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Abstract

With the technologica breakthrough of the Hard Driven GTO [1] many performance limiting thyristor
trade-offs are no longer valid and anove thyristor technology, the Integrated Gate Commutated
Thyrigtor (IGCT) [2] emerged. Due to atransistor turn-off mode snubberless switching up to the
avadanche limit isno longer an issue. Usable switching frequencies only limited by therma consderations
expand to the kHz range.

By implementation of the Trangparent Emitter Buffer Layer technology [2] and anovel patented
separation technique, monalithic integration of the thyristor and the anti-pardld freewheding diode was
achieved without any cumbersome compromisesin diode performance. For state of the art diode turn-
off performance lifetime tailoring by means of particle irradiation was used. An IGCT family specidly
developed for the demands of medium voltage drive invertersin the range of 0.5 to 6 MVA is presented
and their characterigtics are discussed.

I ntroduction

Development of GTO technology has led to awide variety of gpplicationsin therange of 1to 20 MVA,
mainly adjustable speed drives[3,4] and railway interties [5]. Although these gpplications have proven
the rdliability and cost effectiveness of the GTO thyristor, there are still cumbersome disadvantages of
this technology. The inhomogeneous switching mode of the GTO givesrise to the need for dv/dt limiting
snubber capacitors and reduces the alowable switching frequency so that high voltage IGBTs are
garting to raise competition even at the higher power levels[6]. The novel IGCT technology opensthe
unique possibility to join the turn-off ruggedness of the IGBT with the superior conduction properties of
the thyrigtor.

The IGCT family presented in this paper features the following key properties:

awide range of applicationsis covered by 8 different devices in three voltage classes; maximum
rated turn-off currents of 480 A to 3100 A (Vdc=1.9kV), 340 A to 2200 A (Vdc = 2.7 kV) and
275 A t0 1800 A (Vdc =3.3kV)

snubberless turn-off of maximum rated current a full dc-link voltage
maximum switching frequency of more than 25 kHz limited only by therma consderations

Trangparent Emitter Buffer Layer technology for lowest possible losses at rated capability to
withstand cosmic radiation (< 100 FIT at full rated dc-link voltage)

monolithicaly integrated freewhedling diode for reduced parts count.
integration of semiconductor and gate driver for optimum performance and reduced system costs.
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IGCT Technology
GCT Turn-off mode

The GCT turn-off mode is characterised by an extremely fast commuitation of the cathode current to the
gate (seefig. 1). The cathode emitter is turned off before the voltage a the main blocking junction rises.
To achieve this, the whole cathode current is commutated to the gate within less than 1 us. Any
regenerative action from the GCT cathode which might lead to filamentation is therefore prevented,
leaving just the p-base - n-base - anode emitter - pnp trangstor active during turn-off. Aswell known
from the IGBT, atranggtor turn-off mode is very favourable for high turn-off ratings without a snubber.
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Fig.1l: GCT-mode turn-off (two-transistor model)

Another important advantage inherent in the GCT turn-off mode is a strong reduction in turn-off time,
Due to the high gate currents during commutation, the storage time is drastically reduced giving a total
delay time from optica triggering of the gate driver to a voltage rise to 10% V,, of only 3 ps. Asthetotd
variation of the turn-off time reduces to only 300 ns, series connection of GCTsis easly redised.

Generdly it can be gated that the GCT switching is redised by forcing the thyristor into a transstor
mode. Thisleads to a unique combination of the advantages of the thyristor and of the trangstor.

Integrated Gate Drivers

The inductance of the standard packaging technology of GTOsin combination with along coaxid cable
to the gate driver would need a bulky and costly gete driver to the achieve the high dig«/dt. Thisled to
the development of the integrated gate driver concept: Nove low inductance GCT package are
contacted directly to the GCT gate drivers, reducing the overdl gate inductance to avalue low enough
to ensure the GCT switching mode with a single voltage source for blocking and turn-off. Additiondly,
the co-design of gate driver and GCT ensures best possible performance of the IGCT at lowest
possible costs and energy consumption.

