LinkSwitch-TN

Design Guide
Application Note AN-37

®

INTEGRATIONS

Introduction

LinkSwitch-TN combinesahighvoltagepower MOSFET switch
with an ON/OFF controller inonedevice. Itiscompletely self-
poweredfromtheDRAIN pin, hasajittered switching frequency
for low EMI and is fully fault protected. Auto-restart limits
deviceand circuit dissipation during overload and output short
circuit while over temperature protection disables the internal
MOSFET during thermal faults. The high thermal shutdown
thresholdisideal for applicationswheretheambient temperature
is high while the large hysteresis protects the PCB and
surrounding components from high average temperatures.

LinkSwitch-TN is designed for any application where a non-
isolated supply isrequired such asappliances(coffeemachines,
rice cookers, dishwashers, microwave ovensetc.), nightlights,
emergency exit signsand LED drivers. LinkSwitch-TN can be
configured in all common topologiesto give aline or neutral
referenced output and aninverted or non-inverted output voltage
- ideal for applicationsusing triacsfor AC load control. Using
a switching power supply rather than a passive dropper
(capacitiveor resistive) givesanumber of advantages, some of
which are listed below.

e Universal input — the same power supply/product can be
used worldwide

e High power density — smaller size, no uF’'sof X class
capacitance needed

e High efficiency — Full load efficiencies >75% typical for
12 V output

e Excellent line and load regulation

e High efficiency at light load — ON/OFF control maintains
high efficiency even at light load

e Extremely energy efficient —input power <100 mW at no
load

e Entirely manufacturablein SMD

e Morerobust to drop test mechanical shock

 Fully fault protected (overload, short circuit and thermal
faults)

e Scalable— LinkSwitch-TN family allows the same basic
design to be used from <50 mA to 360 mA

Scope

Thisapplication noteisfor engineers designing anon-isolated
power supply using the LinkSwitch-TN family of devices. This
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Figure 1 (a). Basic Configuration using LinkSwitch-TN in a Buck Converter. Figure 1 (b) Basic Configuration using LinkSwitch-TN in a

Buck-Boost Converter.
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document describes the design procedure for buck and buck-
boost converters using the LinkSwitch-TN family of integrated
off-line switchers. The objective of thisdocument isto provide
power supply engineerswith guidelinesin order to enablethem
to quickly build efficient and low cost buck or buck-boost
converter based power supplies using low cost off-the-shelf
inductors. Complete design equations are provided for the
selection of the converter’ skey components. Since the power
MOSFET and controller are integrated into a single IC the
design process is greatly simplified, the circuit configuration
hasfew partsand no transformer isrequired. Thereforeaquick
start sectionisprovided that allowsoff-the-shelf componentsto
be selected for common output voltages and currents.

In addition to this application note a design spreadsheet is
availablewithinthe PIXIstool inthe Pl Expert design software
suite. The reader may also find the LinkSwitch-TN DAK
engineering prototype board useful asan exampl e of aworking
supply. Further details of support tools and updates to this
document can be found at www.powerint.com.

Quick Start

Readers wanting to start immediately can use the following
information to quickly select the componentsfor anew design,
using Figure 1 and Tables 1 and 2 as references.

1) For AC input designs select the input stage (Table 9).
2) Select the topology (Tables 1 and 2).
- If better than +10% output regulation is required,
then use opto coupler feedback with suitable reference.
3) Select the LinkSwitch-TN device, L, R orV,, R, ., C,
R, and the reverse recovery timefor D,
(Table 3: Buck, table 4:Buck-Boost).
4) Select freewheeling diode to meet t determined in step 3
(Table 5).
5) For direct feedback designs, if the minimum load < 3 mA
then calculate R, =V /3 mA.
6) Select C as100 uF, 1.25-V, low ESR type.
7) Construct prototype and verify design.

TOPOLOGY | BASIC CIRCUIT SCHEMATIC KEY FEATURES
High-Side 1) Output referenced to input
Buck — J 2) Positive output (V) with respectto -V,
Direct . 3 3) Step down-V_ <V,
Feedback - < 4) Low cost direct feedback (+10% typ.)
+
Vi LinkSwitch-TN
o
High-Side 1) Output referenced to input
Buck Boost — Wy I K 2) Negative output (V) with respect to -V,
Direct < 3) Stepdown-V_ >V orV, <V
Feedback re| |ap T 4) Low cost direct feedback (= 10% typ.)
° 5 S * o | 5) Fail-safe — output is not subjected to input
Vi, LinkSwitch-TN l Sy voltage if the internal MOSFET fails
- T T 6) Ideal for driving LEDs — better accuracy and
° " oo temperature stability than low-side Buck
constant current LED driver
Notes
1. Low cost, directly sensed feedback typically achieves overall regulation tolerance of + 10%.
2. To ensure output regulation a pre-load may be required to maintain a minimum load current of 3 mA (Buck and Buck-Boost only).
3. Boost topology (step up) also possible but not shown.

Table 1.

