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Introduction

Thesingle-endedforward converter topol ogy isusually thebest
solutionfor DC-DCapplicationsinindustrial controls, Telecom
central office equipment, digital feature phones, and systems
that use distributed power architectures.

Thefeature set of DPA-Switch offersthe following advantages
in DC-DC single-ended forward converter designs:

» Low component count

» High efficiency (typically >90% with synchronous
rectification)

* Built in soft-start to minimize stress and overshoot

* Built in accurate line under-voltage detection

 Built-in accurate line overvoltage shutdown protection

» Built in adjustable current limit

 Built-in overload and open loop fault protection

* Built-in thermal shutdown

» Programmable duty cycle reduction to limit duty cycle
excursion at high line and transient load conditions

» Very good light-load efficiency

» Selectable 300 kHz or 400 kHz operation
» Losdessintegrated cycle-by-cycle current limit

The example circuits in this design guide illustrate the use of
these and other features of DPA-Switch.

Scope

This document gives guidance for the design of asingle-ended
forward converter with DPA-Switchinapplicationsthat require
asingle output voltage at less than 40 watts. It isintended for
systems engineers and circuit designers who wish to become
familiar with the capabilities and requirements of DPA-Switch
in DC-DC applications. This application note provides
background material that will assist users of the DPA-Switch
DC-DC forward converter design utility that is included in
the software design tool, Pl Expert. Subsequent application
notes will provide comprehensive procedures for designs of
greater complexity. Designers are advised to check Power
Integrations Web site at www.powerint.com for the latest
application information and design tools.
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Figure 1. Typical Configuration of DPA-Switch in a Sngle-Ended DC-DC Forward Converter with One Output.

June 2002



AN-31

Description Symbol| Min Typ Max | Units Comment
Input
Input Voltage V, 36 48 75 vDC Typical operational range
Input Voltage UV Turn On 36 vDC
Input Voltage UV Turn Off 29 vDC
Input Voltage OV Turn On 72 vDC
Input Voltage OV Turn Off 20 VDC
Output
Output VoltageV . 4.8 5.00 5.2 \% 4%
Output Ripple and Noise VipeLe 50 mV 20 MHz Bandwidth
Output Current lour 0 6.00 A
Line Regulation +0.2 %
Load Regulation +0.5 %
Transient Response Peak Deviation 3 % of |50-75% load step, 100 mA/us
Vour di/dt, 48 VDC input
Transient Response Recovery 200 usec To 1% of final output
voltage, 50-75% load step
48 VDC input
Total Output Power
Continuous Output Power Pour 30 W
Efficiency
Low-Cost design 84 % Measured at P_ . (30 W),
Enhanced (non-sync rect) cost 87 % 25 °C, 48 VDC Input
Synchronous rectified design Enhanced 90 %
SyncRect

Environmental

Input-Output Isolation Voltage 1500 vDC
Ambient Temperature Toe -40 85 °C Free convection, sea level

Table 1. Typical Specifications for a Sngle Output DC-DC Converter.

Figure 1 shows a typical implementation of DPA-Switchin a
power supply with asingleregulated output. Thisdesignguide
discusses considerations for selection of components for a
practical implementation of the circuit in Figure 1. It also
addressesoptionsandtradeoffsincost, efficiency and compl exity
that include the substitution of synchronous rectifiers and
alternative generation of the bias voltage.

System Requirements

The design begins with an evaluation of the requirements.
Table 1 gives the specifications for the example converters
described here, that have been constructed and evaluated as
engineering prototypes. Variants of the basic design achieve
higher efficiencies with minor increases in complexity.

Input Voltage Range

The actua input voltage range required for operation of the

converter isgreater thanthat indicated by the specification. The
specification requirestheconverter to operateandto deliver full
performance at a minimum input of 36 V. Therefore, the
designer must guarantee that the converter becomes active and
fully functional at a voltage that islower than the minimum.

Tolerance variations of the Line Undervoltage Threshold of
DPA-Switch with prudent design margin put the practical
minimum operating voltage closer to 30 V. Similarly, the
converter must be designed to operate at voltages higher than
the maximum specified input. The actua input voltage range
should be considered to be from about 30 V to 90 V for the
typical nominal input voltage of 48 VDC.

Output Characteristics
The output voltage can be maintained to +4% over the range of

line, load and operational temperature range with an ordinary
feedback circuit that usesaTL 431 regulator. Transient response
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Figure 2. Two Alternatives to the Method Shown in Figure 1 for Generation of Bias \bltage.

iscontrolled with proper frequency compensation. Thedesign
of the feedback network with guidance for selection of
component values is addressed in a separate section.

Ripple and noise are strongly influenced by the size of the
output inductor and the choice of output capacitors. These
topics are discussed more thoroughly later in this document.

Output Rectifiers

Output rectificationmay beaccomplished with discrete Schottky
diodes for lowest cost or synchronous rectifiers for highest
efficiency. Thisdocument discusses synchronousrectification
in greater detail in a separate section. Ultra-fast PN junction
diodes are not suitable at DPA-Switch operating frequencies.

Efficiency

DesigningaDC-DC converter withDPA-Snitchinvolvessevera
engineering tradeoffs that weigh efficiency against cost and
complexity. The circuit configuration in Figure 1 achieves
efficiencies greater than 85% over therange of input voltage at
medium loads. In typical applications without synchronous
rectifcation, approximately 25% of thetotal power losswill be
in the DPA-Switch (see DPA-Switch Datasheet), 40% in the
output rectifiers, and 30% in the magnetic devices. The
remainder isdistributed among other devicesand circuit traces.

