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Application of MTO Thyristors in Current Stiff
Converters with Resonant Snubbers

Braz J. Cardoso Filhavlember, IEEEand Thomas A. LippFellow, IEEE

Abstract—This paper addresses the impact of power de- Anode (A)
vices switching characteristics on design and performance of
pulsewidth-modulated current stiff converter (CSC) topologies
with resonant snubbers. The MOS turn-off (MTO) thyristors p+
were selected for this study due to their high voltage and current
ratings, simplified gate drive circuitry, unity gain turn-off, greatly
reduced storage time allowing higher switching frequencies, and
reverse voltage blocking capability. The analysis presented in this
paper is supported by experimental data obtained from a CSC A
commutation cell capable of reproducing all the commutation Thyristor gate (G1)

processes in the current stiff converter topologies with active T
resonant snubbers. Issues involved in the implementation of the MOSFET gate (G2) | %S

"+
commutation cell itself and MTO characteristics relevant for their N
operation in CSC topologies with resonant snubbers are addressed —\ --

in detail in this paper. G, G,

iy

I3

Index Terms—Current stiff inverter, MOS turn-off thyristor, K

L Cathode
resonant snubber, soft switching. ®

Fig. 1. MTO thyristor.
|I. INTRODUCTION

ESONANT snubbers [1] have recently been proposed famproved turn-off characteristics, simplified gate drive require-

improvement of the performance of pulsewidth-moduments, unity gain turn-off, short storage time1( us) and
lated (PWM) current stiff converters (CSCs) [2]-[4]. Amongeverse voltage blocking capability. Other high-power devices
the advantages of resonant snubbers when compared to classigalh as the integrated gate controlled thyristors (IGCTs) and
LRCDsnubbers [5] and regenerative schemes [6], one can pdiigh-voltage insulated gate bipolar transistors (HV-IGBTs) are
out: essentially lossless structure, intrinsic minimization @flso interesting possibilities, mainly if a series diode is intro-
stray inductances improving device utilization, and reasonatsiyced in the device package to add reverse voltage blocking
low parts count and hardware complexity. On the other harehpability.
resonant snubbers are active circuits and require control forThe analysis presented in this paper is supported by ex-
proper operation. perimental results obtained from a commutation cell capable

Resonant snubber design goals are minimization of thé reproducing all the commutation processes corresponding

switching losses while constraining voltage and current stresgescurrent stiff converter topologies with resonant snub-
on the main switches and snubber components. The desigrbefs [1]-[4]. This commutation cell is based on the MTO
the resonant snubber components is then greatly depend¢BPM170HK (4500 V/500 A) [8]. Issues involved in the
on the switching characteristics of the main power devic#mplementation of the commutation cell itself as well as the
employed in the CSC. In this paper, high-power MOS turn-oR TO-thyristor characteristics relevant for the operation in CSC
(MTO) thyristors [7] were investigated for application in CSQopologies with resonant snubbers are addressed in detail in
topologies with resonant snubbers. These new devices pregbist paper.

Paper IPCSD 00-054, presented at the 1999 Industry Applications Society 1l. OVERVIEW OF MTO-THYRISTOR CHARACTERISTICS
Annual Meeting, Phoenix, AZ, October 3—7, and approved for publication in
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injection of electrons from th&’+ emitter into theP-base is su-
pressed and the p-n-p transistor in the MTO structure enters an
open-base turn-off process. In fact, the MTO structure in the off
state is similar to that of regular thyristors with emitter shorts.

The MTO dV/dt capability is also a function of the total
gate—cathode resistance in the off state. Low equivdfebase
and on-state MOSFET resistances are required to prevent the
displacement current associated with the change in the width of
the drift region to forward bias junctigjs and trigger the device
into conduction (particularly important at high forward blocking'9- 2-  Basic realizations of the resonant snubbers in CSC.
voltages).

