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A Novel Self-powered Supply for GCT Gate Drivers

Master of Applied Scignce ‘
2006
Weiqian Hu
Electrical and Computer Engineering

Ryerson University, Canada

ABSTRACT

This thesis is devoted to the development of a novel self-powered supply (SPS) for the gate
driver of integrated Gate Commutated Thyristors (GCT). In commercial GCT power supplies, a
high-voltage isolation transformer is an indispensable device. Since the GCT devices are
normally for high-power converters operating at a voltage level of 2.3KV to 13.8KV, the
high-voltage isolation transformer is expensive in cost and bulky in size. The SPS proposed in
this thesis transfers energy from GCT snubber circuits and generates a regulated dc supply for
the GCT gate driver. Since the snubber circuit is at the same potential as the GCT device, the
insulation level of the self-powered supply is reduced from a few thousand volts to a couple of

hundred volts, leading to a significant reduction in cost and size.

In this thesis, the configuration of the proposed SPS is presented, and its operating principle
is elaborated. The strategy for maximizing the SPS output power is analyzed. It is demonstrated
that the SPS can provide a regulated output up to 60 for most commercial GCT gate drivers.
The performance of the SPS is verified by experiments on a 60/ laboratory prototype.
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CHAPTER 1

INTRODUCTION

The high power converters with power rating from 0.4MW to 40MW at the medium voltage
level of 2.3KV to 13.8KV are widely applied in industry [1], such as medium voltage (MV)
drives, static reactive compensators (STATCOM), and dynamic voltage restorers (DVR). High
power MV drives are increasingly used in petrochemical, mining, steel and metals, transportation,
and other industries to enhance energy efficiency, increase productivity and improve product
quality [1]. STATCOMs can be utilized to regulate volt:ilge, control power factor, and stabilize
power flow [2]. DVRs are commohly applied to correct voltage sags, swells, and unexpected

load changes, so as to maintain the voltage within acceptable tolerances [3].

In high power converters, Gate Turn Off (GTO) thyristors had been widely used until the
advents of high-power Insulated Gate Bipolar Transistors (IGBTs) and integrated Gate
Commutated Thyristors (GCTs) in the late 1990s [4,5]. These new generation switching devices
have rapidly entered the main areas of high-power electronics due to their superior switching
characteristics, reduced power losses, and ease of gate control [1]. Currently, the .voltage and
current rating of IGBT devices can reach 6.6kV/0.6KA or 1.7KV/3.6KA, while the ratings of
GCTs can be up to 6KV/6KA. Thus GCTs are more suitable for higher power applications.

The GCT device is essentially a high power GTO integrated with a specially designed gate
driver. The gate driver has an extremely low gate inductance, which leads to a great
improvement of GCT turn-off capability over conventional GTOs [6,7]. Fig. 1-1 shows the block
diagram of a GCT device. The gate driver, which is normally powered by a 20V dc supply,

converts the gate signals generated by the digital controller into required GCT gating currents.
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Fig. 1-1 GCT block diagram.

Fig.1-2 shows a typical topology of GCT based Current Source Rectifiers (CSR) commonly

used in medium voltage drives as a front-end converter [1]. The line inductance L, and filter

capacitor C, form a low pass filter to attenuate harmonics generated by the CSR. The dc choke

L, isused to smooth the dc current.

?330V(pk) L,
/
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— 4 L
6600V (rms
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PWM CSR

Fig. 1-2 PWM current source rectifier (CSR).



Since the gate driver is connected to the cathode and gate of the GCT device, the gate driver

and its power supply are at the same potential of the GCT. For example, in a 6600V system,

the voltage of gate driver P with respect to ground GND is 5400V (peak), and the voltage

between gate driver P and gate driver Q is 9330V (peak). As a result, high voltage

isolation for the power supply is required [8-11].

To fulfill the aforementioned isolation requirement, separate power supplies insulated by
isolation transformers are normally used for GCT gate drivers. These isolation transformers are
quite expensive and bulky, which cause an increase in the manufacturing cost and the physical

size of the power converters.

In order to decrease the system cost and size, several self-powered supply (SPS) techniques
were proposed in literature [12-14]. The main purpose of these techniques is to use energy from
power converter or snubber circuits of switching devices to power the gate drivers such that the

isolation transformers can be eliminated for system cost reduction.

1.1 Power Supplies for Gate Drivers

There are two types of power supplies for switching device gate drivers, the commercial
isolation transformer based power supplies and the self-powered supplies. In this section, these

two types of power supplies are introduced, discussed, and compared.

1.1.1 Commercial Power Supply for Gate Drivers

A commercial power supply for a switching device gate driver is normally composed of an

isolation transformer, a rectifier, and a dc-dc converter. Fig. 1-3 shows the typical block diagram



of this type of power. Depending on GCT’s current capability, the power rating of the GCT gate
driver is normally in the range of 10W to 60W . The isolation transformer converts a utility ac
to a lower ac voltage, which is then converted into a dc voltage by the rectifier. This dc voltage

may vary with the utility voltage and/or the load conditions, and thus it is further stabilized to

power the gate driver by a dc-dc converter.

. JUL
Power Supply Unit T
120V ~ 48001 m—mom—orrnn—r o T T T | P
+ A :
[ *] Gate
| AC RECT DC DC-DC DC .
| Driver G
et — — :
T L /= | - | >ekv
AC  Isolation Transformer Rectifier DC-DC Converter Gate Driver = GND

Fig. 1-3 Block diagram of the commercial gate driver power supply for GCT devices.

Another important function of the isolation transformer is to provide isolation between utility
power supply and the gate driver. Since the voltage between the switching device and the ground
of the utility power supply can be a few thousands volts in MV applications, the isolation

transformer must be specially designed and manufactured. Hence the cost of such a transformer

is high and its physical size is large.

1.1.2 Self-powered Supplies (SPS)

To reduce the cost of gate driver supplies, several self-powered supply (SPS) techniques were
proposed in literature. The purpose of these techniques is to utilize the energy'of power circuits

or snubber circuits to power the gate drivers, instead of using energy transferred from the utility

power supply via isolation transformers.



1) Self-powered supply for GTO gate drivers

Fig. 1-4 shows a self-powered supply circuit for the GTO gate driver [12]. The supply circuit

consists of a snubber capacitor C,, a snubber diode D,, an inductor L, a power disposing
circuit (including a diode D,, a capacitor C, and a resistor R,), an electric energy storage
capacitor C; and a diode D,. The main purpose of the supply circuit is to convert the energy

stored in the magnetic field of inductor L, into the electric energy of the capacitor to power the

GTO gate driver.

Gate GTO, _—C
JUL| Driver J D

Fig. 1-4 A self-powered supply circuit for the GTO gate driver.

