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Incorporating Active-Clamp Technology  
to Maximize Efficiency in Flyback  

and Forward Designs
Brian King and David Strasser

AbstrAct

For telecom and power-over-Ethernet (PoE) applications up to 25 W, single-ended forward and flyback 
topologies offer the lowest potential cost; however, utilizing active-clamp technology can increase the 
efficiency of both, particularly when synchronous rectification is appropriate for the outputs. Subjects to 
be addressed in this topic include obtaining zero-voltage switching; selecting and driving synchronous 
rectifier MOSFETs; optimizing transformer design; and comparing equivalent forward and flyback 
solutions side by side, emphasizing the performance benefits of each topology that can be achieved as a 
trade-off against circuit complexity and cost.

I. IntroductIon

Power-over-Ethernet (PoE) applications require 
high efficiency due to limited input power. The 
IEEE 802.3at specification limits the input power 
of a powered device to 13 W for low-power sys-
tems and 25.5 W for high-power sys tems. Telecom 
appli ca tions, which may have battery backup or 
demanding thermal require ments, also need high 
efficiency. For several reasons, employing an 
active reset is an excellent choice for optimizing 
efficiency in these and many other low-power 
applications. First, the trans former currents soften 
the switching losses of the primary MOSFETs. 
Second, the clamp provides near lossless snubbing 
on the primary. In the forward converter, the 
transformer is always driven into the first and third 
quadrants, providing better core utilization. There 
is no 50% duty-cycle limitation, allowing for 
wide input ranges and lowering the stresses 
on the switching components. Third and most 
signifi cant, the secondary’s voltage waveforms are 
ideal for implementing self-driven synchronous 
rectifiers.

II. bAsIc operAtIon of flybAck  
And forwArd converters

The basic power stages of a flyback and 
a forward converter are shown in Fig. 1. They 
appear very similar, but operation is quite dif-
fer ent. The flyback converter stores energy in 

a. Flyback converter.
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b. Forward converter.

Fig. 1. Basic power stages.

the primary winding of the “transformer” while 
switch Q1 is on. (Since the transformer stores 
energy, it is really utilized as a coupled inductor; 
but, to conform to convention, it will be referred 
to here as a “transformer.”) When switch Q1 in 
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the flyback con vert er is turned 
off, the trans form er releases 
energy to the output through 
the secondary winding. The 
forward converter transfers 
energy to the secondary while 
switch Q1 is on, storing part of 
the energy in L1. When switch 
Q1 turns off, the stored energy 
in L1 is delivered to the load.

In lower-voltage, higher-
current applications, forward 
converters tend to offer a better 
solution than flyback converters. 
This is partly because the trans-
former’s secondary currents are 
much tamer in forward convert-
ers, as shown in Fig. 2. If the 
rip ple current is neglected, these 
waveforms can be treated as 
ideal square waves, and their 
RMS values can be calculated. 
For the flyback converter,

OUT
sec_ RMS

I
I .

1 D
=

−
 (1)

For the forward converter,

sec_ RMS OUTI I D.= ×  (2)

Comparing the two topolo gies with a 50% 
duty factor shows that the secondary RMS current 
in the flyback converter is twice that of the forward 
con verter. Compounding the prob lem, the ripple 
current in the output capacitors of the flyback 
converter becomes difficult to manage at higher 
load currents since the AC content of the secondary 
current flows through the output capac itors. The 
output capacitor in a forward converter conducts 
only output-inductor ripple current. The output 
capac itor’s current waveforms are shown in Fig. 3.

Components C1, D1, and R1 clamp the voltage 
across Q1 to a safe level when Q1 is turned off. In 
the flyback converter, the leakage energy is 
clamped and dissipated in R1. In the forward con-
verter, the clamp resets the magne tiz ing current to 
zero for each switching cycle to keep the trans-
former from saturating. The magnetizing energy is 
dissipated by the clamp. Q1 hard switches in both 
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Fig. 2. Transformer’s secondary currents.

Fig. 3. Currents in the output capacitor.
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converters. As Q1 turns on, the drain current begins 
to rise before the drain-to-source voltage reaches 
zero. Similarly, as Q1 turns off, the peak primary 
current is flowing as the drain-to-source voltage 
transitions from zero to the clamped level. Power 
is dissipated during both transitions, since there is 
voltage across Q1 while current is simultaneously 
being conducted.

In Fig. 1, both converters are shown with 
diode-output rectifiers. Diodes are inexpensive but 
not very efficient in comparison to power 
MOSFETs (hereinafter referred to as “FETs”). The 
efficiency of a converter with a diode rectifier has 
a strong dependency on the ratio of the diode 
voltage drop to the output voltage. As the output 
voltage decreases, the efficiency decreases, since 
the diode drop is a larger portion of the output 
voltage. The diode rectifier is a better choice for 
higher output voltage and lower output current. 
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A. Active Reset
Since the best possible efficiency is required 

for PoE and telecom applications, the basic fly-
back or forward converter with an RCD clamp 
(R1/C1/D1 in Fig. 1) and diode rectifiers is not 
acceptable. Replacing the RCD clamp with an 
active-clamp circuit will greatly improve the effi-
ciency and performance of both topologies, with 
the following benefits:

The reset is nearly lossless, since there is no  •
resistor to dissipate energy.
As Q1 turns on, the active reset reduces the  •
drain-to-source voltage, VDS, before the drain 
current flows, reducing switching losses.
The active reset results in power waveforms that  •
are ideal for implementing self-driven syn chro-
nous rectifiers.