LinkSwitch-TN Circuit Configurations Using Directly Sensed Feedback.
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TOPOLOGY | BASIC CIRCUIT SCHEMATIC KEY FEATURES
High-Side 1) Output referenced to input
Buck — 2) Positive output (V) with respect to -V,
Optocoupler 3) Stepdown-V_ <V,
Feedback 4) Optocoupler feedback
- Accuracy only limited by reference choice
- Low cost non-safety rated optocoupler
- No pre-load required
5) Minimum no-load consumption
Low-Side ¢ ? 1 ? | 1) Output referenced to input
Buck — 2) Negative output (V) with respect to +V
Optocoupler LinkSwitch-TN 3) Step down -V <V
Feedback Vi 4) Optocoupler feedback
- Accuracy only limited by reference choice
- Low cost non-safety rated optocoupler
- No pre-load required
Low-Side ¢ ? 2 | 1) Output referenced to input
Buck Boost — v, 2) Positive output (V) with respect to +V,
Optocoupler LinkSwitch-TN L 3) Step up/down-V_ >V orV <V
Feedback T 3 L Vo 4) Optocoupler feedback
N 2R, - Accuracy only limited by reference choice
: - Low cost non-safety rated optocoupler
PI-3798-121903 - No pre-load required
5) Fail-safe — output is not subjected to input
voltage if the internal MOSFET fails
6) Minimum no-load consumption
Notes

1. Performance of opto feedback only limited by accuracy of reference (Zener or IC).

2. Optocoupler does not need to be safety approved.

3. Reference bias current provides minimum load. The value of R, is determined by Zener test current or reference IC bias current.
Typically 470 Q to 2 kQ, 1/8 W, 5%

4. Boost topology (step-up) is also possible but not shown.

5. Optocoupler feedback provides lowest no-load consumption.

Table 2. LinkSwitch-TN Circuit Configurations Using Optocoupler Feedback.
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INDUCTOR
Vour | Tourame AT mA) ST COILCRAFT |LNK30X | MODE |DIODEt, | R, v,

<120 680 220 | SBC2-681-211 | RFB0807-681 || k304 | MPCM | <75ns
160 680 230 | SBC2-681-211 | RFB0807-681 CCM | <35ns

5 175 680 320 |SBC3-681-211 | RFB0810-681 | \\ o0 | MDCM | <75ns | 35440 |39V
225 680 340 | SBC4-681-211 | RFB0810-681 CCM | =35ns
280 680 440 | SBC4-681-211 | RFB0810-681 MDCM | =<75ns
360 | 680 430 | SBC4-681-211 | RFB0810-681 |ENK306 | " | <35ns
<85 680 180 | SBC2-681-211 | RFB0807-681 MDCM | 75 ns
120 1000 230 | SBC3-102-281 | RFB0807-102 |LNK304 | MDCM | _75 g
160 1500 320 | SBC3-152-251 | RFB0810-152 CCM | <35ns

12 175 680 340 | SBC3-681-361 | RFB0810-681 || Nk305 | MDCM | <75ns |11.86 kQ| 11V
225 1000 440 | SBC4-102-291 [ RFB0810-102 CCM | <35ns
280 680 430 | SBC4-681-431 | RFB0810-681 ||\ 306 | MDCM | <75ns
360 1500 400 | SBC6-152-451 [ RFB1010-152 CcCM | <35ns
<70 680 160 | SBC2-681-211 | RFB0807-681 || nk304 | MDCM | <75 ns
120 1200 210 - RFB0807-122 MDCM | <75ns
160 1800 210 - RFB0810-182 || yk3os | CEM <35ns

15 175 820 310 - RFB0810-821 MDCM | <75ns [15.29 kQ| 13V
225 | 1200 310 - RFB1010-122 CCM | <35ns
280 820 390 - RFB1010-821 [LNK306 | MDCM | <75 ns
360 | 1500 390 | SBC6-152-451 | RFB1010-152 CCM | <35ns
<50 680 130 | SBC2-681-211 | RFBO807-681 || \ 304 | MDCM | <75ns
120 1500 190 | SBC4-152-221 | RFB0810-152 MDCM | <75ns
160 2200 180 |SBC4-222-211 | RFB0810-222 [\ oo [ CCM | <35ns

24 175 1200 280 - RFB0810-122 MDCM | <75ns | 25.6kQ| 22V
225 1500 280 | SBC6-152-451 | RFB1010-152 CCM | =35ns
280 1200 350 - RFB1010-122 | LNK306 | MDCM | <75 ns
360 2200 360 | SBC6-222-351 - ccM | =35ns

Other Standard Components

2kQ, 1%, 1/8 W

0.1 uF, 50 V Ceramic

10 uF, 1.25-V
1N4005GP

470 Q to 2 kQ, 1/8 W, 5%

BIAS:
BP:
FB:
FB:

