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Abstract—The emitter turn-off thyristor (ETO) is a new family
of high power semiconductor devices that is suitable for megawatt
power electronics application. ETO’s with voltage and current
ratings of 4–6 kV and 1–4 kA, have been developed and demon-
strated. And those power levels are the highest in silicon power
devices and are comparable to those of the gate turn-off thyristor
(GTO). Compared to the conventional GTO, the ETO has much
shorter storage time, voltage controlled turn-off capability, and
much larger reverse biased safe operation area (RBSOA). Further-
more, ETO’s have a forward-biased safe operation area (FBSOA)
that enables it to control the turn-on di=dt similar to an insulated
gate bipolar transistor (IGBT). These combined advantages make
the ETO based power system simpler in terms ofdv=dt snubber,
di=dt snubber, over current protection, resulting in significant
savings in the system cost. This paper presents experimental and
numerical results that demonstrate the advantages of the ETO.

Index Terms—Gate turn-off thyristor, hard-driven, snubberless
turn-off.

I. INTRODUCTION

T HYRISTOR technology has long been the only solution
to megawatt power applications. The combined index of

its forward voltage drop, blocking voltage and conducting cur-
rent is the best among power semiconductor devices. By adding
gate turn-off capability, the gate turn-off thyristor (GTO) has
found applications in HVDC, traction and megawatt drive sys-
tems. However, the GTO has several drawbacks. The inhomo-
geneous current distribution during the turn-on transient results
in the di=dt problem and demands a turn-ondi=dt limiting
snubber. The P-N-P-N four-layer structure makes the GTO sen-
sitive to dv=dt induced turn-on, so adv=dt limiting snubber
is also needed for device turn-off. The inhomogeneous tran-
sient current distribution is also the major reason for a small re-
verse-bias-safe-operation-area (RBSOA) in GTO’s. A large de-
rating factor has to be used in practical applications. Another
major problem of the GTO is that a complicated gate driver
consuming hundreds of watts is needed in a typical application.
These gate drivers are usually bulky and have very slow tran-
sient response, resulting in a very long storage time. The op-
eration frequency of the GTO is therefore limited to less than
500 Hz.

Recent developments of high power IGBT’s [1] are chal-
lenging the dominant position of GTO’s in megawatt applica-
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tions due to their high speed, large RBSOA and ease of con-
trol. However, the available voltage/current rating of IGBT’s is
still lower than that of GTO’s. This situation may continue in
the foreseeable future. To meet the demand for advanced high
power semiconductor devices, many efforts have been made to
improve the GTO-oriented device in the past few years. Among
these efforts are the MOS turn-off (MTO) [2] thyristor and the
integrated gate commutated thyristor (IGCT) [3]. With dramat-
ically improved speed and dynamic performance, these GTO-
based devices will help maintain the dominance of GTO tech-
nology in high power areas.

The emitter turn-off thyristor (ETO) [4], [5] is another major
effort in the development of GTO-technology-based high power
semiconductor devices. Based on mature technologies of the
GTO and power MOSFET, the ETO provides a low cost and su-
perior solution to megawatt applications. Theoretical analysis
and experimental results suggest that the ETO have the com-
bined advantages of both the GTO and the MOSFET.

1) GTOs’ high voltage/current ratings, low forward voltage
drop.

2) Voltage turn-off capability similar to an IGBT.
3) High switching speed.
4) Wider RBSOA.
5) Existence of FBSOA.

High power ETO’s with current ratings of 1–4 kA, and
voltage ratings of 1–6 kV have already been demonstrated at
the Center for Power Electronics System, Virginia Tech. In
this paper, the operation principles of the ETO, its switching
performance, unity turn-off gain characteristic, snubberless
turn-off capability, and its comparison with the IGBT and
IGCT are presented.

II. OPERATION PRINCIPLES OF THEETO

Three main characteristics of the traditional GTO have to be
improved in order to accommodate the need of high frequency
high power conversion applications. First, the bulky, power con-
suming gate driver has to be eliminated. This can be achieved if
a voltage-controlled device is introduced. Second, the RBSOA
of the GTO has to be improved to make a robust device. The
RBSOA of traditional GTO’s is limited by the current filamen-
tation and crowding problems because each of the GTO’s cells
has a different storage time [6], which generates nonuniform
current distribution during device turn-off. Significant derating
is therefore required, resulting in a small RBSOSA. Third, the
overall speed of the GTO has to be improved. This requires the
reduction of the storage time, current fall time and tail time,
and improvement indv=dt anddi=dt capability. These transient
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Fig. 1. (a) The ETO equivalent circuit, (b) the ETO symbol, and (c) the cross section of the ETO mechanical structure.

process times also determine the minimum ON/OFF time re-
quirement of the GTO.