The primary-side active-clamp circuit can be 
the same for both the flyback and the forward 
converter. Both can use either of two possible 

configurations, as shown in Fig. 4 [1]. The 
circuit with the p-channel clamp is preferred 
because it can easily be driven by the pulse-
width-modulation (PWM) controller. The 
n-channel clamp reduces the voltage stress 
on the clamp capacitor but requires a 
floating gate drive. Neglecting the effects 
of the clamp resonance, the voltage stresses 
of the two primary-side FETs are equal and 
can be calculated as

IN
DS_Q1 DS_Q2

V
V V .

1 D
= =

−
 (3)

For the PoE and telecom input-voltage 
range, both primary-side FETs (Q1 and 
Q2) are typically rated for 150 VDS. The 
p-channel FET choices become limited 

For lower output voltage and higher output current, 
the Schottky diode can be replaced with a 
synchronous FET to improve efficiency. Table 1 
shows the efficiency losses that are due to just the 
forward drop of the rectifier. As the output voltage 
decreases, reducing the rectifier drop becomes 
critical to provide the best possible efficiency.

For the losses shown in Table 1, it is assumed 
that the converters are operating at a 50% duty 
cycle. It is interesting to note that the diode-
rectifier loss is the same for a flyback as for a 
forward converter. The diode rectifier in a flyback 
converter sees a peak current of two times the 
output current for half the switching period. Each 
of the rectifiers in a forward converter sees a peak 
current equal to the output current, but there are 
two of them, each conducting for half the switching 
period. If synchronous FETs with the same ON 
resistance are used in both converters, the forward 
converter is the better choice for efficiency 
improvement due to the lower peak currents.

VOUT
(V)

IOUT
(A)

Vdiode
(V)

RDS(on)
(mW)

Efficiency Change (%)
Flyback or 

Forward Diode Flyback FET Forward FET

12 2 0.6 25 –9.1 –1.6 –0.4
5 5 0.45 10 –15.3 –3.8 –1.0

3.3 7.5 0.35 5 –17.5 –4.3 –1.1
1.8 14 0.35 2.5 –28.0 –7.2 –1.9

tAble 1. effIcIency loss due to output rectIfIer for 25-w output
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Fig. 4. Two different configurations of the clamp circuit.
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a. With p-channel clamp. b. With n-channel clamp.
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when the VDS rating exceeds 200 V. For off-line 
supplies, where higher voltage ratings are required, 
an n-channel clamp is a better choice.

Next, the benefits for each topology of combin-
ing an active reset with synchronous rectification 
will be investigated in detail.

B. Flyback Converter
When cost is a major concern, the flyback 

topology is usually the preferred choice. In its basic 
form, it utilizes a single primary FET and a single 
secondary rectifier. The latter can be either a diode 
or a synchronous FET. Many design references 
exist for the flyback converter, such as References 
[2], [3], and [4] of this topic. Adding synchronous 
rectification and active clamp to the flyback con-
verter can provide significant gains in efficiency.

Fig. 5 shows the simplified power stage for a 
flyback converter with an active clamp and a 
synchronous-FET rectifier. A diode-rectified fly-
back converter allows the secondary current to 
flow in only one direction and can operate in 
discontinuous-conduction mode (DCM) at light 
loads. Interestingly, a flyback converter with syn-
chro nous rectifiers allows the secondary current to 
flow in both directions and forces a continuous-
conduction mode (CCM) to occur over the entire 
load range. This can be seen by inspecting the 
power waveforms in Fig. 6, which shows how the 
transformer is driven into both the first and third 
quadrants at light loads. At light loads, this AC 
circulating current will reduce the efficiency 
(compared to a diode-rectified flyback) as it flows 
though the primary FET, secondary FET, and 
transformer [5]. Selecting the proper primary 
inductance for the power transformer can reduce 
the losses by reducing the AC circulating 
currents.

Transformer Design
When the primary inductance for the flyback 

transformer is selected, trade-offs need to be 
made. With lower inductance, losses at light 
loads will be higher due to the higher peak-to-
peak AC circulat ing current. Higher inductance 
will improve light-load efficiency by reducing 
the peak-to-peak ripple current. But higher 
inductance will require more pri mary turns and/
or a larger core. This will increase the winding 

losses and reduce the efficiency at higher loads. 
Also, the right-half-plane zero (RHPZ) [6] in the 
control loop is inversely proportional to the pri-
mary inductance and is given by

 

2
loadR (1 D)

RHPZ .
2 LD
× −

=
p  (4)

As the inductance increases, the RHPZ moves 
lower in frequency. To achieve acceptable phase 
and gain margins, the loop crossover frequency 
should be at least one decade below the RHPZ 
frequency. A primary inductance that results 
in a peak-to-peak ripple current of 25 to 50% 
of the maximum load current is usually a good 
compromise between peak-to-peak current, trans-
form er size, and RHPZ frequency.

