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TECHNOLOGY

FEATURES

High Voltage Operation: Up to 60V

Large 1Q Gate Drivers

No Current Sense Resistor Required

Dual N-Channel MOSFET Synchronous Drive
Extremely Fast Transient Response

+0.5% 0.8V Voltage Reference
Programmable Soft-Start

Generates 5.5V Driver Supply

Selectable Pulse-Skipping Mode Operation
Power Good Qutput Voltage Monitor
Adjustable On-Time/Frequency: tonwminy < 100ns
Adjustable Cycle-by-Cycle Current Limit
Undervoltage Lockout On Driver Supply
Output Overvoltage Protection

Thermally Enhanced 16-Pin TSSOP Package

APPLICATIONS

® 48V Telecom and Base Station Power Supplies
® Networking Equipment, Servers
= Automotive and Industrial Control Systems

| t /\D LTC3812-5

60V Current Mode
Synchronous Switching
Reyulutor Conftroller

DESCRIPTION

The LTC3812-5 is a synchronous step-down switching
regulator controller that can directly step down voltages
from up to 60V input, making it ideal for telecom and
automotive applications. The LTC3812-5 uses a constant
on-time valley current control architecture to deliver very
low duty cycles with accurate cycle-by-cycle current limit
without requiring a sense resistor.

A precise internal reference provides 0.5% DC accuracy.
A high bandwidth (25MHz) error amplifier provides very
fast line and load transient response. Large 1Q gate driv-
ers allow the LTC3812-5 to drive large power MOSFETs
for higher current applications. The operating frequency
is selected by an external resistor and is compensated for
variations in Vjy. A shutdown pin allows the LTC3812-5 to
be turned off reducing the supply current to <230pA.

Integrated bias control generates gate drive power from
theinputsupply during start-up and when an output short-
circuit occurs, with the addition of a small external SOT23
MOSFET. When in regulation, power is derived from the
outputforhigherefficiency.

LY, LT LTC, LTM, Linear Technology and the Linear logo are registered trademarks of Linear
Technology Corporation. All other trademarks are the property of their respective owners.
Protected by U.S. Patents including 5481178, 5847554, 6304066, 6476589, 6580258,
6677210, 6774611.
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LTC3812-5

ABSOLUTE MAXIMUM RATINGS

(Note 1)
Supply Voltages
INTVGG covvrecrereee e -0.3Vto 14V
(INTVge — PGND), (BOOST = SW) ......... -0.3Vto 14V
BOOST (Continuous) ......cevvevvcecerereene. -0.3V 10 85V
BOOST (<400MS) ..ovvevveveeirieiererene, -0.3Vto 95V
EXTVEG covvvevevieiecee e -0.3Vto 15V
(EXTVge = INTVEE) v, -12Vto 12V
(NDRV — INTVc) Voltage.........cccvevveveeee, -0.3Vto 10V
SW Voltage (Continuous)........ccceveeeerecerenn. -1V to 70V
SW Voltage (400mMS).....ccovrurererncrrrireennes -1V to 80V
lon Voltage (Continuous) ......cccevvveeeveennen. -0.3Vto 70V
lon Voltage (400mMS) ... -0.3V to 80V
RUN/SS VORAQE ..., -0.3Vto 5V
PGOOD Voltage.........cccocovvveveerereeecee, -0.3Vto 7V
VRnG, FCB Voltages........cccoeevivievcvcicae. -0.3V 1o 14V
FB VOItage.......cccoovvvvveeiiiscceecceeies -0.3Vto 2.7V
TG, BG, INTVgg, EXTVge RMS Currents................. 50mA
Operating Junction Temperature Range
(NOtES 2, 3, 7) ceevereireereiereeseiee -40°C to 125°C
Storage Temperature Range................... -65°C to 150°C
Lead Temperature (Soldering, 10 SEC) .......ccevce... 300°C

TOP VIEW
ov (1] ,_____ . [fel Boost
Vane [2] | I [i5] 16
PGOOD [3] i | [ sw
|
Fee [4] | oo [13] PGND
(5] | I I12] 86
Ves 6/ i i [11] INTVgg
RUN/SS [7] L [10] EXTVee
seND [8] 9] NDRV
FE PACKAGE
16-LEAD PLASTIC TSSOP
Tymax = 125°C, 0y = 38°C/W
EXPOSED PAD (PIN 17) IS GND, MUST BE SOLDERED TO PCB

