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Battery Stack Monitor
Extends Life of Li-lon
Batteries in Hybrid
Electric Vehicles

by Michael Kultgen and Jon Munson

Introduction

The costofrunning a car on electricity

is equivalent to paying $0.75/gallon
for gasoline, and if that electricity
comes from carbon neutral sources,
car owners are saving both money
and the environment (gasoline com-
bustion produces 9kg of CO , per US
gallon). Advancements in battery
technology (see sidebar), especially
with Lithium-based chemistries, hold
the greatest promise for converting
the worldwide eet of cars to hybrid
or fully electric.

Lithium battery packs offer the
highest energy density of any cur-
rent battery technology, but high
performance is not guaranteed sim-
ply by design. In real world use, a
battery management system (BMS)
makes a signi cant difference in the
performance and lifetime of Li-lon
batteries—arguably more so than
the design of the battery itself. The
LTC6802 multicell battery stack
monitor is central to any BMS for the

continued on page 3
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Figure 1. 96-cell battery pack
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Linear In the News...

EDN Highlights Linear for Innovation Awards
EDN magazineinFebruary chose several Linear Technolo
productsas nalistsfortheirannual Innovation Awa

be announced later this month. And the nominees are:

gy
rds, to

Best Contributed Article—"High Voltage,
Low-Noise DC/DC Converters” by Jim Williams
You can nd the article in its entirety on the

at www.edn.com/jimwilliams. |

EDN website

Battery ICs Category—LTC6802 Battery Stack Monitor
The LTC6802 is a highly integrated multicell battery
monitoring IC capable of precisely measuring the voltages
of up to 12 series-connected battery cells. Using a novel
stacking technique, multiple LTC6802s can be placed in
series without optocouplers or isolators. See the cover
article of this issue for an overview of this part.

Power ICs Category—LTC3642 50mA

Synchronous Step-Down Converter

The LTC3642 uses a unique high voltage synchronous
recti cation design, capable of continuous input volt-
ages of 45V and offers transient protection up to 60V. Its
internal synchronous recti cation and its programmable
peak current mode control feature enable it to deliver up
to 93% ef ciency, maximizing battery run time.

Power ICs: Modules—LTM4606 Ultralow EMI,

6A DC/DC puModule Regulator

The LTM4606 DC/DC uModule™ regulator signi cantly
reduces switchingregulator noise by attenuating co nducted
and radiated energy at the source. The pModule device

is a complete DC/DC system-in-a-package, including the
inductor, controllerIC, MOSFETS, inputand output capaci-
torsand the compensation circuitry, housedinane nclosed
surface-mount plastic package resembling an IC.

The LTM4606 reduces switching regulator noise at the source.

Linear CEO Comments on Growth Markets

Last month in ~ EE Times, Linear Technology CEO Lothar

Maier discussed the challenging market conditions and

the bright spots on the horizon: “In these times our cus-

tomers will continue to invest in new products and new
product development. Innovation will return growth to the
semiconductor market—speci cally to analog. Now is the
time to get new products out, to be rst to market and to
have products that target emerging growth markets.” He
discussed several key markets:

g Automotive. “Automotive manufacturers are
forecasting automotive electronic content to grow 2-3
times over the next few years, so we will continue
to provide new products to the automotive area. In
addition, every major automotive manufacturer in the
world is now working on hybrid vehicles, which will
add even more electronic content in cars. We have
just introduced an innovative device, the LTC6802,

a highly integrated battery stack monitor that

signi cantly eases the design of battery monitoring

systems for hybrid/electric vehicles.”

g Green Growth Markets.  “Products targeted toward
energy conservation or energy harvesting will
see growth opportunities and are insulated from
the current market conditions. Energy costs and
environmental concerns, as well as the need to
extend battery life for mobile devices, have led to a
focus on power optimization. Our energy-ef cient
products enable customers to convert power more
ef ciently, consume less power and extend battery
life. Our LED drivers enable a new generation of
low power lighting for a range of applications, from
cars and medical instruments to laptops and of ce
lighting. Our ef cient analog solutions will help drive
innovative cleantech markets such as solar and wind
power systems.”

g Communications Infrastructure. “Wireless systems
continue to produce signi cant market opportunities
for products in wireless and network infrastructure
Our high speed data converters and high frequency
products are designed into the next generation of
cellular basestations. And our Hot Swap™ and Power
over Ethernet products are proliferating in network

g Industrial.  “The broad industrial market continues
to provide a solid core of business and is somewhat
more insulated from market swings. Linear's analog
products are used in a broad range of industrial
systems, including factory automation, industrial
process control, medical, instrumentation and
security.”

Lothar Maier concluded, “Finally, | believe that Linear’s
strategy of customer, market and geographic diversity will
be a hedge against the current market conditions and will
provide the conduit to future growth.” L

S.”
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LTC6802, continued from page 1

large battery stacks common in elec-
tric vehicles (EVs) and hybrid electric
vehicles (HEVS). Its robust design and
high accuracy helps guarantee the
performance and lifetime of expensive
battery packs.

For instance, to meet a 15-year,
5000 charge cycle goal, only a portion
(say 40%) of the battery pack’s cell-
capacity canbe used. Of course, using
only 40% of the capacity essentially
lowers the energy density of the pack.
Thisisthe problem:increasing battery

lifetime is traded against the need
to use as few kg of batteries as pos-
sible—the most expensive component
in any EV. Only a well-designed BMS
canmaximize battery performance and

lifetime in the face 200A peak charge
and discharge currents.

Battery Management System
Optimizes Li-lon Run Time

and Lifetime

In any battery stack, the more accu-
rately you know state of charge (SOC)
of each cell, the more cell capacity you

DESIGN FEATURES L

can use while still maximizing cell life.
In a laptop computer, gas gauging
comes from monitoring cell voltage
and counting coulombs in and out of
the stack of four to eight cells. Volt-
age, current, time and temperature
are combined in a robust algorithm
to give an indication of the SOC. Un-
fortunately, it's nearly impossible to
count coulombs in a car. The battery
drives an electric motor, not a moth-
erboard, so it must handle current
spikes of 200A, followed by low level
idling. Furthermore, you have from 96
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to 200 cells in series, in groups of 10
or 12. The cells age at different rates,
were manufactured frommultiple lots,
andvaryintemperature. Their capaci-
ties diverge constantly. Different cells
withthe same coulomb countcanhave
wildly different charge levels.

That's why the BMS focuses on
cell voltage. If you can accurately
measure the voltage of every cell, you
can know the cell's SOC with reason-
able accuracy (Figure 3). The trick is
toimprove the accuracy of the voltage
measurement by taking into account
temperature effects on battery ESR
and capacity. By constantly measuring
eachcell'svoltage, youkeeparunning
estimation of each cell's charge level.
If some cells are overcharged and
some under, they can be balanced by
bleeding off charge (passive balanc-
ing) or redistributing charge (active
balancing).

Accurate Monitoring is Key to
Raising Battery Performance
while Lowering Costs

The LTC6802 (Figure 4) is a preci-
sion data acquisition IC optimized for
measuring the voltage of every cell in
alarge string series-connected batter-
ies. Inthe BMS, the LTC6802 does the
heavy lifting analog function, passing
digital voltage and temperature mea-
surements to the host processor for
SOC computation. The LTC6802's high
accuracy, excellent noise rejection,
high voltage tolerance, and extensive
self-diagnostics make it robust and
easy-to-use. The high level of integra-
tion means a substantial cost savings
for customers when compared to
discrete component data acquisition
designs.

Increasing measurement accuracy
reduces battery cost, as illustrated
by the following example. Figure 5
shows the typical performance of the
LTC6802, where 0.1%total error from
—20°Cto60°Ctranslatesto4mV preci-
sion for a 3.7V cell. Suppose that to
achieve a 15-year battery lifetime, you
are limited to 40% of a cell's capacity
per charge cycle, and assume the cell
voltage vs charge level of the battery
is very at, e.g., 1.25mV/%SOC. A
measurementerror of 4mV meansthe
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Figure 3. State of charge vs current and temperature for a typical Li-ion cell
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Figure 4. Simpli ed block diagram of the LTC6802

estimation of SOC is accurate to 3%.
The BMS must charge cellstonomore
than 37% (40% — 3%) of their capacity
to guarantee the 15-year lifetime.
Now consider a monitor IC with
10mV error over similar conditions.
In this case, the BMS can only use
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Figure 5. Typical measurement accuracy
vs temperature of seven samples

32% (40% - 10mV » 1%/1.25mV) of
the cells’ capacityand stillguarantee a
15-year life. This seemingly negligible
increaseinmeasurementerror results
in a signi cant 14% reduction in the

usable capacity. That is, a vehicle
requires least 14% more batteries, or
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Figure 6. High BMS accuracy is important to

keeping battery costs in check, as shown in
this cost vs measurement error model.
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Figure 7. Improving accuracy with calibration

at least 14% more weight, cost and
electronics to travel an equivalent
distance as a vehicle with the more
accurate BMS. Batteries are expen-
sive. It takes about $4000 worth of
batteries to drive 50 miles, so the
increased measurement error means
$560 in additional cells. This is why
BMS designersscrutinize every 0.01%
of measurementerror. Figure 6 shows
asimple battery cost model as a func-
tion of BMS accuracy.

Adding alow drift reference, an ini-
tial factory calibration, and a periodic
self-calibration routine can improve
the measurement accuracy of the
LTC6802 to 0.03%. For example, in
Figure 7the LT1461A-4isperiodically
applied to channel C1. The tempera-
ture stable LT1461 measurement is
used to correct temperature drift in
the LTC6802. The initial error of the
LTC6802andLT1461Aiscorrected by
measuring and storing a calibration
reference after board assembly.

Inverter noise can seriously inter-
fere with cell voltage measurements.
When a 100-cell stack is loaded by an
electric motor it can have a 370V open
circuitvoltage and up to 100V switch-
ing transients (Figure 8). Spreading
thetransientequally overthe 100 cells
means the top cell has 370V of com-
mon mode voltage, 100V of common
mode transients, 1V of differential
transients and an average DC value

of 3.7V, which we need to measure
to 4mV. Breaking the battery stack
into 12-cell modules further reduces

The LTC6802's 0.1% total
measurement error from
—20°C to 60°C translates to
4mV precision for a 3.7V cell.
Batteries are expensive. It
takes about $4000 worth
of batteries to drive 50
miles, so just increasing
measurement error to 10mV
means $560 in additional

cells. This is why BMS
designers scrutinize every
0.01% of measurement error.
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Figure 8. Inverter noise example

the common mode voltage. In a pack
like Figure 2, each LTC6802 (one
per module) sees up to 12V common
mode transients and 1V differential
transients per cell. The transients
are at the PWM frequency of 10kHz
to 20kHz. The LTC6802 has excellent
common mode rejection (Figure 9) to
eliminate this error term. The SINC2
lter inherent in the delta-sigma ADC
attenuates the differential noise by
40dB (Figure 10). External ltering or
measurementaveragingcanbeusedto
further reduce the differential noise.

Diagnostic Features of the
LTC6802 Improve Robustness
Automotive systems require that “no
bad cell reading be misinterpreted
as a good cell reading.” Two of the
more common faults that can cause
false readings are open circuits and
IC failures. If there is an open circuit
in the wiring harness and if there is
a lter capacitor on the ADC input
(Figure 11), the capacitor will tend
to hold the input voltage at a point
midway between the adjacent cells.
Some type of open wire detection or
cell resistance measuring function
is necessary. The LTC6802 includes
100pA currentsourcestoload the cell
inputs. The current source will cause
large changes in cell readings if there
is an open circuit in the harness.

REJECTION (dB)

10 100 1k 10k 100
FREQUENCY (Hz)

Figure 10. Cell measurement ltering
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The host controller must be able
to run diagnostics on all the modules
during normal operation to detect IC
failures. Ifthese periodic self-testsfall,
then the control algorithm is suspect
andthe battery pack mustbe taken off
line. The LTC6802 includes a built-in
self-test in combination with external
support circuits to allow the BMS to
completely verify the data acquisition

system. See the LTC6802 data sheets

for more details.

The LTC6802 Isolates
Communications from

Swings in Ground Potential
Breaking a ~100 cell pack into mod-
ules makes it easier to integrate the
analog circuits. Unfortunately, we are
left with the task of getting the data
frommeasurement IC to the host con-
troller when the difference in ground
potential exceeds 300V. The LTC6802
can solve this problem in a number of
ways, depending onthe speci c needs
of the application.

The LTC6802 comesintwo avors,
depending on the desired data com-
munication scheme. The LTC6802-1
offers a built-in stackable serial
peripheral interface (SPI) solution
designedforeasy daisy chaining ofthe
interface. Theaddressable LTC6802-2
is designed for bus-oriented (parallel)
SPIcommunication, butitcan also be
used in a parallel-addressable, daisy
chainedinterface forarobustandrela-

Figure 11. Current sources help detect open circuits.

tively inexpensive solution. All three
schemes are described below.

SPI Bus Communication with

the Addressable LTC6802-2

and Digital Isolators

The most straightforward approachis
touse abuscommunications scheme,
with a digital isolator between each
module and the host controller. Fig-
ure 12 shows a 96-cell pack using
eight multicell modules monitored
by the LTC6802. The physical layer
is a 4-wire SPI bus. An addressing
scheme allows the control module to
talk to the battery modules separately
or in unison. The data buses on the
modulesareisolated fromone another.
This is a robust scheme, but it has
one major drawback: digital isolators
are expensive and require an isolated

BATTERY MODULE 8

BATTERIE

LTC6802

BATTERY [
MONITOR

12 Li-lon}
SERIES
BATTERIE

power supply so that the battery cells
don’t have to provide the power to the
cell side of the isolator.

Daisy Chaining the SPI Interface

with the LTC6802-1

The LTC6802-1 provides xed 1mA
signaling between stacked devices to
enable easy implementation a daisy
chained SPlinterface withinexpensive
supportcircuitry. The digital isolators
are eliminated as shown in Figure 13.
Theinterface exploits the fact that the
positive supply of module “N” is the
same voltage as the ground of module
“N+1.” A1lmAcurrentisusedtotrans-
mit data between adjacent modules.
Like the analog circuits, the modular
approach means the data bus has to
deal with a fraction of the total pack
voltage.

DIGITAL

—1 ISOLATOH
BATTERY MODULE L CONTROL MODULE
HUCONTROLLHE

DIGITAL
ISOLATOH SPI CAN

Figure 12. Using digital isolators to communicate to the LTC6802

GALVANIC
ISOLATOR

TO VEHICL
CAN BUS
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Figure 13. Using the daisy chained SP!I to eliminate digital isolators

The disadvantage of any pure daisy
chain is that a fault in one module
results in a loss of communications
with all the modules above it in the
stack. Also, since there is no galvanic
isolation between modules, the inter-
face needs to handle large voltages
that occur during fault conditions.
For example if the “service switch” in
Figure 1 is open and there is a load
on the pack then the data bus con-
nection between modules 4 and 5 will
see areverse voltage equal to the total
pack voltage (-300V to —400V). The
LTC6802 interface relies on external
discrete diodes to block the reverse
voltage during fault conditions.

The Best of Both Worlds:
Daisy Chained, Addressable
Interface with the LTC6802-2
With inexpensive external circuitry,
the LTC6802-2 can also be used in
a stacked SPI con guration like the
LTC6802-1, but with more exibility
in the operating parameters.

The SPI port of the LTC6802-2 is
a 4-wire connection: chip select in
(CSBI), clock in (SCKI), data in (SDI),
and data out (SDO). The inputs are
conventional CMOS levels and the
output is an open-drain NMOS. The
SDO pinmusthave anexternal pull-up
current or added resistance suitable
for the intended datarate. The IC also
provides a versatile always-on 5V out-
put (V greg), Which can produce up to

4mA to energize low power auxiliary
circuitry.

Figure 14showsacomplete stacked
LTC6802-2 SPI interface for a 36-
cell application. The stack can be
increased in size by replicating the

circuit of the middle IC. In Figure 14,
the V geg @and V ~ pins of each stacked
IC are used to bias common-base
connected transistors to form a signal
translation current for each SPI data
line. Each LTC6802 can monitor up
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Figure 14. Inexpensive SPI daisy chain for parallel-addressed LTC6802-2
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to 12 cell-potentials, which could sum
to 60V in certain instances, so the
transistors selected forthe SPItransla-
tionneedtohaveaV cgo Over60V, but
they should be the highest available
to prevent undue slowing of the logic
signals. A suitable NPN candidate is
the CMPT8099, while the CMPT8599
is its PNP complement, both from
Central Semiconductor. These are fast
80V devices (f 1 > 150MHz).

Sending Signals Upwards

At the bottom-of-stack IC, the logic
signal is furnished by the host con-
nection, be it a microprocessor or an
SPlisolation device. By simply pulling
down the emitter leg of an NPN having
aV geg base potential throughaknown
resistance,aspeci ccurrentisformed

foralogic lowinputsignal. Inthe case

of the component values shown, the
current is about 2mA for a logic low,

and conversely, the transistor is es-
sentially turned off with a logic high

(~OmA for 5V logic).

Sincethe collector currentis nearly
identical to the emitter current, the
same current pulls on the next higher
cascode circuit. Since thatnextcircuit
is the same as the rst, the voltage on
the upper emitter resistor reproduces
that of the bottom circuitlogic level for
the upper IC. This continues up the
daisy chain, eventually terminating at
the top potential of the battery stack.
Since each ICis provided the same in-
putwaveforms, this structure forms a
parallelbusfromalogical perspective,
even though each IC is operating at a
different potential in the stack.