Fig. 5. Simplified power stage of an active-clamp 
flyback converter with a synchronous rectifier.
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For a flyback converter operating in CCM, the 
transformer turns ratio and input-voltage range 
determine the duty-cycle range:

 

pri
OUT

sec

pri
IN OUT

sec

N
V

N
D

N
V V

N

×
=

+ ×
 (5)

An input range of 36 to 75 V covers most PoE 
and telecom applications. For this input range, 
the transformer turns ratio is usually selected to 
achieve a maximum duty cycle of 60% at the 
minimum input voltage of 36 V. This results in 
a minimum duty cycle of approximately 42% at 
the maximum input voltage of 75 V. One of the 
benefits of the flyback topology is that it can 
accommodate a wide input range without severe 
changes in duty cycle. Fig. 7 shows how the 
choice of transformer turns ratio affects the VDS 
ratings of the primary FETs (Q1 and Q2). In this 
figure, the sum of the input voltage and reflected 
output voltage is plotted versus the input voltage, 
where the duty cycle was set to 60% for a 36-V 
input. This neglects the effects of any peaking 
from the clamp resonance, which must also be 
considered before the VDS rating of the primary 
FETs is determined.

Active-Clamp Circuit
Fig. 8a shows the waveform of primary FET  

Q1’s VDS with the commonly used RCD clamp. 
Because of the large voltage spike that occurs when 
Q1 turns off, a primary FET with a higher voltage 
rating is often required. FETs with higher voltage 
ratings generally have higher RDS(on) and slower 
switching times, both of which reduce efficiency. 
Resistor R1 in the clamp must also dissipate part 
of the energy in the leakage induc tance, which can 
be significant. In addition, the voltage overshoot 
and ringing that occur when the primary FET’s 
drain is turned off may create an EMI issue.

The active-clamp circuit, shown in Fig. 5, pro-
vides significant benefits versus an RCD clamp 
(Fig. 1a). Fig. 8b shows that the drain-to-source 
voltage of the primary FET no longer has the large 
voltage spike when it is turned off. Instead of 
being dissipated in a resistor, the leakage energy 
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Fig. 8. Primary FET’s drain-to-source voltage.
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is mostly recovered and returned to the input 
capacitors. Eliminating the leak age spike 
allows a primary FET with a lower VDS rating 
to be used, improving efficiency. Potential 
EMI issues are also significantly reduced.

In the operation of an active-clamp fly back 
converter, the transformer’s primary leak age 
inductance plays a crucial role. A simpli fied 
schematic of the flyback converter’s active-
clamp power stage, including the leakage 
inductance, is shown in Fig. 9. When Q1 is 
on, operation is the same as with a standard 
flyback converter. The current flows into the 
transformer’s primary, storing energy in the 
primary’s magnetizing and leakage induc-
tances. During this time, Q2 and Q3 are off, 
while the output capacitor supplies current to 
the load.

When Q1 turns off, Q2 and Q3 turn on. The 
stored energy in the magnetizing inductance is 
diverted by Q3, supplying current to the load and 
charging the output capacitor. The output capac-
itor is connected across the secondary winding 
and gets reflected through the transformer to the 
primary, essentially shorting the primary winding. 
With the voltage on the primary’s magnetizing 
inductance held to the reflected output voltage, the 
current flowing in the clamp will resonate with 

VIN

Coss Coss

Cclamp

Lleakage

VOUT
_

+

Q1

Q3

Q2

Fig. 9. Simplified schematic of flyback converter’s 
power stage.

Fig. 10. Measured clamp current.

Lleakage and Cclamp at a frequency of

 
clamp

leakage clamp

1f .
2 L C

=
p ×

 (6)

The instantaneous current flowing in the clamp 
circuit at the moment when Q2 turns on is equal to 
the peak primary current. Neglecting circuit losses, 
the clamp current will resonate as a cosine wave-
form at frequency fclamp while Q1 is off (see  
Fig. 10):

 clamp pri_ pk clampI (t) I cos (2 f t)= × p ×  (7)

Time (1 µs/div)

1

4

VDS
(50 V/div)

Iclamp
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The RMS current in the clamp, given by 
Equation (8), can become significant at heavy loads:

sw

1 D
f 2

clamp _ RMS clamp0

1I (D) I (t) dt
T

−

= × ×∫  (8)

The RDS(on) conduction losses must be con sidered 
when a clamp FET is selected.

As can be seen from the clamp current’s wave-
form, the current will flow in both directions 
through Q2. The magnitude and direction of the 
clamp current when Q2 turns off depends on the 
duty cycle. If the clamp current is flowing from 
drain to source when Q2 turns off, the clamp 
current continues to flow through the body diode 
of Q2. In this scenario, when Q1 turns on, Cclamp 
discharges until the body diode of Q2 completes 
reverse recovery and turns off. This results in sig-
nif icantly increased power dissipation in Q1. To 
prevent this condition, it is necessary for fclamp to 
be selected such that the clamp current is flowing 
from source to drain through Q2 when Q1 turns 
on. If fclamp is set equal to the switching fre  quency, 
the current will be flowing in the correct direction 

for duty cycles between 25% and 75%. (The cosine 
waveform crosses 0 at p and 3p/2.)

Cclamp is typically selected to obtain an 
acceptable value for fclamp, per Equation (6). The 
leakage inductance can be measured or taken from 
the transformer specification. The measured leak-
age inductance can be much lower than the 
maximum rated leakage from the transformer 
specification. To account for variations in the leak-
age inductance, fclamp should be about 20% lower 
than the switching frequency.

