, to t3, the
load current is zero therefore V. decreases slowly. In next cycle when load current comes at

ts, the capacitor bank is charged again, V. rises up to V. and active charging is finished.
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Fig. 422 Active charging near current zero-crossing in SSCB

Fig. 4.23 shows the waveforms when SPETO-based SSCB cuts off the load current. At
time ts, optical command-off is sent to the SPETOs and SPETOs turn off quickly. Meanwhile
the voltages across SPETOs rise rapidly and the load current continues to decrease. At time t,
the load current decreases to zero and the voltages across the SPETOs are finally clamped by
the MOVs.

During SPETO turn-off period, Va1 and Vg, are almost the same, which demonstrates a
good dynamic voltage balance between them. To turn-off a higher current, a larger capacitor

should be connected with each SPETO in parallel to achieve dynamic voltage balance.
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(b) Zoom view of turn-off

Fig. 4.23 Waveform of SSCB turn-off
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4.5. Conclusions

The solid-state circuit breaker (SSCB) was introduced and was compared to the traditional
mechanical breaker.

The advantages of SPETO for SSCB in terms of potential high current turn-oft capability,
built-in self-power function, and built-in sensor and protection functions are introduced. The
topologies of SPETO based circuit breaker for power distribution system were proposed and
discussed.

The SPETO based circuit was tested and the self-power function of SPETO was

experimentally verified.
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CHAPTER S. SPETO BASED H-BRIDGE FOR

STATCOM

5.1. Introduction

Electrical utilities and heavy industries face a number of challenges related to reactive
power. Heavy industrial applications can cause phenomena like voltage unbalance, distortion
or flicker on the electrical grid. Electrical utilities may be confronted with phenomena of
voltage sags, poor power factor or even voltage instability. Reactive power control can
resolve these issues.

Static synchronous compensator (STATCOM) is the use of a voltage source converter
(VSC) incorporated as a variable source of reactive power. STATCOM offers several
advantages compared to standard reactive power compensation solutions. Reactive power
control generated by generators or capacitor banks alone normally is too slow for sudden
load changes and demanding applications, such as wind farms or arc furnaces. Compared to
other solutions, STATCOM is capable of providing continuous control, fast dynamic
response, and compensation of unbalanced loads with single phase control [F 1]-[F 3].

Fig. 5.1 shows an ABB STATCOM converter connected with 3 phase power system to
confront with the reactive power problems. It is able to provide the following control features:

* Power factor correction
* Voltage control

* Active harmonics cancellation
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* Flicker mitigation

* Unsymmetrical load balancing

3 phase grid

r-*---‘---L--

Fig. 5.1 STATCOM connected with power system

In recent years, multilevel voltage source converters are emerging as a new breed of
power converter for STATCOM high power applications. The multilevel voltage source
converters typically synthesize staircase voltage waves from several levels of dc capacitor
voltages. One of the major limitations of the multilevel converters is the voltage unbalance

between different levels. The techniques to balance the voltage between different levels
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normally involve voltage clamping or capacitor charge control. Without considering the
traditional magnetic coupled converters, there are typically several ways of implementing
voltage balance in multilevel converters: diode-clamp, flying capacitors, and cascaded-
converters with separate dc sources [F 4]-[F 7].

Fig. 5.2 shows the basic structure of the cascade converter in a single-phase configuration.
Each DC voltage source is associated with a single-phase H-bridge (full-bridge) converter.
The ac terminal voltages of different level inverters are connected in series. The synthesized
phase voltage waveform of a 9-level cascaded inverter with four H-bridges is shown in Fig.

5.2 as well [F 4].
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Cinteinz-
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Fig. 5.2 Multilevel cascade converter
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By controlling the phase current leading or lagging the phase voltage by 90°, the average
charge to each dc capacitor could be equal to zero over one line cycle, therefore, all DC
capacitor voltages can be balanced. Since the cascade converter can avoid extra clamping
diodes or voltage balancing capacitors, it has a smaller component count than the previously
mentioned converter as the voltage balancing components are no longer required.

