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Abstract—An isolated converter such as SEPIC has high voltage
stress on the main switch due to transformer leakage inductance.
To solve this issue, active or passive clamp action is necessary. The
common passive solution based on an RCD snubber is simple but
impractical when the value of the leakage inductance is significant.
On the other hand, passive regenerative solutions generally com-
promise the isolation, making the search for a suitable snubber a
challenge. In this paper, an effective passive regenerative snubber
cell for isolated SEPIC converters operating in DCM or CCM is
presented. It is intended to improve the converter efficiency by
transferring the energy stored in the transformer leakage induc-
tance to the output. The analysis is presented in detail for DCM
and extended to CCM together with a practical design procedure.
In order to compare with the RCD, the analysis and design of a
conventional cell are presented as well. To validate the proposal
and quantify its feasibility, experimental results are performed for
both dissipative and regenerative snubbers on a 100 W, 100 V, in-
put and 50 V output voltage converter operating first in DCM and
later in CCM.

Index Terms—RCD snubber, regenerative snubber, SEPIC
converter.

I. INTRODUCTION

INGLE ended primary inductance converter (SEPIC) is one
S of the basic power electronic topologies. It can be used in a
variety of applications, such as switched mode power supplies
and power factor correction units. Examples are well known in
single-phase [1]-[3] or three-phase [4], [S] applications. This
converter has some advantages when compared to other con-
ventional topologies, such as the continuous low ripple current
at the input for any operational mode. Moreover, the SEPIC
can operate as a step-up or step-down converter and has the
possibility to provide one or more isolated outputs.
Although, when isolation is required, the voltage stress across
the main switch, which is equal to the input voltage V; plus the
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Fig. 1.
includes the magnetizing and leakage inductances. (b) Isolated SEPIC using an
RCD snubber cell (highlighted). (c) Modified Domb—Redl-Sokal snubber ap-
plied to the isolated SEPIC (highlighted). (d) Isolated SEPIC using the proposed
regenerative snubber cell (highlighted), where the dashed line represents the op-
tional coupling between the snubber inductors.

(a) Isolated SEPIC converter highlighting the transformer model which

output voltage V, referred to the transformer (7°) primary side
by a relation n, becomes larger. This happens since the energy
stored in the transformer leakage inductance has no path to cir-
culate, causing voltage spikes across the main switch. Fig. 1(a)
shows the isolated version of the SEPIC, including the leakage
inductance L; and magnetizing inductance L,, referred to the
transformer primary side.

Due to voltage spikes, a snubber is required to prevent damage
to the switch. Two approaches are commonly found in the liter-
ature, the passive dissipative or regenerative snubbers, and the

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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active clamp circuits [6]-[9]. The last one typically provides
zero voltage switching (ZVS), but the main drawback is the addi-
tion of one or more switches; which increases cost, compromises
reliability, and requires complex drivers. A more robust solution
is the conventional dissipative resistor-capacitor-diode (RCD)
snubber circuit, which can be placed directly across the switch
or across the transformer primary side as depicted in Fig. 1(b).
The RCD snubber is composed of resistor Ry, capacitor Cg,,,
and diode Dy,,. This is a cost effective solution but all the energy
stored in the leakage is converted to heat, reducing the converter
efficiency. Besides that, if a higher isolation level is required,
the leakage inductance becomes relatively high, making the use
of an RCD snubber impractical due to the high dissipation.

In order to cope with high stray inductances passive regenera-
tive snubbers for SEPIC have been proposed, such as presented
in [10]-[13]. However, most of them are used in transformer-
less versions or their addition compromises the isolation. The
SEPIC is a converter with an energy-storing transformer and
for this reason energy regenerative snubber solutions as appli-
cable for flybacks have been investigated as well [14]-[19].
Among these solutions, the most popular is the Domb—Redl-
Sokal snubber [14]. In the flyback situation, the energy stored
in the leakage inductance is first absorbed in the snubber capac-
itor and further returned to the power source through a snubber
inductor. An improvement for this approach was proposed in
[17] using a tertiary winding on the flyback transformer core,
reducing the component count but maintaining the principle
of operation. However, the SEPIC input has a current source
characteristic due to the input inductor and therefore the previ-
ous solution cannot be directly applied. Although, with proper
modification, the circuit can be implemented for the SEPIC con-
verter as presented in [19]. Fig. 1(c) shows the application of
this modified Domb—RedI-Sokal snubber applied to the isolated
SEPIC, where the snubber inductor L, can be coupled to the
main transformer, such as in [17]. The energy stored in the leak-
age in this situation is first recycled to the SEPIC decoupling
capacitor C; and then transferred to the output, rather than to the
input source. Extra benefits of this solution, observed by simu-
lation in [19], are the ZVS turn-off and zero current switching
turn-on.

In this perspective, this paper proposes an alternative pas-
sive regenerative snubber especially suited for isolated SEPIC
converters, which combines the features of active snubbers, es-
pecially ZVS, and the robustness of passive snubber solutions.
The proposed snubber cell is highlighted in Fig. 1(d) and it is
composed of capacitors Cs, and Cyp, (Cs, = Cyp, = CY), induc-
tors Ly, and Ly, (Lsy = Lg, = Ly), and diodes Dy, Dg,, and
Dgy,. The introduction of this cell was first aimed at suppressing
the voltage spike across the bridge leg of an isolated full-bridge
boost topology [20], [21]. When applied to a SEPIC, the be-
havior of the snubber cell is extended with extra operational
stages [22], increasing the converter efficiency when compared
to the SEPIC using the RCD snubber cell [23]. Additionally,
Ly, and Lg, can be coupled, as illustrated by the dashed lines in
Fig. 1(d), reducing the required snubber inductance by a factor
of two, and reducing the number of components in the circuit
as well.
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Fig. 2.
in CCM. (c) Third operational stage valid only for DCM.