Soft Switching
Fig. 11 shows the primary-side switching wave-

forms that occur as Q1 turns off. Before Q1 turns 
off, the peak primary current is flowing through 
the transformer’s magnetizing inductance, leakage 
inductance, and Q1 to ground. When the gate of 
Q1 is pulled low, the current stored in the magnet-
izing inductance (gap) begins to transfer to the 
secondary winding, but only after the voltage on 
the secondary transitions up to the point where the 
internal diode of Q3 is forward-biased. When Q1 
is completely off, the current flowing in the leakage 

Q1
Turns

Off

Q2
Turns
On

Delay

1

4

VDS_Q1
(50 V/div)

IQ1
(2 A/div)

IQ2  (2 A/div)

2

3

VDS_Q2
(50 V/div)

Fig. 11. Flyback converter’s primary-side switching 
waveforms as Q1 turns off.



Texas	Instruments	 8	 SLUP2622-8

To
pi

c 
2

inductance is commuted from Q1 through the 
clamp capacitor and body diode of Q2 before 
Q2 actually turns on. After a delay time, Q2 is 
turned on with 0 V across it. The load and duty 
cycle have no effect, because the peak current is 
always flow ing in the same direction during 
this transition.

Fig. 12 shows the primary-side switching 
wave  forms that occur while Q1 is turning on. 
Assum ing that the clamp frequency was prop-
erly chosen, the clamp current will flow from 
source to drain through Q2 before Q1 turns on. 
When Q2 is turned off, the clamp current will 
continue to flow through the body capacitance 
of Q2, resonating with the leakage inductance. 
The clamp current also commutates to the body 
capacitance of Q1, again resonat ing with the 
leakage inductance. It can be seen that Q2 
switches off with 0 V across it. After a delay, 
the gate of Q1 transitions high, and Q1 begins 
to turn on. As can be seen from the waveforms, 
this transition does not take place with the 
voltage fully at zero. At maximum load (Fig. 
12a), the drain of Q1 resonates down toward 
ground before Q1 is switched on, achieving 
partial zero-voltage switching. At lighter loads 
(Fig. 12b), Q1’s drain voltage does not resonate 
as far down because there is less energy stored 
in the leakage before this transition occurs.

Since the resonant frequency of the falling 
drain voltage depends on various parasitic 
capac itances and the leakage inductance of the 
trans former, it is difficult to precisely calculate 
the required delay time. The best way to select a 
delay time is to measure these waveforms on an 
actual converter with maximum load. The delay 
time should be set such that Q1 turns on just 
before Q1’s drain voltage reaches the resonant 
valley. This is shown as the time between the 
dashed lines in Fig. 12.

Q2
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Q1
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Delay

1

4

VDS_Q1
(50 V/div)

IQ1
(2 A/div)

IQ2  (2 A/div)

2

3
VDS_Q2

(50 V/div)

Q2
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Q1
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Delay

1

4

VDS_Q1
(50 V/div)

IQ1
(2 A/div)

IQ2  (2 A/div)

2

3
VDS_Q2

(50 V/div)

a. Maximum-load operation.

b. No-load operation.

Fig. 12. Flyback converter’s primary-side switching 
waveforms as Q1 turns on.
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Synchronous Rectification
Fig. 13 shows two ways of controlling 

the syn chronous FET (Q3) in the flyback 
converter. Q3 can be driven from the primary 
controller through a separate gate-drive 
trans former and a few signal-conditioning 
components as shown in Fig. 13a [5]. 
However, the cost of using a gate-drive 
transformer may be unacceptable. A more 
cost-effective means of driving Q3 is a 
“self-driven” architecture that uses a gate-
drive winding on the main power trans-
former, as shown in Fig. 13b.

In the self-driven architecture, Q3 does 
not begin to turn off until the primary FET 
(Q1) has turned on and the magnetic field in 
the transformer reverses [1, 5]. There is some 
overlap time when Q1 and Q3 are simul ta-
neously conducting. During this time, the 
input is shorted to the output through the 
power transformer. “Shoot-through” current 
during conduction overlap is limited only by 
the leakage inductance of the power trans-
former and by stray circuit/component re sist-
ances. Therefore it is essential for Q3 to turn 
off as fast as possible to reduce shoot-
through current. Q3 should have a short 
turn-off delay time and a fast fall time. For 
operation at 250 kHz, the typical turn-off 
delay should be less than 50 ns, and the 
typical fall time should be less than 25 ns.

The gate-drive voltage of Q3 remains 
constant with input voltage, but the reverse 
voltage on the Q3 gate changes with input 
voltage. This reverse voltage when ref er-
enced to ground is

 

IN(max)
gate_ reverse(max)

pri_ gate

V
V .

N
=  (9)

The input-voltage range for PoE converters is 
36 to 57 VDC. A PoE flyback converter with a 
60% maximum duty cycle will have a transformer 
turns ratio of 12:1 for a 3.3-V output and a gate-
drive turns ratio of 6:1. The maximum reverse 
gate voltage from Equation (9) will be 9.5 V. This 
is well within the 20-V gate rating of most FETs 
with a 30-V drain-to-source rating. The resistor/
Zener clamp (R2/D5/D6 in Fig. 13b) reduces 

voltage spikes that may appear on the gate due to 
stray inductance.