TDOOOXD

7

Table 3. Components Quick Select for Buck Converters.
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INDUCTOR
Vour | ourmms A SR COICRAET |-NK30X [ MODE [DIODEt, | Ry v,
<120 680 220 | SBC2-681-211 | RFB0807-681 MDCM [ .75 ns
LNK304
160 680 230 |SBC2-681-211 | RFB0807-681 CCM | <35ns
5 175 680 340 |SBC3-681-361 | RFB0810-681 || \k305 | MDCM | <75ns |3g4ka |39V
225 680 320 | SBC4-681-431 | RFB0810-681 CCM | <35ns
280 680 440 |SBCA-681-431 | RFB0810-681 | . o .| MDCM | s75ns
360 680 430 | SBC4-681-431 | RFB0810-681 ccMm | =35ns
<70 680 180 | SBC2-681-211 | RFB0807-681 MDCM | 75 ns
120 1200 220 - RFB1010-122 |LNK304 [ MDCM | _75ps
160 1800 210 - RFB0807-182 CCM [ <35ns
12 175 820 320 - RFB0807-821 | Nk305 | MPCM [ <75 ns [11.86 kQ|11V
225 1200 310 - RFB0810-122 CCM | <35ns
280 820 410 - RFB0810-821 || \k306 | MDCM | <75ns
360 1800 410 - RFB1010-182 CCM | =35ns
<50 680 180 | SBC2-681-211 [ RFB0807-681 || nk304 | MPCM | <75ns
120 1500 220 | SBC3-152-251 | RFB0807-152 MDCM | <75ns
160 2200 220 | SBC4-222-211 | RFB0810-222 || \\aoe| CCM | <35ns 1559 kaf 13V
15 175 1000 320 | SBC4-102-291 | RFB0810-102 MDCM | <75ns
225 1500 320 | SBC4-152-251 | RFB0810-152 CCM | =35ns
280 1200 400 - RFB0810-122 | LNK306 | MDCM <75 ns
360 2200 410 | SBC6-222-351 | RFB1010-222 ccMm | =35ns
<35 680 180 | SBC2-681-211 | RFB0807-681 MDCM | <75ns
120 2200 210 |SBC3-222-191 | RFB0810-222 |LNK304 | MDCM | <75ns
160 3300 210 |SBC4-332-161 | RFB0810-332 CCM | =<35ns
24 175 1800 300 - RFB0810-182 [\ «a9s | MDCM | <75ns |25.6kQ |22V
225 2200 290 |SBC4-222-211 | RFB1010-222 CCM | <35ns
280 1800 370 - RFB1010-182 || \ k306 | MPCM | =75ns
360 3300 410 - - CCM | =<35ns
Other Standard Components
Roaet 2 KQ, 1%, 1/8 W
Cg: 0.1 uF, 50V Ceramic
C. 10uF, 1.25-V,
D, 1N4005GP
R, 470Qto2kQ, 1/8 W, 5%
Table 4. Components Quick Select for Buck-Boost Converters.
PART NO. |_VRRM i | ACKAGE | MANUFACTURER
W) (A) (ns)
MUR160 600 1 50 Leaded Vishay
UF4005 600 1 75 Leaded Vishay
BYV26C 600 1 30 Leaded Vishay/Philips
FE1A 600 1 35 Leaded Vishay
STTA10 6 600 1 20 Leaded | ST Microelectronics
STTA10 6U 600 1 20 SMD ST Microelectronics
uUS1J 600 1 75 SMD Vishay

Table 5. List of Ultra-Fast Diodes Suitable for use as the Freewheeling Diode.
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LinkSwitch-TN Circuit Desi gn To regulate the output, an ON/OFF control schemeis used as
illustrated in Table 6. Asthe decision to switch is made on a
LinkSwitch-TN Operation cycleby cycle basis, the resultant power supply has extremely
good transient response and removes the need for control loop
The basic circuit configuration for a Buck converter using compensation components. |f nofeedback isreceivedfor 50ms
LinkSwitch-TN is shown in Figure 1a. then the supply enters auto restart.

= MOSFET

Referen ce Enabled
Schematic :
and Key H
{1 =MOSFET
I Disabled -
1 Cycle Skipped
PI1-3784-121603
At beginning of each cycle the FEEDBACK
(FB) pin is sampled.
* If 1, <49 uA then next cycle occurs
* If 1, > 49 uA then next switching cycle
s g : . | ; ; ; is skipped
>49uA? No No Yes No No Yes Yes No
Normal ; ;
Operation ! !
! ! High load — few cycles skipped
{ /
L e
g4 44 :
[ i
! ,"i [ ! Low load — many cycles skipped
1 1
ANINANINANENA N
PI1-3767-121903
leg < 49 uA, > 50 ms
= Auto Restart If no feedback (I_, < 49 uA) for > 50 ms
Auto Restart then output switching is disabled for
approximately 800 ms.
/M./M/M ! M’M’L
((
| s0ms | 800 ms |
Auto Restart = 50 ms ON / 800 ms OFF
PI1-3768-121603

Table 6. LinkSwitch-TN Operation.
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Toalow direct sensing of the output voltage, without the need
for areference(Zener diodeor referencel C), the FB pinvoltage
is tightly toleranced over the entire operating temperature
range. For example, thisallowsa 12V design with an overal
output tolerance of +10%. For higher performance, an opto-
coupler can beused with areferenceasshownintable2. Since
the optocoupler just provideslevel shifting, it does not need to
be safety rated or approved. The use of an optocoupler also
allows flexibility in the location of the device, for example it
allows abuck converter configuration with the LinkSwitch-TN
inthelow sidereturn rail, reducing EMI as the SOURCE pins
and connected components are no longer part of the switching
node.

Selecting the Topology
If possibleusethe Buck topology, theBuck topol ogy maximizes

the available output power from a given LinkSwitch-TN and
inductor value. Also, thevoltage stresson the power switch and

freewheeling diode, and the average current through the output
inductor areslightly lower inthe Buck topology ascompared to
the Buck-Boost topology.

Selecting the Operating Mode — MDCM and CCM
Operation

At the start of a design, select between mostly discontinuous
conduction mode (MDCM) and continuous conduction mode
(CCM) as this decides the selection of the LinkSwitch-TN
device, freewheeling diodeand inductor. For maximum output
current select CCM, for all other casesMDCM isrecommended.
Overdl, select the operating mode and componentsto give the
lowest overall solution cost. Table7 summarizesthetrade-offs
between the two operating modes.

