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Abstract— This paper addresses the impact of power de-
vices switching characteristics on design and performance of
pulse width modulated current stiff converter (CSC) topolo-
gies with resonant snubbers. The MTO thyristors were se-
lected 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 fre-
quencies, and reverse voltage blocking capability. The anal-
ysis presented in this paper is supported by experimental
data obtained from a CSC commutation cell capable of re-
producing all the commutation processes in the current stiff
converter topologies with active resonant snubbers. Issues
involved in the implementation of the commutation cell it-
self and MTO characteristics relevant for their operation
in CSC topologies with resonant snubbers are addressed in
detail in this paper.

I. INTRODUCTION

Resonant snubbers [1] have recently been proposed for
improvement of the performance of PWM Current Stiff
Converters (CSC) [2], [3], [4]. Among the advantages of
resonant snubbers when compared to classical LRCD snub-
bers [5] and regenerative schemes [6], one can point out: es-
sentially lossless structure, intrinsic minimization of stray
inductances improving device utilization, reasonably low
parts count and hardware complexity. On the other hand,
resonant snubbers are active circuits and require control
for proper operation.

Resonant snubber design goals are minimization of the
switching losses while constraining voltage and current
stresses on the main switches and snubber components.
The design of the resonant snubber components is then
greatly dependent on the switching characteristics of the
main power devices employed in the CSC. In this paper,
high power MTO thyristors [7] were investigated for appli-
cation in CSC topologies with resonant snubbers. These
new devices present improved turn-off characteristics, sim-
plified gate drive requirements, unity gain turn-off, short
storage time (= 1us) and reverse voltage blocking capa-
bility. Other high power devices such as the IGCTs and
HV-IGBTs are also interesting possibilities, mainly if a se-
ries diode is introduced in the device package to add reverse
voltage blocking capability.

The analysis presented in this paper is supported by ex-
perimental results obtained from a commutation cell ca-
pable of reproducing all the commutation processes corre-
sponding to current stiff converter topologies with resonant
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snubbers [1], [2], [3], [4]. This commutation cell is based
on the MTO XSDM170HK (4500V /500 A) [8]. Issues in-
volved in the implementation of the commutation cell itself
as well as the MTO-thyristor characteristics relevant for
the operation in CSC topologies with resonant snubbers
are addressed in detail in this paper.

II. OVERVIEW OF MTO-THYRISTOR CHARACTERISTICS
A. Forward bias

The MTO gate turn-off process is based on the introduc-
tion of a very low impedance (rps,, ¢ of the MOSFETs
in the device) in parallel with the junction j3, as shown in
fig. 1. With the MOSFETs on, the gate current changes
polarity and increases rapidly in the negative direction. In
this process, the charge stored in the P —base is eliminated
in a short interval (storage time) and junction js stops
conducting. At this point the NPN transistor in the MTO
structure is off and the PNP transistor enters an open-base
turn-off process. The MTO is held in the off state provided
that rps,, eq of the MOSFETS in the device is sufficiently
low. The upper limit on the equivalent on-state resistance
of the MOSFETSs and P — base is obtained from (1) [9]:

V .
is < b (1)

TDSon,eq + T'P—base,eq

where 7pson,eq is the equivalent on-state resistance of the
MOSFETS, rp_pgse,eq is the equivalent lateral resistance
of the P — base region, V3; is the built in potential across
the gate-cathode junction and i4 is the anode current to
be turned-off.

The MTO dV/dt capability is also a function of the to-
tal gate-cathode resistance in the off-state. Low equivalent
P — base 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
junction js3 and trigger the device into conduction. This
situation is particularly important at high forward block-
ing voltages [10]. It is also interesting to note that in the
off-state, the MTO structure is similar to that of regular
thyristors with emitter shorts. The reduced dependence of
the forward breakdown voltage on the temperature, from
the reduction of the current gain aypy at low current lev-
els, is also expected here.
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Fig. 1. MTO Thyristor.