In the cascade converter, all of the H-bridges can be exactly the same; therefore the
converter has the advantage of modularity electrically and thermally. If required, the voltage
levels of each H-bridge can be monitored and controlled independently.

As a benefit of its modularity, additional redundant H-bridges can be added and there will
be no need to halt the operation of the entire system in case of a fault in one of the converters.
The faulty converter can be turned off and serviced while the entire converter remains on-line
[F 4]-[F 5].

In summary, the advantages of the cascade converter based multilevel voltage source
converter can be listed below.

* Requires the least number of components among all multilevel converters to achieve
the same number of voltage levels.

*  Modularized circuit layout and packaging is possible because each level has the same
structure, and there are no extra clamping diodes or voltage balancing capacitors.

* Redundant H-bridge can be added in case of fault scenarios.
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5.2. Design of SPETO based H-bridge

Fig. 5.3 shows a SPETO based 10 MVA STATCOM with a step down transformer, 69

kV/4.16 kV, connected between the power system and the STATCOM. The series line

connected inductance is decided as 0.6886 mH, based on the peak-to-peak ripple on the input

line current.

10MVar

69kv/4160V
Coupling point
Circuit Breaker
] Pre-charge circuit

Reactor

Center & HiI

Contral @
C=>)

Cooling System

Fig. 5.3  SPETO-based I0OMVA STATCOM one line diagram

Each phase of the multilevel inverter used in the STATCOM is SPETO-based five-level
cascade converter, consisting of two SPETO H-bridges connected in series as shown in Fig.

5.4 [F 8]-[F 10].
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Fig. 5.4  Five-level cascade multilevel inverter

The maximum DC voltage rating of SPETO is 2.8 kV. To leave sufficient margins, the
DC bus voltage of H-bridge is chosen as 2.17 kV. In order to achieve 10 MV A, the designed
nominal current rating is therefore 1.39 kA. The converter has two operating modes which
are inductive compensation and capacitive compensation. These two modes of operation are
achieved by using different sets of modulation index for the converter. A maximum RMS
current of 1.39 kA is obtained for both inductive and capacitive compensation.

5.2.1. Topologies of H-bridge

Fig. 5.5 shows the previous design of ETO based H-bridge. H-bridge consists of four
ETOs with anti-parallel diodes connected in parallel with ETOs. Each ETO device has

individual di/dt inductor and RCD clamp.
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Fig. 5.5  Previous design of ETO based H-bridge
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Fig. 5.6 shows the current design of SPETO based H-bridge. Compared to the previous
design in Fig. 5.5, the current design of H-bridge has only one di/dt inductor and one RCD
clamp, placed between input DC capacitors and SPETOs and work for all four SPETOs.
With the current design of H-bridge, the cost of the system is reduced and the mechanical

structure is simplified.
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Fig. 5.6  Current design of SPETO based H-bridge

116



The part numbers of the power devices in SPETO based H-bridge are listed in the Table

5-1.

Table 5-1 Part numbers of power devices in SPETO based H-bridge

Switching Device SPETO, 4.5 kV /4 kA
Anti-parallel Diode 5SDF 10H4520, ABB
Clamp Diode 5SDF 10H4502, ABB
DC capacitor 2.5 kV film capacitor

5.2.2. Design of di/dt inductor and RCD clamp

As shown in Fig. 5.6, each H-bridge has a RCD clamp and a di/dt inductor between DC
capacitor and switching devices. The di/dt inductor Ls is set to limit the rising rate of the
current when SPETO is turned on, and it also limits the current changing rate for the reverse
recovery of the anti-parallel diode. The RCD clamp helps to reset the current in the di/dt
inductor before the next switching cycle occurs, it also clamps the voltage spike that occurs
at SPETO turn-off [F 11]. To make the RCD clamp effective, the parasitic inductance
between the switching devices and the clamp circuit should be as small as possible.

Generally, the turn-on current di/dt capability of SPETO is higher than the turn-off di/dt
capability of the anti-parallel diode. Therefore, L must be rated to meet the turn-off current
di/dt requirement of anti-parallel diodes. The minimum value of L can be determined by the

equation (5-1), where Ly, is the minimum required inductance, V. is DC bus voltage, and
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di/dt is the turn-off current di/dt requirement of anti-parallel diode. By giving V4, of 2.17 kV
and di/dt of 500 A/us, the minimum value of inductor is 4.4 uH.