Additional differences between CCM and MDCM include
better transient response for DCM and lower output ripple (for
same capacitor ESR) for CCM. However these differences, at

COMPARISON OF CCM AND MDCM OPERATING MODES

Lower value, smaller size.

OPERATING MODE MDCM CCM
A I ! : LA ! I !
I | | | |
| | | | | |
| | | | | |
| | | lo | | | lo
T I I WO T T T v
Operating : L ' V : \/ \
Description | L ¢ | | | ¢
1 : / . | | | RS
ton torr tioLe ©oton 0 lopr
P1-3769-121803 PI-3770-121503
Inductor current falls to zero during t__, Current flows continuously in the inductor for
Borderline between MDCM and CCM when | the entire duration of a switching cycle.
tIDLE = O
Lower Cost Higher Cost
Inductor

Higher value, larger size.

) Lower Cost
Freewheeling

Diode (<35 ns for ambient >70 °C).

75 ns ultra-fast reverse recovery type

Higher Cost
35 ns ultra-fast recovery type required.

Potentially Higher Cost
LinkSwitch-TN

May require larger device to deliver required
output current—depends on required output

Potentially Lowest Cost
May allow smaller device to deliver required
output current—depends on required output

current. current.
Effici Higher Efficiency Lower Efficiency
iciency Lower switching losses. Higher switching losses.
Overall Typically Lower Cost Typically Higher Cost

Table 7. Comparison of Mostly Discontinuous Conduction (MDCM) and Continuous Conduction (CCM) Modes of Operation.

| o

A
1/04



AN-37

the low output currents of LinkSwitch-TN applications, are
normally not significant.

The conduction mode CCM or MDCM of a Buck or Buck-
Boost converter primarily depends on input voltage, output
voltage, output current and device current limit. The input
voltage, output voltage and output current are fixed design
parameters therefore the LinkSwitch-TN (current limit) is the
only design parameter that sets the conduction mode.

The phrase “mostly discontinuous’ is used as with on-off
control, since a few switching cycles may exhibit continuous
inductor current, the majority of the switching cycleswill bein
the discontinuous conduction mode. A design can be made
fully discontinuous but that will limit the available output
current, making the design less cost effective.

Step-by-Step Design Procedure

Step 1. Determine System Requirements VAC
VAC, 0 Po Vo, fLim

MAX? o

MIN’?

Determine the input voltage range from Table 8.

Input (VAC) VAC,,\ VAC,,
100/115 85 132
230 195 265
Universal 85 265

Table 8. Standard Worldwide Input Line Voltage Ranges.

Line Frequency, f : 50 or 60 Hz, for half-wave rectification
usef /2.
Output Voltage, V: in Volts.

Output Power, P_: in Waitts.
Power supply efficiency, n: 0.7 for a12 V output, 0.55 for a
5V output if no better reference data available.

Total Capacitance CIN(TOTAL)
“’F/POUT (CINl + CINZ)
AC Input Half Wave Full Wave
Voltage (VAC) Rectification Rectification
100/115 6-8 3-4
230 1-2 1
Universal 6-8 3-4
Table 10. Suggested Total Input Capacitance Values for Different
Input Voltage Ranges.

Step 2. Determine AC Input Stage

Theinput stage comprisesfusibleresistor(s) input rectification
diodes and line filter network. The fusible resistor should be
chosen as flame proof and depending on the differential line
input surge requirements, awire wound type may be required.
The fusible resistor(s) provides fuse safety, inrush current
limiting and differential mode noise attenuation.

For designs<1 W itislower cost to use half-waverectification,
>1 W full wave rectification (smaller input capacitors). The
EMI performance of half waverectified designsisimproved by
adding a second diode in the lower return rail. This provides
EMI gating (EMI currents only flow when the diode is
conducting) and al so doublesdifferential surgewithstand asthe
surge voltage is shared across two diodes. Table 9 showsthe
recommendedinput stage based on output power for auniversal
input design while Table 10 shows how to adjust the input
capacitance for other input voltage ranges.

Pour =0.25W 0.25-1 W >1W
O_AM_D'_—O o—mwWA—> A o O_W_D'__rrv‘\ 2 Dinia ~ o
Rey Diny * Rey Diny Re, * Rey Ding N Rey Lin +
*k ok Kk
/lA’\C‘? < Cny /]\,f‘: TCn ~Cie /Ikl\(l: T~Cn  ~Cne | ACIN TCni T Cie
R, * D‘N’; DIN; D\N; X
7 5| o & 5| o 5 Za -
85-265 VAC PI-3771-121603 PI-3772-121603 PI-3773-121603 PI-3774-121603
Input Stage ) } .
R, R.,: 100-470 Q, R.,:8.2Q, 1 W Fusible R.,:8.2Q, 1 W Fusible R.,:8.2Q, 1 W Fusible
0.5 W, Fusible R, 100 Q, 0.5 W, L, 470 uH-2.2 mH, L 470 uH-2.2 mH,
C,: =2.2 uF, 400 V Flame proof 0.05A-0.3A 0.05A-0.3A
D, Dot IN4007, 1 A, Chi Cho 23.3 UF, Cpi Cingt 24 UFIW 1, Chp Cig 22 UFIW 1,
1000 vV 400 V each 400 V each 400 V each
D, Dot IN4007, 1 A, D1 Dot IN4007, 1A, D,\1r Do IN4005, 1 A,
1000 vV 1000 vV 600 V
*Optional for improved EMI and line surge performance. Remove for designs requiring no impedance in return rail.
Comments ) ) .
**Increase value to meet required differential line surge performance.

