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State-Plane Analysis of Regenerative Snubber
for Flyback Converters

Alexander Abramovitz, Chih-Sheng Liao, and Keyue Smedley

Abstract—The flyback converter is a popular topology for imple-
menting low power and multiple output power supplies. However,
the high leakage inductance of the flyback transformer causes high
voltage spikes that can damage the main transistor when the switch
is turned OFF. Therefore, a turn-off snubber is needed to limit the
peak voltage stress. This paper presents the analysis of an energy
regenerative snubber using the graphical state-plane technique.
The undertaken approach yields a clear-cut design procedure for
minimum switch voltage stress. Experimental evaluation of the
energy regenerative snubber in comparison with other common
snubbers shows that under the same voltage stress the efficiency of
energy regenerative snubber has 8% improvement on average over
an RCD snubber and 2% improvement over the nondissipative LC
snubber.

Index Terms—Flyback converter, protection, regeneration,
snubber.

I. INTRODUCTION

ANOTABLE advantage of the flyback converter is its low
component count. Flyback is a single switch topology

that makes use of only one magnetic component to attain both
the isolation and energy transfer [1], [2]. Moreover, the low-
cost and rugged flyback converter can provide both step-up and
step-down conversion and, for these reasons, it is the designer’s
choice in low-power multiple output applications.

One challenge in designing of the flyback converter is han-
dling the energy, trapped in the leakage inductance of the fly-
back transformer. As the main transistor is turned OFF, the
discharge of leakage energy develops high voltage spike across
the switch and can cause destruction. The conventional RCD
snubber, shown in Fig. 1(a), is a simple and popular circuit
[3]–[8]. However, by its principle, RCD snubber dissipates all
of the energy absorbed by the snubber capacitor. As a result, the
power loss of RCD snubber is rather significant and, hence, this
snubber cannot meet high efficiency requirements of modern
power supplies. In quest of improving the efficiency a con-
siderable effort is dedicated to developing simple yet effective
snubber topologies. A variety of “lossless” snubbers were re-
ported in the literature, which can limit the peak stress and rate
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Fig. 1. (a) Dissipative RCD snubber and (b) nondissipative LC snubber.

Fig. 2. Topology of the Flyback converter with energy regenerative snubber.

of rise of voltage across the switching device [9]–[16] as well
as recycle the absorbed energy.

The nondissipative LC snubber, shown in Fig. 1(b), can recy-
cle the captured energy as well as provide favorable turn OFF
conditions for the main switch [17]–[19]. The nondissipative
LC snubber can appreciably improve the efficiency; however, as
compared to the RCD snubber, requires an additional inductor
that increases the component count and cost.

Continuous research on soft switching techniques in Univer-
sity of California, Irvine, USA, resulted in several novel snubber
topologies [20]–[27]. The recently introduced energy regener-
ative snubber [24], shown in Fig. 2, can recover the energy
captured by the snubber capacitor to the dc bus and, thus, help
improve converter’s efficiency. In addition, to the advantage of
energy recycling, the snubber has lower component count as
it does not need a discrete inductor. Instead, the energy regen-
erative snubber employs transformer’s auxiliary winding and
beneficially exploits the transformer’s leakage inductance as a
part of the snubber circuit. Hence, both the magnetic core and
the associated PCB footprint area can be spared.

In this paper, the energy regenerative snubber [26] is reviewed
and analyzed applying the state-plane approach. State-plane
method is a graphical technique where the state variables are
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sketched in a 2-D diagram. This approach has the advantage
of visualizing the state trajectory, providing more insight into
the ongoing processes. Viewing the circuit behavior in the state
plane is helpful in deriving exact solution. The presented anal-
ysis of the energy regenerating snubber by the state-plane ap-
proach was aimed to provide an accurate the straightforward
engineering design procedure that is easy to apply in practice.
In addition, to evaluate the performance of the energy regenera-
tive snubber a prototype offline flyback converter was designed,
built, and tested. The prototype was fitted with different snub-
bers and its efficiency performance measured in each case. In
comparison with its counterparts, the energy regenerative snub-
ber was found to be more efficient yielding 8% improvement on
average over the RCD snubber and 2% improvement over the
nondispative LC snubber.

