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Abstract - In this paper, a study of the resonant snubbers with
auxiliary switches is presented as applied io three-phase Curren{
Stiff Converter (CSC) topologies targeted for electric drives appli-
cations. Several realizations of CSC’s with resonant snubbers are
identified and characterized from a generalized three phase com-
mutation cell. The modulation characteristics associated with the
operation of the CSC’s with resonant snubbers are analyzed using
the space vector approach. Simulation results are presented to
illustrate the key aspects in this discussion. Experimental results
are included for selected cases.

I. INTRODUCTION

Current Stiff Converiers (CSC) are vsually employed in
high power levels (MW range). Among their features, it can
be pointed out the CSC's sustained regeneration capability
and improved overall reliahility due to their inherent overcur-
rent and short circuit protection, unidirectional nature of the
switches and the absence of electrolytic capacitors [1-3].
CSC's also present inherent ow input/output voltage dv/dL, an
important characteristic considering the present EMI restric-
tions and EM compatibility with the load. The main draw-
backs of classicat PWM CSC’s are associated to their low
switching frequency, limited to the range of a few hundreds of
Hz in conventional GTQ based topologies, mainly due to the
switching losses [4]. Large ac side filter capacitors are re-
quired, typically in the range of 0.2 to 0.5 pu. increasing con-
verter cost and leading to low input power factor. Another
drawback of low switching frequency operation is the bulky
de bus inductor required to smooth the dc bus current.

Advances in high power IGBT’s (HVIGBT) and new de-
velopments in high power devices as the MTO {5] are ex-
pected (o have a significant impact in high power applica-
tions, duc to their fast switching characteristics and simplified
gate drive requirements when compared to GTO’s. Even with
those new devices the swiiching losses are still an issue,
specially at turn-off due to the devices tail current. These
high power devices also exhibit a non-square SOA, implying
the use of snubbers circuits to shape their switching locus.
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The present technology in snubber circuits employed in
CSC topologies is the RCD snubber [6,7]. Among the draw-
backs of this snubber configuration, it can be pointed cut that:
switching losses are transferred to the snubber resistor gener-
ating heat that has to be managed; no enhancement of con-
verter efficiency is possible; size of the snubber capacitor is
limited; voltage spikes at turn-off and reapplied dv/dt (when
snubber diode snaps off} exist due to the series stray induc-
tance, limiting devices and converter utilization.

The application of resonant snubbers to CSC topologies is
very promising from the perspective of overcoming these
lirnitations [8,9]. The siray inductance in series with the snub-
ber capacitor can be greatly removed since they be placed
very close to the power device. Significantly higher current
turn-off and consequently power control capability follows
from that. A lossless snubber reset mechanism is provided,
allowing larger capacitor snubber and leading to lower SOA
requirements and lower turn-off losses (increase in the overall
converter cfficiency). Reduction in the switching losses can
be alse understood as extra room for conduction losses (for
the same cooling requirements), leading to an increase in the
vunverter power control capability. .

In this paper, a study of the resonant snubbers as applied
to three-phase Current Stiff converter topologies for high
power induction motor drive applications is presented. Sev-
eral realizations of resonant snubbers in CSC’s are identified
and characterized from the generalized three phase commuta-
tion cell. The PWM characteristics associated with the opera-
tion of the CSC’s with resonant snubbers are analyzed using
the space vector approach. Simulation results are presented 10
illustrate the relevant aspects of this discussion. Experimental
results arc included for selected cases.

1. CHARACTERIZATION OFRESONANT SNUBBERS IN CSC’s

The implementation of the resonant snubbers with auxil-
iary switches [10,11] for both voltage stiff converters (VSC)
and CSC is depicted in figs. 1a and 1b, respectively. A com-
parison between those two topologies shows that they are not
strictly duals. The CSC implementation of the resonant snub-
ber is obtained basically by exchanging the dc voltage input




{output} and ac current output (input) in the VSC implemen-
tation by an ac voltage input (output) and dc current output
(input). Also, the forward voltage blocking, forward/reverse
current conducting switches of the VSC are replaced by for-
wardfreverse vollage blocking, forward current conducting
switches in the CSC case. The same back-to-back arrange-
ment of snubber devices shown in the VSC implementation
can also be used in the CSC with advantages over the realiza-
tion shown in fig. 1. The influence of the dc bus current am-
plitude on the commutation processes is minimized (a current
boost mode is introduced), but it implies an excessive number
of additional devices (12 snubber devices} in comparison with
the number of additivnal devices reguired by VSC’s (6 snub-
ber devices).

