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ABSTRACT There is a continuous demand to improve the 
quality of switching power devices such as higher switching 
frequency, higher withstand voltage capability, larger current 
handling capability, and lower conduction losses. However, for 
single conduction mechanism devices (SCRs, GTOs, BJTs, 
FETs) to possess all these features desired is. for physical 
reasons, probably Unrealizable. An attractive solution appears to 
be double mechanism devices in which the features of both a 
minority carrier device (BJTs or SCRs) and a majority carrier 
device (MOSFETs) are embedded. Both IGBTs (Insulated Gate 
Bipolar Transistors) and MCTs (MOS Controlled Thyristors) 
belong to this family of double mechanism devices and promise 
to have a major impact on new converter circuit designs. This 
paper deals with the major features of these two new devices, 
pointing out those that are most critical to the design of new 
converter topologies. In particular, the two devices have been 
tested in a both a chopper and in two resonant link converter 
topologies and the experimental results are reported. 

INTRODUCTION 
The technology of AC/DC power conversion has largely 

been stabilized ever since the introduction of SCRs in the 50s  
since from an industrial point of view, the power solid-state 
devices, converter circuit topology, and control techniques have 
been virtually fixed since that time. On the other hand, the 
technology for DC/AC converters and even more so for direct 
AC/AC conversion is, after more than twenty years of research, 
still in the development stage. The choice of the power solid- 
state device, the converter circuit topology and control techniques 
are related to the application and to the power range. However, 
high efficiency. high reliability, low noise, compactness and light 
weight continue to be general requirements for almost every field 
of application: inverters for industry, appliances and robotics. as 
well as unintermptible power supplies for computers and medical 
equipment. 

At the present time, digital controllers for AC drives are 
realized by means of the available tools on the market. Digital 
Signal Processors (DSPs) or 32-bit general purpose 
microprocessors are quite powerful in term of speed and accuracy 
of calculation. On line calculations such as those required for 
current control or for accurate calculation of torque can be done 
within the inherently strict time constraints. 

On the other hand, most of the performance deficiencies in 
actual converter topologies are related to the non-ideal behavior of 
the power solid-state devices. Looking back fifteen years. PWM 
techniques were studied primarily on paper. In fact, because the 
maximum switching frequencies of early SCRs (the only power 
devices available at that time) were so far from that of an ideal 
device that output waveforms contained significant higher order 
harmonics to the point where the predicted and actual waveforms 
rarely matched. This real world complication demonstrates the 
tight relationship which exists between the converter circuit 
topology and the power solid-state device being used. 

There is a continuous demand on power solid-state device 
manufacturers by converter manufacturers to improve the quality 
of switching power devices. Experience in the last twenty years 
has taught us that new developments in device characteristics 
always bring corresponding improvements in converter circuit 
technology. Some of the device improvements especially 
important are higher switching frequency, higher withstand 
voltage capability, larger current handling capability. and lower 
conduction losses. However, for single mechanism devices 
(SCRs, GTOs, BJTs, FETs) to possess all these desired features 
is, for physical reasons, probably unrealizable. 

An attractive alternative solution appears to be double 
mechanism devices, in other words, composite devices with the 
features of both a BJT or SCR and a MOSFET. These new 
devices should ideally be MOS gated, able to handle high 
withstand voltages and carry large currents that can be switched 
up to several tens of kHz. Both IGBTs (Insulated Gate Bipolar 
Transistors) and MCTs (MOS Controlled Thyristors) belong to 
this family of double carrier devices and promise to have a major 
impact on new converter circuit designs. In terms of 
performance, the IGBT is preferred over other present devices 
because of lower gating power- requirements and higher 
switching speed. For power levels greater than that achievable 
with IGBTs, the MCT is intended to replace the currently used 
power devices (SCRs and GTOs). 

This paper compares the major features of these two new 
devices, pointing out those features that are most critical to design 
of new converter topologies. In particular, the two double carrier 
devices have been tested in a hard switching chopper circuit and a 
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soft switched resonant link converter topology and the 
experimental results are reported. 

STRUCTURE AND OPERATION OF IGBTs AND 
MCTs 

An ideal solid-state device for a power switching 
application should have the following major characteristics: 

gate turn-on and turn-off capability. 
low forward voltage drop (to keep conduction losses 

short turn-on and turn-off times (to keep switching losses 

high current density (to minimize component size and 

low power gate circuit. 

small). 

small). 

cost). 