If the PoE converter needs to operate from a 
12-V wall adapter as well as PoE, the input-
voltage range will be 10 to 57 VDC. To allow the 
converter to be on as long as possible at maximum 
input voltages, a 70% maximum duty cycle should 
be used. For this PoE supply, the transformer will 
have a 6:1 turns ratio for a 3.3-V output and a 
gate-drive turns ratio of 3:1. From Equation (9), 
the maximum reverse gate voltage will be 19 V, 

PWM
Controller

VIN

VOUT
_

+

Q1Q2

Q3

a. With a gate-drive transformer.

b. Self-driven.

Fig. 13. Gate drives for synchronous-rectified  
flyback converter.
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which does not provide much margin for a FET 
with a 20-V gate rating. A drive-conditioning 
circuit must be added to the synchronous FET 
to provide a reverse voltage clamp when there is 
a wide input-voltage range, as shown in Fig. 14.

When the voltage on the gate-drive winding 
is positive with respect to ground, C13 provides 
a spike of current through D5 to charge the 
Miller capacitance of Q3. Q3 is turned on by 
charging the gate capacitance through D2/R2. 
When the voltage on the gate-drive winding is 
negative with respect to ground, D2 and D5 
block the negative voltage from appearing at 
the gate of Q3. C13 provides a spike of current 
to the base of Q5, which discharges the gate 
capac itance, turning off Q3 fast. Current through 
R7 keeps Q5 on and Q3 off for the remainder of 
the cycle.

In addition to clamping the reverse gate 
voltage of the synchronous FET, this circuit also 
provides a slight improvement in efficiency. 
When reverse clamping is not needed, the con-
di tioning circuit can be used to improve the 
turn-on and turn-off switching times of the syn-
chro nous FET. This will result in improved effi-
ciency by reducing the shoot-through current.

A drive-conditioning circuit added to the 
primary FET also helps reduce shoot-through 
current. This circuit consists of a low-cost 
diode, a PNP transistor, and a small resistor 
(D3/R3/Q4 in Fig. 15). The resistor slows the 
turn-on time of the primary FET by limiting the 
peak gate current, allowing the synchronous 
FET more time to turn off. The PNP transistor 
speeds turn-off time by pro viding a low-
impedance clamp from gate to source. This 
reduces the turn-off loss of the primary FET.

Examples of Flyback-Converter Design
Two prototype flyback converters were 

designed and tested for common output-voltage 
rails, one converter for 3.3 V and the other for 
12 V. These voltages were selected to show how 
the advantages of active clamp and synchronous 
rectifiers are dependent on output voltage. The 
specifications for these converters are shown in 
Table 2.

R2

T1

D2

D5

Q5
R7

4.99 kΩ

C13
330 pF

Q3 +
VOUT
–

VIN

Q1

Time (1 µs/div)

1

4

Gate-Drive
Winding 
Voltage
(5 V/div)

VGS_Q3
(5 V/div)

a. Gate-clamp circuit.

b. Measured gate-drive waveforms.

Fig. 14. Reverse voltage clamp on synchronous FET.

Parameter 3.3-V Converter 12-V Converter
Input Voltage (VDC) 33 to 57 33 to 57
Output Voltage (VDC) 3.3 12
Output Current (A) 7.6 2.08
Switching Frequency 
(kHz)

250 250

tAble 2. specIfIcAtIons for exAmple 
flybAck converters
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The TPS23754 controller was used in both 
example converters, which were designed for 
PoE applications. The TPS23754 contains both 
the pulse-width-modulation (PWM) controller 
and the PoE switch. Features include:

Two gate drives for driving the primary FET  •
and active-clamp FET
Adjustable delay time between gate drives •
Adjustable leading-edge blanking on the  •
current-sense signal
PWM for use with an optocoupler/secondary- •
side error amplifier

For telecom applications that do not require the 
PoE switch, the UCC2897A (not considered here) 
can be used. It contains the same functionality as 
the TPS23754, with the additional features of 
undervoltage and overvoltage lockout.

The schematic of the 3.3-V converter is shown 
in Fig. 15 on page 2-11. This design was tested 
with an RCD clamp and then with an active reset. 
With a maximum output power of 25 W, the 3.3-V 
output current could be up to 7.6 A. At this current 
level, diode rectification of the secondary is not an 
option, so self-driven synchronous rectifiers were 
used in both the RCD-clamp design and the  
active-reset design. Note that the converter with the 
RCD-clamp circuit requires a higher voltage rating 
for both the primary FET and the syn chro nous 
FET. This is due to the large voltage spike that 
results from the leakage inductance (see Fig. 8).

The efficiency of the 3.3-V converter with the 
RCD clamp and active clamp is shown in Fig. 16. 
The converter utilizing active clamp is 4% more 
efficient at maximum load, resulting in a power 
savings of 1.37 W at a maximum load of 7.5 A. 
This significant gain in efficiency is due to soft 
switching of the primary FETs, reduced conduction 
losses (due to lower-voltage FETs), and the 
nondissipative clamp. This extra 1.37 W can be 
delivered to the output instead of being dissipated 
by the converter.