Fig. 2 shows the relevant waveforms for the resonant
snubber implementation for CSC's. Two commutation se-
quences are identified in this figure. The passive commutation
sequence takes place whenever the incoming device is reverse
biased. Otherwise, external means have to be provided to
create zero voltage conditions on the incoming device during
its turn-on process and the active commutation sequence
takes place.

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

The active commutation sequence implies the introduction
of a resonant moede to drive the voltage across the incoming
device down to zero. This sequence starts by turning on the
snubber device. The current through the snubber inductor
ramps up, reaching the dc bus current amplitude. At this in-
stant, thc outgoing dcvice is turned off under zero current
conditions. Since no device is conducting, a resonant mode
between the snubber inductors and capacitors takes place.
The charge in the snubber capacitor across the incoming de-
vice is transferred to the one across the outgoing device
(reverse biased) and the incoming device turns on under zero
voltage conditions.
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Fig. 1. Resonant snubbers with auxiliary switches.
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Fig. 2. Resonant snubber waveforms.

The resonant snubber implementation in CSC topologies
in fig. 1b can be generalized in the form shown in fig. 3. The
positive devices group of the CSC is shown in this figure, as
well as one branch formed by the series connection of the
snubber device, S,, and snubber inductor, L,. This generaliza-
tion is based on the fact that the snubber driving voltage, v,
is in fact a control parameter. It is shown later that the three
phase implementation from the single phase cell in fig, 1b is
but one of several possibilities.

5 C Ss Css L tlu
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Fig. 3. Gencralized CSC with resonant snubbers.

The identification of v, in fig. 3 as a control parameter
turns the focus this discussion to the active commutation se-
quence. A general description of the active sequence modes
assaciated with the generalized topology in fig.3 is presented
below. Without loss of generality, it is assumed that v, > v, >
v, with v} < tv.| and the ac current modulation commands a
commutation from Ss to §;. All the circuit components are
assumed to be lossless. The terminal voltages are assumed to
remain constant during the commutation intervals.

Mode 1 (1<ty): base condition with the device S; conducting.
Mode 2 (1,St<ty): at t=t,, the snubber device S, is turned on.
The current through the snubber inductance, i, ramps up
driven by the voltage -vg= vg-v. and 1,4(t;)=0. During this
mode, the snubber inductor current is given by:

_dg_l.l (t-t]) __E.IILJ.L_E

iLs(tyy) = (t-4) (1)
Mode 3 (1351<t;): at 1=y, the main conducting devices turn-off
under either zero current or zero voltage condition with ij4(t;)
2 iy or i (ty) < ig. respectively. Notice that the condition




irs(tz) > ig is due to the reverse recovery process in the main
devices. Since none of the main devices is on, a null current
vector is applied to the ac terminals. With all the main de-
vices off, a resonant mode takes place. During this mode, the
voltage across the incoming device is driven down towards
zero. The relevant snubber quantitics arc given by:

Ves(t-ta) = Zy [ige-ip(t2)] sin®,(1-12) + [-v4(tz)] cos@ (t-t;) +
+ ¥a{to )+ veslta) (2)

. 1 . . .
is(1-1) =7 [-va(t2)]sine, (t-ta) - {ige-ips(tz)]cose (1-12) + ig

3
where: 0)0=ll'\/ LiCeq, Zg——\fLJch and C.q = 3C,. -
Mode 4 (1:51< L) at t3 the voltage across the incoming de-
vice, Sy, is minimum and turn on takes place under nearly or
at zero vollage conditions. The current iy, ramps down. This
mode is analogous to Mode 2.

Mode 5 (12t): at t=t4, iy, reaches zero and S, turns off under
zero current condition.

'Eq. (2) above can be used to obtain the voltage across any
of the main devices by plugging in the respective initial snub-
ber capacitor voltage, ves(tz). From (2) it can be shown that a
sufficient condition for zero voltage switching of any incom-
ing device in the positive group is obtained if:

vty 228 *)

It is important to notice however that if the voltage across
the incoming device (in this example, §,) increases from its
initial value or assumes negative values, the voltage stress on
the main devices becomes larger than the standard voitage
stress in CSC’s, given by the instantaneous line to line volt-
ages. From (4) and recognizing that in this example the rela-
tionship -v; = vy, - v, holds, the snubber driving voltage, v.,,
required to obtain zero voltage switching conditions is given
by:

S Yat Ve )

The conditions expressed by equations (4) and (5) can be
promptly generalized by recognizing v, and v, as the phase
voltages associated with the incoming and outgoing devices,
respectively. The voltage v, () refers to the voltage across
any snubber capacitor in fig. 3. Similar analysis can be per-
formed for the negative group of devices. In this latter case,
the inequality sign in (5) must be reversed.