The characteristics of traditional single carrier devices can 

SCRs: no gate turn-off capability, high forward current 
density. 
BJTs: gate turn-on and turn-off capability, reasonably high 
switching frequency, but high base drive current during 
forward conduction and reverse base drive current for turn- 
off is required. 
GTOs: high forward current density, but low switching 
frequency and very high gate current required for turn-off. 
FETs: low forward current density, high switching 
frequency, and low power gate drive circuit. 
In summary it is apparent that all common single carrier 

be summarized as follows: 

power devices do not match the requirements of an ideal switch. 

Insulated Gate Bipolar Transistor 
The basic structure of an IGBT is quite similar to a 

MOSFET in both cases the device consists of many individual 
cells connected in parallel. The main difference between the two 
components is an additional p+ layer in the collector side of an 
IGBT and an additional NP junction. The steady state equivalent 
circuits derived for both the devices are depicted in Fig.1. The 
IGBT in the steady state can be modeled as a bipolar PNP 
transistor driven by an n-channel MOSFET. This PNP transistor 
has an unusual structure because its base width is relatively large 
and modulated by the collectoremitter voltage. The additional 
parasitic NPN transistor is also shown. The IGBT is a controlled 
turn-on and turn-off device and its gate presents a capacitive load 
to the gate drive circuit, similar to a MOSFET [l-51. 

Pansltk P.,..lk 
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\ :  
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Fig. 1 : IGBT and FET Unit Cell Equivalent Circuits. 

The IGBTs main features are: 
gate turn-on and turn-off capability. 
forward voltage drop in the same range as a BJT. 
turn-on and turn-off times slightly longer than a MOSFET. 
current density greater than a BJT. 
low power gate drive requirements similar to a MOSFET. 

MOS Controlled Thyristor 
The MCT tested is a complementary type. device and the 

unit cell equivalent circuit is shown in Fig. 2 which is somewhat 
different than shown in Ref. 6. There are several ways to turn- 
on the device [7]. The most useful method is to use the built-in 
“on-FEY which is effectively c o ~ e c t e d  between the emitter and 
collector of the upper transistor. The same gate terminal can be 
used for turn-on and turn-off by applying a negative or positive 
voltage. The gate voltage should be applied between gate and 
anode of the device. To turn-off the device, the off-FET realizes 
an active short circuit between the emitter and the base of the 
upper transistor and has to be turned on. Thereby, the entire 
current is diverted to the off-FET and bypasses the p-n junction 
of the upper transistor. Thus the turn-off pmcess has to: 

break the latched condition 
recombine the excess carriers in the two base layers. 

gate turn-on and turn-off capability. 
forward voltage drop in the same range as a thyristor. 
turn-on and turn-off times equal or shorter than a GTO. 
current density much greater than a BJT. 
low power gate drive requirements similar to a MOSFET. 

The MCT main features are: 
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Fig.2: Schematic Circuit of Typical MCT Unit Cell. 

IGBT AND MCT GATING CIRCUIT FEATURES 
IGBTS and MCT S are both voltage driven devices and 

the input characteristics are similar to power MOSFETs. As a 
consequence, the gating circuits, at least in principle, should be 
both simple and not differ significantly from MOSFET drivers. 
The IGBTs have a gate-to-emitter threshold voltage Vge(th) and a 
capacitive input impedance (a few thousand pF). The mechanism 
to turn-on the device is to charge up the input capacitance to a 
value greater than Vge(th). The recommended gate voltages are 
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on the order of +15 V. The turn off mechanism requires a 
resistor Rg on the gate path in order to permit the gate-to-emitter 
input capacitance to be discharged. 

IGBTs are very high gain devices and they can "latch-up'' 
if the maximum controllable current is exceeded. The latching 
mode of operation has to be avoided since gate control is lost. If 
the device latches, it can not be turned off and it becomes a force 
commutated device similar to a thyristor. As a consequence, the 
drive circuit has to provide the facility to avoid the latching mode. 
Since the collector current amplitude depends on the Vge value, a 
limit on the Vge(-) avoids excessive collector current. 

The drive circuit used for our study is shown in Fig. 3 
where the "push-pull" stage provides the positive and negative 
pulses to "turn-on" and "turn-off" the device. In Fig. 4 the 
measured turn-on gating characteristics (Vge and Ig) are shown. 

Fig. 3 IGBT Drive Circuit. 

__- 

<- IC : .1 nmp/div. 

Ground 4 

A t 1 . 3 2 ~ ~ ~  P 757.61db T/dlv l p  
T r l g f  .60dlv 

Fig. 4 Tm-On Gating Characteristics of IGBT. 