The NPN transistors at the top IC
source the logic current directly from
the battery stack. Only small base
currents ow from any V. ggg output.
The 600V collector diodes provide re-
verse-voltage protectioninthe eventa
battery group interconnection is lost,
perhaps during service (these are not
required for functionality and could
be omitted in some situations).

Bringing Data Down the Stack

The SDO cascode chain is similar in
concept, except the current starts at
the top of the stack and ows down-

ward. At the top IC, a PNP transistor

8

with its base connected to the local
V- pin has current injected into its
emitter by a pullup resistor. Here
again, the collector current is essen-
tially identical to the emitter current,
and so current flows downward
through each successive PNP and ter-
minates into a resistor at the bottom
of stack. In this case, the presence of
the currentintheterminationresistor,
about 2mA for the component values
shown, forms a logic high potential
for the host interface.

A Schottky diode is connected from
each SDO pin to the emitter of a local
PNP thereby allowing any LTC6802
on the stack to divert the pullup cur-
rent to the local V. ~when outputting
a logic low. This effectively turns off
the emitter current to the local PNP
transistor and all points lower in the
stack, so the voltage on the bottom
termination resistor then drops to a
logic low level. Since each SDO pin
can force a low level, this forms a
wire-OR function that is equivalent
to paralleled connections as far as
the host interface is concerned. Note
the bottom of stack SDO diode is con-
nected slightly differently; it forms a
direct wire-OR at the host interface.
Since the LTC6802-2 is designed to
use addressed readback commands,
this line is properly multiplexed and
no inter-IC contention occurs.

To eliminate the pull-up current
during standby, a general purpose
N-channel MOSFET is used to inter-
ruptthe top PNP emitter currentwhen
the watchdog timer bit goes low. The
watchdog timeout will release when
clock activity is present, so the SDO
line will reactivate as needed. Here
again, an NPN is used at the top of
stack to ensure the pull-up current
comesdirectlyfromthe battery, rather
than loading V  geg.

Collector diodes are added here as
well to provide a high reverse voltage
protection capability, plus some added
seriesresistanceisincludedto protect
the lower transistor emitters from
transient energy (once again, these
protection parts don't add any other
functionality to the data transmis-
sion and could be omitted in some
circumstances).

External SPI Advantages

Since the LTC6802-2 uses a parallel
addressable SPI protocol, the conven-
tional method of connecting multiple
devicesinastackistoprovideisolation
for each SPI connection, then parallel
the signals on the host side. Isolators
arerelatively expensive and oftenneed
extrapower circuitry, thus adding sig-
ni cantlytothe total solutioncost. The
transistor circuitry shown hereis quite
inexpensive and offers the option to
make certain design tradeoffs as well.
With the propagation delays involved
anddesiretokeep power fairly low, this
circuit as shown still communicates
at over 500kbps. Lower SPI currents
could be chosen in applications that
don’'t demand the high data rate by
simply raising the resistance values
accordingly.

The main feature of the transistor-
ized SPI bus is the wide compliance
range that is afforded by the uncon-
strained collector-base operating
range of the transistors. In normal
operation the V g ranges from just
less than the cells connected to the
LTC6802,tosome vevoltsbelowthat,
depending on the logic level transmit-
ted. This becomes important since
voltage uctuations on the battery,
due to load dynamics or switching
transients, affecttheV g ofthetransis-
tors even though the  V*and ADC cell
inputs may be ltered. Some vehicle
manufacturers are requiring that a
BMS tolerate 1V steps with 200ns
rise/fall time per cell in the stack, so
thisisa 12V waveformedge as seenby
thetransistorsinatypical application.
Withthe low collector capacitance and
2mAlogic level ofthe transistor chain,
SPI transmissions remain error free
with even this high level of noise.

Conclusion

EVsand HEVsare heretostay. Inher-
ently safe lithium batteries, which

combine energy density, power den-
sity, and cycle life, will continue to

evolve to improve the performance of
these vehicles. Battery management
systems using the LTC6802 extract
the most driving distance and lifetime

from the battery pack while lowering

system cost. L
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DC/DC Converter, Capacitor Charger
Takes Inputs from 4.75V to 400V

by Robert Milliken and Peter Liu

Introduction

High voltage power supplies and ca-
pacitor chargers are readily found in
a number of applications, including
professional photo ashes, security
controlsystems, pulsedradar systems,
satellite communication systems, and
explosive detonators. The LT3751
makes it possible for a designer to
meet the demanding requirements
of these applications, including high
reliability, relatively low cost, safe
operation, minimal board space and
high performance.

The LT3751 is a general purpose
yback controller that can be used as
eitheravoltageregulatororasacapac-
itor charger. The LT3751 operates in
boundary-mode, between continuous
conduction mode and discontinuous
conduction mode. Boundary-mode
operation allows for a relatively small
transformer and an overall reduced
PCB footprint. Boundary-mode also
reduces large signal stability issues
that could arise from using voltage-
mode or PWM techniques. Regulation
is achieved with a new dual, overlap-
pingmodulationtechnique usingboth

VTRANS °

2VIDIV

GND

250ns/DIV

Figure 1. Gate driver waveform
in a typical application

peak primary current modulationand
duty-cycle modulation, drastically re-
ducing audible transformer noise.
The LT3751 features many safety
and reliability functions, including
two sets of undervoltage lockouts
(UVLO), two sets of overvoltage
lockouts (OVLO), no-load operation,
over-temperature lockout (OTLO), in-
ternal Zenerclampsonallhighvoltage
pins, and a selectable 5.6V or 10.5V
internal gate driver voltage clamp (no
external components needed). The
LT3751 also adds a start-up/short-
circuit protection circuit to protect
against transformer or external FET

ONNEL ONLY

10V TO 24V

— Vout
50V TO 450V

|_c5
— 0.47uF

ALL RESISTORS ARE 0805,
1% RESISTORS UNLESS
OTHERWISE NOTED

D1,D2: VISHAY MURS260
M1: IRF3710Z
T1: WURTH 750310349

*LIMIT OUTPUT POWER TO
40W FOR 65°C T1 MAX
AMBIENT OPERATION

Figure 2. Isolated high voltage capacitor charger from 10V to 24V input

damage. Whenusedasaregulator, the
LT3751's feedback loop is internally
compensated to ensure stability. The
LT3751 is available in two packages,
either a 20-pin exposed pad QFN or a
20-lead exposed pad TSSOP.

New Gate Driver with Internal
Clamp Requires No External
Components
There are four main concerns when
using a gate driver: output current
drive capability, peak output voltage,
power consumption and propagation
delay. The LT3751 is equipped with a
1.5A push-pullmaindriver,enoughto
drive +80nC gates. An auxiliary 0.5A
PMOS pull-up only driver is also inte-
grated into the LT3751 and is used in
parallel with the main driver for V
voltages of 8V and below. This PMOS
driver allows for rail-to-rail operation.
Above 8V, the PMOS driver must be
deactivated by tying its drainto V.. .
Mostdiscrete FETshaveaV gglimit
of 20V. Driving the FET higher than
20V could cause a short in the inter-
nal gate oxide, causing permanent

Vout
100V/DI

GND

lIN(AVG),
2A/DIV
0

ViN = 24V 20ms/DIV

Court= 100uF

Figure 3. Isolated high voltage capacitor
charger charging waveform
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VTRANS.

Vout

10V TO 24V

L_cs5
— 0.47uF

400V

ALL RESISTORS ARE 0805,
1% RESISTORS UNLESS
OTHERWISE NOTED

C4: CDE 380LX101M500J04
C5: TDK CKG57NX7R2J474
D1,D2: VISHAY MURS260
M1: IRF3710Z

T1: WURTH 750310349

* USE TWO SERIES 1206,
1% RESISTORS FOR R10
R10: 249k2

** LIMIT OUTPUT POWER TO

<

—AN

40W FOR 65°C T1 MAX
SR10*  AMBIENT OPERATION
499k

Figure 4. A 10V to 24V input, 400V regulated power supply

damage. To alleviate this issue, the High V_oltage, Isolated
LT3751 has an internal, selectable Capacitor Charger from
5.6V or 10.5V gate driver clamp. No 10V to 24V Input

external components are needed, not The LT3751 can be congured as
evenacapacitor. Simply tiethe CLAMP a fully isolated stand-alone capaci-
pin to ground for 10.5V operation or tor charger using a new differential
tie to V ¢ for 5.6V operation. Figure discontinuous-conduction-mode
1 shows the gate driver clamping at (DCM) comparator—used to sense
10.5VwithaV ¢ voltage of 24V. the boundary-mode condition—and
Not only does the internal clamp a new differential output voltage
protect the FET from damage, it also (Vout) comparator. The differential
reducesthe amountof energy injected operation of the DCM comparator and
into the gate. This increases overall Vout comparator allow the LT3751 to
ef ciency and reduces power con- accurately operate from high voltage
sumptioninthe gate driver circuit. The input supplies of greater than 400V.
gate driver overshoot is very minimal, Likewise,theLT3751’'s DCM compara-
asseeninFigure 1. Placingthe external torandV 7 comparatorcanworkwith
FET closertothe LT3751HVGATE pin input supplies down to 4.75V. This
reduces overshoot. accommodates an unmatched range

of power sources.

VDRAIN VDRAIN
20V/DIV| 20V/DIV|
GND GND
IPRIMAR IPRIMAR
5A/DIV SA/DIV
0 0
10ps/DIV 10ps/DIV
a. Switching waveform for | out = 100mA b. Switching waveform for | out = 10mA

Figure 5. High voltage regulator performance

10

R11
1.54k

Figure 2 shows a high voltage ca-
pacitor charger driven from an input
supply ranging from 10V to 24V. Only
ve resistors are needed to operate
the LT3751 as a capacitor charger.
The output voltage trip point can be
continuously adjusted from 50V to
450V by adjusting R9 given by:

¥  0.98W '\R
8

R 1
° §VoUT TRIP VDIODE

The LT3751 stops charging the
outputcapacitoroncethe programmed
output voltage trip point (V  oyr(trip))
reached. The charge cycle is repeated
by toggling the CHARGE pin. The
maximum charge/discharge rate in

90 402

,/'_’—EI-:JF—I-(EI\EY
/

85

\

75 LOAD REGULATION™S

EFFICIENCY (%)

70

400

o/
[
/
|

65

60 399
0 20 40 60 80 100
LOAD CURRENT (mA)

c. Ef ciency and load regulation
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the output capacitor is limited by the
temperature rise in the transformer.
Limiting the transformer surface tem-
perature in Figure 2 to 65°C with no
air ow requires the average output
power to be BIOW given by:

Pave

%COUT VFREQUENCY

2Vout TRIp YV RIPPLE VeippLE
b40W

where V oyrrrip) is the output trip
voltage, V gippig IS the ripple voltage
on the output node, and frequency is
the charge/discharge frequency. Two
techniques are used to increase the
available output power: increase the
air ow across the transformer, or in-
creasethesize ofthe transformeritself.
Figure 3showsthe chargingwaveform
and average inputcurrentfora 100pF
output capacitor charged to 400V in
less than 100ms (R ¢ =976 7).

For output voltages higher than
450V, thetransformerinFigure 2 must
be replaced with one having higher
primary inductance and a higher
turns ratio. Consult the LT3751 data

VoUTAC RIPPLE
10V/DIV|

lIN(AVG),
20mA/DI

0

2s/DIV

Figure 6. The LT3751 protecting the
output during a no-load condition

sheet for proper transformer design
procedures.

High Voltage Regulated Power
Supply from 10V to 24V Input
TheLT3751canalsobeusedtoconvert
alow voltage supply to a much higher
voltage. Placing aresistor divider from
the output node to the FB pin and
ground causes the LT3751 to oper-
ate as a voltage regulator. Figure 4
shows a 400V regulated power supply
operating from an input supply range
of 10V to 24V.

The LT3751 uses a regulation con-
trol scheme that drastically reduces
audible noise in the transformer and
the input and output ceramic bulk

ONNEL ONLY

VIRAN
100V TO 400V DC

Ve
10V TO 24V

™ b1 D2
13 > — VouT
500V

.
ca+
220u
ss0v” [ 1 C5
—
630V

ALL RESISTORS ARE 0805,
1% RESISTORS UNLESS
OTHERWISE NOTED

C4: HITACHI PS22L.221MSBP}
C5: TDK CKG57NX7R2J474M
T1: COILCRAFT HA4060-AL
D1,D2: VISHAY US1M

F1: BUSSMANN PCB-1-R

*USE THREE SERIES 1206, 0.1
RESISTORS FOR R6 & R10
R6: 249k x2 + 127k
R10: 66.5k x2 + 75k

*USE TWO SERIES 1206, 1%
RESISTORS FOR R1 & R2
R1: 750k x2
R2: 4.53M x2

***QUTPUT POWER LIMITED TO
20W FOR 65°C T1 AMBIENT
OPERATION

Figure 7. A 100V to 400V input, 500V output, isolated capacitor charger

capacitors. This is achieved by using
aninternal 26kHz clockto synchronize
the primary winding switch cycles.
Within the clock period, the LT3751
modulates both the peak primary
current and the number of switch-
ing cycles. Figures 5a and 5b show
heavy-load and light-load waveforms,
respectively, while Figure 5¢ shows
ef ciency over most of the operating
range for the application in Figure 4.

The clock forces at least one switch
cycle every period which would over-
charge the output capacitor during a
no-load condition. The LT3751 han-
dles no-load conditions and protects
againstover-chargingthe outputnode.
Figure 6 showsthe LT3751 protecting
during a no-load condition.

ResistorscanbeaddedtoRV oyrand

RBG to add a second layer of protec-
tion, or they can be omitted to reduce
component count by tying RV
RBG to ground. The trip level for the
Vour comparator is typically set 20%
higher than the nominal regulation
voltage. If the resistor divider were to
fail,theV oyt comparatorwoulddisable
switching when the output climbed to
20% above nominal.

530 1000
\
AY
\
AY
520 Y 850
\
% Ny %T,TRIP
o A
= 510 2y 700
> ~ \
o S
> <
CHARGE TWTE\\\
500 S~ 550
490 400
100 200 300 400

INPUT VOLTAGE (V)

Figure 8. Isolated capacitor charger V OUT(TRIP)
and charge time with respect to input voltage

oyt and

(sw) INIL ADIVYHO

11
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[DANGER HIGH VOLTAGE! OPERATION BY HIGH VOLTAGE TRAINED PER(OR 1 - 3717

™ b1 D2

y F1, 1A

TRAN ®

100v TO 400v BTC \P 15
/_L\ 100pF

Ve
10V TO 24V

Vout

R6* J_ Cc2

615k IZ.ZUF
- ©

v Hrl
§|. caXi

400V

ALL RESISTORS ARE 0805,
1% RESISTORS UNLESS

|_C5
— 0.47pF

100pr: OTHERWISE NOTED

C4: CDE 380LX101M500J042
C5: TDK CKG57NX7R2J474M
T1: COILCRAFT HA4060-AL

D1,D2: VISHAY US1M
F1: BUSSMANN PCB-1-R

*USE THREE SERIES 1206, 1°
RESISTORS FOR R6 & R8
R6: 205k x3
R8: 137k x3

*USE TWO SERIES 1206, 1%
RESISTORS FOR R1, R2 & R
R1: 750k x2
R2: 4.53M x2
R11: 249k x2

** OUTPUT POWER LIMITED T(
20W FOR 65°C T1 AMBIENT
OPERATION

Figure 9. A 100V to 400V input, 400V output, capacitor charger and voltage regulator

Note that the FB pin of the LT3751
can also be used for a capacitor
charger. The LT3751 operates as a
capacitor charger until the FB pin
reaches 1.225V, after which the
LT3751 operatesasavoltageregulator.
This keeps the capacitor topped-off
until the application needs to use its
energy. The output resistor divider
forms a leakage path from the output
capacitor to ground. When the output
voltage droops, the LT3751 feedback
circuitwill keep the capacitor topped-

off with small, low current bursts of
charge as shown in Figure 6.

High Input Supply Voltage,
Isolated Capacitor Charger

As mentioned above, the LT3751 dif-
ferential DCM and V oyt comparators
allow the partto accurately work from
very high input supply voltages. An
of ine capacitor charger, shown in
Figure 7, can operate with DC input
voltagesfrom 100Vto400V. Thetrans-
former providesgalvanicisolationfrom

398

397 - o

_———TT e
T | eeeeeeeettt

OUTPUT VOLTAGE (V)
\
\
\
\
\

396

louT= 10MmA
——— IOUT= 25mA
louT= 50MA

395 ‘
100 200 300 400

INPUT VOLTAGE (V)

b. Line regulation

Figure 10. High voltage input and output regulator performance

90
/—\\_
80 / et
g / -
> |
(Z) 70 7/ _"‘4
] e r
o Bt
it 60 =t
L 7
o Vin = 100V
50 'I' ......... ViN= 250V —
’ ———== V=400V
40 ‘
0 25 50 75
OUTPUT CURRENT (mA)
a. Overall ef ciency
12

the input supply to output node—no
additional magnetics required.

Input voltages greater than 80V
require the use of resistor dividers
on the DCM and V oyr comparators
(charger mode only). The accuracy of
the V qur trip threshold is heightened
by increasing current | through R 1o
and R q1; however, the ratio of R §/R
should closely match R 14/R 11 with
tolerances approaching 0.1%. A trick
is to use resistor arrays to yield the
desiredratio. Achieving 0.1%ratio ac-
curacy is not dif cult and can reduce
the overall cost compared to using
individual 0.1% surface mount resis-
tors. Note that the absolute value of
the individual resistors is not critical,
only the ratio of R §/R 7 and R 14/R 11.
The DCM comparator is less critical
and can tolerate resistance variations
greater than 1%.