Higher efficiencies of approximately 90% can be obtained
when Schottky rectifiersarereplaced by synchronousrectifiers,
allowinglower voltagedrops. Theefficiency canberaisedeven
higher with the use of the next larger devicein the DPA-Switch
family that has lower Rosony: Further increasesin device size
may notimprovetheefficiency duetoincreased deviceswitching
losses. Lossesin the magnetic devices can bereduced by using
larger cores and by switching at 300 kHz instead of 400 kHz.
All these alternatives have compromises in size, cost and

complexity that the designer must evaluate.
Temperature

DC-DC converters usually must operate over an extended
range of temperature that goes beyond the limits for ordinary
consumer electronics. Designers should be aware that the
characteristics of passive components are likely to change
significantly with temperature. Attention to these effects to
choose suitable components can prevent unexpected and
undesirable behavior.

Designers must pay particular attention to the selection of the
output capacitorsand the componentsin thefeedback circuit to
guarantee specified performance throughout the temperature
range. Thedetailsare addressed later in the sections on Output
Capacitor Selection and Feedback Design.
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Bias Voltage

There are three ways to generate the bias voltage required for
operation of DPA-Switch:

» DCinput derived (18 V to 36V input only)
» Transformer winding (any input range)
» Output coupled inductor winding (any input range)

Figure 2 illustrates the first two alternatives. The third
alternative is shown in Figure 1, and is used in the prototype
hardware. Each one must provide a minimum of 8 V at the
collector of the optocoupler under worst case operating
conditions (minimum input voltage and minimum load). The
lowest bias voltage under typical conditions should be 12 V.

TheDCinput voltagebias(recommendedfor 18V to 36 V input
range only), isthe simplest of thethree solutions. In general, it
uses a Zener diode between the positive DC input and the
collector of the phototransistor of the optocoupler to reducethe
maximum collector-to-emitter voltage, and more importantly,
to limit the dissipation in the optocoupler. The penalty for
simplicity isareduction in efficiency that can be significant at
high input voltages. This alternative is best for industrial
applicationswheretheinput voltageislow (18 V to 36 V). The
input voltageinindustrial applicationsisusually low enoughto
eliminate the Zener diode because the breakdown voltages for
standard optocouplers can beashighas 70 V. Designers must
check the maximum power dissipation in the optocoupler in
either case.

The DPA-Switch bias voltage may be derived from awinding
onthe power transformer instead of directly fromthe DCinput.
The bias winding should be connected to the rectifier in the
forward polarity, so that it conducts when the
DPA-Switchison. Sincethebiasvoltageisproportional to the
input voltage, efficiency isreduced at high input voltages, but
the effect is less than with the direct connection to the input.
Again, the designer needsto check the power dissipationinthe
optocoupler at the maximum bias voltage (for this bias type
worst case is maximum output load and high input voltage).

Output coupled inductor bias that is used in the prototype
hardware (Figure 1) uses awinding on the output inductor to
develop the bias voltage. This technique provides a well-
regulated bias voltage when the converter operates in the
continuous conduction mode. Regulation is accomplished by
phasing thewinding suchthat thebiasvoltageis proportional to
the output voltage by transformer action when the DPA-Switch
turnsoff. Thisconfiguration givesthe highest efficiency of the
three solutions because the voltage across the optocoupler is
controlled. Thepenalty for the higher efficiency isthe cost and
complexity of acustom output inductor. The biasvoltage can
be adjusted by modifying turns ratio, bias capacitor size and

minimum load. The designer should verify a minimum bias
voltageof 8 voltsat minimumload and maximuminput voltage.

Transformer Design

Thepower transformer iscritical to the successof the converter
design. Requirements for efficiency, component height and
footprint will determine the details of construction. System
engineers and circuit designers may choose to specify the
electrical parameters and mechanical limits, and delegate the
construction details to a supplier of custom transformers. Use
the Pl Expert design tool to determine the proper parameters.
Thissection givesguidancefor specification of thetransformer.

Turns Ratio

The most important parameter for the power transformer isthe
primary-to-secondary turns ratio. It must be low enough to
provide the regulated output voltage at the minimum input
voltage. Determinetheminimuminput voltagefromthesystem
specification andthetol eranceof thelineunder-voltagel ockout
circuit.

Whereas the minimum input voltage may be specified at 36 V,
worst case tolerances of the under-voltage circuit are likely to
allow the DPA-Switch to operate at an input aslow as 29 V.
Fromthisvoltage, subtract theestimated drai n-to-sourcevoltage
of DPA-Switch at the maximum load. Reduce it further by an
estimate of the voltage drop from the high frequency AC
resistance of the transformer windings at full load.

Multiply the result by the maximum guaranteed duty ratio and
divide by the sum of the output voltage and the drop on the
output rectifier at full load. The duty ratio can be greater than
50% because DPA-Switch uses a voltage mode control. The
guotient is the upper limit for the turnsratio.

Core and Copper

The actual number of turnsfor the transformer will depend on
thedimensionsof the particular core. Thecorematerial should
below lossat the DPA-Switch operating frequencies. Technical
data on properties of Ferrite Cores are available from several
suppliers. See references [1], [2] and [3]. Skin effect and
proximity effect will set a practical limit for wire size. Fail
windings become attractive when the output current is higher
than about 6 amperes.

Thermal considerations often dominate selection of the core.
The selection of the core is a complex trade-off between
winding area, core cross-section and ratio of core surface area
to corevolume. These parameters determinethe power lossas
well asthethermal resistance of thetransformer. A small core
may meet therequirementsin every respect except temperature

A
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rise, forcing the use of alarger core. Theonly practical way to
check temperature riseiswith bench eval uation of aprototype.
Temperature must be measured at the hottest spot in the
transformer, whichisusually next tothecenter of thecoreunder
the windings. Wire temperatures above 110 °C need special
considerations and UL Class F materials.