The schematic of the 12-V converter is shown 
in Fig. 17 (see next page). With the same maximum 
output power of 25 W, the 12-V output current is 
only 2.08 A. At this current level, a Schottky diode 
is a viable alternative for the secondary rectifier. 
The 12-V converter was tested with an RCD clamp 

and a Schottky-diode rectifier and compared to the 
same converter with an active clamp and a syn-
chro  nous rectifier. The efficiency for these two 
con verter configurations is shown in Fig. 18. Com-
pared to the 3.3-V design, the active clamp on the 
12-V design offers no improvement in effi ciency. 
This is partly because the leakage induc tance of 
the 12-V transformer happened to be much lower  
than that of the 3.3-V transformer. At loads below 
approx imately 1.5 A, the RCD clamp is more effi-
cient than the active clamp. The power dissipated 
in the resistor of the RCD clamp is small due to 
the low leakage. Also, with the diode rectifier, the 
con verter is operating in discontinuous-conduction 
mode (DCM). Therefore, the primary current does 
not reverse and there are no losses due to the 
circulating AC current as there are with the active 
clamp. At higher loads, the active clamp and the 
RCD clamp have about the same efficiency.
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Fig. 16. Efficiency of 3.3-V, 7.6-A flyback converter.
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C. Forward Converter
The forward topology is usually the pre-

ferred choice for low-voltage, high-current 
conversion. Compared to the flyback converter, 
the trans form er’s lower secondary and capacitor 
currents reduce losses, leading to better effi-
ciency. Similar to the flyback converter, the 
efficiency of the forward converter can be 
improved by adding synchronous rectification 
and an active clamp. Fig. 19 shows a simplified 
power stage for a forward converter with an 
active clamp and synchronous FET rectifiers.

Transformer Design
One of the interesting things about the 

active-clamp forward converter is that the 
transformer is always reset into the third 
quadrant. This can be seen in Fig. 20, which shows 
the transformer’s primary current during the reset 
portion of the switch ing cycle.

In the forward converter, there is no right-half-
plane zero (RHPZ) to worry about because power 
is transferred when Q1 is on. However, the selec-
tion of the primary inductance does impact the per-
form ance of the design. An inductance that is too 
small can lead to excessive magnetizing current, 
reducing efficiency. Conversely, an induc tance that 
is too large may not store enough energy to drive 
the active clamp. For switching frequencies in the 

PoE and telecom input range of 100 to 400 kHz, a 
primary inductance of 100 µH works well.

Compared to the flyback converter, the duty 
cycle of the forward converter is more sensitive  
to changes in input voltage. The transformer’s 
turns ratio and input range determine the duty-
cycle range:

 

pri
OUT

sec

IN

N
V

N
D

V

×
=  (10)

VIN

Q1
Q4

Q5

Q2

VOUT
_

+Lmag

Fig. 19. Simplified power stage of an active-clamp forward 
converter with synchronous rectifiers.

1

4

VDS_Q1
(50 V/div)

VDS_Q2
(50 V/div)

2

Ipri
(1 A/div)

Time (1 µs/div)

Fig. 20. Primary-side waveforms during no-load 
operation.
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When determining the transformer turns 
ratio, it is good practice to limit the maximum 
duty cycle to 75% or less to prevent excessive 
voltage stress at low input voltages. In Fig. 21, 
the voltage stress on the primary FETs, given 
by Equation (3), is plotted against the input 
voltage. At input voltages of less than 36 V, the 
duty cycle was set at 70%. At low input voltages, 
the denominator (1 – D ) in Equation (3) dom i-
nates, and the drain-to-source voltage can 
quickly get out of hand if the duty cycle is not 
limited by the controller.

Active-Clamp Circuit
As with the flyback converter, most of the 

energy stored in the primary leakage inductance 
is recycled in the clamp capacitor instead of 
being wasted in a lossy snubber. However, 
contrary to the flyback converter, in which the 
clamp capacitor resonates with the leakage 
inductance, in the forward converter the clamp 
capacitor resonates with the series combination 
of the leakage and magnetizing inductances. 
Typically, the leakage inductance is equal to 1 
to 2% of the magnetizing inductance, so the 
value of the magnetizing inductance dominates. 
The clamp frequency of the forward converter 
is given by

clamp
magnetizing clamp

1f .
2 L C

=
p ×

 (11)

The clamp resonance occurs while Q1 is off 
and Q2 is on. This produces the distinctive 
“hump” on the drain waveform of Q1. Using a 
clamp capacitor that is too small allows the 
magni tude of the hump to become excessive. 
However, a clamp capacitor that is too large can 
create problems due to a sluggish duty-cycle 
response to large-signal changes [7]. The 
magnitude of the “hump” is given by

IN
hump 2

magnetizing clamp

V D (1 D)
V .

8 L f C

× × −
=

× × ×
 (12)

Soft Switching
Inspecting the transitions of the switching 

waveforms reveals some of the power-saving 
advan tages of using the active-clamp topology in a 

forward converter. The main power-handling FET 
on the primary is Q1. Before Q1 turns off, the sum 
of the magnetizing current and the reflected output 
current is flowing through Q1. After Q1 turns off, 
this combined current is commutated through the 
clamp capacitor and body diode of Q2. After a 
small delay time, Q2 is turned on with zero voltage 
across its drain to source. This is shown in Fig. 22, 
which provides a close-up view of this transition. 
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Fig. 21. Duty cycle clamped at 70% with input  
below 36 V.
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Fig. 22. Forward converter’s primary-side switching 
waveforms as Q1 turns off.
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This switching event results in zero-voltage 
switching of Q2 under all loading conditions.