Table 9. Recommended AC Input Stages For Universal Input.

A
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Step 3. Determine Minimum and Maximum DC Input
Voltages V,, and V, . Based on AC Input Voltage

CalculateV,,, as
Vvax = V2 “Vacmax (1)

Assuming that the value of input fusible resistor is small, the
voltage drop acrossit can be ignored.

Assume bridge diode conduction time of t_ = 3 msif no other
data available.

Derive minimum input voltage V,

1 ¢ )
5 f
n'CIN(TOTAL)

2' Po(

Vuin = (2'VACM|N2)

IfV,,, is=70V thenincrease value of CIN(TOTAL)'

Step 4. Select LinkSwitch-TN Device Based on
Output Current and Current Limit

Decide on operating mode - refer to Table 7.
For MDCM operation, the output current (1) should be less

than or equal to half the value of the minimum current limit of
the chosen device from the data sheet.

ILIMIT_MIN >2-1g ()

For CCM operation, the device should be chosen such that the
output current |, is more than 50%, but less than 80% of the

minimum current limit |LIMIT—MIN.

05 Iuymir_min <lo <08 1wt MmN (4)

Please see data sheet for LinkSwitch-TN current limit values.

Step 5. Select the Output Inductor

Tables3and 4 provideinductor valuesand RM Scurrent ratings
for common output voltages and currents based on the
calculationsin the design spreadsheet. Select the next nearest
higher voltage and/or current above the required output
specification. Alternatively the PIX|s spreadsheet tool in the
Pl Expert software design suite or Appendix A can be used to
calculate the exact inductor value (Eg. A7) and RMS current
rating (Eq. A20).

It isrecommended that the value of inductor chosen should be
closertolL,,rather than 1.5- L duetolower DC resistance
and higher RMSrating. The lower limit of 680 uH limits the
maximum di/dt to prevent very high peak current values.
Tables 3 and 4 provide reference part numbers for standard

inductors from two suppliers.

680 uH < Lyyp <L < 1.5 ' Lpp (5)

For LinkSwitch-TN designs the mode of operation is not
dependent on the inductor value. The mode of operation is a
function of load current and current limit of the chosen device,
theinductor valuemerely setstheaverage switching frequency.

Figure 2 showsatypical standard inductor manufacturer’ sdata
sheet. Thevalueof off-the-shelf “drum core/ dog bone/ | core’
inductorswill drop up to 20%in value asthe current increases.
TheconstantK, ., inequation (A7) andthedesignspreadsheet

adjusts for both this drop and the initia inductance value
tolerance.

For exampleif a680 uH, 360 mA inductor isrequired, referring
to Figure 2, thetoleranceis 10% and an estimated 9.5% for the
reductionininductanceat the operating current (approximately
[0.36/0.38] - 10). Thereforethevalueof K =1.195(19.5%)).

L_TOL

If no datais available assumeakK, .

of 1.15 (15%).

Not all theenergy stored intheinductor isdelivered to theload,
duetolossesintheinductor itself. To compensatefor thisaloss

Inductance and Current Rating Current Rating Current Rating
Tolerance for 20 °C Rise for 40 °C Rise for Value -10%
@ SBC3 Series (SBC3-[1-0O00)
Inductance Rdc \ Rated Current Current (Reference Value) /
Model (W) (A) (A)
L(mH/ at 19/kHz max. \iT =20°C AT = 40 °C L change rate/lo%

681-361 680+10% 1.62 0.36 0.50 0.38
102-281 1000+£10% 2.37 0.28 0.39 0.31
152-251 1500+10% 3.64 0.25 0.35 0.26
222-191 2200+10% 5.62 0.19 0.26 0.21
332-151 3300+£10% 7.66 0.15 0.21 0.17

Figure 2. Example of Standard Inductor Data Sheet.

PI-3783-121003
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factor K| ¢ isused. Thishasarecommended value of between
50% and 66% of thetotal supply lossesasgivenby equation (5).
For example, a design with an overall efficiency (v) of 0.75

would have aK . value of between 0.875 and 0.833.
Kios =1- (@) tol- (@) 6)

Step 6. Select Freewheeling Diode

For MDCM operationat t,,,, <70 °C, select an ultra-fast diode
witht <75ns. Att, —>70°C,t <35ns.

For CCM operation, select an ultra-fast diode witht <35 ns.
Allowing 25% design margin for the freewheeling diode,

The diode must be able to conduct the full load current. Thus

lr >1.25- 14 (8)
Table 5 lists common freewheeling diode choices.
Step 7. Select Output Capacitor

The output capacitor should be chosen based on the output
voltageripplerequirement. Typically the output voltageripple
is dominated by the capacitor ESR and can be estimated as:

v
ESRyay = —NPPLE 9)
Lo
where V., . isthe maximum output ripple specification and
[, 1S the LinkSwitch-TN current limit. The capacitor ESR

value should be specified approximately at the switching
frequency of 66 kHz.