Other Practical Considerations

Minimize the number of turns within the limits of other
congtraints. Resistive losses depend on the length of the wire.
Maximizethe amount of copper (wire) that can befitted within
thewinding window. Leakageinductance must be kept low to
reduce | osses associated with clamp components. Thisis best
accomplished with a split primary construction that has the
secondary between thelayersof the primary winding. Also, all
transformers should have no air gap.

If thetransformer hasawinding for thebiasvoltage, be surethat
it has enough turns to maintain a minimum of 8 V bias at the
lowest input voltage. Perform bench verification to confirm
that the converter shutsoff at low input voltagesby virtue of the
under-voltagelockout circuit, and not because the biasvoltage
istoo low.

With the actual number of turns on the transformer, verify that
the duty ratio to regulate the output at the minimum input
voltage is less than the minimum DC, . specified for
DPA-Switch.

X

The AC flux density contributes to the core losses. For this
reason the AC flux density should be maintained in the range
between 1000 and 1500 gauss (0.1 to 0.15 tedla).

Output Inductor

For a single output application with no bias winding, the
inductor can be a standard off-the-shelf component. Inductors
with multiplewindings aretypically custom designs.-

The inductor value is determined chiefly by the amount of
current ripple that the designer is willing to tolerate. Higher
ripple current will alow an inductor that is smaller both
electrically and physically. The consequence of higher ripple
current is the requirement for more output capacitance with
lower equival ent seriesresistance (ESR) tomeet thespecification
for output ripple. Higher current ripple in the inductor also
translatesto higher peak current in the DPA-Switch for agiven
output power. It also leadsto generaly greater loss and lower
efficiency because the RMS value of al the currents will be
higher.

A convenient design parameter for selection of the inductor is
K, defined astheratio of the peak-to-peak ripplecurrent tothe

Efficiency vs. Input Voltage, 30 W Supply
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Figure 3. Efficiency of the Low Cost EP-21 Prototype with
Different Devicesin the DPA-Switch Family
(Synchronous Rectification Would Improve Efficiency).

average current in the inductor. Smaller K, corresponds to
lower ripple and a larger inductor. Recommended values for
K, are between 15 and 20 percent. Thechoiceof K, involves
atrade-off betweenthesizeof theinductor, thenumber andtype
of output capacitors, efficiency, and cost. Higher valuesof K |
are not recommended, as these higher ripple currentsincrease
both the stress and the ripple voltage on the output capacitor.

Whether the inductor is standard off-the-shelf or custom, the
design should minimize the number of turns to reduce the
resistiveloss. The construction should also usealow loss core
material.

With user input, the Pl Expert design tool computes the
inductance, the RM S current and the peak stored energy to aid
in the selection or specification of the inductor. Peak stored
energy isauseful parameter to select designsthat use aclosed
toroid core, where magnetic saturation is generally a concern.

Additional Winding for Bias Voltage

If the configuration in Figure 1 is chosen for generation of the
biasvoltage, choose the number of turnson the biaswinding to
guaranteeaminimum of 12V at the optocoupler under nominal
conditions. Compute the required number of turns from the
lowest regul ated output voltageand the highest forward voltage
drops for the output rectifier and the bias rectifier. Check the
bias voltage at minimum load, maximum line, and add a pre-
load if necessary to maintain the bias voltage at 8 V minimum.
It may also be necessary to increase the bias winding turns to
meet the minimum voltagerequirement with areasonably small
pre-load.
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Figure 4. Components of the Transformer Reset Circuit.

DPA-Switch Selection

Thefirst criterion for the selection of the DPA-Switch is peak
current capability. From the turnsratio of the transformer and
thepeak currentintheoutput inductor, estimatethe peak current
intheprimary of thetransformer. Themagnetization current of
the transformer should be negligible for this estimate. For
lowest cost, sel ect thesmallest DPA-Switchthat hasaminimum
current limit that is at least 10% greater than the maximum
primary current. The allowance of 10% greater current gives
design margin with the ability to respond to transient loading.

Thesecond criterion for the sel ection ispower dissipation. The
smallest DPA-Switch that will handlethe current may dissipate
too much power to meet the efficiency requirements. Even if
efficiency isnot aconcern, the smallest device may get too hot
if systemconstraintsprevent goodthermal design. Multiplication
of the Roson) by the square of the RMS current in the primary
gives a reasonable estimate of the power dissipation in the
DPA-Switch. The DPA-Switch dissipates approximately 25%

of thetotal system|ossindesignswithout synchronousrectifiers.

If power dissipation is a problem with the smallest device,
select the next larger device and program the current limit with
the X pinto 10% above the peak primary current. Thisisdone
to limit overload power capability. Refer to the DPA-Switch
datasheet to determinethevalue of theresistor onthe X pinthat
corresponds to the desired current limit.

Figure 3illustrates how the efficiency isrelated to the selection
of the DPA-Switch. Devices with lower Roson) dissipate less
power where resistive voltage drop dominates the loss. Thus,
the efficiency ishigher for larger devices at low input voltage.
At higher input voltages the RM S current in the DPA-Switch
decreases and the loss from capacitance on the drain increases,

so the lower Roson) has virtually no effect on efficiency.

Clamp Circuit

All applications must protect the DPA-Switch from excessive
drainvoltage. Figure 1 showsasimple and effective solution.
A Zener diode VRL1 from the drain to source provides a hard
clamp. The 30 W prototype example (Table 1), uses a 150 V
Zener to guarantee substantial margin from the breakdown
voltage of 200 V. A small capacitor across the primary of the
transformer is a necessary companion to the Zener clamp.

The Zener diode does not conduct during normal steady-state
operation, but it is required to limit the drain voltage during
start-up, transient loading and overload conditions.