The 100V to 400VDC input capaci-
tor charger has an overall V. oyr(rrip)
accuracy of better than 6% over the
entire operating range using 0.1% re-
sistordividers. Figure 8showsatypical
performance for V. oyr(rripy and charge
time for the circuit in Figure 7.
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ONRELONEN
BOUNDARY
D2 R2, 10 T1
: AN
b
Npb
F1, 2A — vV,
VIRANS ° ° - | v
100V TO 200V DC O \P I ca I

C1

! lOOpFiDl
1 1

ALL RESISTORS ARE 0805,1% RESISTORS
UNLESS OTHERWISE NOTED

C7: 330FK400M22X38

D1: 12V ZENER

D2: MURS140

D3: P6KE200A

D4, D5: STTH112A

D6: BAT54

D7: BAS516

M1: IRF830

M2: STB11INM60FD

T1: TDK SRW24LQ-UxxH015
(Np:Ns:Npb:Nsb=1:2:0.08:0.08)
Ul: PS2801-1

U2: LT4430

High Input Supply Voltage,
Non-Isolated Capacitor
Charger/Regulator

The FB pin of the LT3751 can also
be con gured for charging a capaci-
tor from a high input supply voltage.
Simply tie a resistor divider from the
output node to the FB pin. The resis-
tor dividers onthe R \qrans @nd R pey
pins can tolerate 5% resistors, and all
the R your) and R g pin resistors are
removed. This lowers the numberand
the tolerance of required components,
reducing board real estate and overall
design costs. With the output voltage
resistor divider, the circuit in Figure

9 is also a fully functional, high-ef-
ciency voltage regulator with load

1uF
250V
2

=

2

R4, 105k
A
v

R5, 210k

Vi COMHR
PR

5.11 3.3uF

LT4430

22nF

R17

3.16k
ocC FH &

C10

2 T 047

H—vW\—
R18
274

OPTO GND}
2

Figure 11. Fully isolated, high output voltage regulator

and line regulation better than 1%.
Ef ciency and line regulation for the
circuitin Figure 9are shownin Figure
10a and Figure 10b, respectively.
Alternatively, a resistor can be tied
fromV gy tothe OVLO1 pinor OVLO2

pin. This mimics the V. oy compara-

tor, stopping charging once the target
voltage is reached. The FB pin is tied
to ground. The CHARGE pin must be
toggled to initiate another charge se-
quence, thus the LT3751 operates as
a capacitor charger only. Resistor R

is omitted from Figure 9 and resistor
Ry istiedfromV oypdirectlytoOVLO1
orOVLO2.R 44 is calculated using the
following equation:

12

50 M

Ri11

Note that OVLO1 or OVLO2 will
cause the FAULT pin to indicate a
fault when the target outpaut voltage,
Voutrip) » IS reached.

High Voltage InputOutput
Regulator with Isolation
Usingaresistor divider fromthe output
node to the FB pin allows regulation
butdoes notprovide galvanicisolation.
Two auxiliary windings are added to
the transformer in circuit shown in
Figure 11 to drive the FB pin, the

continued on page 42

VDRAIN
100V/DI

GND

IPRIMAR
2AIDIV

0

VDRAIN
100V/DI

GND

IPRIMAR
2A/DIV

0

20ps/DIV
a. | our = 225mA

Figure 12. Switching waveforms

20ps/DIV
b. 1 our = 7.1MA

13
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How to Choose a Voltage Reference

Why Voltage References?
It is an analog world. All electronic
devicesmustinsomeway interactwith
the “real” world, whether they are in
anautomobile, microwave ovenor cell
phone. Todothat, electronics mustbe
able to map real world measurements
(speed, pressure, length, temperature)
to a measurable quantity in the elec-
tronics world (voltage). Of course, to
measure voltage, you need a standard
to measure against. That standard is
a voltage reference. The question for
any systemdesigner is notwhether he
needs a voltage reference, but rather,
which one?
Avoltagereferenceissimplythat—a
circuitor circuitelementthat provides
aknown potentialforaslongasthecir-
cuit requires it. This may be minutes,
hours or years. If a product requires
information about the world, such

a
<

VIN

—AA—
=
o)
=

L

0.1pF

LT1634-4.096 |

1P

by Brendan Whelan

LTC1286

4 5V
uC/uP

0.1uF
I
SERIAL -

INTERFACE

Figure 1. Typical use of a voltage reference for an ADC

as battery voltage or current, power
consumption, signal size or character-
istics, or fault identi cation, then the
signal in question must be compared
toastandard. Eachcomparator, ADC,
DAC, or detection circuit must have a
voltage reference in order to do its job
(Figure 1). By comparing the signal of
interest to a known value, any signal
may be quanti ed accurately.

Reference Speci cations

Voltage referencescomeinmanyforms
and offer different features, but in
the end, accuracy and stability are
a voltage reference’s most important
features, as the main purpose of the
referenceistoprovidea known output
voltage. Variation from this known
value is an error. Voltage reference
specifications usually predict the
uncertainty of the reference under

Table 1. Speci cations for high performance voltage references

Temperature Initial . Voltage Long-Term
Coef cient | Accuracy Is Architecture Yur Noise* Drift Package
LT1031 5ppm/°C 0.05% 1.2mA Buried Zener 10V 0.6ppm 15ppm/kHr H
LT1019 | 5ppm/°C | 0.05%  650uA  Bandgap 2;1/\”1‘83\” 2 5ppm SO-8, PDIP
. . 20ppm/
LT1027 5ppm/°C 0.05% 2.2mA Buried Zener 5V 0.6ppm month SO-8, PDIP
LT1021 5ppm/°C 0.05% 800pA Buried Zener 5V, 7V, 10V 0.6ppm 15ppm/kHr SO-8, PDIP, H
1.25V, 2.048V, L
LTC6652 S5ppm/°C 0.05% 350pA Bandgap | 2.5V, 3V, 3.3V,| 2.1ppm |60ppm/kHr MSOP
4.096V, 5V
LT1236 S5ppm/°C 0.05% 800pA Buried Zener 5V, 10V 0.6ppm 20ppm/kHr  SO-8, PDIP
2.5V, 3V, 3.3V, S
o 0 1 L L -
LT1461 3ppm/°C 0.04% 35pA Bandgap 4.096V, 5V 8ppm 60ppm/ kHr SO-8
LT1009 15ppm/°C 0.2% 1.2mA Bandgap 2.5V 20ppm/kH'r\gSO?;'§’
o 1.25V, 2.5V,
LT1389 20ppm/°C 0.05% 700nA Bandgap 4,096V, 5V 20ppm SO-8
1.25V, 2.5V, SO-8
o 0 ) L L
LT1634 10ppm/°C 0.05% TUA Bandgap 4.096V. 5V 6ppm MSOP-8, Z
LT1029 20ppm/°C 0.20% 700pA Bandgap 5V 20ppm/kHr Z
LM399 1ppm/°C 2% 15mA Buried Zener 7V 1ppm 8ppm/ kHr H
LTZ1000 | 0.05ppm/°C 4% Buried Zener 7.2V 0.17ppm 2uV/ kHr H

*0.1Hz-10Hz, Peak-to-Peak

14

Linear Technology Magazine « March 2009



DESIGN FEATURES L

certain conditions using the following
de nitions.

Initial Accuracy

The variance of output voltage as
measured at a given temperature,
usually 25°C. While the initial output
voltage may vary from unit to unit, if
it is constant for a given unit, then it
can be easily calibrated.

Temperature Drift

This speci cation is the most widely
used to evaluate voltage reference
performance, as it shows the change
in output voltage over temperature.
Temperature drift is caused by im-
perfections and nonlinearities in the
circuitelements, andis oftennonlinear
as a result.

For many parts, the temperature
drift, TC, speci ed in ppm/°C, is the
dominanterror source. For parts with
consistentdrift, calibrationis possible.
A common misconception regarding
temperature drift is that it is linear.
This leads to assumptions such as
“the part will drift a lesser amount
over a smaller temperature range.”
Oftenthe oppositeistrue. TCisgener-
ally speci ed with a “box method” in
order to give an understanding of the
likely error over the entire operating
temperature range. It is a calculated
value based only on minimum and
maximum values of voltage, and does
nottakeintoaccountthetemperatures
at which these extrema occur.

Forvoltage references that are very
linear over the speci ed temperature
range, or for those that are not care-
fully tuned, the worst-case error can
be assumed to be proportional to the
temperature range. This is because
the maximum and minimum output
voltages are very likely to be found at
the maximumand minimum operating
temperatures. However, for very care-
fully tuned references, oftenidenti ed
by their very low temperature drift,
the nonlinear nature of the reference
may dominate.

For example, a reference speci-
ed as 100ppm/°C tends to appear
quite linear over any temperature
range, as the drift due to component
mismatches completely obscures the

=
o
Q
®

10ppm/€
FULL TEMP RANGE “BOX/

1.002

oo b L b L

1.000

0.999
Sppm/&€
AN 0€ TO 768 "Box;/
0.998 UNCOMPENSATED
“STANDARD” BANDGAP
DRIFT CURVE
0.997 e

50 25 0 25 50 75
TEMPERATURE ( C)

OUTPUT VOLTAGE (NORMALIZED) (\

100 12!

Figure 2. Voltage reference
temperature characteristics

inherentnonlinearity. Incontrast, the
temperature drift of a reference speci-
ed as 5ppm/°C will be dominated by
the nonlinearities.

Voltage references come
in many forms and offer
different features, but in the
end, accuracy and stability
are a voltage reference’s
most important features,
as the main purpose of
the reference is to provide
a known output voltage.
Variation from this known
value is an error. Voltage
reference speci cations
usually predict the
uncertainty of the reference
under certain conditions.

Thiscanbeeasily seeninthe output
voltage vs temperature characteristic
of Figure 2. Note that there are two
possible temperature characteristics
represented. An uncompensated
bandgap appears as a parabola, with
minima at the temperature extrema
and maximum in the middle. A
temperature compensated bandgap,
such as the LT1019, shown here,
appears as an “S” shaped curve, with
greatest slope near the center of the
temperature range. In the latter case,
nonlinearityis exacerbated sothatthe
aggregate uncertainty over tempera-
ture is reduced.

Thebestuse ofthetemperature drift
speci cation s to calculate maximum
total error over the speci ed tempera-
ture range. It is generally inadvisable
to calculate errors over unspecied
temperature ranges unless the tem-
perature drift characteristics are well
understood.

Long Term Stability

This is a measure of the tendency of a
reference voltage to change over time,
independent of other variables. Initial
shifts are largely caused by changes
inmechanical stress, usuallyfromthe
difference in expansion rates of the
lead frame, die and mold compound.
This stress effecttends to have a large
initial shift that reduces quickly with
time. Initial driftalsoincludes changes
in electrical characteristics of the
circuit elements, including settling
of device characteristics at the atomic
level. Longer-term shifts are caused
by electrical changes in the circuit
elements, often referred to as “aging.”
This drift tends to occur at a reduced
rate as comparedtoinitial drift, andto
furtherreduce overtime. Itistherefore
often specied as drift
references tend to age more quickly
at higher temperatures.

Thermal Hysteresis
This often-overlooked speci cation
can also be a dominant source of er-
ror. It is mechanical in nature, and is
the result of changing die stress due
to thermal cycling. Hysteresis can be
observedasachangeinoutputvoltage
at a given temperature after a large
temperature cycle. It is independent
of temperature coef cient and time
drift, and reduces the effectiveness
of initial voltage calibration.
Mostreferencestendtovaryaround
a nominal output voltage during
subsequent temperature cycles, so
thermal hysteresis is usually limited
toapredictable maximumvalue. Each
manufacturer has their own method
for specifying this parameter, sotypical
valuescanbe misleading. Distribution
data, as provided in data sheets such
as the LT1790 and LTC6652, is far
more useful when estimating output
voltage error.

khr . Voltage
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4.7M

T

Figure 3. Shunt voltage reference

Other Speci cations

Additional speci cations that may be
important, depending on application
requirements include:

g Voltage Noise

g Line Regulation/PSRR

g Load Regulation

g Dropout Voltage

g Supply Range

g Supply Current

Reference Types
Thetwomaintypesofvoltage reference
are shunt and series. See Table 2 for
a list of Linear Technology series and
shunt voltage references.

Shunt References

The shunt reference is a 2-terminal
type, usually designed to work over a
speci ed range of currents. Though
most shunts are of the bandgap type
and come in avariety of voltages, they
can be thought of and are as simple
to use as a Zener diode.

The most common circuit ties one
terminal ofthe referencetogroundand
the other terminal to a resistor. The
remaining terminal of the resistor is

thentiedtoasupply. Thisbecomes, in
essence, a three terminal circuit. The
shared reference/resistor terminal
is the output. The resistor must be
chosen such that the minimum and
maximum currents through the ref-
erence are within the speci ed range
over the entire supply range and load
current range. These references are
quite easy to design with, provided
the supply voltage and load currentdo
not vary much. If either, or both, may
change substantially, then the resis-
tor must be chosen to accommodate
this variance, often forcing the circuit
to dissipate signi cantly more power
than required for the nominal case. It
can be considered to function like a
class A ampli er, in that sense.
Advantages of shunt references
include simple design, small packages
and good stability over wide current
and load conditions. In addition, they
are easily designed as negative voltage
references and can be used with very
high supply voltages, as the external
resistor holds off mostofthe potential,
orverylowsupplies, asthe outputcan
be as little as a few millivolts below

~N

240mV, +0.8mV/°Q

+1

60mV, +0.2mV/°C
VREF

+1

360mV, +1.2mv/°g

+1

575mV, —2.2mV/°Q

)

Figure 5. A bandgap circuit is designed for a theoretically zero temperature coef cient.
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LT1389-1.25 - -

Figure 4. Series voltage reference

the supply. Linear Technology offers
shuntproductsincluding the LT1004,
LT1009,LT1389,LT1634,LM399and
LTZ1000. A typical shunt circuit can
be seen in Figure 3.

Series References

Series references are three (or more)
terminal devices. They are more like
low dropout (LDO) regulators, so they
have many of the same advantages.
Mostnotably, they consume arelative-
ly xed amount of supply current over

a wide range of supply voltages, and
they only conduct load current when
the load demandsit. This makes them
ideal for circuits with large changesin
supply voltage or load current. They
are especially useful in circuits with
very large load currents as there is no
series resistor between the reference
and supply.

Series products available from Lin-
ear Technology include the LT1460,
LT1790, LT1461, LT1021, LT1236,
LT1027,LTC6652,LT6660,and many
others. Products such as the LT1021
andLT1019 may be operated eitheras
a shunt or a series voltage reference.
Aseriesreference circuitisillustrated
in Figure 4.

Figure 6. A 200mV reference circuit
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Reference Circuits

There are many ways to design a volt-
age reference IC. Each has specic
advantages and disadvantages.

Zener-Based References

The buried Zener type reference is a
relatively simple design. A Zener (or
avalanche) diode has a predictable
reverse voltage that is fairly constant
over temperature and very constant
over time. These diodes are often very
low noise and very stable over time if
heldwithinasmalltemperaturerange,
making them useful in applications
where changesinthereference voltage
must be as small as possible.

This stability can be attributed to
the relatively small number of com-
ponents and die area as compared
to other types of reference circuits,
as well as the careful construction
of the Zener element. However, rela-
tively high variances in initial voltage
and temperature drift are common.
Additional circuitry may be added to
compensate these imperfections, or
to provide a range of output voltages.
Both shunt and series references use
Zener diodes.

Devices like the LT1021, LT1236
and LT1027 use internal current
sources and ampli ersto regulate the
Zener voltage and current to increase
stability, as well as to provide various
output voltages such as 5V, 7V and
10V. This additional circuitry makes
the Zener diode more compatible with
a wide variety of application circuits,
but requires some additional supply
headroom and may cause additional
error.

Alternatively, the LM399 and
LTZ1000 use internal heating ele-
ments and additional transistors to
stabilize the temperature drift of the
Zener diode, giving the best combina-
tion oftemperature and time stability.

In addition, these Zener-based prod-
ucts have extraordinarily low noise,
giving the best possible performance.
The LTZ1000 exhibits 0.05ppm/°C
temperature drift, 2uv/  kHr long
term stability and 1.2uV  pp noise. To
give some perspective, in alaboratory
instrument, the total uncertainty in

the LTZ1000's reference voltage due

Table 2. Voltage references available from Linear Technology

Type Part Description

LT1019 Precision Bandgap
LT1021 Precision Low Noise Buried Zener
LT1027 Precision 5V Buried Zener
LT1031 Precision Low Noise/Low Drift 10V Zener
LT1236 Precision Low Noise Buried Zener

3 LT1258 Micropower LDO Bandgap

E LT1460 Micropower Precision Bandgap
LT1461 Micropower Ultra-Precision Bandgap
LT1790 Micropower Low Dropout Bandgap
LT1798 Micropower LDO Bandgap
LT6650 Micropower 400mV/Adjustable Bandgap
LTC6652 Precision Low Noise LDO Bandgap
LM129 Precision 6.9V Buried Zener
LM185 Micropower 1.2V/2.5V Zener
LM399 Precision 7V Heated Zener
LT1004 Micropower 1.2V/2.5V Bandgap

£ LT1009 Precision 2.5V Bandgap

» LT1029 5V Bandgap
LT1034 Micropower Dual (1.2V Bandgap/7V Zener)
LT1389 Nanopower Precision Bandgap
LT1634 Micropower Precision Bandgap
LTZ1000 Ultra-Precision Heated Zener

to noise and temperature would be
only about 1.7ppm plus a fraction of
1ppm per month due to aging.

