706 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 38, NO. 3, MAY/JUNE 2002

Series and Parallel Operation of the
Emitter Turn-Off (ETO) Thyristor

Yuxin Li, Member, IEEEAlex Q. Huang Senior Member, IEEEand Kevin Motto

Abstract—By dramatically decreasing the storage time, the
emitter turn-off thyristor (ETO) has a very good match in storage
time. Storage time dispersion of less thant100 ns is normal for
ETOs and can be further reduced through adjustment of the
emitter switch gate resistance. Thus, the capacitance required for
dynamic voltage balancing in the ETO series connection is signif-
icantly reduced. Uniform current sharing for parallel-connected
ETOs is also guaranteed at the device level through the open-base
p-n-p turn-off mechanism. The current-balancing inductance can
be essentially removed. Theoretical analysis and experimental
results of 53-mm ETOs are presented.

Index Terms—Emitter turn-off, emitter turn-off thyristor, gate
turn-off thyristor, integrated gate-commutated thyristor, MOS
turn-off thyristor, thyristor, unity gain turn-off.

Fig. 1. Two GTOs series connection topology.
I. INTRODUCTION

EVICE-LEVEL series connection has been the most po@$ Wafer thickness, doping, etc. A storage time spreaelloRb
ular practice in industry to boost system power output. F& reasonable for GTOs made from the same process [2]. Thus, to

a system equipped with series-connected devices, the operaefgﬁjmai” amaximum voltage difference-410% of their rated
voltage is increased so the current can be reduced to save ¢éhage during turn-off phase for two 1-kA/4.5-kV GTOs, the

nections. The stray inductance becomes less critical, allowikgltage-balancing capacitance required will heH4 This big ca-
simpler system layout design. pacitor should be avoided for the following three reasons. First,

The key issue in series connection is how to ensure unifotfiS high-voltage high-speed capacitoris very expensive. Second,
dynamic voltage sharing at both turn-off and turn-on transitioft.°igC’s increases the energy trapped every time during turn-off
For insulated gate bipolar transistors (IGBTS), the dynamif-5CsV?),leadingtothe increased power dissipationinthe dis-
voltage sharing can be achieved through active gate contfRrge resistor. Third, a bids requires more switching transient
without additional component [1]. However, because there is HB'€ and limits the applicable switching frequency.
forward-biased safe operation area (FBSOA), series-connected 2lleviate these problems, a group of devices with much
gate turn-off thyristors (GTOs) have to use passive voltage-b!iSS storage time dispersion is required. _ '
ancing capacito€’s as shown in Fig. 1. Under inductive load Device paralle_lmg is an(_)'gher device-level option to increase
turn-off condition, the voltage difference between these twihe power handling capability of a system. Parallel connection

GTOs due to the storage time differer&its is given by can significantly increase a device’s current capability, which
is required in some applications such as circuit breakers where

21 4 Ats no single device can handle the current. The GTO is by far the

AV = Cs @) gate-controllable device with the highest current handling ca-

pability. The state-of-the-art 6-in GTO has a maximum turn-off

The storage time of atraditional GTO is abouy&J4], which  current capability of 6.0 kA. However, the parallel operation of
is determined by the gate driver and the GTO’s parameters suctaditional GTO is very hard. In the case of two GTOs in par-

Paper IPCSD 01-080, presented at the 2000 Industry Applications Soci@{lﬁli the current .W”I try .tO crowd to the slower dewce_ d.ur'r_'g
Annual Meeting, Rome, Italy, October 8-12, and approved for publication the turn-off transient. With more current, the cathode injection
the IEEE TRANSACTIONS ONlNDUSTRYAPPL|CAT|ONSby the Power Electronics Of the Slower dev|ce becomes Stronger o) the Crltlcal gate Current
Devices and Components Committee of the IEEE Industry Applications Society. ff the devi IS0 i hich lead further d
Manuscript submitted for review October 15, 2000 and released for publicati turn off the device also increases, w 'C_ ea S_t(? afurther de-
January 25, 2002, layed turn-off process for the slower device. This is, therefore,
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Fig. 3. Schematic diagram showing the operation principle of the ETO.