14
L., =—% 5-1
™ dildt ©-1)

The overvoltage on clamp capacitor must be smaller than the rated blocking voltage of
SPETO, and the overvoltage must recovery to zero before the next switching transition takes
place to avoid an excessive voltage increase. In addition, the clamp diode D current must be
zero before SPETO turns on to avoid the turn-off of the clamp diode at a high di/dt [F 11][F
12].

The clamp capacitor C; and clamp resistor R are selected to find a compromise between
the time constant of the clamp current cancellation time Ty and the overvoltage on the clamp
capacitor AV. By solving the equation (5-2), expressions for Ty and the maximum

overvoltage AV« are obtained on equation (5-3) and (5-4).

o=ty y =0 (5-2)
RSCS LSCS
T, :l ﬂ—arctan(ﬁj (5-3)
Yo o
—garctanﬁ
AV =I"ﬂe A (“) (5-4)
C.va)O
1 1 2 2
o= , W, = , =10 —a
TR R

Based on the equations, the parameters of di/dt inductor and RCD components are

selected and listed in Table 5-2.
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Table 5-2 Parameters of passive components in H-bridge

di/dt inductor (L) 5uH
Clamp resistor (Ry) 1 ohm
Clamp capacitor (Cs) 13.2 uF

The worst case of overvoltage happens when H-bridge works at bipolar modulation as

shown in Fig. 5.7, and the load current is at maximum peak value.
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S1 S vy S
2 $ D l St 2
= = 1 = =
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— —
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2 2
s D, l S4 5: D. S
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-— -—
— —
= T A YYy B - T A Yvy B
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T éﬁ D3 éf D4 T éﬁ D3 éf D4
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(c) (d)

Fig. 5.7  Diagram of voltage spike during H-bridge turn-off
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In Fig. 5.7, S; and S, are turned on, and then the load inductor current starts to rise. When
S; and S4 are turned off, the load current commutates to D, and D;. As a result, both L
current and load current go through Dy and charge C. The voltage across Cs goes up rapidly,
resulting in a voltage spike on P point.

Fig. 5.8 shows the simulation result. The turn-off current is set to 1.96 kA which is the
designed maximum peak current. It can be seen that the voltage spike is about 4 kV, which is
close to the maximum voltage rating of SPETO.

Fig. 5.9 shows the voltage spikes at different values of Ls, Ry and Cs. We can see that

increasing Ls and R value, or decreasing Cs value will result in a higher voltage spike.
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Fig. 5.8  Simulation of di/dt inductor and RCD clamp

(Vpc=2.2 kV, L=5uH, R=1 ohm, C=13.2 uF, L=120 uH)
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Fig. 5.9
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5.2.3. Mechanical design of H-Bridge

Fig. 5.10 shows the mechanical design of a half-bridge and RCD clamp. SPETOs and
anti-parallel diodes are clamped together by the fiber bars and rods. Each SPETO is cooled
by two 2 kW heat-pipes. For one half bridge, totally four 2 kW heat-pipes are used to

dissipate the thermal losses on SPETOs and anti-parallel diodes.

Heatpipe

LHID

- ~ Clamp
diode

Clamp
capacitor

Fig. 5.10 Mechanical design of SPETO based H-bridge (half bridge and RCD clamp)
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The custom designed heat-pipes used in H-bridge are made of ten individual heat-pipe
stacks, capable of dissipating 2.2kW of thermal energy. The heat-pipes must have a vertical
orientation and constant forced air blowing through the radiator at 5Sm/s. The heat-pipes are
weather-sealed and contain an inert, non-flammable, non-toxic and CFC free fluid that has a
high flash point.

The power stage and the RCD clamp are connected by the bus bar to facilitate conducting
the large current and meanwhile to reduce the stray inductance and to clamp the voltage
spike across switching device effectively.