This paper is organized as follows: Section II presents a
qualitative description and equivalent circuits of operational
states of the flyback converter with energy regenerating snubber.
Section III introduces the adopted notation and normalization
and some other basic formula that is later used in quantitative
state-plane analysis presented in Section VI. Design considera-
tions are given in Section V. Experimental results are reported
in Section VI followed by the conclusion section. The design
example is included in the Appendix.

II. TOPOLOGY, BASIC ASSUMPTIONS, AND OPERATION

PRINCIPLES OF THE ENERGY REGENERATIVE SNUBBER

Flyback converter with energy regenerative snubber is shown
in Fig. 2. The energy regenerative snubber is comprised of the
tertiary transformer winding Nr , snubber diodes D2 ,D3 , and
the snubber capacitor C2 . The transformer turns ratio is desig-
nated as

ns =
Ns

Np
(1a)

nr =
Nr

Np
(1b)

where Np and Ns are the number of turns of the primary and of
the secondary windings, respectively.

The basic assumptions in this study are that the circuit is com-
prised of ideal elements. That is, ideal semiconductor switches
are assumed, with negligible voltage drop, delays, and capaci-
tances. Also, the output voltage ripple is considered negligible
so that the output filter capacitor C1 can be represented by an
equivalent dc voltage source. It is also assumed that the dominant
parameters of the step-down transformer are the magnetizing in-
ductance Lm and the primary winding leakage inductance Llk

whereas the secondary and tertiary leakage inductances can be
neglected. The magnetizing inductance of the transformer Lm

is considered large; however, current ripple of the magnetizing
inductor will be taken into consideration.

Simulated waveforms of the flyback converter with energy
regenerative snubber operating in its preferred mode of opera-
tion are shown in Fig. 3. Four topological states can be identified
within one switching cycle. These topological states arise as a

Fig. 3. Simulated waveforms of the flyback converter with energy regenerative
snubber in the preferred mode of operation.

TABLE I
SUMMARY OF THE CONDUCTION MODES

result of conduction modes of the semiconductor devices, which
are summarized in Table I.

State A (Regenerating, t0–t1): This state commences as the
switch Q1 is turned ON by controller command. The sub-
topology of this state is shown in Fig. 4(a) and its equivalent
circuit, referred to the Nr winding, is shown in Fig. 4(b). Here,
the dc voltage Vg is applied on transformer primary, across Lm

and Llk . In addition, the snubber diode D3 conducts and C2
discharges through Q1 and reset winding Nr . Since the dura-
tion of the regenerating state is much shorter than the switching
period, the variations in magnetizing current during this state
can be neglected. Hence, the magnetizing current in Fig. 4(b)
is represented by a constant current source Imin/nr . This state
terminates as D3 ceases conducting at the instant the capacitor
current drops to zero, iC 2 = 0, and the snubber capacitor voltage
VC 2 falls to its minimum value Vmin .

State B (Charging, t1–t2): This state commences as D3 ceases
conducting. The sub-topology of this state is shown in Fig. 4(c)
and its equivalent circuit, referred to the Np winding, is shown
in Fig. 4(d). Here, the magnetizing and leakage inductances Lm

and Llk are linearly charged by the dc source Vg , whereas the
snubber circuit remains idle with the snubber capacitor voltage
VC 2 at a constant value Vmin . This state terminates when the
switch Q1 is turned OFF by the controller, at which instant the
magnetizing inductance current raises to its maximum value of
Imax .

