ON Semiconductor

Is Now

onsemi

To learn more about onsemi™, please visit our website at
www.onsemi.com

onsemi and ONSEMI and other names, marks, and brands are registered and/or common law trademarks of Semiconductor Components Industries, LLC dba “onsemi” or its affiliates and/or
subsidiaries in the United States and/or other countries. onsemi owns the rights to a number of patents, trademarks, copyrights, trade secrets, and other intellectual property. A listing of onsemi
product/patent coverage may be accessed at www.onsemi.com/site/pdf/Patent-Marking.pdf. onsemi reserves the right to make changes at any time to any products or information herein, without
notice. The information herein is provided “as-is” and onsemi makes no warranty, representation or guarantee regarding the accuracy of the information, product features, availability, functionality,
or suitability of its products for any particular purpose, nor does onsemi assume any liability arising out of the application or use of any product or circuit, and specifically disclaims any and all
liability, including without limitation special, consequential or incidental damages. Buyer is responsible for its products and applications using onsemi products, including compliance with all laws,
regulations and safety requirements or standards, regardless of any support or applications information provided by onsemi. “Typical” parameters which may be provided in onsemi data sheets and/
or specifications can and do vary in different applications and actual performance may vary over time. All operating parameters, including “Typicals” must be validated for each customer application
by customer’s technical experts. onsemi does not convey any license under any of its intellectual property rights nor the rights of others. onsemi products are not designed, intended, or authorized
for use as a critical component in life support systems or any FDA Class 3 medical devices or medical devices with a same or similar classification in a foreign jurisdiction or any devices intended for
implantation in the human body. Should Buyer purchase or use onsemi products for any such unintended or unauthorized application, Buyer shall indemnify and hold onsemi and its officers, employees,
subsidiaries, affiliates, and distributors harmless against all claims, costs, damages, and expenses, and reasonable attorney fees arising out of, directly or indirectly, any claim of personal injury or death
associated with such unintended or unauthorized use, even if such claim alleges that onsemi was negligent regarding the design or manufacture of the part. onsemi is an Equal Opportunity/Affirmative
Action Employer. This literature is subject to all applicable copyright laws and is not for resale in any manner. Other names and brands may be claimed as the property of others.




FAIRCHILD.

Is Now Part of

ON Semiconductor®

To learn more about ON Semiconductor, please visit our website at
www.onsemi.com

ON Semicond and the ON Semiconductor logo are trademarks of Semiconductor Components Industries, LLC dba ON Semiconductor or its subsidiaries in the United States and/or other countries. ON Semiconductor owns the rights to a number
of patents, trademarks, copyrights, trade secrets, and other intellectual property. A listing of ON Semiconductor’s product/patent coverage may be accessed at www.onsemi.com/site/pdf/Patent-Marking.pdf. ON Semiconductor reserves the right
to make changes without further notice to any products herein. ON Semiconductor makes no warranty, representation or guarantee regarding the suitability of its products for any particular purpose, nor does ON Semiconductor assume any liability
arising out of the application or use of any product or circuit, and specifically disclaims any and all liability, including without limitation special, consequential or incidental damages. Buyer is responsible for its products and applications using ON
icond products, i with all laws, reg; and safety requil or standards, regardless of any support or applications information provided by ON . “Typical” p which may be provided in ON
Semiconductor data sheets and/or specifications can and do vary in different applications and actual performance may vary over time. All operating parameters, including “Typicals” must be validated for each customer application by customer’s
hnical experts. ON S or does not convey any license under its patent rights nor the rights of others. ON Semiconductor products are not designed, intended, or authorized for use as a critical component in life support systems or any FDA
Class 3 medical devices or medical devices with a same or similar classification in a foreign jurisdiction or any devices intended for implantation in the human body. Should Buyer purchase or use ON icond products for any such unintended
or unauthorized application, Buyer shall indemnify and hold ON Semiconductor and its officers, employees, subsidiaries, affiliates, and distributors harmless against all claims, costs, d and exp andr ble attorney fees arising out
of, directly or indirectly, any claim of personal injury or death iated with such ded or ized use, even if such claim alleges that ON S or was garding the design or manufacture of the part. ON Semiconductor
is an Equal Opportunity/Affirmative Action Employer. This literature is subject to all applicable copyright laws and is not for resale in any manner.




I
FAIRCHILD

I
SEMICONDUCTOR®

AN-4153

www.fairchildsemi.com

Designing Asymmetric PWM Half-Bridge Converters with
a Current Doubler and Synchronous Rectifier using
FSFA-Series Fairchild Power Switches (FPS™)

Introduction

In general, high-frequency operation allows the use of small-
sized passive components in switch-mode power supplies
(SMPS), though it causes the switching losses to increase in
a hard-switching mode. To reduce switching losses at high
switching frequencies, many soft-switching techniques have
been developed, including load-resonant and zero-voltage-
transition techniques.

Load-resonant techniques use a resonant feature of
capacitors and inductors during the entire switching period
to vary the switching frequency, depending on the input
voltage and load current. The change of the switching
frequency, i.e. pulse frequency modulation (PFM), makes it
difficult to design an SMPS including input filters. Since
there is no output inductor for filtering, the clamped voltage
across output-rectifying diodes allows designers to select
low-voltage-rating diodes. However, the absence of the
output inductor burdens the output capacitors when the load
current increases, making load-resonant techniques
unsuitable for applications with high output current and low
output voltage.

On the other hand, zero-voltage-transition techniques use a
resonant feature between parasitic components during turn-
on and/or turn-off transitions of the switching period. One of
the advantages of these techniques is to use the parasitic
components, such as the leakage inductance of the main
transformer and the output capacitances of the switches, so
there is no need to add more external components to achieve
soft switching. In addition, these techniques take pulse-width
modulation (PWM) up with fixed-switching frequency.
Therefore, these are easier to understand, analyze, and
design than load-resonant techniques.

