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2-Phase, Non-Synchronous
Boost Controller Simplifies
Design of High Voltage,
High Current Supplies

by Muthu Subramauniun und Tick Houk

Introduction

Due to an increasing need for high
power step-up power supplies in au-
tomotive and industrial applications,
Linear Technology has recently intro-
duced the LTC3862 family of 2-phase,
single output non-synchronous boost
DC/DC controllers. The LTC3862
provides a flexible, high performance
step-up controller in three convenient
package options: GN24, 5mm x 5mm
24-pin exposed pad QFN and 24-pin
exposed pad TSSOP. The LTC3862 is
optimized for power MOSFETs that
require 5V gate drive, whereas the
LTC3862-1 is designed for 10V gate
drive MOSFETs.

The LTC3862 utilizes a fixed fre-
quency, peak current mode control
topology to drive ground-referenced
power MOSFETSs, each with a cur-
rent sense resistor in its source. The
use of a precision transconductance
(gn) error amplifier allows for easy
loop compensation and facilitates the
parallel connection of several ICs in
multiphase applications. The operat-
ing frequency can be programmed
from 75kHz to 500kHz using a single
resistor, and a phase lock loop allows
the switching frequency to be syn-
chronized to an external clock over a
50kHz to 650kHz range.

The LTC3862 is a versatile
control IC optimized for a
wide variety of step-up
DC/DC converter
applications. This makes
it easy to optimize
efficiency, size and weight
of the power supply, while
keeping component and
manufacturing costs low.

A 24V, 5A
Car Audio Power Supply
Today’s high end car audio systems
require significant power to drive
upwards of seven speakers inside
the passenger compartment. High
frequency speakers such as tweeters
are generally very efficient, but low
frequency drivers such as subwoofers
require substantial power to achieve
high volume. In addition to the need
for high power, the car audio system
should be itmmune to changes in
the battery voltage. These require-
ments can be met through the use
of a step-up converter for the power
continued on page 3
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Linear in the News...

Linear Unveils Battery Stack Monitor
for Hybrid/Electric Vehicles

In September, Linear announced an innovative new product
focused on the challenge of monitoring a stack of batter-
ies for applications such as hybrid/electric vehicles and
battery backup systems. The company announced the
product in a series of press meetings in North America,
Europe and Asia, including press conferences in Munich
and Beijing, as well as meetings in Silicon Valley, London,
Paris, Stockholm, Seoul and Tokyo. Linear has already
seen significant customer interest in the device for a broad
range of applications.

& Beseery Steok Monitor

The anticipated migration to zero emission vehicles
awaits the development of viable high performance battery
systems. Lithium batteries offer the promise of high energy
density, but improving reliability, prolonging lifetime and
meeting cost targets require sophisticated battery manage-
ment electronics. Battery management electronics must
accurately monitor and balance each individual battery cell
in long, high voltage battery strings—the type required for
high power applications. This is a significant electronics
challenge, combining automotive demands with the task
of extracting small differential voltages from OV to more
than 1000V of common mode voltage. To address this
need, Linear Technology developed the LTC6802.

A single LTC6802 multicell battery monitoring IC is
capable of precisely measuring the voltages of up to 12
series-connected battery cells. For longer battery strings,
multiple LTC6802s can be placed in series to monitor large
numbers of battery stacks. The LTC6802’s novel stacking
technique allows multiple LTC6802s to be placed in series
without optocouplers or isolators. Stacked LTC6802s can
precisely measure all battery cell voltages, independent of
battery string size, within 13ms.

The LTC6802’s maximum measurement error is less
than 0.25%, which allows cells to operate over their full
charge and discharge limits, thus maximizing lifetime
and useful battery capacity. The LTC6802 monitors each
cell for undervoltage and overvoltage conditions, commu-
nicating to a host controller via a 1MHz serial interface.
To address overcharge conditions, each of the LTC6802’s
inputs supports a MOSFET switch for quick individual
cell discharge.

The LTC6802 incorporates a number of other features
in its 8mm x 12mm surface mount package, including
temperature sensor inputs, GPIO lines and a pin-acces-
sible precision voltage reference.

The LTC6802 is fully specified for operation from -40°C
to 85°C and offers diagnostics and fault detection. The
combined robustness, exceptional precision and tiny
package directly address the critical requirements of high
powered, high performance battery systems.

EDN Debuts Jim Williams Article Archive

EDNmagazine has launched an archive of articles on their
website, entitled, “How-to articles and Design Ideas from
EDN's most revered contributor, Jim Williams.” Thus far,
EDNhas posted Jim Williams' in-depth applications articles
from the present, going back to 1994—42 articles so far.
The magazine has plans to continue building the archive,
eventually posting articles as far back as 1980.

This work is a tribute to the significant contributions
made to the electronics design community by Jim Williams
and the yeoman efforts of EDN's analog editor, Paul Rako
tomake these technical articles available to a wide range of
readers worldwide. You can access the articles and watch
the archive as it grows at www.edn.com/jimwilliams.

Linear Technology at IIC China Conference

Linear will have a booth at three IIC Conference locations
in the coming months: February 26-27 in Shenzhen, March
2-3 in Xian, and March 5-6 in Beijing.

At the conference, Linear will focus on products for the
industrial and automotive markets. China continues to
be a significant growth market for Linear in a number of
key product areas, including:

U Data converters for industrial applications

U Power products and signal conditioning products for
industrial applications

U Power pModule™ DC/DC regulators

U Products for automotive applications, including:

— Multicell battery stack monitors

— Current sense amplifiers

— LED drivers L7
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LTC3862, continued from page 1
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Figure 1. A 120W 2-phase, 24V/5A output car audio power supply

amplifiers. Figure 1 shows a 2-phase,
24V/5A output audio power supply
that operates from a car battery, and
Figure 2 shows the efficiency curve
for this converter.

A2-phase design with an operating
frequency of 300kHz allows the use of
significantly smaller output capacitors
and inductors than a single-phase
design. To keep the output ripple
voltage below 60mV peak-to-peak and
satisfy the RMSripple current demand,
a combination of two 100pF, 35V
aluminum electrolytic capacitors are
connected in parallel with four 10pF,
50V ceramic capacitors. The 4.2pH,
10.6A inductor (CDEP145-4R2) from
Sumida Inductorsis chosen forits high
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Figure 2. Efficiency and power loss vs load
current for the 120W car audio power supply

A 2-phase design with an
operating frequency of
300kHz allows the use of
significantly smaller output
capacitors and inductors
than a single-phase design.

Also, the output current
of this converter can
easily be scaled by adding
additional power stages
and controllers, without
modifying the basic design.
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5A/DIV J+

L1

I
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Vout pra—
500mV/DIV 14

Viy =12V
Vour =24V
ILoap = 2A TO 5A

500ps/DIV

Figure 3. Inductor current waveforms in load
step show accurate current matching between
load sharing channels

saturation current rating and surface
mount package design.

The MOSFET is a Vishay Si7386DP,
which has a maximum Rpgoy) of 7mQ
at VGS = 10V and 9.5mQ at VGS =
4.5V. The 35V, 8A Schottky from On
Semiconductor (MBRD835L) offers
surface mount capability and small
size. [t should be noted that the output
current of a converter such as this can
easily be scaled by adding additional
power stages and controllers, without
modifying the basic design.

Excellent Channel-to-Channel
Current Matching Ensures a
Balanced Thermal Design

In order to provide the best channel-
to-channel inductor current matching,
the LTC3862 is designed to make the
transfer function from the output of
the error amplifier (the ITH pin) to the
current comparator inputs (SENSE*
and SENSE™ pins) as accurate as
possible. The specification for the
maximum current sense threshold is
75mV, and the channel-to-channel
(VSENSE 1 _VSENSEZ) mismatch SpeCiﬁca—
tionis +10mV, over the-40°C to 150°C
temperature range. This excellent
matching ensures balanced inductor
currents and a thermally stable design,
even with multiple regulators daisy-
chained together. Figure 3 shows how

Linear Technology Magazine ¢ January 2009
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Figure 4. Inductor current and switch node
voltage waveforms at heavy load, continuous
conduction mode (CCM)

well matched the inductor currents are
for the car audio power supply during
a load step.

Constant Frequency
Operation over a Wide

Load Current Range

Constant frequency operation eases
the task of input and output filter
design, and prevents a power supply
from becoming audible at light load. At
heavy load, the inductor currents are
generally continuous (CCM), as shown
in Figure 4. At light load, the inductor
current will go discontinuous (DCM),
as shown in Figure 5. When the load
current drops below what can be sup-
ported by the minimum on-time of the
converter (approximately 180ns), the
controller will begin to skip cycles in
order to maintain output regulation,

SW1 L2
sovoIv L L

SW2
50V/DIV
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2A/DIV
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Vi = 12V 1us/DIV

Vour =48V
ILoaD = 100mA

Figure 5. Inductor and switch node voltage
waveforms at light load, discontinuous
conduction mode (DCM)
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Figure 7. Synchronizing the LTC3862 to an
external clock using the phase lock loop

as shown in Figure 6. This is a normal
operating condition thatdoesn’t cause
any problems in the system, aslong as
the peak inductor current is low.

In general, the lower the load cur-
rent at the onset of pulse-skipping,

Viy ]
8.5V T0 28V 58H D1
PA2050-583 B3100
L 1nF YN ° Ff‘
= | = Q1 v
Duax V8 GATE1 . 1143 HAT2267H
— SLOPE SENSE1* ! M
—] BLANK _1_10n|: 0.02OQ anF
100v
PHASEMODE ~ SENSE1™ |—e

| 68uF 50V |

150k 6.84F 50V

FREQ RUN —m
SS 1uF
1TC3s62-1 ’ | I_‘,
ITH 4.7yF
FB INTVgg —| )
SGND PGND
GATE2 -

6.8F 50V
|
|

— CLKOUT

SENSE2™ [—%

| 571 10nF

PLLFLTR SENSE2*

2.20F
0.020Q 100V
1w x6
Q2
1€ HaT2067H
L2
58uH 3100
PA2050-583
~ > C
J

b— Vour
[ 72V

Figure 8. An 8.5V-28V input, 72V/1.5A output low emissions diesel fuel injector actuator supply
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Figure 6. Inductor and switch node voltage
waveforms at light load (pulse-skipping)

the better, since constant frequency
operation is maintained down to this
threshold. In Figure 6 the onset of
pulse-skipping occurs at a relatively
low 0.2% of the maximum load cur-
rent.

For systems where synchronization
to an external clock is required, the
LTC3862 contains a phase lock loop
(PLL). Figure 7 illustrates the switch-
ing waveforms with an external sync
signal applied to the SYNC pin.

Strong Gate Drivers and a
High Current Internal LDO
Complete the Package

In high outputvoltage systems, switch-
ing losses in the power MOSFETS can
sometimes exceed the conduction
losses. In order to reduce switch-
ing losses as much as possible, the
LTC3862 incorporates strong gate
drivers. The PMOS pull-up transis-
tor has a typical Rpgoy) of 2.1Q, and
the NMOS pull-down transistor has
a typical Rpgoy) of 0.7Q. In addition
to reducing switching losses, these
strong gate drivers allow two power
MOSFETs to be connected in paral-

Vout
20V/DIV L el
IL
S5A/DIV
Vi =24V 500ps/DIV
Vour =72V

Figure 9. Load step waveforms for
diesel fuel injector actuator supply
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lel for each channel in high current
applications.

In order to simplify operation in
single-supply systems, the LTC3862
includes a 5V low dropout regulator
(LDO) that can support output cur-
rents up to 50mA. The use of a PMOS
output transistor ensures that the full
supply voltage is available for driving
the power MOSFETs under low supply
conditions, such as during automo-
tive cold cranking. An undervoltage
lockout circuit detects when the LDO
output voltage falls below 3.3V and
shuts off the gate drivers, thereby

protecting the power MOSFETSs from
switching at low Vgg.

The LTC3862 is capable of operation
over a 4V to 36V input voltage range,
making it suitable for a wide variety
of boost applications.

Lower Emissions Diesel Fuel
Injection: A 8.5V-28V Input,
72V, 1.5A Output Boost
Tomorrow’s low emissions diesel
fuel injection systems require more
precise and faster actuation of the
fuel injectors than do their gasoline
counterparts. Stepping up the voltage

of the system is an easy way to achieve
fast actuation by increasing di/dt in
the actuator, since the energy stored
on a capacitor is CV2/2. Boosting the
car batteryvoltage from 13V to 72V sig-
nificantly increases the di/dt, enabling
faster actuation. The actuation of the
injector typically discharges the supply
capacitor by 10V-20V, after which the
boost converter recharges the output
cap to 72V. Figure 8 illustrates this
8.5V to 28V input, 72V/1.5A output
2-phase boost converter. Figure 9 il-
lustrates the load step for a simulated
injector.
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Figure 10. A 4-phase, 12V/15A industrial power supply that operates from a 5V input
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Figure 11. Power supply start-up waveforms for
4-phase, 12V/15A industrial power supply

This power supply operates at a
switching frequency of 300kHz in order
to reduce switching losses and uses a
57.8uH, 5A inductor (PA2050-583). An
80V Renesas HAT2267H MOSFET was
chosen for this application, in order
to provide sufficient guardband above
the 72V output. The MOSFET has a
maximum RDS[ON) of 13mQ at VGS =
10V. The Diodes Inc surface mount
diode (B3100) was chosen for the 3A
output current level. A combination
of a two 47pF, 100V electrolytic and
six 2.2pF, 100V low ESR ceramic ca-
pacitors are used to reduce the output
ripple to below 100mV peak-to-peak
and satisfy the RMS ripple current
requirement.

A 4-Phase, 5V Input,

12V/15A Output,

Industrial Power Supply

Figure 10 illustrates an industrial
power supply that converts a 5V in-
put to a 12V output at up to 15A of
load current. The use of four phases
greatly eases the task of choosing
the power components, and reduces
output ripple significantly. Figure 11

Vi =5V
Vour = 12V

In high output voltage
systems, switching losses
in the power MOSFETs
can sometimes exceed the
conduction losses. In order
to reduce switching losses
as much as possible, the
LTC3862 incorporates
strong gate drivers. The
PMOS pull-up transistor has
a typical Rpsoy) of 2.19,
and the NMOS pull-down
transistor has a typical
Rpson) of 0.7Q. In addition to
reducing switching losses,
these strong gate drivers
allow two power MOSFETsS to
be connected in parallel for
high current applications.

shows the start-up waveforms for this
converter. Figure 12 shows the load
step waveforms.
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Figure 13. 48V/5A output, high power demonstration circuit

250ps/DIV

Figure 12. Load step waveforms for 4-phase,
12V/15A industrial power supply

Multiphase operation is made pos-
sible using the PHASEMODE, SYNC
and CLKOUT pins. The PHASEMODE
pin controls the phase relationship
between GATE 1 and GATE 2, as
well as between GATE 1 and CLK-
OUT. The CLKOUT pin of a master
controller is connected to the SYNC
pin of a slave, where the phase lock
loop ensures proper synchronization.
The PHASEMODE pin can be used to
program 2-, 3-, 4-, 6- and 12-phase
operation.

48V/5A Demo Circuit

The DC1286A demonstration circuit
board is designed for high power ap-
plications, providing a 48V /5A output
using the GN24 package option of the
LTC3862 or LTC3862-1. The 6-layer
PCB design ensures proper routing of
the SENSE lines, and exhibits minimal
jitter even at 50% duty cycle. Jump-
ers are provided to easily change the
BLANK time, PHASE, maximum duty,
and SLOPE compensation. There is
an optional onboard 12V Vy supply
to power the IC, and the component
footprint provides flexibility to use
various inductors, MOSFET’s and
diodes.

Conclusion

The LTC3862 is a versatile control IC
optimized for a wide variety of step-
up DC/DC converter applications. Its
flexible, high performance operation
and three convenient package options
make it possible to optimize efficiency,
size and weight of the power supply,
while keeping the total component and
manufacturing costs low. £7
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Reliable Precision Voltage Reference
with Sppm/°C Dirift is Factory Timmed
and Tested at —40°C, 25°C and 125°C

by Michuael B. Anderson und Brendun Whelan

Introduction

High precision requirements are no
longer limited to the most exotic and
expensive measurement equipment.
Designers of industrial monitors
and automotive monitor and control
circuits are using precision circuits
to maximize the performance and
uninterrupted operating times of their
products. Improved precision allows
for more accurate assessment of sen-
sor outputs that measure ambient
conditions, equipment position, bat-
tery condition, component wear and
many other system indicators. Precise
and consistent measurements are the
key to managing system elements that
change very little over their operating
lives. Recognizing these slight changes
can allow estimation of the remaining
lifetime of lamps, motors, and other
components, or allow control of bat-
tery charge and discharge to maximize
operating life. These applications not
only require high accuracy, low drift
and low noise, but also a wide operat-
ing temperature range and reasonable
cost.

Factory Calibration Means
Dependable Precision

The LTC6652 reference is a precision
low drift voltage reference that includes
advanced curvature compensation
circuitry and post-package trim. To
guaranteereliable performance, these
parts are tested at -40°C, 25°C and
125°C toverify they meet specification
across the entire temperature range.
This comprehensive testing ensures
that the LTC6652 can be used with
confidence in demanding applica-
tions. One result of this testing is
demonstrated in Figure 1. The output
voltage versus temperature for several
randomly chosen parts shows a drift
characteristic that is consistent from
part to part. This is aresult of a propri-

etary curvature compensation circuit
that tracks the operating conditions
and the manufacturing process, yield-
ing consistent results. Figure 2 shows
a typical temperature drift distribu-
tion of randomly selected production
tested LTC6652s, illustrating how well
the design and testing methodology
works. Finally, the initial accuracy
distribution is tightly controlled, as
shown in Figure 3.