State C (Snubbing, t2–t3): This state commences as Q1 is
turned OFF, subject to the condition Vmin ≥ Vo/ns , which is
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Fig. 4. Topological states of the flyback converter with energy regenerative
snubber and their equivalent circuits. (a) Regenerating state. (b) Charging state.
(c) Snubbing state. (d) Discharging state.

assumed to be fulfilled in a properly designed snubber. The
sub-topology of this state is shown in Fig. 4(e) and its equiva-
lent circuit, referred to the Np winding, is shown in Fig. 4(f).
Here, the snubber diode D2 conducts and the energy stored in
the leakage inductance Llk is discharged and captured by the
snubber capacitor C2 which also limits the peak voltage across
the switch. The output rectifier D1 conducts the reflected to sec-
ondary current difference iD1 = i′Lm − i′L l k ′ , which flows into
the output filter capacitance C1 . Snubbing state terminates as
the current through the leakage inductor falls to zero, at which
instant the snubber capacitor voltage VC 2 raises to its maxi-
mum value of Vmax and output rectifier current raises to the full
magnitude of the referred to the secondary magnetizing current
iD1 = i′Lm .

State D (Discharging, t3–t4): This state commences as the
leakage inductor current ceases. The sub-topology of this state
is shown in Fig. 4(g) and its equivalent circuit, referred to the
Np winding, is shown in Fig. 4(h). Here, the magnetizing induc-
tance Lm linearly discharges into the output capacitance C1 via
transformer secondary, whereas the snubber circuit remains idle
preserving the snubber capacitor voltage VC 2 at constant value
Vmax . Discharging state is terminated at the instant the con-
troller issues the next turn-on command to the switch, at which
instant the magnetizing inductance current falls to its minimum
value of Imin .

In the converter’s steady state the whole processes of four
intervals repeats in each cycle.

Note, that a state, where only D2 is ON, can exist in between
State-B and State-C. The “only D2 ON” state steers the energy
into the snubber capacitor C2 instead it being transferred to the
output circuit and, therefore, is undesirable. This state can be
avoided by a proper choice of the snubber capacitor C2 which
voltage Vc2 is made higher than the reflected output voltage so
that both D1 and D2 can turn ON at the same time. Simulated
waveforms in Fig. 3 show this preferred mode of operation
where both diode D1 and D2 conduct in State C, immediately
after State B.

In practice, charging of the switch capacitance introduces an
additional state. However, here, the analysis is performed under
the simplifying assumption of an ideal switch, with negligible
switch capacitance, hence, such state will not be considered.
This assumption is justified by experimental results which show
that the duration and effect of this additional interval are indeed
negligible.

III. NOTATION, NORMALIZATION, AND BASICS OF

STATE-PLANE ANALYSIS

This section presents the adopted notation and normalization
and reviews basic relationships for later use in quantitative state-
plane analysis.

Adopting the notation suggested by [28], the complete re-
sponse of a lossless second order circuit in Fig. 5(a) can be
written in the normalized form as follows:

mc(θ) = MT + (m0 − MT ) cos θ + (j0 − JT ) sin θ (2a)

jL (θ) = JT + (j0 − JT ) cos θ − (m0 − MT ) sin θ. (2b)

Here, θ = ω0t is the angular time and the undamped natural
frequency is

ω0 =
1√
LC

. (3)

Normalization of voltages in the circuit can be performed
with respect to any conveniently chosen base voltage. The
most appropriate choice for the base voltage is the input source
voltage

Vbase = Vg . (4)
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Fig. 5. (a) Case of a lossless second order system and (b) representation of
the circuit response in the normalized state plane.

The currents are normalized relatively to a base current,
defined as

Ibase =
Vbase

Z0
=

Vg

Z0
(5)

where, the characteristic impedance is

Z0 =

√
L

C
. (6)

Using notations (3)–(6), the normalized capacitor voltage and
the normalized inductor current in (2) are defined as

mc(θ) =
vC (θ)
Vbase

=
vC (θ)

Vg
(7a)

jL (θ) =
iL (θ)
Ibase

=
Z0iL (θ)

Vg
(7b)

the initial normalized capacitor voltage and the initial normal-
ized inductor current are

m0 =
VC 0

Vbase
(8a)

j0 =
IL0

Ibase
(8b)

and the normalized voltage and current sources are

MT =
VT

Vbase
(9a)

