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1. Introduction

Thyratron and hard—tube switch are used typically
for control of high voltage and high current at the
field of the pulsed power and plasma applications.

In the case of designing and using hard—tube,
pulse generator has wide range of impedance
matching with better rectangular pulse shape, high
duty cycle and long life time. It is needed the
isolated driver and the additional power to control
hard—tube with low efficiency due to high voltage
drop.

Thyratron which is widely used for commercial
high power switch, has good property of high di/dt,
high peak current allowance with reliable
performances. Thyratron, however, has also many
drawbacks poor rectangularpulse shape generating,
narrow impedance matching, and short life time [1].

There are presented to replace Thyratron and
hard—tube switch to overcome these drawbacks,
using power semiconductors such as IGBT, MOSFET,
Thyristor, GTO. and etc,. There also have been
proceeded many papers and academic researching to
connect power semiconductor in series connect as
high voltage switch since a decade.

Obviously, series connecting method of Power
semiconductor has good advantages at the aspect of
wide impedance matching, high duty cycle, good
rectangular pulse shape generating with reliability.

However, it is still remained as significant trouble
to keep voltage sharing balance of each power
semiconductor at transient phase while switching.

There are proposed many control methods to keep
voltage sharing balance at transient switching phase,
especially from off state to onstate phase at series
connected IGBT [2].

This paper will present steps of series connected
IGBTs module design based on experimental data of
typical series connection method that is used widely,
and show steps of series connected IGBTs module
that based on EMTP and new types of active
collector —gate clamping method to hold
synchronization at transient switching phase of
IGBTs.

2. Experimental & Analytical Data of Pulse
Generator using Series Connected IGBTS

2.1 Basic Experimental Data Acquisition
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Figure. 1. Basic pulse generator circuit diagram and serie
s connected IGBTs switch with auxiliary circuit to balance
voltage sharing

For the first step, to find out influence on internal
variables in IGBT and gate driver component that

affect the switching phase symmetry at series
connected IGBTSs, typical series connected IGBTSs
switch is embodied as buck type negative pulse

generator as shown Figure.l

Due to switching characteristics of series
connected IGBT is quite different from single IGBT
switching behavior, to calculate optimal Rg at gate
driver, gate driving DC power requirement, and
internal IGBT's capacitance components are
necessary to be measured at the condition of IGBT
in series connection [3].

These values are applied to simulate IGBT that are
based on analytic model of MOSFET, like Figure 2.
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Figure 2. Analytical model of IGBT based on MOSFET mo
del

Most of IGBT's parameters are found indirect
calculation from IGBT's switching on/off waveform
and time with gate driving waveform and datasheet,

These calculations are set to 1kV sharing at each
IGBT and 10Hs pulse generating condition with
variable frequency as following equations of each
switching phase in Figure 3. Table 1 indicates
calculated internal circuit parameter of IGBT at the
condition. [3] [4]
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Figure 3. Switching waveform of IGBT
(a) Turn on phase (b) Turn off

phase
di
. V, =L, x— .
Ls calculation: b =10 X , 12, t3 region
V. = (Vm "VGE,I,)
Cge calculation: & R&,-C, , t4 region

Cres(reverse transfer capacitance, Cac) calculation:

LI Vae.t,
d  C_-R, , t7 region
Cies(input capacitance, Cies=Cge+Cgc) calculation:
di, Ve,
@& C - Rs , t8 region

Table 1. Internal Circuit Parameters of IGBT in
series connected, compared with single switching

experiment. &, was set to 10.

pwameter | Single 16| GBI | yepy i
BT Datasheet
nnected
Sl Coc + e 3700pF  |2500pF  |4000pF
input capacitance
Coc 1250 pF |166 pF  |300 pF
gate —collector capacitance

As auxiliary circuit components, Rs and Cs in Figure
1 are necessary to hold static and dynamic voltage
balance. Rsconnected parallel to IGBT is necessary
to prevent switch from being forced into avalanche at
IGBT that has the lowest leakage current at steady
state and Cs is needed not to be forced into voltage
breakdown at the slowest IGBT among series
connected. It is able to be altered Cs into RCD
snubber or RC snubber circuit that depends on power
semiconductor’s switching property whether normally
off or on switch state.