Compare the Real Specs:

Is the Temperature Range
Operating or Functional?
When comparing voltage references for
use in demanding environments, it is
important to know, with confidence,
how the voltage reference performs at
the extremes. When it is important for
the reference to provide precision (not
just survive) in a harsh environment,
the LTC6655 leaves most competing
voltage references behind.

For example, many applications
requiring a precision reference are
designed to work over the industrial
temperature range (-40°C to 85°C).
If the ambient temperature reaches
85°C, the interior of the enclosure and
the temperature of the reference will

30
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Figure 2. Drift distribution (-40°C to 125°C)
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Figure 1. Typical drift characteristics of
production trimmed and tested parts

likely exceed 85°C. It is not uncom-
mon in this case for the interior of a
circuit enclosure to climb above 100°C
due to the thermal dissipation of its
components. In addition, any compa-
rable voltage reference fully loaded at
5mA with a 13.2V input voltage would
self-heat an additional 18°C, raising its
own internal junction temperature to
118°C. This temperature is well out-
side the useful range of most voltage
references. The LTC6652, however,
maintains exceptional performance in
these conditions, despite the extreme
environment. By comparison, the drift
ofareference specified only to 85°C will
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Figure 3. Typical Vyyp distribution
for LTC6652-2.5
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likely exhibit substantial additional
error, or it may even fail to operate.
Other references that claim similar
performance to the LTC6652 often are
only “functional”’, meaning they don’t
fail, but they don't meet specification
either at temperatures exceeding 85°C
or below 0°C. These competing parts
are rarely tested across their entire
specified temperature range. The real-
ity of industrial circuit design is that
in many cases, component specifica-
tions over “industrial” temperatures
are woefully inadequate.

In contrast, every LTC6652 is fully
tested at 25°C, -40°C and again at
125°C for every device, not just a
small sample. This extensive testing
proves the consistently high quality
of the LTC6652 over its entire wide
temperature range.

Further, the LTC6652 was designed
from the ground up to accommodate
a wide temperature range. Figure 1
clearly illustrates its consistent per-
formance over the entire range. There
is no need to question or derate the
performance of a system that uses
the LTC6652 at its temperature ex-
tremes. The consistent, guaranteed
performance makes it easy to design,
specify and calibrate a high perfor-
mance system. This is not the case
with some competing products.

Eliminate Field Calibration

After any precision reference is sol-
dered onto a printed circuit board,
thermal hysteresis will likely shift the
output fromits factory trimmed value.
Further temperature cycling will also
contribute to a shift in the output volt-
age. Over time, the output will tend to
drift slightly as well due to aging of the
circuit. The circuit design, fabrication
process and mechanical design of the
LTC6652 is optimized for low thermal
hysteresis and excellent long-term
stability, reducing the need for field
calibration. Thermal hysteresis is
caused by differing rates of expansion
and contraction of materials within
a packaged semiconductor device as
the device experiences temperature
changes. As the package material and
the semiconductor die expand and
contract at different rates, mechani-
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Figure 4. Hysteresis plot (-40°C to 125°C)

cal force changes device parameters
(ever so slightly) and cause the output
voltage to change. This change is
measured in parts per million (ppm)
and is shown in Figure 4.

The LTC6652 boasts a typical
thermal hysteresis value of 105ppm
over its full temperature range. What
this means is that when a device goes

The LTC6652 reference
Samily is designed and
factory trimmed to yield
exceptional drift and
accuracy performance. The
entire family is guaranteed
and production tested at
-40°C, 25°C and 125°C
to ensure dependable
performance in demanding
applications. Low thermal
hysteresis and low long-term
drift reduce or eliminate the
need for field calibration.

from room temperature to 125° and
back again to room temperature, the
output will typically shift 105ppm.
For a 2.5V voltage option, the output
would shift -260pV. A cold excursion
would shift the most recent room tem-
perature measurement +260p. Typical
hysteresis of 105ppm is equivalent to
0.0105%; just a small fraction of the
initial accuracy.

It may be convenient to compare
typical values for thermal hysteresis
when choosing a voltage reference.
It is important to remember that
these numbers do not tell the whole
story. It is the distribution of expected
hysteresis that must be used to de-
termine the expected error caused
by temperature cycling. Referring to
Figure 4, some parts will have better
or worse hysteresis. This chart helps
to estimate a realistic error budget.
This is something our competitors
don't always include, yet is critically
important when specifying precision
systems.

Over time a reference is likely to
shift on its own even if it's kept at a
constant temperature. This is known
as long-term drift. Long-term drift
is measured in ppm/ykhr and has
a logarithmic characteristic where
the change in output voltage decays
as time passes. Figure 5 shows the
long-term drift of the LTC6652. Note
that most of the drift occurs within
the first 1,000 or 2,000 hours as the
PCB and package settle. Afterward
the drift tends to settle, and the slope
is reduced over time as a function of
ykhr. Direct measurement on soldered
down partsis the only way to determine
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Figure 5. Example of long-term drift
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long-term drift. Accelerated testing
does not work. Some users burn in
their boards, which helps eliminate
this initial slope, further reducing the
effect of long-term drift.

The three curves shown in Figure 5
give a general indication of how much
long-term drift to expect. The typical
specification is 60ppm/yKkhr, which
translates into 150V drift. Combin-
ing the typical thermal hysteresis
and long-term drift numbers yields
165ppm. To put this in perspective,
the LTC6652 temperature coefficient
is typically 2ppm/°C over 165°C tem-
perature range, which yields 330ppm
due to drift alone. The combined ther-
mal hysteresis and long-term drift is
half this number (or just 20% of the
maximum drift specification). The
superior thermal hysteresis and long-
term drift performance of the LTC6652
ensures accuracy and reliability over
the product lifetime, virtually eliminat-
ing the need for field calibration.

Small Footprint and

Output Capacitor Optional
The performance of the LTC6652
is often only found in larger pack-
ages such as an SOIC. However,
the LTC6652 is packaged in a small
8-lead MSOP and does not require
an input or output capacitor. This
minimizes required board space, thus
simplifying the design of applications
with tight PCB constraints such as
small sensor enclosure applications.
Another advantage of not using ca-
pacitors is eliminating energy storage
devices tied to sensitive circuits. This
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Figure 6. Line regulation

The LTC6652 reference
family has seven output
voltage options, making

it suitable for a variety

of today’s demanding
applications. These options
are 1.25V, 2.048V, 2.5V, 3V,

3.3V, 4.096V, and 5V.

is a useful feature in safety critical
systems, where energy storage must
be minimized. If, however, low noise
is a priority, an input capacitor may
be added to suppress high frequency
transients on the supply line, while an
output capacitor will reduce wideband
noise and improve AC PSRR. Either
way, the LTC6652 offers stable opera-
tion. Small size and a range of useful
input and output capacitors allows
the LTC6652 to satisfy the require-
ments of many different applications.
This includes everything from small,
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Figure 7. Dropout voltage sourcing and sinking current

tight-fitting portable applications to
high precision, low noise measurement
applications.

Output Can Source

and Sink Current

The LTC6652 is a series voltage refer-
ence that can source current, butit can
also sink current like a shunt refer-
ence. Some series voltage references
can only source output current and
rely on a resistor divider for feedback
and to sink a small amount of current.
These types of devices can experience
long settling times, especially when
charge is kicked back from a switched
capacitor circuit causing the output
voltage to rise. The sink (overvoltage)
settling time on a source only refer-
ence is dominated by the RC time
constant of the output capacitor and
the resistive divider. For example, a
2.2pF output capacitor and a 125kQ
resistive divider will have a 275ms
time constant. Depending on the size
of the perturbation and the system
precision, a source only reference
may not settle in a timely fashion.
The LTC6652 current sink capacity
is 5mA and will dynamically respond
for faster settling.

Shunt references are two terminal
devices that maintain the output volt-
age by sinking more or less current.
The sinking ability of the LTC6652
allows it to operate in a similar, but
more efficient manner. In fact, for
voltage options of 3V or higher, the
Viy pin can actually go below the Vot
pin while sinking currents of 100pA
and higher and still maintain good
regulation.

Wide Input Range,
Low Dropout, and
Seven Voltage Options
The LTC6652 reference family has
seven output voltage options to choose
from, making it suitable for a variety
of today’s demanding applications.
These optionsare 1.25V, 2.048V, 2.5V,
3V, 3.3V, 4.096V, and 5V. For low
inputvoltage requirements, the 1.25V
and 2.048V options work with input
voltages down to 2.7V. The other five
options require only 300mV input-to-
continued on page 14
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Ultralow Noise 15 mmx15mmx2.8mm
pMModule Step-Down Regulators Meet
the Class B of CISPR 22 and Yield

High Efficiency at up to 36V

by Judy Sun, Jian Yin, Sum Younhy and Henhry Zhang

Introduction

Power supply designers face many
tradeoffs. Need high efficiency, large
conversion ratios, high power and
good thermal performance? Choose a
switching regulator. Need low noise?
Choose a linear regulator. Need it
all? Compromise. One compromise
is to follow a switcher with a linear
regulator (or regulators). Although this
cleans up the output noise relative to
a switcher-only solution, a good por-
tion of the conducted and radiated
EMI remains—even if ferrite beads,
n filters, and LC filters are used. The
problem can always be traced back to
the switcher, where fast dI/dt transi-
tions and high switching frequencies

These uModule step-down
regulators are designed
to achieve both high
power density and meet
EMC (electromagnetic
compatibility) standards.
The integrated ultralow
noise feature allows both
devices to pass the Class
B of CISPR 22 radiated
emission limit, thus
eliminating expensive EMI
design and lab testing.

lead to high frequency EMI, but
some applications, especially those
with large conversion ratios, require
a switcher.

Fortunately, the LTM4606 and
LTM4612 pModule regulators offer the
advantages of a switching regulator
while maintaining ultralow conducted
and radiated noise. These pModule
step-down regulators are designed to
achieve both high power density and
meet EMC (electromagnetic compat-
ibility) standards. The integrated
ultralow noise feature allows both
devices to pass the Class B of CISPR
22 radiated emission limit, thus
eliminating expensive EMI design and

Table 1. Feature comparison of ultralow noise pModule regulators

Feature LTM4606 LTM4612
Vin 4.5V to 28V 5V to 36V
Vourt 0.6V to 5V 3.3Vto 15V
lout 6A DC Typical, 8A Peak 5A DC Typical, 7A Peak
CISPR 22 Class B Compliant L L
Output Voltage Tracking and Margining L L
PLL Frequency Synchronization Ve . L
+1.5% Total DC Error L o
Power Good Output L L
Current Foldback Protection o o
Parallel/Current Sharing Ve . Ve
Low Input and Output Referred Noise L L
Ultrafast Transient Response L L
Current Mode Control o Vo .
Programmable Soft-Start L L
Output Overvoltage Protection L Vo4
Package 15mm x 15mm x 2.8mm 15mm x 15mm x 2.8mm
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Figure 1. Simplified block diagram of the LTM4606 (LTM4612 is similar). Only a few
capacitors and resistors are required to build a complete wide-input-range regulator.

lab testing. See Table 1 for a feature
comparison of these two parts.

Both pModule regulators are of-
fered in space saving, low profile and
thermally enhanced 15mm x 15mm x
2.8mm LGA packages, so they can be
placed on the otherwise unused space
at the bottom of PC boards for high-
accuracy point-of-load regulation. This
is not possible with linear regulators
that require a bulky cooling system.
Almost all support components are
integrated into the pModule package,
so layout design is relatively simple,
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Figure 2. Efficiency of the
LTM4606 with a 12V input.
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Figure 3. A few capacitors and resistors complete an 18V-36V input, 12V/4.5A output design.

requiring only a few input and output
capacitors.

For more output power, both parts
can be easily paralleled, where output
currents are automatically shared
due to the current mode control
structure.

Easy Power Supply Design
with Ultralow Noise

pModule Regulators

With a few external input and out-
put capacitors, the LTM4612 can
deliver 4.5A of DC output current
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Figure 4. Efficiency for the circuit in Figure 3.

Linear Technology Magazine ¢ January 2009

11



ALY DESIGN FEATURES

Figure 5. Thermal image of an LTM4606
with 24V input and 3.3V output at 6A
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Figure 7. Input and output noise of comparable
pModule regulator without low noise feature

LT4606 OR LTC4612
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Figure 8. Input and output noise of LTM4606
pModule regulator is significantly lower than
the regulator in Figure 7.
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Figure 9. The conducted EMI test of the LTM4612 passes EMI standard CISPR 25 level 5.

and the LTM4606 can deliver 6A. The
LTM4612’s programmable output can
be precisely regulated ina 3.3V-to-15V
range from a 4.5V-to-36V input; the
LTM4606 can produce 0.6V to 5V from
a 4.5V-to-28V range. With current
mode control and optimized internal
compensations, both offer stable
output even in the face of significant
load transients.

Figure 1shows the simplified block
diagram of the LTM4606 with an input
from4.5Vto28Vand2.5V/6A output.
Figure 2 shows the efficiency test
curves with 12V input voltage under
CCM mode. About 92% efficiency is
achieved at full load with LTM4606,
running at 900kHz switching fre-
quency.

Figure 3 shows a complete 18V-36V
VIN’ 12V/45A VOUT deSign with the
LTM4612. Figure 4 shows the ef-
ficiency.

Both parts offer good thermal per-
formance with a large output load
current. Figure 5 shows the LTM4606
thermal image with 24V input and
3.3V output at 6A load current. The
maximum case temperature is only
73.5°C with the 20W output power.

Both include a number of built-in
features, such as controllable soft-
start, RUN pin control, output voltage
tracking and margining, PGOOD
indicator, frequency adjustment and
external clock synchronization. Ef-
ficiency can be further improved by
applying an external gate driver voltage
to the DRV pin, especially in high
Viyapplications. Discontinuous mode
operation can be enabled to increase
the light load efficiency.

Reduce Conducted EMI

Conducted input and output noise of
switching regulators (aka ripple) is
usually a problem when the regulator
operates at high frequency, which is
common in space-constrained appli-
cations. The LTM4606 and LTM4612
reduce peak-to-peak ripple at the
input by integrating a high frequency
inductor as shown in Figure 6. The
external input capacitors at the Vp
and Vyy pins form a high frequency
input = filter. This effectively reduces
conductive EMI coupling between the
module and the main input bus.

Since most input RMS current flows
into capacitor C3 at the Vp, pin, C3
should have enough capacity tohandle
the RMS current. A 10pF ceramic ca-
pacitor isrecommended. To effectively
attenuate EMI, place C3 as close as
possible to the Vp pin. The ceramic
capacitors C2 mainly determine the
ripple noise attenuation, so the capaci-
tor value can be varied to meet the
different input ripple requirements.
C1 is only needed if the input source
impedance is compromised by long
inductive leads or traces.

Since these pModule regulators
are used in a buck circuit topology,
the lowpass filter formed by the out-
put inductor L and capacitor Coyr

12
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Figure 10. Setup of the radiated emission scan

can similarly reduce the conducted
output EMI.

To show the relative noise attenu-
ation of these pModule regulators, a
similar module without the low noise
feature is compared to the LTM4606
forinputand output noise, as shownin
Figure 7 and Figure 8. Both modules
are tested from 5Vinput to 1.2V output
at 5A with resistive loads. The same
board layout and I/O capacitors are
used in the comparison. The results
show that the LTM4606 produces
much lower input and output noise,
with a nearly 10x reduction of the
peak-to-peak input noise and better
than 3x reduction of the output noise
compared to the similar module in
Figure 7.

Figure 9 shows the conducted EMI
testing results for the LTM4612 with
a 24V VIN? 12V/5A VOUT’ which ac-
commodates the EMI standard CISPR
25 level 5. The input capacitance for
this test comes from 4 x 10pF/50V
ceramics plus a single 150pF/50V
electrolytic.

Reduce Radiated EMI

Switching regulators also produce
radiated EMI, caused by the high dI/
dt signals inherent in high efficiency
regulators. The input = filter helps to
limit radiated EMI caused by high dI/dt
loops in the immediate module area,
but to further attenuate radiated EMI,
the LTM4606 and LTM4612 include an
optimized gate driver for the MOSFET
and a noise cancellation network.

To test radiated EMI, several set-
ups are tested in a 10-meter shielded
chamber as shown in Figure 10. To
ensure a low baseline radiated noise,
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Figure 11. Radiated emission scan of baseline noise (no switching regulator module)
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Figure 12. Radiated emission peak scan of a typical module without the low noise features.
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Figure 13. The radiated EMI test of the LTM4606 passes EMI standard CISPR 22 Class B.
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Table 2. Noise margins are good for radiated emission results shown in Figure 13

EUT Antenna | Uncorrected Pre-Amp Corrected
Frequency | Antenna | Azimuth | Height | Amplitude ACF Gain CBL | DCF | Amplitude | Limit | Margin
(MHz) |Polarization (Degrees) | (cm) (dBpVv) (dB/m) (dB) (dB) | (dB) | (dBpV) | (dBpV) | (dB)
134.31 H 354 364 1.3 11.428 0 1532 | 0 14.26 30 15.74
119.96 v 184 110 3.5 12.694 0 1456 | 0 17.65 30 12.35
160.02 H 0 354 0.5 10.499 0 1793 | 0 12.792 30 17.208
174.37 H 0 100 1.2 9.638 0 1.944 | 0 12.782 30 17.218
224.28 V 0 100 -1.87 10.586 0 20441 0 10.76 30 19.24
263.63 H 0 371 -4.72 12.6 0 2385 | 0 10.265 37 26.735

a linear DC power supply is used
for the input, and a resistive load is
employed on the output. The baseline
noise is checked with the power supply
providing a DC current directly to the
resistive load. The baseline emission
scan results are shown in Figure 11.
There are two traces in the plot, one
for the vertical and horizontal orienta-
tions of the receiver antenna.