JT =
IT

Ibase
. (9b)

The normalized solution (2) can be manipulated into a more
compact form

(mC (θ) − MT )2 + (jL (θ) − JT )2 = R2 . (10)

Equation (10) describes a circular arc in the normalized state
plane (mC (θ) , jL (θ)). The solution is centered at point C =
(MT , JT ) and traverses clockwise as shown in Fig. 5(b). The

Fig. 6. Normalized state trajectory of the energy regenerative snubber in the
preferred mode of operation.

radii R of the arc, which is the amplitude of oscillations in the
circuit, depends on the initial conditions and sources value

R2 = (m0 − MT )2 + (j0 − JT )2 . (11)

Time is implicit along this trajectory; however, it can be mea-
sured by the angle θ = ω0t subtended by the arc as shown in
Fig. 5(b).

The usefulness and ease of the state-plane technique can be
demonstrated by finding the maximum values of the normalized
voltage and current. This can be done merely by the inspection
of Fig. 5(b)

Mmax = MT + R (12a)

Jmax = JT + R. (12b)

Similarly, the minimum normalized voltage and current can
be found

Mmin = MT − R (13a)

Jmin = JT − R. (13b)

Simple geometrical considerations also yield the normalized
capacitor voltage at zero current crossings of the normalized
inductor current as

mC (jL = 0) = MT ±
√

R2 − J2
T . (14)

IV. ANALYSIS OF THE REGENERATIVE SNUBBER

This section presents state-plane diagram of the snubber and
quantitative relationships between the circuit variables. These
facilitate derivation of snubber’s voltage and current stresses.

The state-plane portrait of the energy regenerating snubber
employed by the flyback converter is illustrated in Fig. 6. Here,
the horizontal axis represents the normalized snubber capacitor
voltage and the vertical axis is the normalized leakage induc-
tance current.

The snubber is activated upon switch transitions, in the re-
generating state, see Fig. 4(a) and (b) and in the snubbing state,
Fig. 4(e) and (f). During these states the snubber equivalent
circuit is of a second order and resonates. Thus, according to
Section III, the state-plane trajectory of the snubbing interval
can be represented by the arc AB as shown in Fig. 6, whereas,
the arc BC represents the regenerating interval.

During the charging interval, see Fig. 4(d), the snubber ca-
pacitor remains idle with constant voltage across it, whereas the
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leakage inductance current equals the magnetizing inductor cur-
rent and is linearly rising from its minimum to maximum value.
Therefore, the charging interval is represented by the vertical
straight line segment CA in Fig. 6.

During the discharging interval both the snubber capacitor
and the leakage inductor are idle, with constant voltage Vmax
across the snubber capacitor and zero current in the leakage
inductance. Hence, throughout the discharging interval the so-
lution rests in point B in Fig. 6.

A. Analysis of the the Snubber Voltage Stress

The previously presented state-plane diagram is useful in
derivation of the snubber voltage stress.

With reference to the generalized circuit in Fig. 5(a), the
normalized sources in the equivalent circuit in Fig. 4(f), which
describes the snubbing interval, assume the values

MT =
VT

Vg
=

Vo

nsVg
(15a)

JT =
IT

Vg/Z0S
= 0 (15b)

here, the characteristic impedance is

Z0S =
√

Llk

C2
. (16)

The snubbing interval starts at point A with the normalized
initial conditions

m0 = Mmin =
Vmin

Vg
(17a)

j0 = Jmax =
Imax

Vg/Z0S
(17b)

and terminates at point B, at which instant the final values of the
normalized variables equal

mf = Mmax =
Vmax

Vg
(18a)

jf = 0 (18b)

where, Vg , Vo , Vmax , Vmin , and Imax are defined in Section II
previously.