. . . . Fi?. 5. Photograph of ETO1045S.
Issues of paralleling devices include ensuring dc curren

sharing and dynamic current sharing. Devices with uniform, TABLE |

resistive, and positive temperature coefficiedey” character- ETO STORAGE TIME AT 125C

istics will give a good dc current sharing (this is the case for

MOSFETS). The parameter uniformity of paralleled devices,

on the other hand, dominates the dynamic current sharing.
Devices with less storage time spread are also required to

solve current crowding for parallel-connected devices. current uniform distribution among GTO cells over the turn-off
The emitter turn-off thyristor (ETO) [3], [6] is a newly intro- transient. Consequently, the snubberless tu_rn—off capabilit.y of

duced high-power device with a significantly shrunken storagée ETO has been demonstrated as shown in Fig. 4 [5]. Fig. 5

time and, thus, much smaller storage time dispersion. Ald§, a picture of the developed 53-mm 1-kA/4.5-kV ETO1045S,

in the ETO’s turn-off transient, the traditional GTO’s p-n-p-Which is also used for this study.

latch-up mechanism is changed to an open-base p-n-p process,

which implies better current sharing. This paper investigates the lll. ETOs IN SERIES CONNECTION

performance of the ETO under series and parallel connections. Dynamic Voltage Sharing During Turn-On and Turn-Off

With significantly decreased storage time, ETOs have much
better storage time dispersion than that of the GTO. A storage
The ETO is a GTO-MOSFET hybrid device as shown itime survey of six ETOs from the same batch is shown in

Fig. 3. The two MOSFETSs are operating as a complementargble |. The difference is withiee10% and the absolute value
pair to help the GTOs turn off. Once the emitter swit@ly is  of Ats(,,.y is reduced to about100 ns.

turned off and the gate swit@y; is turned on, the GTO cathode Two 1.0-kA/4.5-kV ETO1045Ss with a storage time dif-
current will be diverted to its gate almost instantly, realizinference of 100 ns were used to demonstrate the improved
so-called “unity gain” turn-off condition, which means the GTGeries connection performance. The current is measured by a
gate current equals the anode current. The benefit of the uriRggowski coil. The dynamic voltage balancing capacitance is
gain turn-off is twofold. First, the storage time, which is the timeeduced to 0.%:F due to the reducedis. Figs. 6 and 7 show
needed for the gate current to remove all minority chargestime dynamic voltage on these two devices during turn-off and
the p-base region, is now significantly decreased to abqust 1 turn-on, respectively. The voltage difference during turn-off
Second, unlike the traditional GTO, the turn-off of an ETO is only 0.2 kV, which is less than 5% of their rated voltage,
changed to an open-base p-n-p process that further ensureshen they are turned off at their rated current (1.0 kA). The

ETOl1 | ETO2 | ETO3 | ETO4 | ETO5 | ETO6
t, (usec) | 1.3 1.4 13 1.4 1.2 12

Il. PERFORMANCE OF THEETO
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Fig. 6. Turn-off of two series-connected ETOs at @55 voltage balancing Fig. 8. ETOs storage time dependency on the gate resistance of the emitter

capacitance (;—top switch voltage;/;.—top switch current;V,—bottom  switch.
switch voltage;/,—bottom switch current).