The operating principle of this design is based on the Lenz’s law of the inductor L, . When
the current of inductor L, increases, a positive voltage appears across the inductor, and the field
energy of the inductor increases. The diode D, is reverse-biased so that the electric energy

stored in the capacitor C, cannot be released into L, . Once the inductor current decreases, the



voltage across the inductor will become negative. Then the diodes D, and D, will conduct,
and the magnetic field energy stored in the inductor ; will be transferred into the electric energy
and stored in capacitors C, and C,. The resistor R, dissipates the energy stored in C, to

smooth the dc voltage. In this method, the electric energy in capacitor C, supplies the GTO

gate driver so that the isolation transformer is no longer needed.

However, this design has its limitations and cannot be used for GCT applications. The

reasons are given as follows.

o High cost of the inductors. Each of the self-powered supply requires an inductor in series with
the GTO device. Since this inductor carries the same current as that in GTO, its size is large
and cost is high. This is especially true for those converters with two or more switches in series.
The use of the inductors makes this scheme impractical, especially for GCTs, where no

inductors are normally required.

e No voltage regulation at the SPS output. The dc voltage accuracy does not fulfill the
requirement of the GCT gate driver. In this method, the dc voltage is maintained by the

capacitor C,. Thus the voltage ripple and variation may be larger than the requirement
(typically +0.5V") of the power supply for GCT gate drivers.
2) Self-powered Supply for SCR Gate Drivers

Fig. 1-5 shows a self-powered supply circuit for the SCR gate driver [13]. The SPS is

composed of a current limiting resistor R,, a zener diode Z,, an energy storage capacitor C,,



and a voltage regulator U,. It collects energy from the snubber circuit (R, D,, and C) to

power the SCR gate driver.
It
é RS
UL ¥
[ s H
| ZN,
Gate i
Vi | Driver _’_C, R
o

Fig. 1-5 A self-powered supply circuit for the SCR gate driver.

The energy storage capacitor C; absorbs energy from the snubber network through the

current limiting resistor R,. The voltage across C; is clamped by zener diode Z;. The voltage
regulator circuit U, converts the voltage across C, into a regulated voltage ¥, to supply the

SCR gate driver. The surge absorber ZN, is applied to clamp the voltage across the SCR, to a

safe range.

This scheme features a regulated dc supply for the SCR gate drivers. However, there are a

couple of drawbacks associated with this design. One drawback is that the surge absorber ZN,

is not practical for MV applications due to large amount of energy consumed on the absorber.

Another limitation is that this SPS can only be used for SCR gate driver, which requires only



small amount of power, typically a few watts. Therefore, this method cannot be applied to the

GCT gate driver.
3) Self-powered Supply for Anti-parallel SCR Pairs

Fig. 1-6 shows a self-powered gate driver for a pair of anti-parallel SCRs [14]. This method

collects the energy from the snubber capacitor to power its gate driver. The SPS is composed of

an RC snubber circuit (R, and C, ) and two energy storage capacitors (C, and C, ). The energy can

be transferred to C and C,when the SCRs are turned off. The stored energy in C; and C,

supplies gate drivers GD1 and GD2, respectively. Thus the circuit operates in a self-powered

manner. To limit the voltage on C, and C,, two voltage clamping circuits are used, which

cbnsist of resistors R; and R,, zener diodes Z; and Z, and thyristors 7} and T3, respectively. For

example, when the voltage across C, reaches the breakdown voltage of the zener diode Z,, the
diode will be reverse-conducting, and the thyristor 7, will be fired. Consequently, the current
will be diverted from C, to 7,, and the diode D,, will be reverse-biased, preventing C, from

discharging through 7;. The clamping circuit for capacitor C, operates in a similar maner, and

therefore is not discussed here.
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Fig. 1-6 A self-powered gate driver for an anti-parallel thyristor pair.

However, this SPS technology is not suitable for GCT gate drivers. The GCT not only
requires power to turn on, but also demands a large amount of energy to switch off. Since this
method is designed for SCR pairs, the energy used to fire the SCRs is not enough for GCT
gatings. Further, the dc voltage of the power supply is not regulated to meet the requirement of

GCT gate drivers.

‘1.2 Motivation and Objectives

With the advent of integrated Gate Commutated Thyristors (GCT), high power converters
.operating at medium voltage levels (2.3KV to 13.8KV) are increasingly employed in industry.
Each GCT device normally requires a specially designed power supply for its gate driver.
Commercial GCT power supplies are quite expensive and bulky since they have to provide an

electrical isolation of a few thousand volts through a high-voltage isolation transformer.



To reduce the cost and size of the power supplies for switching device gate drivers, three

distinct designs without using isolation transformers were proposed in the literature. However,

these designs were essentially for SCR and GTO deVices, and cannot be adopted for GCTs. The

main objective of this thesis is, therefore, to develop a novel low-cost self-powered supply for

GCT devices, where the costly high-voltage isolation transformer is eliminated. To achieve this

objective, the thesis will address and solve the following technical challenges and difficulties.

1)

2)

3)

4)

Maximum energy transfer from snubber capacitor to the proposed SPS without
affecting snubber circuit operation. Depending on the GCT current rating, its power
supply is normally in the range of 10W to 60W. The proposed SPS should be designed to
obtain sufficient energy from the GCT snubber capacitor while the operation of the

snubber circuit should not be affected.

Regulated output voltage with an electrical isolation. Most of GCT device requires a
stable output voltage of 20V with a maximum error of +0.5%. Therefore, the output
voltage of the SPS should be controlled with a good voltage regulation. Further, it is

required that the proposed SPS provides a low-voltage isolation between its input and

output.

Low cost and compact size. In addition to the elimination of high-voltage isolation
transformer for cost reduction, the proposed SPS should not add any costly components
with high voltage or high current to the power circuit. The component count of the SPS

should be minimized as well.

Simple and practical simulation model. To assist the analysis and design of the

proposed SPS, a simple and practical simulation model for GCT gate drivers and

proposed SPS should be developed.

10



5) Experimental verification. To verify the simulation results and performance of the

proposed GCT power supply, a prototyping GCT supply should be developed and tested.

1.3 Thesis Organization

This thesis consists of five chapters. The technical background, literature review, and existing
power supply techniques for SCR and GTO gate drivers are presented in the first chapter. The

main objectives of the thesis are discussed.

In Chapter 2, a novel self-powered supply for GCT gate drivers is proposed. The operating

principle of the proposed SPS circuit is elaborated. Theoretical analysis is conducted and design

guidance is provided.

Chapter 3 emphasizes the modeling and analysis of the proposed power supply. Simplified
simulation models for GCT gate drivers are developed. The performance of the SPS is then
investigated by simulation. The relationship between the SPS maximum output power and its

parameters is identified. The SPS start-up process is also discussed.

Chapter 4 provides the experimental verification of the proposed SPS. A laboratory prototype
“is designed and built to verify the performance of the proposed power supply. A variety of
experiments on the SPS are conducted. The experimental waveforms under different operating

conditions are analyzed.