SEPIC equivalent circuits for (a) first and (b) second operational stages

Stages Stages
I1i max
iLi V; | Vci
It min Volon
0 t 0 t
T10.max v Yoi=vio
iLo !
0
I1o.min T nVo t
Ip Vi 408 (Vi +nVs,)
is V.
0 0
i , i
nlp 0 UD
ip v,
g t CR o) —
At1=0Ts Aty=(1-6)T, At1=0T,iAty=(1-6)T,
T, Ts
(a) (®)

Fig. 3. (a) Main current and (b) voltage waveforms for CCM operation.

The proposed snubber has more passive components in com-
parison to [19] and it seems to be an extended version of that
approach. However, the energy from the leakage is first stored
in the snubber capacitors and then transferred to the output. This
means that the decoupling capacitor is not part of the snubber
circuit anymore and do not need to be fully allocated in an in-
ternal loop inside the snubber [see Fig. 1(c)]. As a consequence,
C; can still be split in two parts for symmetry, voltage stress
reduction, and extra galvanic isolation purposes. Inductors Ly,
and Ly, might be coupled to the main transformer, although
the study to prove this assumption is not performed in this
paper. However, the idea to keep the snubber circuit indepen-
dent for the converter circuit is preferable in some situations.
Besides that, until now, there has neither been a detailed anal-
ysis of the snubber circuit operation in [19] when applied to
SEPIC available nor a complete description of practical design
procedures.

The operational principle of both RCD and regenerative snub-
bers are analyzed in detail based on the discontinuous conduc-
tion mode (DCM) operation of the SEPIC. For continuous con-
duction mode (CCM), the analysis is similar and the design
snubber equations obtained for DCM can be also applied by
making the proper considerations with respect to the new cur-
rent stress situation, as shown in this paper. Design guidelines
are given for a converter specification using both snubbers. Fi-
nally, to validate the method, experimental results are shown for
DCM and CCM operation using both snubbers for the sake of
comparison.
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Fig. 4. (a) Main current and (b) voltage waveforms for DCM operation.

II. REVIEW OF THE SEPIC

The de—dc SEPIC can operate in CCM or DCM. The opera-
tion in CCM is detailed in [1] and this mode has two operational
stages. When operating in DCM, a third stage appears as de-
scribed in [2] and [24]. Fig. 2 shows three simplified equivalent
circuits of the ideal SEPIC in DCM. In CCM, only the first two
equivalent circuits shown in Fig. 2 exist. Figs. 3(a) and (b) and
4(a) and (b) illustrate the main current and voltage waveforms
for CCM and DCM operation.

Based on the operational stages and waveforms, the time
intervals that represent the duration of each stage are given by

0
Aty = f— valid for both modes (1)
N { <1f;‘5> if CCM )
2= v, .
T if DCM
and
(1=19)nV, — oV,

Aty =

valid for DCM onl 3
WV y 3
where ¢ is the duty-cycle and f; is the switching frequency. For
DCM operation, the peak currents in the input inductance L;,
and in the output inductance L, are found to be

5V; [6 (nV, L, — ViL,) + 20V, L]

2nVoLi Lo fs @

ILi.max =

and

5V [2nV,L; — & (nV,L; — ViL,)]

5
20V, L. L, ], ©)

ILo,max =
For CCM operation, including the load current I, these vari-

ables are given by

Vid

1,6
n(l—y9)

(6)

ILi,max =
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and

Vie I,
2Lofs  n’
For further analysis of the snubber, two important relations

must be derived. The first is the maximum voltage across the
switch S, that for both modes is given by

Ve =V +nV,. ®)

(7

Lo,max —

The second is the maximum current through S, which for DCM
is written as

oVi
1 ,DCM =1 i,max +1 o,max — (9)
T,.DCM L L Leqfs
whereas for CCM, it is given by
Vid 1,
IT,CCM = ILz’,max + ILo,max = (10)

2L{i(],f$ * n (1 - 5) .
For both DCM and CCM, L is the equivalent inductance of
the converter, equal to the parallel combination of L; and L,, as
o L;L,
4L+ L,
The converter gain (relation between the input voltage and out-
put voltage V,,) is equal to

(1)

if CCM

i35
G:E:

v 5 (12)

if DCM

5
=5

R,
2Leqfs
where R, represents the output load resistance.

When including a transformer in the circuit, the output in-
ductance becomes equal to the magnetizing inductance. Addi-
tionally, a leakage inductance is added between the decoupling
capacitor C; and the transformer. The energy stored in this leak-
age causes an overvoltage across .S, every time it is switched
OFF. For this reason, a snubber circuit must be included. The
next two sections present the analysis of the conventional RCD
snubber and the proposed regenerative snubber cells applied to
the isolated SEPIC. This analysis is performed for the converter
operating in DCM and extended to CCM operation.