The situations pointed out above suggest that a fairly
low 7p_pgse,eq is proper of MTO thyristors, yielding a low
gate-cathode resistance in the off-state. However, a reduc-
tion in the equivalent P — base resistance can potentially
degrade the on-state characteristics of the device. For in-
stance, larger front-porch and back-porch gate current re-
quirements are expected as a result of low rp_pgse,eq [10]-

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 de-
vice (vj,). This low driving voltage combined to stray in-
ductances in the turn-off path of the gate current increase
the chances for non-homogeneous turn-off, particularly at
higher anode currents. Low driving voltage and stray in-
ductances also contribute to non-uniform current sharing
among the multiple parallel MOSFETSs in the turn-off path
of the gate current.

B. Reverse bias

MTOs are switched from the conduction mode to the
reverse blocking mode by negative anode voltage, through
a zero current turn-off process similar to that observed in
regular thyristor devices. Notice, however, that the intrisic
reverse diodes across the turn-off MOSFETSs in the MTO
structure constrain the reverse voltage across junction js,
such that v;, > 0. As a result, no reverse voltage break-
down takes place across junction js.

Under negative anode voltage, both PNP and NPN tran-
sistors in the device struture operate in the reverse bias
mode. This situation implies that the MTO does not latch
up under reverse anode voltage if positive current is in-
jected into the turn-on gate terminal GGy, with junctions j»
and j3 forward biased. The result of injection of positive
current into (77 is an increase of the reverse anode current.
The device operates in the remote base transistor mode
(active region) [11]. In this operating mode, the current
gain |ia|/ig, is quite low, increasing in direct proportion
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Fig. 3. Basic waveforms of the CSC with resonant snubbers.

to the anode voltage (the equivalent base transport factor
rises as the width of the neutral region in the N-base is
reduced).

III. CoMMUTATION IN CSC TOPOLOGIES WITH
RESONANT SNUBBERS

A. Realization and commautation sequences [2]

The basic implementation of the resonant snubbers with
auxiliary switches for CSCs is depicted in fig. 2 [1]. The
CSC realization requires one auxiliary device for each
pair of main switches in the common-anode and common-
cathode groups. A back-to-back arrangement of snubber
devices, as in the VSC [1], [12] realization, can also be
used to minimize the influence of the dc bus current on the
commutation process.

Fig. 3 shows the relevant waveforms of the resonant snub-
ber implementation in CSCs, where two commutation se-
quences can be identified. The passive commutation se-
quence takes place whenever the incoming switch is reverse
biased. Otherwise, external means have to be provided to
establish zero voltage conditions on the incoming switch
during its turn-on process and the active commutation se-
quence takes place.

The passive commutation sequence starts when the con-
ducting switch is turned off. The dc bus current commu-
tates to the snubber capacitors and the voltage across the
devices ramps up. The incoming switch starts conducting
at the zero crossing of the voltage across its terminals.

The active commutation sequence is based on the intro-
duction of a resonant mode to drive the voltage across the
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Fig. 4. High power (pulsed) test setup employing MTOs.

incoming switch down to zero. This sequence starts by
turning on the snubber switch. The current through the
snubber inductor 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 con-
ducting, a resonant mode between the snubber inductor
and capacitors takes place. The charge in the snubber ca-
pacitor across the incoming switch is transferred to the one
across the outgoing switch (reverse biased) and the incom-
ing switch turns on under zero anode voltage.

B. Test Setup

The high power (pulsed) test setup implemented for the
evaluation of the resonant snubbers in CSC topologies is
depicted in fig. 4, with MTO devices employed in the main
switches (S; and S3). A series connected IGBT and fast
recovery diode set is employed as the snubber switch (T'hg).

