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ABSTRACT

An active clamp ZVS PWM forward converter using a secondary synchronous switch control is proposed in this paper.
The proposed converter is suitable for low-voltage and high-current applications. The structure of the proposed converter
is the same as a conventional active clamp forward converter. However, since it controls the secondary synchronous
switch to build up the primary current during a very short period of time, the ZVS operation is easily achieved without any
additional conduction losses of magnetizing current in the transformer and clamp circuit. Furthermore, there are no
additional circuits required for the ZVS operation of power switches. Therefore, the proposed converter can achieve high
efficiency with low EMI noise, resulting from soft switching without any additional conduction losses, and shows high
power density, a result of high efficiency, and requires no additional components. The operational principle and design
example are presented. Experimental results demonstrate that the proposed converter can achieve an excellent ZVS
performance throughout all load conditions and demonstrates significant improvement in efficiency for the 100W (5V,
20A) prototype converter.

Keywords: DC-DC power conversion, Pulse width modulated power converters, Power distribution

1. Introduction the core. This makes the transformer structure more

complicated than that of other single switch converter

Recently, many high efficiency and high power density topologies. Furthermore, the conventional forward

DC/DC power modules have been proposed for distributed

power systems servers and telecommunication

applications. Among them, the forward converter topology
has been widely used for low-voltage and high-current
applications with a power level up to 250W. In the

[1-2]

conventional forward converter topology" ~, the power

transformer essentially requires a tertiary winding to reset
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topology has another shortcoming; a hard switching
operation. Therefore, when the switching frequency is
increased to realize small magnetics and capacitors, the
overall efficiency will be very low due to increased
switching losses. Additionally, high power density is not
obtainable due to  high

Consequently, the conventional hard switching topology is

cooling  requirements.

not  suitable for  applications in  advanced

telecommunications and server systems. To solve these
problems, soft switching techniques are normally used.

[3-5]

Resonant and quasi-resonant converters eliminate

switching losses by introducing a certain resonance near
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the switching frequency and allow either the voltage or
current to go to zero before the device is turned on and off.
While the

zero-current or zero-voltage switching, and therefore

introduction of resonance allows for
enables higher switching frequency, it comes with
increased conduction losses and increased stresses on
active components when compared with PWM converters.
Furthermore, since its output is regulated by frequency
modulation, the switching ripples and harmonics vary with
the variable switching frequency. Therefore, it becomes
very hard to realize the EMC design and compliance.
These are the reasons why resonant converters exhibit
limited success in

improving efficiency and are

particularly used for low power applications. In order to
achieve a real appreciable efficiency improvement for
practical designs, soft switching techniques that eliminate
switching losses while preserving minimum voltage and
current stresses on switching devices are desired. The
(6197 and the forward/

overcome many of the resonant

active clamp forward converter
flyback converter?'!
converter's drawbacks. They are operated at a constant
frequency and there are no additional current or voltage
stresses on active devices while showing good ZVS
performance. However these topologies have more
increased transformer conduction losses and circulating
current losses in the clamp circuit by typically 30-50%,
because the small magnetizing inductance is used by the
higher magnetizing current to achieve the ZVS operation.
This also increases the switch current stresses. The
magnetic amplifier can be employed in the secondary side
of the active clamp forward or forward/flyback converters

(U211 However, this

to improve the ZVS operation
method also needs additional components and results in
conduction losses in the magnetic amplifier and
transformer.

In order to solve all this drawbacks, this paper proposes
an active clamp ZVS PWM forward converter using the
control of secondary synchronous switch that is suitable
for low-voltage and high-current applications. As shown
in Fig. 1, the structure of the proposed converter is the
same as that of the conventional active clamp forward
converter. However, since it controls the secondary
synchronous switch to build up the current for the ZVS
operation in a very short period of time, the ZVS operation

is easily achieved without any additional conduction
losses in the transformer and clamp circuit. Furthermore,
there are no additional circuits required for the ZVS
operation of power switches. Therefore, the proposed
converter can achieve high efficiency with low EMI noise
resulting from soft switching without any additional
conduction losses, and can achieve high power density, a
result of high efficiency, and requires no additional
components.

The operational principle, design example and
experimental results are presented to confirm the validity

of the proposed converter.
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Fig. 1 Circuit diagram of the proposed converter
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Fig. 2 Key waveforms for the mode analysis
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2. Operational Principle

The circuit diagram of the proposed TCB ZVS forward
converter is the same as that of the conventional active
clamp forward converter as shown in Fig. 1. Switch S is
operated in a duty ratio of D, and switch S, is operated
complementary to S; with a time delay between their gate
pulses. Synchronous rectifiers are employed instead of
Schottky diodes to reduce the conduction loss in the
secondary side. Fig. 2 shows the gating pulses for the
synchronous switches and key operating waveforms of the
proposed converter in the steady state. The gating pulse
for SR, is imposed before S, is turned off. Each switching
period is subdivided into eight modes. In order to illustrate
the steady state operation, several assumptions are made
as follows:

(a) The switches, S; and S,, are ideal except for their
internal diode and output capacitor.