III. RCD SNUBBER PRINCIPLE OF OPERATION

The addition of the RCD circuit adds an extra operational
stage to the conventional DCM SEPIC, that happens after switch
S is commanded to turn-off. At this moment, snubber diode Dy,
starts conducting the current circulating in the leakage induc-
tance L, transferring its energy to the snubber capacitor Cg,,.
Dy, also creates a path for the current circulating in L;, which
is a drawback for this snubber circuit since it discharges part of
the input inductor energy. Because of this action, output diode
D instead of assumes the current n/p as in the ideal situation,
its current grows following the relation:

ip =n(iro —irk) - (13)

Considering these operation and assuming that Cj, is large
enough, keeping voltage v¢ s, unchanged during one switching
period (7%), the simplified equivalent circuit during this stage
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Fig. 5. (a) Equivalent circuit for the second stage when the energy stored in

the leakage is transfered to the RCD snubber. (b) Key waveforms for the DCM
SEPIC operating with RCD snubber highlighting the second stage.

can be drawn as illustrated in Fig. 5(a), where Cy,, is replaced
by the voltage source Vi,,. The key waveforms are depicted
in Fig. 5(b), where an extra stage is added, compared to the
conventional DCM SEPIC; first, third, and fourth stages have
the same equivalent circuits as presented in Fig. 2(a), (b), and
(c), respectively.

The duration of the second stage is much shorter than the
other stages, therefore the snubber impact on the converters
gain, and on the currents through the main components, can be
neglected. The time of the second stage is obtained by solving
the equivalent circuit and it is found to be

LiLk (ILi.max + ILn,max)
Vesn (Li + Ly) —nV,Li |
The average value of the current through the snubber is equal to
(ILi,max + ILo,max) Atsn
2T '
Hence, the power transferred to the snubber is represented by
VC’sn Li Lk (ILi.max + ILo,maX )2
2Ts [VCsn (LZ + Lk) - n‘/oLz} ’

Aty = (14)

Isn = (15)

Psn = VCsnIsn = (16)

As the input inductance is much larger than the leakage, (16)
can be reduced and rearranged as

1
nV,
(1 o VC‘sn )

where I7 is given in (9). The maximum power dissipated in
the snubber is therefore larger when a smaller Vg, is selected,

1
P, = 5L;J;%fs (17)

9213

which means that more energy than that stored in L, is dissi-
pated. The value of the snubber capacitor voltage Vi, deter-
mines the maximum voltage across .S according to

VS.maX = ‘/;/ + VCsn- (18)

When all the energy in Ly is transferred to the snubber and
irr = i1, the snubber diode blocks and the output diode as-
sumes the maximum current, starting the third stage. The energy
transferred to the snubber is dissipated in the snubber resistor
Rs,, during the next three stages.

A. RCD Snubber Design Guidelines for DCM and CCM

The voltage ripple across the snubber capacitor can be repre-
sented by

19)

Then, by applying (14) and (18) in (19), and assuming L; > Ly,
an expression to obtain the value of Cy, can be derived as

LI
2AVCsn, (VS,max - VT)

where V7 is equal to (8). After the maximum voltage allowed
across S (Vs max) 18 defined by the designer, Cy, is calculated
using a value for AVp,, between 5% and 10% of the required
Visn - This is reasonable to keep the assumption that Vi, is
constant during the switching period. Hence, the snubber resistor
is calculated by using
V0297I

Rsn = P =
sn

Csn -

(20)

2Vstn (VCsn -
kasl%

This resistor should be chosen with sufficient power rating based
on the power loss, (17), and the required value of Vi, given
by Vosn = VS,maX -V

For CCM operation, the presented criteria remains the same
but the current I in (20) and (21) is replaced by the CCM
relation as given in (10).

nV,)

2L

IV. PROPOSED SNUBBER PRINCIPLE OF OPERATION

When the proposed snubber circuit is added to the DCM
SEPIC, as illustrated in Fig. 1(c), seven stages can be identified
as depicted in Fig. 6. The key waveforms, used to analyze the
principle of operation, are shown in Fig. 7. For the analysis, it is
assumed that capacitors C; and C,, are large enough to neglect
the voltage ripple across them. The values of the passive com-
ponents in each leg of the snubber cell are equal. However, in
practice deviations can exist, which causes small changes in the
waveforms but do not compromise the principle of operation.
The snubber inductors are not coupled for the analysis.

A. First Stage (tp <t <1y)

The operation starts when .S is commanded to turn ON. The
voltage across C; is constant and equal to the input voltage
V; charging both the magnetizing inductance L, and leakage
inductance L;,. The input inductor L; is charged through S. The
voltages across Cs, and Cy}, are positive, making diodes D,
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The voltage across Cs, = Cy, = C during this time is rep-
& resented by
.
UCsa .
- veso1 (t) = Veso cos (wit) — Iy o sin (wyt) (23)
®
Li while the current through Lg, = Lg, = L is found to be
it P ot . Cs0 .
v Vs irso1 (t) = sin (wit) + I 50 cos (w1 t) (24)
: 1
— +
e where the resonance frequency w; and impedance Z; are cal-
(2 culated by
Fig. 6. Equivalent circuits per stage for the DCM SEPIC after including the Wy — 1 (25)
proposed regenerative snubber cell. (a) First, (b) second, (c) third, (d) fourth, 1= L.C
(e) fifth, () sixth, and (g) seventh stages. 58
and
and Dy}, conduct, charging inductors Lg, and Lg,. The output L.
diode D is blocked and the load is maintained by the output Zy = ol (26)
capacitor C,. The current paths are illustrated in Fig. 6(a). The °
time interval during this stage is given by At the end of the stage, all the energy stored in C is transferred
to Ls, making the values of v and iy in ¢ = £y; equal to
T . "y _ _
tor = / LsC, 5 —arcsin L0 (22) Vost = vesor (tor) =0 (27)