In normal steady-state operation, the capacitor C_, across the
primary of the transformer absorbs energy from leakage
inductanceto keep the drain-to-source voltage bel ow the Zener
voltage. Thereisanoptimumvaluefor C_ that typically ranges
between 10 pF and 100 pF for convertersin the range of 10 W
to 40 W.

The value of C_, depends on the leakage inductance and the
peak current. The proper value of capacitancewill allow most
of the energy in the leakage inductance to be recovered during
the next switching cycle. Too little capacitance will cause the
Zener diode to conduct. Dissipation in the Zener will reduce
efficiency. Too much capacitance will also reduce efficiency
because it will increase turn-on losses in the DPA-Switch. It
will aso interfere with the reset of the transformer.

Transformer Reset Circuit

Theflux inthe magnetizing inductance of thetransformer must
be reset in each switching cycle to maintain volt-seconds
balance and prevent saturation. Since real transformers have
finiteinductance, they store parasitic energy that isrepresented
as amagnetizing current.

The magnetizing inductance cannot store very much energy
before it saturates. Since a saturated transformer behaveslike
ashort circuit, external circuitry must manage the removal of
the energy from the magnetization inductance (reset the
transformer) on each switching cycle.

This transformer reset will require the voltage on the DRAIN
pintoriseabovetheinputvoltage. Thedesigner needstobesure
that the transformer reset does not cause voltage overstress on

A
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Figure5. A 70 WDC-DC Converter that uses an Alternative Circuit to Reset the Transformer.

Figure 4 shows the components for the circuit that resets the
magnetizing energy inthetransformer to asafevalueat theend
of each switchingcycle. Theheart of thecircuitistheseriesRC
network (R,and C) that isconnected acrosstheoutput rectifier.

When the DPA-Switch turns off, current in the magnetizing
inductance leaves the transformer through the secondary
winding. The capacitor charges as the magnetizing current
reducesto zero. The capacitor must be small enough to allow
the magnetizing current to go to zero within the minimum off-
time. Anadditional restrictiononthesizeof thecapacitoristhat
it must be large enough to keep the drain-to-source voltage
below the voltage of the Zener clamp under normal operating
conditions. Theresistor inthereset network dampsoscillations
from the interaction of the capacitor with parasitic inductance.
Thevalueof theresistor istypically between oneandfiveohms.

A different reset circuit isrequired for applications higher than
about 40 W. Figure 5 shows an example of a 70 W converter
that usesacircuit of greater complexity to reset thetransformer
and to limit the voltage on the DPA-Switch.

Verification of Transformer Reset

Users should confirm that the transformer resets under worst
case conditions at the lowest and highest input voltages with
measurements on the bench. Figure 6 illustrates three
situationsthat show proper transformer reset with thecircuitin
Figure 4. Three examples of improper transformer reset are
shown in Figure 7.

Thebest way to assessthereset characteristicsisto observethe
drain-to-sourcevoltageonthe DPA-Switch. Figure6 (a) shows
the voltage on the prototype example when it operates from an
input of 72 VDC. It is operating at full load with a reset
capacitor of 2.2 nF across the output rectifier. The clamp
capacitor on the primary is 47 pF.

The figure shows the important intervals of the waveform
within one switching period T.. DPA-Switch is conducting
duringthetimet =D T, whereD istheduty ratio. Fluxinthe
transformer increases in the positive direction during t_, , and
resetstozeroduringtheinterval t_,. All theenergy storedinthe
magnetizing inductance is removed during t_, to charge the
reset capacitor and the clamp capacitor to maximum voltage.
Theflux increasesin the negative direction during the interval
t., asthereset capacitor and the clamp capacitor dischargeinto
the magnetizing inductance. The flux remains a constant
negative value during theinterval t,, where the voltage on the
transformer windingsis zero. Itiseasy to seethat the primary
voltageiszero duringt , becausethe drain voltage isthe same
as the input of 72 V. The negative magnetizing current
circulates in the secondary winding during t,, .

Figure 6(b) showsthedrain voltage on the same circuit when it
operates at thenominal input of 48 VDC. Thelarger duty ratio
is consistent with the lower input voltage. Note that the
intervalst_, andt_ arethesameasat 72V input, butnowt, is

|
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Figure6(c) showsthesituationatinput voltageof 36 VDC, with
acorresponding larger duty ratio. Thetransformer hasreset to
zero flux because the drain voltage has reached its peak during
theinterval t_,. Thedrain voltageisin the region of negative
flux when the DPA-Switch turns on.

Peak drain voltage under normal operating conditions should
belessthan150V. Thisincludespeaksinthedrainvoltagefrom
thereset of bothleakageinductanceand magnetizinginductance.

Figure 7 shows three cases of improper transformer reset. The
prototypeexamplehasbeenmodifiedto createtheseillustrations.
The RC network has been removed from the output rectifier to
obtainthewaveforminFigure7(a). Theclamp capacitor C_,on
the primary is47 pF. The magnetizing energy resetsinto only
theclamp capacitor and other stray capacitance. Consequently,
at 72 V input the drain voltage goes higher than desired. The
figure shows the maximum drain voltage at 152 V, in contrast
to 140V in Figure 6(a) with aproper reset network. The Zener
clamp voltage of 150 V is specified at a current of
1mA. AlthoughtheZener clampjust barely conductsat 152V,
there is not sufficient margin in this design to tolerate a
transformer with lower primary inductance.

Figure 7(b) illustrates the situation of too much capacitance.
TheRCreset network hasbeenrestoredwithaproper capacitance
of 2.2 nF, but C_ isincreased to 470 pF, ten timesthe original
value. Thewaveform showsoperationat 36 VDCinput andfull
load. Theflux inthe transformer hasjust barely reset to zero,
astheDPA-Switchturnsonat theendof thet,, interval. A larger
magnetizing inductance or a lower input voltage would not
allow the transformer to reset.