Bandgap References
While Zener diodes can be used to
make very high performance refer-
ences, theylack exibility. Speci cally,
they require supply voltages above 7V
and they offer relatively few output
voltages. In contrast, bandgap ref-
erences can produce a wide variety
of output voltages with little supply
headroom—often less than 100mV.
Bandgap references can be designed
to provide very precise initial output
voltages and low temperature drift,
eliminating the needfortime-consum-
ing in-application calibration.
Bandgap operation is based on a
basic characteristic of bipolarjunction

transistors. Figure 5 shows a simpli-
ed version of the LT1004 circuit, a
basic bandgap. It can be shown that
amismatched pair of bipolar junction
transistors has a difference in V
that is proportional to temperature.
This difference can be used to create
acurrent that rises linearly with tem-
perature. When this current is driven
through aresistorandatransistor, the
change over temperature of the base-
emittervoltage ofthe transistor cancels
the change in the voltage across the
resistor if it is sized properly. While
this cancellation is not completely
linear, it can be compensated with
additional circuitry to yield very low
temperature drift.

The mathbehindthe basichandgap
voltage reference is interesting in that
it combines known temperature coef-

BE
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cients with unique resistor ratios to
produce avoltage reference with theo-
retically zerotemperature drift. Figure

5 shows two transistors scaled so that
the emitterareaofQ10is 10-timesthat
of Q11, while Q12 and Q13 hold their
collector currents equal. This creates
a known voltage between the bases of
the two transistors of:

o KT i YAREA Q0
BE g " BAREA QL
where k is the Boltzmann constant in
Jlkelvin (1.38 x 10  “23), T is tempera-
ture in kelvin (273 + T(  &)) and q is
the charge of an electron in coulombs
(1.6x10 %), At25 &, kT/qhasavalue
of25.7mV with a positive temperature
coef cient of 86uV/ €. /g is this
voltage timesIn(10),or2.3,fora25 &
voltage of approximately 60mV with a
tempco of 0.2mV/ €.

Applying this voltage to the 50k
resistortied betweenthe bases creates
a current that is proportional to tem-
perature. This current biases a diode,
Ql4witha25 &voltageof575mVwith
a-2.2mV/ & temperature coef cient.
Resistors are used to create voltage
drops with positive tempcos, which
are added to the Q14 diode voltage,
thus producing a reference voltage
potential of approximately 1.235V
with theoretically OmV/ & tempera-
ture coef cient. These voltage drops
are shown in Figure 5. The balance of
the circuit provides bias currents and
output drive.

Linear Technology produces a
wide variety of bandgap references,
including the LT1460, a small and
inexpensive precision series refer-
ence, the LT1389, an ultralow power
shunt reference, and the LT1461 and
LTC6652, which are very high preci-
sion, low drift references. Available
output voltages include 1.2V, 1.25V,
2.048V, 2.5V, 3.0V, 3.3V, 4.096V,
45V, 5V and 10V. These reference
voltages can be provided over a wide
range of supplies and load conditions
withminimalvoltage and currentover-
head. Products may be very precise,
aswiththe LT1461,LT1019,LTC6652
and LT1790; very small, as with the
LT1790 and LT1460 (SOT23), or
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Figure 7. The LT6700 allows comparisons
with thresholds as low as 400mV.

LT6660 in a 2mm x 2mm DFN pack-
age; or very low power, such as the
LT1389, which requires only 800nA.
While Zener references often have
better performance in terms of noise
and long term stability, new bandgap
references such asthe LTC6652, with
2ppm peak-to-peak noise (0.1Hz to
10Hz) are narrowing the gap.

Fractional Bandgap References

These are references based on the
temperature characteristics of bipolar
transistors, but with output voltages
that may be as low as a few millivolts.
They are useful for very low voltage
circuits, especially in comparator ap-
plications where the threshold must

be less than a conventional bandgap
voltage (approximately 1.2V).

Figure 6 showsthe core circuitfrom
the LM10, which combines elements
that are proportional and inversely
proportional to temperature in a
similar fashiontothe normalbandgap
reference to obtain a constant 200mV
reference. A fractional bandgap usu-
allyusesa $Vge to generate a current
that is proportional to temperature,
and a V g to generate a current that
is inversely proportional. These are
combined in the proper ratio in a
resistor element to generate a tem-
perature-invariant voltage. The size
of the resistor may be varied to alter
thereference voltage withoutaffecting
the temperature characteristic. This
differs from a traditional bandgap
circuit in that the fractional bandgap
circuit combines currents, while the
traditional circuits tend to combine
voltages, usually a base-emitter volt-
age and an IR with opposite TC.

Fractional bandgaps like the LM10
circuitare based in part on a subtrac-
tionaswell. The LT6650 has a400mV
reference of this type, combined with
an ampli er. This allows the refer-
ence voltage to be altered by changing
the gain of the ampli er, and gives a
buffered output. Any output voltage
from 0.4V to a few millivolts below
the supply voltage can be generated
with this simple circuit. In a more
integrated solution, the LT6700
(Figure 7) and LT6703 combine a

VBATT

+

ALKALINE ="
AA CELL l

1.4V (MIN)
3V (NOM)
%m

— Vgar> 1.6V

— \gaTT> 2V

MONITOR CONSUMES ~10w

HYSTERESIS IS APPROXIM/
2% OF TRIP VOLTAGE

Figure 8. Higher thresholds are set by dividing the input voltage.
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400mV reference with comparators,
and can be used as voltage monitors
or window comparators. The 400mV
reference allows monitoring of small
input signals, which decreases the
complexity of monitor circuits and
enables monitoring of circuitelements
working on very low supplies as well.
Forlargerthresholds, asimpleresistor
divider may be added (Figure 8). Each
ofthese productsisavailableinasmall
footprint package (SOT23), consumes
low power (less than 10pA) and works
on a wide supply range (1.4V to 18V).
In addition, the LT6700 is available in
a 2mm x 3mm DFN package and the
LT6703 is available in a 2mm x 2mm
DFN package.

Choosing a Reference

So, now, withallthose options, howdo

you choosetherightreference foryour

application? Here are a few hints that
can narrow the range of options:

g Is the supply voltage very
high? Choose a shunt.

g Does the supply voltage or
load current vary widely?

Choose a series.

g Require high power ef ciency?
Choose a series.

g Figure your real-world
temperature range.  Linear
Technology provides guaranteed
speci cations and operation
over various temperature ranges
including 0°C to 70°C, —40°C to
85°C and —40°C to 125°C.

g Be realistic about required
accuracy. lItisimportant to
understand the precision required
by the application. This will help
identify critical speci cations.
With the requirement in mind,
multiply temperature drift by the
speci ed temperature range. Add
initial accuracy error, thermal
hysteresis, and long term drift
over the intended product life.
Remove any terms that will be
factory calibrated or periodically
recalibrated. This gives an
idea of total accuracy. For the
most demanding applications,
noise, line regulation and load
regulation errors may also
be added. As an example, a

reference with 0.1% (1000ppm)
initial accuracy error, 25ppm/°C
temperature drift over —40°C
to 85°C, 200ppm thermal
hysteresis, 2ppm peak-to-peak
noise and 50ppm/  kHr time drift
would have a total uncertainty
of over 4300ppm at the time the
circuit is built. This uncertainty
increases by 50ppm in the
rst 1000 hours the circuit is
powered. The initial accuracy
may be calibrated, reducing the
error to 3300ppm + 50ppm
(t/2000hours)

g How much room do you have?
References come in a wide
variety of packages, including
metal cans, plastic packages
(DIP, SOIC, SOT) and very small
packages, including the LT6660
ina2mm x 2mm DFN. There is a
widely held view that references
in larger package sizes have less
error due to mechanical stress
than smaller packages. While
it is true that some references
may give better performance in
larger packages, there is evidence
that suggests performance
difference has little to do directly

with the package size. It is more

Linear Technology offers
a wide variety of voltage
reference products. These
include both series and
shunt references—using
Zeners, bandgaps and
other schemes. References
are available in multiple
performance and
temperature grades, as
well as in nearly every
conceivable package type.

likely that because smaller dice
are used for products that are
offered in smaller packages, some
performance tradeoffs must be
made to t the circuit on the die.
Usually, the package’s mounting
method makes a more signi cant
performance difference than

the actual package—careful
attention to mounting methods
and locations can maximize
performance. Also, devices with
smaller footprints can show
reduced stress when a PCB bends

compared to devices with larger

g What is the real supply range?
What is the maximum expected
supply voltage? Will there be
fault conditions such as battery
load dump or hot-swap inductive
supply spikes that the reference
IC must withstand? This may
signi cantly reduce the number
of viable choices.

g How much power can the
reference consume?  References
tend to fall into a few categories:
more than 1mA, ~500pA,
<300pA, <50pA, <10pA, <1pA.

g How much load current?

Will the load draw substantial
current or produce current that
the reference must sink? Many
references can provide only small
currents to the load and few can
absorb substantial current. The
load regulation speci cation is a
good guide.

footprints. This is discussed in
detail in application note AN82,
“Understanding and Applying
Voltage References,” available
from Linear Technology.

Conclusion

Linear Technology offers a wide va-
riety of voltage reference products.
These include both series and shunt
references designed with Zeners,
bandgapsand othertypes. References
are available in multiple performance
and temperature grades and nearly
every conceivable package type. Prod-
ucts range from the highest precision
available to small and inexpensive
alternatives. With a vast arsenal of
voltage reference products, Linear
Technology's voltage references meet
the needs of almost any application.
See also Linear Technology’s ap-
plication note AN82 “Understanding
and Applying Voltage References,”
available at www.linear.com. L
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1.2A Monolithic Buck Regulator
Shrinks Supply Size and Cost with
Programmable Output Current Limit

Introduction

Power supplies are often overquali ed
for their job. This is because power
ICs often specify a current limit that
is more than twice the rated output
currentofthe device. The power supply
components are sized to handle the
maximum current that the IC can de-
liver, even ifloads are unlikely to draw
thatcurrentduring normal operation.
The components are bigger and more
expensive than they need to be.
There is, however, an alternative;
setan accurate maximumoutputcur-
rent on the supply once the real world
load is known. Accurately setting the
maximum output currentreducesthe
required current rating of the regula-
tor's power path components, thus
replacing big, expensive components
with smaller, less expensive ones.
A limit on the regulator’'s maximum

HIGH VOLTAGE INPUT
7.5V TO 30V
TRANSIENT c1

TO 60V 4.7uF

L sov

usB

output limits the maximum power
dissipation of both the supply and
the load, thus reducing the potential
for localized heating. Monitoring and
controlling the output current also
makes for a robust solution, which is
able to withstand harsh overload and
short circuit conditions.
TheLT3653andLT3663 are mono-
lithic step-down switching regulators
that have an accurate output current
limit programmable from 400mA to
1.2A. The LT3663 is a general pur-
pose highvoltage step-downregulator
while the LT3653 is designed for use
with Linear Technology Bat-Track™
enabled battery chargers and power

management ICs (PMICs). The maxi-

mum input voltages of 30V (LT3653)
or 36V (LT3663) with 60V transient
ride through capability are well suited

I c2 LOAD

WALL —¢
ADAPTER 1{1 I C4

VBus V¢

10pF
[ Teav
O\GaTE

LTC4098

O\ENns
D0-D2
CHRG

WALL SWH=YYY\—¢ 22uF
L 6av

Vourt

= M1
'DGATE_l "'_’ (OPTIONAL)

BAT]

BATSEN

L SINGLE-CELL

R4
6.04k
RS
= CLPROG PROG GND
C5
0.1pF

T Lilon
R3 =
1k

L1 =TDK, VLCF5020T-4R7NIR7-1
L2 = COILCRAFT, LPS4018-332MLC
M1 = VISHAY, Si 2333DS

D1 = DIODES INC., DFLS240

SEE THE LTC4098 DATASHEET FOR MORE INFORMATION
ON CONFIGURING THE NTC BATTERY TEMPERATURE
QUALIFICATION OR REDUCED IDEAL DIODE IMPEDANCE.

Figure 1. Charging a single cell Li-ion battery from either a USB input or high voltage input. This
solution offers a seamless, highly ef cient, low part count approach to dual input charging and

PowerPath™ control of a Li-ion battery-powered application. If additional integration is required
for more system supplies, the LT3653 can be used in a similar fashion with the LTC3576 PMIC.
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by Tom Sheehan

to automotive, industrial, distributed
supply, and wall transformer applica-
tions.

Programmable

Output Current Limit

Monolithic switching regulators typi-
cally limit the peak switch current to
protect the internal switch from being
damaged during an overload or short
circuit event. The maximum switch
peak current limit is typically more
than two times the maximum output
current rating of the part. While the
peak switch current limit prevents
overstressing the IC, it does not keep
the entire application from overheat-
ing during an overload condition. For
example, a regulator with an output
currentrating of LAistypically capable
of providing over 2A at the output.
During an output overload condition,
the power dissipation of the regula-
tor could more than double, making
thermal management more dif cult.
TheLT3653andLT3663reduce local-
ized hot spots by controlling the total
power dissipation of the application
with a programmable, accurate cur-
rent limit.

Conservative design principles call
for power path components that are
rated for worst-case currents. In the
above example, where a 1A part is
capable of delivering 2A, the power
path components must be sized for
greater than 2A, because during an
output short circuit or overload the
inductor and diode can conduct up
to 2A. In contrast, the PowerPath
components in LT3653 and LT3663
applications are sized based on the
programmed maximum output cur-
rent limit. Therefore, an application
with a 750mA output current limit
requires only 750mA rated compo-
nents. This allows for smaller, lower

Linear Technology Magazine « March 2009
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cost devices and a smaller overall
application footprint.

In early product development,
system designers usually don’t know
howmuch currenttheirload will draw.
Oncethey choose apower supply, they
are committed. However, with the pro-
grammable currentlimitofthe LT3653
and LT3663, once the load has been
fully characterized, they can change
the output current limit by changing
an inexpensive 1% resistor.

The output current limit is imple-
mented by monitoring and controlling
theaverageinductor current. Whenan
overcurrenteventoccurs, theregulator
disablesthe power switch. Thisrobust
solution withstands short circuit and
overload conditions throughout the
entire input voltage range.

The LT3653 Plays Well with
Bat-Track Battery Chargers
The LT3653 is a 1.5MHz constant
frequency, current mode control,
step-down regulator designed for use
with Linear Technology’s  Bat-Track-
enabled battery charger PowerPath
power managers. The LT3653  steps
downahighvoltage inputto powerthe
system load and charge a single-cell
Li-ion battery charger.

Minimizing the voltage across
a linear battery charger increases
ef ciency. To accomplish this, a Bat-
Track battery charger controls the
LT3653's V ¢ Pin, overriding the error
ampli er. Inthis way, the output volt-
age of the LT3653 is regulated by the
battery charger to a potential slightly
above the battery voltage, typically
300mV.

DIODES,
INC.
— DFLS24cC

Figure 3. A LT3663 application producing
5V at 1.2A from an input of 7.5V to 36V. The
input is capable of handling 60V transients.

6 1
RiLim = 28.7k

OUTPUT VOLTAGE (V)

0
0O 02 04 06 08 1 12 1
OUTPUT CURRENT (A)

Figure 2. The LT3663 output
current limit at 1.2A

Input overvoltage protection allows
the LT3653 to handle 60V input tran-
sients. The HVOK pin indicates that
the internal bias supplies are present
andnofaultshave occurred i.e.,over-
temperature and input overvoltage
and undervoltage). The LT3653 in-
cludes internal compensation, and
an internal boost diode to minimize
the number of external components.
The LT3653 is available in an 8-lead
2mm x  3mm DFN package with an
exposed pad.

Charging a Single Cell Li-lon
Battery from Either a USB

or High Voltage Input

Figure 1showsal T3653andLTC4098
application charging a single cell Li-
ion battery from either a USB input
or high voltage input. This solution
offers a seamless, highly ef cient, low
part count approach to dual input
charging and power path control of a
Li-ion battery-powered application. If
additional integration is required for
more systemsupplies, theLT3653 can
be used in a similar fashion with the
LTC3576 PMIC.

When a high voltage input is ap-
plied, the LT3653 HVOK pin signals
the LTC4098 that it is capable of
delivering power. The LTC4098 takes
control of the LT3653's V¢ pin and
regulates the output voltage to just
above the battery voltage. This Bat-
Track function optimizes the battery
charger ef ciency.

When present, the high voltage
inputsupplies the battery charge cur-
rent and the system load current. If
the total currentincreases beyond the

LT3653 programmed currentlimit, the
regulator'soutputvoltage decreasesto
reduce charge current as the battery
charger enters dropout. If the system
load continuestoincrease, the battery
charge current rst decreases to zero
and then reverses direction to deliver
power to the system load, supple-
menting the LT3653. The transitions
between these modes of operation are
seamless to the system load. The out-
putcurrentfromthe LT3653 regulator
neverexceedsthe programmed output
current limit.