Figure 12 shows the peak scan re-
sults of apModule buck regulator—not
the LTM4606 or LTM4612—without
the integrated low noise feature. The
scanresults show that the noise below
350MHz is produced by the pModule
switching regulator, when compared
to the baseline noise level. Radiated
EMI here does not meet the Class B
of CISPR 22 (quasi-peak) radiated
emission limit.

In contrast, Figure 13 shows the
peak scan results of the low noise
LTM4606 module. To ensure enough
margin to the quasi-peak limit for
different operation conditions, the
six highest noise points are checked
as shown in the table of Figure 13
using the quasi-peak measurement.
The results show that it has more
than 12dBpV margin below the Class
B of CISPR 22(quasi-peak) radiated
emission limit.

Figure 14 shows the results for the
LTM4612 meeting the Class B of CISPR
22 radiated emission limit at 24V Vi,
12V/5A Voyr.

Conclusion

The LTM4606 and LTM4612 pModule
regulators offer all of the high perfor-
mance benefits of switching regulators
minus the noise issues. The ultralow

noise optimized design produces radi-
ated EMI performance with enough
margin below the Class B of CISPR 22
limit to simplify application in noise-
sensitive environments.

Design is further simplified by
exceptional thermal performance,
which allows them to achieve high
efficiency and a compact form fac-
tor. A low profile 15mm x 15mm x
2.8mm package contains almost all
of the support components—only a
few input and output capacitors are
required to complete a design. Several
EModule regulators can be easily run
in parallel for more output power. The
versatility of these parts isrounded out
by optional features such as soft-start,
RUN pin control, output voltage track-
ing and margining, PGOOD indicator,
frequency adjustment and external
clock synchronization. £r

LTC6652, continued from page 9

output headroom while fully loaded,
and they require less headroom with a
reduced load or while sinking current.
Popular application requirements,
such as a 2.5V reference operating
on a 3V supply, or a 4.096V reference
operating on a 5V supply, are easily
accommodated. For high input volt-
age requirements, all voltage options
work up to 13.2V. Regardless of input
voltage the LTC6652 maintains its
excellent accuracy as shown in the
line regulation plot in Figure 6. A plot
of the dropout voltage for both sourc-
ing and sinking current is shown in
Figures 7a and 7b, respectively.

Superior Performance

While many references share some
features of the LTC6652, it’s difficult
tofind any thatinclude all the features
at the same level of performance and
reliability. Additional features include
low noise, good AC PSRR, and excel-
lentload regulation (both sourcing and
sinking current). Low power consump-
tion and a shutdown mode round out
the feature list.

Conclusion

The LTC6652 reference family is
designed and factory trimmed to

yield exceptional drift and accuracy
performance. The entire family is
guaranteed and production tested at
-40°C, 25°C and 125°C to ensure de-
pendable performance in demanding
applications. Low thermal hysteresis
and low long-term drift reduce or
eliminate the need for field calibra-
tion. The small 8-lead MSOP package
and sparse capacitor requirements
minimize required board space. The
wide input range from 2.7V to 13.2V
and seven output voltage options will
tackle the needs of most precision
reference users. £
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Dual Hot Swap Controller Brings
Digital Monitoring to AdvancedICA,
UTCA and AMC Applications

Introduction

Recently ratified plug-in card bus
standards, such as AdvancedTCA,
PTCA and AMC, reduce the number of
power supplies that are routed across
the connector when compared to ear-
lier standards, such as CompactPCI.
Bulk power is limited to one fairly high
voltage supply, making for an efficient
distribution channel. For instance,
distributed 12V power is locally con-
verted to lower voltages to minimize
distribution currents and related
losses in connectors and power han-
dling circuitry. Some cards also have
a lower voltage (3.3V) maintenance
power supply that provides low current

by Josh Simonson

housekeeping functionality to a card

even when the bulk supply is off.

Even with the obvious simplification
that these standards bring, there re-
main rigorous power, heat dissipation
and reliability requirements, which de-
mand advanced Hot Swap, monitoring
and control capability. The LTC4222
satisfies these requirements with dual
Hot Swap controllers and integrated
voltage and current monitoring via an
onboard ADC.

Hot swapping requires a power
switch to initially isolate the board,
and a controller to slowly turn on the

Even with the simplification
that new plug-in standards
bring, there remain rigorous
power, heat dissipation and
reliability requirements
Jfor Hot Swap, monitoring
and control. The LTC4222
satisfies these requirements
with integrated dual Hot
Swap controllers and voltage
and current monitoring via
an onboard ADC.

switch to minimize backplane distur-

Table 1. A few of the LTC4222's many features

Feature

Benefits

Wide Input Voltage Range:
Operates from inputs of 2.9V to 29V,
with 35V absolute maximum

( Suitable for 3.3V, 5V, 12V and 24V systems
a Simplifies design because part functions on a semi-regulated supply
[ Large overvoltage transient range eases design tolerances for transient protection

10-Bit ADC:
Monitors current, output voltage and
external pin voltage

 Increases reliability

(a Board power information provides an early warning of board failure
( Verify board is staying within its allotted power

 Allows integrity check of redundant supply paths

( Allows active power management to safely maximize
power utilization within the chassis cooling constraints

12C/SMBus:
Communicates as a read-write slave device
using a 2-wire serial interface

 Improves integration with the host system. Interface allows the host to configure
the part, determine which faults are present or have occurred, and read back ADC
measurements

Optionally Coupled Faults:

The config pin allows channels to function
independently or couples faults to shut down
both channel if either generates a fault

( Provides flexibility for different architectures

( Allows the part to power two independent
sockets or sequence the application of power

( Enables both channels to shut down on a fault, isolating a faulty board

Fast short Circuit Response:
Fast (<1ps) current limit response to shorts

O Protects connector from overcurrent
( Limits the disturbance to the input supply from a short circuit

Alert Host After Faults:
When configured (using 12C), faults activate
an active pull-down on the ALERT pin

a Interrupting the host for immediate fault servicing limits system damage
 Reduces the bus traffic for polling
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bances. Since the Hot Swap controller
monitors card voltage and current, itis
anatural place tointegrate higher level
monitoring with a data converter. This
provides detailed information about
the health of the power path and the
power consumption of down-stream
circuits. Such information can be
used to monitor performance over time
and identify boards that are drifting
towards failure or out of spec.

The LTC4222 works in applications
from 24V (with transients to 35V) down
to 3.3Vwhere the operating inputvolt-
age could drop to 2.9V. Functionally,
the LTC4222 is very similar to a pair
of LTC4215s or LTC4260s. Table 2
compares features of the LTC4222,
LTC4215and LTC4260. Since all three
parts may be used for 12V systems,
Table 2 may be used to select the part(s)
with the optimal set of features for a
specific 12V application.

AMC Application

The LTC4222 combines a robust Hot
Swap circuit with a data converter and
I2C interface to allow power monitoring
in addition to hot plug functionality
and fault isolation. In a typical ap-
plication, see Figure 1, the LTC4222
uses external N-channel pass transis-
tors to isolate the hot swapped board
from the backplane when it is first
inserted. After a debounce time the
controller can begin to apply power to
the board or wait for a turn-on com-
mand from a host processor. Power
is gradually ramped up to minimize
any backplane disturbance. After the
power-up process is complete, the
LTC4222 continues to monitor for
faults in the power path. The CONFIG
pin controls whether the two channels
start-up and turn-off at the same time
or independently. Some of the major
features of the LTC4222 are listed in
Table 1.

An N-channel pass transistor, Q1,
controls the application of power to
Vour: on the board as in Figure 1. A
series sense resistor, Rggysp, allows
the LTC4222 to measure the current
in the power-path with the ADC and
provides the current sense input to
the current limit and circuit breaker.
Resistor R5 suppresses self-oscilla-

Table 2. Feature comparison of the LTC4222, LTC4215 and LTC4260

Feature LTC4222 LTC4215 LTC4260
Channels 2 1 1
Vpp Abs Max 35V 24V 100V
Vpp Min 2.9V 2.9V 8.5V
Current Limit/Circuit Breaker 50mV 25mV 50mV
Circuit Breaker Precision 5% 10% 10%
Built in Overvoltage Threshold 15.6V
Optional Coupled Faults o
ADC Direct Address/Alert Vo s
ADC Resolution 10-bit 8-bit 8-bit
ADC SOURCE LSB 31.25mV 60mvV 400mV
ADC Vgense LSB 62.5uV 151pv 300pv
ADC ADIN LSB 1.25mV 4.85mV 10mV
Internally Generated Vg 3.3V 3.1V 5.5V
Package 5me>F<I\t|')mm 4me>F<I\t|'>mm 5me>F<'\&I'>mm

tions in Q1. Resistors R1-R3 set the
undervoltage (UV) and overvoltage (OV)
fault thresholds. Capacitor Cy filters
the power signal to prevent faults from
noise or transient events. R7 and R8
select the power good threshold and set
the foldback current limit level, which
dramatically improves safe operating

Rsense Qi

area (SOA) requirements for Q1. Ca-
pacitor Cgg sets a maximum inrush
current slew rate to avoid transient
glitches on the backplane and Cryygr
is used to set the start-up time limit,
which protects Q1 by turning it off if
the system attempts to start-up into
anexcessiveload. C3is used to bypass

i v
Ving _ 46va Si7336ADP 18\le1
12V R1; vl 7.4A
Cr1 R51 R4
’
100 10k
UV1 Vppy SENSE1™ GATE1 SOURCE1
= R3 ovi FB1
3.4k ON —{ ON GPIO1 12PGOOD
SDA — SDA ENT
SCL — SCL ADIN f— Criver
ALERT —| ALERT 1uF
CONFIG TIMER ‘l |_
J_—_ ADRO LTC4222 0—_l_
— NC —] ADR1 ss _” =
1— ADR2 Css
s o—] INTV¢g ADIN2 |— 68nF
0.14F —— EN2
W GND
GPI02 AUXPGOOD
ov2 FB2
UV2 Vppy SENSE2™ GATE2 SOURCE2
Ca2 R4 L
2 2 — —
10nF 100 = =
== 2
1y
v
Ving 41- S%T?
3.3V ;

Rsense2
300mQ

Q2
Si1046R

150mA
BACKPLANE PLUG-IN

CARD

Figure 1. Typical AMC application
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the internal 3.3V core voltage on the
INTVc pin and prevent the LTC4222
fromresetting on input supply glitches.
The INTV pin may also be used to
power external loads, such as an I?C
bus buffer, up to 10mA. The behavior of
channel 2 is identical to channel 1.

Typically, the pins on the connec-
tor are staggered so that bulk power
is applied first with the longest pins,
followed by communication lines on
medium length pins, and finally, Hot
Swap control lines such as the supply
for the UV, OV, or EN pins. The UV,
OV, and EN pins must be in the cor-
rect state for a period of 100ms before
Q1 is allowed to turn on to allow any
connector signal bouncing to subside
before starting up. At this point the
ON pin turns the part on immediately
if it is high, or holds the part off if it
is low. The ON pin can be overridden
and Q1 turned on or off through the
I2C bus by writing to the ON bit in the
control register.

If the CONFIG pin is low, these con-
ditions must be met for both channels
toinitiate start-up, and both channels
will start up at the same time, as
shown in Figure 2. A fault on either
channel when the CONFIG pin is low
results in both channels turning off,

Vpbp1/2

10V/DIV Mru
Vo W_.NMJ

uT1
10V/DIV
f

Vour2 WMWWWJ

10V/DIV

—

50ms/DIV

GPI02
PGOOD
10V/DIV

Figure 2. Start-up waveform
with coupled turn-on

VSENSET
150mV/DIV

VouTi 3
10v/DIV %

:

10V/DIV
10ps/DIV

ALERT
5V/DIV

Figure 3. Fault-off waveform
with coupled faults

as shown in Figure 3, at which point
they latch off or auto-retry together as
configured in the control registers. This
allows a faulting board to be entirely
disconnected.

When the CONFIG pin is tied high,
the two channels can start-up inde-
pendently aslong as both Vpp voltages
are above their UVLO levels. If one
channel is enabled during the 100ms
debounce time of the other channel,
the 100ms debounce is restarted and
both channels will start together, how-
ever if one channel is enabled while the
other channel is starting up or going
through an overcurrent cool-down
cycle, the channel attempting to start
must wait for the other channel to fin-
ish before it is allowed to start.

With CONFIG tied high, the two
channels can easily be sequenced by
tying the power good output on the
GPIO pin of one channel to the UV pin
of the other channel. The GPIO pin
pulls down the UV pin and holds the
other channel off until the first chan-
nel starts up and the FB pin detects
that power is good, at which point the
GPIO pin releases the UV pin and the
second channel starts up, as shown
in Figure 4.

VD172 I
10V/DIV

VouTi MNH_,__NI
10V/DIV

Vour2 ’

10V/DIV

]

GP102
PGOOD
10V/DIV

50ms/DIV

Figure 4. Start-up waveform
with sequencing
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et donin],
ALERT
5V/DIV 3

10ps/DIV

Figure 5. Fault-off waveform
with independent faults

If one channel experiences a fault
when the CONFIG pin is tied high, the
other channel remains on, as shown
in Figure 5. This allows the LTC4222
to supply two slots on a backplane-
based application where non-failing
slots are supposed to remain on when
adjacent slots fail, such as providing
12V payload power switching for two
PTCA slots as shown in Figure 6.

Measure Board Power

with Integrated ADC

Monitoring the supply voltage and
current is a useful way of tracking the
health of the power path. New data
can be compared with historical data
for the same card to detect changes in
power consumption that could indicate
that the card is behaving abnormally.
An abnormal card can be shut down
and flagged for service, perhaps be-
fore a more severe fault or system
malfunction occurs. The LTC4222
includes a 10-bit data converter that
continuously monitors six voltages:
two ADIN pins, two SOURCE pins and
two current sense voltages between the
SENSE* and SENSE™ pins. The ADIN
pins are uncommitted ADC inputs that
allow the user to monitor any available
voltage. The ADIN pins are monitored
with a 1.28V full scale and are con-
nected directly to the data converter
input without any signal scaling. The
SOURCE pins use a 1:24 divider at
the input, which gives a 32V full scale.
The SENSE voltage amplifiers have a
voltage gain of 20, which results in a
64mV full scale. The converter uses
an over-sampling and offset cancel-
lation method that preserves the full
10-bit dynamic range on the SENSE
channels.

If the data converter reads more
than 2mV on a Vpp-SENSE channel
while the external switch is turned off,
the LTC4222 generatesa FET-SHORT
fault to indicate that the switch may
be damaged. The presence of this
condition is indicated in the STATUS
register bit Cb for the originating
channel and logged to FAULT register
bit D5. The LTC4222 takes no action
in this condition other than logging
the fault and generating an alert if
configured to do so.
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The results from each conversion
are stored in 12 ADC registers. The
default behavior of the data converter
is a free-running mode in which it
sequentially measures all six chan-
nels continuously and updates the
outputregisters 15 times per second.
The data converter can be stopped
by setting ADC_CONTROL register
bit 0 (HALT)—subsequent writes to
the ADC_CONTROL register with the
HALT bit set initiate a single conver-
sion on the data converter channel
selected by ADC_CONTROL register
bits 1-3. An optional alert can be
generated on the ALERT pin to in-
dicate a conversion has finished by
setting ADC_CONTROL register bit
4, or alternately the ADC_BUSY bit
(ADC_CONTROL bit 5) can be polled
until it indicates that the data con-
verter has completed the conversion.
Note that the ADC_BUSY bit is always
set when the data converter is in its
free-running mode. When the data
converter is halted, the data converter
registers may be written to and read
from for software testing.

Versatile Inrush

Current Control

As described above, the LTC4222
waits to turn on each channel’s exter-
nal switch until the channel’s input
has met the UV and OV thresholds
and an internal 100ms debounce
timer has expired. The start-up time
is determined by the capacitor on the
TIMER pin, or 100ms if the TIMER pin
is tied to INTVc. During this time the
circuit breaker is disabled to prevent
an overcurrent fault from occurring,
the power good signal from the cor-
responding GPIO pin is also disabled
to prevent turning on a load before
the current limit has reached the full
value via the SS (soft-start) and FB
(foldback) pins. The inrush current
slew rate (dI/dt) is limited via the SS
pin. The inrush current is also folded
back from 50mV to 17mV via the FB
pin. An optional RC network on the
external MOSFET gate can be used
to set the inrush current below the
foldback level by setting the maximum
slope of the output voltage. When both
channels are starting up at the same

time, the current sense voltages are
both regulated to the lowest value
commanded by the two FB pins and
the SS pin.