[Cy 12 2
L VCSO + ILSO and

with Vg and I 4o representing the initial values of the voltage \/Vz + (21 )2
across the snubber capacitor and current through the snubber Irg = Cs0 A Ips max- (28)
inductor. | 4 ”
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B. Second Stage (t1 <t < t5)

When all the energy stored in the snubber capacitors is trans-
ferred to the snubber inductors, the diode D, starts conduct,
keeping the currents i7,s, and i1, (i1sq = i1sp) in freewheel-
ing through the switch, as Fig. 6(b) shows. The time duration in
the second stage is

t1g = Aty — 1o (29)

where At is the same time for the ideal converter as in (1). The
final values of vo, and iy, int = ¢15 are

Vese =Ves1 =0 (30)

and

IL52 - [le = ILs,max- (31)

C. Third Stage (ty <t < t3)

In the end of the second stage, S is switched OFF, starting the
third stage. As the current through the leakage inductance can
not change instantaneously, it charges Cy, and Cg}, through Dy.
This also creates a path for the currents through L;, Lg,, and Ly,
The voltages across the snubber capacitors start to grow while
the voltage across the output diode (vp) decreases. Fig. 6(c)
represents the equivalent circuit for this stage. The time stage
duration is

CsVr
= - 2
tas = 3 ( (32)

IT + ILs,max)
where the voltage V7 and current I are calculated using ex-
pressions (8) and (9). As Iy can be considered constant, the
voltage across Cs grows linearly in a short time and can be
expressed by

(IT + ILs,max)

vos23 (t) = Tt' (33)
In the same way, current through L, is given as
Vr
.s‘ t:Ismax_it- 34
irs2s (t) = Ips, i (34)
In ¢ = t93, the final values of vo, and I}, are found to be
Vi
Vess = 7T (35)
and
C, V2
ILS3 = ILs,max - A (36)

8L5 (IT + ILs,max) '

D. Fourth Stage (t3 <t <ty)

In the moment v¢ s reaches Vi /2, vp becomes equal to zero
and D starts to conduct, initiating the fourth stage. During this
stage, Fig. 6(d), the voltage across C continues to rise until all
the energy stored in Ly is transferred, blocking Dy and starting
the next stage. The time interval is defined as

" _I LkCS
34—2\/ 9

(37)
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The evolution of ve s and iy ¢ is represented by
vessa (t) = Voss + Zo (It + I143) sin (wot) (38)
and
1 t
irs3a (t) = Ipss — f/ Vesas (t) dt (39)
s Jo

where the resonance frequency w» and impedance Z; are cal-
culated by

2
[0%5) chs (40)
and
| Ly
Jy = T 41

Applying (37) in (38) and (39), the voltage value across C
and current through L, in ¢ = t34 become

Vi
Vosa = 7T + Zy (Ir + I1s3) (42)
and
20,.C +4L;. (I I
Lot = Ipus — Vrmv2L0,Cs + 4L (It + I143) 43)

8L,
The sum of v s, and vy, Or twice Vg4, defines the maximum

voltage stress across the switch S

VS,max = 2VCs4 = VT + 2Z2 (IT + ILSS) . (44)

E. Fifth Stage (t4 <t < ;)

When all the energy stored in Ly, is transferred to the snubber
Dy blocks starting the fifth stage, which is illustrated by the cir-
cuit depicted in Fig. 6(e). The output diode assumes the current
in L; and L,, plus the current of Ly, and L, respecting the
transformer relation as

ID,max =n (IT + 2ILsél) .

As Dy, and Dy, are conducting, vg drops instantaneously to
Vr, while Cy discharges during the time interval

(45)

0
tys = — (46)
%1
where 0 < 6 < 7 is given by
AR I )
0 = arctan (| —— | . 47)
(VT - VCS4

During any time in this interval, the voltage across C is repre-
sented by

V(O s45 (t) = VT — (VT — VCS4) COS (wlt) — Zl ILs4 sin (wlt)
(43)
while the current through L; is

1%
ipsas (1) = 7T sin (wit) — Ip44 cos (wit) . (49)

1
In the end of the fifth period, all the energy from the leakage
inductance, temporally stored in the snubber circuit, is trans-
ferred to the output. The remaining energy in L is transferred
to C; (tank circuit). Then, Vg5 = ves(tg5) and Iy 55 = 0.
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F. Sixth Stage (t5 <t < tg)

As ipsq = ipsp = 0, Dg, and Dgp, block while C, remains
charged with the voltage V5, starting the sixth stage. As seen
in Fig. 6(f), the snubber is not conducting in this interval. In this
stage, the normal SEPIC operation remains until all the energy
stored in the input and magnetizing inductances is transferred
to the output. The time interval is then represented by

tss = Apo — (tag + t3a + tas) (50

where At is calculated using (2). The final values of the snubber
capacitor voltages and snubber inductor currents are Vigs =
Vess and Ipg6 = Ipss = 0.