Due to its simple configuration and zero-voltage switching
(ZVS) characteristic, an asymmetric PWM half-bridge
converter is one of the most popular topologies using the
zero-voltage-transition technique. In addition, the ripple
component of the output current due to an output inductor
becomes small enough to be handled by an appropriate
output capacitor. Being easy to analyze and design and
having an output inductor, it is generally used for
applications with high output current and low output voltage

(e.g. game console power supplies). To handle the large
output current, using a synchronous rectifier in the
secondary side is popular to obtain the conduction losses as
ohmic losses instead of diode losses. In addition, a current
doubler increases the utilization of the main transformer
when the output current is high.

Fairchild’s FSFA-series of green power switches (FPS™)
integrates a PWM controller and MOSFETs specifically
designed for asymmetric-controlled topologies with minimal
external components. Compared with discrete-PWM-
controller-and-MOSFETs solutions, FSFA-series switches
can reduce total cost, bill of materials (BOM) list, size, and
weight, while simultaneously increasing efficiency,
productivity, and system reliability.

This application note describes design considerations of an
asymmetric PWM half-bridge converter with current
doubler and synchronous rectifier employing FSFA-series
switches. It includes a step-by-step design procedure as well
as the general features and operational principles of the
proposed topology.

1. Operational Principles of a
Conventional Asymmetric PWM
Half-Bridge Converter

Figure 1 shows a conventional asymmetric PWM half-
bridge converter with a center-tapped transformer. While the
switch S; operates with a duty D, depending on the input
voltage and load current, the switch S, operates with /-D.
During DTy, V.-V, is applied on the primary side of the
transformer and the secondary diode D; turns on. The
primary current i, increases since the magnetizing current
i,, of the transformer (not illustrated) and the output inductor
current iy, increase together. During (7-D)Ts, V¢ is applied
on the transformer and D, turns on. The capacitor C, is not
only a voltage source during (/-D)T but also a DC-blocking
capacitor to prevent transformer saturation. When the
volt-sec balance for the magnetizing inductance of the
transformer is applied, the following is obtained:
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Figure 1. Conventional Asymmetric PWM Half-
Bridge Converter with a Center-Tapped Transformer

(Vin =Vep) x D=V x (1= D)

1
= Ve, =DV, @
The volt-sec balance for the output inductor yields:
(—Vf”_VCb —VojxDz(VO —@jx(l—p) )
n n

where 7 is the turns ratio of the transformer.

Combining Equations (1) and (2), the output voltage is
obtained as:

v, = (Mj < 3)

n

As can be seen in Figure 2 (the gain curve according to the
duty cycle using Equation (3) ignoring turns ratio ), the
gain is proportional to the duty cycle up to 50% and
inversely proportional to it above 50%. Because of this
symmetry, the maximum duty cycle should be restricted up
to 50% to regulate the output voltage.

The loss parts of the duty cycle by the leakage inductance
are not considered in Equation (3). Figure 3 shows the key
waveforms of the conventional asymmetric PWM half-
bridge converter illustrated in Figure 1. Since both
secondary rectifying diodes conduct, the voltage across the
primary side of the transformer becomes zero during D,,; s
and D,,»Ts. As a result, the output voltage is not as high as
in Equation (3), which is obtained by averaging, rectifying,

Gain

0.5

0 50% 100% Duty

Figure 2. Normalized Gain Curve

APPLICATION NOTE
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Figure 3. Key Waveforms of the Conventional
Asymmetric PWM Half-Bridge Converter

2 3

and scaling down vz; by n. In addition, the applied voltage
on the primary side of the transformer during powering
modes (¢,~t, and t5~t,) is slightly less than V;—V¢, or V¢,
due to the leakage inductance L, as shown in Figure 3.
Therefore, the output voltage equation could be obtained as:

Lm 2D(1 — D)Vm
Vo =
LWI + le n

where Ip is the output load current and Vr is the forward
voltage drop of the secondary side-rectifying diodes.

_ 410le
I’lzTS

] —Vr (4)

To design the transformer, the magnetizing current must be
known. Assume that the magnetizing inductance and the
output inductance are high enough for the current ripple on
them to be ignored and the leakage inductance is low
enough for the duty loss parts to be neglected. Then the
current waveforms are simplified as shown in Figure 4. To
meet the current-sec balance for C,, the positive part of the
primary current i, is equivalent to the negative part such
that the magnetizing current is obtained as:

same area

- I

\\‘

Figure 4. Simplified Current Waveforms in the
Primarv Side
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(1m+1—0jxD:(—Im+[—0]><(l—D)
n n

; (5)
= [,=(-2D)-<
n

where [,, is the DC component of #,. As can be seen in
Equation (5), I, could be zero when the duty cycle is 50%.
Generally i,, has a DC offset, so the core saturation has to be
taken into account when the transformer is designed.

2. Operational Principles of an
Asymmetric PWM Half-Bridge
Converter with Current Doubler and
Synchronous Rectifier

For low-output-voltage and high-output-current applications,
the current doubler is widely used. Figure 5 illustrates the
asymmetric PWM half-bridge converter with the current
doubler on the secondary side. The secondary winding is a
single-ended configuration, while the output inductors are
divided into two smaller inductors. To increase the total
efficiency, a synchronous rectifier (SR) comprised of
MOSFETs with low Ry is used. The current doubler has
several advantages compared to the conventional center-
tapped configuration. First, the DC component of the
magnetizing current is lower than or equal to that of the
center-tapped configuration, which makes it possible to use
the smaller core for the transformer. The amount of the
magnetizing current is the same as that of the center-tapped
configuration when each output inductor carries half the
load current. The amount of the magnetizing current is
reduced when the output inductors carry the load current
unevenly. Second, the root-mean-square (rms) value of the
secondary winding current is smaller than that of the center-
tapped configuration, since almost half of the load current
flows through each output inductor. As a result, the low
current density for the secondary winding could be used
with the same core and the same gauge of wire. Third, the
winding itself is easier than the center-tapped configuration.
This is notable especially for multi-output applications
because of the limitation of the pin number of the bobbin of
the transformer. Fourth, the gate signals for SR are obtained
easily and effectively from the output inductors, as shown in
Figure 6(b). An appropriate gate voltage (e.g., between 10 V
and 20 V) could be easily obtained from the output
inductors due to an enough number of turns, while the
secondary side number of turns of the transformer is only a
few. Additionally, the separated output inductors reduce the
burden of the cost of the bigger core. These advantages
make the current doubler one of the most popular topologies
for high-output-current applications.