Chapter 5 provides the conclusions of the thesis. Other relevant supporting materials are

_ attached in appendices.






CHAPTER 2

PRINCIPLE OF SELF-POWERED SUPPLY FOR GCT
GATE DRIVERS

2.1 Introduction

As introduced in Chapter 1, self-powered supply (SPS) techniques for GTOs and SCRs are
not suitable for GCTs since the gating requirements for GCTs are much different from these
switching devices. A novel self-powered supply for the GCT gate driver is, therefore, proposed
in this chapter. The supply obtains energy from the GCT snubber circuit and then converts the
energy into a regulated 20V dc supply to drive the GCT gating circuits. Hence the expensive and
bulky isolation transformers used in commercial power supplies for GCT gate drivers can be

eliminated.

This chapter starts with an introduction to the novel self-powered supply for GCT gate
drivers, followed by a detailed discussion on its operating principle. The design requirements for
the proposed supply are provided. The charging technique and the principle of output voltage
.regulation are analyzed. The design methods for maximum output power and optimum start-up

process are also presented.

2.2 Technical Requirements and Configuration of the Proposed SPS

Fig. 2-1 shows the simplified circuit diagram of a PWM current source rectifier used in

high-power drives as a front end converter, where the proposed self-power supplies are employed

13



for GCT devices in the rectifier. The rectifier essentially consists of six symmetrical GCT
switches, S, toS,, which are protected by si); sets of RC snubber circuits, R, and C,. The
proposed self-powered supplies (SPS) are in series with the snubber circuits. The principle of the
self-powered supply is to utilize the energy stored in the snubber capacitor C, to drive the GCT

gating circuit. Since the snubber circuit is at the same potential as the GCT device, the insulation
level of the self-powered supply is reduced from thousands of volts to a couple of hundreds volts

[15,16].

SPS SPS SPS

L. AaRan

L SPS SPS SPS

1T o Look Lo

Fig. 2-1 PWM Current Source Rectifier (CSR) with six self-powered supplies.

2.2.1 Technical Requirements

As the GCT gating requirements are much different from those of other devices, the proposed

SPS should meet following requirements:

14



1)

2)

3)

4)

Effective energy transfer to the GCT gate driver

The gating of GCTs requires much more energy, typically up to 60W, than that of GTOs or
SCRs. A major portion of the required energy is transferred to the gate driver during the GCT
turn-off [15]. Another portion of the energy is dissipated for turning on the GCT device
including the generation of turn-on pulse and back-porch current. The third portion, around
5W , is the gate driver component dissipation. Obviously, the supply should be designed to

fulfill the total power requirement for GCT gate drivers.

No effect on snubber circuit operation

Since the snubber circuit is used to protect the device during switching, its function should

“not be influenced under any circumstances. Therefore, the proposed SPS should not affect the

operation of the snubber circuits [16].

Regulated output voltage

Since the load conditions during different switching periods of the gate driver are distinct,
and the voltage requirement (20%0.57") of the power supply for GCT gate driver is critical,

the output voltage of the designed SPS must be regulated in order to achieve reliable GCT

switching.
Voltage isolation between snubber circuit and the GCT gate driver
The GCT is switched on or off by a positive or negative current through the gate and cathode

of the GCT. In order to ensure the power supply working properly, the isolation should be

provided between the snubber circuit and the gate driver. The detailed operations and
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explanations are given in Appendix C.

Based on the above requirements, a novel self-powered supply is designed. The circuit

configuration and analysis are given in following sections.

2.2.2 SPS Configuration

The block diagram of the proposed self-powered supply is shown in Fig. 2-2(a). The supply

consists of two converters: Converter 1 and Converter 2. The main functions of Converter 1 are

. to transfer the energy from the snubber capacitor C, to the energy-storage capacitor C, and to

minimize possible interference to the snubber circuit operation. Converter 2 converts the

unregulated dc voltage v, to a regulated dc voltage v;, for the GCT gate driver, and also

provides insulation between the snubber circuit and the gate driver.

Fig. 2-2(b) shows a circuit diagram of the proposed SPS. When a positive voltage is

established between the terminals S and P, a current flows through diode D, to charge the
energy storage capacitor C,. Once v, reaches its maximum value V__, set by the zener
diode Z,, the diode Z, will breakdown and conduct, causing thyristor 7; to conduct. The
current from S to P is thus diverted from C, to 7. In this case, diode D, is reverse-biased,
preventing C, from discharging through 7;. When the voltage between S and P becomes
negative, the diode D, will conduct, providing a current path for the snubber circuit. Moreover,

in order to minimize the impact of the SPS on the snubber operation, C, should be much

greater than C,.
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(b) Circuit diagram of SPS.
Fig. 2-2 Circuit diagram of the self-powered supply for GCT gate drivers.

Converter 2 is essentially a flyback converter, which converts the unregulated dc voltage on

C, to a regulated dc voltage v, for the gate driver. This converter consists of a power

MOSFET, a high-frequency transformer and a controller. The transformer produces a step-down
voltage and provides the required isolation (hundreds of volts) between the RC snubber circuit

and the GCT gate driver. Based on the output feedback, the duty cycle of the MOSFET is

controlled, so that the dc output voltage of the converter v, isregulated at 20V .

2.2.3 Converter 1 for Energy Storage

Converter 1 is utilized to store energy transferred from the snubber circuit. The detailed

operating principle of this converter and the self-powered technique are elaborated in this

17



section. .
1) Typical waveforms

Fig. 2-3 illustrates typical waveforms during the charging process of the energy storage

capacitor C,in a medium voltage (MV) current source rectifier (CSR). The rectifier is rated at

2300V (line-to-line voltage) and 0.4MVA. Each GCT device in the rectifier is turned on for

120" and turned off for 240° per fundamental-frequency cycle. In Fig. 2-3, v, is the GCT
voltage, v, is the snubber capacitor voltage, v., is the voltage across the energy storage
capacitor, and i, is the GCT current waveform. It can be observed that when the GCT is

turned on, v is equal to zero. However, when the GCT is turned off, the v, can either be

positive (V4o > 0) or negative (V4o <0).

The snubber capacitor voltage v, follows the GCT voltage v, with a time delay caused
by the RC snubber circuit. The voltage across the energy storage capacitor C, is a function of
GCT switching status. When the GCT is turned on, the capacitor C, discharges its energy to the
gate driver through Converter 2, causing decrease of v.,. While the GCT is tumed off, the
capacitor C, will be charged. In Fig. 2-3, it can be observed that the capacitor C,, as long as_

Avger /dt >0, can be charged under both conditions of v, >0 and v, <0. Each condition

has different current paths and is discussed in detail in following sections.
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Fig. 2-3 Typical voltage and current waveforms for GCT device and capacitors.

2) Charging of C, with v, >0

Fig. 2-4(a) shows the voltage waveforms of charging the storage capacitor C, with vgcr> 0.