A. Operation Principles

The emitter turn-off thyristor (ETO) is a MOS-GTO hybrid
[4], [5], [7]–[9] device that is targeted to solve all these prob-
lems. Fig. 1 shows the equivalent circuit of the ETO. An emitter
switchQE is in series with the GTO, and a gate switchQG is
connected to the GTO’s gate.

By turning onQE and offQG, an injection current into the
GTO gate(gate-1) can turn on the ETO. The traditional turn-on
current is still necessary for the ETO due to the existence of the
GTO. By turning offQE and onQG, the GTO cathode current
path is cut off and the cathode current has to commutate to the
gate switchQG via the GTO’s gate, which finally turns off the
ETO. It is therefore obvious, by using a MOSFET as the emitter
switch, that the turn-off process is a voltage-controlled one. The
turn-off current required by the GTO is supplied by itself instead
of by an external gate driver.

It is very important to mention that both the emitter switch
QE and the gate switchQG are not subjected to high voltage
stress, no matter how high the voltage is on the ETO. The in-
ternal structure of the GTO’s gate-cathode is a PN junction. In

the ETO off state, the high voltage is blocked by the GTO’s
main junctionJ2, and the leakage current is bypassed by the
gate switchQG, which is in the ON state. The voltage on the
emitter switchQE follows that onQG, is low. In the ETO on
state, the emitter switch is ON, so the voltage on the gate switch
QG cannot exceed the voltage across the emitter switch plus the
GTO gate-cathode PN junction forward voltage drop.

B. Unity Turn-Off Gain and RBSOA

The turn-off gain for the GTO is defined as the anode cur-
rent over the gate current when the GTO is turning off. Nor-
mally, the turn-off gain of the GTO is designed between 3 and
5, so that even one third to one fifth of the anode current can
turn the GTO off. High turn-off gain saves the gating power re-
quirement but imposes a detrimental effect on the GTO. While
a small portion of the cathode remains in the PNPN latch-up
mode, a high enough turn-offdv=dt displacement current can
act as additional gate injection current and maintain small GTO
spots in conduction. Under this condition, the GTO current will
rapidly become filamented, with only a small amount of cells
conducting the total current. The combination of high current
and high voltage in a small area causes the GTO to fail. There-
fore adv=dt snubber is always needed in GTO applications. On
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Fig. 2. High-voltage current saturation capability of the ETO obtained by device simulation.

the other hand, the turn-off gain in the ETO is unity. The time
when the emitter switchQE is turned off, the GTO cathode cur-
rent has to commutate to its gate path. After the gate current
commutation completes, the ETO is turned off with zero GTO
cathode current, like an open base PNP transistor turn-off.

The unity turn-off gain benefits the ETO in several ways.
First, the RBSOA of the GTO can be improved, so reduced
dv=dt snubber or even snubberless switching can be achieved.
Under the unity turn-off gain condition [10], current filamenta-
tion cannot or is very hard to develop because lack of any posi-
tive feedback mechanism, and the RBSOA is only limited by the
dynamic avalanche breakdown of junctionJ2. The maximum
RBSOA power-constant in the range of 200–300 kW/cm2 has
been reported for large area hard-driven GTO’s [11]. Second,
it can reduce the turn-off storage time significantly, since the
much higher pull out current can quickly remove charges stored
in the P-base of the GTO. The storage times of hard-driven or
unity turn-off GTO’s are typically in the range of 1–2�s [10].