APPLICATION NOTE

2.1. Operational Principles

Figure 7 shows the mode analysis for the asymmetric PWM
half-bridge converter with the current doubler and
corresponding key waveforms. Assume ZVS is achieved
sufficiently with very short duration. The ZVS modes can be
ignored in the mode analysis. The ZVS operation is
discussed in detail in the next section. Other assumptions
are:

(1) The DC-blocking capacitor C, is large enough to
neglect the voltage ripple on it, and

(2) All elements in the circuit are ideal.

Figure 5. Asymmetric PWM Half-Bridge Converter
with the Current Doubler
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Figure 6. Methods for Producing the Gate Driver
Signal Using; (a) the Transformer; (b) the Output
Inductor
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Let’s start with Mode 2, a powering mode. When S; turns
on, V-V is applied on the primary side of the transformer.
The magnetizing current #,, increases with the slope of (V-
Ver)/Ly. The slope of the current of Ly; is determined by
subtracting the output voltage from (V;,-V¢,)/n because SR,
turns off. On the other hand, the current of Ly, decreases
with the slope of —Vy/Lg,, which is free-wheeling through
SR;. While two output inductors share the load current, SR;
carries the whole load current. The secondary winding of the
transformer handles only i;; so that i;o;/n is the reflected
current to the primary side of the transformer and it is
superimposed on the magnetizing current, which constitutes
the primary current ;. In fact, v, is slightly lower than the
value illustrated in Figure 7 due to leakage inductance (see
Chapter 1.) It is ignored in this section to simplify analysis.

When S; turns off, Mode 3 begins. As the output capacitance
of S, is discharged, vy; decreases. It becomes zero when the
output capacitance voltage of S, equals V. At this time, the

D

losslTS ) Dlosssz

APPLICATION NOTE

body diode of SR, turns on since its reverse-biased voltage
is eliminated. Subsequently, both SRs turn on together
during this mode. The body diode of S, turns on after the S,
output capacitance is wholly discharged and that of S; is
entirely charged. Since both SRs turn on, i;p; and i;¢, are
free-wheeling with the slope of —Vy/Lo; and —Vy/Lo,,
respectively, and vy; and vy, are zero, V¢, is applied only on
the leakage inductance, causing the primary current’s
polarity to change rapidly. When S, turns on after the S,
body diode conducts, the S, ZVS condition is achieved. The
duration of this mode is obtained as:

D, loss2 = [_0 le

X —— 6
n DV, xTs ©)
Mode 4, another powering mode, starts with the end of
commutation between SRs. The applied voltage on the
primary side of the transformer is —V, so that the
magnetizing current decreases with the slope of —V/L,, and

S1 S1

(Vey/n-Vo)/Ly,
o1

Isr2

Lo2

(d) Mode 4 (t,~t,)

(e) Key waveforms

Figure 7. Mode Analysis and Waveforms for Asymmetric PWM Half-Bridge Converter with the Current Doubler
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the slope of ijp; is (Veyn-Vo)/Los. The other inductor
current is free-wheeling through SR,. As can be seen in
Figure 7, the large ripple on each output inductor is
cancelled because of the out-of-phase. Therefore, two
smaller inductors can be used in the current doubler
configurations compared with the center-tapped or bridge
rectifying configurations.

When S, turns off, Mode 1 starts as another regenerating
mode. The operating principle of Mode 1 is almost the same
as Mode 3, except for a ZVS condition. In Mode 1, vy
becomes zero at the instant when the output capacitance
voltage of S; is equivalent to V;,-V,. Before this instant, the
load current on the output inductor Lo, is reflected to the
primary side of the transformer and helps to meet the ZVS
condition of the switches. The energy stored in the leakage
inductance only has to discharge and charge the output
capacitance of the switches after this instant. Therefore, the
ZVS condition for S; is harder than S, since V;,-V ¢, is higher
than V¢, in general. In all other respects, Mode 1 can be
analyzed in the same way as Mode 3. The duration of Mode
1 is obtained as:
1o Ly,

Dy =X ———— 7
(= D), xTy 7

The detailed output voltage is calculated with Equations (6)
and (7) as:

L DA-Dy, I,L
o m [ ( )m_ o lk]_VSR (8)

L, +1L, n n’Ty

where Vg is the voltage across the MOSFET as an SR
during powering modes. It is similar to Equation (4) except
for the turns ratio, which is half that of the conventional
converter.

By modifying Equation (5), the DC and ripple components
of i,, are obtained as:

1, :(1_D)Il&_Dﬂ 9)
n n
(l _D)Vin

Ai, =(DTs — D, . T) %
m ( S loss1 S) Lm +le

(10)

where I;o; and I;p; are the DC components of the output
inductor currents.

2.2. ZVS Conditions

In the previous section, the duration for ZVS operation was
omitted to simplify mode analysis. More detailed analysis
for ZVS operation is given in this section to discover an
exact ZVS condition for each switch. Figure 8 shows the
detailed modes for Mode 1.

From ¢, the primary current starts to charge and discharge
the output capacitance of the switches. Before the drain
voltage of S, vps; reaches to V-V, the dotted terminal of
the transformer is negative so that SR; is still reverse-biased.