Fig. 5.11 shows the mechanical design of H-bridge with RCD clamp and di/dt inductor.
One 1.2 kW heat-pipe is used to dissipate the thermal losses on the clamp diode. The
inductor could be connected to the RCD clamp by bus bar or cables. The DC capacitors and

resistors are not included in the mechanical drawings.

123



S

&

. .

inductor

Fig. 5.11 Mechanical design of SPETO based H-bridge

5.3. Experimental demonstrations of SPETO based H-Bridge

To verify the design the H-bridge and the performance of SPETO, a SPETO based H-
bridge is built as shown in Fig. 5.12. In the following sections, the experimental results are

presented and analyzed.
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Fig. 5.12 SPETO based H-bridge test setup

5.3.1. Self-power function in H-bridge

Fig. 5.13 shows the waveform that the self-power circuit energizes during start-up, where
V.(S1) and V(S;) are the capacitor voltages of S; and Ss, respectively. At ty, V(S;) and
V(S3) begin to increase until they reach V,.p at t;. Thereafter, the built-in power supplies
provide power to SPETO gate drives. During start-up, the inductor current is almost zero,
and voltages on switching nodes A and B are the same, therefore the capacitor voltages on S
and S4 are the same as those on S; and S;. After t;, all SPETOs on H-bridge are ready to

operate.

125



2 I I P

ST D

Ch1 100y i I 100ms 100kS: 10.0ps it
Ch3 0.0 iy Chd S0.0v gy A Chl o 174y

Fig. 5.13 Start-up (energizing) of SPETO in H-bridge

As illustrated in the previous chapter, SPETO obtains power for its gate drive from the on-
state current during the switching operation. This is called active charging. Fig. 5.14 shows
active charging during the continuous operation of H-bridge.

In Fig. 5.14, active charging occurs at t; and t3, the time interval between t, and t; is about
300 ms, which means the capacitor bank needs be refreshed about every 300 ms. We notice
that during active charging, there is waveform distortion on load current I;. The current
distortion is caused by the voltage drop on SPETO. During active charging, the voltage drop
on SPETO is equal to the voltage across the capacitor, and SPETO behaves like a voltage
source. As a result the voltage across the load inductor is not equal to Vg4, or zero, and

distortion is produced.
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Fig. 5.14 Self-power during H-bridge continuous operation

Fig. 5.15 shows the transient of active charging. At ts, V. drops down to Vi1, Q. 1s turned
off to let the current charge the capacitor bank. At ts, V. is charged up to Vi.p, the active
charging is finished and Q. is turned on again.

In the case of a light load condition, active charging might last for a longer time period as
shown in Fig. 5.15(b). The active charging begins at ts. Between ts and tg, since there is little
current going through SPETO, V. is below Vi and Q. is kept off. At tg, V. reaches Viep

finally and the active charging ends.
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Fig. 5.15 Active charging transient
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5.3.2. Continuous operation of H-bridge

The open loop continuous operation of H-bridge in shown in Fig. 5.16, where an inductor

is used as a load and the load current I} is modulated to a sinusoid waveform.

Zoom 1 Chl — Zoam 1 ChE — Zoom 1 Ch3 — Zoam 1 Chd —
o0y 4.0z 20.0% 4 0z S0.04 4.0rns 5008 4 0z

Fig. 5.16 Continuous operation of SPETO based H-bridge

In continuous operation, one of the concerns is whether SPETO can conduct the load
current when the load current changes its direction and commutates from anti-parallel diode
to SPETO.

Fig. 5.17 shows the diagram of the process that the load current changes its direction and

commutates from anti-parallel diode D; to SPETO S;. At ty, S; is commanded on and a pulse
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current is injected into the GTO gate to turn on GTO quickly. The pulse current only lasts
about 4 us, and then only a low DC gate current is provided to GTO to keep GTO on.

During ty and t;, though S; is in on state, there is no current going through S; since D; is
conducting the load current. When D, is conducted, the SPETO gate voltage might be
negative (refer to Fig. 2.14). As a result, the GTO gate current goes through gate-anode

junction instead of gate-cathode junction.