C. Mixed Mode Simulation and FBSOA

Besides the improvements expected in the RBSOA, speed
and control, the ETO also has forward current saturation capa-
bility or Forward Biased Safe Operation Area (FBSOA). The
FBSOA results from the ballasting effect of the emitter switch
QE . Assuming the ETO gate switchQG acts like a zener diode
with an equivalent turn-on voltage ofVZ . Under normal conduc-
tion mode, the voltage on the emitter switchQE is always less
than (VZ–VJ1), whereVJ1 is the forward voltage drop across
the GTO emitter junction, so the gate switchQG is off, and
the ETO’s forward conduction behavior is similar to that of
the GTO. However, by controlling the gate voltage, the emitter
switch QE can have a much higher voltage drop. Once this

voltage is as high as (VZ–VJ1), a portion of the GTO current
will be diverted to the gate path. Because the current flowing
out of the GTO gate has the effect of turning it off, the current
conduction capability of the ETO decreases and the voltage drop
across the ETO increases. This process continues until a balance
is reached in which the anode current no longer increases with
the increase of the ETO voltage.

Fig. 2 illustrates the high voltage/current saturation capability
of the ETO obtained by two-dimensional mixed mode device
simulation [12]. Fig. 3 shows the current flowlines of the ETO
under the high voltage current saturation condition (VG = 7 V,
Vanode = 2410 V). It is clearly shown that part of the current
flows out of the GTO’s gate while another part of the current
flows through the GTO’s cathode. It is the current flowing out of
the GTO’s gate that results in the high-voltage current saturation
characteristic of the ETO. Fig. 4 shows the potential contours of
the ETO in the same case. The high voltage is supported by the
main blocking junction—J2, and the two transistors in the GTO
are working in the linear active region instead of the saturation
region.

The existence of the FBSOA in the ETO is a significant ad-
vantage over GTO’s. FBSOA also exists in IGBT’s and it ben-
efits applications in two ways [13]. First, the dynamicdi=dt
during the device turn-on can be controlled by the gate drive
circuit. This will eventually eliminate thedi=dt snubber in high
power system. Second, the FBSOA devices with the important
self-current limiting and short circuit protection capabilities.

III. EXPERIMENTAL RESULTS OF THEETO

Based on the operation principles and device simulation re-
sults, prototype ETO’s, ranging from 1–4 kA, 4–6 kV, have been
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Fig. 3. Current flowlines of the ETO under high-voltage current saturation condition. Notice the current component toward the GTO gate.

developed. Fig. 5 shows the photograph of the developed ETO
family along with their gate drivers. The model name of the ETO
reflects the rating of the GTO used. The first two digits stand
for the GTO’s maximum turn-off current rating and the last
two digits stand for the voltage rating. For example, ETO1045S
means the GTO used for the ETO has a 1.0 kA turn-off current
and a 4.5 kV voltage blocking capability.

Several practical issues have to be addressed in the develop-
ment of these prototype models. First, it is difficult to realize an
ideal emitter switchQE and gate switchQG, as both of them are
supposed to conduct the full anode current. Second, the stray in-
ductance in the emitter-gate current commutating loop in prac-
tice determines whether the unity turn-off gain can be reached.
That is to say, the stray inductance has to be reduced as much as
possible. Many efforts have been made to optimize the design of
the ETO with respect to the mechanical layout, electrical con-
nection, thermal consideration, and current sharing.

The emitter switchQE is realized by paralleling a number of
high current low voltage n-channel power MOSFET’s; the gate
switchQG is realized in the same way, by paralleling several

MOSFET’s. There are two ways to control the gate switchQG.
One is to control it through a gate driver. This method provides
the lowest gate impedance current path whenQG is on. The
other way is to drive the gate switch by itself. By shorting its
gate with the drain, the MOSFET acts as a two-terminal zener
diode. The switch is off when the voltage on it is lower than the
threshold voltage of the MOSFET, and is on when the voltage
is higher. With the latter configuration, the ETO can withstand
highdv=dt even when its gate driver is not powered on because
the gate switchQG can be turned on automatically and passes
dv=dt displacement current. The positive temperature coeffi-
ciency of the majority carrier power MOSFET also ensures uni-
form current sharing among MOSFET’s used forQE . The use
of ultra low channel resistance of advanced MOSFET’s mini-
mizes the added forward voltage drop to the ETO.

Experimental results obtained from the developed ETO pro-
totypes confirm the predicted high switching speed and short
storage time. Fig. 6 shows a typical ETO turn-off character-
istic obtained on a high power pulse tester. Table I summarizes
the measured results of several 53 mm ETO’s(ETO1045S) and
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Fig. 4. Potential contours of the ETO under high-voltage current saturation condition. High voltage is supported by the blocking junction J2.