Assume that the GCT switch is initially turned on and the voltage on the snubber capacitor is

zero. When the switch is turned off during At,, its voltage v, starts to increase and the GCT
current begins to divert to the snubber circuit and the SPS. Consequently, the voltage across the
energy storage capacitor v, increases, and the electric energy is transferred into the Converter
1. The current path during the charging process is shown in Fig. 2-4(b) with dashed line. Once
reaches its maximum value V_,, set by Z,, the thyristor 7; will be fired. The snubber

Vee

current will be diverted from C, to 7;. As a result, diode D, will be reverse-biased,
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preventing C, from discharging through 7;.

)

(b) Current paths
Fig.2-4  Charging process with v;-; >0.

3) Chargingof C, with v, <0

The energy storage capacitor C, can also be charged when v, <0. The charging process

is shown in Fig. 2-5. During Af_, vy increases from —6200V to —1000V due to the
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operation of other GCTs in the rectifier. The snubber capacitor voltage v has an initial voltage
of —-6200V aﬁd will follow the increment of v, with a short delay, which is caused by the
RC circuit. Obviously, |vg,| is greater than |vg| in this situation. Thus the input voltage AV
of the SPS circuit, given by AV =v;. —v,,, is always positive. Once AV becomes greater than

V¢, » the snubber capacitor C, starts to discharge and release its stored energy to C,.

7 H
A
x,
v_CS::q
Yo |
+ g _ A
+
wvED T, X% + |
_ RZ vCe"=Ce
P H
\J
o
b) Current paths

Fig. 2-5 Charging process for v, <0.
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In summary, the energy storage capacitor C, can be charged when v, >0 and v <0.

This greatly improves the energy transfer capability of proposed self-powered supply.

2.2.4 Converter 2 for Regulated DC Output Voltage

1) Circuit diagram

Fig. 2-6 shows the circuit diagram of Converter 2. It is essentially a flyback converter, which
converts the unregulated dc voltage v, to the regulated dc voltage v, to power the GCT gate
driver. The converter consists of a power MOSFET M, , a high-frequency step-down

transformer and a gating controller. The transformer provides not only a step-down voltage to the
load but also an electric isolation between the RC snubber circuit and the GCT gate driver. Based

on the sensed voltage feedback, the gating controller generates proper duty cycles of the gating

signal for the MOSFET to keep v, at 20V. The fast closed-loop control and high switching

frequency (132kHz) make v, fulfill the power supply requirement of the GCT gate driver.

Ippr Isec_ D,

Vee Vps {ﬂl M,

- - v,

Gating
Controller

Fig. 2-6 Circuit diagram of Converter 2.
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2) Operating modes

There are two different operating modes of flyback converters, discontinuous mode and
continuous mode. Generally speﬁking, the converter will operate in a discontinuous current mode
under light load conditions, and will move into the continuous mode when the output load
current is increased beyond a unique boundary [17]. Both operating modes are analyzed in detail

in this section.
a) Discontinuous mode

Fig. 2-7 shows typical waveforms of the flyback converter operating in a discontinuous mode,

where each operating cycle contains three distinct intervals [18].

Fig. 2-7 Waveforms of the flyback converter operating in a discontinuous mode.

Interval 1 is the period that MOSFET is turned on. The transformer primary current iy,

.increases linearly over time because of the inductance of the flyback transformer. The MOSFET

drain to source voltage v, is close to zero. The secondary current isgec is zero since the
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output diode D, is reverse-biased, preventing current from flowing back. During this interval,

energy is stored in the magnetic field of the transformer.

Interval 2 starts from turning off of the MOSFET, and ends with the exhausting of the

secondary current ig.. Once the MOSFET is switched off, the voltages across both the primary
and secondary windings are reversely polarized. Since the primary current i,, falls to zero by
the MOSFET turn-on, the secondary current i, instantly starts to charge the output capacitor

C, . The voltage across the secondary winding is equal to the sum of the output voltage and

diode forward voltage. This voltage is referred to the primary side according to the turns ratio of

‘the transformer. Thus the MOSFET voltage stress here is the sum of the reflected output voltage

V. and the input voltage V), . 'Dun'ng this interval, the magnetic energy stored in the

transformer during the first interval is released to charge the output capacitor C, and to power

the load circuit.

Interval 3 begins at the moment when the secondary current ig. decays to zero, and ends

with the beginning of the next cycle. The MOSFET drain to source voltage is equal to the input
voltage of the converter. Both the primary and the secondary current are zero during this interval.

That is the reason why this operating mode is defined as the discontinuous mode. As a result, the

output load current is supplied by output capacitor C, .

During each cycle of this mode, the energy delivered to the load by the transformer is:
E= %Lplf,n @2-1)
where L, is the transformer primary inductance in Henries, I, is the peak value of i, , and

n is the transformer efficiency.
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Thus the output power is defined by

1
Fy=>L I/, (2-2)

where f; is the switching frequency of the MOSFET.

Furthermore, when the MOSFET is on, and the primary current in amperes is given by

(VIN - VDS(ON))ton
L,

(2-3)

ippy =1, +

where I, is the initial value of the primary current, and ¢, is the turn-on time of the

MOSFET.

Substituting 7, in Equation (2-2) for Ipgs in Equation (2-3) with [, =0 and V), =0,
the output power of the flyback converter can be expressed as
VaD'n

F,= DA (2-4)

where D is duty cycle defined by D = %""— ,and T, is the switching time period.

s

b) Continuous Mode

Fig 2-8 shows the waveforms of continuous mode operation for the flyback converter. The

secondary current ig. of the continuous mode does not fall to zero during the MOSFET off

period. There are only two intervals in the continuous mode. Interval 3 of the discontinuous

mode does not exist here.
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Fig. 2-8 Flyback converter waveforms — continuous mode.

When the MOSFET is turned on during Interval 1, the primary current i,,, increases. Since

the secondary current is continuous, the MOSFET voltage stress Vps is different from that of the
discontinuous mode.

In order to maintain a constant output voltage, the amount of current increase in the*primary
inductance during the MOSFET turn-on period must be balanced by the amount of current

decrease during the MOSFET turn-off period. The above phenomenon leads to

(Viv =Vpsomy) P _ (Vep +V53)A-D) (2-5)
Lf, LA
N

from which the output voltage v, ofthe converter can be expressed by

D N
Vep = [(Vm - VDS(ON))——I D Fs] ~Vps (2-6)
P

where N, and N are number of turns of the primary and secondary windings, respectively.'

~ The boundary current between the continuous and discontinuous modes is defined by
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ViVep

> 2-7)
21L, [(ﬂm)w@]

103 =

Ny

If the output current is greater than the boundary current I,,, the converter operates with the

continuous mode. Once the load current is lower than 7,,, the converter is in the discontinuous

mode. The MOSFET switching frequency and the transformer primary inductance are inversely

proportional to the 7,, while the input voltage V, is directly proportional to I,,.