Ls
OO
On
Rs Ds - D4 - D,
L A —_— B
L
C. S S T
On
| T T ¥ T
(a) to-t; (b) ti-t

tti tz

(©)

Fig. 5.17 Diagram of load current commutation
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If the GTO gate current is cut off under negative gate voltage, the charge carrier density in
the gate-cathode junction would decrease significantly. During the commutation of load
current from D; to S; at t;, GTO could enter some state with low carrier density, and trigger
some spots on the GTO wafer by GTO anode voltage and current. Consequently current
filaments appear in the wafer. In the worst case, GTO can not conduct current.

If the GTO gate current is maintained at a considerable value under negative gate voltage,
the charge carrier density in the gate-cathode junction would decrease slightly, but not much.
As a result, the GTO state with low carrier density will be avoided.

In SPETO design, a linear regulator shown in Fig. 2.12 is used to provide a DC gate
current for GTO. The linear regulator works under negative gate voltage and the GTO gate
current is maintained. Fig. 5.18 shows the transition that SPETO is commanded on before the
load current changes its direction.

At ty, S; is commanded on, and a pulse current is injected in the GTO gate. The pulse
current attenuates to zero quickly. Between ty and t;, D; conducts the load current. At t;, the
load current commutates from D; to S;, the load current appears on S; immediately as the
figure shows.

If the commutation rate of load current is steeper, a higher DC gate current is preferred for
the GTO under negative gate voltage. The required DC gate current level needs to be

investigated in the future.
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Fig. 5.18 Experimental result of load current commutation

5.3.3. Reverse recovery of anti-parallel diode

During continuous operation of H-bridge, voltage dips are noticed on switching node A
and B. In Fig. 5.19, V, and V,, are the voltages on switching points A and B, respectively. At
the moment V,, changes its state, a voltage dip occurs on V,.

The voltage dip is caused by the turn-on characteristic of SPETO and the reverse recovery
of the anti-parallel diode. In Fig. 5.20 and Fig. 5.21, D, is taken for study and its transient of
reverse recovery is depicted and explained. Since the reverse recovery period is very short,
we can assume that the load inductor current keeps the same during the entire period of

reverser reCovery.
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Fig. 5.19 Voltage dips on switching nodes

Before ty, the inductor current goes through S; and D, there is no current in di/dt inductor,
both of V, and Vy, are equal to bus voltage. At ty, S4 is turned on. Since SPETO is a thyristor
based device and is current controlled, once a pulse current is injected into its gate, the device
is completely turned on and Vj, is pulled to zero level immediately.

From t to t;, is4 increases meanwhile ip, deceases with the same rate. In Fig. 5.21(b), S;
and S, are in on state, D, is forward biased, therefore both V, and V, are equal to zero.

At t1, ipp decreases to zero, and the turn-off transient of D is initiated. From t; to t,, the
minority charge at diode PN junction is removed. At t,, the diode junction becomes reverse

biased and is able to block negative voltage.
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From t; to t3, the depletion region effective capacitance of diode junction is charged, D, is
reverse biased and the voltage across D, is established. The time interval between t; and t3 is
called reverse recovery.

From t; on, V, comes back to positive level, and the current going through S, is equal to

the load current.

Ip2

Is4 Is

N

t, ttots

Fig. 5.20 Diagram of reverse recovery of anti-parallel diode
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Fig. 5.21 Process of reverse recovery of anti-parallel diode

From above figures, it is seen that the voltage dip on V, lasts from t, to t3, and the same
situation applies to V, when S; is turned on and follows a reverse recovery on D.
Due to the reverse recovery of the anti-parallel diode, there is a bump on di/dt inductor

current ir5 as Fig. 5.20 shows. The bump can also be seen on the waveform in Fig. 5.22.

135



" e e e R D [ il
CTERT 200 Bw . . Bhe . 200w 4. Bw ... W1400ms 500

et B EIE B 3= 0 N e T Al 1TEh
4 I N I B R

v e b e v Ty b by b by
Zoorn 1 Chl— Zoorn 1 Ch2 — Zoorn 1 Chi — Zoorn 1 Chd —
Z00Y S00ps Z00Y S00ps 50084 a00ps 5004 S00ps

Fig. 5.22 Current bump on di/dt inductor

The bump causes extra power losses on di/dt inductor and clamp resistor, and the extra

losses should be counted when the load inductor current is a large value and the reverse

recovery of anti-parallel diode is severe.