ORDER INFORMATION

LEAD FREE FINISH TAPE AND REEL PART MARKING* PACKAGE DESCRIPTION TEMPERATURE RANGE
LTC3812EFE-5#PBF LTC3812EFE-5#TRPBF 3812EFE-5 16-Lead Plastic TSSOP -40°C to 125°C
LTC3812IFE-5#PBF LTC3812IFE-5#TRPBF 3812IFE-5 16-Lead Plastic TSSOP -40°C to 125°C
Consult LTC Marketing for parts specified with wider operating temperature ranges.
Consult LTC Marketing for information on non-standard lead based finish parts.
For more information on lead free part marking, go to: http://www.linear.com/leadfree/
For more information on tape and reel specifications, go to: http://www.linear.com/tapeandreel/
38125fc
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LTC3812-5
GLGCT“'C“L CHHRHCTGBISTICS The e denotes specifications which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C (Note 2), INTV¢c = Veoost = VrG = Vextvee = Vory = 5V, Vece = Vsw =
0V, unless otherwise specified.

SYMBOL | PARAMETER | CONDITIONS MIN TYP MAX UNITS
Main Control Loop
INTVeg INTV¢c Supply Voltage ® | 435 14 \
I INTVee Supply Current RUN/SS > 1.5V (Notes 4, 5) 3 6 mA
INTV¢c Shutdown Current RUN/SS = 0V 224 600 HA
IB0osST BOOST Supply Current RUN/SS > 1.5V (Note 5) 240 400 pA
RUN/SS = 0V 0 5 HA
Vs Feedback Voltage (Note 4) 0.796 0.800 0.804 v
0°C to 85°C ® | 0794 0800 0.806 Vv
-40°C to 85°C ® | 0792 0800 0.806 v
-40°C to 125°C ® | 0792 0800 0.808 v
AVER LINE Feedback Voltage Line Regulation 5V < INTVgg < 14V (Note 4) [ 0.002 0.02 %/
VSENSE(MAX) Maximum Current Sense Threshold Virng =2V, Vig = 0.76V 256 320 384 mV
VRng = 0V, Vig = 0.76V 70 95 120 mV
Veng = INTVgg, Vrg = 0.76V 170 215 260 mV
VSENSEMIN) Minimum Current Sense Threshold Virng =2V, Vpg = 0.84V -300 mV
VRNG =0V Vpg = 0.84V -85 mV
VRg = INTVgg, Vg = 0.84V -200 mV
lvrg Feedback Current Vg =0.8V 20 150 nA
AygL(EA) Error Amplifier DC Open-Loop Gain 65 100 dB
fu Error Amp Unity Gain Crossover (Note 6) 25 MHz
Frequency
Vi FCB Threshold Vg Rising 0.75 0.8 0.85 \
IFcs FCB Current FCB = 5V 0 1 HA
VRuN/SS Shutdown Threshold 1.2 15 2 V
lRUN/SS RUN/SS Source Current RUN/SS = 0V 0.7 1.4 2.5 HA
VWecuv INTV¢c Undervoltage Lockout
Linear Regulator Mode INTV¢g Rising, Inpry = 100pA o 4.05 4.2 4.35 \
External Supply Mode INTV¢g Rising, NDRV = INTV¢g = EXTV¢g ® | 405 4.2 4.35 \
Trickle-Charge Mode INTVg Rising, NDRV = INTVgg, EXTVge=0 | ® | 8.70 9.0 9.30 v
INTVg Falling 3.7 Vv
Oscillator
ton On-Time lon = 100pA 1.55 1.85 2.15 s
lon = 300pA 515 605 695 ns
tonminy Minimum On-Time lon = 2500pA 100 ns
torF(MIN Minimum Off-Time 250 350 ns
Driver
IBG,PEAK BG Driver Peak Source Current Vgg =0V 0.7 1 A
RBG,SINK BG Driver Pull-Down Rps(on) 1 1.5 Q
I16 PEAK TG Driver Peak Source Current Vig—Vsw =0V 0.7 1 A
R16.sINK TG Driver Pull-Down RDS(ON) 1 1.5 Q
PGOOD Output
AVegoy PGOOD Upper Threshold Vrg Rising 7.5 10 12.5 %
PGOOD Lower Threshold Vg Falling -7.5 -10 -12.5 %
AV HyST PGOOD Hysterisis Vg Returning 1.5 3 %
Vpgoon PGOOD Low Voltage lpgoop = SmA 0.3 0.6 \