In summary, the flyback converter converts the unregulated dc voltage on energy capacitor

C, to a regulated dc voltage v;,, and provides the required isolation between the snubber

circuit and the GCT gate driver.

2.2.5 Design Guidance for C, and SPS Start-up Process
1) Design guidance for C,

The value of energy storage capacitor C, is determined by the amount of energy required

for powering the GCT gate driver. In order to minimize the effect of SPS circuit on the RC

snubber performance, C, should be much greater than C,. The energy stored in C, can be

expressed as

E =—;—C2VC28 (2-8)
In order to increase the energy stored in C,, either C, or ¥, could be increased.

Neglecting a small voltage drop across the snubber resistor and assuming C, >> C,, the
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voltage across the C, can be calculated by

C, :
Vee = C Vecr 2-9)

This equation indicates that for a given GCT voltage V., an increase of - C, will cause a
reduction of V,. Therefore, the value of C, and ¥ should be appropriately selected to

transfer sufficient energy from the snubber circuit to C,. Since the stored energy is proportional

to the ¥, square, it is preferable to increase ¥, rather than to decrease C, for achieving

maximum energy transfer.

2) SPS start-up process

The coﬁtroller of Converter 2 has two special voltage settings, starting voltage V,,,, and
minimum voltage V,;, . They form a voltage hysteresis band as shown in Fig. .2-9. When the
input voltage v, of the flyback converter increases from zero, the MOSFET gate signal is
prohibited and the MOSFET is disabléd until v, > I/s,a;,. Once the MOSFET is enabled, the
variations of v, cannot disable the operating of the MOSFET unless v, falls lower than
Viin - In general, V,,,, is preset to a vélue close to Vm. to‘ achieve fnore energy transfer during

the start-up process. And ¥, is usually set around 40% of ¥, to optimize converter’s

operating performance.
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Fig.2-9 V..., Vun> vez and MOSFET operation status.

In summary, by selecting a proper value of the energy storage capacitor C, and voltage

level for this capacitor, the proposed SPS can transfer sufficient energy from the GCT snubber
circuit. A proper design of the hysteresis voltage band in Converter 2 can provide a proper

start-up process of the SPS.

2.3 Conclusion

In this chapter, a novel self-poWered supply (SPS) for GCT gate drivers is proposed. The
s11pp1y is composed of two power convérters, Converter 1 and Converter 2. The former is used to
transfer sufficient energy from the GCT snubber circuit to the SPS, whereas the later is utilized
to{egulate the output voltage of the supply and to provide electrical isolation between the SPS
anci its gate driver. The SPS design requirements are provided, and its opefating principle is

elaborated. Methods for efficient energy transfer from the GCT snubber circuit to the SPS are

discussed and the SPS start-up process is introduced.
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CHAPTER 3
MODELING, SIMULATION AND ANALYSIS

3.1 Introduction

This chapter deais with modeling, simulation, and analysis of the proposed self-powered
supply (SPS) for GCT gate drivers. The GCT gate driver is a complex circuit to. produce
specially defined gate current waveforms for the turn-on and turn-off of a GCT thyristor [19].
The gate driver contains many digital and analog components, which are difficult to model by
computer software such as PSIM. To facilitate computer simulation and analysis of the proposed
self-powered supply, a simple and effective model for the GCT gate driver should be developed.
With a suitable model in place, the performance of the SPS can be analyzed and its maximum

output power can be investigated.

This chapter starts with the development of a simplified simulation model for the GCT gate
driver, followed by modeling of the proposed SPS using commercial software PSIM. These two
models are then integrated for the investigation of SPS maximum output power. The relationship

between the SPS output power and system parameters is examined, and the SPS startup process

is analyzed.

3.2 Modeling of SPS and GCT Gate Driver

3.2.1 Modeling of Self-Powered Supply (SPS)

Fig. 3-1 shows the block diagram and detailed schematics of the self-powered supply for
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GCT gate driver, respectively. As introduced in Chapter 2, the SPS consists of two converters,

Converter 1 and Converter 2. The function of Converter 1 is to transfer sufficient energy from

the snubber circuit to the energy storage capacitor C,. Converter 2 is a flyback dc-dc converter,
which converts the unregulated dc voltage on C, to a regulated dc voltage v, for the GCT
gate driver. This converter includes a high-frequency step-down transformer 7;, which provides
isolation between the SPS and the GCT gate driver and hence isolates the supplied voltage v,
from the snubber circuit. Diode D, and capacitor C, are the output rectifier and output
capacitor of Converter 2, respectively. The inductor L, and the capacitor C, form a low pass
filter to attenuate ripples of the output voltage. A MOSFET M, is controlled by a regulator
circuit, which contains a PI compensator and a PWM generator. The SPS outpﬁt voltage v, is
detected by R, and R,, and is then compared with a reference voltage ¥, .. The error is
processed by the PI controller. The output of the PI controller v, is compared with a periodic
sawtooth voltage ¥, in the PWM generator, which produces pulse width modulated rectangular
waveforms to drive M,. Moreover, the resistor R, is used to set the input start-up voltage

V.. and the minimum voltage V,, of Converter 2. The definitions of V,,, and V_, are

start

provided in Chapter 2 and illustrated in Fig. 2-9.
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Fig. 3-1 Circuit diagram of the SPS for the GCT gate driver.

3.2.2 Modeling of GCT Gate Driver

The GCT device is essentially a GTO thyristor integrated with a special gate driver with an
extremely low gate inductance (typically < 5nH) [1]. For a 4.5kV/4kA GCT, the total inductance

in the gate driver loop is about 3nH such that a di;, /dt (the critical rate of rise of turn-off gate
curfent) of greater than 60004/ us can be achieved. The gate driver with very low inductance,

high di/dt improves the turn-on capability of the GCT as well [20,21].
Using a 4.5kV/4kA GCT device, an anode current of 4000A can be turned off with the

turn-off storage time of 3.0usand dig,/dt of 60004/ us. Table 3.1 gives the specifications
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of the 4.5kV/4kA GCT device and its gate driver [22].

Table 3.1 Specifications of 4.5kV/4kA GCT.

GCT Device (FGC4000BX-90DS)
Repetitive peak off-state voltage Vorar 45004
Repetitive controllable on-state current ) — 40004
Storage time £, 3.0us
Turn on time Ly 3.0us
Gate Driver (GU-C40)
Power supply voltage Vep ZIV
Peak on gate current Iy, 2004
Peak off gate current I 40004
Critical rate of rise of on gate current dig / dt 1004/ ps
Critical rate of rise of off gate current dig, | dt | 60004/ us

Fig. 3-2(a) shows the typical waveform of the gate current i, for a GCT device [1, 22].