Capacitor values above 100 uF are not recommended as they
can prevent the output voltage from reaching regul ation during
the 50 ms period prior to auto-restart. If more capacitance is
required, then a soft-start capacitor should be added (see Other
Information section).

Step 8. Select the Feedback Resistors

The values of R, and R, . are selected such that at the
regulated output voltage, the voltage on the FEEDBACK pin
(V) is1.65V. Thisvoltageisspecified foraFEEDBACK pin
current (I ) of 49 uA.

Letthevalueof Ry, = 2k<; thisbiasesthe feedback network

at acurrent of ~0.8 mA. Hencethevalue of R_, isgiven by

Ry - VoVes (Vo - Ves) Raias (Vo -1.65V)-2kQ
o= - -
Ves | leg Veg + (15 - Raias) 1.748 V
IAS (10)

Step 9. Select the Feedback Diode and Capacitor

For the feedback capacitor, use a 10 uF general purpose
electrolytic capacitor with avoltagerating =1.25- V.

For the feedback diode, use a glass passivated 1N4005GP or
1N4937GP device with avoltage rating of 21.25- V.

Step 10. Select Bypass Capacitor
Use 0.1 uF, 50 V ceramic capacitor.
Step 11. Select Pre-load Resistor

For direct feedback designs if the minimum load <3 mA then
caculateR, =V /3 mA.

Other information

Startup Into Non-Resistive Loads

If thetotal system capacitanceis>100 uF or the output voltage
is>12 V, then the output may fail to reach regulation during
start-up. Thismay also betruewhentheloadisnot resistive, for
exampl e the output is supplying a motor or fan.

Toincreasethe startup time, a soft-start capacitor can be added
acrossthefeedback resistor, asshownin Figure 3. Thevalue of
this soft-start capacitor is typicaly in the range of 0.47 uF to
47 uF with avoltage rating of 1.25- V. Figure 4 shows the
effect of C; used ona 12V, 150 mA design driving a motor
load.

|—:|
A

>
—_|:>
>

<

FB| |BP I
+ D S +

LinkSwitch-TN
Vi T Vo
o = = o

PI-3775-121003

Figure 3. Example Schematic Showing Placement of Soft-Start
Capacitor.
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o

14

Voltage (V)
(2]

12

10

T No soft-start capacitor. Output 1
never reaches regulation (in
auto-restart).

P1-3785-010504

I

2.5 5

Time (s)

12

10 |

T soft-start capacitor value too
small — output still fails to reach
I regulation before auto-restart. ]

P1-3786-010504

2.5 5

Time (s)

12

10

Correct value of soft-start
1 capacitor — output reaches ]
regulation before auto-restart.

25 5

Time (s)

P1-3787-010503

Figure 4. Example of Using Soft-Sart Capacitor to Enable Driving
a 12V, 0.15 A Motor Load. All Measurements were made
at 85 VAC (worst case condition).

| o

va
—13
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V. LinkSwitch-TN
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(e}

ze % %EZN

PI-3776-121003

Figure 5. Example Circuit — Generating Dual Output \oltages.

Generating Negative and Positive Outputs

Inapplianceapplicationsthereisoftenarequirementtogenerate
both an AC line referenced positive and negative output. This
can be accomplished using the circuit in Figure 5. The two
zener diodes have a voltage rating close to the required output
voltage for each rail and ensure that regulation is maintained
when one rail is lightly and the other heavily loaded. The
LinkSwitch-TN circuit isdesigned asif it were a single output
voltagewith an output current equal to the sum of both outputs.
The magnitude sum of the output voltagesin this example being
12V.

Constant Current Circuit Configuration (LED Driver)

The circuit shown in Figure 5 is ideal for driving constant
current loads such as LEDs. It uses the tight tolerance and
temperature stable FEEDBACK pin of LinkSwitch-TN as the
reference to provide an accurate output current.

S
AAA H + Optional
oy H Dr_lq_r See Text
2R VReg Degs
>3 ZBk\AS [P
FB BP R
o—1 1 vyl m R
+ D S XA N
LinkSwitch-TN L)I—I Drw RZANRN
CSENSE < § §
XA N
- L VANERN
o

PI-3795-122403

Figure 6. High-Side Buck-Boost Constant Current Output
Configuration.

To generate a constant current output, the average output
currentisconvertedtoavoltageby resistor R, . and capacitor
Cqnee @nd fed into the FEEDBACK pinviaR_; and R

BIAS®

With thevauesof R, ,.and R__ as shown, the value of R

BIAS FB ! SENSE

should be chosen to generate a voltage drop of 2 V at the
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required output current. Capacitor C, . filters the voltage
across R, ., Which is modulated by inductor ripple current.
The value of C, . should be large enough to minimize the
ripplevoltage, especialy inMDCM designs. A valueof C_,
is selected such that thetime constant (t) of R, . andC__ . is
greater than 20 timesthat of the switching period (15 us). The
peak voltage seen by C isequal toR I

SENSE SENSE | LIMIT(MAX)®

The output capacitor is optional; however with no output
capacitor the load will see the full peak current (I, ) of the
selected LinkSwitch-TN. Increase the value of C (typically in
the range of 100 nF to 10 uF) to reduce the peak current to an
acceptable level for the load.