Substituting (15) and (17) into (11), the radius of the arc AB
in the normalized state plane in Fig. 6 is found as

R2
S =

(
Vmin

Vg
− Vo

nsVg

)2

+
(

Z0S Imax

Vg

)2

. (19)

Plugging (18) and (19) into (10) and further manipulating the
expression into the ordinary form yields the maximum snubber
capacitor voltage

Vmax =
Vo

ns
+

√(
Vmin − Vo

ns

)2

+ (Z0S Imax)
2 . (20)

Note that during conduction of D2 , see Fig. 4(e), the voltage
of the snubber capacitor (20) adds to the source voltage so that
the resulting peak stress across the switch is given by

VDSpk = Vg + Vmax . (21)

By inspection of Fig. 6 the duration of the snubbing state is a
quarter of a cycle of the resonant ω0s frequency

tsn =
π

2ω0s
=

π

2

√
LlkC2 . (22)

With reference to the generalized circuit in Fig. 5(a), the nor-
malized sources in Fig. 4(b), which describes the regeneration
interval, assume the values

MT =
VT

Vg
=

nrVg

Vg
= nr (23a)

JT =
IT

Vg/Z0R
=

Imin/nr

Vg/Z0R
=

Z0S Imin

Vg
. (23b)

Here, Imin/nr is the minimum value of the magnetizing cur-
rent at switch turn ON instant referred to Nr winding. Also note
that here the characteristic impedance is defined as

Z0R =

√
n2

rLlk

C2
= nrZ0S . (24)

Here, (16) was used.
The regenerating interval starts at point B in Fig. 6 with the

normalized initial conditions

m0 = Mmax =
Vmax

Vg
(25a)

j0 = 0 (25b)

and terminates at point C in Fig. 6, at which instant the final
values of the normalized variables equal

mf = Mmin =
Vmin

Vg
(26a)

jf =
Imin/nr

Vg/Z0R
=

Z0S Imin

Vg
. (26b)

Fortunately, the expressions of the normalized currents (15b),
(17b), (23b), and (26b) have the same normalizing coefficients
in both snubbing and regenerating states. For this reason both
AB and BC arcs appear as circular segments in the state plane
in Fig. 6. Substitution of (23) and (25) into (11) gives the radius
of the arc BC in the normalized state plane

R2
R =

(
Vmax

Vg
− nr

)2

+
(

Z0S Imin

Vg

)2

. (27)

Plugging (26) and (27) into (10) and further manipulation
yields the expression of the minimum snubber capacitor voltage

Vmin = nrVg −
√

(Vmax − nrVg )
2 + (Z0S Imin)2 . (28)

By the inspection of Fig. 6 the duration of the regenerating
state is less than half the resonant cycle of ω0R frequency

trg ≤ π

ω0R
= πnr

√
LlkC2 . (29)

This completes the derivation of two key parameters of the
snubber Vmax (20) and Vmin (28).
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B. Analysis of the Snubber Current Stress

Regeneration of the captured energy back to the dc source
manifests itself by the negative current of the leakage inductor,
see Fig. 3. The negative peak of the leakage current during the
regenerating state is the lowest point on the arc BC in Fig. 6 and
can be found substituting (23b) and (27) into (13b), and then
transforming the normalized expression into the ordinary form

Ilk m in =
Vg

Z0s

(JT − RR ) = Im in −

√(
Vm ax − nr Vg

Zos

)2

+ I2
m in .

(30)

Inspecting Fig. 4(b) and using (30) the peak snubber capacitor
current during the regenerating state can be found

IC 2 pkR =
1
nr

(Ilk min − Imin) . (31)

Further, the inspection of Fig. 4(a) leads to the derivation of
the peak switch current during regenerating state as

Ids pk = Ilk min − IC 2 pkR =
(

1 − 1
nr

)
Ilk min +

Imin

nr
.

(32)
Note that in the regenerating state both (30) and (31) are of

negative polarity; however, since nr < 1 the switch current (32)
is positive.