APPLICATION NOTE

Therefore, not only the energy in the leakage inductance, but
also the energy of the load current, helps S; be discharged
from V;, to V;,-V¢,. After vpg; is reduced more than V-V,
the dotted terminal of the transformer changes its polarity,
which allows the body diode of SR; to turn on. Therefore,
the magnetizing inductance is short-circuited so that the
switches are charged and discharged by the energy in the
leakage inductance only from ¢,. Finally, vpg; is fully
discharged at #,, so the primary current flows through the
body diode of S; as can be seen in Figure 8(c). After ¢., the
primary current flows through both the channel and the body
diode since the gate signal of .S; is applied. Mode 2 begins
with the end of the commutation between SRs from ¢;.

For the ZVS operation of S; there are three conditions in
Figure 8, as follows:

(1) The energy in the leakage inductance should be
sufficient to discharge S; from V-V, to zero and
charge S, from V¢, to V.

(2) The instant #, must be earlier than when the primary
current changes its polarity. Otherwise, the drain
voltages of S; and S, are again charged and discharged,
respectively.

(3) The gate signal of §; must be applied before the
primary current changes its polarity.

Figure 9 shows the detailed modes in Mode 3. While the
detailed mode analysis is similar to the case of Figure 8,
three conditions for the ZVS operation of S, are different
from those of Figure 8:

(1" Since the polarity of the transformer terminals changes
when vpg; reaches V¢, the portion of discharging S, by
the load current, t,~f,, is much larger than #,~f, in
Figure 8. Therefore, the remaining portion of
discharging S, by the energy in the leakage inductance
only is shortened; the ZVS of S, is easier to achieve
compared with the ZVS of §;. Therefore, the energy in
the leakage inductance should be sufficient to discharge
S, from V¢, to zero and charge S; from V-V, to V.

(2") The commutation between SRs begins with the change
of polarity of the transformer terminals so that it takes
longer from ¢, to the instant when the currents in SRs
are equal. In addition, the commutation slope is more
sluggish than the case in Figure 8, since the applied
voltage on the leakage inductance is reduced to Vg,
from V,,-V¢y.

(3") The gate signal of S, must be applied before the
primary current changes its polarity if Condition (3) is
satisfied due to the same dead time and the reason
mentioned in (2°).

With respect to both energy ((1) and (1°)) and timing ((2 &
3) and (2° & 37)), the ZVS condition of S; is more difficult
to achieve than that of S, Therefore, the ZVS condition
should be considered with S; only. In general, the condition
for timing is easily satisfied if the condition for energy is
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satisfied. Therefore, the required leakage inductance for the
ZVS of both switches at special load condition can be
calculated as:

2
L > 2Cys5[(1- DYV, ] . 11
D(I_D)Vin XTS _I(J,tar 1- Lm +D1(),tar
2(Lm + LI/() 2n Lm + L/k n

where Cpgs is the output capacitance of the switch and /y
is the target load condition where a designer wants the
system to operate in ZVS condition with the leakage
inductance.

(d) Mode 1_4 (t~t,)

APPLICATION NOTE

An easy way to achieve ZVS for both switches even at light
load conditions is to increase Ly. However, the increased Ly
increases duty loss parts by reducing the slope of the
primary current in Modes 1 and 3. This results in the
increase of conduction loss for the reduced effective duty
cycle. Therefore, it is not recommended as a method to
increase L, for ZVS at very light load. According to
Equation (9), as the load current decreases, the DC
component of the magnetizing current decreases as well. If
the DC component of i, is less than half the ripple
component of i,, the ZVS operation is performed by the
magnetizing inductance with the leakage inductance. In
Equation (11), ignoring the second term in the denominator,

(e) Key waveforms

Figure 8. Detailed Mode Analysis During Mode 1
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rearrangement for L, yields:

D(I_D)Vm ><TS

(12)
DI
ZX{ M(I—D)Vm _O»W}
n

L,+L, <

Ik

To obtain appropriate L,, and L using Equations (11) and
(12), iterations are necessary. An example of this is given in
the next section.

(d) Mode 3_4 (tety)

APPLICATION NOTE

2.3. Synchronous Rectifier

It is more profitable that the conduction losses on the
secondary rectifying stage are composed of ohmic losses
instead of diode losses when the output current is high.
Since most of load current flow through the channel,
conduction losses can be reduced dramatically if
synchronous MOSFETs with very low Ry, (less than
several mQ) turn on and off appropriately. In buck-derived
topologies such as forward, half-bridge, and full-bridge
converters, the gate signal for SR is easily obtained from the

(e) Key waveforms

Figure 9. Detailed Mode Analysis During Mode 3
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main transformer (as shown in Figure 6(a)). Unlike flyback
or LLC converters, there is no need to add any other special
functions, except for the driving circuit. Ease of construction
of the SR driver is another reason to use the half-bridge
topology for high-output-load-current applications.

Moreover, when using a current doubler, it is more efficient
to get the gate signal from the output inductors than from the
main transformer (as shown in Figure 6(b)). Figure 10
illustrates the SR gate-signal waveforms from the main
transformer and the output inductors. It is difficult to tune up
the turns ratio n, and n, (where n,=ny/n; and n,=ny/n;) to
make the sufficient gate voltage (as shown in Figure 10(a)).
This is because both positive and negative parts are
dependent not only on the turns ratios #, and n, but also on
Vep. Additionally, the power loss by the negative part of the
gate signal is determined by the turns ratio, V¢, and V;,. On
the other hand, the power loss by the negative part of the
gate signal does not depend on the load condition (as shown
in Figure 10(b), where n.=n3/n; and n;=n,/n;). In addition,
during the duty loss part, D Ts and Dy, Ts, the gate
signals change their polarity to a negative value so that the
SRs turn off rapidly and definitely. This helps to reduce the
turn-off loss of the synchronous MOSFETs.