Eguation (5) defines a sufficient condition for the turn-on
of the incoming device under zero voltage, regardless of the
amplitude of i4(1;) with respect to ig. Fig. 4 show phase plane
plots of the snubber quamtities during the resonant mode for
is(t2) = 0, igy(ta) = 14 and 134(ta) = 1 + 1 (i>0 15 the reverse
recovery current through the main devices). In all plots,
va=(v, + v )f2. It is seen that minimum ratings for the snubber
componenls are obtained for i {t;) = is.. This latter condition
also leads to minimum voltage stress on the main converter

devices. From the perspective of minimum snubber compo-
nents ratings and zero voltage stress on the main devices, the
situation where vg=(v, + v.)/2 and i 4(t2) = ig, curresponds to
an optimal active commutation condition .

From (1) and {5), the interval required to drive iy, from
zero 1o iy, (Mode 2) is given by:

Lty = %Tl,‘f (6)

From (0), it is scen that the condition i(t2) = ig intro-
duces a dwell time that is an inverse function of the difference
between the phase voltages associated with the devices un-
dergoing commutation. This dwell time becomes excessive
long as this voliage difference diminishes due to operation at
variable ac voltage levels (variable speed ac drive applica-
tions) or due to commutation occurring close to the zero
crossing of the line voliage involved in the process. If the
interval t;-t; is limited such that t>-1; € Aty,, then the current
through the snubber inductor at the end of Mode 2 is such that
irs(t2} € 14, wWhen the line voltage goes below a certain limit.
As discussed in the previous paragraphs, this condition does
not affect the operation of the snubber. so long as condition
(5) is satisfied. In fact, the limitation of the duration of Mode
2 is an interesting and simple way to overcome the dwell time
problems introduced by operation at low ac voltage levels in
variable voltage applications without exceeding the voliage
rating of the converter devices.

For rated operating conditions, on the other hand, it is
desirable to eliminate any additional voltage stress on the
devices, implying that optimal or near optimal active com-
mutation conditions should be introduced. From (6) it is seen
that in order to constrain the dwell tlime or maximize i,
within a certain time interval, the amplitude of the line volt-
age involved in the active commutation process has to be
maximized. This condition can be obtained by restricting the
active commutation process to commutations between devices
associated with the maximum instantaneous line to line volt-
age. Although effective, this scheme introduces constraints on
the converter compatibility with PWM.
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Fig. 4. Active commutation - Mode 3.




HI. THREE-PHASE REALIZATIONS
A. Full realization

In practical implementations, the sufficient condition in
{4) can be very closely approximated with the topology de-
picted in fig. 5 [11]. In this topology. the basic snubber
structure in fig. 1 is reproduced for each pair of devices po-
tentialty undergoing commutation. The total number of snub-
ber inductors is reduced by recognizing that the positive and
negative device groups do not undergo commutation simulta-
neously. The snubber driving voltage condition expressed by
(5) is met by means of a series connection of the ac filter ca-
pacitors and employing the center tap voltage 1o drive the
snubber inductor/device branch.
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Fig. 5. Full realization of CSC with resonamt snubbers.

Although suitable commutation conditions exist for any
pair of devices in both positive and negative groups, signifi-
cant dwell time intervals can result if the optimal commuta-
tion conditions are to be obtained, as pointed out previously.
This situation is somewhat similar to the onc gncountered in
VSC topologies with resonant snubbers at the zero crossings
of the ac currents. As it was proposed in the previous section,
this problem is minimized if the converter operation is con-
strained to a set of feasible switching patterns that maximize
the snubber inductor voltages during Mode 2 of the active
commutation process. This condition is met if the active
commutations occur between devices associated to the maxi-
mum line to line voltage amplitude at any instant, implying
that the snubber inductor voltage is not only maximized but it
is also constrained (0 4 [airly nammow range (‘\ﬁﬁ)Vmwk <-2
va(ty) S Vi pew)- Significant simplification of the design of
the snubber inductor is also obtained from the minimization
of the snubber voltage fluctuations.