During the snubbing state the peak snubber capacitor current,
see Fig. 3, is simply

IC 2 pkS = Imax . (33)

V. DESIGN CONSIDERATIONS

In this section, several practical constrains are suggested that
lead to formulation of snubber design rules. The snubber design
is the last step in the power stage design and is attempted after
the values of other circuit parameters, such as ns, Lm , Llk , and
full power Imin , and Imax were obtained. One possible design
approach is as follows. As a first pass design, choose a switch
with a reasonable VDS max for a given application. Allowing
20% margin for transient condition the desired maximum snub-
ber voltage can be estimated rearranging (21) as

Vmax ∼= 0.8VDS max − Vg . (34)

The inspection of (20) suggests that designing the snubber
under the condition

Vmin =
Vo

ns
(35)

results in lowest maximum snubber capacitor voltage

Vmax =
Vo

ns
+ Z0S Imax . (36)

Combining (16) and (36) yields the corresponding snubber
capacitance as

C2 =
LlkI

2
max(

Vmax − Vo

ns

)2 . (37)

Further the inspection of (30) and (32) suggests that designing
the snubber under the condition

nr =
Vmax

Vg
(38)

results in zero minimum leakage current Ilk min (30) and, con-
sequently, lowest peak switch current Ids pk (32) and lower as-
sociated switching losses. This also means that lesser amount of
energy is circulating in the circuit which, therefore, can operate
with higher efficiency.

For proper circuit operation duty cycle limitation should be re-
spected. Therefore, it is recommended that (22) and (29) should
be checked to verify that duration of snubber active states is
sufficiently shorter than minimum expected controller ON and
OFF times TONmin , TOFFmin

trg ≤ 0.25TONmin (39)

tsn ≤ 0.25TOFFmin . (40)

Next, rms current rating of snubber components is considered.
Since D2 conducts the snubber capacitor current in the snub-

bing state, (22) and (33) can be used to derive the rms current
rating of D2

ID2rms =
1√
2
Imax

√
tsn

Ts
. (41)

During the regenerating state the snubber capacitor current is
carried by D3 . Here, the current appears as a sinusoidal segment,
see Fig. 3, for which the peak value is given by (31). Using the
upper bound of (29) allows approximating the D3 rms current
as

ID3rms =
1√
2
IC 2 pkR

√
trg

Ts
. (42)

The rms current rating of the Nr winding is the same as (42).
Combining (41) and (42) yields the snubber capacitor rms

current

IC2 rms =
√

I2
D2 rms + I2

D3 rms . (43)

Assuming that trg < Ton , the switch rms current can be ap-
proximated by

Idsrm s ≈
√

1
2
I2
ds pk

trg

Ton
+

D

3
(I2

max + ImaxImin + I2
min).

(44)
The suggested procedure provides a good starting point for

first pass design, which can be fine tuned through simulation
and prototyping. Design example is given in the Appendix.

VI. EXPERIMENTAL RESULTS AND PERFORMANCE

EVALUATION

The experimental part of this study was dedicated to evalu-
ate the efficiency and compare the performance of the energy
regenerating snubber to that of the traditional RCD and the
LC nondissipative snubbers. To attain the experimental results
a prototype flyback converter was built and tested. The circuit
was designed with the following specifications: input voltage
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Fig. 7. Switch voltage Vds waveforms: (a) simulated; (b) experimentally mea-
sured. Vertical scale: 100 V/div; horizontal scale: 2 μs/div.

range—300–400 V; output voltage—24 V; maximum output
power—50 W; and switching frequency—100 kHz.