‘,4_.“ Diossi Ts }‘_,“ Dios2 Ts } } }
| | |
| (Vi Ver)/n | |
| | |
v | : |
- e T T
| | | | | | |
| | | | | | |
| | |
v Vi Ve/ning ! !
Vgate_SRI } } }
!
. | e/, | o
| | | | |
| | | | | | |
| | | | | | |
o | | [ |
| | | | |
Vgate sR2 || } Vew/n/ny ! }
| ]
| | } t
| | |
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_ S E,
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Figure 10. Gate Signals for Synchronous Rectifier; (a)
Transformer Coupled; (b) Output Inductor Coupled

APPLICATION NOTE

3. Design Procedure and Example

In this chapter, a design procedure is shown using the design
reference illustrated in Figure 11. The target system for this
example is a game console power-supply unit with 12 V of
output voltage and 30 A of output load current. To handle
the large output-load current, the current doubler with the
synchronous rectifier discussed in the previous chapter is
used. Since the input comes from a power factor correction
(PFC) circuit, the input-voltage range is not wide.

[STEP 1] System Specifications

The first step in designing is to define the system
specifications. Generally, a PFC circuit is used for medium-
or high-power applications such as LCD/PDP TV systems,
game console power supplies, and beam projectors to meet
international harmonic regulations. Thus, the input voltage
range for the main power stage (i.e. the output voltage of
PFC stage) is almost fixed (e.g., 370~410 V4.). However,
the input voltage range may be widened to meet special
requirements.

In this chapter, the target specifications are:
=  Nominal input voltage: 390 V.

= Input voltage range: 370~410 V.

= Output voltage: 12 V

= Output current: 30 A

= Switching frequency: 100 kHz

[STEP 2] Turns Ratio and Duty Cycle

The output voltage equation (Equation 8) is used to
determine turns ratio n. However, the output voltage
equation contains the leakage and magnetizing inductance,
which are not yet determined. Therefore, a designer should
make assumptions for the following:

= Vg considering Ry, of used MOSFETs as an SR;

= @, the ratio between L,, and L, +Ly;

= The leakage inductance that will be changed later by
iterations of Equations (11) and (12);

=  The nominal duty cycle at the nominal input voltage.

According to Equation (8), the turns ratio is obtained as:

1oL
D,(1=D, )V, +‘/<Dn (1=D,)Viyn)* =400 +Vsp) =27t
s _(13)

n=
2V +Vsg)

a

where V;,, and D, are the nominal input voltage and the
nominal duty cycle at V,,, ,, respectively.

For turns ratio n, the duty cycle at an input voltage and a
load current is calculated as:

1— 1_4["(V0+VSR)+ ToLy j
’ av, nV, Ty

= > (14)
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APPLICATION NOTE
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Figure 11. Reference Design Schematic
Design Example
& D 1— l1—a 6.5-(12-1—0.3)+ 9-20u
For the example, the following values are assumed: 0.95-410 6.5-410-10u
D . =
@30%
. VSR =0.3V 2
= 0is0.95 =0.305.

= The initial leakage inductance is 20 pH. This may be
increased after checking the ZVS condition. Taking the
core size for 360W into account, if Lj is less than this
value, the productivity is not good.

*  The nominal duty cycle at 390 V. is 0.4.

Using these values, the turns ratio is obtained by Equation
(13) as:

0.4-0.6-390 +_|(0.4-0.6-390) — 4(12 + 0.3)—2 204
~ 0.95-10u
"= 2(12+0.3)
0.95

=6.52

yielding a turns ratio is 6.5. The nominal duty cycle at the
nominal input voltage is recalculated by Equation (14) as:

1 _gf65-02+0.3)  30-20u
0.95-390  6.5-390-104
D, = . =0.397

[STEP 3] Magnetizing and Leakage Inductance

Using the turns ratio obtained in Step 2, the ZVS condition
could be checked with Equations (11) and (12).

Design Example

This example is designed to achieve the ZVS operation from
full- to 30%-load condition using the leakage inductance and
the magnetizing inductance. The duty cycle at 30% load
condition and the maximum input voltage is obtained by
Equation (14) as:

Since Cpgs of the FSFA2100 MOSFETs is 150 pF, the
required leakage inductance is obtained with Dg3z,,=0.305
as:

2C,[1 =Dy, T

>
2
{D(I_D)meTs 710,1ar (1 Lm J+D10.iar}

2(L, +Ly) 2n - L,+Ly n
2-150p-[(1-0.305) 410

0305-(1-0305)-410x10% 9 (| 400u )
2(400, +20 1) 2x6.5 4004 +20u

=12.04H.

0.305-9)"
65

The required leakage inductance is 12.0 pH, which is too
small to control in a mass production. If the obtained value
is larger than the assumed value, the obtained value is used,
and the SMPS designer must repeat Step 2 to check if the
turns ratio is still valid. However, in this design example, the
designer chooses the initial value for productivity, and there
is no iteration needed.

Ipn’

Figure 12. Primary Current Waveform
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The magnetizing inductance can be determined using
Equation (12) as:

D(1- DY, xT;
Ln1+le< ( )ll1><

DI
2% 2Coss (1- D)Vm—ﬂ
L, n

0.305-(1-0.305)-410-10u
2-150p 0.305-9
201

zx{

=638 uH.
Therefore, L, is selected as 600 pH.

22220P (1-0.305)- 410 -

[STEP 4] Transformer

Using Equations (9) and (10), the peak magnetizing current
is obtained as:

I, +A; —(1- D)[LOZ D1L01
n
(15)
1-D)V;
+(DTS _DIUSSITS)X@
2Ly + Ly

The maximum value of the peak magnetizing current occurs
when each output inductor carries half the load current for
the worst case and the duty cycle is zero during startup or
transient instant. Therefore, the maximum i, is:

1o
2n

. max _
[ =

(16)

The minimum number of turns for the transformer primary
side is given as:

Ll.max
A,B,

e’ max

min
NP =

(17)

where A, is the effective cross-sectional area of the used
core in mm?, and B, is the maximum flux density in Tesla.
B = 0.2~0.25 T is recommended if there is no reference
data.