(b) The output voltage V, and clamping capacitor
voltage V. are constant.

(c) The transformer magnetizing current ip,(t) and
leakage inductor current ir(t) are constant during the
time interval t;~t,.

(d) The output capacitors of switches, C; and C,, have
the same value of C,.

Mode 1(ty~t;): Mode 1 begins when the commutation of
isr1(t) and iggro(t) is completed. Then ir(t) flows through
C, and SR;. Since S, is on and S, is in the off state, Vy, is
applied to L, +L, and V;/n-V, is applied to L,. Therefore,
the power is transferred from the input source to the
output. ir4(t) and ir(t) can be expressed as follows:

. V. /n-V . .

'Lo(t)Z%t""Lo(tu):'sm(t) 1

) Vv, . i, () .

i, ()= L+L, t+i, (t) + n =I5, (D) (2)
where

. Ai v, /n-V,

i (t)y=] ——o_ | _Sn/ "Vt

Lo( o) o o 0 2L0 s

H AiLm Vin

I (t) == =-——— DT,

2 2(L, +L,)

Mode 2(t;~t;): This mode begins when S; is turned off.
Until vg(t) is lower than Vj,, the dotted end of the

transformer’s primary side is positive with respect to the
undotted end, while diode D, is still reversely biased.
Therefore, C; and C, are linearly charged and discharged
by ip(t), respectively. From this assumption (c), vs;(t)
can be expressed as follows:

i r(t)
(0= )
where
H Vin 1 Vin/rl _Vo
i,(t)=—"—DT, +—| |, +———=DT,
2L, +L,) n 2L,

Mode 3(t,~t3): After vg(t) increases to Vy, ip.(t) begins
to freewheel through SR, and D,. Since the primary
voltage across the transformer is 0V, C; and C, are
charged and discharged in a resonant manner of L, and
C+Cy=2C,, respectively. i(t) and vg;(t) can be expressed
as follows:

1
2L.C tJ “)

s

. L 1
V., () =i (t) - |[——-sin t|+V
s O =1,(@,) ,/ZCS ( 2c, J in (5)

Mode 4(t;~t,): After vgi(t) and vg,(t) reach V;,+V, and
0V, respectively, i (t) flows through D, and the zero

i (t= iu(tz)-cos[

voltage across S, is maintained. The ZVS of the SR, is
guaranteed because the SR, is turned on while D, is
conducting. Since D,; and SR; are conducting, the voltage
across the transformer is OV and -V, is all applied to L,.

Therefore, iy ,(t) rapidly decreases as follows:

iLr(t)zf\Ii_ct+iLr(t3) (6)

T

where

, " 2CV;}
I, ()= ILr(tz)_L—

T

which can be derived form equation (4) and (5).

Mode 5(t4~ts): When i (t) reaches ipn(ts), ipo(t)
completes its freewheeling and D, is turned off with D,
still conducting. Since -V, is applied to L, +L, and -V, is
applied to L, ir,(t) and i;(t) can be expressed as follows:
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. V, . .

I (D=~ L+l tHi, () =1, (N
. V .

i, ()= —L—°t +i,(t) (8)

0

Since S, can be turned on before ir,(t) decreases to zero,
the ZVS operation of S, is guaranteed regardless of load
variations. In heavy and medium load conditions, the ZVS
operation of S, can be easily achieved due to a large
leakage inductor current at t,. Furthermore, in the light
load conditions, the ZVS operation of S, is achieved by a
small leakage inductor current at first and then it is
achieved by magnetizing current after the end of the
secondary inductor current’s freewheeling. Therefore, the
current build-up that is required for the ZVS operation of
S, is not required for the ZVS operation of S,.

Mode 6(ts~ts): When SR is turned on while S, is in the
on state, the transformer secondary voltage becomes zero
and therefore the transformer’s primary voltage also
becomes zero. When transformer’s primary voltage
becomes zero, -V, is all applied to L,. Then iy (t) rapidly
increases in a negative direction during the very short
period of mode. This built-up current is used for the ZVS
operation of S; in the next mode. Since mode 6 is a very
short period of time, the current built-up barely causes
additional conduction losses in the primary circuit. ip(t)
and isry(t) can be expressed as follows:

i (=i (t) Voo Vo pr Yy 9
W O=int) == P DL )

T T

Iges (8) =1, (t) + 0 [, (O] (10)