At the end of the start-up period
the current limit circuit is checked.
If the current limit is still regulating
the current, the LTC4222 determines
that the output failed to come up and
generates an overcurrent fault. If the
current limit circuit is not active then
the currentlimit threshold is moved to
150mV, the power good signal to the
GPIO pin is enabled and the 50mV
circuit breaker is armed.

The SS pin sets the current slewrate
limit at start-up. It starts at ground,
which corresponds to a negative volt-
age on the sense resistor and results
in the MOSFET being turned off. A
current into the soft-start capacitor
produces a ramp that corresponds
to increasing Vpp-SENSE voltage.
When either channel’s current limit
circuit releases the gate (when the
commanding Vpp-SENSE voltage
becomes positive) the current from
the SS pin is stopped to wait for that
GATE pin to rise and start to turn on
the MOSFET.

Once the currentlimit circuit begins
toregulate the Vpp,-SENSE voltage, the
current from the SS pin is resumed
and the ramp continues untilitreaches
the foldback level. It is important
that the SS pin stop the ramp while
the GATE pins are slewing because
the ramp would otherwise continue
and result in an uncontrolled step in
current once the MOSFET threshold
is reached. An uncontrolled step may
violate inrush specifications and cause
supply glitches on the backplane. Due
to offset differences between the cur-
rent limit circuits, the soft-start ramp
may pause twice as each gate slews at
a different time when both channels
turn on in the same start-up cycle.

Ifthe soft-start ramp reaches one of
the the foldback current limit levels,
the soft-start circuit stops the ramp.
The ramp is allowed to continue as
the voltage at the lowest FB pin rises
and increases the foldback current
limit, still limited in slope and limited
in magnitude by foldback as well. The
FB pin for a channel that is either on

or off while the other is starting up is
ignored and does not affect the start-
up current limit.

If an RC network is placed on a
GATE pin to manually set the inrush
current to a value below the foldback
level, the current limit circuit leaves
regulation and begins slewing when it
is unable to achieve the V,p—SENSE
voltage commanded by the SS and FB
pins. If the start-up timer expires in the
meantime, an overcurrent fault is not
generated because the current limit is
not active. The power good output for
the GPIO pin relays the state of the FB
pin, and the circuit breaker is armed.
Either the output voltage finishes
rising and a power good is asserted
when the FB pin crosses it's 1.235V
threshold, or the current rises to the
circuit breaker threshold and the part
generates an overcurrent fault.

In the event there is an overcurrent
condition after start-up, the current
limit circuit limits the Vpp—SENSE
voltage to 150mV while the circuit
breaker waits for a 20ps timeout be-
fore producing an overcurrent fault.
After any overcurrent fault, the part
waits for a cool-down period of 50
times the start-up time before allowing
either channel to start or restart via
auto-retry, or cycling the EN, UV or
OV pins. The ON pins or the ON bits
in the control registers can be cycled
to bypass the cool-down time.

Controlled Turn-Off

When the LTC4215 is turned off by
a fault or I2C transaction, the GATE
pinis pulled down with a ImA current
source. Once the GATE pinis below the
SOURCE pin, a diode from SOURCE
to GATE turns on and the voltage at
the SOURCE pin is discharged by the
same 1mA current.

If there is a short that causes the
sense voltage to exceed 150mV, a
450mA pull-down current from GATE
to SOURCE removes the gate charge of
the switch. Once the sense voltage falls
to 150mV, the current limit regulates
there for 20ps before turning the gate
off with the ImA current source.

If there is a significant inductance
between Vpp (SENSE*) and upstream
bulk capacitance, across a connec-
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tor for instance, it is possible that a
short circuit at the output with a very
fast discharge time could cause the
Vpp input voltage to collapse while
the current through this inductance
slews. In this case, after 2ps, the Vpp
undervoltage lockout circuit turns on
and discharges the GATE pin with the
450mA pull-down to the SOURCE pin
to quickly turn the switch off.

Save Power with Precise
50mV Circuit Breaker

In systems where a circuit breaker
has only 20% accuracy, the designer
must be able to safely provide 50%
more power than the card actually
consumes to ensure that the appli-
cation doesn’t suffer from heat and
supply limitations on the high side or
produce a fault in normal operation
on the low side. For instance, in a
system that requires 10A, a 20% ac-
curate hot swap must have a nominal
circuit breaker threshold of 12.5A.
Since the threshold could be as high
as 15A, the power supply needs to be
able to supply 15A. In the case of a
5% threshold, the nominal threshold
is 10.5A and the maximum possible
current is 11A. Using the part with a
5% circuit breaker over the part with

the 20% circuit breaker frees 4A for
use elsewhere, or allows the use of
a 30% smaller, and less expensive,
power supply.

High Voltage Rating
for 12V Applications
The LTC4222 has a maximum input
voltage rating of 35V, which is higher

The LTC4222 is a smart
power gateway for boards
with two or more hot-
swappable supplies. It
provides fault isolation,
closely monitors the health
of the power paths and
provides a versatile means
of controlling the inrush
current profile. It logs
faults, provides real-time
status information, and
can interrupt the host if
necessary. Meanwhile,
an internal 10-bit ADC
continuously monitors board
current and voltages.

_PmQ Si7336ADP

than the breakdown voltage of the
external MOSFET for most 12V appli-
cations, and also allows the LTC4222
to be used in 24V applications. If the
breakdown voltage of the external
MOSFET s less than the 35V abs-max
of the LTC4222, there is no need for a
transorbat theinputinacard-resident
application because voltage surges
are safely absorbed by the MOSFET.
If a transorb is still required, the high
voltage rating of the LTC4222 makes
it easy to select a transorb above the
maximum operating range of the ap-
plication, and below the 35V maximum
for the part.

Conclusion

The LTC4222 is a smart power gateway
for boards with two or more hot-
swappable supplies. It provides fault
isolation, closely monitors the health
of the power paths and provides ver-
satile means of controlling the inrush
current profile. It logs faults, provides
real-time status information, and
can interrupt the host if necessary.
Meanwhile, an internal 10-bit ADC
continuously monitors board current
andvoltages. These features make the
LTC4222 an ideal power gateway for
high availability systems. £r

12V

v 1+
1 OQ?

uTCA y
UV1 Vppi SENSE1™ GATE1 SOURCET = PLUG-IN
— oV FB1 CARD 1
oN GPI01 |-PWR GOOD 1
—{ SDA ENT
—]scL ADINT f— J
CONFIG TIMER —| |_1[JF —— ——]
ADRO ‘ =
L_Nc s LTC4222 g=!
= ADR2 5 _I |68nF } = ™1 ]
l_ INTVgg ADIN2 }— _F_ -—l
— — 0.1pF oD o =
GPI02 =R GooD 2
V2 FB2 UTCA
uv2 v SENSE2™ GATE2 SOURCE2 PLUG-IN
T~ CARD 2| | LOAD

12v

12V

109%

1l

6mQ  Si7336ADP

12V

BACKPLANE

Figure 6. nTCA application supplying 12V payload power to two pTCA slots
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+32V Triple-Output Supply for LCDs,
CCDs and LEDs Includes Fault
Protection in a 3mm x 3mm QFN

Introduction

The task of designing a battery pow-
ered system with multiple high voltage
supplies is a daunting one. In such
systems board space is at a premium
and high efficiency is required to
extend battery life. Supplies must be
sequenced in start-up and shut-down,
and multiple supplies must be able to
maintain regulation without interac-
tion across supplies.

The LT3587 is a 1-chip solution
that combines three switching regu-
lators and three internal high voltage
switches to produce two high voltage
boost converters and a single high volt-
age inverter. The LT3587 is designed to
run from inputs ranging from 2.5V to
6V, making it ideal for battery powered
systems. Small package size and low

LED DRIVER
20mA UP TO 24V

component count produces a small,
efficient solution. Typical applications
include digital still and video cameras,
high performance portable scanners
and display systems, PDAs, cellular
phones and handheld computers that
have high voltage peripherals such as
CCD sensors, LED backlights, LCD
displays or OLED displays.

Features

To keep the component count low, the
LT3587 integrates three high voltage
power switches capable of switching
0.5A, 1A and 1.1A at up to 32V in
a 3mm x 3mm QFN package. Each
of the positive channels includes an
output disconnect to prevent a direct
DC path from input to output when

/J
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150H co
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Figure 1. Solution for a Li-Ion powered camera provides positive and negative
supplies for biasing a CCD imager and an LED driver for a 5-LED backlight

by Eko T. Lisuwaundi

the switches are disabled. The LT3587
also includes a bidirectional fault pin
(FLT), which can be used for fault
indication (output) or for emergency
shutdown (input).

The LT3587 offers a wide output
range, up to 32V for the positive chan-
nels (channels 1 and 3) and -32V for
the inverter (channel 2). Channel 3
is configurable as either a voltage or
currentregulator. When configured as
a current regulator, channel 3 uses a
1-wire output that requires no current
sense or high current ground return
lines, easing board layout. A single
resistor programs each of the three
channels output voltage levels and/or
the channel 3 output current level.

Intelligent soft-start allows for
sequential soft-start of channel 1 fol-
lowed by the inverter negative output
using a single capacitor. Internal
sequencing circuitry disables the
inverter until channel 1 output has
reached 87% of its final value.

Triple-Output Supply for CCD
Imager and LED Backlight

Figure 1 shows a typical application
providing a positive and negative volt-
age bias for a CCD imager and a 20mA
current bias for an LED backlight. All
three channels of the LT3587 use a
constant frequency, current mode con-
trol scheme to provide voltage and/or
current regulation at the output.
The positive CCD bias is config-
ured as a simple non-synchronous
boost converter. Its output voltage is
set to 15V via the feedback resistor
Rpg;. The 15pH inductor (L1) is sized
for a maximum load of 50mA. The
negative CCD bias is configured as a
non-synchronous Cuk converter. Its
output voltage is set at -8V using the
feedback resistor Rgpy. The two 15pH
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Figure 2. Start-up waveforms with no soft-start capacitor, and with a 10nF soft-start capacitor

(L2 and L3) inductors are sized for a
maximum load of 100mA.

The LED backlight driver is config-
ured as an output-current-regulated
boost converter. Its output current is
set at 20mA using the current pro-
gramming resistor Rjpgs. The 10pH
inductor (L4) is sized for a typical load
of20mA at up to 24V. Note the optional
voltage feedback resistor, Rypgs, on
the LED driver. This resistor acts as
a voltage clamp on the LED driver
output, so that if one of the LED fails
open, the voltage on the LED driver
output is clamped to 24V.

Soft-Start

All channels feature soft-start (a slow
voltage ramp from zero to regulation)
to prevent potentially damaging large
inrush currents at start-up. Soft-
start is implemented via two separate
soft-start control pins: EN/SS1 and
EN/SS3. The EN/SS1 pin controls
the soft-start for channel 1 and the
inverter, while the EN/SS3 pin controls
the soft-start for channel 3. Both of
these soft-start pins are pulled up with
a 1pA internal current source.

A capacitor from the EN/SS1 pin
to ground (C3 in Figure 1) programs
a soft-start ramp for channel 1 and
channel 2 (the inverter). As the 1pA
current source charges up the capaci-
tor, the regulation loops for channel
1 and channel 2 are enabled when
the EN/SSI pin voltage rises above
200mV. During start-up, the peak
switch current for channel 1 propor-
tionally rises with the soft-start voltage
ramp at the EN/SSI1 pin. The inverter
switch current also follows the voltage
ramp atthe EN/SS1 pin, butits switch
current ramp does not start until the

voltage on the EN/SSI pin is at least
600mV. This ensures that channel 2
starts up after channel 1. Channel 1
and channel 2 regulation loops are
free running with fullinductor current
when the voltage at the EN/SS1 pin
is above 2.5V.

In a similar fashion, a capacitor
from the EN/SS3 pin to ground (C5
in Figure 1) sets up a soft-start ramp
for channel 3. When the voltage at the
EN/SS3 pins goes above 200mV, regu-
lation loop for channel 3 is enabled.
When the voltage at the EN/SS3 pin
is above 2V, the regulation loop for
channel 3 is free running with full
inductor current.

Start-Up Sequencing

The LT3587 also includes internal
sequencing circuitry that inhibits the
channel 2 from operating until the
feedback voltage of channel 1 (at the
FB1 pin) reaches about 1.1V (about

87% of the final voltage). The size of the
soft-start capacitor controls channel
2 start-up behavior.

If there is no soft-start capacitor,
or a very small capacitor, then the
negative channel starts up immedi-
ately with full inductor current when
the positive output reaches 87% of its
final value. If a large soft-start capaci-
tor is used, then the EN/SS1 voltage
controls the inverter channel past
the point of regulation of the positive
channel. Figure 2 shows the start-up
sequencing without soft-start and with
a 10nF soft-start capacitor.

Output Disconnect

Both of the positive channels (channels
1 and 3) have an output disconnect
between their respective CAP and Vo
pins. This disconnect feature prevents
a DC path from forming between Viy
and Vqyr through the inductors when
switching is disabled (Figure 1).

For channel 1, this output discon-
nect feature is implemented using a
PMOS (M1) as shown in the partial block
diagram in Figure 3. When turned on,
M1 normally provides alow resistance,
low power dissipation path for deliver-
ing output current between the CAP1
pin and the Vyyr pin. M1 is on as long
as thevoltage difference between CAP1
and Viy is greater than 2.5V. This al-
lows the positive bias to stay high as
long as possible while the negative bias
discharges during turn off.
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Figure 3. Partial block diagram of the LT3587 showing the disconnect PMOS for channels 1 and 3
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Figure 4. Channel 1 short circuit event
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Figure 5. Channel 3 short circuit condition with and without 20mA current limit
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Figure 6. Fault detection
of a short circuit event

The disconnect transistor M1 is
current limited to provide a maximum
output current of 155mA. Thereis also
a protection circuit for M1 that limits
the voltage drop across CAP1 and
Vour: to about 10V. When the voltage
at CAP1 is greater than 10V, such as
during an output overload or short
circuit to ground, then M1 is set fully
on, without any current limit, to allow
for the voltage on CAP1 to discharge
as fast as possible. When the voltage
across CAP1 and Vgyr; reduces to
less than 10V, the output current is
then again limited to 155mA. Figure 4
shows the output voltage and current
during an overload event with Vcap;
initially at 15V.

The output disconnect feature on
channel 3 is implemented similarly
using M3 (Figure 3). However, in this
case M3 is only turned off when the
EN/SS3 pinvoltage isless than 200mV
and the regulation loop for channel 3
is disabled.

The disconnect transistor M3 is also
current limited, providing a maximum
output current at Vgyrs of 100mA. M3
also has a similar protection circuit as
M1 that limits the voltage drop across
CAP3 and Vyrstoabout 10V. Figure 5

e

10V/DIV
Vneg
10V/DIV

VyouTs
20V/DIV

The LT3587 is a versatile,
highly integrated device
that provides a compact
solution for devices such

as cameras, handheld
computers and terminals
requiring multiple high
voltage supplies. A low part
count and a 3mm x 3mm
package keep the solution
size small. High efficiency
conversion makes it
suitable for battery powered
applications. Adjustable
output voltage and wide
output range of up to 32V for
the positive boosts, and -32V
for the inverter, make it a
flexible solution for systems
that require high voltage
supplies.

shows the output voltage and current
during an overload event with Vcps
initially at 24V.

100ms/DIV

Figure 7. Waveforms for when the
FLT pin is externally forced low

Fault Detection and Indicator

The LT3587 features fault detection on
all outputs and a fault indicator pin,
FLT. The fault detection circuitry is
enabled only when at least one of the
channels has completed the soft-start
process and is free running with full
inductor current. Once fault detec-
tion is enabled, if any of the enabled
channel feedback voltages (Vgg1, Vrpe
or the greater of Vypps and Vipgs) falls
below its regulation value for more
than 16ms, the FLT pin pulls low.

One particularly important case is
an overload or short circuit condition
on any of the outputs. In this case, if
the corresponding loop is unable to
bring the output back into regulation
within 16ms, a fault is detected and
the FLT pin pulls low.

Note that the fault condition is
latched—once activated all three chan-
nels are disabled. Enabling any of the
channels requires resetting the part
by shutting it down (forcing both the
EN/SS1 and EN/SS3 pins low below
200mV) and then on again. Figure 6
shows the waveforms when a short
circuit condition occurs at channel 1
for more than 16ms and the subse-
quent resetting of the part.
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Figure 8. Analog dimming using a DAC and a resistor

Besides acting as a fault output
indicator, the FLT pin is also an input
pin. If this pin is externally forced
below 400mV, the LT3587 behaves
as if a fault event has occurred and
all the channels turn off. In order to
turn the part back on, remove the
external voltage that forces the pin low
and reset the part. Figure 7 shows the
waveforms when the FLT pin is exter-
nally forced low and the subsequent
resetting of the part.

Dimming Control for

Channel 3 as a Current-
Regulated LED Driver

As shown in Figure 1, one of the most
common applications for the channel
3 is as a current regulator for a back-
light LED driver. In many high end
display applications requiring an LED
backlight, the ability to dim the display
brightness is crucial for implementing
a power saving mode or to maintain
contrast in different ambient lighting
conditions.

There are two different ways to
implement a dimming control of
the LED string. LED current can be
adjusted by either using a digital to
analog converter (DAC) and a resistor
Rypgs or by using a PWM signal.

