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A Lossless Active Clamping Circuit
for Current Doubler Topologies

Yan Zhu, Liang Yan, and Brad Lehman

Abstract—This letter presents a new lossless clamping circuit
on the secondary side for dc-dc converters with a current-dou-
bler structure. This circuit reduces ringing on secondary-side recti-
fiers due to leakage inductance. The ringing loss is recovered to the
load. As a result, efficiency is improved, and the voltage stress on
secondary-side rectifiers is reduced significantly. These improve-
ments allow dc–dc topologies with a current doubler to operate ef-
ficiently at high switching frequencies. The operating principle of
the clamping circuit is detailed. Simulations and experimental re-
sults validate the proposed technique.

Index Terms—Clamping circuit, converter, current-doubler,
dc–dc.

I. INTRODUCTION

TRANSFORMER-isolated dc–dc converters usually have
leakage-induced, high-frequency ringing, and losses,

making their operation at high frequencies less desirable. For
example, conventional 48-V voltage regulator module (VRM)
topologiesoperatingathighswitchingfrequencieshavedifficulty
maintaining the efficiency required by the Intel performance
requirements [1], [2]. One major reason for this difficulty is the
parasitic oscillation between the transformer leakage inductance
and the drain-source capacitance of the MOSFETs, which is
caused by the reverse recovery of rectifiers [2]. In high-power
converters, the associated loss of this oscillation is substantial
and limits the switching frequency[17]. To reduce the oscillation,
dissipative snubbers are sometimes added. Since the snubber
loss increases with the switching frequency, efficiency decreases
if the switching frequency is very high.

To date, many soft-switching, or snubber circuits focus on re-
ducing the primary-side switching losses and parasitic oscilla-
tions [3]–[11]. With the primary-side switching losses reduced,
the secondary-side losses also need to be eliminated, to further
increase total efficiency, and the switching frequency. On the
secondary side, when the rectifier diodes enter reverse recovery,
the current flowing in the secondary winding exceeds the output
current. Thus, extra energy is stored in the transformer leakage
inductance. This part of the leakage energy resonates between
the leakage inductance and the junction capacitance of the rec-
tifier diodes after reverse recovery ends. The resonance causes
ringing with a large voltage overshoot across the rectifiers.
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Fig. 1. Proposed active clamping circuit for current doubler, shown in dashed
box.

Several lossless snubbers have been introduced to reduce
the secondary-side switching losses and parasitic oscillations
incurred from the reverse recovery of diodes [12]–[17]. How-
ever, most of these snubbers are designed for forward- or
center-tapped winding output topologies [12]–[16] and not for
circuits with a current doubler. Current doublers have been
widely adopted in high-current dc–dc converters for their
reduced conduction losses. An active snubber circuit has been
proposed for a current-doubler topology in [17]. It recovers the
oscillation energy to the load through an inductor. Like other
snubber circuits [12]–[16], the snubber switch is hard-switched
at turnoff when the regenerative current is at its peak. Also,
the turnoff point of the snubber switch should be controlled
precisely to maintain the normal voltage on the clamping
capacitor for a wide-load operating range.

This letter proposes a new lossless clamping circuit for cur-
rent doubler topologies, with the following features:

• effective reduction of the secondary-side oscillation of the
current doubler output stage;

• high efficiency energy recovery because of soft switching
of the snubber switches at both turn-on and turnoff, thus,
snubber switching losses are approximately zero;

• turnoff point of the auxiliary switches is not critical to
maintain the voltage on the clamping capacitor; can be
simply synchronized to the main switches;

• low voltage rating synchronous rectifiers are utilized due
to reduced voltage spikes, which further reduces the con-
duction loss on the rectifiers.

II. LOSSLESS ACTIVE CLAMPING CIRCUIT FOR CURRENT

DOUBLER OUTPUT

The proposed active clamping circuit will be described
based on a current doubler output stage with synchronous
rectifiers (SRs), as shown in Fig. 1. The clamping circuit is
encircled by the dotted line in Fig. 1. It consists of a clamping
circuit and a regeneration circuit: transformer

1540-7985/04$20.00 © 2004 IEEE



ZHU et al.: LOSSLESS ACTIVE CLAMPING CIRCUIT FOR CURRENT DOUBLER TOPOLOGIES 93

Fig. 2. Key waveforms of the active clamping circuit.