The situations pointed out above imply a fairly low " gy \_is
T p-basecq in the MTO thyristors, yielding a low gate—cathode
resistance in the off-state. However, a reduction in the equiv- b
alent P-base resistance degrades the on-state characteristics
of the device. Larger front-porch and back-porch gate current \
requirements are expected as a result of#@wi,ace <4 [9].

The voltage driving the negative gate current in the \
MTOs during the turn-off process is the voltage across the
gate—cathode junction of the thyristor part of the devigg)(
[10]. This low driving voltage combined to stray inductances
in the turn-off path of the gate current increase the chances by ig
for nonhomogeneous turn-off, particularly at higher anode ¥
currents, and nonuniform current sharing among the multiple \'4
MOSFETSs. Uniform pressure over the entire device surface is
expected 1o be e.ven more critical in _the MTOs than in regulF—llrg. 3. Basic waveforms of the CSC with resonant snubbers.
gate-turn-off thyristors (GTOs) for uniform turn-off.

AC

It

iLs

B. Reverse Bias minimize the influence of the dc-bus current on the commuta-

. . tion process.
MTOs are switched from the conduction mode to the reversg..”

: : Fig. 3 shows the relevant waveforms of the resonant snubber
blocking mode by negative anode voltage, through a zero-cur- L !
- . ._Implementation in CSCs, where two commutation sequences
rent turn-off process similar to that observed in regular thyristor : - . _
. e . can be identified. Thepassive commutation sequentakes
devices. However, the intrisic reverse diodes across the turn—oIace whenever the incoming switch is reverse biased. Oth

MOSFETSs in the MTO structure constrain the reverse voIta@e 9

X . rwise, external means have to be provided to establish

across junctiorys, such thatv;, > 0. As a result, no reverse o . . - : .
: . zero-voltage conditions on the incoming switch during its
voltage breakdown takes place across juncjipn . .
. turn-on process and thactive commutation sequendakes
Under negative anode voltage, both p-n-p and n-p-n trans%lce
tors in the device structure operate in the reverse bias mo0 ' . .
he passive commutation sequence starts when the con-

This situation implies that the MTO does not latch up under r?:’i'ucting switch is turned off. The dc-bus current commutates to
verse anode voltage if positive current is injected into the turn-(t)rr]1 :

gate terminal;, with junctions;, and 5 forward biased. In- e snubber capacitors and the voltage across the devices ramps

jection of current into7; leads to an increase of the reverser: The incoming SWII.Ch start_s conducting at the zero crossing
o{ the voltage across its terminals.

anode current. The device operates in the remote base transis e active commutation sequence is based on the introduc-
mode (active region) [11]. In this operating mode, the curre{]t €q . )

S e . . S . 1on of a resonant mode to drive the voltage across the incoming
gain|is|/ig, is quite low, increasing in direct proportion to the

. . stwitch down to zero. This sequence starts by turning on the
anode voltage (the equivalent base transport factor rises as’the . ;

. L . shubber switch. The current through the snubber inductor
width of the neutral region in th&/-base is reduced). . ; L

ramps up, reaching the dc bus current amplitude. At this instant,

the outgoing switch is turned off under zero-current conditions.
Since no switch is conducting, a resonant mode between the
snubber inductor and capacitors takes place. The charge in the

A. Realization and Commutation Sequences [2] snubber capacitor across the incoming switch is transferred

The basic implementation of the resonant snubbers with ad&_the'one across the outgoing switch (reverse biased) and the
iliary switches for CSCs is depicted in Fig. 2 [1]. The CSENCOMINg switch turns on under zero anode voltage.
realization requires one auxiliary device for each pair of main
switches in the common-anode and common-cathode groupS: Test Setup
back-to-back arrangement of snubber devices, as in the voltag&he high-power (pulsed) test setup implemented for the eval-
stiff converter (VSC) [1], [12] realization, can also be used toation of the resonant snubbers in CSC topologies is depicted

I1l. COMMUTATION IN CSC TOPOLOGIES WITH
RESONANT SNUBBERS
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Fig. 4. High-power (pulsed) test setup employing MTOs.
Fig. 5. Detail of the assembly of the coaxial current transformer.

in Fig. 4, with MTO devices employed in the main switch&s ( X
and.Ss). A series-connected IGBT and fast-recovery diode set 1 igc \\
is employed as the snubber switéii(s).