TABLE I
1400 N ETO SrORAGE TIME INCREASEWITH RESPECT TO ITSGATE RESISTANCE
1200 | Rs(Q) 0 1 2 5.1
. At (usec) | 0 | 0.06 | 0.15 [ 0.42
1000
800 C. System Savings Due to the Reduted
600 - The reduced storage time differentses implies big savings
400 © at the system level. For a system employing series-connected
Eo devices, if:
200 Fo « devices’ storage time dispersiontis+ Atg;
0 * maximum designed static voltage for each devicEss
200 » dynamic voltage balancing capacitance€’is;

* maximum turn-off current idy;;
then the maximum voltage sharing difference is

time(uS)

Fig. 7. Turn-on of two series-connected ETOs at @F5 voltage balancing AtS
capacitance Y(;—top switch voltage;l;—top switch current;V,—bottom AVM =21 M C— . (2)
switch voltage;/,—bottom switch current). S

_ . . . . AV pr can also be related to the maximum permitted static
observed turn-on delay time difference is essentially nOth'r\%ltageVS through

Since adi/dt snubber is normally required to control the
reverse recovery of the diode, turn-on is not a practical concern

in series connection. AV =kVg 3)
B. Storage Timédjustment wherek is the voltage-sharing index. From (&,can be ex-
The storage time of the ETO can be further adjusted by iRressed as
serting a resistor in the gate of the emitter switch of the ETO, I At
similarly to the case of the IGBT. This gate resistor will delay the k= <Vﬂ) <C—S> . 4)
S S

turn-off process of the emitter switch and eventually delay the
turn-off process of the ETO. Since this resistor stays with the

device instead of with th e dri the ETO's st i Forn devices in series connection, the worst case is(that
evice instead of with the gate driver, the S storageé im§ yeyices are having a longest storage tifte + Atg) and
can be calibrated easily. Fig. 8 shows the experimental wa

"6rily one device has a shortest storage time— Atg). Then
) ; . S)- ,
forms and Tqble Il is a summary .Of the relationship b_e_tweﬁ-[@)e total voltagd/p.c that these devices can handle is

the storage time and the gate resistance for one specific ETO.

With tightly matched storage time, ETOs can even do series con-
nection without the help of dv/d# snubber with an acceptable Voc =Vs + (n— 1)(Vs — AVi)
voltage-sharing performance. =nVg—(n—1)AV . (5)
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Fig. 9. Normalized number of series-connected devices needed to handlc _.

certain voltage.
Fig. 10. Relationship of forward voltage drop versus temperature for

. . ETO1045S.
Thus, the number of devices needed to hafdig: is
Vb — AV perature coefficiency of the series connected MOSFETS. Fig. 10
n=- 7 shows the ETO’s measured forwakdV’ characteristics.
VS AV]\{
—~ VDC . . . .
Ve — AVy B. Dynamic Current Sharing During Turn-Off Transient

_ 1 Vbc ©6) The current sharing is a big problem for traditional GTOs op-
T\1-k% Vg )’ erating in parallel connection because of their p-n-p-n latch-up
mechanism. However, this mechanism is broken in the ETO

In an ideal case where all devices have the same storage tf&-off operation. Due to the unity turn-off gain, the cathode
and share the same voltage during turn-off transieig, thus, injection is terminated quickly and the device functions like an
zero so the number of devices needed is mininfifgc/Vg). ©OPen-base p-n-p transistor. o _

When the sharing differenck is increasing, the normalized Under unity gain turn-off, the storage time is the time needed
number of devices needed is increasing according to (6), as Beremove all the minority carriers in the p-base layer. Since
picted in Fig. 9. the cathode injection is cut off, minority carriers in the p-base

For a system employing GTOs in series, if the voItage—shariM‘Q” simply decrease from its initial density before turn-off. The
indexk is selected as 0.5, then twice as many as the minimuirrent to remove p-base minority carriers is the device’s gate
number devices is needed from Fig. 9. If the devices are replaétirent, which equals its anode current under the unity turn-off
with the ETO, which has only one-twentieth the storage tinf2in condition.
difference, then the voltage-sharing indewill be 0.025—es- ~ The ETO’s storage time is almost a constant value over a
sentially the ideal case, so the number of devices needed is\¥ide current range. The minority carrier quantity in the p-base
minimum number. If the snubber capacitance is cut to one-tenihin proportion to the anode current before turn-off process, and
then the voltage-sharing indeéxwill be 0.25, which then re- under unity turn-off gain, the minority carrier removing speed
quires a 1.4 minimum device number. For high-voltage apbeing the anode current.
plications, the snubber capacitor means cost, size, and therma/nlike the GTO, the storage time difference of the par-
management. A 10 smaller snubber Capacitance has great irﬁl“E'-COﬂneCtEd ETO will decrease. In the case of two ETOs