The final example of an improper transformer reset is
Figure 7(c). Primary clamp capacitor C_, is restored to its
original value of 47 pF, but the reset capacitor is increased to
47 nF. Theconverterisoperatingat 36 VDC. Thedrainvoltage
shows clearly that the transformer is not resetting completely.
TheDPA-Switchturnsonwithintheinterval t_,. Thefluxinthe
transformer has not returned to zero. A small change in
operating conditions could cause the transformer to saturate on
every cycle or to run so close to saturation that it could not
accommodate change in duty ratio from aload step.

Output Capacitors

The ripple current in the output inductor generates a voltage
rippleontheoutput capacitors. Part of theripplevoltagecomes
from the integration of the current by the capacitance, and part
comes from the voltage that appears across the capacitor’'s
equivalent series resistance (ESR). The capacitor must be
selected such that the capacitance is high enough and the ESR
islow enoughto give acceptablevoltageripplewith the chosen
output inductor. Usually most of theripplevoltage comesfrom
the ESR. Ripple voltage that is dominated by ESR has a

triangular waveform like the ripple current in the inductor.
Ripple voltage that is dominated by the capacitance has a
waveform with segments that are parabolic instead of linear.

Output capacitors in DC-DC converters are typicaly solid
tantalum. They areagood choice because of their low ESR and
low impedance at thefrequenciesused in these converters. The
ESR isalso animportant element in the design of the feedback
loop. In thisregard, a moderate amount of ESR is desirable.
The section on Feedback Design elaborates ontheval ues of the
components in the feedback circuit.

Itisimportant for designersto know that the value of ESR may
changesignificantly over the specified temperaturerange. The
output rippleand thestability of thecontrol loop can beaffected
by the change in ESR. It is necessary to evaluate prototype
hardware at theextremesof temperatureto confirm satisfactory
performance.

The voltage rating for the capacitors is typically 25% higher
thanthemaximum operating voltagefor reliability. Thederating
factor isthus 80%. For example, a5V output would have a
capacitorthatisratedfor either 6.3V or 10V. Thelower voltage
capacitor would besmaller, whereasthehigher voltage capacitor
would have alower failure rate in the application.

Feedback Design

Stability is an important consideration for a switching power
supply. Threeparametersthat describethecharacteristicsof the
control loop are crossover frequency, phase margin and gain
margin. The crossover frequency is the frequency where the
magnitude of theloop gain passesthrough 0 dB. Itisameasure
of the system’s bandwidth.

The phase margin is specified at the crossover frequency. It is
the difference between the phase of the loop gain and 180
degrees. A stringent specification will call for a phase margin
of at least 60 degrees under worst case conditions. In no case
should the phase margin be less than 45 degrees. This means
the phase would have to decrease by that amount for the system
tobecomeunstable. Phasemarginisalsorelatedtothedynamic
characteristics of the system. A low phase margin suggests an
oscillatory response to aload step or other disturbance.

It is also important that the loop gain decrease in magnitude
beyond the crossover frequency. Thisrequirement isgenerally
specified asgain margin. Gainmarginisthedifferencebetween
0 dB and the magnitude of theloop gain at the frequency where
thephaseis180degrees. Anacceptablegain marginisbetween
6 dB and 10 dB. This means the magnitude would have to
increase by that amount for the system to become unstable.
L oopgainshouldbemeasured at worst caseconditions(generally
maxi muminput voltagewith maximum|oad) and at theextremes
of thespecified ambient temperature, sinceimportant component
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Figure 8. Essential Components of the Feedback Circuit. The Schematic Does Not Show ESR of the Output Capacitors (Component

Designators are the Same as in the EP-21 Prototype).

parameters (especially capacitor ESR) can changegreatly with
temperature.

Stabilizingahighfrequency forward DC-DC converter presents
some challenges due to the inherently high bandwidth of this
topology. Many DC-DC converter designs use cycle-by-cycle
current-mode control. The DPA-Switch uses classic voltage-
mode control to allow operation at duty ratiosgreater than 50%
without theneedfor thestabilizingramp (“ Sl opecompensation”)
required with current-mode control. The fundamental system
characteristicsof theforward converter in continuousconduction
modewith voltage mode control call for acompensation circuit
with multiple poles and zeros to achieve the desired loop
response.

The crossover frequency for a control loop that uses
DPA-Switchinaforward converter with an optocoupler should
belimitedto 10kHz or lessat maximum input voltageand room
temperature. The DPA-Switch has two internal poles at
approximately 30kHztofilter switching noise. Theoptocoupler
hastwo polesat approximately 100 kHz. The phase shift from
thesepol es, combined with the phase shift introduced by theLC
filter at the output of the converter, is difficult to compensate
above 10 kHz.

Theobjective of thefeedback designistoreducethe magnitude
of theloop gainto zero dB at afrequency of 10kHz or lesswith

aphase margin near 60 degrees. Although system requirements
and the DPA-Switch fix some quantities that determine loop
characteristics, the designer can manipulate many components
in the feedback circuit to optimize loop stability. Figure 8
shows the essential components of afeedback circuit that uses
an ordinary TL431 regulator to achieve the high loop gain
required for tight DC voltage regulation. Not shown in the
circuit diagram is the ESR of the output capacitors. The ESR
isalso an important element in the frequency compensation of
the feedback 1oop.

Output LC Filter

Thefilter formed by theoutput inductor and theoutput capacitors
contributestwo polestotheloop responseat thefilter’ sresonant
frequency. Sincethefilter isaresonant circuit with relatively
low loss, the gain and phase change rather abruptly near the
resonant frequency. Conseguently, the poles and zeros for
shaping the loop response should either avoid this region or
compensate for the resonance.