The number of turns for the transformer secondary side is
obtained as:

Ne

n

Ng = (18)

where N is larger than Np"" in Equation (17).

The diameter of the wire is selected based on the current
density, whose range is generally 4~10 A/mm’. It is
recommended to select the current density as low as possible
to reduce conduction losses on the wire. However, try to
reduce the winding layers at the same time. The more
winding layers, the more circulating current caused by the
proximity effect. Sometimes trying to reduce conduction
losses by increasing the wire diameter makes conduction
losses increase by increasing the circulating current. In

APPLICATION NOTE

addition, it is better to choose a wire with multi-strands of
thinner wire, such as Litz wire, to minimize the skin effect.

When the output inductor current ripple is ignored, Figure
12 shows the primary-current waveform. The rms value of
this waveform is given as:

2 2 2 2
iprms_\/(lPl +1P11P2+1P2 )D+(1P3 +IP33]P4+]P4 )(1,[)) (19)

3
I Ai
Ipy ="y, - (20)
n 2
I Ai
Ipp =0y, + 2 @1)
n
I Ai
1P3 __2L0o2 ;m (22)
I Ai
Ip, :—%+Im —% (23)

where I, and 4i,, are defined in Equations (9) and (10).

For the secondary-side winding, half the load current is the
rms value when it is assumed that each output inductor
carries the load current evenly and the ripple on the output
inductor is small enough to be ignored.

Design Example
When the duty cycle is zero, the maximum i, is obtained as:

30

. max

i _1o _ =2.314.

T 265
The given core is EER4042 (4.~158 mm?). The minimum
turns number for the transformer primary side is calculated
as:

max

Li

m_m

" T 4B

e~ max

min

_6004-2.31
158-0.23

=38.14

When Np is selected as 39, the secondary turns number is
obtained as 6.

Use Equations (19)-(23) to get the rms value of the
transformer primary side current. Assume each output
inductor carries the output load current evenly at the
nominal condition (D,=0.397).

15 1.357

Ip =——+0475-—"22=2.104
Iy =22 10475+ 1337 3464
6.5 2
Tpy == 1047542337 _ ) 154
6.5
15 1.357

Ipy == 40475 - =-2514
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Therefore, the rms value of the transformer primary side
current is obtained by Equation (19) as:

[2.12 +2.1:3.46+3.46°)
-Pr”’l.y — 2 3 2
L (CLIS? +(-LISY-25D) +(-2.5)?)

3

0.397

(1-0.397)
=2294.

The rms value of the transformer secondary side current is
half the load current, so ig™=15 A.

Since the diameter of the wire becomes too thin, it is not
easy to wind 39 turns for the primary side of the transformer
in two layers. Choose the biggest wire that can be wound 13
turns in one layer of the bobbin for EER4042. Due to
consideration of the skin effect, Litz wire of 100 strands
with AWG38 (American wire gauge) is selected as the
primary wire. In this case, the current density is around 2.9
A/mn?’. For the secondary side, 250-strand Litz wire with
AWG36 is chosen where the current density is around 4.7
A/mn?’.

[STEP 5] Output Inductance
The output inductor current ripple is given as:

(Vo +Vsr )(1 =D+ Dy, T

Aipg = I (24)
o1
Aiyp, = (Vo + Vs XD + Diygs)Ts 25)
Loy

In general, the current ripple on the output inductor is set to
10-20% of the rated output load current.

Design Example

In the design example, the ripple on each output inductor is
selected to be less than 20% of the rated output load current.
The inductances are calculated as:

_ (Vo + VSR )(1 -D+ Dzam)Ts

L. =
201 AiL()l
_ (12+0.3)(1-0.397+0.039)x 10 —13.2uH
6
(V() +VSR)(D+D/ 2)TS
LZOZ — - 0SS
Al p, :
2+ 0.3)(0.392 +0.060)x104 _g

To increase productivity, both output inductors are selected
as the same value, 15uH.

[STEP 6] Operating frequency

In Figure 11, the operating frequency fs is obtained by using
the following equation when FSFA-series is used.

APPLICATION NOTE

27k

105

fo= x100 [kHz] (26)

Design Example

For the design example, the frequency setting resistor R s is
selected as 27 kQ for 100 kHz operation.

[STEP 7] DC-Blocking Capacitance

It has been assumed that the DC-blocking capacitor is large
enough to neglect the voltage ripple on it. However, too
large a DC-blocking capacitor leads to slow dynamic
response. Therefore, it is recommended to make the voltage
ripple on the DC-blocking capacitor around 10% of the
input voltage. The voltage ripple on the DC-blocking
capacitor is obtained as:

Dypsi Ts X Ipy + D52 Ts X 1 py
1 « 2 2
2G, + (D = Dyyss)Ts x (Upy +1py)
2

Avgy = @27)

Design Example

When the voltage ripple on the capacitor is 30 V, the DC-
blocking capacitance is calculated using Equation (27) as:

Dyt Ts X 1 py " DypyisTs X 1 py
1 « 2 2
2Aveyp, n (D =Dy )Ts x Up, +1py)
2
0.039x10ux2.1 N 0.06x101x3.47
r 1 « 2 2
2x30 N (0.397-0.039)x10ux (2.1+3.47)

2

Cl 02 =

=190nF
Therefore, 220 nF is selected as the DC-blocking capacitor.

[STEP 8] Sensing Resistor

The pulse-by-pulse current limit of the FSFA-series switches
can be adjusted by changing R;); in Figure 11. It is
determined by the peak of the primary current obtained
using Equation (21) when the input voltage is maximized.
Due to the ripple current of the magnetizing inductance, the
maximum peak of the primary current happens when the
input voltage is maximized.

Design Example

Continuing with the example, calculate the duty cycle at the
maximum input voltage and full-load conditions using
Equation (14).
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1- l1-4 n(V0+VSR)+ ToLy
al,  al,T,
D,

@A4107,100% — b

6.5-(12+0.3) 30x 204

ST 6.5x410x10
DX X

) %zoﬂxﬂo H

B 2

~0.338.