GTO’s. Table II summaries the turn-off parameters of three dif-
ferent types of ETO’s. Compared with the GTO, the storage
times of the ETO are dramatically reduced from typically 14�s
[14] 1.5 �s. The current tail time are also reduced from sev-
eral tens microsecond [14] to about 10�s. On the other hand,
the current tail value, which is about 10% of the anode current
for the GTO, is now two times as high for the ETO1045S. The
overall turn-off loss of the ETO, as shown in Table I, is about
the same as that of the GTO under the same snubber condition,
while the turn-on loss is significantly reduced. Fig. 7 shows the
ETO turn-off energy for ETO1045S at 125C at different anode
currents. The turn-off energy increases linearly as the anode cur-
rent increases. The snubberless turn-off energy is only slightly
higher than that with adv=dt snubber. This is another indication
of the high speed capability of the ETO.

The turn-on transient is also accelerated significantly in the
ETO and the turn-on switching loss is also reduced as com-
pared to the GTO, as shown in Table I. These are due to the
high turn-on current injection [10] from the gate driver with a re-
duced injection loop stray inductance. In the case withoutdv=dt

snubber, there is no discharge current from the snubber capac-
itor during turn-on; thus the turn-on energy is further reduced.
At 2.5 kV dc link voltage and 0.8 kA current, the turn-on loss is
less than 0.15J per pulse.

From Table I, the turn-off timetgq , defined as the storage time
plus the fall time, for different GTO’s varies from 12–14�s;
while for different ETO’s, it varies from 2.3–2.0�s. The ab-
solute difference among device’s storage time is reduced sig-
nificantly. The ETO can therefore be considered to have uni-
form turn-off transient, hence paralleling ETO’s becomes rel-
atively easy. Fig. 8 shows the relationship between the storage
time, the turn-off time as a function of the turn-off current for
the ETO2045S. The storage time does not increase significantly
when the anode current increases.

For a traditional GTO, the maximum turn-off current is gen-
erally low compared to its maximum RMS current, especially
to its surge current capability. This limitation poses a heavy
burden on applications to avoid a turn-off operation at higher
current. With a better RBSOA, the ETO has a significantly
higher turn-off current at the same condition. Fig. 9 shows the
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Fig. 5. ETO family and their gate driver.

Fig. 6. ETO4060 turn-off characteristic at 25�C.

TABLE I
THE 53 mm GTO AND ETO TEST RESULTS

COMPARISON

ETO1045S turns off two times as much current as for the GTO
at the condition set for the GTO.

The MOSFET has positive temperature coefficiency on
its forward voltage drop and normally the GTO has negative
temperature coefficiency. By series connecting them together,
the ETO shows positive temperature coefficiency in its forward
voltage drop like the MOSFET. Fig. 10 shows the measured
forward voltage drop versa temperature. For the GTO, the
forward voltage temperature coefficiency turns from negative
to positive at around 900 A; but for the ETO, this cross over
point drops down to below 500 A. This feature again will
enable the paralleling of ETO’s.

IV. I NVESTIGATION OF THEUNITY TURN-OFF GAIN

The improvement in the ETO’s turn-off capability is a direct
result of the unity turn-off gain of the ETO. To confirm that the
ETO does indeed operate under a unity turn-off gain condition,
one has to measure either the emitter or the gate current in ad-
dition to the measurement of the anode current. This is almost
impossible without introducing a significant amount of induc-
tance in the device, which, by design, is to minimize any induc-
tance within the gate and emitter loops. For this reason, numer-
ical and experimental analyzes were carried out to confirm the
unity turn-off gain in the ETO.

TABLE II
SUMMARY OF TYPICALLY ETO TURN-OFF PARAMETERS
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Fig. 7. ETO1045S typical turn-off energy at 1800 V dc link voltage.

Fig. 8. The turn-off time versus turn-off current for ETO2045S at 3�F
snubber, 25�C.

Fig. 9. ETO1045S exhibits two times maximum turn-off current capability.

In actual ETO turn-off, the current commutation from the
emitter to the gate is complicated by the highdi=dt involved
in the process and the unavoidable stray inductance in the

Fig. 10. Relationship of forward voltage drop versa temperature for
ETO1045S.