Experimental results were compared to the PSIM simulation
program plots used to study the performance of the circuit. The
inspection of Figs. 7–10, reveals that the practical circuit be-
havior closely replicates the predicted. This helps identify in
practice the above mentioned topological states and verify the
validity of theoretical analysis. Simulation and experimental
waveforms shown below are given in the same scale. Clearly
seen in Fig. 8 is the t0 − t1 interval which is the period when
clamp capacitor C2 discharges through Q1 , Nr , and D3 , while
C2 and Llk resonate. The current of C2 resembles a half sine
wave and the voltage of C2 resembles a half cosine wave. Within
t2 − t3 interval the snubber is in the snubbing state, see Fig. 7.
During this time, the energy stored in the leakage inductance is
absorbed by C2 , Consequently V c2 voltage rises and while the
leakage current falls. This is manifested by a gradual drain-to
source voltage rise, visible in Fig. 7, after the MOSFET turn-off.
The ringing in the switch voltage and current waveforms seen

Fig. 8. Switch current ids waveforms: (a) simulated; (b) experimentally mea-
sured. Vertical scale: 250 mA/div; horizontal scale: 2 μs/div.

TABLE II
PARAMETERS OF EXPERIMENTAL FLYBACK WITH RCD SNUBBER

in Figs. 7 and 8 are due to the switch capacitance and secondary
leakage inductance, which were neglected in course of analysis.
Comparison of snubber capacitor voltage and current is shown
in Fig. 9. Here, one can clearly see both the snubber charging
the t2 − t3 interval (absorbing the leakage energy) and discharg-
ing, the t0 − t1 interval, (recycling energy) states. Experimental
waveforms are in accordance with the theoretical expectations
and simulation.

The performance of the energy regenerative snubber was eval-
uated experimentally in comparison with other snubbers. The
design parameters of RCD, nondissipative LC, and energy re-
generative snubbers used in the experiments are summarized
in Table II, Table III, and Table IV, respectively. These snub-
bers were fitted on the same flyback converter prototype. The
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Fig. 9. Snubber capacitor voltage VC 2 (top trace) and current iC 2 (bottom
trace): (a) simulated and (b) experimentally measured. Vertical scale: top trace
100 V/div; bottom trace 500 mA/div; horizontal scale: 2 μs/div.

Fig. 10. Efficiency comparison of flyback converter with RCD, nondissipative,
and energy regenerative snubbers.

TABLE III
PARAMETERS OF EXPERIMENTAL FLYBACK WITH NONDISSIPATIVE

LC SNUBBER

TABLE IV
PARAMETERS OF EXPERIMENTAL FLYBACK WITH ENERGY

REGENERATIVE SNUBBER

efficiency of the prototype with different snubber circuits was
measured under the same operating conditions. The resulting
efficiency plots are shown in Fig. 10. The overall efficiency of
energy regenerative snubber was found to be about 8% higher
than that of an RCD and about 2% higher than that of the
nondissipative LC snubber. Apparently, with the nondissipative
snubber the captured energy can only be recycled back to the
source, whereas with the energy regenerative snubber some of
the energy is fed forward to the output. Thus, the energy regen-
erative snubber has a reduced energy circulation, which results
in higher efficiency.

VII. CONCLUSION

This paper examined the energy regenerating snubber suited
for the flyback converter. Offline flyback is one of the more
popular and widely used topologies and is a good application
example for the snubber since the transformer primary leakage
is substantial and can be beneficially exploited as a part of the
snubber circuit.

Preliminary snubber analysis and design procedure were sug-
gested earlier by [26]. The preliminary analysis relied on sim-
plified assumptions and provided a set of inequalities as guid-
ance for choosing the snubber parameters. This necessitated a
trial and error approach to fine-tune the design. This weakness
motivated the present study of the snubber using a different an-
alytical method to revise the theory and the design procedure.
The presented analysis of the energy regenerative snubber by
the state-plane approach yielded an accurate and the straight-
forward engineering design procedure that is easy to apply in
practice. Although a single output converter was examined here,
the snubber operation principles and design rules are applicable
to multiwinding case as well.