Mode 7(ts~t;): When S, is turned off, C; and C, are
discharged and charged, respectively, by ip(t5) in a
resonant manner of L, and C;+C,=2C;. Since the leakage
inductor current was sufficiently built up to achieve the
ZVS operation of S; in mode 6, the ZVS operation of S,
can be easily achieved regardless of load conditions. Fig.
3 shows the different ZVS operations according to
different forward converters. In conventional active clamp
forward converters'”), the ZVS operation of S, is easily
achieved due to the large reflected load current or the
magnetizing current after the end of the secondary

inductor’s freewheeling. However, the ZVS operation of
S, is achieved by the magnetizing current between ts~ts
and then it is achieved only by the leakage inductor as
shown in Fig. 3(a). Since the leakage inductor has small
inductance value, a large current is required to achieve the
ZVS operation of S;. This large current can only be
achieved by a large magnetizing current. Therefore, the
conventional active clamp forward converter requires a
large magnetizing current and transformer conduction loss
is inevitable for the ZVS operation of S;. The active clamp
forward converter with the secondary magnetic amplifier
(12 can solve this problem as shown in Fig. 3(b). Since the

of the
side, the

magnetizing current flows only in the primary winding.

magnetic amplifier prevents the transfer

magnetizing current to the secondary
Hence, the ZVS operation of S; is easily achieved.

However, since this converter also requires some
magnetizing current, an additional magnetic amplifier and
a reset circuit for the magnetic amplifier, the power
density is reduced and there exists some conduction loss in
the transformer and magnetizing amplifier. Fig. 3(c)

shows the ZVS operation of the proposed converter. Since

(a) Conventional ACF converter

(c) Proposed TCB ZVS ACF converter

Fig. 3 Comparative analysis of the ZVS operation
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the ZVS current is built up during the very short period of
ts~tg, the large magnetizing current is not required and the
transformer conduction loss can be reduced significantly.
Furthermore, no additional circuit is required for the ZVS
operation. Therefore, the proposed converter can achieve
high efficiency resulting from soft switching without any
additional conductional losses in the transformer, and can
achieve high power density, a result of high efficiency,
without additional components. i,(t) and vsy(t) can be

expressed as follows:

%
T

<
T

equir:ed buiid-up time

Required build-up

current for ZVS of S, (A)
o

s
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Fig. 4 Required Build-up current and build-up time for
ZVS operation

. . 1
ILr(t)—ILr(tﬁ)-cos[ 2L,C5tj (11)

L. 1
v, (t) = TCSILr(tG) s1n[ 72L,CS tj (12)

iLo(t) begins to freewheel through SR; and SR, in this
mode.

Mode 8(t;~tg): After vg;(t) and v, (t) reach 0V and
VitV respectively, S; is turned on. Since ip,(t) is
freewheeling through SR; and D, Vi, is all applied to L.
ir(t) can be expressed as follows:

i, (1) :\%t +i(t) (13)

T

where

. [ v
ILr (t7) = I\_r(t(;)2 7T

After the end of mode 8, one switching period is

completed and subsequently the operation from t, to tg is

repeated.

3. Design Example

To validate the characteristics of the proposed converter,
a prototype converter was designed with the following
specifications:

* Input voltage Vi, 48V DC

* Output voltage Vo, 5V

* Maximum output power Po(max), 100W

» Switching frequency fs, 100kHz

* Maximum duty ratio of Sy, Dy, 0.5.

3.1 Selection of turn ratio, n

It is well known that a synchronous switch is used for
the output rectifier instead of the Schottky diode, since the
Schottky diode has a large forward voltage drop.
Assuming that the forward voltage drop caused by the
turn-on resistance of the synchronous switch in the
secondary side, Vi, is 0.05V (turn-on resistance of
IRF3703 is 2.8mQ) and D,y .—0.45, the turn ratio of the
transformer, n, can be derived from the voltage conversion
ratio of the conventional active clamp forward converter
and can be determined as follows:

V n
— Dmax eff ( 1 4)

n=
(\/0 +Vfd)

It is assumed that the current build-up time for the ZVS
of Si(time interval between ts~tg) is very short and the
effect of the build-up current to voltage conversion ratio is

ignored.

3.2 Selection of output inductance, L,

L, can be selected by determining the ripple current of
the output capacitor. When a continuous conduction mode
(CCM) operation is desired until 10% of the full load, L,
can be determined as follows:

L= Yo (1-D, T.) (15)

where Aig, is the ripple current of the output capacitor.

3.3 Selection of magnetizing inductance, L,
Since the magnetizing current barely affects the ZVS
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operation in the proposed converter, it is desirable to
select the largest possible magnetizing inductance for the
transformer. It will not cause any additional conduction
losses in the transformer and clamp circuit in the proposed
converter.