The gating circuit to turn-on or turn-off the MCT, shown 
in Fig. 5,  was designed specifically for the test. In the circuit a 
opto-isolator was again used to isolate the control and power 
circuits. Also, the power supply of the gating amplifier had a 

different ground from the control power supply. To turn on (off) 
the MCT, negative (positive) voltage is applied between gate and 
anode. The voltage and current waveform of the gating circuit is 
shown in Fig. 6. It can be noted that the current is almost a spike 
which has a peak value around 2.5 Amp and a duration of 250 
nsec. To turn on, 7 volts is applied to the gate! and in the case of 
turn-off, negative 12 volts. In Figs. 7 and 8. the fall time and the 
rise time of the gate voltage is measured to be about 300 nsec. 

CIrcu t 

Fig. 5 MCT Gating Circuit. 

A t s 9 . 2 p 6  C ?O.O81db T/dlv20p 
Trig-2.08dlv 

Fig. 6 Turn-On Gating Voltage and Current of MCT. 

A t  321) ca P 3.t25Mk Tidlv .2p 
Trig-2.08dlv 

Fig. 7 Gating Characteristics of MCT at Turn-&. 
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Fig. 8 Gating Characteristics of M m  at Turn-off. 

TEST PROCEDURE 
In order to evaluate the most significant device 

characteristics in terms of the converter design, several test 
circuits have been built for both the IGBT and MCT. The IGBT 
tested is a Toshiba device type MG25N2YS1, rated at 1200 Volt 
and 25 Amp. The MCT used for the test is a prototype device 
rated at 1400 Volts and 60 Amps manufactured by General 
Electric. Both devices have not been tested to their full rated 
voltage and current because of the limitation of the test facility 
and for practical considerations since only several MCTs were 
available for the test. 

Chopper Circuit 
In order to test hard switching capability a simple chopper 

circuit was built and the two devices were tested in this mode. 
The selected switching frequency was 10 KHz and the DC bus 
voltage was set at 160 V. The chopper circuit employed is 
shown in Fig.9. Using this circuit, the basic switching and 
gating characteristics were investigated. 

The overall operation of the chopper circuit is clearly shown 
in Fig. 10 where the switching frequency is 10 kHz. Because of 
the inductance of the load, the current increases exponentially for 

10 kHz Square Wave 

Gating Amp. 

+ +  
VdC = 160 volt 

Collector 

L L- 68.3 pH Emllter 

R =5.3ohm 
___) 

' S  

Fig.9: Chopper Circuit Used for the Device Test. 
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Fig. 10 Waveform Illustrating Overall Operation of Chopper 
Circuit. 

the on-time of the MCT. A magnified view of Fig. 10 is shown 
in Fig. 1 1. From this figure it can be see that the rise time of the 
MCT is about 360 nsec. From Fig. 12, which is the 
corresponding case of turn-off, the fall time is about 1.5 ws. 

r 
T/div lp 
Tr ig  1 . 2 0 d i v  

A t  360 rs P 2.77m 

Fig. 12 Detailed View of Chopper Circuit of Fig. 10 Showing 
Turn-off of MCT. 



Delay time at turn-on and turn-off is shown in Figs. 13 and 14 
respectively. From the figures it can be observed that the delay 
time during turn-on is 720 nsec. and at turn-off is 520 nsec. The 
switching characteristics of the MCT compared to that of the 
IGBT is summarized in Table 1. Note that while the speed of the 
MCT is slightly slower than the IGBT it is still very fast 
compared to most BJT devices. 

- .. --- 
At 720 ne f 1.3em T/div .6 p 

Trio .S2div 

Fig. 13 Waveforms for Calculating Turn-On Delay of MCT. 

At 620 M f i.92Nt& T/div i p s  
Tr ig -  . 9 2 d i v  

Fig. 14 Waveforms for Calculating Turn-off Delay of MCT. 

Table 1: MCT and IGBT Gating and Switching Characteristics. 

Soft Switching Circuits 
To investigate the switching characteristics under zero 

voltage and/or zero current, two different types of test circuits 
were built and used for testing. The f i s t  test circuit was the so 
called Parallel Output Series Resonant (POSR) converter [8], and 
the other circuit was a half bridge inverter with an inductor as a 
load. 

The circuit schematic of the circuit used to test zero current 
switching is shown in Fig.15. Typical output voltage and device 
current waveforms are shown in Figs. 16 and 17. It apparent 
from these traces that MCTs and IGBTs have very comparable 
performance in such a circuit. 

The inverter test circuit based on zero voltage switching 
used in the test is shown in Fig.18. Such circuits are becoming 
increasingly important, particularly in space power applications 
[9]. In many respects these two devices are ideal switching 
devices for such circuits. However, it is important to note that 
the output voltage and current waveforms, shown in Figs. 19 and 
20, are substantially different for the MCT and the IGBT. The 
most significant difference between these traces is that the results 
for the MCT clearly show a glitch in every half cycle while the 
IGBTs does not. The effect is clearly forward voltage dependent 
and while the manufacturer specifies 5-6 volts, a much larger 

sw4 
lo the case of IGBT, the feedhdc d i e  is integrated. 