Analog Dimming Using

a DAC and a Resistor

For some applications, the preferred
method of brightness control is using
a DAC and a resistor. This method

EN/SS3

Vyin
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| 10uH
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~ LED DRIVER

IFB3
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; 7 7

v v

v %E.'E%ﬁ v

v L L 2

v v

v v

T sy

- PWM MNA1
- FREO__|;¥ Si1304BDL
od UL =

is more commonly known as analog
dimming. This method is shown in
Figure 8.

Since the programmed Vqyrs cur-
rent is proportional to the current
through Rypps, the LED current can be
adjusted by changing the DAC output
voltage. A higher DAC output voltage
level results in lower LED current and
hence lower overall brightness. For
accurate dimming control, keep the
DAC output impedance low enough
to sink approximately 1/200 of the
desired maximum LED current. Note
the maximum possible output current
is limited by the output disconnect
current limit to 100mA.

PWM Dimming

One problem with analog dimming as
described above is that changing the
forward current flowing in the LEDs
not only changes the brightness inten-
sity of the LEDs, it also changes the
color. Thisis a problem for applications

lyouTs
13mA/DIV __OmA

L4
200MADN A

1
o

oV «

ENSS3
5V/DIV

Vyy = 3.6V 2ms/DIV

6 LEDs

Figure 10. PWM dimming waveforms

Figure 9. Driver for six LEDs with PWM dimming

that cannot tolerate any shift in the
LED chromaticity.

Controlling the LED intensity with
a direct PWM signal allows dimming
of the LEDs without changing the
color. A PWM frequency of ~80Hz or
higher guarantees that there is no
visible flicker. The amount of on-time
in the PWM signal is proportional to
the intensity of the LEDs. The color of
the LEDs remains unchanged in this
scheme since the LED currentvalue is
either zero or a constant value (lyoyrs
= 160V/Rypp3).

Figure 9 shows an LED driver for
six white LEDs. If the voltage at the
CAP3 pin is higher than 10V when
the LED is on, direct PWM dimming
method requires an external NMOS.
This external NMOS is tied between
the cathode of the lowest LED in the
string and ground.

The output disconnect feature
and the external NMOS ensure that
the LEDs quickly turn off without
discharging the output capacitor.
This allows the LEDs to turn on
faster. Figure 10 shows the PWM
dimming waveforms for the circuit in
Figure 9.

The time it takes for the LED current
toreachits programmed value sets the
achievable dimming range for a given
PWM frequency. At extreme lower end
of the duty cycle, the linear relation
between the average LED current
and the PWM duty cycle is no longer
preserved. The minimum on time is
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chosen based on how much linearity
is required for the average LED cur-
rent. For example for the circuit in
Figure 9, to produce approximately
10% deviation from linearity at the
lower duty cycle, the minimum on
time of the LED current is approxi-
mately 320ps (3.2% duty cycle) for a
3.6V input voltage and a 100Hz PWM
frequency. The achievable dimming
range for this application is then 30
to 1 (approximately the reciprocal of
the minimum duty cycle).

The dimming range can be signifi-
cantly extended by combining PWM
dimming with analog dimming. The
color of the LEDs no longer remains
constant because the forward current
of the LED changes with the output
voltage of the DAC. For the six LED
application described above, the LEDs
can be dimmed first by modulating the
duty cycle of the PWM signal with the
DAC outputat OV. Once the minimum
duty cycle is reached, the value of the
DAC output voltage can be increased
to further dim the LEDs. The use of
both techniques together allows the
average LED current for the six LED
application to be varied from 20mA
down to less than 1pA (a 20000:1
dimming ratio).

Channel 3 Overvoltage and
Overcurrent Protection
Channel 3 can be configured either as
avoltage regulated boost converter or
asacurrentregulated boost converter.
The regulation loop of channel 3 uses
the greater of the two voltages at Vigs
and Ipp3 as feedback to set the peak
current of its power switch. This ar-
chitecture allows for a programmable
current limit on voltage regulation or
voltage limit on current regulation.
When configured as a boost volt-
age regulator, a feedback resistor
from the output pin Vgyrs to the Vigs
pin sets the voltage level at Vg at
a fixed level. In this case, the Izgs pin
can either be grounded if no current
limiting is desired or be connected to
ground with aresistor to set an output
current limit value (Ijpyr). As briefly
noted before, the pull up current on
the Ipgs pin is controlled to be typically
1/200 of the output load current at

Channel 3 can be configured
either as a voltage-regulated
boost converter or as a
current-regulated boost
converter. The regulation
loop of channel 3 uses the
greater of the two voltages
at Vpgs and Irgs as feedback
to set the peak current
of its power switch. This
architecture allows for a
programmable current limit
on voltage regulation or a
voltage limit on
current regulation.

the Voyurs pin. In this case, when the
load currentisless than I j;r, channel
3 regulates the voltage at the Vg3 pin
to 0.8V. If there is an increase in load
current beyond Iy, the voltage at
Vrgs starts to drop and the voltage at
Ipgs rises above 0.8V. The channel 3
loop then regulates the voltage at the
Irgs pin to 0.8V, limiting the output

XM

Vyours |15V
5V/DIV :

lvouTs
13mA/DIV

IL4
200mA/DIV

Vyn = 3.6V 200ps/DIV

WITHOUT CURRENT LIMIT: Irg3
CONNEGTED TO GND

Vours STAYS AT 15V, OUTPUT CURRENT
INCREASES FROM 20mA TO 40mA

current at VOUT3 to ILIMIT' Figure 11
compares the transient responses
with and without current limit when
a current overload occurs.

The channel 3 CAP3 pin has over
voltage protection. When the voltage at
CAP3 is driven above 29V, the chan-
nel 3 loop is disabled and SW3 pin
stops switching. When configured as
a boost current regulator, a feedback
resistor from the Ipg; pin to ground
sets the output current at Vqoyrs at
a fixed level. In this case, if the Vpgs
pin is grounded then the over voltage
protection defaults to 29V.

On the other hand a resistor can
be connected from the Vgyrs pin to
the Vips pin to set an output voltage
clamp (Vepavp) level lower than 29V.
In this case, when the voltage level is
less than Vayp, the channel 3 loop
regulates the voltage at the Ipgs pin
to 0.8V. On the other hand, when
the output load fails open circuit or
disconnected, the voltage at Irgzdrops
to reflect the lower output current
and the voltage at Vpps starts to rise.
When the voltage at Voyrsrises beyond
Veramp, the voltage at the Viegs pin goes

Vyouts
5V/DIV

lvouTs
13MADIV ===

IL4
200mA/DIV

200ps/DIV

WITH 20mA CURRENT LIMIT: Rrgs = 8.06k
OUTPUT CURRENT STAYS AT 20mA,
Vour3 DROPS FROM 15V TO 7.5V

Vi = 3.6V

Figure 11. Channel 3 in an output current overload event with and without output current limit
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Figure 12. Channel 3 in an output open circuit with
and without programmed output voltage clamp
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above 0.8V. The channel 3 loop then
regulates the voltage at the Vpgs pin
to 0.8V, limiting the voltage level at
Vours to Verame. Figure 12 contrasts
the transient responses with and
without programmed V¢ avpWhen the
output load is disconnected.

Low Input Voltage

While the LT3587’s Viy supply voltage
rangeis 2.5Vt0 6.0V, the inductors can
run off a lower voltage. Most portable
devices and systems have a separate
3.3V logic supply voltage, which can
be used to power the LT3587. This
allows the outputs to be powered
straight from the lower voltage power
source such as two alkaline cells.
This configuration results in higher
efficiency. Figure 13 shows a typical
digital still camera application powered
this way. It has positive and negative
CCD supplies and an LED backlight

supply.

Replace Inductor

with Schottky for

Smaller Footprint

If higher current ripple is tolerable at
the output of the inverter (channel 2),
replace inductor L3 with a Schottky
diode D3 as shown in Figure 14.
Since the Schottky diode footprint
is usually smaller than the inductor

Adjustable output voltage and wide
output range of up to 32V for the posi-
tive boosts, and -32V for the inverter,
make it a flexible solution for systems
that require high voltage supplies.
Channel 3’s ability towork as a voltage
regulator or as a true 1-wire current

LED DRIVER
20mA UPTO 12V

v F%Fs%
; _, (oPTIONAD

regulator give the LT3587 status as a
true all-in-one power supply.
Additional features, such as soft-
start, supply sequencing, output
disconnect and fault handling alsoadd
to the versatility of this part and further
simplify power supply design. £7
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L1, L2, L3: SUMIDA CDRH2D18/HP-150N
L4: TOKO 1071AS-100M

Dg1, Dgp, Ds3: NXP PMEG2005EB

Figure 13. Two AA cells produce CCD positive and
negative supplies and a driver for a 3-LED backlight.
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anode connected to the output of the |
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with a Schottky diode replacing the inverter’'s output inductor
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PD Interface for POE+ Includes 25.5W
Classification and Protection Features
in a Low Profile 4Amm x 3mm DFN

Introduction

The third generation Power over Eth-
ernet standard increases the power
available to PDs to 25.5W, up from
the earlier standard’s 12.95W (see
sidebar). In the new standard, a Type-2
(high power) PD must communicate via
handshake with Type-2 power sourc-
ing equipment (PSE) to determine that
the PSE is capable of providing high
power. Type-2 PSEs are backwards
compatible to the old standard.

The LTC4265 is a PoE PD interface
that canidentify 2-event classification
(see sidebar) protocol and present an
active signal as required for operation
in an IEEE 802.3at-compliant PD. In
addition, the LTC4265 may be config-
ured for a variety of auxiliary power
options with the aid of the shutdown
and signature corrupt features.

The LTC4265 is highly integrated
and easy to apply, requiring only one
classification programming resistor.

The LTC4265 is a PoE PD
interface that can identify
2-event classification
protocol and present an
active signal as required
for operation in an IEEE
802.3at-compliant PD. In
addition, the LTC4265 may
be configured for a variety of
auxiliary power options with
the aid of the shutdown and
signature corrupt features.

No additional external components
are required to program the LTC4265
since all features (signature resis-
tance, UVLO, OVLO, inrush current,
and thermal protection) are built in
and programmed into the LTC4265

Overview of the Third Generation
Power over Ethernet System (PoE+)

The Power over Ethernet (PoE) standard specifies how DC power can be
distributed alongside high speed data through a single RJ45 connector. The
second generation standard (IEEE 802.3af) allows Powered Devices (PDs) to
draw 12.95W from Power Sourcing Equipment (PSEs). The popularity of the
standard has PD equipment vendors running up against the 12.95W power
limit. To answer the call for more power, the newer IEEE 802.3at standard
(also called PoE+) establishes a high power allocation while maintaining
compatibility with the existing IEEE 802.3af systems.

In the new standard, PSEs and PDs are distinguished as Type-1 if they
comply with the IEEE 802.3af power levels, or Type-2 if they comply with
the IEEE 802.3at power levels. The maximum available power to a Type-2
PD is 25.5W.

The IEEE 802.3at standard also establishes a new method for Type-2
equipment to mutually identify each other while maintaining compatibility
with the existing PoE systems. A Type-2 PSE has the option of declaring
the presence of high power by performing 2-event classification (Layer 1)
or by communicating with the PD over the data line (Layer 2). In turn, a
Type-2 PD must recognize both layers of communications and identify a
Type-2 PSE before beginning 25.5W operations. £7

by Kirk Su

to guarantee a smooth power-up
transition and PD operation with any
Power Sourcing Equipment (PSE). This
eliminates additional component costs
and cumbersome calculations that
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Figure 1. Example of 2-event
classification waveform
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are required in other power interface
products to set thresholds, signature
resistance, and current limits. The
LTC4265 comes in a low profile,
thermally enhanced, 4mm x 3mm
DFN package.

What is 2-Event
Classification?

The IEEE 802.3at establishes two
ways to communicate the presence of
a Type-2 PSE. The Layer 1 approach
requires a PSE to perform 2-event
classification, where classification
probing is performed twice. The Layer
2 approach requires the PSE to com-
municate over the high speed dataline.
AType-2 PD is required to recognize a
Type-2 PSE using either layer of com-
munication. Layer 1 communication
using 2-event classification is included
in the IEEE 802.3at standard for the
benefit of PSEs/power injectors which
do not have access to the high speed
data line.

Since Layer 2 communications
takes place directly between the PSE
and the LTC4265 load, the LTC4265
concerns itself only with recognizing
2-event classification. Figure 1 shows
an example of a 2-event classification.
The 1st classification event occurs
when the PSE presents an input
voltage between 14.5V to 20.5V and
the LTC4265 presents a class 4 load
current. A Type-2 PSE then drops the

=4
J V+ =
GND

T0
PSE LTC4265 %

Rp
*&C_To PD

| LoAD

-54vV —Viy T2PSE

OPTION 1: SERIES CONFIGURATION FOR
ACTIVE LOW/LOW IMPEDANCE OUTPUT

J’ a—
GND
Rp
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T0 9

PSE T2PSE
2 [ T0PD
-Y— R | LOAD

OPTION 2: SHUNT CONFIGURATION FOR
ACTIVE HIGH/OPEN COLLECTOR OUTPUT

54V — Viy

Vour

Figure 2. Interfacing with the
Type-2 PSE via the T2PSE pin

input voltage into the Mark voltage
range of 6.9V to 10V, signaling the
Ist Mark event. The PD in the Mark
voltage range presents a load current
between 0.25mA to 4mA. A Type-2
PSE repeats this sequence, signaling

the 2nd Classification and 2nd Mark
event occurrence.

The Type-2 PSE then applies power
to the PD and the LTC4265 charges
up the reservoir capacitor C1 with a
controlled inrush current. When C1
is fully charged, and the LTC4265
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Figure 3. Examples of enabling/disabling the PD load via the complementary power good pins
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Figure 4. Auxiliary power supply. Auxiliary power takes
precedence over PoE power (using the SHDN pin).
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declares power good, the T2PSE output
presents an active low signal, or low
impedance output with respect to Vyy,
which alerts the PD load that a Type-2
PSEis presentand 25.5W applications
may operate.

Inessence, aType-2 PSE recognizes
a Type-2 PD when the PSE classifies
the PD and sees a class 4 load current.
AType-2 PD recognizes a Type-2 PSE
when the PSE classifies twice.

Interfacing to the LTC4265

The LTC4265 has three output signals
that interface to other blocks within
a PD. The Type-2 PSE indicator bit
(T2PSE) alerts the PD load that it may
consume the full 25.5W available in
the new IEEE 802.3at specification.
Two complementary power good pins
(PWRGD and PWRGD) are typically
used to enable a DC/DC converter
after the PD is fully powered.

When a Type-2 PSE completes the
2-Event classification sequence, the
LTC4265 recognizes this sequence,
and provides an indicator bit, declaring
the presence of a Type-2 PSE. The open
drain output provides the capability
to use this signal to communicate to
the PD load.

Figure 2 shows two interface op-
tions using the T2PSE pin and an
optoisolator. The T2PSE pin is active
low and connects to the optoisolator
to communicate across the isolation
barrier. The pull up resistor Rp is
sized according to the requirements
of the optoisolator operating current,
the pull-down capability of the T2PSE
pin, and the choice of V*. V* can come
from the PoE supply rail (which the
LTC4265 GND is tied to), or from the
voltage source that supplies power to
the DC/DC converter. The former has
the advantage of not drawing power
unless T2PSE is declared active.

Figure 3 shows options for inter-
facing the LTC4265 power good pin
to the PD load, usually via the run/
enable/shutdown pins of a DC/DC
converter.

The active high PWRGD pin features
an open collector output referenced
to Voyr, which can interface directly
with the run/enable pin of a DC/DC
converter. When the PD is powered
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up by the PSE, the PWRGD pin is
high impedance with respect to Voyr.
An internal 14V clamp protects the
DC/DC converter from excessive volt-
age. The PWRGD pin is also designed
to become high impedance when the
SHDN pin is invoked in an auxiliary
power application. This prevents the
PWRGD pin from interfering with the
converter operation when auxiliary
power is present.

The active low PWRGD pin connects
to an internal, open drain MOSFET
referenced to Vyy and can interface
directly to the shutdown pin of a DC/
DC converter. When the PD is powered
up by the PSE, the PWRGD pin is low
impedance with respect to Vyy.

Configuring a PD for
Auxiliary Power
In many applications, the PD can
run from the PoE port and/or from
an auxiliary power source such as a
wall adapter. Auxiliary power can be
injected into an LTC4265-based PD at
the input of the LTC4265, the output
of the LTC4265, or even the output
of the DC/DC converter. Some PD
applications may also prioritize the
auxiliary supply or the PoE supply,
and/or require a seamless transition
between PoE and auxiliary power.

Figure 4 shows the most common
auxiliary power method where auxil-
iary power is injected between the PD
interface and the DC/DC converter. In
this example, the auxiliary portinjects
48V onto the line via diode D1. The
components surrounding the SHDN
pin are selected so that the LTC4265
disconnects power to the output when
the auxiliary supply reaches 36V.

This configuration is an auxiliary-
dominant configuration. That is, the
auxiliary power source supplies the
power even if PoE power is already
present. When the auxiliary power
is applied, the PoE channel stops
drawing power. The PSE at this point
recognizes that the PD does not draw
any current and may cease power
delivery to the PD.