If theload isdisconnected, feedback islost and thelarge output
voltagewhichresultsmay causecircuit failure. To prevent this,
asecond voltage control loop, D, and VR_, can be added as
shown if Figure 6. This also requires that C is fitted. The
voltageof the Zener issel ected asthe next standard value above
the maximum voltage across the LED string when it is in
constant current operation.

The same design equations/ design spreadsheet can be used as
for astandard buck-boost design, with thefollowing additional
considerations.

1. V,=LED V_- Number of LEDs per string

2. 1,=LED I_- Number of strings

3. Lower efficiency estimate dueto R, .. losses (enter
R into design spreadsheet as inductor resistance)

SENSE

SetR,, =2kQandR_ =300Q

BIAS

SENSE = I
. Conee =20 (15 usR, o)
Select C,, based on acceptable output ripple current
through the load
8. If the load can be disconnected or for additional fault
protection, add voltage feedback components D, and

VR, inadditionto C,.

FB’

No oA

Thermal Environment

To ensure good thermal performance, the SOURCE pin
temperature should be maintained below 100 °C, by providing
adequate heatsinking.

For applications with high ambient temperature (>50 °C), itis
recommendedto build andtest thepower supply at themaximum
operatingambient temperature, and ensurethat thereisadequate
thermal margin. The figures for maximum output current
providedinthedatasheet correspondtoanambienttemperature
of 50 °C, and may need to be thermally derated. Also, it is
recommended to use ultra fast (=35 ns) low reverse recovery
diodes at higher operating temperatures (>70 °C).

Recommended Layout Considerations

Traces carrying high currents should be as short in length and
thick in width, as possible. These are the traces which connect
the input capacitor, LinkSwitch-TN, inductor, freewheeling
diode and the output capacitor.

Most off-the-shelf inductors are drum core inductors or dog-
bone inductors. These inductors do not have a good closed
magnetic path, and areasourceof significant magnetic coupling.
They areasourceof differential mode noiseand for thisreason,
they should be placed asfar away aspossiblefromthe ACinput
lines.

Appendix A

Calculations for Inductor Value for Buck and Buck-
Boost Topologies

There is a minimum value of inductance that is required to
deliver the specified output power, regardless of line voltage
and operating mode.

VIN'VO

toLe PI-3778-121803

ton torr

Figure 7. Inductor Voltage and Inductor Current of a Buck
Converter in DCM.

As a general case, Figure 7 shows the inductor current in
discontinuous conduction mode (DCM). The following
expressionsarevalid for both CCM aswell asDCM operation.
There are three unique intervals in DCM as can be seen from
Figure7. Interval t_ iswhen the LinkSwitch-TNisON and the
freewheeling diode is OFF. Current ramps up in the inductor
fromaninitial valueof zero. Thepeak currentisthecurrent limit
[ w7 Of the device. Interval t___iswhen the LinkSwitch-TN is
OFF and thefreewheeling diodeis ON. Current ramps down to
zero during this interval. Interval t_ _ is when both the
LinkSwitch-TN andfreewheeling diodeare OFF, andtheinductor
current is zero.
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In CCM thisidle state does not exist and thust,; . = 0.
Neglecting theforward voltage drop of thefreewheeling diode,
we can express the current swing at the end of interval t_ ina
buck converter as

V Vps — V.
AI(tON) = lrippLE = W ton
MIN

| ripPLE = 2'(|L|M|T_M|N - |o) tipLe = 0 (for CCM)

IrippLe = lumiT_mine tipe >0 (for DCM)

(A1)

where

—_—— ndugtqr Ripple Currgnt .
ILIMIT_MIN = M|n|mum current limit

Vv = Minimum DC Bus Voltage

Vs = On state Drain to Source Voltage drop
Vo= Outpqt Voltage

L, = Minimum Inductance

Similarly, we can express the current swing at the end of
interval t .. as

V,
Al (tOFF) = lripPLE = L O torr (A2)

MIN
Theinitia current through theinductor at the beginning of each
switching cycle can be expressed as

linmas = Tumit_min — IrippLE (A3)

The average current through the inductor over one switching
cycle is equal to the output current 1,. This current can be
expressed as

1 1
| 1 /E'(ILIMIT_MIN + IINITIAL)'tON +E'
o=+

T
-MAX (ILIMIT_MIN + llNITIAL)'tOFF +0-tpE

(A4)
where

|, = Output Current.
Tow wax = the switching interval corresponding to minimum

switching frequency FS,,

Substituting for t and t
have

from equations (A1) and (A2) we

{E LIMIT MIN T IINITIAL)M\
2 Vuin = Vos = Vo
Tsvv MAX + 1 mag ) RERLE " Ly
LIMIT MIN T lINITIAL v,
(e}
(A5)
Lo 2:(Vo lo) (Vs = Vos = Vo)
MIN =
(ILIMIT_MIN2 - IINITIALZ)' FSuin '(VM|N _VDS)

(A6)

Thishowever doesnot account for thel osseswithintheinductor
(resistance of winding and core losses) and the freewheeling
diode, whichwill limitthemaximum power delivering capability
and thus reduce the maximum output current. The minimum
inductance must compensate for theselossesin order to deliver
specified full load power. An estimate of these losses can be
made by estimating the total losses in the power supply, and
then allocating part of these losses to the inductor and diode.
Thisisdoneby thelossfactor K . whichincreasesthe size of
the inductor accordingly.