Fig. 15 Parallel Output Series Resonant (POSR) Converter 
Configuration Used for the Test. 
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The paper a d  ink used in the OrgiMl  material affect the quality of the 
scanned image. This reproduction is made from the best copy available. 

Fig 17 Output Voltage And Switch Current in POSR Converter 
Using MCT. 

To Gating 
Amp. 

-~ 
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48mh 275VL4OB 

R01204DF 

Fig. 18 Zero Voltage Switching Test Circuit. 

Fig. 19 Output Characteristics of Zero Voltage Switching 
Circuit with IGBTs. 

"threshold voltage" was observed in this test. An expanded trace 
of the voltage across the MCT during current reversal through the 
MCTJdiode switch is shown in Fig. 21. A peak voltage of about 
90 Volts can be observed. While the peak forward voltage 
cannot be equated to the manufacturers threshold voltage, 

. . .. . 
A ,  r ,  

,-_I \ - J  
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VDU, : 50 

Aldiv. 

V/dir. 

't 37 9 ,Is E ;C 13Rkrz T / d i v  l a p  
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Fig. 20 Output characteristics of Zero Voltage Switching Circuit 
with MCTs. Note the Glitch Which Appears When the 
MCT Takes Over Current from the Diode. 

difficulties during turn-on under such conditions are clearly 
apparent. 

This difference in behavior can be explained by refemng to 
the turn-on procedure of the two devices characterized by their 
equivalent circuits, see Figs. 1 and 2. It is apparent that the 
IGBT is not a latched device while the MCT is latched. 
Fundamentally the IGBT is similar to the bipolar darlington 
power transistor whose base drive transistor is replaced by a 
smaller MOSFET. Usually a slower switching speed is expected 
of the power darlington transistor due to the heavy saturation of 
the base drive transistor. In this regard it is not unexpected that 
the switching speed of the IGBT is faster than the power 
darlington because the drive device is a FET which is free from 
the carrier recovery problem. On the other hand, the MCT relies 
on its maximum current flow through PNPN regenerative 
operation. Thus, the size of the On-FET need nominally be 
designed small enough to simply activate the PNPN main current 
path. 

Fig. 21 Expanded Trace of Device Voltage and Current During 
Turn-On of MCT in Zero Voltage Switching Circuit. 
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If we compare the combination of the On-FET and NPN 
power transistor from the MCT equivalent circuit (Fig. 2) with 
that of the IGBT (Fig. 1). we can see that they are equivalent 
insofar as the initial current flow mechanism for turn-on. The 
difference, however, is that the On-FET current of the MCI' has 
apparently been designed to be much smaller than that of the 
IGBT. This provides an explanation why the MCT requires a 
fairly high on-voltage across its anode and cathode terminal to 
reach PNPN regenerative operation. The MCT is, of course, still 
under the development stage. Is is anticipated that if the On-FXT 
current magnitude of the MCI' for triggering PNPN Operation can 
be increased to a larger value, the MCT could eventually become 
a suitable device for zero voltage switching. 

Saturation Voltage of IGBT 
vs. Conduction Current 

3 
P 1 

.E I / I 

0 10 20 30 
Conduction Current in Amps 

Fig. 22 Saturation Voltage of IGBT versus Conduction 
Current. 

Saturation Voltage of MCT 
vs. Conduction Current 
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Fig. 23 Saturation Voltage of MCT Versus Conduction Current. 

Saturation Voltage 
As total device losses are key to device rating, the saturation 

voltage for DC conduction was also measund. The saturation 
voltage was measured with a calibrated Digital Voltmeter during 
DC conduction without any switching operation. The results are 
shown in Figs. 21 and 22 where the curve for the MCT 
demonstrates much less forward voltage drop in comparison to 

the IGBT. The functional relationship of the saturation voltage 
vs. conduction current for the MCI' is shown in Fig. 23. Note 
that the saturation voltage reaches only 1.2 Volts at 25 Amps. 

CONCLUSION 
In this paper two new power semiconductors are tested and 

compared in different circuit configurations. IGBTs are shown 
to be faster than MCTs, but they present more conduction losses 
due to higher forward voltage drop. On the other hand, the 
MCT's gate power requirements are greater than the IGBTs. 
The two devices have been shown to p e r f m  in a similar manner 
in both a hard switched chopper circuit and a soft switched 
resonant cumnt link. Significant differences were detected, 
however, during turn-on in a soft switched resonant voltage link. 
A significant drawback to MCI's is the fact that they can not tum- 
on at zero voltage, at least with the present state of the art of the 
technology. 
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