Fig. 3. Operation stages of the active clamping circuit.

, and . The clamping capacitor clamps
the voltage across Sr1 and Sr2, eliminating oscillations and
absorbing the leakage energy when the SRs are off. Then, the
regeneration circuit is activated to deliver the stored energy
in the clamping capacitor losslessly to the load. The auxiliary
switches , are turned on and off with zero current
switching during the process. The key waveforms are shown
in Fig. 2. The circuit operation includes six stages in a half
switching cycle, as illustrated in Fig. 3.

Assume at the initial state , Sr1, and Sr2 are on; the currents
in two inductors and are freewheeling through Sr1 and
Sr2; and the voltage on capacitor has been charged (shown
as in Fig. 2). The operating principle is explained.

Stage 1: ( - ): Sr1 is turned off when goes positive at
. The current in leakage inductance be-

gins to increase. When becomes equal to ,
the anti-paralleled body diode of Sr1 enters reverse
recovery. keeps increasing until the reverse re-
covery ends at .

Fig. 4. Experimental phase-shift, full-bridge converter with an active clamping
circuit

Stage 2: ( - ): The extra energy stored in charges
, which is the junction capacitance of Sr1.

The voltage across Sr1 increases until
it reaches at . conducts and is
clamped to the voltage on .

Stage 3: ( - ): After , and become a reso-
nant path. Since is chosen to be much larger than

increases slowly and is clamped to .
In the meantime, decreases until it is equal to

. Before drops to zero, is turned on with
zero voltage and zero current.

Stage 4: ( - ): At is equal to . The current in
is zero. begins to resonate with the junction

capacitance of Sr1 until drops to . That
amount of voltage by which exceeds
is applied to the primary winding of the snubber
transformer . is discharged and resonates with
the leakage inductance of the snubber transformer.

increases until - is less than the reflected
output voltage.

Stage 5: ( - ): At is equal to . freewheels
the leakage current , which decreases linearly.
The auxiliary transformer is reset. drops to
zero at .

Stage 6: ( - ): After , the auxiliary circuit stops working.
. is turned off with zero current and

zero voltage at . The current doubler stays with
the traditional operation.

In summary, Stage 3 clamps the voltage on the synchronous
rectifiers. Stages 4–5 recover the ringing energy to the load.
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Fig. 5. Simulated waveforms of a phase-shift, full-bridge converter with an active clamping circuit.

After returns to zero, the Sr1 junction capacitance dis-
charges. Sr1 is turned on again to freewheel the L1 current.
When becomes negative in the next half cycle, the snubber
circuit resumes.

It is important to note that, unlike the auxiliary switch in [17]
which must control the regenerative inductor current, the aux-
iliary switches in the proposed clamping circuit can be turned
off at any time between and , with a charge balance on the
clamping capacitor. Also, they are turned off with zero current
since the regenerative current is zero between and . In this
letter, the auxiliary switch is turned off at the same time as
goes to zero for the convenience of timing. In the real circuit, the
turn-off can be synchronized to the main switches at . Simi-
larly, the turn-on can be synchronized at with a constant delay.

III. DESIGN EQUATIONS, SIMULATIONS, AND EXPERIMENTS

To ensure proper energy recovery, leakage and
should be chosen so that the energy recovery time ( - )

is smaller than the minmum power transfer time .
Also, the peak should be greater than the reflected voltage

. Thus, (omitting detailed calculations) it can be derived
that and should satisfy

(1)

(2)

where is the minimum duty cycle; is the switching fre-
quency of the bridge switches; is the minimum load cur-
rent at CCM; is the turns ratio of transformer Ta; and
is the leakage inductance on the secondary side of the (power)
transformer, as shown in Fig. 1.

In most cases, the second term in the right-hand-side of (1)
is small enough to be neglected. Then (1) reduces to the con-
cept that the half resonance period of and C should be
less than the minmum power transfer time:

.