5.3.4. Forward recovery of anti-parallel diode

Not only the reverse recovery, but also the forward recovery of anti-parallel diode has

impact on the H-bridge operation. Fig. 5.23 shows the pulse test result on H-bridge. The bus

voltage is 500 V, a double pulse is applied on S; and Sy, the peak turn-off current is 600 A. In

Fig. 5.23, a reverse current on Ss is noticed when S; and Sy are turned off, and the magnitude

of the reverse current is approximately 200 A.
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Fig. 5.23 Forward recovery of anti-parallel diode (previous design, 500 V/ 600 A)

How the reverse current on S; comes is explained in Fig. 5.24. When S; and S, are turned
off, the load current commutates to anti-parallel diodes D, and Ds. During the transition of
current commutation, there is a voltage spike across D3 due to the forward recovery of Ds.
The voltage spike applies to S; as a reverse voltage. If the voltage spike is high enough, the
PN junction (between GTO gate and cathode) of SPETO will break down, and a reverse
current appears on Ss. The same situation applies to S,.

If the magnitude of the reverse current is large, it will have a longer tail current. SPETO
cannot be turned on until the tail current reduces to zero, otherwise the device will fail. To

avoid failure, the time taken to turn the device on for the next switching-cycle must increase
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and the overall switching frequency of the converter must decrease. Moreover, a severe

repetitive reverse current might damage SPETO.
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Fig. 5.24 Process of forward recovery of anti-parallel diode

After further investigation, we found that the stay inductance of bus bar has a great impact
on the forward recovery of anti-parallel diode and the reverser current on SPETO.
Fig. 5.25 shows the previous mechanical design of half-bridge and its equivalent circuit

diagram. The inductor represents the stay inductance of bus bar in anti-parallel diode path.

138



During the current commutation, not only the forward voltage of anti-parallel diode, but also
the voltage of stray inductance applies to SPETO, resulting in a reverse current. Larger stray
inductance, higher reverser voltage across SPETO, and larger reverse current appears on

SPETO.
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Fig. 5.25 Previous design of half-bridge

By changing the mechanical design, the stray inductance in diode path is reduced to a
negligible value, and the stray inductance in SPETO path is increased. Fig. 5.26 shows the
new mechanical design of half-bridge and its equivalent circuit diagram. The voltage across
the stray inductance helps to reduce the reverse voltage on SPETO and suppress the reverse

current.
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Fig. 5.26 New design of half-bridge

Fig. 5.27 shows the experimental results based on the new design. Under the same test
condition, the reverse current on SPETO is reduced to about 40 A.

In the experiment, the bus bar in the path of SPETO is replaced by a power cable to obtain
a large stray inductance, and the experimental result is shown in Fig. 5.28. The reverse

current is further reduced to approximately 28 A.
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Fig. 5.27 Forward recovery of anti-parallel diode (new design, 500 V/ 600 A)
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Fig. 5.28 Forward recovery of anti-parallel diode (new design, replace bus bar by cable)
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In SPETO based 10 MVA STATCOM, the DC bus voltage of H-bridge is 2.17 kV, the
designed nominal RMS current rating is 1.39 kA, and the peak current rating is 1.98 kA. Fig.

5.29 shows the experimental result of the reverse current under this extreme condition. The

reverse current is about 200 A.
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Fig. 5.29 Forward recovery of anti-parallel diode (2.2 kV, 2 kA)

5.3.5. Verification of di/dt inductor and RCD clamp

As previously mentioned, the parameters of di/dt inductor and RCD clamp have a great

impact on the voltage spike during SPETO turn-off. To verify the design of di/dt inductor

and RCD clamp, experiments were conducted.