The other switching transition, Q1 turning 
on, is more complicated and may or may not 
result in zero-voltage switching, depending on 
the load current. Before this switching event 
occurs, both Q2 and Q5 are on. After Q2 is 
switched off, the transformer’s winding voltage 
falls, and Q5 is subsequently turned off. During 
heavy-load conditions, the output inductor 
current continues to flow through the body 
diodes of Q4 and Q5. This clamps the 
transformer’s winding voltage to a low level, 
preventing zero-voltage switching of Q1. This 
can be seen in Fig. 23, where the drain voltage 
of Q1 is clamped to the input-voltage level 
during the delay period.

At lighter loads, the output inductor current 
is flowing in the reverse direction before Q2 is 
turned off. After Q2 and Q4 are turned off, the 
inductor current is blocked by the body diodes 
of the synchronous rectifiers. Since the winding 
voltage is no longer clamped, the drain voltage 
on Q1 is allowed to fall all the way to ground 
before Q1 is turned on. This results in zero-
voltage switching of Q1 as shown in Fig. 24. It 
is possible to obtain zero-voltage switching of 
Q1 over the entire load range by using a very 
small output inductance. However, the resulting 
excessive peak currents make this impractical.

Self-Driven Synchronous Rectification
The turns ratio and input-voltage range 

determine the voltage stress on the two syn-
chronous FETs, which (neglecting the effect of 
the clamp resonance) can be calculated as

 

sec
DS_Q4 IN

pri

ND
V V

1 D N
= × ×

−
 (13)

and

 

sec
DS_Q5 IN

pri

N
V V .

N
= ×  (14)
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IQ1
(1 A/div)
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Fig. 23. Forward converter’s primary-side switch ing 
waveforms as Q1 turns on during heavy-load operation.
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Fig. 24. Forward converter’s primary-side switch ing 
waveforms as Q1 turns on during no-load operation.
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In Fig. 25, these voltage stresses are plotted for a 
3.3-V application using a 6:1 turns ratio. In this 
situation, FETs rated for 20 VDS would easily 
suffice for both synchronous rectifiers.

In order to implement self-driven synchronous 
FETs, the drain of Q4 is connected to the gate of 
Q3, and the drain of Q3 is connected to the gate of 
Q4. This eliminates the clunky circuitry associated 
with sending the gate-drive signals across the 
isolation boundary from the controller. The gate-
drive voltages need to be sufficiently high to 
ensure that the FET is fully enhanced over the 
entire line range. In addition, the gate voltage must 
be low enough to prevent an overvoltage condition 
at the gate. Using FETs with fast turn-off times is 
critical. If not fast enough, both synchronous FETs 
can be on simultaneously during the transitions, 
resulting in excessive shoot-through current. Turn-
on time is not as critical, as the body diode will 
allow the proper flow of current, with one excep-
tion. During light-load operation, the inductor 
current is reversed when Q4 is turned on. This can 
result in a voltage spike on the secondary if Q4 
turns on too slowly. Sometimes small gate resistors 
may be added to filter high-frequency noise spikes 
from the gates of the synchronous rectifiers. If a 
gate resistor is used, a parallel diode should also 
be added to allow a quick turn-off time.

At higher output voltages, the secondary 
voltages become more difficult to manage. For 
example, a 12-V output with a 1.88:1 turns ratio 
results in the voltage stresses shown in Fig. 26. 
For this example, 60-V FETs could be used. 
However, additional circuitry is required to prevent 
catastrophic damage to the gates of the synchronous 
rectifiers. Fig. 27 shows a simple gate-drive-
conditioning circuit. The Zener diode, D8, clamps 
the gate voltage to an acceptable level, while Q6 
provides a high-gain path to turn on the FET. 
Diode D7 provides a path to quickly discharge the 
gate and turn off the synchronous rectifier. If 
needed, a small capacitor can be added in parallel 
with R3 to speed up the turn-on transition. The 
power losses in the gate-drive components can be 
calculated as follows:
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DRV D8

D7 D7
V V

P D V
R3
−

= × ×  (16)

 Q6 gate sw DRV D7P Q f (V V )≈ × × −  (17)

At very high output voltages, losses in the gate- 
drive circuitry become excessive. At these voltages, 
currents are typically lower, and diodes are a better 
choice for the secondary switching devices. Alter-
na tively, controller-driven synchro nous rectifiers 
could be used. Table 3 lists the FET voltage ratings 
for common output-voltage levels.

Output 
Voltage

(V)
Primary-to-Secondary 

Turns Ratio

Synchronous 
FET VDS

(V)
3.3 6:1 20
5 4.5:1 30

12 1.88:1 60

tAble 3. synchronous-fet rAtIngs  
for common output voltAges

Examples of Forward-Converter Design
The schematic in Fig. 28 (see next page) shows 

a design example of a 3.3-V, 7.6-A active-clamp 
forward converter for PoE applications. The circuit 
is very similar to the example 3.3-V active-clamp 
flyback converter previously discussed. The big-
gest difference is the secondary side of the power 
stage. The synchronous rectifiers consist of two 
6-mW FETs in small QFN 3.3 × 3.3-mm plas tic 
packages. These FETs are rated for a VDS of 25 V. 

Some 10-W gate resistors were added to the gates 
of the synchronous FETs to filter any high-
frequency voltage spikes. The resulting efficiency, 
shown in Fig. 29, peaks at 93% at 3.5 A with a 
48-V input. With a high efficiency, this supply con-
sumes less of the limited input power, allowing the 
load to use more.