This configuration also provides
a seamless transition from PoE to
auxiliary power when auxiliary power

continued on page 34
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Primary-Side Sensing Takes
Complexity out of Isolated

Flyback Converter Design

Introduction

Flyback converters are widely used
in isolated DC/DC applications, but
they are not necessarily a designer’s
first choice. Power supply design-
ers grudgingly choose a flyback out
of necessity for electronic isolation;
certainly not because they are an
easy to design. A flyback converter
requires that significant design time
be devoted to transformer design, a
task further complicated by limited
off-the-shelf transformer selection and
the necessity for customized magnet-
ics. Moreover, the flyback converter
has stability issues due to the well-
known right-half-plane (RHP) zero
in the control loop, which is further
complicated by the propagation delay
of an optocoupler.

The LT3573 isolated monolithic
flyback converter solves many of the
design difficulties commonly associ-
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Figure 1. Amazingly simple flyback converter takes advantage of the primary side sensing
scheme of the LT3573. Note the absence of an optocoupler. Also note the tiny coupling inductor

available from many magnetics vendors.

ated with flyback converters by using
a primary-side sensing scheme that is
capable of detecting the output voltage
through the flyback switching node
waveform. During the switch off-pe-
riod, the diode delivers the current to
the output, and the output voltage is
thus reflected to the primary-side of
the flyback transformer (or the switch
node). The magnitude of the switch
node voltage is the summation of the
input voltage and reflected output
voltage. The flyback converter is able
toreconstruct the output voltage from
the measurement of the switching
node voltage during the off period.
This scheme has previously proven
itself in Linear Technology’s family
of photoflash capacitor charger ICs.
Design is simplified by getting rid of
the optocoupler while maintaining
the galvanic isolation between the
primary-side and secondary-side of
the transformer.

The LT3573’s utilization of bound-
ary mode operation further reduces
converter size and simplifies system
design. The flyback converter turns
on the 1.25A, 60V internal switch
right after the secondary diode cur-
rent reduces to zero, while it turns

off when the switch current reaches
the pre-defined current limit. Thus it
always operates at the transition of
continuous conduction mode (CCM)
and discontinuous conduction mode
(DCM), which s called boundary mode.
Boundary mode operation also offers
a superior load regulation.

Other features, such as soft-start,
adjustable current limit, undervoltage
lockout and temperature compensa-
tion further facilitate the flyback
converter design. Figure 1 shows
a simple flyback converter using
LT3573.

Primary-Side Sensing
Needs No Optocoupler
An optocoupler is essential for a tra-
ditional flyback converter. It transmits
the output voltage feedback signal
through an optical link while main-
taining an isolation barrier. However,
the optocoupler current transfer ratio
(CTR) often changes with temperature,
degrading accuracy. Also, the opto-
coupler causes a propagation delay,
which impacts the dynamic response
of the control loop.

The LT3573 eliminates the need for
an optocoupler by sensing the output

30
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sw CURRENT.-"‘:.V\ /\

DIODE CU;%RENT
Figure 2. LT3573 flyback
converter in boundary mode.

voltage on the primary-side. The out-
put voltage is accurately measured at
the primary-side switching node wave-
form during the off period. In addition
to the obvious simplification and cost
savings of this design, this scheme
improves dynamic performance during
load transients, which further simpli-
fies the control loop design.

Boundary Mode Operation
Reduces Converter Size and
Simplifies System Design
Since the flyback converter operates in
boundary mode, the switch is always
turned on atzero currentand the diode
hasnoreverserecovery loss. Reducing
power losses allows the flyback con-
verter to operate at a relatively high
switching frequency, which in turn
reduces the transformer size when
compared to lower frequency opera-
tion. Figure 1 shows anisolated flyback
using a small coupling inductor with
19pH primary inductance.

Another benefit of boundary mode
operation is a simplified control loop.

Viy

The LT3573 simplifies the
design of flyback converters
by using a primary-side
sensing scheme that detects
the output voltage through
the flyback switching node
waveform.

Figure 2 shows the LT3573 flyback
converter voltage and current wave-
form in boundary mode. Assuming a
1:1 transformer is used; the control-
to-output transfer function is:

1
R[Rg+
1-D (C+s-C)
Gyg =——*

2 R+R¢ +

se(

Where R is the load resistor, C is
the output capacitor, R is the ESR of
the output capacitor and D is the duty
cycle. From this, a load pole at

1
S

P~ RC
and ESR zero at
1
S, =——=

ReC

are observed. This reduced-order
transfer function can be easily com-
pensated by an external V¢ network.

T
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Figure 3. A 9V-30V input, 5V/1A flyback converter with
a BIAS winding to maximize the system efficiency.

The simplified control loop network
also eases transformer design. The
control-to-output transfer function
has no inductance component, which
means the flyback converter easily
tolerates transformer variations. The
transformer inductance only affects
the converter switching frequency; it
does not affect the converter output
capability and stability. The data sheet
includes a detailed design example,
which outlines converter design
guidelines.

Boundary Mode Operation for
Superior Load Regulation
Since the diode voltage dropis included
in the reflected output voltage, it can
affect load regulation in primary-side
sensing flyback converters that oper-
ate in CCM. The reason is the diode
has nonlinear I-V characteristics.
Other methods such as load regula-
tion compensation must be used if
a tight load regulation is required.
However, the load regulation is much
improved in boundary mode operation
because the reflected output volt-
age is always sampled at the diode
current zero-crossing. The LT3573
flyback converter has a typical 1%
load regulation.

Figure 3 shows a 5V, 1A flyback
converter that accepts a 9V to 30V
input. The BIAS winding is used to
improve the system efficiency. The
Tc resistor compensates the output
voltage at all temperatures, the UVLO
resistors set the intended input range,
and the current limit resistor programs
the output current.

Conclusion

The LT3573 simplifies the design of
isolated flyback converters with a
primary-side sensing scheme and
boundary mode operation. Its wide
3V to 40V input range, and its abil-
ity to deliver 7W output power make
it suitable for industrial, automotive
and medical applications. It also
includes undervoltage lockout, soft-
start, temperature compensation,
adjustable current limit and external
compensation. L7
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Easy Automotive Power Supplies:
Compact Regulator Produces Dudal
Outputs as Low as 0.8V from 3.6V-36V

and is Unfazed by 60V Transients

Introduction

The LT3509 dual channel step-down
regulator operates over an impres-
sively vast supply range of 3.6V tomore
than 36V, but its real distinguishing
feature is its ability to handily protect
both itself and downstream compo-
nents from transient input voltages
up to 60V. It accomplishes this by
entering a safe shutdown mode when
the supply exceeds 38V, such as load
dump events in automotive electrical
systems.

In a vehicle electrical system,
overvoltage transients can occur when
heavy loads are switched because the
rapid change in current across the wir-
ing inductance induces a high voltage.
These transients are usually short in
duration, from several microseconds to
several milliseconds. Longer duration
voltage surges can happen when the
batteryis disconnected and the alterna-
tor and its regulator must respond to
reduce the energizing field in the rotor.
This can take several hundred millisec-
onds, enough time to damage electronic
components and subsystems.

Vin
6V T0 16V
(TRANSIENT TO 60V)

by Peter J. Andrews

Vout
3.3V

RUN/SS1,2

R2 &
931k $

2R5
S 100k

— FAULT

Q2
BC8478B/C

Figure 1. LT3509 RUN/SS to FAULT signal interface

The LT3509 protects itself and
downstream systems from transient
overvoltage events by shutting down
for the duration of the event. For
non-critical systems, that is all the
protection that is needed, as long as
power is restored relatively quickly.
For critical systems that require full
functionality during a transient event,
a supercapacitor ride-through circuit
can continue to provide hold-up
power (see Linear Technology Design
Note 450 or the cover article from

6V TO 36V

the September 2008 issue of Linear
Technology magazine). This article
shows a circuit that allows powered
systems to ride-through transients
without requiring a reset.

A Little About the LT3509

The LT3509 integrates popular high
voltage features into a compact dual
supply solution for a wide range of
applications. Each of two channels
can produce up to 0.7A at an output
voltage as low as 0.8V to within a

(TRANSIENT TO 60V) Ay
I 47WF
= | D1, D2 = DFLS160
Vin BD R4 2 Q1, 02 = BC847B/C
M <
L1 _[g;—|BO0STI BOOSTZ—— .. 1o
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1.8V o SW SW2 . o -
249 t o f D2 ng RS RY +| co
DA DA2 31k S 100kS S 69.8 AT~1000,F
N FB1 FB2
O —= —=0 Fot Re > FAULT
2200F AT~ —T—104F RUN/SS1 RUN/SS2 Jo
c6 SYNC Rr —LC7 02
2.2nF o8
R2 2.2nF GND R7 R10 ——
2 | 61 9k 499k %22 1kT10uF

fewy = 700KHz

Figure 2. 12V auto battery to 3.3V and 1.8V with hold-up capacitors and FAULT indicator
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half a volt of the input supply. It has
integrated BOOST diodes and internal
compensation to minimize the com-
ponent count and the required board
area. Robust short-circuit protection
isalso provided using catch diode cur-
rent sensing. The ride-through feature
is particularly useful in automotive
applications, as is the wide operating
frequency range of 300kHz to 2.2MHz
and the ability to synchronize to an
external reference clock. The switching
frequency can be chosen or externally
driven to meet stringent EMI require-
ments.

Riding Through
Supply Transients
One way to reduce the ride-through
energy storage requirements is to
provide a FAULT signal to the powered
systems so that that they can enter a
low power state for the duration of the
event. For example a microcontroller
could enter a HALT state, digital cir-
cuitry could stop or reduce the clock
frequency, displays could be blanked
and audio circuits muted. Thisreduces
the power draw to a minimum so that
the output voltages can be maintained
with relatively small electrolytic ca-
pacitors.

The LT3509 itself does not provide
a dedicated logic signal to indicate
that an overvoltage event has oc-
curred but it is possible to detect the
event by monitoring the RUN/SS pins.
These pins are pulled low by an inter-
nal device whenever an overvoltage
condition exists, but as they were
not intended to drive logic directly
a small interface circuit is required
as shown in Figure 1. The RUN/SS

Vsw
20V/DIV

I
0.5A/DIV

Vour
5V/DIV

TIME 1ms/DIV

Figure 3. Soft-start waveforms

pins are pulled up to approximately
3.0V by an internal 1pA pull-up in
normal operation and are pulled to
about 0.6V during a fault condition.
This circuit has a switching threshold
of around 1.4V and draws very little
input current. The circuit operates at
avery low current and the transistors
were carefully selected—generic types
may not give satisfactory performance.
Q1’s collector must be supplied from
Vv with a resistor divider as shown.
If connected to Vgyr, the collector
base junction will be forward biased
at power-up and thus preventing the
LT3509 from starting up. The resis-
tor divider keeps the collector-emitter
voltage of Q1 below its breakdown
voltage.

Automotive Accessory

Supply 3.3V and 1.8V with
Ride-Through Capability

The schematic in Figure 2 shows a
typical application for a dual supply
system requiring 3.3V and 1.8V rails,
such as a radio or satellite naviga-
tion system. The goal is to maintain
support for a ride-through capability
described in the introduction where
the output voltage is maintained just

14.2V NOMINAL
60V — (TRANSIENT TO 60V)
TRANSIENT |
140y —  OVERVOLTAGE Your. 33V
GENERATOR
LT3509 CONTROLLABLE
controL _[1] FIGURE 2 FAULT LOAD CIRCUIT
PULSE — APPLICATION | SIGNAL
CIRCUIT »| OFF

Figure 4. Test and demonstration set-up

long enough for the powered circuitry
to enter a low current state. The key
features are that it includes the fault
indication circuit of Figure 1 and the
standard 10pF ceramic output capaci-
tors C5 and C8 are augmented with
1000pF electrolytic capacitors C4 and
C9. The ceramic capacitors should
still be used to control high frequency
ripple as they have much lower ESR
than the electrolytic types.

The operating frequency is kept
low to ensure that the 1.8V channel
operates in fixed frequency mode at the
normal operating voltage. The output
capacitors have to support the output
voltage while the regulator shuts off
due to an overvoltage ride-through
event. They must also supply the full
load current for the time taken from
the start of the overvoltage event
until the load is put in a powered
down state. The delay time from the
overvoltage condition until the fault
signal is asserted is dependent on the
capacitor value on the RUN/SS pin.
With the component values in the
example circuit this is approximately
40ps. To this must be added any time
for the powered circuit to shut down.
The voltage droop during this time can
be calculated from AV=1et/C. So for
700mA, 40ps and 1000pF gives AV =
0.7A ¢ 40ps/1000pF = 28mV.

Once the powered circuits have
shut down, the droop rate depends
on the residual current draw and the
duration of the transient event. In an
ideal case the system power should
reduce to a few pA in which case the
dominant current draw will be from
the feedback divider, which in the
example circuit takes around 37pA.
Using the same equation, for a 400ms
event, the droop during the transient
is: AV=40pA ¢ 0.4s/1000pF = 16mV.
Clearly the biggest droop occurs during
the initial loss of power.

One last thing to consider is what
happens when the transient is finished
and normal operation resumes. The
FAULT signal de-asserts as soon as the
RUN/SS pin rises above the thresh-
old, but the regulator is not able to
deliver full current until the RUN/SS
pin reaches approximately 2V. It may
be necessary to create a small delay,
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Vi parme”
20V/DIV __/ | 1
Vour Lo b
1V/DIV 1
RUN/SS2 [~ ;
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FAULT /i
2V/DIV &

TIME 100ps/DIV
Figure 5. Transition to ride-through mode

by software perhaps, from the time
FAULT goes away until full current
is demanded.

The LT3509 prevents inrush
currents at start-up with a current
limiting soft-start feature, which al-
lows the available output current to
ramp up slowly. Both the peak current
limit and the valley current limit (the
one sensed through the catch diodes)
are controlled by the voltage on the
RUN/SS pins, so as capacitors C6
and C7 charge up, the output cur-
rent slowly increases to its normal
maximum value. An example of the
soft-start characteristic is shown in
Figure 3.

Vi
20V/DIV

Vout ‘
1V/DIV

RUN/SS2 [
2V/DIV

FAULT
2V/DIV

TIME 100ms/DIV

Figure 6. Complete ride-through event

Demonstration
and Test Results

The ride-through performance the ap-
plication of Figure 1 is tested using the
setup shown in Figure 4. A switched
supply produces either anormal input
or anovervoltage transient. The output
is connected to an active load circuit
with ON/OFF controlled by the FAULT
signal. Figure 5 shows the start of the
overvoltage event on a fast time base
to show the step that occurs as the
regulator shuts off, but before the load
is reduced. Figure 6 shows the entire
400ms transient and the droop that
happens when there is no output but
also very little load. Figure 7 shows

!
Vi et |
20V/DIV M 4

Vout . 5

1V/DIV o ;

RUN/SS2 ot

W/DIV oo §
FAULT
2V/DIV

TIME 2ms/DIV

Figure 7. End of ride-through event

the end of the event on an expanded
timescale.

Conclusion

Overvoltage transients are a fact of life
in automobile and industrial power
systems. The LT3509, combined with
a small, low cost capacitor, can be
used to both protect components from
overvoltage transients and allow the
downstream systems to ride through
the event without having to completely
reset. It is possible to ride through an
overvoltage transient of even several
hundred milliseconds, provided a brief
interruption of service can be toler-
ated. O

LTC4265, continued from page 29

is applied. That is, the DC/DC con-
verter continues to operate through the
power transition. But the transition
from auxiliary power to PoE power
(when the auxiliary is removed) is not
seamless since a PSE must redetect
the PD before applying power.

Guidelines for Pairing

the LTC4265 with a

DC/DC Converter

The LTC4265 can be paired with just
about any DC/DC converter, but two
are particularly well suited to Type-2
Power over Ethernet Applications:
the LT3825 flyback controller and
LT1952 forward controller. Forward
and flyback converters satisfy the
electronic isolation requirement in
the IEEE 802.3af and IEEE 802.3at
specifications. In addition to the topol-
ogy requirements, the LT3825 and
LT1952 controllers are selected based
on their ability to tolerate the wide PoE
line voltage range, which varies from
36V to 57V.

As PoE power levels increase, the
Schottky diode typically placed at
the output of the secondary winding
becomes an efficiency drain as it dis-
sipates more power with increased
output current. In addition, the output
diode requires a considerably large
heat sink and board area to displace
the heat.

For these reasons, many power-
hungry PDs are better served by
synchronous DC/DC topologies,
where the output diode is replaced with
an active switch synchronized to the
operation of the controller. Both the
LT3825 and LT1952 include built-in
synchronous drivers, enabling the use
of an active switch.

Figure 5 shows the LTC4265
paired with an LT1952 in a self-driven
synchronous forward power supply
configuration. Figure 6 shows the
LTC4265 paired with a LT3825. This
is a synchronous flyback power sup-
ply configuration with no optoisolator

feedback. The LT3825 may also be
configured for a forward topology.
These are not the only DC/DC
converter solutions that work well
with the LTC4265. The LTC4265 can
be easily applied in applications that
already have a DC/DC converter.