The LT3663 Directly

Accepts 36V Inputs

The LT3663 is a 1.5MHz constant
frequency, current mode control,
general purpose, monolithic switch-

ing regulator suited for automotive

batteries, industrial power sup-

plies, distributed supplies, and wall

transformers. The LT3663 includes
a low current shutdown mode, input

overvoltage and undervoltage lockout,
andthermal shutdown. The LT3663is

available in 8-lead (2mm x 3mm) DFN
package with exposed pad. An 8-lead
MSOP package with exposed pad will
be available soon.

The LT3663 can also function as
a constant current, constant voltage
(CCICV) source to charge a superca-
pacitor or other energy storage device.
The IC operates in constant current
mode at the programmed current
limit until the capacitor reaches the
programmed output voltage. It then
operates in a constant voltage mode
to maintain that voltage.

Figure 2 shows the LT3663 out-
put current limit at 1.2A. For output
currents below 1.2A the regulator is
in constant voltage mode. When the
output current is increased to 1.2A it
goes into constant current mode. The
output current is maintained at 1.2A
from V gy nominal down to OV.

7.5V-36V to 5V Buck

Regulator with 1.2A

Output Current Limit

Figure 3 shows a LT3663 application
producing 5V at 1.2A from an input
of 7.5V to 36V. The input is capable

continued on page 29
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Boost Converters for Keep-Alive

Circuits Draw Only 8.5pA of

Quiescent Current

Introduction

Industrial remote monitoring systems
and keep-alive circuits spend most of
their time idle. Many of these systems
use batteries, soto maximize runtime
power losses,even during low power
idle modes, must be minimized. Even
atnoload, power supplies draw some
currentto produce aregulated voltage
for keep-alive circuits.

The LT8410/-1 DC/DC boost
converter features ultralow quiescent
current and integrated high value
feedback resistors to minimize the
draw on the battery when electronics
are idle.

Anentire boostconvertertakesvery
little space, as shown in Figure 1.

Ultralow Quiescent Current

Low Noise Boost Converter

with Output Disconnect

When a micropower boost converter
is in regulation with no load, the
input current depends mainly on
two things—the quiescent current
(required to keep regulation) and the
output feedback resistor value. When
the output voltage is high, the output
feedback resistor can easily dissipate
more powerthanthe quiescentcurrent
of the IC. The quiescent current of the
LT8410/-1 is a low 8.5A, while the
integrated output feedback resistors
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Figure 2. Quiescent current vs
temperature—not switching
22

have very high values (12.4M/0.4M).
This enables the LT8410/-1 to dis-
sipate very little power in regulation
atnoload. Infact, the LT8410/-1 can
regulate a 16V output at no load from
3.6Vinputwithabout 30pA of average
inputcurrent. Figures 2, 3and 4 show
thetypical quiescentandinputcurrent
in regulation with no load.

The LT8410/-1 controls power
delivery by varying both the peak
inductor current and switch off time.
This control scheme results in low
output voltage ripple as well as high
ef ciency over a wide load range. As
shown in Figure 5, even with a small
0.1pF output capacitor, the output
rippleistypically lessthan 10mV. The
part also features output disconnect,
which disconnects the output voltage
fromthe input during shutdown. This
output disconnect circuit also sets a
maximumoutputcurrentlimit, allow-
ing the chip survive output shorts.

An Excellent Choice for

High Impedance Batteries

A power source with high internal
impedance, suchasacoincellbattery,
may show normal output voltage on
a voltmeter, but its voltage can col-
lapse under heavy current demands.
This makes it incompatible with high
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Figure 3. Quiescent current
vs V ¢ Voltage—not switching

by Xiaohua Su

Figure 1. The LT8410/-1 is designed
to facilitate compact board layout.

switch-current DC/DC converters.
The LT8410/-1 has an integrated
power switch and Schottky diode,
and the switch current limits are very

low (25mA for the LT8410 and 8mA
for the LT8410-1). This low switch
current limit enables the LT8410/-1

to operate very ef ciently from high
impedance sources, such as coin cell
batteries, without causing inrush
current problems. Figure 6 shows
the LT8410-1 charging an electrolytic
capacitor. Without any additional ex-
ternal circuitry, the input current for

1000

—~

FVcc=3.6V.

AVERAGE INPUT CURRENT (pA
=
o
S
\\

~

0 10 20 30 4C
OUTPUT VOLTAGE (V)

10

Figure 4. Average input current
in regulation with no load
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=
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Figure 5. General purpose bias with wide input voltage and low output voltage ripple

the entire charging cycle is less than
8mA.

Tiny Footprint with

Small Ceramic Capacitors
Available in a tiny 8-pin 2mm x 2mm
DFN package, the LT8410/-1 is in-
ternally compensated and stable for
awide range of output capacitors. For
mostapplications, using 0.1uF output
capacitor and 1pF input capacitor is
suf cient. Anoptional 0.1uF capacitor
attheV grgr pinimplements a soft-start
feature. The combination of small
package size and the ability to use
small ceramic capacitors enable the

L1

ViN
2.5V 10 16

C1: 2.2 F, 16V, X5R, 0603
C2: 1.0 F 25V, X5R, 0603*
C3: 10000 F, Electrolytic Capacitor
C4:0.1F 16V, X7R, 0402
L1: COILCRAFT LPS3008-224ML

LT8410/-1 to t almost anywhere.

Figure 1 shows the size of a circuit
similar to that shown in Figure 4,

illustrating how little board space
is required to build a full featured
LT8410/-1 application.

SHDN Pin Comparator and
Soft-Start Reset Feature
Aninternal comparator compares the
SHDN pin voltage to an internal volt-
age reference of 1.3V, giving the part
a precise turn-on voltage level. The
SHDN pin has built-in programmable
hysteresis to reject noise and tolerate
slowly varying input voltages. Driving

the SHDN pin below 0.3V shuts down
the part and reduces input current to
lessthan 1pA. Whenthe partison, and
the SHDN pin voltage is close to 1.3V,
0.1pA current ows out of the SHDN
pin. A programmable enable voltage
can be set up by connecting external
resistors as shown in Figure 7.

The turn-on voltage for the con-
guration is:
1.30 vzl R

R2

and the turn-off voltage is:

(1.24 R3v107) vzl R

R2 i

(RLv10 7)

where R1, R2 and R3 are resistance
in 7. Programming the turn-on/turn-
off voltage is particularly useful for
applicationswhere high sourceimped-
ance power sources are used, such as
energy harvesting applications.

By connecting an external capaci-
tor (typically 47nF to 220nF) to the
VRger pin, a soft-start feature can be
implemented. Whenthe partisbrought

continued on page 29

ENABLE VOLTAGE

R1

CONNECT
SHDNPIN

R2

Figure 7. Programming the enable
voltage by using external resistors

SHDNVOLTAGH
2VIDIV

‘I ) VouT= 16\
——1— 10000uF VouTVOLTAGH
= 10v/DIV

C4
604k —— 0.1pF INPUT CURREN([T
= 5mA/DIV
INDUCTOR
CURRENT|
10mA/DIV
VinN= 3.6V 20s/DIV

*HIGHER CAPACITANCE VALUE IS REQUIRED FOR
C2 WHEN THEMS HIGHER THAN 12V

Figure 6. Capacitor charger with the LT8410-1 and charging waveforms
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Industrial/Automotive Step-Down
Regulator Accepts 3.6V to 36V

and Includes Power-On Reset and
Watchdog Timer in 3mm x 3mm QFN

Introduction

As the number of microprocessors in
automotive and industrial applica-
tions continuesto expand, sodoesthe
need for rugged step-down regulators
that can operate over a wide input
voltage range and withstand high
voltage transients and output shorts.
Microprocessor-based applications
also require supervisory functions,
such as power-on reset (POR) and
watchdog timing, to ensure high sys-
tem reliability. The regulator must
have high efciency at light loads
to increase battery life. The LT3689
delivers all of these features in tiny
16-pin 3mm x 3mm QFN and 16-pin
MSOP packages.

Features of the LT3689
Step-Down Regulator

The LT3689 employs a constant fre-
quency, current mode architecture to
provide 800mA of continuous output
current. The part operates from a
wide 3.6V to 36V input range and can
protectitself frominput transients up
to 60V. It is internally compensated,
which helpstolowerthe external com-
ponentcount. The switching frequency
can be set anywhere between 350kHz
and 2.2MHz by tying a resistor from

VIN

45VTO36V  ——j o
TRANSIENTTO 60V I

uP
1/0 p——>

110
RESET

Gt

10nF_—_—
twpu= 182ms
twpL= 5.9ms

LT3689

the R 7 pinto ground, allowing the de-
signerto optimize componentsize and
ef ciency. The switchingfrequencycan

also be synchronized to an external
clock for noise sensitive applications.
An external resistor divider programs

the output voltage to any value above
the part's 0.8V reference. Also, the
boost diode is integrated into the IC
to minimize solution size and cost.
Figure 1 shows a typical application

of LT3689.

Soft-Start and Output

Short Circuit Protection

The LT3689 includes a soft-start fea-
ture that limits the maximum inrush
current during start-up and recovery
from fault conditions. The soft-start
circuit ramps up the peak switch
currentlimitin approximately 150s,
reducing the peak input current.

The DA pin is used to monitor the
currentinthe catch diode. Ifthe catch
diode current at the end of switch
cycle is higher than the DA current
limit then the part delays the switch
turn-on until the catch diode current
drops below the DA currentlimit. This
protects the LT3689 in the face of
inductor current runaway situations,

’_3.3V
800m/

— 22uF

Figure 1. LT3689 typical application circuit with reset time
set to 157ms and watchdog timeout period set to 182ms
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especially during output overload or
short at high switching frequencies
with high input voltages and small
inductor values. Other protection
features such as frequency foldback,
cycle-by-cycle currentlimit, andther-
mal shutdown together ensure that
the part is not damaged by excessive
switch currents during startup, over-
load or short circuit.

Pin Selectable Modes of
Operation: Low Ripple

Burst Mode Operation

and Pulse-Skipping Mode
Twomodesof operation canbe selected
throughthe SYNC pin. Applyingalogic
low to the SYNC pin enables the low
ripple Burst Mode ® operation, which
maintains high ef ciency atlightloads
while keeping output ripple low. In
Burst Mode operation, the LT3689
delivers single cycle bursts of current
to the output capacitor followed by
sleep periods. Between bursts, all cir-
cuitry associated with controlling the
output switch is shutdown, reducing
the V y pin and OUT pin currents in
a typical application to a mere 50pA
and 75pA, respectively. As the load
current decreases to a no load con-
dition, the percentage of sleep time
increases, thus decreasing average
input current.

Alogichighon SYNC disables Burst
Mode operation, allowing the part to
skip pulses at light loads. The advan-
tage of this pulse-skipping mode over
Burst Mode operation is that the part
continuestoswitchatthe programmed
frequency (setby R ) downto verylow
load currents, above 15mA at 12V
in a typical application.
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Programmable

Undervoltage Lockout

The LT3689 can be shutdown by pull-
ing the EN/UVLO pin below 0.3V. In
shutdown, quiescent current is less
than 0.5pA. The EN/UVLO pin can
also be used to perform an accurate
undervoltage lockout (UVLO)function.

A resistor divider from V| pin can be
used to program the UVLO threshold
ofthe circuitusingthe 1.26V accurate
threshold of the EN/UVLO pin. A 4pA
current hysteresis on this pin is also
provided to allow the user to program
desiredvoltage hysteresis. The LT3689
also has an internal UVLO that pre-
vents the part from switching if V..
pin ever goes below 3.3V (typical). The
part only starts switchingwhenV — yis
higher than 3.4V and EN/UVLO pin

is above the 1.26V threshold.

Low Dropout

The LT3689 features low dropout for
output voltages above 3V. The mini-
mum operating voltage of the device
is determined either by the LT3689's
internal undervoltage lockout or
by its maximum duty cycle. Unlike
many buck regulators, the LT3689
can extend its duty cycle by staying
on for multiple cycles, provided that
the boost capacitor is charged above
the minimumvoltage of 2.5V. Eventu-
ally, after several switching cycles, the
boost capacitor discharges. Internal
circuitry detects this condition and
chargesthe boost capacitor only when
needed. Also, a bigger boost capacitor
allows even higher duty cycle, allow-
ing extremely low dropout operation.
The dropout voltage for a 5V typical
applicationis about400mV at 200mA
load and 900mV at 800mA load.

VourT]
2V/DIV

RST|
2V/DI

trsT=165ms

Cpor=71.3n!
CroR

1V/IDI

50ms/DIV

Figure 2. Power-on reset feature of LT3689

Power-On Reset (POR)

Many microprocessor-based ap-
plications powered by the output
of a switching regulator must know
when the regulator output is ready
and stable before the microprocessor
starts operating. Likewise, once run-
ning, the electronic system must be
warnedwhentheregulator outputhas
dropped below a minimum tolerable
threshold, such as during overload or
shutdown conditions. Thisisrequired
to prevent unreliable operation and to
allow the microprocessor to perform
housekeeping operations before power
is completely lost.

The LT3689's accurate internal
voltage reference and glitch immune
precision POR comparator and timer
circuit feed these specic needs of
microprocessor-based applications.
The switcher’s output voltage must
be above 90% of programmed value
forits RST pin to remain high  (refer
to Figure 2). The LT3689 asserts
RST during power-up, power-down
and brown-out conditions. Once the
output voltage rises above the ~ RST
threshold , the adjustable reset timer
isstartedand RSTisreleased afterthe
resettimeoutperiod. On power-down,
once output voltage drops below ~ RST
threshold, RST is held at a logic low.
The resettimer is adjustable using an
external capacitor. The RST pin has a
weak pull up to the OUT pin.

The POR comparator is designed to
avoid false triggering. High frequency
noise on the FB pin can falsely trip
RST, particularly when the monitored
outputisalreadyneartheresetthresh-
old. Thiscan cause oscillatory behavior
atthe RST pin. The traditional way of
tackling this problem is to add some
DChysteresisinthe comparatorinput,
which changes the threshold point
once the output ips. The problem
is that the addition of DC hysteresis
makes the trip voltage less accurate,
since the trip point changes once the
outputchanges. The LT3689 does not
use hysteresis. Instead, itperformsan
integration-like function on transient
events at the comparator. In this way
the magnitude and duration of the
event are both important to the com-
paratorthreshold. Figure 3illustrates

the typical transient duration versus
comparator overdrive (asapercentage
of trip threshold) required to trip the
comparator.

Selecting the Reset

Timing Capacitor

Theresettimeout period is adjustable

in order to accommodate a variety of
microprocessor applications. Thereset
timeout period, t gy, iS adjusted by
connecting a capacitor between the
Cporpinand ground. The value of this
capacitor is determined by:

Coor= lrs* 432 » 107

with C pog in Farads and t gt in sec-
onds. The C ppg value per millisecond
of delay can also be expressed as
Cpor/ms = 432 (pF/ms).

Leaving the C pog pin unconnected
generates a minimum reset timeout
of approximately 25us with 10k 7
pull-up to 5V on  RST pin . Maximum
reset timeout is limited by the largest
available low leakage capacitor. The
accuracy of the timeout period will
be affected by capacitor leakage (the
nominal charging currentis 2pA) and
capacitor tolerance. A low leakage ce-
ramic capacitor is recommended.

Watchdog Modes:

Timeout or Window

The LT3689 also includes an adjust-
able watchdog timer that monitors a
microprocessor’s activity. If a code
execution error occurs in a PP, the
watchdog detects the error and sets
the WDO pin low. This signal can
be used to interrupt a routine or to
reset a pP.

800

7 700 1\
=
& 600
=
= 500
2 RESET OCCURS
e 400 ABOVE THE CUR
5 300
0
z \
& 200
[ \
100 \\
N
0 [T
0.10 1.00 10.00 100.00

POR COMPARATOR OVERDRIVE VOLTAGE AS PEI
OF RESET THRESHOI126)

Figure 3. Typical transient duration
vs POR comparator overdrive
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The watchdog is operated either
in timeout or window mode (refer to
Figure 4). Intimeout mode, the micro-
processor needs to toggle the WDI pin
before the watchdog timer expires to
keep the WDO pin high. If the voltage
on the WDI pin does not transition
duringthe programmed timeout period
then the circuitry pulls WDO  low.

In window mode, the WDI pin's
negative-going pulses must appear
inside a programmed time window to
prevent WDO from going low. If more
than two falling pulses are registered
in the lower boundary period (t  wpi).
the WDO pin is forced low. The WDO
pin also goes low if no negative edge
is supplied to the WDI pin within the
upper boundary period (t  wpuy)-

During a code execution error, the
microprocessor outputs WDI pulses
that are either too fast or too slow.
This condition asserts WDO  low and
forces the microprocessor to reset the
program.

In window mode, the WDI signal is
bounded byanupperandlowerbound-
ary periods for normal operation. The
period of the WDI input signal should
belongerthanthe windowmode’s low-
er boundary period and shorter than
the upper boundary period to keep
WDO high under normal conditions.
The window mode’s lower and upper
boundary periods have a xed ratio
of 31. These times can be increased
or decreased by adjusting an external
capacitor on the C yp7 pin.

In both watchdog modes, when
WDO is asserted, the reset timer is
enabled. Any WDI pulses that appear
while the reset timer is running are
ignored. Whentheresettimer expires,
the WDO s allowed to go back high
again. Therefore, ifnoinputis applied
to the WDI pin then the watchdog
circuitry produces a train of pulses
on the WDO pin. The high time of
this pulse train is equal to the upper
boundary period and low time is equal
to the reset period. Also, WDO  and
RST cannot be logic low simultane-
ously. If WDO is low and there is an
undervoltage lockout fault, RST ~ goes
low and WDO will go high.