Proper placement of the resonant frequency of the output filter
will avoid complications in the design of the feedback loop.
Thepositionof theresonant frequency should allow thedesigner
to shape the desired response with a limited number of
compensation components of reasonable size. The
recommended resonant frequency for an output filter that uses
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Figure 9. Gain and Phase of a Typical Feedback Loop for DC-DC Forward Converter with DPA-Switch. Markers Show Locations of Major

Poles and Zeros.

low ESR tantalum capacitors in a forward converter with
DPA-Switch and optocoupler feedback is between 4 kHz and
6 kHz. Thisvalueisconsistent with the inductor and capacitor
values for desirable ripple current and ripple voltage.

The output capacitor ESR contributes azero that compensates
for one of the poles from the filter. However, for low ESR
tantalum or organic electrolyte capacitors, this zero usually
occurs too high in frequency to substantially offset the effects
of thefilter withinthe desired loop bandwidth. Intheprototype
example, theoutput filter capacitorsare 100 pF, withamaximum
specified ESR of 100 milliohms. The ESR zero is thus at
approximately 16 kHz, well beyondthe4 kHz L Cfilter resonant
frequency. Actual ESRisapproximately 80 milliohms, placing
the zero typically at 20 kHz. In situations where standard low
ESR electrolytic capacitors can be used, the higher ESR may
place the ESR zero at a sufficiently low frequency to add
significant additional phase margin.

DPA-Switch Compensation
Thenetwork of C6 and R4 at the CONTROL pinof DPA-Switch

provides compensation for the feedback loop in addition to
other functions. The capacitance of C6 with R4 and its own

ESR plus the impedance of the CONTROL pin impedance
provideapoleintheloop gain, followed by azero from R4 and
the ESR of C6.

Suggested values of C6 are between 47 pF and 100 pF. This
range of valueswill generally be sufficient to providedesirable
adjustments to the loop gain and to allow the capacitor to
perform its other functions in the system.

The zero introduced by R4 and the ESR of C6 should be at
approximately 25% of the output filter resonant frequency.
This placement allows maximum gain reduction while
minimizing the phase lag introduced by this network at the
resonant frequency. Inthe prototypeexample, C6is68 pFwith
an ESR of about 1.6 ohms. Theimpedance at the CONTROL
pin of DPA-Switch istypically 15 ohms. These values put the
pole at approximately 130 Hz and the zero at approximately
900 Hz. High frequency bypass capacitor C5is small enough
to have a negligible effect on the loop gain.

Optocoupler Compensation

The current transfer ratio (CTR) of the optocoupler isamajor
contributor to the magnitude of theloop gain near the crossover

|

A
6/02



AN-31

PERFORMANCE SUMMARY

Output Power: 30W
Regulation: +1%
Efficiency: 90% at Viy =48V
Ripple: < 100 mV pk-pk 1Cn7F R14
15kv 10Q
c12
WV, L1 L2 clo  ci1 sV
R15 D2 D3 100 yF 100 yF R13 1 pF
36-72VDC  1pH25A . R .10 Q BAVIOWS Bsqoc  8UHEA 10V 10V 160Q 10V ‘3
YN _ ' T 1 i J \AAS
H > 0
Rl & c8 ! >3 Q1 N 1 < 1
619 kQ g 47pF . |« NDs = X 3 =
1% < 200V g 8410 g
' — D1
' T I BAV19WS o
ML oSt ? RTN
= el
co RS 4.7 uF H
o1 c2 s 33nF 1.0Q 20V 7 '
R I T e e !
by T 18V T T i DPA-Switch $ 3R RS
100 V 100 V 100 v R7 € Z1ko 100k0 g
U1l 10 kQ R < 16 1%
DPA425R PR 1500 T 100 nF
D L PC357N1T
CONTROL +< R12
c D3 510Q
] [ BAV1OWS
s x |F c13 |
VR1 R4 10 JF = —wW—s
7N smBJ 1.0Q 10V Cl4 R9
150 > R3 c5 = zg 1pF 2200 |
3182k 290 NE cé us
1% 68 UF LM431AIM3 RI1L <
v 100kQ $
1%
O .
-VIN

P1-2879-053002

Figure 10. Example of DPA-Switch in a Sngle-Ended DC-DC Forward Converter with Synchronous Rectifiction.

frequency. Equally important isthe resistor R6 in series with
the optocoupler LED. Selection for either of these elementsis
not arbitrary, as the optocoupler provides power to the
DPA-Switch during normal operation.

Thecombination of optocoupler and seriesresistor must deliver
the maximum specified CONTROL pin current for the
DPA-Switch at minimum specified CTR. In most cases, an
optocoupler withaCTR between 100% and 200% will suffice.
The designer then selects R6 to provide the LED current
required at minimum CTR with a saturated TL431.

The network of R12 and C16 in parallel with R6 createsazero
that boosts the gain and phase to compensate one of the poles
from the output filter. The position of the zero is generally
determined empirically to achievethe desired phase margin. It
istypicaly set at afrequency between one and three timesthe
resonant frequency of the output filter. Resistor R12 limitsthe
boost in gain at high frequencies.

TL431 Compensation
The purpose of the TL431 isto provide high loop gain at low

frequencies. Its contribution is not necessary at higher
frequencies where the optocoupler provides adequate gain.

Therefore, the feedback circuit has compensation around the
optocoupler tomaximizeitscontributionat very low frequencies
and to remove its influence at higher frequencies.

The connection of C14 and R9 between the cathode and the
reference terminal of the TL431 allows maximum loop gain at
DC for the best voltage regulation. In the prototype example,
capacitor C14 formsanintegrator that reducesthe contribution
of the TL431 by 20 dB per decade. Resistor RO with R10 sets
the minimum gain from the TL431 and introduces azerointhe
loop gain. Thezerointhe prototypeexampleisat about 16 Hz.