The test circuit in Fig. 4 is capable of reproducing both pas-
sive and active commutation sequences with minimum hard-
ware and control complexity. In this circuit, the snubber driving
voltage is set fooptimal commutation conditions [2] with the
shubber driving voltage derived from the center tap of the input is1
supplyVi,. Near optimalcommutation conditions [3] can be set
by introducing an independent supply to set the snubber driving
voltage or by splitting the input voltage in multiple levels.

A cascade connection of two current transformers has been

used to minimize the total insertion impedance associated \‘\

with the measurement of the current through the devices. A \\

coaxial current transformer was inserted directly in the power ig . \

setup. This transformer employs a wound-tape toroidal core ‘\

(part number W783 50451-1/2D from MAGNETICS). The B "

secondary winding consists of ten turns of copper tape wound
around the toroidal core. The primary side of the transformer
was built by machining a toroidal shape with the proper
dimensions to accomodate the transformer core and secondary
winding in a copper bar. Fig. 5 shows a detail of the power y
setup illustrating the connection of the primary side of the 1o tty tg ty tg
coaxial current transformer to the power device. Notice that this
arrangement allows the measurement of the current through the | 1]
power device only and does not include the snubber capacitor G
current. The current through the shorted secondary winding of 52 H [
the coaxial transformer is then measured using a commercial Grrms I—I
current transformer (PEARSON 411). The total gain of the
cascade connection is 0.01 V/A (1¢Mnput impedance).

The operation of the test setup is illustrated by the idealiz&l- 6. High-power (pulsed) test setup main waveforms.
waveforms depicted in Fig. 6. Passive commutation processes
take place at instants and¢s. Active commutation process isthese quantities. The following paragraphs present the proce-
observed at instarit. Fig. 6 also shows the commands for alflures and summarize the results obtained in this investigation.
the switches in the circuit.

The commutation cell described here was tested for several
values of dc-bus current, input voltage, and snubber capacitoffypical passive commutation waveforms illustrating the en-
values in order to identify tradeoffs in CSC operation involvingre switching transient are shown in Fig. 7, where commutation

irs

Passive Commutation
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TABLE |
fas PAssIVE COMMUTATION—TURN-OFF DATA SUMMARY
Vs1 — -

. V: - Cs ide | Vin -Eoff tstorage | tfall | Vakmas / Vin

isi| /1] Lis wF] | [A] [ (V] | [m]] | [us] | [ws] | [V/V]

/ ol 0.47 | 100 | 750 | 56 1.1 0.31 1.06

/ 1.0 | 160 | 750 41 1.0 0.32 1.04

1.0 | 150 | 750 77 10 0.22 1.05

i // 1.0 [ 200 750{ 90 0.9 0.19 1.08
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Fig. 7. Passive commutation sequence.

2 R reverse

\ conduction

takes place from switcl§; to switch S.. These plots were ob- o =
tained withéy. = 150 A, Vi, = 750V, andCs = 1.0 uF. While 2 ; i | ]
the turn-off process is similar to that observed in VSC topolo- 25 2 15 - 05 0 05
gies, the turn-on process implies reverse bias on the incoming Ag ) x10°
switch and it is proper of CSC topologies employing self-com-
mutated devices. Fig. 8. Passive commutation: turn-on energy loss.

1) Turn-Off Process IssuesThe turn-off loss in the passive

commutation sequence is the main figure in the design of ttien in gateG; while the MTO is still reverse biased takes the
snubber capacitors. The lossless reset mechanism providediéyice into the far base transistor mode, operating in the active
the resonant snubber allows the use of larger snubber capacitetfion. The current gaifi4|/ic, is strongly influenced by the
than in classicalLRCD snubbers, leading to significant reducanode voltage, that affects directly thé-base width and the
tion of the turn-off loss and better device utilization. p-n-p transistor base transport factor (Early effect).