Conclusion

The LTC4265 PD interface provides
the features required in a PD interface
to operate under the IEEE 802.3at
standard with minimum component
count. Since all of the features (signa-
ture resistance, UVLO, OVLO, inrush
current, and thermal protection) are
built in, little is needed around its low
profile 4mm x 3mm DFN package to
createa complete PoE Type-2 interface.
Simply pairitwith a PoE-ready DC/DC
converter by hooking up the Type-2
and power good indicator pins, and
a high power PD is ready to go. Add
to this the ability to handle auxiliary
power, and the LTC4265 proves a
versatile PoOE+ tool. £7
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High Power 2-Phase Synchronous
Boost Replaces Hot Diodes with
Cool FETs—No Heat Sinks Required

Introduction

For low power designs, non-synchro-
nous boost converters offer a simple
solution. However, as power levels in-
crease, the heat dissipated in the boost
diode becomes a significant design
problem. In such cases, a synchro-

nous boost converter, with the diode
replaced with a lower forward voltage
drop switch, significantly improves ef-
ficiency and relieves many issues with
thermal layout. Although the topology
is more complicated, Linear Technol-

by Narayun Rdju, Tuun Nguyen aund Theo Phillips

ogy offers controller ICs that simplify
the design of high power synchronous
boost applications. The LTC3782A
boost controller, for instance, includes
pre-drive outputs for external synchro-
nous switch drivers. It also integrates

— > ————

5V
| PD3S160
. >f‘ .
J | ;
I '—0
1F Voo BST ——1pF
LTC4440-5
6 <
SGATE

Q1

— IN T8 DFLS160
4.7uF
T 1 ° o— VOUT
= L1 I 24V AT 8A
v - 8.3uH 175 1guF
IN Py Y'Y\ X
10V T0 14V 1% n
+ 1 13up 6804F
F X
T 680y T| 825k:: . _| — . _| — 3.6k
= Veet ;q @ ;q @ 1%
SENSET* 1 =
SGATE2 —] SGATE2 BGATE1 [— BG1 =
0.008Q 0.008Q
SGATET —] SGATET BGATE2 |— BG2
SENSE1* SENSE1™ J_
LT3782A " =
1003 —f e GBIAS 83
5V
DELAY GBIAST | PD35160
. C .
DCL
GBIAS2 }J : ; N
SENSE1* . l—¢
22 —— s v BST A 0rLs160
SENSET™ - : 1uE o i -
SENSET ¥ LTC4440-5 " |
VEET GND TG q
SLOPE Vi = o s _
RET GND SGATE2
SENSE2™ —¢—— SENSE2™ =
2.20F ——
SENSE2* B —
Bez—hqgg, Bez—h%oe
S8 Ve f SENSE2*
“Toor | ' 0.01F 0.008 0.00802
0.1pF >
< 60,4k 220pF < 15k g SENSE2™
30.9K ' 316k -l—
| 6.8nF =

51.1k

>
in
SENSE2*

Q1-Q6 = HAT2266

Figure 1. Compact high power boost application efficiently produces a 24V/8A output from a 10V-15V input.
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Figure 2. Layout of the circuit in Figure 1. Note that no heat sinks are needed,
even at the high power levels produced by this relatively compact circuit.

strong bottom switch drivers for high
gate charge high voltage MOSFETs
and uses a constant frequency, peak
current mode architecture to produce
high output voltages from 6V to 40V
inputs. Its 2-phase architecture keeps
external components small and low
profile.

Synchronous Operation

At high current levels, a boost diode
dissipates a significant amount of
power, while a synchronous switch
can burn far less. It all comes down
to the forward voltage drop. The power
dissipated in the boost diodeis Ijy ® Vp,
while the power dissipated by the
synchronous switch is I’y ® Rpgion)-
(Or IIN L4 VDS[ON))' A typical sub-10mQ
MOSFET running 10A dissipates
1W, while the 0.5V drop of a typical

¢

COOL FETs

| T 250 | s00§E=0.35

a. Thermal image of the board in Figure 2

built up with synchronous FETs

Schottky diode burns a whopping
5W. Because the forward drop of a
synchronous MOSFET is proportional
to the current flowing throughit, FETs
can be paralleled to share current and
drastically reduce power dissipation.
On the other hand, paralleling boost
diodes does little to reduce power dis-
sipation as the forward drop through
the diodes holds fairly constant. The
non-synchronous boost diode topology
is more than just inefficient relative
to a synchronous solution—the extra
heat generated in a boost diode must
go somewhere, necessitating a larger
package footprint and heat sinking. At
high power levels, a non-synchronous
boost application becomes larger in
size and higher in cost over a syn-
chronous solution.

100

97 |
]
96 |— EFFICIENCY |~ Vin =24V _|
/
95 / Vi =12V R
g % s
= U 2
] / Vin =12V 410 =
S 93 — g
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T e / —— w2y | B
POWER LOSS
91
90 1

1 2 3 4 5 6 7
LOAD CURRENT (A)

Figure 3. Efficiency and power loss of the

circuit in Figure 1 compared to the efficiency
of the circuit when the synchronous FETs are
replaced with non-synchronous boost diodes.

Multiphase Operation
Reduces Application Size
There are a number of good reasons
to choose amultiphase/multi-channel
DC/DC converter over an equivalent
single-phase solution, including
reduced EMI and improved thermal
performance, but the biggest advan-
tage can be a significant reduction in
application size. Although a 2-phase
solution requires more components,
two inductors and two MOSFETSs in-
stead of one, it offers a net reduction
in space and cost. This is because the
inductors and MOSFETs are more
than proportionally smaller than those
required in the single-phase solution.
Moreover, because the switching sig-
nals are mutually anti-phase, their
output ripples tend to cancel each
continued on page 39

HOT,DIODES,HEAT,UR
THE WHOLE BOARD

TN
-
-"I
= lm
-:.J

| Tl 250 | 6O0RE=0.95

b. Thermal image of the board in Figure 2

built up with boost diodes

Figure 4. The board in Figure 2 runs fairly cool (a), but when the synchronous FETs are replaced with boost diodes, the entire board heats up
considerably with the diodes running significantly hotter than the FETs (b). (Viy = 12V, I; o5p = 6A, two minutes after power up.)
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100V Controller in 3mm x 3mm QFN
or MSE Drives High Power LED Strings

from Just About Any Input

Introduction

Strings of high power solid-state
LEDs arereplacing traditional lighting
technologies in large area and high
lumens light sources because of their
high quality light output, unmatched
durability, relatively low lifetime cost,
constant-color dimming and energy ef-
ficiency. The list of applications grows
daily, including LCD television back-
lights and projection system bulbs,
industrial and architectural lighting
systems, automotive headlamps, tail-
lights and indicator lights, computer
monitors, street lights, billboards and
even stadium lights.

As the number of applications ex-
pands, so does the complexity of input
requirements for the LED drivers.
LED drivers must be able to handle
wide ranging inputs, including the
harsh transient voltage environment
presented by automotive batteries,
the wide voltage range of the Li-ion
cells and wallwart voltages. For LED
lighting manufacturers and design-
ers, applying a different LED driver
for each application means stocking,
testing and designing with a wide
variety of LED controllers. This can
be an expensive and time-consuming
proposition. It would be far better to
use a controller that can be applied
to many solutions.

The LT3756 high voltage LED driver
features a unique topological versatil-
ity that allows it to be used in boost,
buck-boost mode, buck mode, SEPIC,
flyback and other topologies. Its high
power capability provides potentially
hundreds of watts of steady-state LED
power over a very wide input voltage
range. Its 100V floating LED current
sense inputs allow the LED string to
float above ground, as shown in the
buck mode and buck-boost mode to-
pologies in this article. Excellent PWM
dimming architecture produces high
dimming ratios, up to 3000:1.

by Keith Szolushu

L1A, B
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Figure 1. A 125W, 83V at 1.5A, 97% efficient boost LED driver for stadium lighting

A number of features protect the
LEDs and surrounding components.
Shutdown and undervoltage lockout,
when combined with analog dimming
derived from the input, provide the
standard ON/OFF feature as well as
a reduced LED current should the
battery voltage drop to unacceptably
low levels. Analog dimming is accu-
rate and can be combined with PWM
dimming for an extremely wide range
of brightness control. The soft-start
feature prevents spiking inrush cur-
rents during start-up. The OPENLED
pin informs of open or missing LEDs
and the SYNC (LT3756-1) pin can be
used to sync switching to an external
clock.

The 16-pin IC is available in a
tiny QFN (3mm x 3mm) and an MSE
package, both thermally enhanced.
For applications with lower input volt-
age requirements, the 40V, 75Voyr
LT3755 LED controller is a similar
option to the LT3756.

Although it is typically used as an
LED driver, the LT3756’s voltage FB
pin provides a well-regulated output

voltage if the constant current sense
voltage is not used. Thisis a side benefit
of the LT3756’s overvoltage protection
feature, in which the current control
loop is superceded by the FB voltage
loop in the case of an open LED string,
thus preventing the controller from a
running up the voltage in an effort to
maintain current.

125W Boost LED Driver for
Stadium Lights or Billboards
Lighting systems for stadiums, spot-
lights and billboards require huge
strings of LEDs running at high power.
The LT3756 controller can drive up
to 100V LED strings with its floating
sense resistor inputs ISP and ISN.
The 125W LED driver in Figure 1
accepts a wide-range 40V-60V input
taken from the output of a high power
transformer.

The LT3756’s high power GATE
driver switches two 100V MOSFETs
at 250kHz. This switching frequency
minimizes the size of the discrete com-
ponents while maintaining high 97%
efficiency, thus producing a less-than-
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Figure 2. An 80Vy buck mode LED driver with PWM dimming for single or double LEDs

50°C discrete component temperature
rise—far more manageable than the
potential heat produced by the 83V
string of 1.5A LEDs.

Even if PWM dimming is not
required, the PWMOUT dimming
MOSFET is useful for LED disconnect
during shutdown. This prevents cur-
rent from running through the string
of ground-connected LEDs—possible
under certain input conditions.

If an LED fails open or if the LED
string is removed from the high power
driver, the FB constant voltage loop
takes over and regulates the output at
95V until a proper string is attached
between LED* and LED~. Without
overvoltage protection, the LED sense
resistor would see zero LED current
and the control loop would work hard
to increase its output. Eventually, the
output capacitor voltage would go over
100V, exceeding the maximum rating
of several components. While in OVP
the OPENLED status flag goes low.

High Voltage Buck Mode

LED Driver with High

PWM Dimming Ratio

When the input voltage is higher than
the LED string voltage, the LT3756
can serve equally well as a constant
current buck mode converter. For ex-
ample, an automotive battery’s voltage
can present a wildly moving target,

from drooping voltages to dizzyingly
high voltage spikes, The buck mode
LED driver in Figure 2 is perfect for
such harsh environments. It operates
with a wide 10V-to-80V input range
to drive one or two 3.5V LEDs (7V) at
1A. In this case, both the Vyy pin and
ISP and ISN current sense inputs can
go as high as 80V.

PWM dimming requires a level-shift
from the PWMOUT pin to the high
side LED string as shown in Fig-
ure 2. The maximum PWM dimming
ratio increases with higher switch-
ing frequency, lower PWM dimming
frequency, higher input voltage and
lower LED power. In this case, a 100:1
dimmingratiois possible witha 100Hz
dimming frequency, a 48V input, a
3.5V or 7V LED at 1A, and a 150kHz
switching frequency. Although higher
switching frequency is possible with
the LT3756, the duty cycle eventually
has its limits. Generous minimum
on-time and minimum off-time restric-
tions require a frequency on the lower
end of its range (150kHz) to meet both
theharsh high—VIN-tO-IOW-VLED (8OVIN
toone 3.5V LED) and low-Viy-dropout
requirements (10Vyy to 7V gp) of this
particular converter.

The overvoltage protection of the
buck mode LED driver has a level
shift as well. Q1, a pnp transistor,
helps regulate the maximum allowable

100
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—
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Figure 3. Efficiency for the
buck mode converter in Figure 2

output capacitor voltage to a level just
beyond that of the LED string. Without
the level-shifted OVP network tied to
FB, an open LED string would result
in the output capacitor charging up to
the input voltage. Although the buck
mode components will survive this
scenario, the LEDs may not survive
being plugged back into a potential
equal to the input voltage. That is,
a single 3.5V LED might not survive
being connected directly to 80V.

Single Inductor Buck-Boost
Mode LED Driver

One increasingly common LED driver
requirement is that the ranges of both
the LED string voltage and the input
voltage are wide and overlapping. In
fact, some designers prefer to use the
same LED driver circuit for several
different battery sources and several
different LED string types. Such a
versatile configuration trades some
efficiency, component cost, and board
space for design simplicity, but the
tradeoffs are usually mitigated by the
significantly reduced time-to-market
by producing an essentially off-the-
shelf multipurpose LED driver.

The buck-boost mode topology
shown in Figure 4 uses a single
inductor and can both step-up and
step-down the input voltage to the LED
string voltage. It accepts inputs from
6V to 36V todrive 10V-50VLED strings
at up to 400mA. The PWM dimming
and OVP are level-shifted in a manner
similar to the buck mode for optimal
performance of these features.

The inductor current is the sum of
the input current and the LED string
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Figure 4. A buck-boost mode LED driver with wide-ranging Viy and Vgp

current; the peak inductor current
is also equal to the peak switching
current—higher than either a buck
mode or boost topology LED driver
with similar specs due to the nature
of the hookup. The 4A peak switch
current and inductor rating reflects
the worst-case 9V input to 50V LED
string at 400mA.

Below 9V input, the CTRL analog
dimminginput pinis used to scale back

the LED current to keep the inductor
current under control if the battery
voltage drops too low. The LEDs turn
offbelow 6V input due to undervoltage
lockout and will not turn back on until
the input rises above 7V, to prevent
flickering. In buck-boost mode, the
output voltage is the sum of the input
voltage and the LED string voltage. The
output capacitor, the catch diode, and

100
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Figure 5. Efficiency for the buck-boost
mode converter in Figure 4

the power MOSFET can see voltages
as high as 90V for this design.

Conclusion

The 100V LT3756 controller is osten-
sibly a high power LED driver, but its
architecture is so versatile, it can be
used in any number of high voltage
input applications. Of course, it has
all the features required for large (and
small) strings of high power LEDs.
It can be used in boost, buck-boost
mode, buck mode, SEPIC and flyback
topologies. Its high voltage rating, op-
timized LED driver architecture, high
performance PWM dimming, host of
protection features and accurate high
side current sensing make the LT3756
a single-IC choice for a variety of high
voltage input and high power lighting
systems. L7

LT3782A, continued from page 36

other out, thus reducing the total
output ripple by 50%, which in turn
reduces output capacitance require-
ments. The input current ripple is also
halved, which reduces the required
input capacitance and reduces EMI.
Finally, the power dissipated as heat is
spread out over two phases, reducing
the size of heat sinks or eliminating
them altogether.

24V at 8A from

a 10V-15V Input

Figure 1 shows a high power boost
application that efficiently produces a
24V/8Aoutput froma 10V-15Vinput.
The LTC4440 high side driver is used

to level shift the SGATE signals and
drive the synchronous MOSFETs. The
250kHz switching frequency optimizes
efficiency and component size /board
area. Figure 2 shows the layout. Proper
routing and filtering of the sense pins,
placement of the power components
and isolation using ground and sup-
ply planes ensure an almost jitter free
operation, even at 50% duty cycle.
Figure 3 shows the efficiency of the
circuit in Figure 1 with synchronous
MOSFETs (measured to 8A) and the
efficiency of an equivalent non-syn-
chronous circuit using boost diodes
(measured to 6A). The 1% improvement
in peak efficiency may not seem signifi-
cant, but take a look at the difference

in heat dissipation shown in Figure 4,
which shows thermal images of both
circuits under equivalent operating
conditions. The thermal advantages
of using synchronous switches are
clear.

Conclusion

The 2-phase synchronous boost
topology possible with the LT3782A
offers several advantages over a non-
synchronous or a single-phase boost
topology. Its combination of high ef-
ficiency, small footprint, heat sink-free
thermal characteristics and low in-
put/output capacitance requirements
make it an easy fit in automotive and
industrial applications. £r
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Parallel Buck-Boost uModule
Regulators to Produce High Current
in Sub-2.8mm Height Applications

by Judy Sun, Sam Youny and Henry Zhanyg

Introduction

For applications requiring DC/DC con- most of the discrete components into
verters to regulate an output voltage A big advantage of uModule  a single package. For instance, the
that is somewhere in the middle of an regulators is that they LTM4605 and LTM4607 buck-boost
input voltage range, circuit designers can be easily paralleled pModules fit almost all required

are always troubled by the complex-
ity and/or low efficiency of available
converter topologies, such as SEPIC,

components into a 15mm x 15mm
x 2.8mm surface mount package,
requiring only an external inductor,

to increase output power
capability. The current mode

flyback or forward converters. As an control scheme ensures a current sensing resistor, a voltage
alternative, Linear Technology offers balanced current sharing setting resistor and a few input and
a number of 4-switch synchronous among the paralleled output capacitors. pModule solutions

buck-boost regulator/controller I1Cs nModule regulators at both also offer exceptional thermal perfor-
that significantly improve efficiency mance, further simplifying already

and save space over other buck-boost steady state and transient

simple layout.

topologies—even as they simplify conditi?ns, whether running Another big advantage of pModule
design and produce higher power den- in buck, boost, regulators is that they can be eas-
sities. Linear Technology pnModules or buck-boost mode. ily paralleled to increase output
further simplify design by integrating power capability. The current mode
Vin
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Figure 1. Paralleling two LTM4605s for high output current
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control scheme ensures balanced
current sharing among the paralleled
pModules at both steady state and
transient conditions, whether running
in buck, boost, or buck-boost mode.