In the forward converter, the active-clamp cir-
cuit conditions the transformer’s winding voltage 
during the reset portion of the switching cycle. 
This provides a smooth and predictable voltage 
that is ideal for driving synchronous rectifiers 
directly from the power transformer. Without an 
active clamp, the drive signals for the synchronous 
rectifiers are typically sent from the primary-side 
controller across the isolation boundary and require 
significant additional circuitry. For more infor ma-
tion on forward converters with the RCD clamp, 
see References [8] and [9].

The schematic in Fig. 30 (see page 2-20) 
shows a design example of a 12-V, 2.1-A active-
clamp forward converter for PoE applications. 
This design uses 60-V synchronous rectifiers and 
requires the gate-drive-conditioning circuit. The 
result ing efficiency, shown in Fig. 31, peaks at 
92%, compared to only 87% for a 12-V forward 
converter with an RCD clamp and diode rec ti fiers. 
Compared to the 3.3-V active-clamp forward con-
verter, the extra loss associated with the gate-
drive-conditioning circuit offsets the lower con-
duction losses that are due to the lighter load 
current.
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III. choosIng the rIght 
converter

With the addition of an active-
clamp circuit and synchronous recti-
fiers, the flyback and forward con-
verters can both achieve efficiencies  
of greater than 90%. Higher conduction 
losses in the flyback converter give 
the forward topology better efficiency, 
particularly at lower output voltages. 
In addition, using a flyback converter 
with syn chro nous FETs and an active-
clamp circuit raises other concerns that 
require a more complicated design.

A. Converter Size
Fig. 32 shows the difference in the 

size of the two topologies. The primary 
components of both converter types 
are almost identical, with two major 
differences. First, the flyback converter 
requires a larger reset FET due to higher peak and 
RMS currents in the clamp circuit. Second, the bias 
voltage on the forward converter requires two 
rectifiers and an inductor, whereas the bias voltage 
on the flyback converter needs only a single 
rectifier. The flyback converter is larger because it 
has a larger power transformer and requires more 
ceramic capacitors on the output to handle a much 
larger RMS current. The forward converter’s 
power transformer is smaller because it operates 
in the first and third quadrants and does not store 
energy, but a larger output inductor is required to 
store energy. The flyback inductor is for filtering 
only and does not need to store energy.

B. Converter Cost
Table 4 compares the relative cost of the fly-

back and forward converters. The forward converter 
has higher costs associated with a larger output 
inductor and a bias inductor. Even though the 
forward converter uses two synchronous FETs, 
they are smaller than the single, larger synchro-
nous FET used in the flyback converter; so cost is 
about the same for either converter. The flyback 
con verter has higher costs due to a larger trans-
form er, more ceramic output capacitors, and a 
larger reset FET. For low-voltage outputs at a 
power level of 25 W, the forward converter has the 
cost advantage.

tAble 4. cost compArIson of flybAck And forwArd converters

Flyback Converter Forward Converter
Component Size Cost Size Cost

Power Transformer EFD20 $$$ EP13 $$
Output Inductor Smaller $ Larger $$
Bias Inductor     — — Small $
Reset FET SO-8 $$ SOT-23 $
Synchronous FET One PWRPAK SO-8 $$ Two 3 × 3-mm QFNs $$
Ceramic Output 
Capacitors

Four 1210 $$$$ One 1206 $

Fig. 32. Size comparison of flyback (top) and forward (bottom) 
converters.
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With a 12-V output at 25 W, using a diode rec-
tifier and an RCD clamp is a viable option for the 
fly back converter. The reset FET and synchro nous 
FETs are replaced with less expensive diodes. The 
drive circuits for both FETs are also eliminated. 
In this case the cost advantage goes to the flyback 
converter.

The added efficiency resulting from lower inter-
nal losses can also result in additional cost savings 
from reduced heat-sinking requirements. At the 
25-W power level, heat sinking is usually not 
required, but at higher power levels significant 
cost savings can be realized.

C. Converter Efficiency
Fig. 33 compares typical efficiencies that can be 

achieved with different topologies from a 48-VDC 
source. At lower power levels, the diode-rectified 
flyback converter is very cost-effective and usually 
provides acceptable efficiency, but it is generally 
limited to a maximum output current of 3 A due to 
losses in the output diode. Adding synchronous 
rectifiers and an active clamp extends the flyback 
converter’s range to about 35 W regard less of the 
output voltage. At power levels of 25 W and higher, 
the active-clamp forward converter with syn chro-
nous rectifiers provides the most efficient solution.

It is interesting to note that at these higher 
power levels, there is an overlap between the possi-
ble topologies. For 3.3-V and 5-V outputs, the for-
ward converter is usually the best choice. However, 
for a 12-V output, the difference in efficiency is 
not as significant. If cost is the overriding require-
ment, a diode-rectified flyback converter is usually 
selected for a 12-V output. If efficiency is the main 
concern, the synchronous forward converter is the 
clear choice for a 12-V output.

In general, if cost is more important than size 
or efficiency, the flyback converter is usually the 
best choice. If the only goal is maximizing effi-
cien cy, the forward converter is usually best. 
However, the flyback converter provides excellent 
cross-regulation for multiple output supplies, elim-
i nating the need for postregulators. Restrictions on 
the leakage inductance and clamp-capacitor values 
for the flyback converter suggest that an active 
clamp is not suitable for low-leakage flyback 
transformers.
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