The test circuit in fig. 4 is capable of reproducing both
passive and active commutation sequences with minimum
hardware and control complexity. In this circuit, the snub-
ber driving voltage is set for optimal commutation condi-
tions [2] with the snubber driving voltage derived from the
center tap of the input supply V;,,. Near optimal commuta-
tion 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 as-
sociated with the measurement of the current through the
devices. A co-axial current transformer was inserted di-
rectly in the power setup. This transformer employs a
wound tape toroidal core (part number W783 50451-1/2D
from MAGNETICS). The secondary winding consists of 10
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
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Fig. 5. Detail of the assembly of the co-axial current transformer.

bar. Fig. 5 shows a detail of the power setup illustrating
the connection of the primary side of the co-axial current
transformer to the power device. Notice that this arrange-
ment allows the measurement of the current through the
power device only and does not include the snubber capac-
itor current. The current through the shorted secondary
winding of the co-axial transformer is then measured using
a commercial current transformer (PEARSON 411). The
total gain of the cascade connection is 0.01V/A (1M in-
put impedance).

The operation of the test setup is illustrated by the ide-
alized waveforms depicted in fig. 6. Passive commutation
processes take place at instants ¢; and t3. Active commu-
tation process is observed at instant t. Fig. 6 also shows
the commands for all the switches in the circuit.

The commutation cell described here was tested for sev-
eral values of dc bus current, input voltage and snubber
capacitor values in order to identify trade-offs in CSC oper-
ation involving these quantities. The following paragraphs
present the procedures and summarize the results obtained
in this investigation.

C. Passive Commutation

Typical passive commutation waveforms illustrating the
entire switching transient are shown in fig. 7, where com-
mutation takes place from switch S; to switch S5. These
plots were obtained with i4. = 150 A, V;,, = 750 V and
Cs = 1.0 uF. While the turn-off process is similar to that
observed in VSC topologies, the turn-on process implies re-
verse bias on the incoming switch and it is proper of CSC
topologies employing self-commutated devices.

C.1 Turn-Off process issues

The turn-off loss in the passive commutation sequence is
the main figure in the design of the snubber capacitors. The
lossless reset mechanism provided by the resonant snubber
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Fig. 6. High power (pulsed) test setup main waveforms.

allows the use of larger snubber capacitors than in classi-
cal LRCD snubbers, leading to significant reduction of the
turn-off loss and better device utilization.

In fig. 7 the dV/dt across the device is about 75 V/us.
The voltage spike (and related power dissipation spike)
across the device due to the stray inductances in the switch-
snubber capacitor loop has been greatly reduced. The volt-
age overshoot shown in this figure is the voltage transient
across the incoming switch due to combined effects of series
stray inductance and the forward recovery process (signif-
icantly lower than the input voltage). The anode current
peaking shown in fig. 7 has been observed and described
earlier in the literature for GTO thyristors in resonant dc
link converters [13]. The anode peaking phenomenon was
explained as being caused by stray inductances causing
transients in the anode-cathode voltage as the gate-cathode
junction recovers its voltage blocking capability. Relevant
turn-off data is summarized in Table I.

C.2 Turn-On process issues

The incoming switch S> enters conduction as soon as
vak > 0. The overshoot in the current through S, is due
to the stray inductance in series with the device and its for-
ward recovery process (voltage overshoot followed by dis-
charge of the snubber capacitor through the device).

The incoming switch is expected to start conducting at

S2

!7<~(£—

<
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Voltage scale: 200 V/div.
Current scale: 40 A/div.
Time base: Sus/div.

Fig. 7. Passive commutation sequence.

TABLE 1
PASSIVE COMMUTATION - TURN-OFF DATA SUMMARY.