Findly, the IGCT isfed with asingle dc current source alowing an uncomplicated design of the power
supply. Triggering occurs by an optica input.
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Buffer Layer Transparent Emitter Technology

Field experiences and long term blocking tests have shown in the past few years that cosmic radiation
impact in combination with high eectric field strengths can lead to ingtantaneous destruction of GTOs.
For the slandard GTO design the resulting need for lower dectric fields leads to thicker devices which,
inturn, led to higher on-gtate and switching losses. The GCTs are now consequently designed with a
new technology, the Buffer Layer Transparent Emitter design, which gives a much better trade-off
between the capability to withstand cosmic radiation and the silicon thickness[7, 8].

The Transparent Emitter technology uses a very thin anode emitter which alows part of the electronsto
recombine at the contact meta interface - without generating holes. The emitter efficiency is, therefore,
reduced without shorting the anode. The introduction of an n-buffer layer isnow possible. Asshownin
Fig. 3 atrgpezoidd digtribution of the dectric field can now be redlised, which leads to alower
maximum field strength a even higher blocking voltages. Compared to a conventiond GTO design
slicon thickness can be cut by 1/3 giving even a higher cgpability to withstand cosmic radiation and
cutting tota lossesto aminimum.

standard design Transparent Emitter / Buffer Layer
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Fig.3: Comparison standard design/ transparent emitter buffer layer

Diode Technology

In the past, the advantages of monolithic reverse conducting GTOs were dways offset by the fact that
the GTO dueto its conventiona non punch-through design needed to be thicker than the optimum
thickness for its corresponding freewhedling diode. Thus, reverse conducting GTOs suffered from
excessve diode losses. With the trangparent emitter buffer layer design thisis no longer vdid, the
optimum thickness for both devicesis now governed by the rated cosmic ray withstand capability which
isthe same for both. Additiondly, the diode gets a cathode side n-buffer layer for free, which is known
to enhance the turn-off behaviour.

Fig. 4 shows a schematic cross-section of areverse conducting GCT. Specia care must be taken at the
boundary between diode and GCT. If the GCT p-base and the diode anode share a common blocking
junction, an undesired resstive path between GCT gate and diode anode exigts. This problem is
addressed by a complete separation of both p-diffusion. The resulting pnp structure is designed to a
blocking voltage of at least 20 V in each direction, preventing any significant current between GCT gate
and diode anode.
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The diode turn-off behaviour istailored by a combination of particle and eectron irradiation giving a
state-of-the-art trade-off between turn-off losses, reverse recovery current and on-state losses [9)].

Device Rating

The following tables give an overview of the ratings and characterigtics of the GCT family (turn-on
losses are not listed as they represent less than one tenth of the turn-off losses). Fig. 5 depictsa
photograph of the reverse conducting GCT family (the mechanica design of the gate driversis il

subject to changes).
Tj=0-115°C V=330V
GCT part diode part

Part n° Vor | Vciink | liggm | VT | Eat | Qcoer| VF | difdt | Irr | Egt | Qicp
vl A v @ [kws [ IvD A AT ] ] Tkewg

[V]
5SGX 03D6004 | 5500 | 3300 | 275 | 3.0 |145| 0.070 74 | 114 0.090
5SGX 06F6004 | 5500 | 3300 | 520 | 3.0 | 2.73| 0.040 195 | 268 0.053
5SGX 10H6004 | 5500 | 3300 | 908 | 3.0 | 4.77 | 0.025 2% | 433 0.042
5SGX 19L6004 | 5500 | 3300 | 1815] 3.0 | 9.54| 0.012 533 | 781 0.021

Tablel: ratingsand characteristic data of the 5.5 kV GCTs.
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T,=0-115°C Vieink= 2700V / 1900 V

GCT part diode part
Part n° Vor | Vaclink | ltggm | V1 | Eot | Qceer| Ve | difdt | I | Ext | Qico
M VI | IA] [ IVI] [3 | [KW] | IV [ [A/us] | TAT | [31 | [K/W]
[V]
58GX 04D402 | 4500 2700 | 338 | 3.0 | 1.33| 0.070 113 | 107 0.090
45001 1900 | 482 | 3.711.33| 0.070 113 | 107 0.090
5SGX 08F4502 | 45001 2700 | 628 | 3.0 1248 0.040 294 | 281 0.053
45001 1900 | 894 | 3.71248] 0.040 294 | 34 0.053
5SGX 14H6004 | 4500 | 2700 | 10951 3.0 | 4.32| 0.025 448 | 427 0.042
45001 1900 | 1560] 3.7 14.32| 0.025 448 | 462 0.042
5SGX 19L.6004 | 4500 2700 | 2190] 3.0 1864 | 0.012 806 | 769 0.021
45001 1900 | 3120] 3.7 1864 | 0.012 806 | 832 0.021

Table2: Ratingsand characteristics of the 4.5kV GCTs.