G. Seventh Stage (ts <t < t7)

The last stage starts when the current in the magnetizing in-
ductance iy, becomes equal, in modulus, to the input current
i1, blocking the output diode. This is the discontinuous period
where all power semiconductors are blocked. The load is sup-
plied by C, and a constant current flows in the primary-side
circuit. As the voltage across the snubber capacitors is larger
than the voltage across S, diodes Dy, and Dy, are forward bi-
ased. The current through the inductor snubber starts to grow,
decreasing the voltage across C and consequently Vs decreases
as well. The minimum current that circulates through L; and L,
which is normally constant, slightly decreases according to iz, s.
Fig. 6(g) shows the last equivalent circuit which remains ac-
tive until S is turned ON again, restarting the cycle. The time
duration tg7 is equal to Ats, as in (3).

The voltage across C and the current through L during this
interval are given by

veser (1) = Vi — (Vi — Viose) cos (wst) (51)
and
inse7 (t) = COT sin (wst) (52)
3
where the resonance frequency ws and impedance Z3 are
1
W3 = —F—= 53
’ V Leq2 C9 ( )
and
Le 2
Zy = . 54
3 C. (54)

The parameter L.q represents the equivalent inductance of the
series combination of L, L,, and L, as

Legp = Ly +2 (Lo + L) . (55)
After the interval ¢47, the final value of vo and iy, ¢ are

Vest = veser (Ats) = Veso (56)
and

Ips7 =ipser (Ats) = ILs0. (57)

The peculiarity of this stage is that for maximum power trans-
fer (worst scenario) Ats is too short, making the variations of
vos and iz, too small that can be neglected. This fact makes
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Fig. 8.  Eighth equivalent circuit.

Veost = Veoss and I 37 = 0. In the other hand, for small power
processing, when tg7 is larger than 7/wj3, the current in Ly
completes half-cycle of the resonance period. As Dg, and Dy,
do not conduct negative currents, the final value of ¢y ,, in this
situation, is zero, while v¢ 7 is calculated by

VCS? = 2‘/; - VCso = VCSO~ (58)

The final values of vg, ir;, and iy, in this condition return to
the initial values in the stage that are

Ver =Vse =V, (59)

and

52V, (nV,L; — L,V;)
2nV, fsLi Lo

If this situation occurs, an eighth stage starts where the snubber

circuit is not conducting, as represented by the equivalent circuit
shown in Fig. 8.

(60)

ILi,min = _ILo,min =

V. REGENERATIVE SNUBBER DESIGN CRITERIA

The equations presented in the previous section describe the
snubber principle of operation. A straight way to design its com-
ponents is by following sequential steps in a recursive cycle.
However, this is an impractical process and simplified equa-
tions are always useful, even if the outcomes provide only ap-
proximations. In this perspective, two extra equations would be
helpful. The first one should estimate the minimum value of
the snubber capacitor for a desired peak switch voltage and the
second giving the snubber inductor values in order to satisfy
the operational principle and to minimize the losses caused by
the snubber addition.

A. Snubber Capacitor Value

The maximum voltage across .S is defined by (44). For larger
values of C, the value of I7 .3 in (36) and the second term in
(44) become smaller, reducing the voltage stress in S. Therefore,
the maximum voltage across S can be simplified as

VS,max = VT + 2ZQIT~ (61)

Substituting (41) in (61) gives an approximate expression to
calculate C for a desired Vg 1,,ax as
2L 12
Cp= —2T (62)
(VS,max - VT)

The maximum voltage is determined by the designer and must be
larger than V7 and smaller than the maximum voltage allowed
for the chosen semiconductor. The ideal snubber capacitor could
be selected for Vg ,.x = V7, although the result would be a
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large Cs value. Doing so, it increases the time intervals to trans-
fer the energy stored in the leakage to C and later to the output.
This time has a direct influence in the converter characteristics,
and, in order not to affect the gain, it must remain as short as
possible. Then, it is recommended to keep the clamp voltage as
high as possible or make adjustments in the converter design,
taking into account the gain loss caused by the snubber presence.

B. Snubber Inductor Value

Considering the maximum power transfer, the current through
L, in the beginning of the first stage is approximately zero. The
voltage Voo is equal to Vg5, and for simplification, can be
approximated by V7 /2. Then, the maximum current Iy, yax
can be written as

Vi
27y

To match the assumption made in (62), that I .y is ne-
glected, this current must be significantly smaller than /7. Then,

taking this aspect into account and substituting (26) in (63), a
minimum value for L, is calculated as

C.V2
AR 12

(63)

~
ILsﬁmax ~

Ls.min > (64)
where k represents the percentage of I and it is recommended
to be between 10% and 20% (0.1 < k < 0.2).

Now, once the minimum value is defined, the designer has
the freedom to choose a value for L,. The value of L, has a
direct impact on the conduction losses as it increases the current
through the semiconductors. Although after a certain value, the
effect is not relevant anymore. A maximum value is calculated
in order to keep the principle of operation unchanged. Again,
by analyzing the first stage, it can be noticed that the maximum
value of L, should be chosen such that the time ¢y, is smaller
than At;. Using the previous assumption that I 4o = 0, £ is
written as

tn = 3v/L.C.. (65)
Hence, the upper limit for L, is found to be
46*
L (66)

ax < S5
s,max 2 79
Csm f3

C. CCM Consideration

The analysis in DCM using the regenerative snubber uses the
parameter Iz for DCM (9). The main difference when operat-
ing in CCM is the absence of the seventh stage, since A5 = 0.
Hence, knowing that the design criteria for DCM already ne-
glects the seventh stage, though the same expressions for DCM
can be used to define the snubber for CCM operation. The only
necessary modification is to change current /7 in (62) and (64)
for the CCM current relation given by (10).