CS bde sz Eoff tstorage tfall Vakmaz /‘/;n
(pE] | JA] | V] | [mJ] | [ws] | [ws] [V/V]
0.47 | 100 | 750 56 1.1 0.31 1.06
1.0 | 100 | 750 | 41 1.0 0.32 1.04
1.0 | 150 | 750 7 1.0 0.22 1.05
1.0 | 200 | 750 90 0.9 0.19 1.08

the zero crossing point of its anode-cathode voltage, pro-
vided that turn-on gate signals are supplied at a proper
time. In this sense, it is desirable to apply the turn-on
gate command to the incoming switch in advance, antici-
pating the zero crossing instant and minimizing the forward
recovery losses. Positive current injection in gate G; while
the MTO is still reverse biased takes the device into the far
base transistor mode, operating in the active region. The
current gain |ia|/ig, is strongly influenced by the anode
voltage, that affects directly the N — base width and the
PNP transistor base transport factor (Early effect).

The effect of the anode voltage amplitude on the gain
lial/ic, and the dynamics of the resonant snubber point
out the trigger delay between the gate turn-on command of
the incoming switch and the gate turn-off command of the
outgoing switch, At, = t4.n — tg,0rf, as a manipulation
parameter to minimize the turn-on losses on the incoming
switch due to transistor action and the forward recovery
process. These energy loss terms as well as the total turn-
on losses are shown in fig. 8, for V;,, =600V, ig. = 100 A
and Cs = 1pF as a function of At,. A minimum turn-
on energy point exists for given switching conditions. The
dependence of the turn-on losses due to transistor action
on the reverse anode voltage and considerations regarding
simplification on the trigger timing and control logic, sug-
gest At,=0 as the standard trigger delay.

A summary of relevant turn-on data obtained from the
MTO-based test setup is listed in Table IT (At, = 0). The
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Fig. 8. Passive commutation: turn-on energy loss.

TABLE II
PASSIVE COMMUTATION - TURN-ON DATA SUMMARY.

CS Z.dc Van Eon dZA/dt Z.A,maﬂc/idc
(pF] | [A] | [V] | [mJ] | [A/ps] | [A/A]
0.47 | 100 | 750 3 139 1.20
1.0 | 100 | 750 3 118 1.19
1.0 | 150 | 750 | 13 168 1.17
1.0 | 200 | 750 29 188 1.21

dia/dt data in Table IT has been evaluated at the point
where i4 = i4./2 .

It has been pointed out in the literature that the lack
of a series inductor to limit the di4/dt during the passive
commutation sequence would limit the applicability of this
snubber structure in converter circuits based on thyristor-
type devices [6]. However, the di4/dt data in Table IT does
not support the position above. In fact, the tests confirm
the self limited di/dt characteristic of the MTO and, by
extension, of GTO devices at turn-on, as pointed out by
Wood [14]. The conclusion in this matter is that the lack of
a series inductor does not constrain the application of the
resonant snubbers with MTOs and possibly other thyristor-
type devices with highly interdigitated gate-cathode struc-
ture. Low dI/dt rates result from the ZVS conditions im-
plying a reduction of the a of the transistors in the MTO
structure (wide neutral region in the N-base at low volt-
ages), resulting in a less intense regenerative action and
slower turn-on process.

D. Active Commutation

The active commutation sequence preserves the turn-
on characteristics observed in the analysis of the passive
commutation sequence. The main difference between the
turn-on processes in these two commutation sequences is
the magnitude of the reverse voltage across the incoming
switch, significantly lower in the active commutation case.
The turn-off process, on the other hand, is unique due to its
zero current switching nature and the effects of the charge

Vsi

| —T
<

Voltage scale: 200 V/div.
Current scale: 75 /div.
Time base: 10 ps/div.

Fig. 9. Active commutation sequence: current boost mode.

stored in the outgoing switch over the commutation pro-
cess.

The active commutation sequence starts as the snubber
switch is turned on. Fig. 9 shows typical active commuta-
tion waveforms with the outgoing switch being turned-off
under ZCS conditions. The switching conditions are such
that i4 & 150 A, vax=750V, Cs = 1.0 uF.