When the turn-on signal is applied, the gate current starts to increase after a short time delay. The

rate of rise of the gate current di;/dt should be greater than 1004/ us, and its peak value

I, should be more than 1004 . After the GCT device is fully turned on, it only requires a
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back-porch current of lower than 104 to keep the device conducting. The power dissipated in
this period is much lower than that in the turn-on or turn-off period. Once the turn-off signal is

generated, a negative turn-off gate current will be produced after a short time delay. The peak

value of the gate current I, can be greater than 10004, and the di;,/dt can be higher than

60004/ us . Such a great I, and high di;,/dt can substantially reduce the turn-off time of

the GCT. During this period, much more energy is dissipated in comparison with the case in the

turn-on period [23, 24].

To simplify the analysis, the actual GCT gating current waveforms can be replaced by those

given in Fig. 3-2(b), where the gate currents at turn-on and turn-off are replaced by two dc

currents 7, and I ;. The back-porch current is neglected due to its lower power dissipation.
The corresponding switching times for 7, and I ; are the turn-on time ¢, and turn-off time
t,, respectively. Since 7, and ¢, are typically 3us, a very small simulation time step, such as
0.1us , must be used for accurate simulation of the SPS. As a result, the simulation time will be
unnecessarily long. To maintain simulation accuracy and shorten simulation time, 7, and ¢
are prolonged to 7, and ¢, , while the magnitudes of the turn-on gate current /, and

turn-off gate 7, are proportionally reduced to I, and I, respectively.
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Fig. 3-2 GCT turn-on and turn-off gate current waveform.



Fig. 3-11 ¢, versus C,.

3.5 Summary

In this chapter, a simulation model for the proposed self-powered supply (SPS) is developed.
In order to simulate the GCT gate driver efficiently, a simplified model for the gate driver is

proposed, based on which the performance of the SPS is investigated. The relationship between
the SPS maximum output power F, .  and its parameters, including energy storage capacitance
C, and its maximum voltage ¥, , snubber capacitor C,, and utility supply voltage ¥, is

analyzed. The proposed SPS can provide an output power of more than 60/, which can meet
the requirement of most commerciél GCT devices. The startup process of the SPS for PWM

current source rectifiers is also investigated.
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CHAPTER 4

EXPERIMENTS

This chapter addresses two major experimental tasks. One task is to verify the proposed
simulation model for GCT gate drivers. As indicated in the previous chapter, the GCT gate driver
is a complex circuit, and a suitable model for the gate driver can facilitate the simulation of the
proposed self-powered supply (SPS). The experiments for this task are conducted on a 4160V
400KW current source drive. The second experimental task is to verify the performance of the '
self-powered supply. A prototype SPS of 60W is designed and built. Various experiments are

carried out for the SPS operating under different conditions.

4.1 Verification of Simulation Model

To verify the gate driver model developed in Chapter 3, tests were carried out on a medium
voltage drive at Rockwell Automation Canada. The drive system consists of a current source
rectifier (CSR) and a current source inverter (CSI) with two symmetrical GCT devices in series
in each switch position. The selective harmonic elimination (SHE) modulation scheme is used to

eliminate the low-order harmonics. The operating conditions of the drive system are given in

Table 4-1.
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Table 4-1 Opefating parameters of the tested drive system.

Rated Rated
DC Motor " Harmonic Switching Rectifier
Line Output
Current Speed Elimination | Frequency | Firing Angle
Voltage Power
4160V 400KW 794 1200RPM | 5% 7" and 11" | 420HZ 27.6°

(a) Measured vgor waveform. (b) Simulated vger waveform.

{0.25A/div

(c) Measured ig, waveform. (d) Simulated iy, waveform.

Timebase: 4ms/div

Fig. 4-1 Experimental waveforms for vgo, and igp.

Fig. 4-1 shows the measured and simulated waveforms of v;o, and ig,, where vg., is the

voltage across a GCT device and ig, is the output current of a commercial GCT gate driver
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power supply. When the GCT is turned on, v, is equal to zero, while with the turn-off of the

GCT, vger can be either positive (vo; >0) or negative (vger <0). The supply current ig,

contains narrow current spikes, caused by the switching of the GCT device. It can be observed

that the measured waveforms match the simulated waveforms very well.

4.2 SPS Prototype

Figure 4-2 shows the picture of the laboratory prototype developed to verify the performance
of the proposed SPS. The prototype is built based on the circuit shown in Figur.e 2-2. As shown
in this figure, a 6.5kV/1.5kA GCT device with its gate driver is supplied by the SPS prototype.
The gate signal from a DSP board §vill control the switching of the GCT device. To reduce the
gate inductance and store a large amount of energy to turn on/off the GCT, numerous dc

capacitors are mounted on the gate driver board. Depending on the size of GCTs, the value of the

total capacitance is typically from 20,000uF to 50,000uF as discussed in the previous

chapters.

The input terminal the prototype of the proposed SPS is connected with a snubber circuit to
transfer energy to power the GCT gate driver. Two parallel capacitors standing on the left side of
the board are the energy storage capacitors. A MOSFET integrated with a controller
(Topswitch-GX) is mounted below the energy storage capacitors. A small high-frequency
step-down transformer is installed above the MOSFET. Three output capacitors and an-L-C filter
are placed on the right side of the transformer. On the right side of the MOSFET are components
of the output feed back circuit. The output terminal is on the right side of the board for

connection to the GCT gate driver. The detailed schematics of the SPS board are given in

Appendix D.
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Fig. 4-2 GCT gate driver and SPS Prototype.

4.3 Experiments on SPS

The SPS prototype shown in Fig. 4-2 was tested to verify the performance of the proposed
SPS technology. Since the medium voltage GCT converters were not available in Ryerson’s

Laboratory for Electric Drive Applications and Research (LEDAR), the experiments were

conducted using a dc voltage, v,,, to emulate the voltage from the GCT snubber circuit. The

simplified circuit diagram for the prototype is shown in Fig. 4-3, and the parameters of the SPS
board are listed in Table 4-2. The schematic of the PCB board is given in Appendix D.
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Fig. 4-3  Simplified SPS circuit diagram.
Table 4-2 Parameters of the SPS prototype
Name Definition
D, MURG6040, 400V /604
I MCR106-6, 600V /44
Z, 2EZ200D5, 200V /2w
R, | 100Q/3W
D, MUR460RL, 600V /354
C, | 66uF/450V
M, Topswitch250, 700V /6.7 A4
TR LSPA10703, rated voltage 3000V ,N,/N, =44/8
D, MBR200100, 1007 /204

2000uF/35V
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4.3.1 Constant dc Input Voltage

To verify the performance of the proposed SPS, experiments are conducted on the SPS

prototype. For the tests discussed in this section, the SPS input voltage, v,,, is set at 100V and

the SPS output power varies from zero to 60W, which covers the continuous and discontinuous

current modes of operation.

1) No load condition

The SPS can satisfactorily operate under no load condition since the MOSFET M, has a

Light Load Frequency Reduction function. This feature allows a power supply operating at lower
switching frequencies under light load conditions to decrease the switching losses while
maintaining good voltage regulation and low output ripple. Therefore, the SPS does not need any

dummy loads [25].