D. Considerations on Losses

Despite the fact that the proposed snubber recovers the en-
ergy stored in the leakage inductance, its addition to the circuit
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Fig. 9. Commutation currents for (a) small and (b) large values of L, both
compared to the ideal commutation current represented by the dashed lines.

causes an increment in the conduction losses when compared
to the converter without snubber. Besides, losses in the snubber
components, mainly in the inductors, must also be taken into ac-
count. For this reason, a good design and component choice is
necessary. Contrary to the RCD losses calculation, the complete
losses analyses for the regenerative snubber is too cumbersome
since the expressions to calculate the rms values of the currents
through the components must be derived and this goes over the
scope of this paper, although this process can be done by sim-
ulation in order to estimate the losses if necessary. However,
the impact of losses is essentially caused by the snubber induc-
tor choice. For instance, if L, is dimensioned to have a value
close to the limit, (66), the rms value of the currents through S
and D become close to the ideal values, minimizing the con-
duction losses. In Fig. 9, this example is graphically proved by
comparing the commutation current
N 7))
i =15 + — (67)
n
with the idealized commutation current for two different values
of Lg. It is clear that for a large value of L, Fig. 9(b), the
rms value of the commutation current is close to the ideal one,
reducing the conduction losses, although a compromise between
losses and the volume of L is necessary. Nevertheless, with a
good design, an improvement in efficiency is expected when
using the regenerative snubber instead of the RCD one.
Commutation losses are not analyzed into details in this study,
although the proposed snubber helps to reduce these losses since
it provides ZVS, such as the solution in [19].

VI. EXPERIMENTAL RESULTS

In order to validate the proposed snubber concept, a converter
prototype was built as shown in Fig. 10(a). The converter was
first designed to operate in DCM. Later the operation for CCM
was achieved by replacing the input and magnetizing inductors.
The regenerative snubber cell is highlighted in Fig. 10(a) and it
can be replaced by the RCD snubber cell shown in Fig. 10(b)
or by the regenerative snubber with coupled inductors depicted
in Fig. 10(c). Table I shows the converter specifications while
Table II summarizes the main design parameters for both DCM
and CCM. For the switch S, a 600 V MOSFET has been used
and the maximum voltage to design the snubber components
was specified in Vs ax = 400 V. Components’ part number
are shown in Table III.

Both snubbers (regenerative and RCD) in DCM and CCM
were designed according to the guidelines, specification, and
obtained converter parameters. The calculated duty cycle for
nominal power is 6 = 0.477 for DCM and § = 0.5 for CCM.
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70 mm

—

Fig. 10. (a) 100 W experimental prototype including the proposed regener-
ative snubber cell (highlighted). (b) Regenerative snubber cell using coupled
inductors. (¢) RCD snubber cell.

TABLE I
GENERAL SPECIFICATIONS

Specification Value
Rated power (P, ) 100 W
Input voltage (V;) 100 V
Output voltage (V) 50 V
Switching frequency (fs) 50 kHz

TABLE II
DESIGNED PARAMETERS

Converter Parameters DCM CCM
Decoupling capacitor (C'; ) 22 uF 22 uF
Output capacitor (C', ) 1120 uF 1120 uF
Input inductance (L; ) 3.84 mH 3.09 mH
Magnetizing inductance (L, ) 211.7 uH 1.43 mH

Transformer turns ratio (n) 2 2

Leakage inductance (L, ) 8.7 nH 32.55 uH
Regenerative Snubber Parameters DCM CCM
Snubber capacitors (C's, and Cyy,) 10 nF 10 nF
Snubber inductors (L, and Lgy,) 220 uH 1 mH
RCD Snubber Parameters DCM CCM
Snubber capacitor (C'gy, ) 20 nF 20 nF
Snubber resistor (R, ) 10 k2 10 kQ2

The snubbers designed parameters are provided in Table II as
well. The experimental results summarized in this section were
obtained in open loop for both operational modes and snubber
options.

A. DCM Operation With Proposed Regenerative Snubber

The first experimental result, which validates the operational
modes and proposed regenerative snubber principle of opera-
tion, is presented in Fig. 11. It shows the voltage across the
switch S, the currents through S, and the output diode D. It is
possible to see the moments where the energy from the leakage

TABLE III

MAIN COMPONENTS PART NUMBER

Power Components Part Number
Switch (S) IPP60R 160C6
Diode (D) MURS820G
Decoupling capacitor (C';) R60IR52205000K
Output capacitor (C', ) EEUFR1J561L

Transformer cores (7") (DCM/CCM)
Inductor cores (L ; ) (DCM/CCM)

E42/17/12-3C92
E42/17/12-3C92

Regenerative Snubber Components Part Number

Snubber capacitors (C's, and Cyy,) R76MD2100SE40J
Snubber inductors (DCM) (L, and Ly} ) B82477P4224M000
Snubber inductors (CCM) (L, and Lgy,) MSS1246T-105KL_
Snubber coupled inductor core (L ) B66413G0000X187

Snubber diodes (D, , Dg}, and D)

ES3G-E3/57T
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RCD Snubber Components Part Number
Snubber capacitor (C'gy, ) R76MD2100SE40]
Snubber diode (Dy,, ) MUR460

Snubber resistor (R, ) MP925-20.0K-1%

N igﬁf i

Ch2
cn ‘

Ch4

1
/

h il Vat

Time (5 ps/div)

Fig. 11.  Experimental results in DCM for nominal power with regenerative
snubber: Current (2 A/div) through and voltage (200 V/div) across the switch S
and current (5 A/div) through the output diode D.

inductance is temporarily stored in the snubber and posteriorly
transferred to the output. This confirms the goal of the proposed
snubber cell.