The WDE pinallowsthe usertoturn
on or off the watchdog function. This
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WDl
X X A
WDO \ /
twpu
—> re—1tRsT
WATCHDOG TIMING/T = HIGH), TIMEOUT MODE

t < twpL—s - —> “*tRST

WDl
\
/ / ) \
WDO \
—> <—tRsST twpu

WATCHDOG TIMING/T = LOW), WINDOW MODE

trsT= PROGRAMMED RESET PERIOD
twpu= WATCHDOG UPPER BOUNDARY PERIOD

twpL= WATCHDOG WINDOW MODE LOWER BOUNDARY PERIOD

Vuv= OUTPUT VOLTAGE RESET THRESHOLD

Figure 4. Watchdog timing diagram

feature canbe usedtoreliably program

the connected microprocessor in the
factory. During factory programming

of the microprocessor, WDE  pin can
be kept high to prevent WDO  from
toggling and thus preventsWDO  from
interfering with the microprocessor’s
programming procedure.

Tying the WDO and RST pins
together will generate a reset signal
when either the output voltage falls
10% below the regulation value or if
there is a watchdog error.

Selecting the Watchdog

Timing Capacitor

The watchdog upper boundary period
is adjustable and can be optimized
for software execution. The watchdog
upper boundary period is adjusted by

connecting a capacitor between the
Cwpr pinandground. Givenaspeci ed

watchdog upper boundary period, the

capacitor is determined by:

Gwor=twpu* 55 (pF/ms)

The window mode lower boundary
periodhasa xed relationship toupper
boundary period for a given capacitor.
The lower boundary period is related
to the upper boundary period by the
following:

twpL= 1/31 * fypu

Leaving the C \pt pin unconnected
generates a minimum watchdog up-
per boundary period of approximately
200ps with 10k 7 pull-up to 5V on
WDO pin . Maximumtimeoutislimited
by the largest available low leakage
capacitor. The accuracy of the upper
andlowerboundary periodsis affected
by capacitor leakage (the nominal
charging current is 2A) and capaci-
tor tolerance. A low leakage ceramic
capacitor is recommended.

Conclusion

The wide input range, low quiescent
current, supervisory features, robust-
ness and small size of the LT3689
makes it an ideal candidate to power
automotive and industrial applica-
tions. The part withstands 60V V. |y
transients and normal operation is
guaranteed for max V |y of 36V, and
the part is robust against inrush and
short circuit conditions. The Burst
Mode circuitry provides high ef cien-
cies at light loads. Programmable
switching frequency allows the de-
signertotrade off between component
size and ef ciency. The accurate POR
and Watchdog circuitry of LT3689
allows complete supervisory control
of a microprocessor connected to
the output of the LT3689 switching
regulator. L
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Complete APD Bias Solution in 60mm 2
with On-the-Fly Adjustable Current
Limit and Adjustable V app

Introduction L1

By Xin (Shin) Qi

10pH
The overriding factor limiting func-

tionalityin ber-opticcommunication
systems s available space. A compact
APD (avalanche photo diode) bias
solution with a high degree of feature
integration is the key to breaking
new ground in system size and per-
formance. The LT3571 offers such a
solution in a tiny 3mm x 3mm QFN
package.

The LT3571 combines a current
mode step-up DC/DC converter and
a high side xed voltage drop APD
current monitor with an integrated
75V power switch and Schottky diode.
The combination of a traditional volt-
age loop and a unique current loop
allows customers to set an accurate
APD current limit at any given bias
voltage. The integrated high side cur-
rent monitor provides an 8% accurate
currentthatis proportionaltotheload
current, making it possible to adjust
the APD bias voltage via the CTRL
pin. This feature-rich device makes
it possible to produce a single stage
boost converter to bias high voltage
APDs in only 60mm 2.

Low Noise APD Bias Supply

Thegainofthe APDisdependentonthe
hias voltage, so the bias supply must
minimize the noise contamination
from switching regulators and other
sources. Figure 1 shows the LT3571
congured to produce an ultralow
noise power supply for a 45V APD
with 2.5mA of load current capability.
The MONIN voltage is regulated by
the internal voltage reference and the
resistor divider made up of R1and R2.

Resistor R sgnse IS Selected to set the
SENSE

APD currentlimitat200mV/1.2R
- 0.2mA.

The CTRL pin can override the
internal reference, making it possible
to optimize the APD bias on the y
to maximize receiver performance.

ViN
SHDN

VREF

Rr
SYNC

GNDMON

CTRL LT3571 MONIN

sSw
Vout

_c2
—0.1pf

L: TDK VLF3010AT — 100MR49
C1: TDK X7R C1608X7R1C105KT

C2, C4: MURATA X7R GRM188R72A104KA35

C3: AVX X7R 06031C103K

C5: MURATA X7R GRM155R71H103K

Figure 1. Low noise APD bias supply

When the CTRL pin is connected to a
supply above 1V, the output voltage is
regulated with feedback at 1V. When
driven below 1V, the feedback and the
output voltage follow accordingly.
The APD pin, the output of the cur-
rent monitor, provides a voltage to the
APD load that is xed 5V below the
MONIN pin. The LT3571 includes a
precise current mirror with a factor-
of- ve attenuation. The proportional
current output signal at the MON pin
can be used to accurately indicate the

Figure 2. The LT3571 evaluation board

APD signal strength. The voltage vari-
ance of APD pinvoltageis only £200mV
overtheentireinputcurrentrangeand
the whole temperature range. Figure
2 shows the evaluation board for this
topology.

The topology uses several lter
capacitors to achieve ultralow noise
performance. The capacitor at V. gyt
pin and the 0.1uF capacitor at the
APD pinsuppress switchingnoise. The
10nFfeedforward capacitoracrossthe
MONIN and FB pins lIters out high
frequencyinternalreferenceanderror
ampli er noise. Figure 3 shows the
measured switching noiseis lessthan
5001V p_p at 1mA load current. This
exceptionally low noise bias voltage

500uV/DIV|

lapp= 1MA 500ns/DIV

Figure 3. AC-coupled noise ripple at APD pin
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gives the APD greater sensitivity and
dynamic range.

Fast APD Current Monitor
Transient Response

Design efforts in modern communi-
cations systems increasingly focus
on 10Ghits/s GPON systems, which
demandthatthetransientresponse of
the APD current monitor is less than
100nsforatwo-decades-of-magnitude
input current step. To meet this chal-
lenging requirement, many designers
relyonasimplediscrete currentmirror
topology to reduce parasitic capaci-
tance on the signal path, sacri cing
monitor accuracy and board space. In
contrast, the LT3571's APD current
monitoris carefully designedto provide
notonly a xed voltage drop and high
accuracy, but also the required fast
transient response.

Figure 4 shows a compact circuit
that responds quickly to current
transients. Unlike the ultralow noise
topology shown in Figure 1, the Iter
capacitor at the APD pin is moved to

theMONINpin.C2,C3andR  ggnse form

a P Iter to isolate the APD current
monitor from highfrequency switching
noise. The capacitor atthe MON pinis
also removed to reduce the transient
delay on the measurement path.

The transient speed is measured
using the same technique describedin
the Linear Technology Design Note 447
“A Complete Compact APD Bias Solu-
tion for a 10GBit/s GPON System.”
Figures 5 and 6 show the measured
inputsignalfallingtransientresponse
and input signal rising transient re-
sponse, respectively, where the input
current levels are 10pA and 1mA.
Note that there is an inversion and
DCoffsetpresentinthe measurement.
The measurements show a transient
response time of less than 100ns, well
withinthe stringent speed demands of
the 10Gbits/s GPON system.

APD Bias Voltage

Temperature Compensation
Typically,the APD reverse biasvoltage
is designed witha compensatory posi-
tive temperature coef cient. This can
be easily implemented via the CTRL
pin of the LT3571—a less complex
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SHDN

VREF

CTRL LT3571 MONIN

L_C2
—0.1pF

APD PIN  FOR TEST PURPOSES
REPLACE APD WITH
THIS SIMPLE TEST SE

PMBT3904

4.99k LT1815 —

2.5V 1k
MEASURE
L1: TDK VLF3010AT-100MR49 0.1l HERE
C1: MURATA X7R GRM21BR71C105KA01B L PWM
C2, C3: MURATA X7R GRM188R72A104KA35 = ’VLO—l_
=Vhi

Figure 4. APD hias supply with ultrafast current monitor transient speed

PWM GNB> PWM GNB>
PWM IapD= 10pA pwm  'APD= 10WA IaPD= 1MA
VDIV |ppp= 1mA 1V/DIV
ouT
ouT 500mV/DIV
500mV/DIV
| [
Trp< 100ns
Trp< 100ns
OUT GNP~ OUT GNP~
50ns/DIV 50ns/DIV
Figure 5. Transient response on input Figure 6. Transient response on input
signal falling edge (1mA to 10pA) signal rising edge (10pA to 1mA)

LT3571

é CTRL
Rr

20k 0.1uF

— _-l-_ ¥ SYNC

TEMPERATURE GNDMON

COMPENSATION BLOCK LRr

—1_C2

A _c1 < —T—0.22yl
—|— 1uF

L

L1: TDK VLF4012AT — 150MR63 Q1, Q2 = PHILIPS PEMT1

C1: TDK X7R C1608X7R1C105KT

C2: MURATA X7R GRM21AR72A224KAC5L
C3: AVX X7R 06031C103K

C4: MURATA X7R GRM188R72A104KA35
C5: MURATA X7R GRM155R71H103K

C6: MURATA X7R GRM155R71A104KA01D

Figure 7. Temperature-compensated APD power supply
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and expensive solution than typical
microprocessor-controlled methods.
The simplestscheme usesaresistor
divider fromthe V. rgr pinto the CTRL
pin, where the top resistor in the di-
viderisan NTC (negative temperature
coef cient) resistor. While simple,
this method suffers from nonlinear
temperature coef cient of the NTC
resistor. A more precise method uses
atransistor network as shown in Fig-
ure 7. The PTC (Positive Temperature
Coef cient) of the CTRL pin voltage is

60

A

58 7

56 //
54 /

52 A

50

/
48
w1

y

Vapp(V)

44 —
42

40
-50 -25 0 25 50 75 100 12t
TEMPERATURE (°C)

Figure 8. Temperature response
of the circuit shown in Figure 7

realized by an emitter follower of Q1
and a V gg multiplier of Q2.
Assuming:

Ver@ Veeg Ve

and

Mrg Veeg 2mv
daT daT °C

then the CTRL pin voltage is

R8

Verre VRer 7 Vo

with

prc derre R8 2mV

dT R7 °C

GivenV gyratroomanddV /DT,

the R1/R2 and R8/R7 can be calcu-
lated as follows
R8 VREF
R7 MV Vour
V . YJYiL
BE "o X dvpup/ dT

dVour  2mV

Rl Vee X7 og Nout
R2 2mv
o NVRer

Resistors R5—-R9 are selected to make

Q1) =1(Q2) z10pA, and

derg 9Veen 2mv
dT T °C

Simulation using LTspice always
givesagood starting point. The circuit
shown in Figure 7 is designed to have
Vapp =50V (V gyt = 55V) at room and
dVApD/dT =100mV/°C (dV OUT/dT =
100mV/°C). The measured tempera-
ture response is shown in Figure 8,
which is very close to the design
target.

Conclusion

The LT3571 is a highly integrated,
compact solution to APD bias supply
design. It provides a useful feature set
and the exibility to meet a variety of

challenging requirements, suchaslow
noise, fast transient response speed,
and temperature compensation. With
a high level of integration and supe-
rior performance, the LT3571 is the
natural choice for APD bias supply
design. L

LT8410, continued from page 23
out of shutdown, the V. gge pinis rst
discharged for 70us with a strong pull
down current, and then charged with
10pA to 1.235V. This achieves soft
start since the output is proportional
to Vger. Full soft-start cycles occur
even with short SHDN  low pulses
since V ggr is discharged when the
part is enabled.

Inaddition, the LT8410/-1features
a2.5Vto 16V input voltage range, up

to 40V output voltage and overvoltage
protection for CAP and V. 7.

Conclusion

The LT8410/-1 is a smart choice
for applications which require low
quiescent current and low input cur-
rent. The ultralow quiescent current,
combined with high value integrated
feedback resistors, keeps the average
input current very low, signi cantly

extending battery operating time.
Low current limit internal switches
(8mA for the LT8410-1, 25mA for the
LT8410) make the part ideal for high
impedance sources such as coin cell
batteries. The LT8410/-1 is packed
with features without compromising
performance or ease of use and is
available in a tiny 8-pin 2mm s2mm
package. L

LT3653/63, continued from page 21

of handling 60V transients. Figure 4
showsthecircuitef ciencyatmultiple
input voltages.

The current limit of the application
issetto 1.2A, therefore, the power path
components are sized to handle 1.2A
maximum. To reduce the application
footprint, the LT3663includesinternal
compensation and a boost diode. The
RUN pin, when low, puts the LT3663
into a low current shutdown mode.

100

90

80

\\\\
\

EFFICIENCY (%)

40
01 03 05 07 09 11 1z

OUTPUT CURRENT (A)

Figure 4. Ef ciency of the circuit in Figure 3

Conclusion

The accurate programmable output
current limit of the LT3653 and
LT3663 eliminates localized heating
from an output overload, reduces the
maximumcurrentrequirementsonthe

power components, and makes for a
robust power supply solutions. L

Authors can be contacted
at (408) 432-1900
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Don't Want to Hear It? Avoid the
Audio Band with PWM LED Dimming

at Frequencies Above 20kHz

Introduction

The requirements of LED drivers be-
come more demanding as application
designersexploitthe unique character-
isticsof LEDs. Linear Technology offers
a complete portfolio of LED drivers
withthe performance levelsrequiredto
meeteventhe mostchallenging design
requirements. One area where these
LED drivers especially excel is in the
performance and exibility of their
PWM dimming capabilities. LEDs can
be turned on and off rapidly—it takes
only nanoseconds to illuminate or
extinguish the source. PWM dimming
exploits this characteristic to achieve
orders of magnitude dimming, even
while maintaining a constant output
spectrumoverthe entire dynamiclight
intensity range.

The broad eld of available LED
drivers narrows quite a bit when
one considers PWM dimming at fre-
quencies above 20kHz. Why 20kHz?
Although most LED light designers
worry about perceptible icker at
PWM frequencies below about 100Hz,
in some applications the human eye
is not the limiting factor; it is the hu-
man ear. The human ear perceives
vibrations up to about 20kHz, which
in some applications can become the
important factor in determining PWM
frequency. The versatile LT3755 and
LT3756 are members of an elite group

Vewm

VGATE
IL1
S5A/DIV

ILED
0.5A/DI

5us/DIV

Figure 2. DCM operation of the
boost LED driver in Figure 1
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by Eric Young

L1: COILTRONICS DR125-1R!
D1: ON SEMI MBRS360
M1: VISHAY SILICONIX Si785

M2: VISHAY SILICONIX Si230
D2: IN4448HWT

Figure 1. This 10W boost LED driver stays out of the audio band by
achieving 50:1 PWM dimming at 20kHz. Lower PWM frequencies can result
in an audible hum as ceramic capacitors vibrate.

of LED controllers that can support
very high PWM dimming ratios, as
much as 50:1, at 20kHz. These con-
trollers supportavariety oftopologies,
including buck mode, boostand buck-
boost at various power levels.

High Performance
PWM Dimming
The PWMdimming method s straight-
forward; the LED is driven by a
tightly regulated current for a xed
interval in every PWM period. During
the off-phase, the currentinthe LEDis
zero. Duringthe on-phase, the current
is carefully regulated. It is important
that the “on” current is consistent,
since an LED’s output spectrum is a
function of forward current. The duty
cycle of the PWM signal corresponds
to the dimming value.

Although the concept is simple,
designingacontrollerthatcanachieve
this at a high PWM frequency is any-

thing but simple. The rise and fall
times of the pulsed current should
be fast, less than 100ns. Generating
a suitable PWM current pulse from
an arbitrary input voltage can prove
a challenge. This usually requires a
high bandwidth DC/DC converter to
regulate the current, a storage/ lter
capacitor across the LED to provide
current during PWM on/off transi-
tions, and a disconnect switch to
ensure thatthe currentwaveform has
sharp turn-on and off edges.
Hysteretic converters, while simple
to use from the standpoint of closed
loop stability, have problems. The
slow LED current rise and fall times
are one consequence of using a large
value inductor to smooth the current
through the LED because there is
no output capacitor. And since the
average current in the LED is related
to the ripple current in the inductor,
whichisinturnsensitive toinputvolt-

Linear Technology Magazine « March 2009
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age transients, the LED light output
changes with input supply. In most
cases, this method cannot provide
acceptable PWM performance.

What determines PWM perfor-

mance? The PWMinterval orfrequency
is determined by the application, and
there are several considerations to
bear in mind. First, the human eye
generallydoesnotperceive ickerifthe
PWMfrequencyisgreaterthan 120Hz,
thus a lower bound on the interval is
typically taken to be 8ms.