Then, the peak of the primary current is obtained combining
Equations (7), (9), (10), and (21) as:

I, :@+1m +Al’”
n
~lioy - pylier_plia
n n n
+l T, 1()L[k x (I_D)Vin
2 y n(1-D)V, L,+L,
B o032 o338 12
6.5 6.5 6.5

+;(0.338x10,u— 30x20u Jx(l—0.338)-410

6.5-(1-0.338)-410 6002 +20u
=3.724

Since the internal threshold voltage for the pulse-by-pulse
current limit is -0.58 V, 0.1 Q is selected as the sensing
resistor, R;y;.

[STEP 9] Synchronous Rectifier

The voltage stresses on the SRs are calculated as:

DV,
Veri = — (28)
n
1-D Vin
Vsra _ =Dy n) (29)

For windings to drive the gate of the SRs, during powering
modes the voltages across the output inductors are:

(l - D)Vm
Vioo=———"Vo (30)
DV,
Vioa = Vo (31)
n
Design Example

Considering the worst case for each SR, the voltage stresses
on them are:

DV, 0.5x410
V, =—M=—"=32
olol n 6.5

(a-Dy, (@1-0)x410
VQ102 = = =64

6.5

APPLICATION NOTE

An N-channel power MOSFET with 8mQ of R, and
100V of the voltage rating, HUF75652G3, is selected for
both SRs with consideration of the voltage ringing and
overshoot.

The voltages across the output inductors during powering
modes are:

in (I_D@370V,100%)'370_V

Vigor = 0
n
(10459370, g
6.5
Vygo™ = LZ9410 0 4101y sy
n 6.5
min OXVin
Vi = —Vp=-12
n
D 0, ><370
Vo™ = @370V,1’20/o ¥, :%_12 =14

To protect the SRs, the gate signal has to be restricted +20
V. The turns ratios between the output inductors and the
windings for the gate drivers are:

N,
Nl
N,
N2

[STEP 10] External Soft Start

At startup, the duty cycle starts increasing slowly to
establish the correct working conditions for transformers,
inductors, and capacitors. The voltage on the output
capacitors is progressively increased to smoothly establish
the required output voltage. For the FSFA-series, the soft-
start time is internally implemented for 15ms when the
operating frequency is set to 100 kHz. In addition, to help
the soft-start operation, a capacitor and a resistor are
connected on the Ry pin externally, as shown in Figure 11.
Before the power supply is powered on, the capacitor Cjy;
remains fully discharged. After power-on, C;y; becomes
charged gradually by the current through the Ry pin, which
determines the operating frequency. The current through the
Rr pin is inversely proportional to the total impedance of the
connected resistors. The total impedance during startup is
lower than that of the normal operation because R;y; is
added on Rjy; in parallel, which means the operating
frequency decreases continuously from higher to nominal.
Eventually, C;y; is fully charged to the Ry pin voltage and
the operating frequency is determined by R;s only.

During C)y; charging time, the operating frequency is higher
than during normal operation. In asymmetric PWM half-
bridge converters, a switching period contains powering and
commutation periods. The energy cannot be transferred to
the output side during the commutation period. Since the DC
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link voltage applied to the Vpp pin and the leakage
inductance of the main transformer are fixed, the powering
period over the switching period is shorter in high switching
frequencies. As Cjy; is charged, the switching frequency
decreases so that the powering period over the switching
period increases. It is helpful to start SMPS with the internal
soft-start time together.

Design Example

In the design example, 2.2 pF and 12 kQ are selected as Cjy;
and R;;, respectively.

APPLICATION NOTE

4. Design Summary

Figures 13 and 14 show the full schematic of the reference
design and its transformer configuration. Table 1 shows the
detailed wire information of the transformer. The electrical
features of the transformer are described in Table 2.

ILo2
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Figure 13. Full Schematic with Components Values of the Reference Design
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Figure 14. Transformer Construction of the Reference Design
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Table 1. Transformer Winding Specifications
Pin

APPLICATION NOTE

Winding (start  end) Winding Method
Insulation Tape (25 um) 1T
2 Np 1>38 Litz wire (AWG38%100 strands) 39T Solenoid
Insulation Tape (25 um) 1T
1 Ns 16 >9 Litz wire (AWG36x250 strands) 6T Solenoid
NOTE:
1. Insulation tape (25 um, 1T each) should be inserted between the layers.
Table 2. Transformer Electrical Characteristics
Pin Spec. Remark
.. _ 600 pH (typical) 100 kHz, 1 V
Magnetizing Inductance (L,,) 1-8 (600 uH = 5%) All other pins open
100 kHz, 1 V
j— 0, >
Leakage Inductance (L) 1-8 20 pH + 10% All other pins shorted

5. Experimental Results

Figures 15 and 16 show the experimental waveforms of the
converter designed in the previous chapter at the nominal
input and the full-load condition. The gate signal of §;, the
primary- and secondary-side voltages across the main
transformer, and the primary current are shown in Figure 15.
These waveforms are consistent with the theoretical
analysis, including the ZVS operation. The output inductor
currents and the SRs’ currents are shown in Figure 16. The
output inductor currents are unbalanced due to the duty
cycle and the parasitic components, which means the
averaged magnetizing current is smaller than that of the
center-tapped configuration.!"

Figure 17 shows the winding voltages for the gate driver
circuits of SRs at the full-load condition. The upper
waveforms are for the inductor coupling illustrated in Figure
6(b), while the lower ones are for the transformer coupling

T Vgest (BVAIV) T
e — e+ Ea—
| vrq (100V/div.)
) V12 (20V/AiV.)
2us/div. e e RAMY)
f, \\ ,-" A <
omsors AT a m

Figure 15. Experimental Waveforms

illustrated in Figure 6(a). As can be seen in Figure 17, since
the winding voltage decreases to the negative at the turn-off
transition in the upper waveforms, the SRs are turned off
more rapidly and definitely than in the transformer coupling
case. In Figure 17, the smaller negative parts in the inductor
coupling case are shown compared to the transformer
coupling case. The smaller negative parts allow the power
losses on the gate driver circuit for SRs to be reduced.