Another zero, local to the TL431, isformed by C14 and R9 at
about 720 Hz. Thelocation of thiszeroisnot critical for normal
operation in continuous conduction mode, and does not appear
inthe loop gain of thisexample. It becomesimportant at very
light loads where the converter operates in discontinuous
conductionmode. Theloop gaincharacteristicfor discontinuous
conduction modeisfundamentally different from thisexample
of continuous conduction mode. The most significant effect is
that the loop gain will generally have a much lower crossover
frequency that depends on the load. The crossover frequency
could easily fall into the region where the TL431 contributes
significantly to the loop gain.
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Loop Gain of Prototype Circuit

Figure 9 showsthe magnitude and phase of theloop gain of the
prototype circuit for an input voltage of 72V at aload current
of 5amps. Thehighest input voltageistypically theworst case
in forward converters because that is the condition for highest
gain, yielding the highest bandwidth and lowest phase margin.

The upper curvein Figure 9 is the magnitude of the loop gain
inunitsof dB. Thelower curveisthe phasein unitsof degrees,
with the scale shifted by 180 degreesto give the phase margin
directly. The markersZ1 through Z4 and P1 through P7 show
respectively thefrequencies of thesignificant zeroesand poles.

The integrator formed by C14, R9 and R10 reduces the gain
from its DC value such that the TL431makes essentialy no
contribution to the gain at frequencies higher than Z1. The
asymptotes of the DC value and the 20 dB per decade slope of
the integrator create the pole at P1.

Gainisreduced by the pole at P2 that isformed by capacitor C6
with its ESR, resistor R4, and the internal impedance of the
CONTROL pin of the DPA-Switch. Thephasereceivesaboost
from the zero formed by C6 and R4 with the ESR of C6 at Z2.
The resistor R4 augments the ESR of the capacitor. Use a
tantalum capacitor for C6 so that the total resistance can be
adjusted by R4. The ESR of an aluminum capacitor will
generaly be too large to allow the desired shaping of the
frequency response. Capacitor C5 provides alow impedance
source for pulses of current into the CONTROL pin. Itseffect
on the control loop is minor, appearing at P7, well beyond the
0 dB crossover frequency.

Thezero at Z2 provides partial cancellation of the pair of poles
P3, P4 that originate from the output inductor and output
capacitors of the forward converter. The network of C16, R6
and R12 gives additional cancellation with azero at Z3. The
ESR of the output capacitors gives a final zero at Z4. The
internal high frequency filter of the DPA-Switch provides the
two poles at P5, P6.

The magnitude of the gain at frequencies greater than Z1 is
related directly to the current transfer ratio (CTR) of the
optocoupler. Therefore, the CTR must becontrolledtomaintain
astable and well-behaved system. Designersshould choosean
optocoupler that hasaCTR intherange of 100% to 200% at the
maximum CONTROL pincurrentof 12mA. Thephototransi stor
of the optocoupler must al so have abreakdown voltage greater
than the maximum bias voltage.

Figure 9 shows that this example has a desirable phase margin
of 60degreesand acomfortablegainmarginof 10dB. Sufficient
margin is required in the design of the feedback loop to allow
for tolerancesinthe CTR of the optocoupler, changesin ESR of
the output capacitor, and the change in gain with operating

voltage. The ESR can change significantly with temperature.
Thisshould beaprimary considerationinthesel ection of output
capacitors. Thedesign must also allow for tolerance variations
in al other components.

Operation at No Load

Those who design or specify DC-DC converters should pay
particular attention to requirements for minimum load. The
control characteristics are different for operation in the
continuous conduction mode (moderate to heavy loads) and
discontinuous conduction mode (light loads). The boundary
between the two modes occurs at the load where K, = 2
(without synchronous rectification).

The two modes have different control characteristics. The
converter in discontinuous conduction mode will usually have
aslower response to transients and higher ripple voltage at the
output than in continuous conduction mode. 1n extreme cases,
a converter that is well-behaved in continuous conduction
modemay actually becomeunstableat lightload or withnoload
unlesscorrectly designed. Many commercial DC-DC converter
modul es specify alarge minimum load to prevent operationin
discontinuous conduction mode.

A converter that operates deeply in discontinuous conduction
mode requires avery small duty ratio. Operation at very light
loadsisnot aproblem for DPA-Switch becauseit automatically
reducesthe effective switching frequency by skipping cyclesto
give duty ratios less than about 5%.

Operation at small duty ratiosrequiresalarger capacitor tokeep
the bias voltage above its minimum required value of 8 V. In
atrade-off with size, cost and efficiency, the best solutionto a
requirement to operate with no load is to include a small pre-
load in parallel with the output capacitors. The amount of the
loadisdetermined empirically to supplement thenatural loading
fromtheother small-signal circuitsthat get their power fromthe
output.

Synchronous Rectification

The use of synchronous rectification can yield a substantial
increase in efficiency over passive Schottky rectifiers on the
output. For a5V output, an efficiency of 85% with Schottky
rectifierswoul dtypically goto 90% or higher with synchronous
rectifiers. The benefit of synchronous rectifiers is greater
efficiency at lower output voltages.

Figure 10 shows an example of DPA-Switch in a single-ended
DC-DCforward converter with synchronousrectification. The
power MOSFETS Q1 and Q2 are the synchronous rectifiers.
Thevoltageonthesecondary of thetransformer drivesthegates
of Q1 and Q2 withthe correct polarity and timing such that they
providethe samefunction as Schottky rectifiers, but with lower
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forwardvoltagedrop. Thevoltagedropisdominated by theon-
resistanceof theMOSFET multiplied by theload current, rather
than by the minimum voltage of a Schottky barrier.