The achievable dimming ratio is
a function of the minimum on- and
off-times of the current pulse pro-
vided by the driver circuit. So an 8us
minimum pulse yields a 1000:1 dim-
ming capability at 120Hz. The 20kHz
audible requirement comes about
because audible physical vibrations
can be introduced to the PC board
by the ceramic capacitors, and these
capsare ubiquitousinhighbandwidth
converter circuits because of their low
ESR, ruggedness, and long-term reli-
ability. Ceramic capacitors physically
change dimension (as well as value)
with a change in applied voltage, and
rapid voltage transients during the
PWM transients cause rapid changes
in dimensions that couple vibrations
into the boards. If you ever noticed

ViN

96

92

88 /

EFFICIENCY (%)

84

80

00 02 04 0.6 08 1C
LED CURRENT(A)

Figure 3. The ef ciency of the boost LED
driver in Figure 1 is greater than 90%.

an annoying buzz or hum next to a
handheld device containing one of
these circuits, thenyou have observed
this effect.

The use of a disconnect switch in
series with the LED greatly reduces
thevoltage transientandtherefore the
hum from the output capacitor. While
good design techniques can greatly
minimize audible noise for lower PWM
frequencies, the elimination ofaudible
emissionisnotassuredsolongasPWM
frequency is below 20kHz. Many ap-
plicationdesignersdon'twanttotinker
withacoustics, preferringinstead quiet
running circuits that do a reasonable
jobof PWM dimming. The LT3755and
LT3756 current-mode switching con-

22VTC 4
36V

02 Zy500mA

UP TO
7 5LEDS

J 16V

L1: TOKO 962BS_3R3M

M1: VISHAY SILICONIX Si7850DP
M2: VISHAY SILICONIX Si2306DS
D1: DIODES, INC SBM540

trollers can be con gured into several
differentconverter circuitsto providea
high bandwidth, wellregulated output
currentthatcan be pulsedatintervals
as short as 1ps.

Discontinuous Conduction

Mode Is the Secret

to Maximizing PWM
Performance

The key to short on/offtimesiis for the
switching regulator to operate in dis-
continuous conduction mode (DCM).
In this mode, the inductor current
always starts from zero at the begin-
ning of each switching period and the
peak inductor current is determined
by the load and adjusted through
the switch duty cycle. In contrast,
continuous conduction mode (CCM)
maintains arelatively constantswitch
duty cycle and adjusts the average
inductor currentto meetthe demands
of the load.

DCM is superior for high perfor-
mance PWM dimming because it
delivers the required energy to the
output in a single switching period.
Thisallowsthe controllertobypassthe
typical minimum PWM period of 3-4
switching cyclestoreach steady state,
afamiliarrequirementof CCM. Opera-
tion in DCM places greater demands

100

Vi ep= 16V
ILep= 0.5A

©
(<]

92

, AN

84

EFFICIENCY (%)

80

15 20 25 30 35 4
Vin (V)

Figure 4. An 8W buck-mode LED driver with 50:1 PWM dimming at 20kHz and 90% ef ciency
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onswitching components becausethe
switchingcomponents see higher peak
currents for a given load. Because
of this, a controller is easier to use
than a monolithic converter because
its maximum switching current can
be programmed to the needs of the
application, without having to change
the application’s features.

Operating in DCM does come at
a price when compared to CCM:
ef ciency, input supply range and
analog dimming range all suffer some
reduction. The ratio of maximum-
to-minimum input supply range is
slightly less than the ratio of the
minimum PWM pulse width to the
minimum switch on-time. Likewise,
provided the input supply is xed,
the maximum analog dimming ratio
is the same ratio of minimum PWM
pulse to minimum switch on-time.
Nevertheless, the bene t of this tech-
nique is that minimum PWM period
is four to ve times shorter compared
with continuous conduction mode. If
the application calls for high PWM
dimming ratio, DCM mode provides
a sure path to achieve that objective.
Three application circuits built with
LT3755 and shown here demonstrate
this technique.

ILED
500mA/DIV|

3% PWM DUTY

50% PWM DUTY

97% PWM DUTY

5us/DIV

Figure 5. Three PWM dimming settings
for the buck mode driver in Figure 4.
Even at 33kHz there is no perceptible
change in the LED current from
minimum to maximum duty cycle.

Figure 1 shows a 9W boost con-
verter that regulates 26V of LEDs at a
steady 350mA from a supply ranging
between 8V and 18V. If the supply is
xed at 12V, the regulator operates at
constant switching frequency for LED
currents programmed by the CTRL
pin between 125mA and 1A (2.4W to
27W). Theminimumon-timeis 1ys,as
is the minimum off-time. The switch-
ing waveforms in Figure 2 show the
operation at 50% duty cycle, 27V/1A
load and 12V supply. Notice the fast
rise and fall times of the LED current
signal, even at 1A. At maximum load,
the GATE pin is 7V for almost 1us
(same as the minimum pulse width)

andthe inductor currentreaches zero
beforethe startofthe each GATE pulse,
a characteristic of DCM operation.
Figure 3 shows the ef ciency versus
LEDcurrentat12Vinput, which peaks
at just over 90%.

Figure 4 shows a buck-mode con-
verter thatregulates a 16V LED string
at 500mA from a 22V to 36V supply.
This circuit has an external charge-
pump and level shift to drive the gate
ofanLED disconnectNMOS. Thislevel
shiftprovides muchfasterrise andfall
times than the familiar resistor level
shift driving a PMOS, and uses much
less current. The scopetracein Figure
5shows PWMdimming atseveral duty
cycles—itis clearthat the output LED
current has no perceptible variation
as pulse width is smoothly adjusted
between the minimum on-time and
the minimum off-time. The ef ciency
of this 8W circuit exceeds 90%.

Figure 6 shows a SEPIC converter
driving a 1A, 20V LED string from
a 12V-to-36V supply. In addition to
providing step-up and step-down ca-
pability, this circuit is handy because
it provides input-output isolation and
builtin protectionfromashortto GND
on the output. The ef ciency of this
circuit exceeds 87%. The minimum

continued on page 40

L1 1uF x 2
v 1.5uH 100V D1
IN . r
10V TO 4 VlVlV N2y 4
36V :
J_ 10pF
I
— 25V
c1_| =
4.7pF
50V |
= s GATE]
<
3169k
10k SWITCH CURRENT
(2A/DIV) PEAKS
ilA = AT CURREN[T
LIMIT OF 104
« 7 OUTPUT SHORT
;/,\g CIRCUIT CURRENT
20w (2ADIV)
v ;& LED
STRING 5ps/DIV
v
v/,\g Figure 7. The SEPIC converter in Figure 6
' I maintains control during an output fault to GND.
4TWF— | =! M2

L1: COILTRONICS DRQ125-1R5 COUPLED INDUCTOR
D1: ON SEMI MBRS360

M1: VISHAY SILICONIX Si7850DP

M2: VISHAY SILICONIX Si2306DS

Figure 6. A 20W SEPIC LED Driver with 50:1 PWM
dimming at 20kHz and output fault protection
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Eliminate EMI Worries with 2A,
15mm X 9mm x 2.82mm
LUModule Step-Down Regulator

Introduction

“We failed EMI.” Those three dreaded
words strike fear into the hearts and
minds of electronics designengineers.
There are four words that are even
worse: “We failed EMI again.” The
psyche of many a seasoned engineer
is scarred with dark memories of long
days and nights in an EMI lab, strug-
gling with aluminum foil, copper tape,
clamp-on Iterbeadsand ngercutsto
xadesignthatjustwon'tkeepquiet. A
big partofthe problemisthe necessary
profusion of switching power supplies,
which contribute signi cantly to the
radiated system EMI.

TheLTM8032isaDC/DC switching
step-down pModule regulator built
speci cally for low EMI. It is rated for
upto36V y,10V gyrat2A,andfeatures
adjustable frequency, synchroniza-
tion, a power good status ag and
soft-start. It is small, measuring only
15mm x 9mm x 2.82mm, integrating
the inductor, power stage and control-
ler in a ROHS e3-compliant molded
LGA package.

10VI2A Supply Is

EN55022 and CSIPR 22

Class B Compliant

Like most other puModule regula-
tors, the LTM8032 is easy to use. As
shown in Figure 1, all that is needed

for a complete power design are the
resistors to set the output voltage and

operating frequency, and the input

and output caps.

The LTM8032 is test-proven
EN55022 and CSIPR 22 class B
complaint, tested inan NRTL 5-meter
chamber, setupasshowninthe photo
given in Figure 2. The LTM8032 is
mounted on a circuit board with no
bulk capacitance installed. The input
and output capacitance are the mini-
mum ceramic values speci ed in the
data sheet for proper operation.

VIN
5.5VDC TO 36VDC

by David Ng

Vou
3.3V
2A

Figure 1. Just two resistors, input and output caps are needed
to complete a power supply design with the LTM8032.

The LTM8032 is a
DC/DC switching step-down
UModule regulator built
for low EML. It is rated for
upto 36V |y, 10V gy at 2A,
integrating the inductor,
power stage and controller
in a ROHS e3-compliant
molded LGA package.

The assembled unit is placed
atop an all-wood table. The all-wood
construction ensures that the test
setup does not shield or shadow noise
emanating from the device under test
(DUT). The power source, a linear lab
grade power supply,isonthe oor. The
load for the LTM8032, with its heat
sink, is also on the table top.

Before measuring the emissions
from the LTM8032, a baseline mea-
surement is taken to establish the

continued on page 38

Figure 2. For EMI testing, the DUT is mounted on a circuit board
and placed on a wooden table. The power source is on the oor.
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Diode Turn-On Time Induced

Failures in Switching Regulators
Never Has So Much Trouble Been Had

by So Many with So Few Terminals

Thisarticleis excerptedfromthe Linear
Technology Application Note AN122
with the same title.

Introduction

Mostcircuitdesigners are familiarwith
diode dynamic characteristics such
as charge storage, voltage dependent
capacitance and reverse recovery
time. Less commonly acknowledged
and manufacturer speci ed is diode
forward turn-on time. This parameter
describesthetime required foradiode
toturnonandclampatitsforward volt-
age drop. Historically, this extremely
shorttime, units of nanoseconds, has
been so small that user and vendor
alike have essentially ignored it. It
is rarely discussed and almost never
speci ed. Recently, switching regula-
tor clock rate and transition time have
become faster, making diode turn-on
time a critical issue. Increased clock
rates are mandated to achieve smaller
magnetics size; decreased transition
times somewhat aid overall ef ciency
butare principally neededto minimize
IC heat rise. At clock speeds beyond
about 1IMHz, transitiontime lossesare
the primary source of die heating.

A potential dif culty due to diode
turn-on time is that the resultant

by Jim Williams and David Beebe
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| CONTROL H
1 1
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1 1
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1 RE :
LSO !
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iIwWA-eam

STEP-DOWN

Figure 1. Typical voltage step-up/step-down converters. Assumption
is diode clamps switch pin voltage excursion to safe limits.

transitory “overshoot” voltage across
the diode, even when restricted to
nanoseconds, can induce overvoltage
stress, causing switching regulator
IC failure. As such, careful testing is
required to qualify a given diode for a
particular application to insure reli-
ability. This testing, which assumes
low loss surrounding components
and layout in the nal application,
measures turn-on overshoot voltage
due to diode parasitics only. Improper

associated component selection and
layoutwill contribute additional over-
stress terms.

Diode Turn-On Time
Perspectives

Figure 1 shows typical step-up and
step-down voltage converters. In both
cases, theassumptionisthatthe diode
clamps switch pin voltage excursions
to safe limits. Inthe step-up case, this
limit is de ned by the switch pins

PULSE IN

l‘
= ‘\‘4— IC BREAKDOWN LIMIT
L] .

.
—

DIODE TURN-ON TIME

Figure 2. Diode forward turn-on time permits transient excursion above
nominal diode clamp voltage, potentially exceeding IC breakdown limit.

34

tRISE 2Nns
AMPLITUDE = 5V +Wp

DIODE ON VOLTAG
5

MEASUREMENT POIN
DIODE
UNDER

TEST

AN122 FO2
AN122 FO3

Figure 3. Conceptual method tests diode turn-on time at 1A. Input
step must have exceptionally fast, high delity transition.
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TYPICALLY
5V TO 6V, 30ns

OSCILLOSCOPH
1GHz BANDWIDT
trisg= 350ps

L

PULSE GENERAT
triSe< 1ns

PULSE CURREN
AMPLIFIER

WIDE ¢

v

tRISE= 2NsS

— Zo PROBE
1A DIODE
UNDER

| ? TEST

AN122 FO4

Figure 4. Detailed measurement scheme indicates necessary performance parameters for various elements. Subnanosecond rise time pulse
generator, 1A, 2ns rise time ampli er and 1GHz oscilloscope are required.

EDGE PURITY
100

2pF TO 12pF
EDGE
PURITY

LT1086

+V TYPICAL 17V

OUTPUT

5 *x

120 T 22uF

k
+V ADJUST (RISE TIME TRIM)

MINIMIZE INDUCTANCE IN ALL PATHS

_I: = 2N3866
—[I;: 2N3375

**= TEN PARALLELED 50 RESISTORS

* = BYPASS EVERY TRANSISTOR WITH
22uF SANYO OSCON PARALLELED V
2.2uF MYLAR

AN122 FO5

Figure 5. Pulse ampli er includes paralleled, darlington driven RF transistor output stage. Collector voltage adjustment

(“rise time trim”) peaks Q4 to Q6 F

maximum allowable forward voltage.
The step-down case limit is set by
the switch pins maximum allowable
reverse voltage.

Figure 2indicatesthe diode requires
a nite length of time to clamp at its
forward voltage. This forward turn-
on time permits transient excursions
above the nominal diode clamp volt-
age, potentially exceeding the IC’s
breakdown limit. The turn-on time is
typically measured in nanoseconds,
making observationdif cult. Afurther
complication s that the turn-on over-
shootoccursattheamplitude extreme
of a pulse waveform, precluding high
resolution amplitude measurement.
These factors must be considered
when designing a diode turn-on test
method.

Figure 3showsaconceptualmethod
for testing diode turn-on time. Here,
the test is performed at 1A although
other currents could be used. A pulse

1vIDIV

2ns/DIV

Figure 6. Pulse ampli er output into 5 7. Rise

T, input RC network optimizes output pulse purity. Low inductance layout is mandatory.

steps 1A into the diode under test via
the 5 7 resistor. Turn-on time volt-
age excursion is measured directly
at the diode under test. The gure

AN122 FOB

time is 2ns with minimal pulse-top aberrations.
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200mV/DIV 200mV/DIV
2ns/DIV AN122 FoB 2ns/DIV AN122 FO9
Figure 8. “Diode Number 1" overshoots steady state Figure 9. “Diode Number 2" peaks Z150mV before settling
forward voltage for ~ 23.6ns, peaking 200mV. in 6ns... > 2x steady state forward voltage.
200mV/DIV 200mV/DIV
2nS/D|V AN122 F10 5nS/D|V AN122 F11
Figure 10. “Diode Number 3" peaks 1V above nominal Figure 11. “Diode Number 4" peaks Z750mV with lengthy
400mV VFWD, a 2.5x error. note horizontal 2.5x scale change) tailing towards VFWD value.
g g
200mV/DIV
5nS/D|V AN122 F12

Figure 12. “Diode Number 5" peaks offscale with extended tailing (note
horizontal slower scale compared to Figures 8 thru 10).
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is deceptively simple in appearance.
In particular, the current step must
have anexceptionallyfast, high- delity
transition and faithful turn-on time
determination requires substantial
measurement bandwidth.

Detailed Measurement

Scheme

Amore detailed measurementscheme
appears in Figure 4. Necessary per-
formance parameters for various
elements are called out. A subnano-
second rise time pulse generator, 1A,
2ns rise time amplier and a 1GHz
oscilloscope arerequired. These speci-
cations represent realistic operating
conditions; other currents and rise
times can be selected by altering ap-
propriate parameters.

The pulse amplier necessitates
careful attention to circuit con gura-
tion and layout. Figure 5 shows the
ampli er includes a paralleled, Dar-
lington driven RF transistor output
stage. The collectorvoltage adjustment
(“rise time trim”) peaks Q4 to Q6 FT;
aninputRC network optimizes output
pulse purity by slightly retarding input
pulse rise time to within ampli er
passband. Paralleling allows Q4 to Q6

to operate at favorable individual cur-
rents, maintaining bandwidth. When
the (mildly interactive) edge purityand
rise time trims are optimized, Figure
6 indicates the ampli er produces a
transcendently clean 2ns rise time
output pulse devoid of ringing, alien
components or post-transition excur-
sions. Such performance makesdiode
turn-on time testing practical. ~ *
Figure 7 depicts the complete diode
forwardturn-ontime measurementar-
rangement. The pulse ampli er, driven
by asub-nanosecond pulse generator,
drivesthe diode undertest. AZOprobe
monitors the measurement point and
feeds a 1GHz oscilloscope. 234

Diode Testing and

Interpreting Results

The measurement test xture, prop-
erly equipped and constructed,
permits diode turn-on time testing
with excellent time and amplitude
resolution. ° Figures 8 through 12
show results for ve different diodes
fromvarious manufacturers. Figure 8
(Diode Number 1) overshoots steady
stateforwardvoltage for 3.6ns, peaking
200mV. This is the best performance
ofthe ve. Figures 9through 12 show

increasing turn-on amplitude and
time which are detailed in the gure
captions. In the worst cases, turn-on
amplitudes exceed nominal clamp
voltage by morethan 1V while turn-on
times extend for tens of nanoseconds.
Figure 12 culminatesthis unfortunate
parade with huge time and amplitude
errors. Sucherrantexcursionscanand
willcause ICregulator breakdownand
failure. The lesson here s clear. Diode
turn-on time must be characterized
and measuredinany givenapplication
to insure reliability. L

Notes

1 Analternate pulse generation approach appearsin
Linear Technology Application Note 122 , Appendix
F, “Another Way to Do It.”