R
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Timebase: 4us/div

Fig. 4-4 Waveforms of the SPS on no load condition

Fig. 4-4 (a) shows the waveforms of v, and v;, when the SPS is operating without any
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load. Under this condition, only a small part of energy is delivered to the second side of the

transformer, which is dissipated by components on the SPS board. Thus the turn-on time of the

MOSFET, ¢ _, is very short as shown in Fig. 4-4 (b), during which the voltage cross its drain and

on?

source Vv, is zero.

When the MOSFET is turned off, the energy stored in the transformer during the turn-on

period is now transferred to the secondary circuit. However, the primary and secondary leakage
inductances (L,, and L, ) are trying to oppose the change of their corresponding currents.
Therefore, a “crossover region” occurs, during which the primary current ramps down and the
secondary current ramps up. This transition excites the resonant tank circuit formed by the
primary self-inductance of the transformer and the stray capacitance of the supply to create a

decaying oscillatory waveform [25, 26].
2) 40W output power (discontinuous current mode of operation)

F1g 4-5 shows the measured voltage waveforms of the SPS operating in a discontinuous
mode, where the output power is 40W and the output voltage v, is kept constant at 20V. As
shown in Fig. 4-5 (b), the discontinuous mode operation can be divided into three iﬁtervals per
switching cycle. During Interval 1, the turn-on time of the MOSFET is significantly increased
compared with that under no load conditions since more energy is delivered to the secondary

side of the transformer. During Interval 2, the MOSFET is turned off, the oscillations at the

moment when the MOSFET is turned off is caused by the LC resonant circuit formed by primary

leakage inductance L,, and the stray capacitance.

During Interval 3, the transformer magnetic field releases all its stored energy to the load.
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This transition excites another LC resonant circuit formed by the primary self-inductance L,

and the stray capacitance, during which the oscillations persists until the MOSFET turns on

again. Since the primary self-inductance L, is much higher than the leakage inductance L, , the

oscillation frequency is greatly reduced.
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Fig. 4-5 Waveforms of the SPS operating in a discontinuous mode.

3) 60W output power (continuous mode)

When the output load current is increased, the SPS will operate .in'a continuous mode. Fig.
4-6 shows the voltage waveforms of the SPS in the continuous mode with a 60W output power.
As illustrated in the figure, the switching cycle of the continuous mode contains two operation
intervals. The operation of SPS during Intervals 1 and 2 are similar to those under the
discontinuous operation. However, interval 3 in the discontinuous mode does not exist here. The

SPS output voltage is regulated at 20V.
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Fig. 4-6 Waveforms of the SPS operating in a continuous.

4.3.2 Input Voltage with High Fluctuation

To further verify the performance of the prototype, the SPS is supplied by a highly fluctuated

dc input voltage. Fig. 4-7 shows the waveforms of the SPS input voltage v, , energy storage
capacitor voltage v, and SPS output voltage v,,. Because of the filtering of the energy
storage capacitor C,, v, shown in Fig. 4-7(b) is smoother than v, in Fig. 4-7(a). It is evident
from the waveforms that the SPS can provide a stable output voltage v, despite the large

fluctuations of the input voltage v,,.
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Fig. 4-7 Highly fluctuated input voltage and stable SPS output voltage.

The waveforms of the SPS operating at 40W discontinuous and 60W continuous modes with
a highly fluctuated input voltage are illustrated in Fig. 4-8 (a) and (b), respectively. Because of
the superior performance of the flyback converter, the SPS dc output voltage can be kept

constant.
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Fig. 4-8 Discontinuous and Continuous modes waveforms of the SPS with a fluctuated input
voltage.
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4.3.3 Verification of Hysteresis Band of the MOSFET Controller

To verify the performance of the hysteresis band of the MOSFET controller, the SPS board is

supplied by a power waveform generator which can generate step-up and step-down voltages.

Fig. 4-9 shows the waveforms of the voltage across the energy storage capacitor, v, and the

SPS output voltage v,,. The start-up voltage of the prototype V,,, is preset at 100V . As

start
shown in Fig 4-9(a), when v, increases from zero at time instant ¢,, the MOSFET gate signal
is prohibited and the MOSFET is turned off. When the voltage v., reaches V,,, at the time
instant ¢, the MOSFET is enabled, and the energy stored in the capacitor C, starts to be
transferred to the output capacitor 'Co of the SPS, leading to a voltage drop on v, and an

increase in vg,. The variations of v, cannot disable the operating of the MOSFET until v,

falls below V,;, attime instant ¢, as shown in Fig. 4-9 (b). Therefore, the performance of the

hysteresis band is verified experimentally.
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Fig. 4-9 Waveforms for the hysteresis band of the MOSFET controller
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In summary, the proposed SPS has the following features.

Low insulation requirement. Since the snubber circuit is at the same potential as the GCT
device, the insulation level of the self-powered supply is reduced from a few thousand volts

to a couple of hundreds volts.

Low manufacturing cost and physical size. Due to its low insulation requirement, the
proposed SPS does not require a high-voltage isolation transformer, leading to a significant

reduction of the manufacturing cost and physical size.

No influence to the operation of the RC snubber circuit. Since the energy storage

capacitor C, is significantly larger than (>100 times) the snubber capacitor C, and the

maximum voltage on C, is limited to a couple of hundred Volts, the SPS does not interfere

with the operation of the snubber circuit.

High output power. By adjusting the maximum input voltage ¥, and the energy storage

capacitance C, , the SPS could achieve a high output power. The laboratory SPS prototype

can provide 80W for the GCT gate drivers.
Good output voltage regulation. The SPS is controlled by a closed loop with a high
switching frequency of 132kHZ . The output voltage regulation can reach +0.5%. The SPS

does not need any dummy loads when it operates under light load conditions.

Wide operation range. The supply can operate stably and reliably in discontinuous and

-continuous current modes with different load conditions.
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4.4 Summary

This chapter focuses on two major experimental tasks. One task is to verify the proposed
simulation model for GCT gate drivers. The gate driver simulation model has two salient features:
1) it is a general model that can be used for any GCT devices, and 2) it is also a simplified model
that can be easily integrated to other simulation programs. The experiments for this task were

conducted on a 4160V current source drive.

The second experimental task is to verify the performance of the proposed self-powered supply
(SPS) for GCT gate driver. A laboratory prototype SPS of 60W was designed and built. Various

experiments were carried out for the SPS operating under different conditions.