pact on the system. in parallel, the current will crowd to the slower device with a
longer storage time right after the faster ETO finishes its storage
IV. ETOS IN PARALLEL CONNECTION phase. However, more anode current means faster minority
. carrier removing speed, which makes the slower ETO’s storage
A. DC Current Sharing time shorter. This is a negative feedback process that alleviates

High-voltage GTOs are more likely to have a resistivé” current crowding.
characteristic that is good for dc current sharing. The series-conAnother feature of the ETOSs’ parallel operation is that the
nected MOSFET, which behaves like a ballast resistor, makasiform current distribution among devices can be reestablished
the ETOs/-V even more resistive. after the slowest device finishes its storage phase.

To avoid positive feedback of current crowding, a positive For the case of two ETOs in parallel as shown in Fig. 2 with
temperature coefficienci~V is very important. Typical high- a dv/dt snubber, the predicted minority carrier distribution in
voltage GTOs have this feature above a critical current valdbe GTO is illustrated in Fig. 11, and the current and voltage
This critical current point, however, moves toward a lower cuwaveforms are shown in Fig. 12. The turn-off process starts from
rent direction for the ETO because of the strong positive tertyy and att;, both ETOs gain their unity turn-off gain. B,



710 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 38, NO. 3, MAY/JUNE 2002

o laZ minority carrier removing speed is also higher. ETO1’s anode
E 1 current will decrease at a higher rate. On the other hand, the
minority carrier gradient in ETO2 is lower after the previous
process, so its minority carrier removing speed is lower, so is
the anode current of ETO2. This process can be viewed as the
faster device waiting for the slower device. In a short period after
t2, uniform current distribution is established again.

Experimental results support the above theory. Two
1-kA/4.5-kV ETOs (ETO1 and ETO2) are used for the exper-
iment. ETO1 has a 70-ns longer storage time than ETO2. The
two ETOs are arranged 6 in away from each other with two bus
bars across them. The stray inductance in the two devices’ loop
is about 100 nH.

Fig. 13(a) shows these two ETOs’ current-sharing character-
istics under snubbered turn-off condition. The current transfer
between time instant (0.15-0.3) is due to their gate driver dif-
ference. Because ETO2’s gate driver is inherently 30 ns faster,
the anode voltage of ETO2 has a net increase of its turn-off
0 28 5 voltage (about 60 V) before ETO1 does. This set a voltage dif-
ference on the two devices’ anode and introduces a small cur-
rent commutation. However, this current crowding is harmless
because this period is short and the voltage on the devices is still

Fig. 11. GTOs parallel turn-off under unity-gain condition.

low.
The current crowding due to the storage time difference
lat Va happens after time instati= 0.55 us in Fig. 13(a). The anode
\/ voltage on ETO2 increases to overcome the two devices’ loop
la2 stray inductance. The probing point (center point between