In Fig. 7 thedV/dt across the device is about 75 M. The effect of the anode voltage amplitude on the gain
The voltage spike (and related power dissipation spike) acrdss|/i;, and the dynamics of the resonant snubber point out
the device due to the stray inductances in the switch—snubligs trigger delay between the gate turn-on command of the
capacitor loop has been greatly reduced. The voltage oversh@ebming switch and the gate turn-off command of the outgoing
shown in this figure is the voltage transient across the incomisgitch, At, = ¢, ., — t, oz, @S a manipulation parameter
switch due to combined effects of series stray inductance a@dminimize the turn-on losses on the incoming switch due
the forward recovery process (significantly lower than thg transistor action and the forward recovery process. These
input voltage). The anode current peaking shown in Fig. éhergy loss terms as well as the total turn-on losses are shown
has been observed and described earlier in the literature ifpIFig. 8, for Vi, = 600 V, iq. = 100 A, andCs = 1 uF as
GTO thyristors in resonant dc-link converters [13]. The anodg function of At,. A minimum turn-on energy point exists
peaking phenomenon was explained as being caused by sitayyiven switching conditions. The dependence of the turn-on
inductances causing transients in the anode—cathode voltRgges due to transistor action on the reverse anode voltage and
as the gate—cathode junction recovers its voltage blockisgnsiderations regarding simplification on the trigger timing
capability. Relevant turn-off data is summarized in Table I.  and control logic suggesit, = 0 as the standard trigger delay.

2) Turn-On Process Issuesthe incoming switchfz enters A summary of relevant turn-on data obtained from the MTO-
conduction as soon asix > 0. The overshoot in the currentbased test setup is listed in Table A4, = 0). Thed:i 1/d¢ data
throughS; is due to the stray inductance in series with the dén Table Il has been evaluated at the point whigye= 4. /2.
vice and its forward recovery process (voltage overshoot fol- |t has been pointed out in the literature that the lack of a se-
lowed by discharge of the snubber capacitor through the devioggs inductor to limit thedi 4 /dt during the passive commuta-

The incoming switch is expected to start conducting at thi®n sequence would limit the applicability of this snubber struc-
zero crossing point of its anode—cathode voltage, provided thiate in converter circuits based on thyristor-type devices [6].
turn-on gate signals are supplied at a proper time. In this sensélawever, thedi .4 /dt data in Table 1l do not support the po-
is desirable to apply the turn-on gate command to the incomiagion above. In fact, the tests confirm the self-limitéd; /d¢
switch in advance, anticipating the zero crossing instant aodaracteristic of the MTO and, by extension, of GTO devices
minimizing the forward recovery losses. Positive current injeat turn-on, as pointed out by Wood [14]. The conclusion in
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TABLE I TABLE 1II
PAssIVE COMMUTATION—TURN-ON DATA SUMMARY AcCTIVE COMMUTATION—TURN-OFF DATA
OS z'dc Vin Eon diA/ dt iA,maz/ idc CS F 1.0
[wF] | [A] | V] | [mJ] | [AJus] | [A/A] Ls [uH 11.3
047 | 100 | 750 | 3 139 1.20 i4e [A] 136
1.0 {100 | 750 ¢ 3 118 1.19 Vin [V] 750
1.0 (150 | 750 | 13 168 1.17 Snubber | i1 ea [A] 277
1.0 |1 200! 750 | 29 188 1.21 RMS factor [AV/s] | 0.95
Turn-off | E,¢s [mJ] 75
VAKmas /Vin IE_
v, gu{g [A/e] 3
. re -
XN\ Qrr 0] 356
w | A\ N\ Lis N 7O
/ ‘\ \ / A Softness factor 0.52
.A A7 voltage across the gate—cathode junction to abdltV. The
\ gate—cathode voltage changing from the forward voltage drop
y \ (=2 V) to the reverse clamp voltage causes the anode—cathode
voltage to change by the same amount, resulting in transient
\"sz current flow through the snubber capacitors.
\ /\’_ The peak reverse recovery currdpt and charge,.,. under
A\ the conditions in Fig. 9 are listed in Table IIl, as well as other rel-
evant turn-off data. Large reverse-recovery charge is observed
Voltage scale: 200 V/div. in large devices such as the MTOs employed in this test setup.
Current scale: 75 /div. The reverse-recovery charge of the outgoing switch is used to
Time base: 10 ps/div. boostiy,. to the magnitude required to compensated for losses
. _ _ during the resonant mode and guarantee ZVS conditions for
Fig. 9. Active commutation sequence: current boost mode. the incoming switch (snubber energy boost). The portion of the