The ZVS operations at various load conditions are shown in
Figure 18. The drain voltage and the gate signal of the lower
side switch are displayed. As designed in the previous
chapter, the converter shows ZVS operation downs to 30%
load condition.

The efficiency of the converter is shown in Figure 19. The
measured efficiencies are 93.7%, 94.6%, and 93.1% at 20%,
50%, and 100% of the rated load condition, respectively. It
shows a marginal performance so that the 85 PLUS program
can be achieved with well-designed PFC and DC-DC stages.

101 (5A/div.)

Loz (5A/diV.)

isr (10A/div.)  isrs (10A/div.)

A A IA

Figure 16. Waveforms for the Secondary Side
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Figure 18. ZVS Verification; (a) at 40% Load; (b)
at 30% Load

¥ ko ﬁhw.

APPLICATION NOTE

96

95
93.7%
% T 94.6%
93 r
93.1%
92

91

Efficiency [%]

90

89

88
10 20 30 40 50 60 70 80 90 100
Load [%]

Figure 19. Measured Efficiency of the Designed Converter
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APPLICATION NOTE

DISCLAIMER

FAIRCHILD SEMICONDUCTOR RESERVES THE RIGHT TO MAKE CHANGES WITHOUT FURTHER NOTICE TO ANY PRODUCTS
HEREIN TO IMPROVE RELIABILITY, FUNCTION, OR DESIGN. FAIRCHILD DOES NOT ASSUME ANY LIABILITY ARISING OUT OF THE
APPLICATION OR USE OF ANY PRODUCT OR CIRCUIT DESCRIBED HEREIN; NEITHER DOES IT CONVEY ANY LICENSE UNDER ITS

PATENT RIGHTS, NOR THE RIGHTS OF OTHERS.
LIFE SUPPORT POLICY

FAIRCHILD’S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT DEVICES OR SYSTEMS
WITHOUT THE EXPRESS WRITTEN APPROVAL OF THE PRESIDENT OF FAIRCHILD SEMICONDUCTOR CORPORATION.

As used herein:

1. Life support devices or systems are devices or systems
which, (a) are intended for surgical implant into the body, or
(b) support or sustain life, or (c) whose failure to perform
when properly used in accordance with instructions for use
provided in the labeling, can be reasonably expected to
result in significant injury to the user.

A critical component is any component of a life support
device or system whose failure to perform can be
reasonably expected to cause the failure of the life support
device or system, or to affect its safety or effectiveness.

© 2008 Fairchild Semiconductor Corporation
Rev. 1.0.0 + 12/9/08 16

www.fairchildsemi.com



ON Semiconductor and J are trademarks of Semiconductor Components Industries, LLC dba ON Semiconductor or its subsidiaries in the United States and/or other countries.
ON Semiconductor owns the rights to a number of patents, trademarks, copyrights, trade secrets, and other intellectual property. A listing of ON Semiconductor’s product/patent
coverage may be accessed at www.onsemi.com/site/pdf/Patent-Marking.pdf. ON Semiconductor reserves the right to make changes without further notice to any products herein.
ON Semiconductor makes no warranty, representation or guarantee regarding the suitability of its products for any particular purpose, nor does ON Semiconductor assume any liability
arising out of the application or use of any product or circuit, and specifically disclaims any and all liability, including without limitation special, consequential or incidental damages.
Buyer is responsible for its products and applications using ON Semiconductor products, including compliance with all laws, regulations and safety requirements or standards,
regardless of any support or applications information provided by ON Semiconductor. “Typical” parameters which may be provided in ON Semiconductor data sheets and/or
specifications can and do vary in different applications and actual performance may vary over time. All operating parameters, including “Typicals” must be validated for each customer
application by customer’s technical experts. ON Semiconductor does not convey any license under its patent rights nor the rights of others. ON Semiconductor products are not
designed, intended, or authorized for use as a critical component in life support systems or any FDA Class 3 medical devices or medical devices with a same or similar classification
in a foreign jurisdiction or any devices intended for implantation in the human body. Should Buyer purchase or use ON Semiconductor products for any such unintended or unauthorized
application, Buyer shall indemnify and hold ON Semiconductor and its officers, employees, subsidiaries, affiliates, and distributors harmless against all claims, costs, damages, and
expenses, and reasonable attorney fees arising out of, directly or indirectly, any claim of personal injury or death associated with such unintended or unauthorized use, even if such
claim alleges that ON Semiconductor was negligent regarding the design or manufacture of the part. ON Semiconductor is an Equal Opportunity/Affirmative Action Employer. This
literature is subject to all applicable copyright laws and is not for resale in any manner.

PUBLICATION ORDERING INFORMATION

LITERATURE FULFILLMENT: N. American Technical Support: 800-282-9855 Toll Free  ON Semiconductor Website: www.onsemi.com
Literature Distribution Center for ON Semiconductor USA/Canada
19521 E. 32nd Pkwy, Aurora, Colorado 80011 USA Europe, Middle East and Africa Technical Support: Order Literature: http://www.onsemi.com/orderlit
Phone: 303-675-2175 or 800-344-3860 Toll Free USA/Canada Phone: 421 33 790 2910 " . X
Fax: 303-675-2176 or 800-344-3867 Toll Free USA/Canada Japan Customer Focus Center For additional information, please contact your local
Email: orderlit@onsemi.com Phone: 81-3-5817-1050 Sales Representative

© Semiconductor Components Industries, LLC www.onsemi.com


 http://www.onsemi.com/
www.onsemi.com/site/pdf/Patent-Marking.pdf