Furthermore, typical inductors for this type of application are
bobbin core or dog bone chokes. The specified current rating
refer toatemperatureriseof 20 °Cor 40 °C andtoaninductance
drop of 10%. We must incorporate an Inductance Tolerance
FactorK . withintheexpressionfor minimuminductance, to
account for thismanufacturingtolerance. Thetypical inductance

value thus can be expressed as

\Y/
2 KL_TOL ,(Koo) '(VMIN ~Vps - Vo)

LOSS

(ILIMIT_MIN2 - I|N|T|A|_2)' FSuin ‘(VMIN _VDS)
(A7)

LTYP—

where

K| ossiSalossfactor, whichaccountsfor theoff-statetotal losses

of the inductor.

K isthe Inductor Tolerance Factor and can be between 1.1

L_TOL

and 1.2. A typical valueis 1.15.

With this typical inductance we can express maximum output
power as

1
PO_MAX = E Lrvp '(ILIMIT_MINZ - IINITIALZ)'

Vuin —Vos . Kioss (A8)
Vuin = Vos - Vo K _toL

FSuin -

| o
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Similarly for Buck-Boost topology theexpressionsfor L, and

PO_MAX ae

Vo |
2'KL_TOL’( KO O)
_ LOSS

(ILIMIT_MIN2 - I|N|T|A|_2)’ FSun (A9)

Lrvp

1
Fo_max = 5 Lrvp ‘(ILIMIT_MINZ — Iinmac®) (A10)

Average Switching Frequency

SinceLinkSwitch-TN usesan on-off typeof control, thefrequency
of switching is non-uniform due to cycle skipping. We can
average this switching frequency by substituting the maximum
power astheoutput power inequation (A8). Simplifying, wehave

FS... = 2 Vo lo KL 1oL Vuin —Vos - Vo
AVG =
|—‘(|L|M|T2 - ||N|T|AL2)KLoss Vuin — Vos
(A11)

Similarly for Buck-Boost converter, simplifying equation (A9)
we have

2'VO ° IO
|—'(|L|M|T2 - IINITIALZ)KLOSS KLoss
(A12)

Ki_toL

F SAVG =

Calculation of RMS Currents

TheRM Scurrent valuethrough theinductor ismainly required
to ensure that the inductor is appropriately sized and will not
over heat. Also, RMS currentsthrough the LinkSwitch-TN and
freewheeling diode are required to estimate lossesin the power

supply.

Assuming CCM operation, theinitia current intheinductor in
steady stateis given by

Vo
Linmae = Tumim_min _T'IOFF (A13)

For DCM operation thisinitial current will be zero.

The current through the LinkSwitch-TN asafunction of timeis
given by

, Vi = Vs - V.
isw(t) = Tinmac +W‘t O0<ts=tyy
ign(t) =0 ,toy <t=toy (A14)

The current through the Freewheeling diode as a function of
timeisgiven by

ip(t)=0, O<tstgy
. Vo
ip(t) = LLmir_min _TvtON <t=tgy (A15)
. VO
in() =0, Tumr_min —T't<0 (A16)

And the current through the inductor as a function of timeis
given by

iL(t)=iaw(t) +ip(t) (A17)
From the definition of RM S currents we can expressthe RMS

currentsthroughtheswitch, freewheeling diode andinductor as
follows

. 1 o
|SN_RMS=\/T_ g igu(t)? - dt (A18)
AVG

T
| 1 ton +torr

iD_RMS=‘ [oip(t)?-dt (A19)

g“ Tave )
iL_RMs=\;‘ — [ (isw(t) +io(t)"-dt  (a20)

Since the switch and freewheeling diode currents fall to zero
during the turn off and turn on intervalsrespectively, theRMS
inductor current is simplified to

- 2, 2
IL_rws =+!sw_rvs *Ip_rus (A21)
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Table Al lists the design equations for important parameters
using the Buck and Buck-Boost topol ogies.

PARAMETER [ BUCK BUCK-BOOST
L [ Vo-lg [ Vo-lo )

TYP o o

2-Ky - 7'(0 © J'(VMIN_VDS_VO) 2-K 7KL Lo
L_LOSS
Lrve = . Lrve = 2 R
(ILIMIT_MIN2 - IINITIALZ)' FSuin '(VMIN _VDS) (ILIMIT_MIN = linmiac ) FSuin
Fae FShp = 2-Vo o KL Vuin = Vos Vo FSave = 2V lg K,
L'(ILIMITZ - IINITIAL)' KL_LOSS Vuin — Vbs L'(ILIMITz - IINITIALZ) KL_LOSS
isw(t) Viuin = Vos - Ve : , Vi =V,
sw . . MIN ~ VDs |
LinkSwitch-TN I (t) = iy + 25—t t <oy tow(t) =i + 22t s oy
Current igy(t)=0,t>toy ign(t)=0,t>toy
. . \ . V,
i4(t) ip(t) = |L|M|T_M|N—To‘t-t>tor\1 in(t) = TLmiT_min ‘To'tat>t0N
Diode
. \ . \
Forward ID(t)=O!ILIMIT_MIN_TO't<O in(t) =0, Tumr_wmi —To't<0
Current .
ip(t)=0,t=tgy ip(t)=0,t=<toy

i, (t) Inductor ; ; . . . .
u@® Ind () = isw(t) (1) () = s (V) + (1)

Max Drain

\ V, \/

Voltage MAX max Vo

Table Al. Circuit Characteristics for Buck and Buck-Boost Topol ogies.
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