142



Fig. 5.30 shows the experimental waveforms of voltage spike, where R; 1s 2.8 ohm and 1

ohm in Fig. 5.30 (a) and Fig. 5.30 (b), respectively.
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Fig. 5.30 Voltage spike Vs. R (2.2 kV, 1.5 kA)
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At the same condition of DC bus voltage (2.2 kV) and turn-off current (1.5 kA), the
voltage spike is higher when Rs is larger, proving the simulation results.

Fig. 5.31 shows the experimental waveform of voltage spike at 2.2 kV DC bus voltage
and 2 kA turn-off current. The peak value of the voltage spike is 4.28 kV, which is

approaching 4.5 kV, the maximum voltage rating of SPETO.
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Fig. 5.31 Voltage spike at 2.2 kV, 2 kA

Considering that the over-current will appear in real application, the voltage spike might
be greater than 4.5 kV and damage SPETO. To ensure SPETO is safe under any condition,
the di/dt inductor and RCD clamp need to be revised. According to the simulation, an

inductor or resistor with lower value is preferred in the design.
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5.4. Conclusion

In the chapter, SPETO based H-bridge for 10 MVA STATCOM was introduced. The
topologies of H-bridge were introduced and compared.

The design of di/dt inductor and RCD clamp in H-bridge was discussed. The di/dt
inductor is used to limit the current rising rate of SPETO and the reverse recovery of anti-
parallel diode. The RCD clamp is used to clamp the voltage spike during SPETO turn-off.
Both the di/dt inductor and RCD clamp have great impact of the voltage spike, and their
parameters need to be verified to ensure SPETO will not be damaged by the voltage spike.

In the experiments, the self-power function of SPETO and the continuous operation of H-
bridge were demonstrated.

The reverse recovery and forward recovery of anti-parallel diode were investigated. The
reverse recovery of diode causes voltage dip on switching points, and it results in extra losses
on di/dt inductor. The forward recovery of diode causes reverse current on SPETO during the
commutation of load current. To reduce the reverse current, the stray inductance needs to be
added in SPETO path.

The design of di/dt inductor and RCD clamp was verified in the experiment. Based on the
current design, the voltage spike is below the maximum voltage rating of SPETO under full

load current conditions.
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CHAPTER 6. SUMMARY AND FUTURE WORK

6.1. Summary and major contributions

SPETO is the first known high power switching device with an efficient control power
self-generation capability. This dissertation discussed the development and applications of
the SPETO. Major contributions achieved are as follows:

(1) The mechanism of self-power function was analyzed. The limitation of self-power
function and the waveform distortion at load side caused by self-power were discussed.

(2) To reduce power consumption of the SPETO gate drive, hence mitigate the limitation of
self-power and waveform distortion, a novel low loss circuit for GTO on-state gate
current was proposed. The proposed circuit was simulated and experimentally verified,
proving its low power consumption performance.

(3) The series operation of SPETOs was discussed. The approaches for static voltage balance
were discussed. A compensating circuit was proposed to decrease the variation of SPETO
leakage current. With the proposed circuit, SPETO is similar to a conventional switching
device from the leakage current perspective.

(4) The theory, modeling, and methods for improving the SPETO’s dynamic voltage balance
were discussed. A special dynamic voltage imbalance issue of SPETO was found and its
root cause was identified. A solution for the issue was proposed and experimentally

verified.
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(5) A design of SPETO based solid-state circuit breaker and fault current limiter was
proposed, and the operation of the circuit breaker was experimentally verified.

(6) A SPETO based H-bridge for 10 MVA STATCOM was introduced. The design of di/dt
inductor and RCD clamp in H-bridge was discussed, simulated and experimental verified.
The self-power function was verified under continuous operation of H-bridge. The
impacts of reverse recovery and forward recovery of the anti-parallel diode were

discussed.

6.2. Future work

(1) Further improvement of the SPETO’s gate drive.

The power consumption of SPETO gate drive needs to be reduced by using other DC
current circuits instead of linear regulator.
(2) Investigation of SPETO based circuit breaker

The SPETO based circuit breaker needs to be tested under high voltage and current
conditions to verified its overall performance.
(3) SPETO based H-bridge

The design of SPETO based H-bridge and the functionalities of SPETO need to be

experimentally verified under high voltage and current condition.
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