Fig. 11. The equivalent circuit model for the ETO turn-off.

package. Therefore, the interaction between the emitter switch
QE , gate switchQG, and any stray inductance presented in
the emitter-gate loop determines the actual performance of the
ETO.

Fig. 11 shows the equivalent circuit of the current commu-
tation loop of the ETO during the transient when the GTO’s
cathode current transfers to its gate loop. The upper PNP tran-
sistor in the GTO is modeled as a current source because, during
the current commutation stage, the anode currentIA remains al-
most constant and the PNP transistor operates in a deep satura-
tion region. The emitter junction of the GTO is modeled as a
diodeDe.

At the beginning of the turn-off process, the emitter MOSFET
QE is turned off. The emitter switch voltageVe rises because a
constant emitter current,Ie, charges the output capacitance of
QE . Ve increases almost linearly until it reaches a preset clamp
voltageVc (Vc is controlled by a clamp circuit in the driver board
and is below the breakdown voltage of switchQE). Because of
the relatively smallQE output capacitance and large charging
currentIe, this process finishes within 100 ns.

Once the voltage onQE increases, the voltage on the emitter
diodeDe also increases. Before the charge associated withDGC
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Fig. 12. Dynamic voltage at the emitter MOSFET during ETO turn-off: (a) the
emitter MOSFET drain voltage and the ETO anode current and (b) the emitter
MOSFET drain voltage at several different turn-off currents.

is removed,DGC can be considered a short circuit. Thus, at
the end of this voltage rise phase, a voltage sourceVc can be
considered to be applied across the gate stray inductorLg and
gate switchQG, resulting in the charging of the gate current
Ig . During this phase, the voltageVc remains constant, and the
dIg=dt in the gate loop is also a constant. The latter can be
calculated as

dIg=dt = (VC � VQG)=Lg

where theVQG is the forward voltage drop on the gate switch
QG. At the moment the gate loop currentIg reaches the anode
currentIa, emitter currentIe becomes zero; that is to say, the
emitter diodeDGC at this moment goes through zero current
crossing point and enters a reverse recovery process. Since the
emitter junction diodeDGC in a high voltage GTO is relatively
slow and has a large junction area, it will still act as a short
circuit when the current starts to reverse direction. The energy
stored in the output capacitor ofQE is discharged through the
reverse recovery current of theDGC , resulting in the rapid de-
crease of the emitter voltageVe. This process also happens very

quickly because of the small capacitance value ofQE . The rate
of the voltage drop is very much similar to the rate of rise during
the charging phase ofLg . The voltage will decrease to a value
close toVQG, and the gate current could become larger than the
anode current during this phase because of the discharge cur-
rent ofQE output capacitance (or the reverse recovery current
of DGC ).

Based on these analyzes, it is therefore proposed that the in-
stant [as shown in Fig. 12(a)] when the voltage on the emitter
switch begins to decrease rapidly from the clamp voltage is the
point where the unity turn-off gain is achieved. If this time in-
stant is reached before the ETO anode voltageVa starts to rise,
the device has unity turn-off gain. Another way to say this is that
the recovery of the emitter junction (DGC) happens earlier than
that of the main blocking junction in the GTO.

Fig. 12 shows experimentally observed voltage waveforms
on the emitter switchQE in ETO1045S during the turn-off at
several different anode currents. The anode voltage waveforms
(not shown in the figure) show that the anode voltage starts to
rise at about 1.2�s for the 600 A case. Based on the above
analyzes, the gate loop stray inductanceLg in the ETO1045S
can be estimated as below. Using the 600 A anode current case
as an example, the time it takes for the emitter switch voltage
Ve to reach the clamped voltage of 55 V is 0.12�s. Assuming
the voltage drop across the gate switchQG is 10 V, so

dIg=dt =600=0:12 = 5 kA=�s

Lg =(Vc � VQG)=dIg=dt = 9 nH:

Since the typical turn-off storage time of the ETO is about
1.52�s, it can be concluded, based on the above estimation,
that the ETO technology based on traditional GTO parts has a
small enough gate stray inductance so that the unity turn-off
gain can be fully achieved.