Fig. 12(a) again depicts the voltage across the switch S to-
gether with the current through it, but on a different time scale.
The maximum value of the voltage vg agrees with the theoret-
ical expectation (=400 V). The small difference between the
theoretical and experimental values is due to the practical im-
plementation of the components. The theoretical value of Cj,
according to (62), would be equal to approximately 8.7 nF, al-
though a commercial value of 10 nF capacitor has been selected.
Hence, rearranging (62), the expected maximum voltage across
S is recalculated by

2L
VS,max :VT +IT C,k-

S

(68)

Fig. 12(b) presents a close-up view of the switch turn-off pro-
cess, where it is possible to visualize the ZVS feature, while
Fig. 12(c) shows the current and voltage in the output diode.
The current through L;, same as the input current, together with
the current through the transformer primary side is depicted
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Fig. 12. Experimental results in DCM for nominal power with regenerative Fig. 14.  Experimental results in DCM for nominal power with RCD snubber:

snubber: (a) Current (2 A/div) through and voltage (200 V/div) across the switch
S. (b) Turn-off detail of the current (2 A/div) through and voltage (200 V/div)
across the switch S. (c) Current through (5 A/div) and reverse voltage (100
V/div) across the output diode D. (d) Current through the input inductor (500
mA/div) and current through the capacitor C; (transformer primary side) (5
A/div).
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Fig. 13. Experimental results in DCM with regenerative snubber: Current

through one snubber inductor (500 mA/div) and voltage across one snubber
capacitor (100 V/div) for (a) nominal load and (b) light load. (c) Current through
S (5 A/div), current through one snubber inductor (1 A/div), and voltage across
one snubber capacitor (100 V/div) when using the snubber inductors coupled.
(d) Input and output currents (1 A/div) together with input and output voltages
(50 V/div) for nominal power.

in Fig. 12(d). The peaks are in agreement with the analytical
maximum values.

The current through the snubber inductor together with the
voltage across the snubber capacitor can be found in Fig. 13(a).
The results are in agreement with the principle of operation and
match the simulated values presented in [22]. As mentioned, for
light loads, the seventh stage is more evident since the discontin-
uous time of the converter is larger. The eighth stage occurs after
the current through L, completes a half-cycle of the resonant
tank circuit. This expected behavior is spotted in the experimen-
tal result presented in Fig. 13(b), which again shows the current
through the snubber inductor together with the voltage across
the snubber capacitor, but for light load.

One advantage of the proposed snubber is the possibility, due
to the symmetry, to couple the snubber inductors. By doing so,

(a) Current (2 A/div) through and voltage (200 V/div) across the switch .S. (b)
Turn-off detail of the current (2 A/div) through and voltage (200 V/div) across
the switch S. (¢) Current through (5 A/div) and reverse voltage (100 V/div)
across the output diode D. (d) Voltage across the snubber capacitor (50 V/div).

the equivalent snubber inductance is found to be

Ly
7 .
Within this possibility, the number of components is reduced,
however the necessary magnetic volume and snubber losses re-
main the same. Fig. 13(c) shows the current through S, the
current through one of the coupled snubber inductors together
with the voltage across the snubber capacitor. In this situation,
the coupled inductance value is equal to 160 pH. As can be vi-
sualized in the current, the transition from the first to the second
stage is slightly different from the theory due to the coupling
nonidealities. Nevertheless, the result is still in agreement, and
validates the possibility to use coupled inductors.

The input and output voltages and currents are presented in
Fig. 13(d) in order to demonstrate the expected operation of the
DCM SEPIC converter and maximum power transfer.

Ls.coupled = (69)

B. DCM Operation With RCD Snubber

Fig. 14 presents a set of experimental results using the RCD
snubber. In Fig. 14(a), it is possible to see the voltage across the
switch S together with the current through it. The maximum
value of the voltage vg agrees with the theoretical value
(=400 V). A detailed view of the switch turn-off process is de-
picted in Fig. 14(b). Fig. 14(c) shows the current and voltage in
the output diode while the voltage across the snubber capacitor
can be seen in Fig. 14(d). The results are in accordance with the
principle of operation, although small differences in the switch
maximum voltage and snubber capacitor voltage values are
present. These deviations are due to the simplifications made
in the analysis and also because the commercial values of the
components are different from the calculated ones.