The snubber design is a multiobjective optimization proce-
dure that aims to minimize switch voltage and current stresses,
under the given input voltage and load current range, provide
a zero-voltage switching in a wide range, and maximize the
efficiency. Same snubber circuit applied to other topologies
may have different operating modes and, consequently, different
performance. Therefore, a snubber can be fairly assessed and
compared in a specific application. Comparative experimental
performance evaluation of the energy regenerative snubber was
performed on a prototype offline flyback converter. The proto-
type was fitted also with an RCD and nondissipative LC snubbers
and its efficiency performance measured in each case. With an
RCD snubber, the voltage stress of the switch and the power
dissipation of the snubber are a tradeoff. Both are determined
by the value of the snubber resistor. The high power dissipa-
tion has long been its drawback. The nondissipative LC snubber
can significantly reduce the loss of snubber circuit; however,
an extra inductor for the snubber increases the cost and makes
the design more complicated. In comparison, the voltage stress
of the energy regenerative snubber is set by the turns of reset
winding Nr without sacrificing efficiency. The hidden feature of
this energy regenerative snubber is the beneficial use it makes
of the transformer leakage inductance. Moreover, the tertiary
winding shares the same core with the transformer, which is
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cost effective as neither dedicated core nor PCB footprint area
are required for a discrete inductor. The inspection of the exper-
imental efficiency plot, shown in Fig. 10, reveals that under the
same voltage stress the efficiency of energy regenerative snub-
ber has 8% improvement on average over RCD snubber and 2%
improvement over nondissipative LC snubber.

The reported snubber was patented and successfully commer-
cialized. The improved designing procedure suggested here can
help designers to incorporate the regenerative snubber topology
in their new products with the potential benefit of increased and
wider use of energy efficient and eco-friendly power converters
in industry.

Last but not the least, as far as engineering education is con-
cerned, the relative simplicity of the regenerative snubber circuit
makes it a suitable study case for teaching the subject of soft-
switched power converters and advanced analytical techniques
in graduate level courses. In fact, this circuit was included in
the curricula of EECS267B “Industrial and Power Electronics”
course offered to graduate students in University of California,
Irvine.

APPENDIX

DESIGN EXAMPLE

This step-by-step design example demonstrates the applica-
tion of the regenerative snubber design procedure derived earlier
in this paper.

Objective: Design a regenerating snubber for a given isolated
flyback converter. Operating conditions are as follows: input
voltage is Vg = 380 Vdc , output voltage is Vo = 24 Vdc , and
output power is Po = 150 W. Transformer secondary turns ratio
is ns = 10/50 = 0.2; magnetizing inductance is Lm = 1.5
mH; and the primary leakage inductance is Llk = 30 μH. The
switching frequency is fs = 100 kHz. Deliverables: determine
the snubber capacitor C2 and the tertiary turns ratio nr .

As a first step the basic operation conditions are calculated:
the required duty cycle ratio is D = Vo/ (Vo + nsVg ) = 0.24.
The average output current Io = Po/Vo = 6.25 A; average
magnetizing inductor current ILm = nsIo/ (1 − D) =1.65 A;
and the magnetizing current ripple ΔI = DVg/Lm fs = 0.6A.
So the maximum value of the magnetizing current Imax =
1.95 A; and the minimum value of magnetizing current
Imin =1.35 A.

Second step: snubber operating conditions and parameters
are calculated following the proposed aforementioned design
procedure. Assuming that the switch is rated VDS max = 800 V
the maximum snubber capacitor voltage is found from (34) as
Vmax = 260 V and the minimum snubber capacitor voltage
from (35) as Vmin = 120 V. Using the given aforementioned
data for Llk , Imax , Vmax , Vo , and ns , the snubber capacitance is
calculated using (37) as C2 = 5.813 nF. The transformer tertiary
turns ratio is calculated from (38) as nr = 0.684. Current rating
of the devices can be then found using (39)–(44).

This design example was simulated in PSIM software, see
Fig. 11. Table V presents the comparison of calculated and
simulated results. Excellent agreement is found. The drop in the
output voltage is due to the leakage inductance impeding the
output rectifier current.

Fig. 11. Design example: simulated waveforms.

TABLE V
DESIGN EXAMPLE: COMPARISON OF CALCULATED AND SIMULATED RESULTS
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