It can be concluded that the proposed SPS can satisfactorily operate under the rated and no load
conditions with both continuous and discontinuous current modes. The self-powered supply

features low manufacturing cost, high output power (60W), and small physical size.
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CHAPTER 5

CONCLUSIONS

The commercial dc power supply for the GCT gate driver is an expensive device since the
supply has to withstand a medium voltage (MV) of a few thousand volts between its output and
input. To meet the insulation requirement, the dc power supply normally employs a high-voltage
isolation transformer to provide an electrical insulation between the supply and system ground,
which makes the power supply costly and bulky. To solve the problem, a novel self-powered
supply (SPS) is proposed in this thesis for the GCT gate driver, where the SPS transfers energy
from the snubber circuit of the GCT device and provides a regulated dc voltage of 20V for the
GCT gate driver. Since the snubber circuit is at the same potential as the GCT device, the
insulation level of the self-powered supply is reduced from a few thousand volts to a couple of

hundred volts, leading to a significant cost reduction.

The technical challenges of the self-powered supply for GCT gate drivers come from the
special gating requirements for GCTs, such as large gating currents with high di/df, no effect on
snubber circuit operation, and regulated output voltages. Therefore, the SPS techniques proposed

ir_1 literature for GTO and SCR devices are not suitable for GCTs.

The proposed SPS is composed of two parts: Converter 1 and Converter 2. Converter 1 is
used to transfer energy from the snubber circuit to the energy storage capacitor without affecting
the operation of the snubber circuit. In Converter 2, a flyback dc-dc converter regulates the
variable output voltage of the Converter 1 into a stable dc voltage of 20V for the GCT gate driver.
The flyback transformer of the converter provides a low-voltage insulation between the GCT

gate driver and the snubber circuit. Due to the high switching frequency and the close loop
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control, the output voltage of Convert 2 meets the critical requirements of the GCT gate driver.

The main contributions of this thesis are as follows:
1) A novel self-powered supply for the GCT gate diver is developed. The proposed SPS can
transfer sufficient energy from the snubber circuit to power the GCT gate driver. It can also
provide a low-voltage isolation between the snubber circuit and the GCT gate driver.
Therefore, the high-voltage isolation transformer commonly used in commercial GCT gate
driver power supplies can be eliminated, leading to a significant reduction in both

manufacturing cost and physical size.

2) The maximum power requirement for the GCT gate driver is fulfilled with no influence

on the snubber circuit. A novel method for the maximum power transfer from GCT

snubber circuits to the SPS is proposed and implemented. The proposed SPS can provide an
output power up to 60 for most commercial GCTs, and in the meanwhile, it has little

impact on the operation of the snubber circuit.

3) Effective simulation models are developed. Simulation models are developed to
investigate the performance of the proposed SPS. To improve the efficiency of the
simulation, a simplified model for GCT gate drivers is proposed. This model is valid for any

GCT gate drivers.

4) A prototype of the proposed SPS is implemented. To verify the performance of the
proposed SPS, a laboratory prototype has been implemented and tested. The experimental
results ‘have verified that the proposed SPS can satisfactorily meet the technical

_ requirements for GCT gate drivers.
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5) Design guidance is provided. The design guidance for the proposed SPS is provided. The
relationship between the maximum output power and supply parameters, such as the values
of the maximum SPS input voltage, energy storage capacitor, snubber capacitor, and the

utility supply voltage, is provided and given in a graphical format.
Future Work

This thesis focuses on the development of a self-powered supply for current source rectifier.
When the rectifier system is powered up, the utility voltages will be automatically applied to

GCT devices, from which the proposed SPS can obtain energy from the GCT snubber circuit.
It is suggested that the possibility of applying the proposed SPS technique to current source

inverters to be investigated, where the dc link voltage is not constant, and may start from zero

during power-up.
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APPENDIX

A. Typical Parameters of A Medium-voltage Current Source

Rectifier
Rated Line Voltage 4160V
Rated Power 0.4MVA
Switching Pattern Selective Harmonic Elimination (SHE)
Harmonic to be eliminated 5% 7%and 11"
Switching Frequency 420Hz
Total line inductance L 0.1pu
Filter capacitor C, 0.5pu
dc current inductance L, 0.87 pu
dc load resistance R, 1.2pu
Snubber Capacitor 0.1uF
Snubber Resistor 10Q2




B. Specifications for Commercial GCT Gate Drivers

Repetitive
Repetitive peak Gate Unit Gate Unit
- . controllable Vol c .
. ofi-state voltage oltage onsumption
GCT Gate Driver | on-state current 8 PHe
Vore V Vepe (V P.(W
DRM ( ) ITQRM ( A) GDC ( ) Gm( )
5SHX
4500 340 20+0.5 11
04D4502
ABB
5SHX :
5500 520 20+0.5 16
06F6004 :
GCUO04AA-1
6500 400 201 20
30
GCUO8BA-1 '
MITSUBISHI 20 6500 800 201 35
GCU15CA-1
20 6500 1500 20+1 50

The above table shows the specifications of a number of GCT devices manufactured by ABB
and Mitsubishi. The supply voltage for GCT gate drivers is typically rated at 20V with a

tolerance of +0.5V and its power rating is from 10 to 60W .

C. GCT Gate Driver

The GCT gate driver is a special design, which integrates the GCT device. The GCT is turned
on or off by adding a positive or negative voltage between the gate and cathode terminal of the

GCT device.
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Fig. A-1 Circuit diagram of GCT gate driver

Fig. A-1 shows a simplified circuit diagram of the GCT gate driver [15]. When the turn-off
signal is applied, the switch SW, is on, and meanwhile the switches SW,,SW,, and SW, are
all off. The gate-cathode terminal is kept negative biased (¥, =-20V). The current flowing

through the cathode of the GCT (K ) is then commutated into the gate terminal of the GCT (G ).
This novel switching mode is characterized by an extremely fast commutation of the cathode
current to the gate whereby the cathode emitter is turned off before the voltage across the anode

and the cathode of the GCT rises. To achieve this performance, the whole cathode current is

commutated to the gate within less than 1us[19, 22]. During this process, a higher di/dt

normally greater than 30004/ us is produced, and a large amount of energy is dissipated.

When the turn-on signal is applied, the switches SW,,SW,, and SW, are all on, and

meanwhile the switch SW, is off. The pulse current is built up in chokes Z, and L,.Once the

necessary amplitude is attained, the choke current is commutated into the gate terminal in two

steps by turning off switch SW, first, and then SW,. While the turn-on pulse is executed, it

only needs a small on-state gate current to keep the GCT conducting [24].
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Fig. A-2 Block diagram of SPS and GCT gate driver

Fig. A-2 shows the block diagram of the self-powered supply (SPS) and the GCT gate driver.
The positive output terminal of the SPS is connected with the cathode of the GCT, X and the
negative input terminal of the SPS, P via the GCT gate driver. And hence, the two input
terminals of SPS, S and P will be connected together if no isolation is provided between the
snubber circuit and the GCT gate driver. To ensure the power supply working properly, the SPS

provides the isolation by its internal step-down transformer as shown in Fig. 2-2.

D. Schematic of the Self-powered Supply Prototype

Fig. A-3 Schematic of the self-powered supply Prototype.
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