D.1 Turn-off process issues

Fig. 9 shows that the reverse recovery waveforms are
quite similar to the ones obtained for power thyristors.
A difference is the presence of the anti-parallel diodes in
the turn-off MOSFETSs, limiting the reverse voltage across
the gate-cathode junction to about -1V. The gate-cathode
voltage changing from the forward voltage drop (= 2V) to
the reverse clamp voltage causes the anode-cathode volt-
age to change by the same amount, resulting in transient
current flow through the snubber capacitors.

The peak reverse recovery current [,.. and charge Q..
under the conditions in fig. 9 are listed in Table III, as
well as other relevant turn-off data. Large reverse recov-
ery charge is observed in large devices such as the MTOs
employed in this test setup. The reverse recovery charge
of the outgoing switch is used to boost ir to the magni-
tude required to compensated for losses during the reso-
nant mode and guarantee ZVS conditions for the incoming
switch (snubber energy boost). The portion of the reverse
recovery current with positive derivative is associated with
the turn-off losses in the outgoing switch, contributing to
increase the losses during the resonant mode in the active
commutation sequence.

The RMS factor presented in Table III can be reduced
to the classical definition of the RMS value by multiplying
the RMS factor by 1/v/T, where T is the switching period.
This definition allows prompt evaluation of the RMS value
of the snubber inductor current as well as the losses in
the snubber inductor-switch branch for different switching
frequencies.
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TABLE III
ACTIVE COMMUTATION - TURN-OFF DATA.

CS [/J,F] 1.0
Ls [pH] 11.3
ide [A] 136
Vin [V] 750
Snubber | i [A] 277
RMS factor [A/s] | 0.95
Turn-off | E,py [mJ] 75
VAK p0n | Vin 1.13
dia/dt [A]ps] -36
I.. [A] -102
Qrr [1C] 356
trr (8] 7.0
Softness factor 0.52

TABLE 1V
ACTIVE COMMUTATION - TURN-ON DATA.

CS [,U,F] 1.0
Ts [uH] 1.3
ide [A] 136
Vin [V] 750
Snubber | irs [A] 277
RMS factor [Ay/s] | 0.95
Turn-on | E,, [mlJ] 35
an g/ tde 1.25
dia/dt [A]ps] 109

D.2 Turn-on process issues

The switching conditions as well as relevant turn-on data
are listed in Table IV. A comparison between the turn-on
losses computed for the passive and active commutation
indicate higher losses for the latter one, under about the
same operating conditions. This fact can be explained from
the shorter interval between the instant when the incoming
device is gated on (vax < 0, dvar/dt < 0) and the in-
stant where it starts conducting (vax =~ 0, dvag/dt > 0)
in the active commutation sequence. The turn-on process
is slowed down further due to the reduction of the charge
injected into the P-base and N-base regions of the device,
increasing the turn-on losses. The dI/dt associated with
the turn-on process in the active commutation as well as
the peak anode current relative to the dc bus current are
listed in Table IV.

IV. CoNTROL CONSIDERATIONS

In order to guarantee zero voltage switching for the in-
coming switch, it is required to boost the snubber energy at
the beginning of the resonant mode. The minimum amount
of energy boost corresponds to the losses associated with
the resonant mode in the active commutation sequence.
Two strategies to boost the snubber energy have been pro-
posed in the literature: the current boost and the voltage
boost approaches [2], [3].

The current boost approach is based on delaying the

instant where the outgoing switch is turned off (¢t = t¢),
so that ir, (t) > i4.. The extra energy trapped in the
snubber inductor at the beginning of the resonant mode
corresponds to (Ls I2,)/2 and it is strongly influenced by
ides iLs (to) and dip ¢ /dt. This strategy has been employed
throughout this paper and is illustrated in fig. 9. The volt-
age boost approach is based on anticipating the turn-off
instant of the outgoing switch, ¢ = tJ, in order to obtain
irs (t¥) < ige. This condition results in boosting the snub-
ber energy through an increase in the voltage on the snub-
ber capacitors across the switches in the group undergo-
ing commutation. An advantage of this latter strategy is
the reduced dependence on the device @),... Both snubber
energy boost strategies can be obtained from the general
solution for the resonant mode in the active commutation
sequence [2]:

Zolige —irg(to)] sinwe(t — to) +
+op(to) cosw,(t — t,) —
—vrs(to) + ves, (to) (2)

veg,, (t — to) =

1
ips(t—to) = - VLs (to) sinw,(t —t,) —
[
—[ige —irng(to)] coswo(t — to) +

+ige (3)

where w, = 1/,/LsCs,, and Z, = \/Ls/Cs,,, Cs,, =

3 Cs for three-phase realizations and Cs,, = 2Cg for the
commutation cell.

A detailed view of the turn-off process associated with
the voltage boost mode is shown in fig. 10. As the outgoing
device is turned off, the resonant mode is initiated. The
voltage across both devices rise in the positive direction,
increasing the energy in the snubber. As soon as the res-
onance brings the voltage on the outgoing device to nega-
tive levels, this device enters reverse conduction mode. The
outgoing device continues in the reverse conduction mode
until the excess carriers in junction j; are swept out by
the reverse anode current. The gate-cathode junction does
not enter avalanche breakdown due to the presence of the
reverse diodes in the turn-off MOSFETsS.

Large power devices always undergo a reverse recovery
process in the active commutation sequence, independent
of the turn-off method employed. This statement holds
true for any design of the resonant snubbers of practical
interest. Also, the relatively large switching times of large
devices introduce additional uncertainty in the computa-
tion of the gate turn-off point leading to the desired snub-
ber energy boost. In fact, the low dI/dt at gate turn-off
shown in fig. 10 implies that a non-negligible amount of
energy is dissipated instead of transferred to the snubber
capacitors. These characteristics make the snubber current
boost preferable when large, slow devices are employed in
the main converter switches.
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Fig. 10. Active commutation waveforms: snubber voltage boost.

V. TRADE-OFFS IN THE DESIGN OF THE RESONANT
SNUBBERS FOR CSCs

A. Design of the snubber capacitor Cg

The critical dV/dt rating of the device employed in the
main switches (rated at 1000 V/us for the MTO employed
in this work) along with the maximum dc bus current de-
fines a theoretical minimum size for the snubber capaci-
tors. This rating, however, is generally related to the max-
imum dV/dt the device could be subjected to without re-
triggering. A more restrictive constraint is introduced by
the reduction of the switching losses, typically leading to
capacitor sizes larger than those obtained from the critical
dV/dt.

The minimum snubber capacitor size is set by the upper
limit established for the turn-off energy loss during the pas-
sive commutation process. This reduction on the turn-off
losses is obtained from the reduction of the dV/d¢ across
the outgoing switch, lengthening the passive commutation
interval for a given dc bus current. Detrimental effects of
long commutation intervals include limitation of the PWM
frequency and distortion of the AC waveforms, from com-
paratively large dwell times. Proper design of the snubber
capacitor requires the use of experimental data relating
the turn-off losses with the size of the snubber capacitor
for given conditions of dc bus current and input voltage.
Models approximating the turn-off characteristic of GTOs
have been proposed in the literature [5] and can certainly
be extended for MTOs given the similarities between these
devices.

The placement of the snubber capacitor directly across
the terminals of the power device introduces a second path
for the current during the forward recovery process. As
the forward voltage drop across the incoming device in-
creases, due to the high device impedance in the initial
stages of the turn-on process, the voltage across the snub-
ber capacitor also increases. During this interval, part of
the dc bus current is diverted through the snubber capac-

Voltage Stress [pu]

Fig. 11. Active commutation: voltage stress due to large I,,.

itor. The resultant reduction of the magnitude of the cur-
rent injected in the device during the initial stages of the
forward recovery process contributes to augment the dura-
tion of this transient and to reduce the dI/dt at turn-on.
As the impedance of the device drops rapidly causing v
to drop to the steady-state conduction level (conductivity
modulation), the snubber capacitor discharge through the
incoming device. The effects are an increase in the turn-on
losses and current overshoot.