2 70 probes are described in Linear Technology ~ Ap-
plication Note 122  Appendix C, “About Z0 Probes.”
See also References 27 thru 34.

3 The subnanosecond pulse generator requirement
is not trivial. See Linear Technology ~ Application
Note 122 Appendix B, “Subnanosecond Rise Time
Pulse Generators For The Rich and Poor.”

4 See Linear Linear Technology  Application Note
122 Appendix E, “Connections, Cables, Adapters,
Attenuators, Probes and Picoseconds” for relevant
commentary.

5 See Linear Technology Application Note 122 Ap-
pendix A, “How Much Bandwidth is Enough?” for
discussionondetermining necessary measurement
bandwidth.

LTM8032, continued from page 33

amount of ambient noise in the room.
Figure 3 shows the noise spectrumin
the chamber withoutany devices run-
ning. Thiscanbe usedtodeterminethe
actual noise produced by the DUT.

Figure 4 shows the worst case

LTM8032 emissions plot, which oc-
curs at maximum power out, 10V at

90

2A, from the maximum input voltage,
36V. There are two traces in the plot,
one for the vertical and horizontal
orientations of the test lab’s receiver
antenna. As shown in the gure, the
LTM8032 easily meets the CISPR 22
class B limits, with 20db of margin for
most of the frequency spectrum, with
either antenna orientation.

80
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90

Conclusion

The LTM8032 switching step-down
regulatorisbotheasytouseandquiet,
meeting the radiated emissions re-
quirements of CISPR22 and EN55022
class B by a wide margin. L

Authors can be contacted
at (408) 432-1900
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Figure 3. The baseline measurement of ambient

noise in the 5-meter chamber (no devices operating)
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LIModule Regulator Fits a (Nearly)
Complete Buck-Boost Solution

IN 15mm % 15mm x 2.8mm for
4.5V-36V V| to 0.8V=-34V V o1

by Judy Sun, Sam Young and Henry Zhang

Introduction

Linear Technology offers a number of
high ef ciency synchronous 4-switch
buck-boost DC/DC converter solu-
tions for applications where V
within the range of V
LTM4607 and LTM4609 pModule
regulators are nearly self-contained
buck-boost solutions that share pin-
compatible 15mm x 15mm x 2.8mm
packages. The package includes the
controller, four power FETs and a
number of other discrete components.
Only an external inductor, a sensing
resistor, a voltage setting resistor and
afew input and output capacitors are
needed to complete a high ef ciency
buck-boost converter.

Table 1 shows the input voltage,
output voltage and current speci-
cations of these three buck-boost
UModule regulators. The LTM4609
is the latest addition to this family.
It satis es the needs of high output
voltage applications with an output
range of 0.8V-34V.

High Performance with
Minimum Component Count
AswithallLinear Technology pModule
regulators, the LTM4609requiresonly

Vin= 36V, BuT= 30V, but= 8A

our falls
- The LTM4605,

Y

IN
10V TO 36V _|

Figure 1. Just a few components form a complete 10V to 36V input, 30V/3A output converter

using the LTM4609.

afewexternalcomponentstocomplete
a wide input range buck-boost con-
verter. Figure 1 shows a 10V to 36V
input, 30V output design. The output
current capability is 3A at 10V V
and 8A with 36V input.

Figure 2 shows the ef ciency of
this converter, up to 98% in buck
mode and 95% in boost mode. The
low pro le LGA package features low
thermal resistance from junction to
pin, thus maintaining an acceptable
junction temperature even at high
output power. The LTM4609's high

= 24V, ¥ut= 30V, but= 6A

OPTIONAL
CLOCK SYNC
oV
_L10uF ﬂ_lsouF 3A
X2 x2
— 35V I_ 35V
L1: SUMIDA CDEP147
100
2 P = ——— -
4
- 9 /,{..
s i e
H — IN
% ...... 10ViN
2 90
(6]
o
[T
[T}
85
CONTINUOUS CURRENT MODE
Vout= 30V
fsw= 275kHz
80 : : :
0 2 4 6 8 10

LOAD CURRENT (A)

Figure 2. Ef ciency of the 30V

buck-boost converter

W =12V, ¥ut= 30V, but= 3A

Figure 3. Thermal-graph taken with the LTM4609 running at different input voltages. The LTM4609 is on the left, the inductor (Sumida CDEP147)
is on the right. No heat sink or forced air ow. Ambient temperature = 25°C.
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ef ciency combined with its excellent
thermal management capability en-
ables it to deliver up to 240W output
power without a heat sink or forced
air ow. Figure 3 shows the thermal-
graphstakenwiththree differentinput
voltages and loads at 25°C ambient
temperature. With 240W output and
36Vinput, the maximumtemperature
rise of the LTM4609 is only 52.8°C.

Input Ripple Reduction

One way to improve ef ciency in a
switching DC/DC converteristomini-
mize the turn-on and turn-off times
of the MOSFET—shorter transitions
correspond to lower switch losses.
However, fast transitions also lead
to high frequency switching noise,
which can pollute the input power
source. Forthe applicationswherethe
input voltage ripple must be limited,
asimple LC Plter can be inserted at
the input side to attenuate the high
frequency input voltage noise. Figure
4 shows the LTM4609 with an input
P Iter. The lter includes two 10pF
low ESR ceramic capacitors and two
very small magnetic beads. For lower
output power applications, only one
magnetic bead is necessary.

Figure 5 shows the input ripple
reduction with the P lter. Figure 5a
shows the input ripple with 100pF
aluminum electrolytic plus 2 x 4.7uF

L1

L1,L2: FAIR-RITE 2518065007Y6

Figure 4. The LTM4609 pModule regulator with an input Plter.
ViN
ViN 200mV/DI
200mV/DI
10ps/DIV 10ps/DIV
ViN= 10V CauLK= 100pF Vin = 10V . CauLk= 100pF
Vout= 30V Gng Gnz = 4.7THF Vout= 30V Gn1. Gnz = 10pF
lout= 3A lout=3A L1, L2: FAIR-RITE 2518065007}

5a. Input voltage waveform without
the input ~ Plter shown in Figure 4

Figure 5. The input

5b. Input voltage waveform with
input  Plter as shown in Figure 4

PIter shown in Figure 4 effectively reduces

the input voltage spike caused hy switching action of the MOSFETS.

ceramic input capacitors. Figure 5b
shows the input ripple with the Iter
shown in Figure 4. Both waveforms
are measured across the 100pF alu-
minum capacitor. A 67% reduction in
inputripple is obtained with the input
Plter, which requires only two small
additional magnetic beads.

Table 1. Speci cation comparison of the LTM4605, LTM4607 and LTM4609

LTM4605 LTM4607 LTM4609
ViN 4.5V ~ 20V 4.5V ~ 36V 4.5V ~ 36V
Vout 0.8V ~ 16V 0.8V ~ 24V 0.8V ~ 34V
5A 5A 4A
louT (12A in buck mode)| (10A in buck mode)| (10A in buck mode)
Package 15mm x 15mm x 2.8mm LGA

Conclusion

Buck-boost pModule regulators
are easy-to-use, high performance
solutions for applications where a
regulated outputvoltage sitswithinthe
range of the input voltage. The 15mm
x15mmx2.8mmLTM4609widensthe
input/output voltage range of the pin
compatible LTM4605 and LTM4607.
The advanced package technology, as
well as the high ef ciency design of
the LTM4609, allows it to deliver up
to 240W of output power without heat
sinks or forced air ow. For applica-
tions that require low input voltage
ripple, a simple  Plter can be added
byinserting one or two smallmagnetic
beads to signi cantly reduce the high
frequency input noise. L

LT3755/56, continued from page 32

PWM on- and off-times are 1ps as
withthe other circuits. Figure 7 shows
the waveforms during a short circuit
fault on the output. The input cur-
rent remains in control as the switch
current ramps up to the set limit of
10A, then skips the next few cycles
while the current sensed by the LED

40

resistor ramps down to 1.5A. This
faulted mode of circuit operation can
continue inde nitely without damage
to the components.

Conclusion

The LT3755 and LT3756 offer un-
paralleled performance for an LED

controller generating PWM pulse
widths as narrow as 1us, which
enables 50:1 PWM dimming at fre-
quencies above the audible range.
Other features include open LED
protection,anopenLED statusindica-

tor, and programmability of the LED

current via an analog input. L
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New Device Cameos

Micropower Low Noise Boost
Converter with Output
Disconnect

The LT3495/LT3495B/LT3495-1/
LT3495B-1 is a low noise boost con-
verter with integrated power switch,
feedback resistor and output discon-
nectcircuitry. The partcontrols power
delivery by varying both the peak
inductor current and switch off-time.
Thisnew controlschemeresultsinlow
output voltage ripple as well as high
ef ciency over a wide load range.

For the LT3495/LT3495-1, the
off-time of the switch is not allowed
to exceed a xed level, guaranteeing
the switching frequency stays above
the audio band for the entire load
range. This feature is disabled for the
LT3495B/LT3495B-1, which leads to
higher ef ciency at light load. The dif-
ferencebetweenthe LT3495/LT3495B
and LT3495-1/LT3495B-1 is the
level of the switch current limit. The
LT3495/LT3495B has a typical peak
current limit of 650mA while the
LT3495-1/LT3495B-1 has a typical
peak current limit of 350mA.

The LT3495 series has an output
disconnect PMOS that blocks the
load from the input during shutdown.
During normal operation, the maxi-
mum current through this PMOS is
limited by circuitry inside the chip,
which helps the chip survive output
shorts.

The input voltage range of the
LT3495 series is a wide 2.5V to 16V
and the output voltage can be up
to 40V. In addition, the part is well
compensated internally, and can be
stable with very small ceramic output
capacitors.

Other features include low quies-
centcurrent(60pA inactive mode and
0.1pA in shutdown mode), integrated
outputdimming, maximum switching
on-time and undervoltage lockout.
Combining the small ceramic capaci-
tors and space saving 10-pin 3mm
2mm DFN packages, the LT3495
enables compact solutions for many
applications.

S

Dual 550mA, 1IMHz
Synchronous Boost Regulator
with Output Disconnect in a
3mm x 3mm DFN
TheLTC3535isadual-channel IMHz,
current mode synchronous boost
DC/DC converter with integrated
output disconnect and soft-start. The
LTC3535's internal 550mA switches
deliver output voltages as high as
5.25V from an input voltage range of
0.7V at start-up/0.5V when running
to 5V, making it ideal for single- or
multicell alkaline/NiMH as well as Li-
ion/polymer applications. Each ofthe
LTC3535's channels has it own power
input and is completely independent,
offering maximum design exibility.
For example, one channel can deliver
upto50mA of continuous output cur-
rent at 3.3V while the other channel
deliversupto 100mA at 1.8V to power
amicrocontrollerfromasingle alkaline
cell. The 1IMHz switching frequency
minimizes external component sizes
while providing up to 94% ef ciency.
Combinedwithacompact3mmx3mm
DFN-12 package, the LTC3535 dual
channel boost provides the tiny and
ef cient solution footprint required in
handheld applications.

Burst Mode ® operation lowers
quiescent current to only 18uA (both
channels), providing extended battery
runtimeinhandheldapplications. The
LTC3535isanideal partfor handheld
dual boost applications where small
solution size and maximum battery
run time are de ning factors.

Ideal Diode Equipped High
Power Battery Charger

Handles All Chemistries
ThelLTC4012,LTC4012-1,LTC4012-2
and LTC4012-3 are a family of high
power buck battery chargers all in a
20-lead 4mm x 4mm QFN package.
Compared to the LTC4009 family of
chargers, the 4012 family adds Ideal
Diode™ input reverse current input
protection and extends the high
ef ciency to higher current levels.
Combined with just a few external

componentsand externaltermination
control, the LTC4012familyfacilitates
construction of chargers capable of
delivering up to 4A to batteries with
output power levels approaching 66W
in a very small footprint.

The LTC4012 family builds upon
the proven quasi-constant frequency,
constant off-time PWM buck con-
trol architecture as found in Linear
Technology's LTC4008. This unique
buck topology provides continuous
switching with synchronous recti-
cation even with no load current,
critical to preventing audible noise
in constant voltage charge termina-
tion applications. However, LTC4012
family uses switching NFETs along
with an adaptive gate drive to avoid
overlap conduction losses. The higher
550kHz switching frequency reduces
both the inductor size and output
capacitance requirements while of-
fering ef ciencies up to 95% or more.
If the duty cycle goes below 20% or
above 80%, the LTC4012 lowers the
switching frequency to avoid pulse
skipping thatmight otherwise beginto
occur at 550kHz. Under low dropout
conditions requiring high duty cycle
operation, theinternalwatchdogtimer
prevents the LTC4012 from switching
below 25kHz, achieving a maximum
duty cycle of 98% without producing
audible noise. There is also an input
currentmonitor functionthat prevents
input power overload when the input
power is shared with a load.

There are four versions of the
LTC4012.TheLTC4012andLTC4012-
3offerauserprogrammable voltage set
pointusingan externalresistor divider
allowing for multi-chemistry support.
The Li-ion optimized LTC4012-1 and
LTC4012-2 support one to four series
cells via pin selection. The LTC4012-
1 provides 4.1V/cell charging while
the LTC4012-2 produces 4.2V/cell.
Output voltage accuracy is typically
+0.5% and a maximum of +0.8% over
temperature. These ICs contain a
switchthatin shutdown removesvolt-
age divider current drained from the
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battery whether external or internal.
Programming the charge current only
requires a single external resistor.
Thefaultmanagementsystemofthe
LTC4012 family suspends charging
immediately for various conditions.
Firstis battery overvoltage protection,
which can occur with the sudden loss
of battery load during bulk charge.
Second, each IC features internal
over-temperature protection to pre-
vent silicon damage during elevated
thermal operation.
TheLTC4012family hasalogic-level
shutdown control input and three
open-drain status outputs. Firstis an
input current limit (ICL) status ag to
tell the systemwhenV |y is running at
over 95% of its current capacity. The
input current limit accuracy is typi-
cally £3% and amaximum of 4% over
the full operating temperature range.
Next is the AC present status, which
indicates when V y is within a valid
range for charging under all modes of
operation. The last is a charge status
output can indicate bulk or C/10
charge states. The control input and
status outputs of the LTC4012, along

with the analog current monitor out-
put, can be used by the host system
to performnecessary preconditioning,
charge termination and safety timing
functions.

4MHz Synchronous Step-

Down DC/DC Converter

Delivers up to 1.25A from a
3mm x 3mm DFN

The LTC3565 is a high ef ciency syn-
chronous step-down regulator that
can deliver up to 1.25A of continuous
output current from a 3mm x 3mm
DFN (or MSOP-10E) package. Using
a constant frequency of (up to 4MHz)
and current mode architecture, the
LTC3565 operates from an input volt-
age range of 2.5V to 5.5V making it
ideal for single cell Li-lon, or multicell
Alkaline/NiCad/NiMH applications.
It can generate output voltages as
low as 0.6V, enabling it to power the
latest generation of low voltage DSPs
andmicrocontrollers. Anindependent
RUN pin enables simple turn-on and
shutdown. Its switching frequency
is user programmable from 400kHz
to 4MHz, enabling the designer to

optimize ef ciencywhile avoiding criti-
cal noise-sensitive frequency bands.
The combination of its 3mm x 3mm
DFN-10 (or MSOP-10) package and
high switching frequency keeps ex-
ternalinductorsand capacitors small,
providing a very compact, thermally
ef cient footprint.
TheLTC3565usesinternal switches
withanR pgon)0fonly0.13  7(N-Chan-
nellower FET)and 0.15 7 (P-Channel
upper FET) to deliver ef ciencies
as high as 95%. It also utilizes low
dropout 100% duty cycle operation
to allow output voltages equalto V.,
further extending battery run time.
The LTC3565 utilizes Automatic Low
Ripple ( < 25mV p_p) Burst Mode ©
operation to offer only 40pA no load
quiescentcurrent. Ifthe applicationis
noise sensitive, Burst Mode operation
can be disabled using a lower noise
pulse-skipping mode, whichstill offers
only 330pA of quiescent current. The
LTC3565 can be synchronized to an
external clock throughout its entire
frequency range. Other features in-
clude £2%outputvoltage accuracyand
over-temperature protection. L

LT3751, continued from page 13

LT3751 controller,andthe optocoupler
on the feedback resistor divider. The
auxiliarywindings provide the desired
galvanic isolation boundary while
maintaining anisolated feedback path
from the output node to the LT3751
FB pin. Figures 12 and 13 show the
regulator’s performance.

The fully isolated, high voltage in-
put/output regulator yields over 90%
ef ciency. Loadregulationis excellent
as shown in Figure 13b, due mainly
to the added gain of the optocoupler
circuit.

Conclusion

The ability to run from any input

supply voltage ranging from 4.75V
to greater than 400V and the abun-

dance of safety features make the
LT3751 an excellent choice for high
voltage capacitor chargers or high
voltage regulated power supplies. In
fact, the LT3751 is, for now, the only
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Figure 13. Fully isolated, high voltage regulator performance

boundary-mode capacitor charger
controller that can accurately operate
from extremely high input voltages.
The LT3751 simpli es design by in-
tegrating many functions that—due
to cost and board real-estate—would
otherwise not be realizable. Although
several designs are shown here, the

LT3751 includes many more features
than we can show in one article. We
recommended consulting the data
sheet or calling the Linear Technology
applications engineering department
formore in-depth coverage ofall avail-
able features. L
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