List of Parameters:
Vorv:  [V] maximum forward blocking voltage

Viciink:  [V] maximum dc-link voltage a 100 FI T (refers to the capability of the device to withstand
cosmic radiation at sea-level. 100 FIT © 100 Failures per 10° operation hours)

T;. [°C] junction temperature

ltggm: [A] maximum turn-off current at Vdc-link
Vi [V] forward voltage drop &t ligqm (GCT part)
Ear: [J turn-off losses at liggm

Qcoer:  [K/W]  thermd resistance from GCT junction to case (diode inactive)
VE: [V] forward voltage drop &t ligqm (diode part)

di/dt: [A/ug  maximum current commutation velocity of the diode at Vec.ink
e [A] diode pesk reverse recovery current of at agiven di/dt

Qjco: [K/W] therma resistance from diode junction to case (GCT inactive)
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Part n° flange diameter dlicon diameter mounting force

[mm] [mm] [KN]

5SGX 03D6004 / 51 38 10
04D4502

5SGX 06F6004 / 76 51 15
08F4502

5SGX 10H6004 / 100 68 20
14H4502

5SGX 19L6004 / 125 91 40
264502

Table3: Mechanical data of the reverse conducting IGCTs

Fig.5: Photograph of the reverse conducting IGCTs
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Additiondly afamily of discrete diodes has been developed to cope with the needs of system designers
for clamp diodes and neutra point clamp diodes. Although these diodes are beyond the scope of this
paper, it should be noted that they are optimised to match to their corresponding GCTs.

Characteristics
Switching Behaviour

Fig. 6 shows a possible test set-up for the reverse conducting IGCTs [10]. Theinductance Li limitsthe
diac/dt during GCT turn-on to Vgeink/Li. In contrast to the IGBT, the turn-on velocity of the GCT
cannot be controlled to that extend to alow a snubberless diode turn-off at high voltages without
inductive di/dt protection. On the other hand, the combination of di/dt-choke and extremely fast turn-on
of the GCT reduces the turn-on losses in the GCT to a close to negligible amount.

To limit the voltage overshoot during turn-off L is clamped by the capacitor C., the diode D, and
resstor R.. The clamp design must be such, that the maximum voltage overshoot remains smdler than
the maximum blocking voltage. in any cases the clamp capacitor can be much smaler than the de-link
capacitor avoiding the need for costly low-inductance bus-bars.

L; Loy < 200 ol

Fig.6: IGCT test set-up

Fig.7 showstypica IGCT switching waveforms[10]. Prior to GCT1 turn-on the freewhed loop was
aready loaded with a current of 400 A. The current pesk immediately following GCT1 turn-on
corresponds to the reverse recovery of the diode integrated in GCT2. At acurrent level of about 520 A
GCT1 turns off. The magnification of the turn-off shows, that no decrease of the GCT1 current level can
be observed before Vac equa Veiink = 3300 V (pure inductive turn-off). The first over-voltage pesk
results from the stray inductance of the clamp circuit while the second, broader pesk is characteristic for
the redigtribution of the inductive energy stored in the di/dt choke. The short tail period istypica for the
buffer layer technology. Note that the total turn-off process from optical triggering of the gate unit until
the end of the tail phaselast lessthan 8 us.

Fig.8. shows turn-off of a monalithically integrated diode of the 5SGX 06F6004 &t rated conditions
[10]. Note that due to the purely inductive load the diode voltage equals Ve.ink & the reverse recovery
pesk leading to a high pesk switching power. To prevent destruction by dynamic avaanche, the reverse
recovery current I, must, therefore, be carefully controlled.
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As concepts of reverse recovery charge reduction by homogeneous carrier lifetime control would lead
to very high on-states and to a snappy diode behaviour, the diode turn-off has been tailored by means
of particle irradiation giving the best known compromise between on-state and dynamic behaviour.
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Fig.7: Snubberless operation of the 5SGX 06F6004 &t T, Fig.8°C: Snubberless turn-off of the monolithic
=115°C freewheeling diode of the 5SGX