reverse-recovery current with positive derivative is associated
this matter is that the lack of a series inductor does not conith the turn-off losses in the outgoing switch, contributing to
strain the application of the resonant snubbers with MTOs aigrease the losses during the resonant mode in the active com-
possibly other thyristor-type devices with highly interdigitate¢hutation sequence.
gate—cathode structure. Lol /dt rates result from the zero- The rms factor presented in Table Il can be reduced to the
voltage-switching (ZVS) conditions implying a reduction of th&lassical definition of the rms value by multiplying the rms
« of the transistors in the MTO structure (wide neutral region f&ctor by 1/v/T, whereT is the switching period. This defi-

the N-base at low voltages), resulting in a less intense regengftion allows prompt evaluation of the rms value of the snubber
ative action and slower turn-on process. inductor current as well as the losses in the snubber inductor-

switch branch for different switching frequencies.
D. Active Commutation 2) Turn-On Process IssuesThe. switghing conditions as
) ) well as relevant turn-on data are listed in Table IV. A compar-

The active commutation sequence preserves the turn-on chagy peqyeen the turn-on losses computed for the passive and
acteristics observed in the analysis of the passive commutatiQlye commutation indicate higher losses for the latter one,
sequence. The main difference between the tum-on procesg§er ahout the same operating conditions. This fact can be
in these two commutation sequences is the magnitude of theges|ained from the shorter interval between the instant when
verse voltage across the incoming switch, significantly lower {p o incoming device is gated on{x < 0, dv.x / dt < 0) and
the active commutation case. The turn-off process, on the oter ;<o 1t where it starts CondU‘Ct;nggQ('% 6 ;Iv K /dt > 0)
hand, is unique due to its zero-current-switching (ZCS) natufe 1 active commutation sequence. The turn-on process is
and the effects of the charge stored in the outgoing switch 0\gg,veq down further due to the reduction of the charge injected
the commutanon process. into the P-base andV-base regions of the device, increasing

The active commutation sequence starts as the snubberswﬂﬁg turn-on losses. Thel/dt associated with the turn-on

is turned on. Fig. 9 shows typical active commutation WaV%‘rocess in the active commutation as well as the peak anode
fo_r_ms withthe Ol_thc_)mg SW'tC_h_ being turned-off underZCS co ‘urrent relative to the dc-bus current are listed in Table IV.
ditions. The switching conditions are such that =~ 150 A,

vag = 750V, andCS =1.0 LLF.

1) Turn-Off Process Issuedrig. 9 shows that the reverse-re-
covery waveforms are quite similar to the ones obtained forIn order to guarantee ZVS for the incoming switch, it is re-
power thyristors. A difference is the presence of the antipaguired to boost the snubber energy at the beginning of the reso-
allel diodes in the turn-off MOSFETS, limiting the reverseiant mode. The minimum amount of energy boost corresponds

IV. CONTROL CONSIDERATIONS
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TABLE IV v .
ACTIVE COMMUTATION—TURN-ON DATA St Al ‘)Ls
Cs [uF 1.0 gy A X
Is [oH 113 /N
tde |A] 136 \ / \ \
Vin [V] 750
Snubber | iz, . [A] 277 ek
"RMS factor [Av/3] | 0.95 Y
Turn-on | E,, [mJ] 35
Tomae Jide 1.25 reverse <~ \jsz
dia/dt [A]ps] 100 e \
o | | VA
to the losses associated with the resonant mode in the activ \/
commutation sequence. Two strategies to boost the snubber er
ergy have been proposed in the literature: the current-boost ani Voltage scale:  125V/div.
the voltage-boost approaches [2], [3]. Current scale: ~ 50 A/div.
Time base: 10 us/div.