DPA-Switch has features that can simplify the design of
synchronous rectifier circuits that are in common use. The
option to reduce the nominal switching frequency from
400 kHz to 300 kHz usually alows a more robust design with
common components. Connect theF pintothe CONTROL pin
to select thelower frequency. ThelL ine Overvoltage Shutdown
feature of DPA-Switch can eliminate extra components.
Conventiona designs often have clamp circuits with Zener
diodesto protect the synchronousrectifiersfrom excessivegate
voltage. These are not usually necessary with DPA-Switch.
Excess voltage will not appear on the secondary of the
transformer because the DPA-Switch will not operate when the
input voltage is too high.

Layout Considerations

Sincethe DPA-Switch can operate with large drain current, the
following guidelines should be carefully followed. Figure 11
showsan exampleof aproper circuit board layout for aforward
converter with DPA-Switch.

Primary Side Connections

Thetab of DPA-Switchistheintended return connectionfor the
high switching currents. Therefore, thetab should beconnected
by wide, low impedance traces to the input capacitor. The
SOURCE pin should not be used to return the power currents,
incorrect operation of the device may result. The SOURCE pin
isintended as asignal ground only.

The CONTROL pin bypass capacitor should be located as
close as possible to the SOURCE and CONTROL pinsand its
SOURCE connection trace should not be shared by the main
MOSFET switching currents. All SOURCE pin referenced
components connected to the LINE-SENSE or EXTERNAL
CURRENT LIMIT pinsshould also belocated closely between
their respective pin and SOURCE. Once again, the SOURCE
connection trace of these components should not be shared by
the main MOSFET switching currents. It is critical that
SOURCE pinpower switching currentsarereturnedtotheinput
capacitor negative terminal through a separate trace that is not
shared by the components connected to CONTROL,
LINE-SENSE or EXTERNAL CURRENT LIMIT pins.

Any tracestotheL or X pinsshould be kept asshort aspossible
and away from the drain trace to prevent noise coupling.
Line-senseresistor (R1in Figure 10) should belocated closeto
the L pin to minimize the trace length on the L pin side. In
addition to the CONTROL pin capacitor (C6 in Figure 10), a
220 nF high frequency bypass capacitor in parallel is
recommended as close as possible between SOURCE and
CONTROL pins for better noise immunity. The feedback

optocoupler output shouldalsobel ocated cl osetothe CONTROL
and SOURCE pins of DPA-Switch.

Heat Sinking

To maximize heat sinking of the DPA-Switch and the other
power components, specia thermally conductive PC board
material (aluminum clad PC board) isrecommended. Thishas
an aluminum sheet bonded to the PC board during the
manufacturing process to provide heat sinking directly or to
allow the attachment of an external heat sink. If norma PC
board material isused (such asFR4), providing copper areason
both sides of the board and using thicker copper will improve
heat sinking.

If an aluminum clad board is used then shielding of switching
nodes is recommended. This consists of an area of copper
placed directly underneath switching nodes such as the drain
node and output diode to provide an electrostatic shield to
prevent coupling to the aluminum substrate. These areas are
connected toinput negativeinthecaseof theprimary and output
return for secondary. This reduces the amount of capacitive
coupling into the insulated aluminum substrate that can then
appear on the output as ripple and high frequency noise.

Quick Design Checklist

As with any power supply design, all DPA-Switch designs
should be verified on the bench to make sure that component
specifications limits are not exceeded under worst case
conditions. The following minimum set of tests for
DPA-Switch forward convertersis strongly recommended:

1. Maximum drain voltage — Verify that peak V . does not
exceed minimum BV . a highest input voltage and
maximum overload output power. It isnormal, however, to
have additional margin of approximately 25V below BV
to allow for other power supply component unit-to-unit
variations. Maximum overload output power occurs when
the output is loaded to alevel just before the power supply
goes into auto-restart (loss of regulation).

2. Transformer reset margin — Drain voltage should also be
checked at highest input voltage with a severe load step
(50%to 100%) to verify adequate transformer reset margin.
Thistest dewsthe duty cycleat high input voltage, placing
the most demand on the transformer reset circuit.

3. Maximumdraincurrent—At maximumambient temperature,
maximum input voltage and maximum output load, verify
drain current waveforms at start-up for any signs of
transformer or output inductor saturation and excessive
leading edge current spikes. DPA-Switch hasaleading edge
blanking time of 100 nsto prevent premature termination of
thecycle. Verify that thel eading edge current spike doesnot

extend beyond the blanking period.



AN-31

|:| Solder Side
:l Component Side

TOP VIEW

—

Transformer
\\ » Inductor

’ij)‘ L (Coupled)

e

\ (]

Output
(=

)

DC
Out

+

Maximize hatched copper area for optimum heat sinking
© Via between board layers

P1-2883-060602

Figure 11. Layout Considerations for DPA-Switch using R Package.

4. Thermal check — At maximum output power, minimum Design Tools
input voltage and maximum ambient temperature, verify
that temperature specifications are not exceeded for the
transformer, output diodes, output inductors and output
capacitors. The DPA-Switchisfully protected against over-
temperatureconditionsby itsthermal shutdownfeature. Itis References
recommended that sufficient heat sinking is provided to
keep the tab temperature at or below 115 °C under worst
case continuous load conditions (at low input voltage,
maximum ambient and full load). This provides adequate
margin to minimum thermal shutdown temperature
(130 °C) to account for part-to-part Roson) variation. When
monitoring tab temperature, note that the junction-to-case
thermal resi stance should be accounted for when estimating
die temperature.

Up-to-dateinformation on designtool sisavailableat the Power
Integrations Web site: www.powerint.com.

[1] Ferroxcube (formerly Philips) core supplier —
www.ferroxcube.com

[2] TDK cores supplier —www.component.tdk.com/
components/ferrite.asp

[3] AVX (Thompson) core supplier - www.avxcorp.com
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