06F6004 at T; = 115

DC-Blocking Capability

Asthe IGCTs are amed to operate in an industrial application, it is obvious that they are not supposed
to work at a constant DC-voltage. For the GCT design two DC-voltages are of outstanding
importance. Firgt, there is the maximum long term DC-voltage a which the GCTs should be capable to
operae for aindefinite time a maximum rated conditions. This should correspond to the 10% input
over-voltage leve of the inverter. ABB Semiconductors GCTs are designed not to exceed afailure rate
of 100 FIT due to ambient cosmic radiation at this voltage. Second, atransent DC-voltage overshoot
can occur during braking, worst case at 10% input over-voltage which the IGCTs must sustain for a
certain time. Due to areduced switching activity at these over-voltages the junction temperatures
decreases, 0 that the critical duration to withstand these over-voltages reduces to the time constant of
the housing. The maximum trangent DC-voltage level of the 5.5 kV IGCTsis3.9kV. ThelGCTsae
designed to withstand this DC-voltage level for more than 10 s at maximum junction temperature. The
turn-off capability, however, is reduced to half of the rated turn-off current a 3.3 kV.
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High Frequency Pulse Bursts

Traditiond GTO thyrigtors require afairly long time between two subsequent turn-off operations. Thisis
because its non-uniform turn-off process may lead to non-uniform temperature distributions, which, in
turn, may lead to an even more non-uniform turn-off process. Hot spots and thermal runaway can
follow. The time between two consecutive turn-off processesis, therefore, governed by the time needed
to return to a uniform temperature after turn-off.

The IGCT overcomes this limitation comparable to the IGBT: Due to the turn-off in a transstor
mode, no current redistribution occurs, the heet is dissipated homogeneoudy across the entire
junction. The only limit exigting for the high frequency operation is the therma resstance, for
continuous operation, or the therma capacity for high frequency pulse burgts. Fig. 9 showsa 25
kHz, 10-pulse test at 25% duty cycle on the 5SGX 06F6004 [10]. Note that the last pulse
occurs at 95% |igqm. Although, due to the cumulative losses, the permissive junction temperature
range is exceeded by far, this transent temperature overshoot is not necessarily criticd, asit
occurs far from the junction termination. ABB Semiconductors uses thistest as a andard find
test to judge the homogeneity of switching.
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Fig. 9: 25kHz, 10-pulse test with 5SGX 06F6004. T;(t=0) = 80°C

Inverter Design

The three phase two-level inverter design can be greatly smplified compared to classcad GTO circuits
[11]. Fig. 10 shows a possible inverter design with IGCTs. The bill of materia conssts of:
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61GCTs +
1 di/dt inductor
1 clamp diode

1 clamp capacitor (high-inductive DC-link)

1 clamp resistor

N
/

1 gate-drive power supply
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Fig. 10: 3-phase inverter circuit with IGCTs

il SN

Egtimated maximum inverter ratings are lisged in table 4. The caculations consder therma limits only
taking into account a maximum temperature difference of 30 K between semiconductor junction and
semiconductor case.

pat n° maX. inverter rating at 500Hz | max. inverter rating at 1000 Hz
[KVA] [kVA]
5SGX 03D6004 / 04D4502 500 300
5SGX 06F6004 / 08F4502 900 500
5SGX 10H6004 / 14H4502 1400 800
5SGX 196004 / 2614502 3000 1800

Table 4. Possble inverter ratings

Due to the low parts count in combination with the proven field reliability of the GTO technology ahigh
inverter MTBF can be expected. Recent data obtained from a 100 MV A railway intertie indicate, that a
MTBF > 45 years or afailure rate less than 2300 FIT can be expected from a3 MVA 3-phase IGCT
inverter. Main FIT rates coming from fibre optic connections and from logic circuits [12].

Conclusions

A complete range of Integrated Gate Commutated Thyristors has been presented in this paper. They
offer the possihility to build snubberless Medium Voltage Inverters of up 6 MVA (3-level) without any
series or pardle connection of semiconductors. Due to the low parts count and proven religbility of the
technology used an extremdy high inverter reliability can be expected. With the novel low-loss
trangparent emitter buffer layer technology usable switching frequenciesin the kHz range become
feasble. Additiondly, ahigh pulse burst capatility dlows very flexible control dgorithms.
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