Fig. 6 shows a space vector diagram where both unit and
zero displacement power conditions are illustrated. Suitable

switching sequences for both operating conditions are given
by:

i Big D iy D ., forcose=1 N
iy B iy B g B ..., for cosé =0 (lag)

where B and 3 indicate passive and active commutation
sequences, respectively. These switching patterns satisfy the
constraint on the application of the active commutation be-
tween devices associated with the maximum instantaneous
line to line voltage. Notice the change in the position of the
nult vector in the swiiching patern following the change in
the displacement power factor. These switching patierns can
be promptly generalized for other positions of the current and
voltage vectors in the complex plane. Modulation intervals
can be computed from direct application of the space vector
modulation equations to CSC topologies:

tm = T/ige (-igs 5inGy - ig7 cosOy )
ta = Thige (iqs sinOy + igs cOsBy ) ®

where t;, and t, are the injection intervals of the non-null cur-
rent vectors iy and i, respectively, and i leads i, by w/3; ig;
and ig; are the components of i; in the stationary refer-
ence frame in fig. 6.

Notice that in the switching patterns (3) one device re-
mains on for the entire switching interval. In fact, these pat-
terns can be identified with discontinuous PWM schemes
commonly used in CSC topologtes. In this case, ¢ach device
is kept on for an interval of =/3 rad, corresponding 10 the in-
terval when the associated phase current has the highest am-
plitude. An advantagec of discontinuous PWM algorithms is a
significant reduction of the total number of commutations per
petiod, The realization shown in fig. 5 is fully compatible
with these algorithms, with minor modifications introduced to
constrain the snubber inductor voltage in the active commu-
tation sequence, as discussed above. Other switching patierns
are also possible, but optimal commutation conditions are not
guaranteed.

Among the drawbacks of the full realization depicted in
fig.5, it can be pointed out the relatively large number of extra
parts associated with the resonant snubber and the need to
balance the voltages across the input filter capacitors.
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Fig. 6. Space vector diagram,




B. Reduced parts count realization

The conditions sct for the operation of the fuil realization
discussed above imply v,(1) as shown in fig. 6: a low ampli-
tude zero sequence component. Notice that vg(t) < O when
active commutation takes place between devices in the posi-
tive group and vy(t) 2 0 when it happens between devices in
the negative group. Moreover, the amplitude of vt} is sig-
nificantly lower than the line to line peak voltages:

Vi) 1 Tl 9)
43

From the conditions above, onc can conclude that near
optimal commutation conditions are established if v, is set
equal to the ac voltages neutral potential, or v, = 0. This ap-
proximation leads (o significant simplification of the topology
in fig. 5: only one snubber device and inductor is required for
each of the main device groups. Also, since the tap on the ac
voltages is no longer required, the total size and parts count of
the ac filter capacitor is greatly reduced and voltage balancing
is no longer an issue. An artificial neutral can be created from
a Y-connection of a balanced set of ac capacitors, as shown in
fig. 7. If an input transformer is employed, the neutral point of
the secondary side can also be used, if available, It is also
possible to eliminate one of the snubber inductors, following
the same reasoning for the full realization, but there is a pen-
alty in terms of higher voltage rating for the snubber devices

{up by a factor of \6).
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Fig. 6. Optimal snubber driving vohage.
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Fig. 7. Reduced parts count realization.
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Besides the advantages in terms of cost and size reduction,
the CSC topologies with resonant snubbers in figs. 5 and 7 are
quite similar from the perspective of PWM cumpatibility,
requiring basically the same switching patterns. For instance,
the switching sequences in (5) can also be used here for the
situations illustrated in fig. 5. However, since the snuhber
voltage v,(t) is not always equal to the average of the voltage
amplitude of the phases undergoing commutation, the voltage
stress on the main devices increases. Phase plane plots for the
limit conditions where active commutation takes place from
Ss to S; are shown in fig. 8. This figure shows that with the
reduced parts count realization (fig.7), the maximum voltage
stress on the main devices is approximately 15% larger than
one obtained with the full realization (fig. 5). Although unde-
sirable, this extra voltage stress is not severe and it is largely
compensated by the significant reduction in the total parts
count required for the implementation of the resonant snub-
ber. This extra voltage stress is reduced in the presence of
third harmonic in the input voltages in the variation employ-
ing an input transformer.
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Fig. 8. Active commutation - Mode 3.
(worst case vollage stress).