38125fc
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LTC3812-5

GLGCT“'C“L CHHRHCTGRBTKS The e denotes specifications which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C (Note 2), INTV¢c = Veoost = VrG = Vextvee = Vory = 5V, Vece = Vsw =

0V, unless otherwise specified.

SYMBOL PARAMETER CONDITIONS MIN TYP MAX UNITS
IpgooD PGOOD Leakage Current Vpgoop =5V 0 2 HA
PG Delay PGOQD Delay Vg Falling 120 us
V¢c Regulators
VExTvee EXTV¢g Switchover Voltage
EXTV¢c Rising ° 4.5 4.7 v
EXTV¢c Hysterisis 0.1 0.25 0.4 v
VINTVCC,1 INTV¢c Voltage from EXTV¢g 6V < Vextveg < 15V 5.2 5.5 5.8 \
AVEXTVEG A Vextvee - VinTvee at Dropout lgc = 20mA, Vextyeg = 5V 75 150 mV
AV 0ADREG 1 INTVc Load Regulation from EXTVgg | Igo = 0mA to 20mA, Vexryee = 10V 0.01 %
ViNTvee 2 INTV¢c Voltage from NDRV Regulator | Linear Regulator in Operation 5.2 55 5.8 v
AVL0ADREG.2 INTV¢c Load Regulation from NDRV lgc = 0mA to 20mA, Vextvee =0 0.01 %
INDRY Current into NDRV Pin Vinory = Vintvee = 3V 20 40 60 HA
INDRVTO Linear Regulator Timeout Enable 210 270 350 pA
Threshold
Veosr Maximum Supply Voltage Trickle Charger Shunt Regulator 15 \
lccsr Maximum Current into NDRV/INTVgg | Trickle Charger Shunt Regulator, 10 mA
INTVgg < 16.7V (Note 8)

Note 1: Stresses beyond those listed under Absolute Maximum Ratings
may cause permanent damage to the device. Exposure to any Absolute
Maximum Rating condition for extended periods may affect device
reliability and lifetime.

Note 2: The LTC3812-5 is tested under pulsed load conditions such that
Ty =Tp.The LTC3812E-5 is guaranteed to meet performance specifications
from 0°C to 85°C. Specifications over the —40°C to 125°C operating
junction temperature range are assured by design, characterization and
correlation with statistical process controls. The LTC3812I-5 is guaranteed
to meet performance specifications over the full -40°C to 125°C operating
junction temperature range.

Note 3: T, is calculated from the ambient temperature T and power
dissipation Pp according to the following formula:

LTC3812-5: T = Ta + (Pp * 38°C/W)

Note 4: The LTC3812-5 is tested in a feedback loop that servos Vg to the
reference voltage with the Ity pin forced to a voltage between 1V and 2V.
Note 5: The dynamic input supply current is higher due to the power
MOSFET gate charging being delivered at the switching frequency

(Qg * fosc)-

Note 6: Guaranteed by design. Not subject to test.

Note 7: This IC includes overtemperature protection that is intended

to protect the device during momentary overload conditions. Junction
temperature will exceed 125°C when overtemperature protection is active.
Continuous operation above the specified maximum operating junction
temperature may impair device reliability.

Note 8: I is the sum of current into NDRV and INTV .

PARAMETER LTC3810 LTC3810-5 LTC3812-5
Maximum Vi 100V 60V 60V
MOSFET Gate Drive 6.35V to 14V 4.5V 10 14V 4.5V t0 14V
INTVgg UVH 6.2V 4.2V 4.2V
INTVgg UV 6V 4V 4V
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LTC3812-5

TYPICAL PERFORMANCE CHARACTERISTICS
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LTC3812-5

TYPICAL PERFORMANCE CHARACTERISTICS
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LTC3812-5

TYPICAL PERFORMANCE CH
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LTC3812-5

TYPICAL PERFORMANCE CHARACTERISTICS
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PIN FUNCTIONS

Ion (Pin1): On-Time Current Input. Tie a resistor from Vi
to this pin to set the one-shot timer current and thereby
set the switching frequency.