3.4 Selection of leakage inductance L, and
current build-up time t,

Since the ZVS operation of S, is easily achieved in the
active clamp forward converter, L, should be designed
according to the ZVS condition of S;. From Fig. 3, the
ZV'S condition of S; can be expressed as follows:

% Li, () > %(zcs)(vm +V.)? (16)

and can be rewritten as follows:
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Fig. 5 Key experimental waveforms at full load

iLr (tG) 2 Zfs (Vm +Vc) (17)

T

The current build-up time, t,=ts-ts, can be expressed as
follows:

V.

Lr H in
tz = V_(ILr (te) - Dmax.eff Ts j (18)

2(Lm + LI’)

Fig. 4 plots the required build-up current for the ZVS
operation of S; with L, variation and the required current
build-up time with the given L, and build-up current.
When a large leakage inductance is selected, a small
build-up current is required. However, since this reduces
the effective duty and the primary voltage of the
transformer during powering, it affects the voltage
conversion ratio of the proposed converter. Therefore the
leakage inductor value should be selected carefully. Thus,
a 4uH was selected in the proposed prototype converter. In
this case, the required build-up current for the ZVS of S; is
2A and the required build-up time is 150nS with Cs of
InF.

3. Experimental Results

Based on the design guidelines in the preceding section,
a prototype 5V, 100W converter is constructed using the
components as shown in Table 1. Fig. 5 shows key
waveforms of the proposed converter at full load condition
and can be explained as follows:

Table1 Component list

Switching frequency (f,) 100kHz
Switches (S, S,) IRF3315
Synchronous rectifiers (SR;, SR,) IRF3703
Output inductance (L) 6 uH
Leakage inductance (L) 4 uH
Magnetizing inductance (L) 320 uH
Transformer turn ratio (n:1) 41
Clamping Capacitance (C,) 2.2 uF
Output capacitance (C,) 1000 uF
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Fig. 6 ZVS Operation with load variation

* i;,(t) has a 4A ripple current as designed in the
preceding section. Therefore, the CCM operation is
guaranteed until 10% of full load.
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Active clamp forward converter with
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Efficiency [%]
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Fig. 7 Efficiency comparison under load variation

¢ The waveform i,(t) is the same as that in conventional
active clamp forward converters except for the build-up
current before S, is turned off. This build-up current is
used for the ZVS of S,. Therefore, a large magnetizing
current is not required for the ZVS operation, which is
required in the conventional active clamp forward
converter.

* The ZVS operation of S, is easily achieved due to the
build-up current before S, is turned off. The ZVS
operation of S, is also easily achieved as in conventional
active clamp forward converters.

¢ The waveforms of igg; () and isg(t) are the same as the
theoretic waveforms of Fig. 2. When ip(t) is built up, they
are negatively and positively increased, respectively.

Fig. 6 shows the voltage and current waveforms of S,
and S,, respectively, at different load conditions. As
previously mentioned, since the current is built up before
S, is turned off, the ZVS operation of S; is easily achieved
regardless of load conditions. The ZVS of S, is also easily
achieved in the same manner as the conventional active
clamp forward converter shown in Fig. 6(b).

Fig. 7 shows the efficiency of the proposed converter,
active clamp forward converter with secondary magnetic
amplifier and conventional active clamp forward converter
with L,=120uH and L,=320uH according to load
variations. As expected, high efficiency can be obtained
around 92% at full load and maximum efficiency occurs at
approximately 96%. This high efficiency is the result of
reduced switching losses and conduction losses for the
entire load ranges by employing the new ZVS scheme of
the proposed converter. Therefore, the proposed converter
can effectively achieve the ZVS operation of all switches
without any additional conduction loss and use of
auxiliary circuits.

4. Conclusion

This paper presented the principle of operation, design
and experimental results of an active clamp forward
converter that uses the control of a synchronous switch for
improved ZVS operation. The ZVS operation of S; is
easily achieved duec to the build-up current before S, is
turned off regardless of load conditions. Furthermore, there
are no additional circuits required for ZVS operation. ZVS
operation of S, is also easily achieved as in conventional
active clamp forward converters. Therefore, the proposed



138 Journal of Power Electronics, Vol. 6, No. 2, April 2006

converter can achieve high efficiency and low EMI noise
resulting from soft switching without any additional
conduction losses, and can achieve high power density, a
result of high efficiency without additional components.
The operational principles were presented in mode analysis
with derived design equations. Based on the design
equations, a prototype converter was built and tested. The
experimental results of the 100W prototype converter prove
the key characteristics of the proposed converter. The
proposed converter obtained 92% efficiency at full load and
maximum efficiency of 96% occurs at around half load.
Therefore, the proposed converter is suitable for the power
module of servers and telecommunication equipment that
require high efficiency, high power density, and low EMI
noise with 48V bus voltage.
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