The current-boost approach is based on delaying the instan.
Where the ogtgomg switch is turned off (= _tg)’ so that Fig. 10. Active commutation waveforms: snubber voltage boost.
ire (t8) > igc. The extra energy trapped in the snubber
inductor at the beginning of the resonant mode corresponds
to (Ls12)/2 and it is strongly influenced byue, iz, (t,) the turn-off method employed. This statement holds true for
anddiy . /dt. This strategy has been employed throughout thay design of the resonant snubbers of practical interest. Also,
paper and is illustrated in Fig. 9. The voltage boost approatii¢ relatively large switching times of large devices introduce
is based on anticipating the turn-off instant of the outgoingdditional uncertainty in the computation of the gate turn-off
switcht = ¢ in order to obtainr. (t) < .. This condition point leading to the desired snubber energy boost. In fact, the
results in boosting the snubber energy through an increasday dI /dt at gate turn-off shown Fig. 10 implies that a nonneg-
the voltage on the snubber capacitors across the switchedigible amount of energy is dissipated instead of transferred to
the group undergoing commutation. An advantage of this latfée snubber capacitors. These characteristics make the snubber
strategy is the reduced dependence on the degice Both current boost preferable when large, slow devices are employed
snubber energy boost strategies can be obtained from the garihe main converter switches.
eral solution for the resonant mode in the active commutation

sequence [2] V. TRADEOFF IN THE DESIGN OF THERESONANT SNUBBERS

Ve, (t—to) = Zolige — ing(to)] sin wolt — t,) FORCSGS
+vpg(to) cos we(t —t,) A. Design of the Snubber Capacitof
—wrg(to) +ves, (to) (1)  The criticaldV/dt rating of the device employed in the main

i (t—t) = LULS (£.) sin wo(t —£,) switches (rated at 1000 )M$ for the MTO employed in this

Z, work) along with the maximum dc-bus current defines a the-
— [ide — iLg(to)] cOS wo(t —t,) oretical minimum size for the snubber capacitors. This rating,
+ig @) however, is generally related to the maximd#i/d¢ the device

could be subjected to without retriggering. A more restrictive
wherew, = 1/,/LsCs,, andZ, = |/Ls/Cs,,, Cs,, = constraintisintroduced by the reduction of the switching losses,
3 Cs for three-phase realizations ad, = 2 Cs for the com- typically leading to capacitor sizes larger than those obtained
mutation cell. from the criticaldV/ dt.

A detailed view of the turn-off process associated with the The minimum snubber capacitor size is set by the upper
voltage boost mode is shown in Fig. 10. As the outgoing devitimnit established for the turn-off energy loss during the passive
is turned off, the resonant mode is initiated. The voltage acrassmmutation process. This reduction on the turn-off losses is
both devices rise in the positive direction, increasing the eabtained from the reduction of th&/dt across the outgoing
ergy in the snubber. As soon as the resonance brings the voltagiéich, lengthening the passive commutation interval for a
on the outgoing device to negative levels, this device enters given dc bus current. Detrimental effects of long commutation
verse conduction mode. The outgoing device continues in timervals include limitation of the PWM frequency and dis-
reverse conduction mode until the excess carriers in jungtiontortion of the ac waveforms, from comparatively large dwell
are swept out by the reverse anode current. The gate—cathtihes. Proper design of the snubber capacitor requires the
junction does not enter avalanche breakdown due to the prase of experimental data relating the turn-off losses with the
ence of the reverse diodes in the turn-off MOSFETS. size of the snubber capacitor for given conditions of dc-bus