The unity turn-off gain theory described above is also con-
firmed by an extensive two-dimensional mixed mode device
simulation that models the stray inductance as well as the two
dimensional carrier distribution in a practical high voltage GTO
structure. An inductive switching circuit that resembles the ac-
tual test condition of ETO1045S is constructed and simulated
using MEDICI [15]. The simulated circuit is shown in Fig. 13.
All elements except the GTO are modeled by their lump cir-
cuit models. The GTO is modeled by solving basic semicon-
ductor equations. Fig. 14(a) shows the anode voltage and cur-
rent waveforms obtained from the simulation when the device
turns off 1.2 kA at 1 kV. Fig. 14(b) shows the corresponding
voltage and current waveforms at the gate and the emitter. Cur-
rent flowlines that correspond to different time instances during
the device turn-off are shown in Fig. 15 around the emitter junc-
tion region of the GTO.

Simulation results shown in Figs. 14 and 15 confirm that the
unity turn-off gain theory presented herein is correct. The linear
increase of the gate current during the first phase of the device
turn-off is clearly shown in Fig. 14(b). During the gate current
rise phase, the GTO gate voltage is about 0.7 V higher than that
of the emitter voltage becauseDGC is still conducting. Once
the gate current reaches that of the anode, both gate and emitter
voltage starts to decrease to about 10 V corresponding to the
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Fig. 13. Circuit used in the mixed mode numerical analysis of the ETO.

voltage required to maintain the high gate current in switchQG.
This simulation shows that the unity turn-off gain is reached
within about 600 ns. It takes another 600 ns for the GTO to turn
off. A slow increase of the gate current after the first fast rise is
caused by the discharge of the snubber capacitorCs [this also
appears as a slow increase in the anode current in Fig. 14(a)].

Inspection of Fig. 15 together with Fig. 14 provides much
more needed insights into the ETO operation. During the time
when the gate current is increasing, the emitter current is de-
creasing. This decreasing of emitter current actually happens
in a nonuniform manner. Part of the emitter junction close to
the gate terminal actually starts reverse recovery much earlier
than the part located far away from the gate [Fig. 15(b) and (c)].
The two different current directions in the emitter result in a
net decrease of the emitter terminal current. Att = 0:65 �s,
the two current components equal each other and the net ter-
minal current is zero. This is the point when unity turn-off gain is
reached. Att = 1 �s, the PNP transistor still remains in the sat-
uration mode, but the emitter junction has been fully recovered
with no current components through it. However, strong current
crowding near the center of the device and near the emitter/gate
boundary can still be seen. This is due to the minority carriers
still stored in the upper base region of the GTO. Only after all
of these charges are removed would the GTO start to turn off.
This process takes another 600 ns to complete. At the end of
that process, the main anode current decreases rapidly, as does
the gate current. The rate of the current decrease depends on, to
the first order degree, the gain of the NPN transistor. The cur-
rent will decrease to a tail current value sustainable by the open

base PNP transistor operation, which depends on the charges
still remaining in the PNP base and the gain of the PNP tran-
sistor. Because ETO’s turn off within 1.5�s, the charge in the
lower PNP transistor is close to its steady state value, resulting
in higher tail current value, as shown in Table I. Att = 5 �s,
which corresponds to the current tail stage of the device, a very
uniform current conduction is seen while the voltage across the
main junction reaches the bus voltage.

Another important phenomenon that happens in the ETO is
the avalanche breakdown of the emitter gate junction during the
rapid fall of the main anode current. As is shown in Fig. 14(b),
the rapid falling of the anode and gate current results in a nega-
tive voltage at the gate node due to the energy stored in the stray
inductanceLg . Initially the emitter voltage follows the fall of
the gate voltage. However, due to the existence of a body diode
in switchQE , the voltage of the emitter terminal is clamped
to about�0:6 V, forcing the emitter gate junction of the GTO
to be reverse biased. This reverse biased voltage will reach the
avalanche breakdown voltage of the emitter/gate junction. The
avalanche process lasts until the energy stored in inductanceLg
is dissipated in the emitter/gate junction and switchQG.