In order to find the exact values or make the results to be closer
to the specifications, the voltage Vi 5,, must be recalculated after
choosing R, by

_nV, 1 2 272
Vo = 52 4 S\ 2Ra L fu} +02VE. (70)
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© ® value (around 400 V), while the energy stored in the transformer
leakage inductance is transferred to the output.
Fig. 15. Experimental results in CCM for nominal power with regenerative

snubber: (a) Current (1 A/div) through and voltage (200 V/div) across the
switch S. (b) Turn-off detail of the current (1 A/div) through and voltage (200
V/div) across the switch S. (¢) Current through (2 A/div) and reverse voltage
(100 V/div) across the output diode D. (d) Current through the input inductor
(500 mA/div) and current through the capacitor C; (transformer primary side)
(5 A/div). (e) Current through one snubber inductor (200 mA/div) and voltage
across one snubber capacitor (100 V/div). (f) Input and output currents (1 A/div)
together with input and output voltages (50 V/div).

With the new value of Vi,, the actual dissipated power is
calculated using (17) while the AV, using the chosen Cy,, is
reobtained with (19). Then, the maximum voltage across S is
given by

AVC.s‘n,

VSA,max - Vz + VCsn + 2

(71)

C. CCM operation With Proposed Regenerative Snubber

When the SEPIC is operating in CCM using the regenerative
snubber, the seventh stage does not exist. However, the derived
equations used for DCM to design the snubber components re-
main the same. The difference is the current I, that is calculated
using (10) for CCM. Fig. 15 summarizes the main experimen-
tal results for the CCM SEPIC with regenerative snubber. In
Fig. 15(a), switch voltage and current are presented with a turn-
off detail shown in Fig. 15(b). The output diode voltage and
current are shown in Fig. 15(c). In this result, it is noticeable
that the snubber action and the conclusion are the same as for
DCM. Fig. 15(d) presents the input inductor current and current
through the transformer primary side, while Fig. 15(e) shows
the current through one snubber inductor and voltage across on
snubber capacitor. For the sake of comparison with the DCM
operation, Fig. 15(f) depicts the input and output voltages and
currents. The results for CCM are also in agreement with the the-
ory and the voltage across the switch is clamped to the specified

D. CCM Operation With RCD Snubber

As for DCM, the converter operating in CCM was tested us-
ing the RCD snubber in order to compare the results with the
regenerative cell. The main waveforms are presented in Fig. 16.
The snubber design for CCM is the same as for DCM but, once
again, applying the CCM corresponding I current from (10).
The voltage across S is clamped around the same value as with
the regenerative snubber, as can be noticed in Fig. 16(a), with
details in Fig. 16(b). Fig. 16(c) presents the output diode cur-
rent and voltage, while Fig. 16(d) shows and snubber capacitor
voltage. The same conclusions as for DCM can drawn for the
CCM operation.

E. Efficiency Comparison

The efficiency curves (n versus P,) for different loads and
conditions are given in the plot depicted in Fig. 17. Fig. 17(a)
shows the comparison of the converter efficiency in DCM be-
tween an RCD and the proposed regenerative snubber. The val-
ues are satisfactory to validate the use of the proposed snubber
and an improvement around 3% in efficiency is obtained using
the regenerative cell. For low loads, the efficiency improvement
is about 5%.

In Fig. 17(b), the converter efficiency in DCM using the re-
generative snubber is present for two different snubber inductor
values (220 and 470 pH), and for a coupled inductor. It is clear
that for larger values of Ly, the efficiency is improved since the
rms value of the currents through S and D reduces, as expected
(see Fig. 9). By using the coupled inductor, the efficiency is
slightly better when compared to Ly = 220 uH. But as in
this case the coupled inductor L couplea = 160 pH, it could
only be compared with separated inductors of L; = 320 uH.
However, the main advantage for coupling is the reduction of
the magnetic parts.
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Fig. 17. Experimental efficiency curves: (a) Efficiency comparison between
the RCD snubber and the proposed regenerative snubber for DCM operation.
(b) Efficiency curves for two different snubber inductance values and snubber
coupled inductors (dashed line) in DCM. (c) Efficiency comparison between
the RCD snubber and the proposed regenerative snubber for CCM operation.

The last efficiency curve, Fig. 17(c) shows the same compar-
ison as in Fig. 17(a), but for the CCM operation. The results are
also better when the regenerative snubber is used (around 2%).
The improvement is smaller than for DCM because the con-
verter was first developed and optimized for this mode and later
adapted for CCM. Nevertheless, the use of the proposed regener-
ative snubber cell for CCM is also validated and can be an option.

VII. CONCLUSION

A regenerative snubber, as applied to SEPIC converters in
both operational modes, is presented and compared to a dis-
sipative snubber (RCD). The complete qualitative analysis is
given for DCM and extended to CCM operation. Based on
a specification example, the snubber cells were designed and
experimentally tested in order to prove the concept. Addition-
ally, the results are compared with RCD snubber to validated
the efficiency improvements. Analytical descriptions and de-
sign guidelines are presented for both snubbers. All the results
are in quite good agreement with the expectations, proving the
concept and the design methodology of the RCD and regen-
erative snubbers. The improvement in the converter efficiency
when operating in nominal power is around 3% for DCM and
2% for CCM when compared to an RCD snubber. For appli-
cations with larger leakage inductances, such as isolated high
voltage supplies, the proposed snubber is expected to provide
even more efficiency improvement. The snubbers inductors can
also be coupled, as experimentally demonstrated, reducing the
component count and it may bring extra advantages. This should
be investigated in a further work. Therefore, this regenerative
snubber is an attractive solution for improving the efficiency of
isolated SEPICs.
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