The above analysis indicates that the leakage of transformer
Ta should be made smaller when operating with a higher
switching frequency. Further, to ensure energy recovery over
a wide load range, should not be chosen to be too large
(consider 1:1 or 2:1), when maintaining a moderate peak
current in and .

Simulations and experiments were performed on a full-bridge
current-doubler dc–dc converter as shown in Fig. 4. The simu-
lation result is shown in Fig. 5. The current overshoot in
is caused by the reverse recovery of the body diodes of the
synchronous rectifiers. A prototype full-bridge current-doubler
dc–dc converter with a clamping circuit was built. The con-
verter is controlled by a UC3879 and employs the phase-shift
technique. The input is 36–75 V and the output is 1.6 V/30 A.
The primary-side switching frequency is 200-kHz. The primary
switches use a Si4480. The SR uses three Si4466 s in parallel
and utilizes control-driven SR techniques. Philips E22 and E18
cores are used for the transformer and inductors, respectively.
Leakage inductance, , in (1) and (2), was measured to be

nH, which is a typical value that can be used for
common planar transformer coupling at this power level. Thus,
using (1) and (2), the devices used in the auxiliary circuit are:

-Si4482; -BYV28-200; - F film
capacitor; -E18 core/turns 3:3 with 300 nH primary leakage.

Experimental results are shown in Figs. 6 and 7. Fig. 6 shows
the waveforms without clamping circuit, where a severe voltage
overshoot and ringing on the synchronous rectifiers can be ob-
served from Channels 2 and 3. This is caused by the resonance
between the transformer leakage and the SRs junction capac-
itors. The voltage overshoot is more than 20 V, which is the
typical voltage rating of synchronous rectifers. Fig. 7 shows the
waveforms with the clamping circuit. The voltage spike over the
synchronous rectifiers is reduced by about half, i.e., from 24 V
to 12 V, because of the effective voltage clamping. Ch3 and Ch4
show the lossless energy recovery. Experimental results agree
with the theoretical expectations and simulations.

By adding the active clamping circuit to this experimental
full-bridge converter with a current doubler, the power loss is
reduced by about 0.64 W–1.1 W from a light load to heavy
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Fig. 6. Experimental waveforms of a phase-shift, full-bridge converter without
an clamping circuit, Ch1:V , 20-V/div; Ch2:V , 10-V/div; Ch3:V ,
10-V/div; time scale: 1 �s/div.

Fig. 7. Experimental waveforms of a phase-shift, full-bridge converter with
a clamping circuit, Ch1: V , 20 V/div; Ch2: V , 10 V/div; Ch3: V ,
10 V/div; Ch4: I , 5 A/div; time scale: 1 �s/div.

load. This corresponds to a 1% (heavy load) to a 9% (light
load) efficiency improvement. Moreover, by reducing oscilla-
tion voltage across the rectifier devices, it is possible to use rec-
tifier devices with a low voltage rating to further reduce their
conduction losses. Although this clamping circuit was demon-
strated on a low-power, low-voltage circuit, it can also be used
in high-power dc-dc converters (where it would be more appro-
priate due to its circuit complexity).

It is possible to use the clamping circuit at higher switching
frequencies above 200 kHz. However, the upper limit on the
switching frequency depends directly on the leakage inductance
of the auxiliary transformer. Too high a switching frequency
will not allow the primary transformer current to complete its

half-resonant cycle. In our proof-of-concept experiment, an E14
core is used for the auxiliary transformer; this leads to a max-
imum switching frequency of about 200 kHz. Smaller auxil-
iary transformers with a lower leakage inductance should have
higher maximum switching frequencies.

IV. CONCLUSION

This letter presents a new secondary-side lossless clamping
circuit for dc-dc converters with a current-doubler structure. The
secondary-side ringing is effectively reduced. The oscillation
energy is recovered to the load losslessly due to the zero current
switching of the auxiliary switches. The reduction of the voltage
spike allows rectifiers to operate safely and to be used with de-
vices of low voltage ratings, thus permitting further loss reduc-
tion. Simulations and experimental results validate the proposed
technique. Of course, this clamping circuit requires additional
components, thereby, adding to the circuit complexity and cost.
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