As a direct result of the unity turn-off gain, the ETO’s
RBSOA can be expanded to silicon’s200 � 300 kW/cm2

avalanche breakdown level. For the above mentioned 1 kA/4
kV ETO1045S, the die area is 13 cm2, so it should withstand
1kA snubberless turn-off at its rated voltage. Fig. 16 shows the
snubberless turn-off characteristics of ETO1045S. The peak
power level is 3.0 MW, or about 230 kW/cm2.
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Fig. 14. Results obtained from the mixed mode device simulation: (a) anode
voltage and current and (b) gate voltage, gate current, and emitter voltage.

V. COMPARISON OF THEETO, IGBT,AND IGCT

The IGBT is becoming the most favored power device in in-
dustry applications because of its high speed, wide RBSOA,
voltage control capability, activedi=dt control and over cur-
rent protection. In the high power area, however, its transient
processes become longer, and reliability problems related to its
wire-bondpackaging technology become remarkable [16]. The
recently introduced IGCT—a specially designed GTO—on the
other hand, has improved both switching speed and RBSOA,
and thus has the ground to compete with IGBT’s in every aspect.
Table III summaries important characteristics of these three high
power devices at similar power levels.

The comparison is based on the available devices. Right now,
1200 A/3300 V are the highest ratings for the IGBT, while the
ETO/IGCT used for the comparison are low rating device in
their own categories.

A. Switching Speed and Forward Voltage Drop

The switching speed is no longer an advantage for the IGBT at
high power level. Theoretically, the turn-off process of an IGBT
is also an open base PNP transistor turn-off, similar to that of
ETO’s and IGCT’s; all of them should have similar transient
behaviors and speeds. On the forward conduction respect, the

Fig. 15. Current flowlines in the ETO at different time instances during the
turn-off.

PNPN latch-up cell in the GTO gives both the ETO and the
IGCT lower forward voltage drop than that of the IGBT. The
ETO has a higher voltage drop than the IGCT because of the
added series switch. It should also be pointed out that the IGCT
and IGBT devices compared in Table III have their optimized
N base thickness while the ETO does not.
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Fig. 16. Snubberless turn-off characteristics of ETO1045S @ 25�C.

B. On Device Current Sensing and Over-Current Protection

The ETO has an important merit that both IGBT and IGCT
do not have—the on-device over-current detection capability.
The emitter switch of the ETO acts as a small linear resistor in
the normal conduction mode, hence the voltage drop across the
emitter switchQE reflects the current through the device and
can therefore be used for feedback and protection purposes. The
on-device current sensing through the emitter switch, combined
with the fast turn-off speed and high maximum turn-off current,
can provide the much needed over-current protection for the
ETO. Fig. 17 shows the on-device current sensing configuration.
In the ON state, the voltage across the emitter switch reflects
the main current through the device and will be less than one
volt in the normal conduction mode. Via an R/C low pass filter,
any over current can generate an effective voltage output from
the comparator and thus generate protection logic through the
control logic unit.

Fig. 18 shows the experimental waveforms when an over cur-
rent detection at almost 800 A was detected. The time required
to shut down the ETO when an over current is detected is about
1.5�s, which is basically the storage time of the ETO.

The over-current protection for the IGBT is normally realized
simply through its current desaturation capability in the active
region. This function is also realized on the gate driver board,
so that fast response is guaranteed. For the IGCT, over-current
protection can only be realized by an outer loop control com-
mand initiated by an external over current sensor. Deliberately
designed current sensing and feedback circuits are hence re-
quired.

C. di=dt Control

One of the most attractive aspects of the IGBT is its active
di=dt control. By controlling the rising and/or falling speed of
its gate voltage, the IGBT by itself can control the dynamic
di=dt in the switching transient. At the expense of higher
turn-on loss, the IGBT system can therefore control the reverse
recovery of the diodes during turn-on and control the voltage
spike during turn-off without passive snubbers. For the IGCT

system, externaldi=dt snubbers is still necessary to accom-
modate its owndi=dt capability and the reverse recovery of
the diode. However, in high power systems, the use ofdi=dt
snubber sometimes is dictated by the need to reduce the turn-on
loss.

Simulation results predict that the ETO has similar current
saturation capability as the IGBT. So the ETO will also have the
activedi=dt control capability, resulting in the eliminating or
saving of thedi=dt snubber.