2.2 Asymmetry factors of Series Connected IGBTs
of voltage equalization based on Experiment Data

Though  transient or  dynamic  voltage
equalization in  series connection of power
semiconductor is mentioned very simply at section A,
it is very hard to obtain due to difference of IGBT
that are connected in series, and different delay time
of a gate driving output at each IGBT.

Figure 4~(a) shows 2kV switching output
waveform of triple connected IGBT in series at
terminal port of negative pulse generatorthat is used
RCD snubber and C component in the condition of
10kHz operating frequency. Figure 4-(b) presents
gate driving waveform at 2kV switching operation of
IGBT switch. Though, most of oscillation factors that
cause asymmetry of voltage balance stem from
differences of gate drive circuit, over voltage stress
is concentrated on high voltage side, IGBT side.
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Figure 4—(a). Generated negative pulse with 50 Qdummy load
Figure 4—(b}. Gate driving signal at the condition of Figure 4—
(a)

2.3 Proposed Control Method and Circuit
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Figure 5. Proposed additional auxiliary circuit that is conne
cted in paraliel to IGBT

To diminish asymmetry of voltage balance, active
voltage clamping at high voltage side is preferred.
Figure 5 shows proposed additional active clamping
circuit that consists of R, C, and transistor when it

detects over voltage , C will compensate asof IGBT
that takes over voltage.

Operation of proposed auxiliary circuit is divided
into 4 modes that depend on switching waveform of
IGBT. Though, switching waveform mode of IGBT is
divided into 9 modes as shown in Figure 3,
imbalance of voltage sharing is observed at the phase
of mode 2, 3 in Figure 3.

Thus, key point of symmetricvoltage balance at
mode 2, 3 is achievedby equalizing input transfer

capacitance, Cies by compensatingGec. Except
different value of internal circuit value in IGBT and
of delayed time in gate driver and gate signal
oscillation, difference of external capacitance value
also can be a factor of asymmetric voltage sharing.
In experiment and simulation of proposed circuit, it
is concentrated to transient phase of off switching in
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IGBT and different delayed time and signal in gate
driver.

Figure 6shows simulation data of proposed circuit
while gate signal delay time is changed from 300ns
to lus that is based on basic experimental data at
section A, and simulated waveform is executed under

the condition of 200xeseconds delay time.
Simulation assumption is originated from gate driving
delay time is dominant factor of asymmetric voltage
sharing, and simulated output waveform is compared
with parallel connected Rs and Cs components.

Figure 9. Simulation waveform of typical C compensation a
nd proposed active clamping methed

2.3 Output Waveform of Proposed Circuit

To verify output waveform of proposed circuit and

method, verification is executed at the same
condition of basic experiment, operating frequency is
varying from 1Hz to 10kHz, pulse width is fixed at
10us.
There have two advantages of proposed circuit even
in comparison of existing active clamping method. Rs,
compensating resistor that is connected in IGBT for
static voltage balance at on or off steady state of
IGBT switch is selected to flow two or three times
of leakage current in IGBT. At the proposed circuit,
R1 value is able to be selected as two times of Rs
at typical connection method to diminish energy loss
of high side.

The other strong point is not to be needed
additional calculation of snubber capacitance at the
proportion to varying operating frequency at typical
connection method, because C in auxiliary circuit
compensates Cecofrom on state to off state transition
at the phase of mode 2, 3 in Figure 3.

Most of current active clamping methods are
consist of zener diode that detect expected over
voltage with Capacitor to compensate Ceo.[5] Internal
capacitance of he zener diode also can be a serious
oscillation factor to hold high voltage zener
breakdown voltage at series connected IGBT switch

and cause much energy loss compared with proposed .
active clamping method.
It is necessary needed to calculate amount of

charge compensating at Cce in IGBT, due to being

transferred charge from IGBT side to gate side must
also be a serious oscillation or distorted waveform.
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Figure 10. Switching waveform of series connected IGBT with
proposed circuit at the condition of 1kHz operation frequency, at
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50Ms puise width at terminal 5kV output of negative pulse
generator.
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In this paper, there are performed two kinds of
approach to design and improve negative pulse
generator for WIPS {Wire Ion Plasma Source) both
experiment and simulation.

Active clamping method of IGBT in series
connection to synchronize voltage sharing at transient
switching time shows improved result, compared to
typical series connection method of IGBT. In
proposed circuit, amount of being transferred charge
to gate diver side have to be measured and
calculated very carefully to design auxiliary circuit
because it can cause oscillation waveform in gate
driving waveform.
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