B. Design of the snubber inductor Lg

The snubber inductor design is aimed at the active com-
mutation sequence. The basic design goal is to guaran-
tee ZVS conditions for the incoming switch with minimum
voltage and current stress on the main converter switches
and snubber components.

The reverse recovery characteristics of the main power
devices have significant impact on the performance of the
resonant snubber. When the outgoing switch is turned off
in ZCS mode, the snubber inductor current iy, ¢ is boosted
by a magnitude corresponding to I,., increasing the en-
ergy stored in Lg. However, excessive boost of the snub-
ber energy leads to higher voltage stress as the voltage on
the snubber capacitor across the outgoing device is driven
beyond the input voltage level. Fig. 11 shows computed
plots of the extra voltage stress on the main switches as a
function of the characteristic impedance Z, of the resonant
snubber for several values of I,.,. Low values of character-
istic impedance are required to limit the overvoltage across
the main switches. However, a reduction of the snubber
inductor size increases the turn-off dI/dt (for a given in-
put voltage), leading to larger I, and higher voltage and
current stresses.

In this analysis, the base values are: Vyase = Vi,RMS,
Iyase = IL,RMS and Zpgse = ‘/base/\/g-[base- The inI)Ut
voltage and dc bus current are assumed at maximum values
for the purpose of stress estimation (Vi, = v/2 pu, ig. =
V2 pu). The estimates in fig. 11 are conservative since all
losses were neglected.
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Fig. 12. Active commutation: current stress due to large I,,.

Equally important as design quantities are the RMS and
peak current levels through Lg. Since the snubber induc-
tor and switch are series connected, the current through
Lg also determines the current carrying characteristics re-
quired for the snubber switch T'hg. Here, the goal is to
minimize the peak current through the snubber inductor
relative to the dc bus current. The peak value of the snub-
ber inductor current ir, ¢ ma» is reached during the resonant
mode. From (3) i1, maqe is computed as:

1Ls,max =

Fig. 12 illustrates the dependence of the peak snubber cur-
rent on Z,, for the same conditions employed in fig. 11.
From fig. 12 it is clear that a compromise between the
magnitude of the current through Lg, and consequently
the losses on the snubber components, and the extra volt-
age stress on the main switches has to be established.

The turn-off loss on the outgoing switch is also a fac-
tor to be included in the design of Lg. From fig. 9 it is
seen that the voltage across the outgoing switch is reap-
plied during the resonant mode in the active commutation
process. The rate of decay of the reverse recovery current
is determined by recombination inside this device as well as
the formation of the depletion region. The reapplied dV/dt
can be controlled through the natural resonance frequency
of the snubber w,. Low values of w, are desirable to reduce
the turn-off losses, but the commutation interval should be
kept short for higher switching frequency capability.

VI. CONCLUSION

The impact of the switching characteristics of high power
devices compatible with medium voltage CSC applications
on the resonant snubber design and performance has been
addressed in this paper.

A closer look into the MTO turn-off process reveals some
limitations, mainly in hybrid devices: high sensitivity to
stray inductances in series with the MOSFETS, intrinsic

limit on the maximum anode current that can be turned-
off and potential for uneven current distribution at turn-off.
These points determined the use of turn-off snubbers across
the MTOs. In the test setup, the rate of reapplied voltage
has been limited to 100 V/us. Attempts to turn-off the
devices at higher dvag /dt rates resulted in device failure
at modest current and voltage levels (200 A /600 V).

The MTOs were observed to exhibit self-limited dI/dt
at turn-on. In addition, the ZVS conditions contribute
to slow down the turn-on process, reducing the current
transfer ratio a of the transistors in the device structure
(dia/dt < 200A/us for dc bus currents up to 200A). The
trigger timing and reverse recovery characteristics of the
main switches have been identified as important manip-
ulation and disturbance quantities in the control of the
commutation processes of the resonant snubber.
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