D. dv=dt Capability

A high dv=dt can introduce a voltage on the IGBT’s gate
through the Miller capacitance and thus turn on (or off) the de-
vice by fault. A negative voltage is normally required to drag the
gate voltage far below its threshold value, and a low inductance
gate control loop is required to absorb the high frequencydv=dt
current from the Miller capacitance. Once the gate driver is pow-
ered off, the gate driver shows high impedance; the IGBT is thus
extremely sensitive to thedv=dt. With powered gate driver, the
IGCT can stand highdv=dt [17]. However, without power in the
gate driver, the gate terminal in the GTO is actually floating, so
the IGCT suffers an even worsedv=dt problem, similar to the
case of a GTO. The ETO is normally free of thedv=dt problem.
No matter the gate driver is powered on or off, the ETO can
always bypass itsdv=dt current through the gate switchQG,
because the gate switch is turned on automatically.

E. Gate Driver

Due to the voltage control, the gate driver required for the
ETO is reduced greatly compared to the GTO. The experi-
mental gate drivers designed for kilohertz applications are
shown in Fig. 5. These drivers contain an on-board isolation
power supply, an optical-fiber interface, and the required
driving capability. The prototype gate driver for the 1 kA/4
kV ETO1045S has a dimension of 2.5 by 2.8 in. Compared
to the IGBT’s driver, the ETO driver is slightly complex and
consumes more power due to the turn-on current injection
requirement.

The gate driver is very important to the performance of the
IGCT. Its unity turn-off gain is completely determined by the
performance of the gate driver and the gate loop stray induc-
tance. The passive components on the driver board are required
to conduct very high pulse current. Besides, its gate driver con-
sumes a lot of power, and the power requirement is linearly re-
lated to its operation frequency. At 500 Hz, the gate driver for a
4 kA/4.5 kV IGCT requires more than 100 W.

F. Serial and Parallel Connection

The ETO can be used for series and parallel connection. With
the unity turn-off gain, the storage time of the ETO is directly
determined by the anode current and the gate charges, so it is
uniform either among different devices or at different current
levels. Fig. 8 shows the relationship between the turn-off time
and the anode current. On the contrary, the storage time of the
IGCT is theoretically related to its gate driver, the reliability of
electrolytic capacitors, gating voltage and the stray inductance
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TABLE III
IGBT, IGCT, AND ETO COMPARISON

in the commutating loop. Therefore, the ETO has a more uni-
form transient process than the IGCT, thus is better for serial
and parallel operation.

G. Operating Frequency

Medium power IGBT’s can work at very high frequency.
However, due to the high switching loss, very high power
IGBT’s are normally used in the system operating around
1–5 kHz.

With a better RBSOA and higher maximum turn-off current,
the traditional RCDdv=dt snubber can be scaled down or even
removed. This will shorten the turn-off transient. Combined

with the reduced turn-on transient process, the maximum op-
erating frequency permitted for the IGCT and the ETO is thus
determined mainly by the devices thermal handling capability
instead of by the passive components. For the ETO1045S, the
maximum operating frequency is around 1 kHz for a three
phase 1 MW system.

Soft switching techniques such as the zero voltage transition
(ZVT) [18] technology can be used to reduce the switching loss,
hence increasing their operating frequency. However, because
the gating power requirement is in proportional to the frequency,
the IGCT is not as good as the ETO for higher frequency appli-
cations.



LI et al.: EXPERIMENTAL AND NUMERICAL STUDY OF THE EMITTER TURN-OFF THYRISTOR (ETO) 573

Fig. 17. Over-current protection strategy of the ETO.

Fig. 18. Over-current protection test waveform. The protection current level
is set at 800 A. The time interval between the effective output of the comparator
and the main current falling edge is about 1.5�s.

VI. CONCLUSION

Based on its operation principles, the emitter turn-off (ETO)
thyristor has been developed ranging from 1–4 kA, 4–6 kV. The
packaging design ensures a very low gate loop stray inductance
(about 10 nH for different rating devices), good current sharing,
and low thermal resistance. Experimental data proves that the
ETO has all of its predicted merits including voltage controlled
turn-off capability, high turn-on/off speed, good RBSOA that
approaches silicon avalanche limitation. It is a very promising
candidate for advanced power conversion in megawatt appli-
cations. The root of this new device lies in its hybrid struc-
ture, which makes use of both advantages of the GTO and the
MOSFET. Further efforts are being made to demonstrate the
ETO’s capability at system level.
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