C. Minimum parts count realization

Further simplification can be obtained by removing the
neutral point connection to the snubber induuctor/device
branch in fig. 7. After elimination of the redundancies, the
minimum parts count realization depicted in fig. 9 is obtained.
At the time of its first appearance in the literaturc [12], the
optimal conditions for the active commutation process were
not recognized and vollage stresses on the main devices in
excess of two times the line to line peak voltage were present.
A zero voltage stress control sirategy was later on introduced
[13,14), employing the commutation and modulation princi-
ples discussed in this paper.

A comparison between the generalized topology in fig. 3
with the minimum parts count topology in fig. 9 reveals some
particular aspects of this topology. The snubber driving volt-
age, vq,, associated with active commutations in the positive
device group is defined from the state of the negative device
group and vice-versa. This fact means that vy, is restricted to
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Figure 1}. Full realization commutation wavefotrms.

input current ripple due to the active commutation process in
this topology is promptly seen when compared to similar
waveforms in figs. 10 and 12. 1.0 pu voltage stresses on the
main and snubber devices are shown. An increase in the total
number of commutations of the main devices in this topology
can be verified from the plot of the voltage across §,, where
commutation in both devices groups occur at any switching
period due to the more involved active commutation process.

Figure 14. Minimum parts count realization waveforms.
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Figure 12. Reduced paris count realization waveforms.
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Figure 13. Reduced parts count realization commutation waveforms.

Figure 15. Minimum parts count realization commutation waveforms.

A summary of the ratings of the main converter and snub-
ber devices for the three realizations discussed in this paper
are presented in Tables I and II, respectively. Current and
voltage amplitudes are expressed in RMS and/or peak values
in order to give a better insight of the tradeoffs involved.
RMS values of the current through the snubber device are
included but should be analyzed on a relative basis since they
vary with the converter switching frequency.

A lab prototype of the minimum parts count realization
was implemented for further investigation of the practical

TABLEI
- Main device ratings
Realization Alpeak)  V(peak) Total VA
Fuil 1.0 1.0 6.0
KPC 1.0 1.15 a9
MPC 1.0 1.0 6.0
TABLEIl
Realization Snubber device ratings Total VA
Afpeak} A(mms} V(peak) _ A(peak) A{rms)
Full 20 0.16 1.0 12 0.96
RPC 20 0.30 0.58 2.32 0.35
MPC 20 038 1.0 20 0.38




issues involved the implemetation of CSC’s with resonant
snubbers. The converter switches were implemented using
series connection of IGBTs and diodes with external connec-
tions. The snubber components are C; = 27nF; L, = 6uH. The
results shown here correspond o operation under the follow-
ing conditions: ¥V, = 100 V., m=0.9, cos ¢ = 1, {, = 10kHyg,
Lac = 2x TmH; 11009 = 10 Q. The ac filter components are: Cy =
3x50pF; Ly = 3x 800uH. Notice the absence of voltage spikes
across the main devices during turn-off, although high di/dt
rates exist. The small oscillations seen in the commutation
waveforms are mainly due to the switches ESL.

ias [A}

0 10 20 30 40 50

t [ms}

Fig. 16. Minimum parts count realization waveforms.
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V. CONCLUSION

In this paper a study on the characteristics of resonant
snubbers with auxiliary switches applied to three phase Cur-
rent Stiff Converters was presented. The commutation proc-
esses were reviewed. The passive commutation process is
always guaranteed and only requires a minimum amplitude of
the dc bus current to guarantee bounded commutaticn inter-
vals. The active commutation process, on the other hand is
more involved. A generalized representation of CSC wpolo-
gies with resonant snubbers was introduced, leading to the

derivation of not only sufficient but optimal conditions for the
occurrence of the active commutation, with optimality defined
in terms of minimum voltage stress on the main devices and
minimum ratings of the snubber components.

Three realizations were presented and analyzed. The full
realization offers flexibility and minimum stress on the main
devices at the expense of a number of extras nubber devices
and components. A new topology, a reduced parts count re-
alization providing independent commutation of the positive
anfa negative device groups, is introduced in this paper.
Along with its possible variations, it consists in a good com-
promise between complexity and performance. As pointed out
earlier, the reduced parts count and the full realization offer
simifar performance in terms of PWM capabilities. The
minimum parts count realization requires only one snubber
device implying active use of the main converter devices to
assist the active commutation process. The ripple in the input
currents and total number of switchings of the main devices
per switching period increases in this topology. It is important
to observe that all these realizations achieve the benefits
sought in the introductory section, offering significant advan-
tages over classical RCD snubbers.
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