the two devices) voltage as shown is, thus, also increased.
After ETO1 enters its turn-off phase, ETO1’s anode current
decreases rapidly while ETO2’s anode current is almost waiting
(decreases very slowly). These two devices’ anode currents
decrease in a similar pattern after the current sharing is restored.
As discussed previously, the ETO’s storage time can be ad-
justed through the gate resistance of its emitter switch. By in-
serting a 1€ resistor into the gate, ETO1 will have about 60
ns more delay, and the current crowding should be exaggerated.
Fig. 13(b) shows the current sharing of this case. Stronger cur-
ETO?2 finishes its storage phase and enters the turn-off processt crowding is observed. However, uniform current distribu-
while ETOL1 is still in its storage phase. Betwegnand¢s, tionis eventually restored. On the contrary, the current crowding
the voltage on ETO1 remains low at its forward voltage dropill be improved by well-matched parallel devices. Fig. 13(c)
which basically clamps the voltage on ETO2. Therefore, tighows the current sharing between the same two ETOs when a
depletion region lengttz; in then™ layer of ETO2 cannot 1-2 resistor is inserted into the gate of ETO2.
expand. In the steady state befdse the minority carrier in ~ Current crowding during turn-off significantly increases the
the n~ region is almost a constant. Without further injectiorcurrent stress of the slower device. However, the instant power
from the p-base afteg, these minority carriers will be gradually stress is not that bad. For the case of Fig. 13(b), even the peak
removed by the anode to cathode current. The current of ETO®rent of ETO1 is more than twice as much as the current in
betweent, andt; is the diffusion current determined by theETO2 at that time, their peak instant power, as shown in Fig. 14,
minority carrier density gradientin the™ region. Because thereis only 1.5< as high. The peak instant power of the slower de-
is no minority carrier injection at the cathode side, a portion @ice ETO1 appears very close to the point when the uniform
this current, namely, the electron current, acts as net minoridyrrent distribution is regained. Since ETOs can stand very high
carrier extraction current, and the gradient is decreasing, whielstant power (200-300 W/ct [5], current crowding toward
reduces the current in ETO2. The extra current is transferredihe slower device does not threaten the device’s safe operation
ETOL1. To overcome the loop stray inductance between the taxea.
devices, a little voltage is built up on ETO2. Since the device-level mechanism can prevent the current
By t3, ETOL1 finishes its storage phase, too. From now onrowding and restore uniform current sharing after the storage
until ¢4, both of the ETOs’ currents are mainly their diffusiorphase, paralleled ETOs should also be capable of snubberless
current determined by their minority carrier gradient in theiurn-off. Fig. 15 shows the current sharing at 2-kV snubberless
n~ region. Att; instant, the gradient in ETOL is higher so itgurn-off condition. In the anode voltage rising phase, the anode

Fig. 12. Current- sharing process for ETO parallel connection.
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to each other. This guarantees uniform stress on both of the
ETOs at the point of highest instant power point. The tendency
of restoring uniform current sharing is also obviously shown
in Fig. 15. It can also be observed that there is a little current
crowding right before the current fall. This is because of the
minor difference of the devices’ doping and physical parame-
ters. The current nonuniform distribution caused by this is very
small but theli /dt of one device is significantly increased. The
increasedii/dt is a threat to the snubberless turn-off capability
of the ETO [5].

V. DISCUSSION

Most of the above-discussed theory can apply to other kinds
of hard-driven GTOs such as MOS turn-off thyristors (MTOS),
integrated gate-commutated thyristors (IGCTs), etc. They all
have the merit of short storage time distribution, as doesthe ETO
in series connection. Although their storage times cannot be ad-

currents of both the ETOs are due to the expansion of their diested simply through a gate resistor, it can be achieved at the
pletion region. Since the devices’ initial conditions, which detegate-driver level or even on the controller level.

mine minority carrier distributions in the— layer, are identical

Without the series-connected MOSFET, the resistive forward

for the two ETOs, their displacement currents should also equalV' characteristics of the MTO and the IGCT is not as good
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as that of the ETO. However, this can be improved at t
device-level design tradeoff. Both the MTO and the IGC
have the same negative feedback mechanism toward cur
crowding during the turn-off transient as the ETO becau
of the same open-base p-n-p turn-off nature. Compared
the ETO, the IGCT should be better at handling snubberl
turn-off in parallel connection because it has no dependency
the anode fallingf: /dt [5].
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VI. CONCLUSION
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