Large power devices always undergo a reverse-recovemyrrent and input voltage. Models approximating the turn-off
process in the active commutation sequence, independentloéracteristic of GTOs have been proposed in the literature [5]
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and can certainly be extended for MTOs given the similarities
between these devices. i
The placement of the snubber capacitor directly across
the terminals of the power device introduces a second path 12
for the current during the forward recovery process. As the _
forward voltage drop across the incoming device increases,é 1
due to the high device impedance in the initial stages of the§
turn-on process, the voltage across the snubber capacitor als § '
increases. During this interval, part of the dc-bus current is ¥ o
diverted through the snubber capacitor. The resultant reductior
of the magnitude of the current injected in the device during °4
the initial stages of the forward recovery process contributes
to augment the duration of this transient and to reduce the
dI/dt at turn-on. As the impedance of the device drops rapidly é
causingv.x to drop to the steady-state conduction level
(conductivity modulation), the snubber capacitor discharge
through the incoming device. The effects are an increase in g 11.  Active commutation: voltage stress due to lafge
turn-on losses and current overshoot.

; T T

B. Design of the Snubber Inductéis 6 \ _i____ ’ :

The snubber inductor design is aimed at the active commuta- . ' ]
tion sequence. The basic design goal is to guarantee ZVS condi = , | . |
tions for the incoming switch with minimum voltage and current % 6 ---\+ -—- +
stress on the main converter switches and snubber component:§ _____ : .

The reverse recovery characteristics of the main power de-§ | y=151g
vices have significant impact on the performance of the resonant§ 4 = e B o
snubber. When the outgoing switch is turned off in ZCS mode, :i_ . \Q\:;_‘
the snubber inductor curreiit,, is boosted by a magnitude cor- \_-—*:7—/’:;:
responding td,..., increasing the energy storedfiuz. However, 2 4 S 107
excessive boost of the snubber energy leads to higher voltage . 05 _
stress as the voltage on the snubber capacitor across the outgoir
device is driven beyond the input voltage level. Fig. 11 shows o

01 02 03 04 0.5 06 07 08 0.9 1

computed plots of the extra voltage stress on the main switches 2t

as a function of the characteristic impedatgeof the resonant
snubber for several values &f,.. Low values of characteristic Fig. 12. Active commutation: current stress due to lafge
impedance are required to limit the overvoltage across the main

switches. However, a reduction of the snubber inductor size ¥y, 12 jllustrates the dependence of the peak snubber current on
creases the turn-off! /dt (for a given input voltage), leading to z_ for the same conditions employed in Fig. 11. From Fig. 12,

larger ... and higher voltage and current stresses. it is clear that a compromise between the magnitude of the cur-
In this analysis, the base values a#g.s. = Vi rms, rent throughLs and, consequently, the losses on the snubber

Ihase = Iz rvs @Nd Ziase = Viase/V3Inase- The input  components, and the extra voltage stress on the main switches

voltage and dc-bus current are assumed at maximum valuesHas to be established.

the purpose of stress estimatior{ = v/2 pu, iac = V2 pu). The turn-off loss on the outgoing switch is also a factor to

The estimates in Fig. 11 are conservative since all losses WgEeincluded in the design dfs. From Fig. 9, it is seen that the

neglected. voltage across the outgoing switch is reapplied during the reso-

Equally important as design quantities are the rms am@nt mode in the active commutation process. The rate of decay
peak current levels throughs. Since the snubber inductorof the reverse recovery current is determined by recombination
and switch are series connected, the current thraughalso inside this device as well as the formation of the depletion re-
determines the current carrying characteristics required for thign. The reapplied/V/dt can be controlled through the nat-
snubber switcHl'hs. Here, the goal is to minimize the peakyral resonance frequency of the snubbgr Low values ofw,
current through the snubber inductor relative to the dc-bus ciire desirable to reduce the turn-off losses, but the commutation

rent. The peak value of the snubber inductor curégnt...x  interval should be kept short for higher switching frequency ca-
is reached during the resonant mode. From 3) max iS pability.