Parallel Two LTM4605
PModule Regulators for
12V at 10A in Boost Mode,
20A in Buck Mode
Paralleling the pModule buck-boost
regulators is simple: just tie their Vyy,
VOUT’ COMP, VFB’ RUN and SS pins
together, as shown in Figure 1. The
LTC6908-1 oscillator synchronizes the
two paralleled modules so that they
operate with a 180° phase difference.
Interleaving the power output in this
way effectively cancels input and out-
put ripple, thus minimizing required
input and output capacitance.

This circuit in Figure 1 accepts
a 5V to 20V input, and generates a
12V output. The rated output cur-
rent is 10A for boost mode and 20A
for buck mode. Figure 2 shows the
efficiency curves at a 300kHz switch-
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Figure 2. High efficiency from the parallel
LTM4605s in Figure 1 (CCM mode)

ing frequency. The paralleled modules
achieve about 95% efficiency in boost
mode and more than 97% efficiency
in buck-boost and buck mode, over a
wide load range.

Because the inductor currents are
sensed and controlled by the same
COMP pin voltage, the current shar-
ing is naturally guaranteed among
paralleled pModules. It does not mat-
ter if the system is running in buck
mode, buck-boost mode or boost
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mode, DC current sharing is excellent
throughout. Figure 3 demonstrates
well-balanced inductor currents for
the two paralleled LTM4605s in all
three operation modes.

Thanks to the high efficiencies and
well-balanced output currents, the
thermal stress is evenly distributed
between the two LTM4605s and two
inductors, ensuring high system
reliability. Figure 4 shows thermal pic-
tures of the two paralleled LTM4605s,
where the inductors are mounted
above the LTM4605 pModules. The
temperaturerises of the two LTM4605s
and two inductors are very similar in
all three cases with Vpy at 18V, 12V
and 6V. Even without forced air flow,
the maximum temperature rise is
only 45°C.

Parallel Four for 12V at
20A in Boost Mode,
40A in Buck Mode

Need more output current than two
LTM4605s can handle? In that case,
just parallel more pModule regulators.
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Figure 3. Balanced inductor currents for two paralleled LTM4605s in different operating modes

Figure 4. Thermal stress is evenly distributed between the two LTM4605s and
two inductors for the circuit in Figure 1 (shown here with no air flow or heat sink).
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Figure 5. Simple layout of four LTM4605 pModule regulators in parallel: top and bottom sides
of the board (additional input and output bulk caps are placed on the top and bottom).

For example, simply connect the Viy,
Vour, COMP, Vig, RUN and SS pins of
four LTM4605s in parallel to produce
20A in boost mode and more in buck
mode. The LTM4605 or LTM4607
pModule is internally compensated
so that it is stable in any parallel
system.

Figure 5 shows the layout of four
paralleled LTM4605s. This simple
design delivers 240W of output power
with a high power density and low
profile. The input range is 5V to 20V,
producing a 12V output. It is capable
of supporting 20A loads in boost mode
and up to40Ain buck mode. A4-phase
oscillator synchronizes the pModule
regulators with 90° phase interleav-
ing. This effectively cancels input and

The LTM4605 and LTM4607
buck-boost puModule
regulators are ideal for
the applications where the
output voltage is within the
input voltage range.

output ripple. Figure 6 shows that
efficiency is better than 95% in boost
mode and up to 97% in buck mode,
over a wide output current range.
Figure 7 shows the thermal per-
formance for the four paralleled
LTM4605s running at full load at
three different input voltages. Load
current, and thus power dissipation,
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Figure 6. The tested efficiency for
the four LTM4605s paralleled in
Figure 5 (CCM mode)

is equally shared among the four
inductors because of the internal
current mode control scheme. High
efficiency and well-balanced currents
lead to excellent thermal performance,
which allows this 240W system to fit
tight spaces.

Conclusion

The LTM4605 and LTM4607 buck-
boost pModule regulators are ideal for
the applications where the output volt-
age is within the input voltage range.
Inaddition, these integrated pModules
can be easily paralleled to provide
more power. Outstanding current
sharing performance is ensured by the
internal current mode control scheme,
whether the pModules are running
in buck, buck-boost or boost mode.
With minimum circuit and PCB layout
design effort, the paralleled LTM4605
and LTM4607 pModules provide high
output power, high efficiency, and
high reliability in an extraordinarily
compact form factor. £

Vi = 18V Vi =12V Vi =6V
lour = 40A lour = 20A lour = 20A
Figure 7. Thermal performance of the four LTM4605s paralleled in Figure 5 at 240W with no air flow or heat sink
42 Linear Technology Magazine ¢ January 2009



DESIGN TOOLS LT

MyLinear

(www.linearcom/mylinecr)

MyLinear is a customizable home page to store your
favorite LTC products, categories, product tables, contact
information, preferences and more. Creatinga MyLinear
account allows you to...

o Store and update your contact information. No more
reentering your address every time you request a
sample!

 Edit your subscriptions to Linear Insider email
newsletter and Linear Technology Magazine.

o Store your favorite products and categories for future
reference.

« Storeyourfavorite parametric table. Customize atable
by editing columns, filters and sort criteria and store
your settings for future use.

* \liew your sample history and delivery status.

Using your MyLinear account is easy. Just visit
www.linear.com/mylinear to create your account.

Purchuse Products
(www.lineur.com/purchuse)

Purchase products directly from Linear Technology either
through the methods below or contact your local LTC
sales representative or licensed distributor.

Credit Card Purchase — Your Linear Technology parts
can be shipped almost anywhere in the world with
your credit card purchase. Orders up to 500 pieces
per item are accepted. You can call (408) 433-5723
or email orders@linear.com with questions regarding
your order.

Linear Express — Purchase online with credit terms.
Linear Express is your new choice for purchasing any
quantity of Linear Technology parts. Credit terms are
available for qualifying accounts. Minimum order is
only $250.00. Call 1-866-546-3271 or email us at
express@linear.com.

Subscribe to
Linear Technology magazine at
www.linear.com/mylinear

www.linear.com

Product und
Applicutions Information

At www.linear.com you will find our complete collection
of product and applications information available for
download. Resources include:

Data Sheets — Complete product specifications,
applications information and design tips

Application Notes — In depth collection of solutions,
theory and design tips for a general application area

Design Notes — Solution-specific design ideas and
circuit tips

LT Chronicle — A monthly look at LTC products for
specific end-markets

ProductPress Releases—New productsareannounced
constantly

Solutions Brochures— Complete solutions forautomo-
tive electronics, high speed ADCs, LED drivers, wireless
infrastructure, industrial signal chain, handheld, battery
charging, and communications and industrial DG/DC
conversion applications.

Product Selection

The focus of Linear Technology’s website is simple—to
getyoutheinformationyou need quickly and easily. With
thatgoalinmind, we offer several methods of finding the
product and applications information you need.

Part Number and Keyword Search — Search Linear
Technology’s entire library of data sheets, Application
Notes and Design Notes for a specific part number or
keyword.

Sortable Parametric Tables — Any of Linear Tech-
nology’s product families can be viewed in table form,
allowing the parts to be sorted and filtered by one or
many functional parameters.

Applications Solutions — View block diagrams for a
wide variety of automotive, communcations, industrial
and military applications. Click on a functional block to
generate a complete list of Linear Technology’s product
offerings for that function.

Design Support

Packaging (www.linear.com/packaging) — Visit our
packaging page to view complete information for all of
Linear Technology’s package types. Resources include
package dimensions and footprints, package cross
reference, top markings, material declarations, assembly
procedures and more.

Quality and Reliability (www.linear.com/quality)
— The cornerstone of Linear Technology’s Quality,
Reliability & Service (QRS) Program is to achieve 100%
customer satisfaction by producing the mosttechnically
advanced product with the best quality, on-time delivery
and service. Visit our quality and reliability page to view
complete reliability data for all of LTC’s products and
processes. Alsoavailable is complete documentation on
assembly and manufacturing flows, quality and environ-
mental certifications, test standards and documentation
and failure analysis policies and procedures.

Lead Free (www.linear.com/leadfree) — A complete
resource for Linear Technology’s Lead (Pb) Free Program
and RoHS compliance information.

Simulation aund Software

Linear Technology offers several powerful simulation
tools to aid engineers in designing, testing and trouble-
shooting their high performance analog designs.

LTspice/SwitcherCAD™ [l (www.linear.com/swcad)
— LTspice / SwitcherCAD |1l is a powerful SPICE simu-
lator and schematic capture tool specifically designed
to speed up and simplify the simulation of switching
regulators. LTspice / SwitcherCAD Il includes:

* Powerful general purpose Spice simulator with
schematic capture, waveform viewing, and speed
enhancements for switching regulators.

¢ Complete and easy to use schematic capture and
waveform viewer.

* Macromodels for most of Linear Technology’s switch-
ing regulators as wellas models for many of LTC’s high
performance linear regulators, op amps, comparators,
filters and more.

« Ready to use demonstration circuits for over one hun-
dred of Linear Technology’s most popular products.

FilterCAD — FilterCAD 3.0 is a computer-aided design
program for creating filters with Linear Technology’s
filter ICs.

Noise Program — This program allows the user to
calculate circuitnoise using LTC opamps and determine
the best LTC op amp for a low noise application.

SPICE Macromodel Library — A library includes LTC
op amp SPICE macromodels for use with any SPICE
simulation package.
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SALES OFFICES

NORTH AMERICA

NORTHERN CALIFORNIA /
NEVADA

Bay Area

720 Sycamore Dr.
Milpitas, CA 95035

Tel: (408) 428-2050

Fax: (408) 432-6331

Sacramento/Nevada

2260 Douglas Blvd., Ste. 280
Roseville, CA 95661

Tel: (916) 787-5210

Fax: (916) 787-0110

PACIFIC NORTHWEST
Denver

7007 Winchester Cir, Ste. 130
Boulder, CO 80301

Tel: (303) 926-0002

Fax: (303) 530-1477

Portland

5005 SW Meadows Rd., Ste. 410
Lake Oswego, OR 97035

Tel: (503) 520-9930

Fax: (503) 520-9929

Salt Lake City
Tel: (801) 731-8008

Seattle

2018 156th Ave. NE, Ste. 100
Bellevue, WA 98007

Tel: (425) 748-5010

Fax: (425) 748-5009

SOUTHWEST

Los Angeles

21243 Ventura Blvd., Ste. 238
Woodland Hills, CA 91364
Tel: (818) 703-0835

Fax: (818) 703-0517

Orange County

15375 Barranca Pkwy., Ste. A-213
Irvine, CA 92618

Tel: (949) 453-4650

Fax: (949) 453-4765

Phoenix

2085 E. Technology Cir, Ste. 101
Tempe, AZ 85284

Tel: (480) 777-1600

Fax: (480) 838-1104

San Diego

5090 Shoreham Place, Ste. 110
San Diego, CA 92122

Tel: (858) 638-7131

Fax: (858) 638-7231

CENTRAL

Chicago

2040 E. Algonquin Rd., Ste. 512
Schaumburg, IL 60173

Tel: (847) 925-0860

Fax: (847) 925-0878

Cleveland

7550 Lucerne Dr., Ste. 106
Middleburg Heights, OH 44130
Tel: (440) 239-0817

Fax: (440) 239-1466

Columbus
Tel: (614) 488-4466

Detroit

39111 West Six Mile Road
Livonia, MI 48152

Tel: (734) 779-1657

Fax: (734) 779-1658

Indiana
Tel: (317) 581-9055

lowa
Tel: (319) 393-5763

Kansas
Tel: (913) 829-8844

Minneapolis

7805 Telegraph Rd., Ste. 225
Bloomington, MN 55438

Tel: (952) 903-0605

Fax: (952) 903-0640

Wisconsin
Tel: (262) 859-1900

NORTHEAST

Boston

15 Research Place

North Chelmsford, MA 01863
Tel: (978) 656-4750

Fax: (978) 656-4760

Connecticut
Tel: (860) 228-4104

Philadelphia

3220 Tillman Dr,, Ste. 120
Bensalem, PA 19020

Tel: (215) 638-9667

Fax: (215) 638-9764

SOUTHEAST
Atlanta
Tel: (770) 888-8137

Austin

8500 N. Mopac, Ste. 603
Austin, TX 78759

Tel: (512) 795-8000

Fax: (512) 795-0491

Dallas

17000 Dallas Pkwy., Ste. 200
Dallas, TX 75248

Tel: (972) 733-3071

Fax: (972) 380-5138

Fort Lauderdale
Tel: (954) 473-1212

Houston

1080 W. Sam Houston Pkwy.,
Ste. 225

Houston, TX 77043

Tel: (713) 463-5001

Fax: (713) 463-5009

Huntsville
Tel: (256) 881-9850

Orlando
Tel: (407) 688-7616

Raleigh

15100 Weston Pkwy., Ste. 202
Cary, NC 27513

Tel: (919) 677-0066

Fax: (919) 678-0041

Tampa
Tel: (813) 634-9434

CANADA
Calgary, AB
Tel: (403) 455-3577

Montreal, QC
Tel: (450) 689-2660

Ottawa, ON
Tel: (613) 421-3090

Toronto, ON
Tel: (440) 239-0817

Vancouver, BC
Tel: (604) 729-1204

ASIA

AUSTRALIA/NEW ZEALAND
Linear Technology Corporation
133 Alexander Street

Crows Nest NSW 2065
Australia

Tel: +61 (0)2 9432 7803

Fax: +61 (0)2 9439 2738

CHINA

Linear Technology Corp. Ltd.
Units 1503-04, Metroplaza
Tower 2

223 Hing Fong Road

Kwai Fong, N.T,, Hong Kong
Tel: +852 2428-0303

Fax: +852 2348-0885

Linear Technology Corp. Ltd.
Room 2701, City Gateway
No. 398 Cao Xi North Road
Shanghai, 200030, PRC

Tel: +86 (21) 6375-9478

Fax: +86 (21) 5465-5918

Linear Technology Corp. Ltd.
Room 816, 8/F

China Electronics Plaza B

No. 3 Dan Ling Rd., Hai Dian
District

Beijing, 100080, PRC

Tel: +86 (10) 6801-1080

Fax: +86 (10) 6805-4030

Linear Technology Corp. Ltd.
Room 2604, 26/F

Excellence Times Square Building
4068 YiTian Road, Futian District
Shenzhen, 518048, PRC

Tel: +86 755-8236-6088

Fax: +86 755-8236-6008

JAPAN

Linear Technology KK

8F Shuwa Kioicho Park Bldg.
3-6 Kioicho Chiyoda-ku
Tokyo, 102-0094, Japan

Tel: +81 (3) 5226-7291

Fax: +81 (3) 5226-0268

Linear Technology KK

6F Kearny Place Honmachi Bldg.
1-6-13 Awaza, Nishi-ku
Osaka-shi, 550-0011, Japan

Tel: +81 (6) 6533-5880

Fax: +81 (6) 6543-2588

Linear Technology KK

7F, Sakuradori Ohtsu KT Bldg.
3-20-22 Marunouchi, Naka-ku
Nagoya-shi, 460-0002, Japan
Tel: +81 (52) 955-0056

Fax: +81 (52) 955-0058

KOREA

Linear Technology Korea Co.,
Ltd.

Yundang Building, #1002
Samsung-Dong 144-23
Kangnam-Ku, Seoul 135-090
Korea

Tel: +82 (2) 792-1617

Fax: +82 (2) 792-1619

SINGAPORE

Linear Technology Pte. Ltd.
507 Yishun Industrial Park A
Singapore 768734

Tel: +65 6753-2692

Fax: +65 6752-0108

TAIWAN

Linear Technology Corporation
8F-1, 77, Nanking E. Rd., Sec. 3
Taipei, Taiwan

Tel: +886 (2) 2505-2622

Fax: +886 (2) 2516-0702

EUROPE

FINLAND

Linear Technology AB
Teknobulevardi 3-5

PO. Box 35

FIN-01531 Vantaa
Finland

Tel: +358 (0)9 2517 8200
Fax: +358 (0)9 2517 8201

FRANCE

Linear Technology S.A.R.L.
Parc Tertiaire Silic

2 Rue de la Couture, BP10217
94518 Rungis Cedex

France

Tel: +33 (1) 56 70 19 90

Fax: +33 (1) 56 70 19 94

GERMANY

Linear Technology GmbH
Osterfeldstrasse 84, Haus C
D-85737 Ismaning
Germany

Tel: +49 (89) 962455-0
Fax: +49 (89) 963147

Linear Technology GmbH
Haselburger Damm 4
D-59387 Ascheberg
Germany

Tel: +49 (2593) 9516-0
Fax: +49 (2593) 951679

Linear Technology GmbH
Jesinger Strasse 65
D-73230 Kirchheim/Teck
Germany

Tel: +49 (0)7021 80770
Fax: +49 (0)7021 807720

ITALY

Linear Technology Italy Srl
Orione 3, C.D. Colleoni

Via Colleoni, 17

1-20041 Agrate Brianza (MI)
Italy

Tel: +39 039 596 5080

Fax: +39 039 596 5090

SWEDEN

Linear Technology AB
Electrum 204
Isafjordsgatan 22
SE-164 40 Kista
Sweden

Tel: +46 (8) 623 16 00
Fax: +46 (8) 623 16 50

UNITED KINGDOM

Linear Technology (UK) Ltd.
3 The Listons, Liston Road
Marlow, Buckinghamshire
SL7 1FD

United Kingdom

Tel: +44 (1628) 477066

Fax: +44 (1628) 478153
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