computed as
VI. CONCLUSION

; _ vrs(to) 2 L2 o4y 3) The impact of the switching characteristics of high-power de-
I:s, max Z, nr o vices compatible with medium-voltage CSC applications on the
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resonant snubber design and performance has been addresseddn D. E. Picconeet al, “MTO thyristor,” SPCO, Exton, PA, Application
this paper. Notes, Fall 1997,

A cl look i he MTO f | [9] B.J.Baliga,Power Semiconductor DevicesBoston, MA: PWS, 1996.
closer look Into the turn-off process reveals S‘Or‘ne[lo] R. Rodrigues, D. Piccone, A. Huang, and R. DeDoncker, “MTO thyristor

limitations, mainly in hybrid devices: high sensitivity to stray power switches,” irConf. Rec. Power Systems WorRltimore, MD,
inductances in series with the MOSFETSs, intrinsic limit on the _ Sept. 1997, pp. 3.53-3.64. _ _

. d t that can be turned off. and Otentiau'l] D. F. Grafham and F. B. GoldeisCR Manual Including Triacs and
maximum anode Cu_rre_n _a J p = Other Thyristors Englewood Cliffs, NJ: Reward Books, 1979.
for uneven current distribution at turn-off. These characteristic§l2] R. W. DeDoncker and J. P. Lyons, “The auxiliary resonant commutated

imply the use of turn-off snubbers across the MTOs. In the test ~ Pole converter,”inConf. Rec. IEEE-IAS Annu. Meetingct. 1990, pp.

) L 1228-1235.
setup, the rate of reapplled.voltage_has been limited to 1Q@'V/ [13] G. L. Skibinski and D. M. Divan, “Characterization of GTO for soft
Attempts to turn off the devices at highér,, - /dt rates resulted switching applications,” iConf. Rec. IEEE-IAS Annu. Meetin@ct.

in device failure at relatively modest current and voltage Ievels[14] 39?/&\3/623' §u3§5§$6e'mals nd Aoplications of Gate-Tum-Off Thris
(2_00 A/6OQ V). Possit_)le causes f_or turn-off failure include: re-" "~ (o< palo Alto, CA: EPRI, 1985_'0 Y
trigger during the thyristor phase in the turn-off process, second

breakdown, and uneven pressure distribution over the device

surface. These results are not inconsistent withdhey /dt

rating from the device data sheet (1000u¥/@ V, = 0.7 Braz J. Cardose Filho (S'95-M'98) was borm
- - . . . . in Fortaleza, Brazil. He received the electrical
Vpra, G2 = +15V), since this rating is given for steady-state engineering (with the EEUFMG Lucio dos Santos
blocking mode. Further investigation is still needed for a con Award) and Master of electrical engineering degrees
plete characterization of the MTO turn-off performance. from the Universidade Federal de Minas Gerais,

Belo Horizonte, Brazil, and the Ph.D. degree from

The MTOs were observed to exhipit self—lim.iteﬁ /dt at the University of Wisconsin, Madison, in 1987,
turn-on. In addition, the ZVS conditions contribute to slov 1991, and 1998, respectively. _
down the turn-on process, reducing the current transfer ra In 1989, he joined the Department of Electrical

Engineering, Universidade Federal de Minas Gerais,

« of the transistors in the device structur& {/dt < 200 where he became an Associate Professor in 1998.
Al us for dc-bus currents up to 200 A). The trigger timing anee has developed research and teaching activities in the power electronics area

reverse-recovery characteristics of the main switches have béié 1988. His current research interests are power semiconductor devices,
mu

. . . . . . ...multimegawatt converters, electric drive systems, and utility applications of
identified as important manipulation and disturbance quantitiggyer e?ectromcs_ Y Y app

in the control of the commutation processes of the resonant
snubber.
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