Vrng (Pin 2): Sense Voltage Limit Set. The voltage at this
pin sets the nominal sense voltage at maximum output
current and can be set from 0.5V to 2V by a resistive
divider from INTV¢c. The nominal sense voltage defaults
t0 95mV when this pin is tied to ground, and 215mV when
tied to INTV¢g.

PGOOD (Pin 3): Power Good Output. Open-drain logic
output that is pulled to ground when the output voltage
is not between +10% of the regulation point. The output
voltage must be out of regulation for at least 120ps before
the power good output is pulled to ground.

FCB (Pin 4): Pulse-Skipping Mode Enable Pin. This pin
provides pulse-skipping mode enable/disable control.
Pulling this pin below 0.8V disables pulse-skipping mode
operationand forces continuous operation. Pulling this pin
above 0.8V enables pulse-skipping mode operation. This
pin can also be connected to a feedback resistor divider
from a secondary winding on the inductor to regulate a
second output voltage.

Ity (Pin 5): Error Amplifier Compensation Point and Cur-
rent Control Threshold. The current comparator threshold
increases with control voltage. The voltage ranges from
0Vto 2.6V with 1.2V corresponding to zero sense voltage
(zero current).

VEg (Pin6): Feedback Input. Connect Vrgthrougharesistor
divider network to Voyt to set the output voltage.

RUN/SS (Pin 7): RUN/Soft-Start Input. For soft-start, a
capacitor to ground at this pin sets the ramp rate of the
output voltage (approximately 0.6s/uF). Pulling this pin
below 1.5V will shut down the LTC3812-5, turn off both of
the external MOSFET switches and reduce the quiescent
supply current to 224pA.

SGND (Pin8): Signal Ground. All small-signal components
should connect to this ground and eventually connect to
PGND at one point.

NDRV (Pin 9): Drive Output for External Pass Device of
the Linear Regulator for INTVgg. Connect to the gate of
an external NMOS pass device and a pull-up resistor to
the input voltage Vy.

38125fc
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LTC3812-5

PIN FUNCTIONS

EXTV¢c (Pin 10): External Driver Supply Voltage. When
this voltage exceeds 4.2V, an internal switch connects
this pin to INTV¢g through an LDO and turns off the exter-
nal MOSFET connected to NDRV, so that controller and
gate drive are drawn from EXTVg.

INTV¢c (Pin 11): Main Supply and Driver Supply Pin. All
internal circuits and bottom gate output driverare powered
from this pin. INTV¢g should be bypassed to SGND and
PGND with a low ESR (X5R or better) 1pF capacitor in
close proximity to the LTC3812-5.

BG (Pin 12): Bottom Gate Drive. The BG pin drives the
gate of the bottom N-channel synchronous switch MOSFET.
This pin swings from PGND to INTV¢g.

PGND (Pin 13): Bottom Gate Return. This pin connects
to the source of the pull-down MOSFET in the BG driver
and is normally connected to ground.

SW (Pin 14): Switch Node Connection to Inductor and
Bootstrap Capacitor. Voltage swing at this pin is from a
Schottky diode (external) voltage drop below ground
to V).

TG (Pin 15): Top Gate Drive. The TG pin drives the gate of
the top N-channel synchronous switch MOSFET. The TG
driver draws power from the BOOST pin and returns to the
SW pin, providing true floating drive to the top MOSFET.

BOOST (Pin 16): Top Gate Driver Supply. The BOOST pin
supplies power to the floating TG driver. BOOST should
be bypassed to SW with a low ESR (X5R or better) 0.1pF
capacitor. An additional fast recovery Schottky diode from
INTV¢c to the BOOST pin will create a complete floating
charge-pumped supply at BOOST.

GND (Exposed Pad Pin 17): Ground. The Exposed Pad
must be soldered to PCB ground.

38125fc
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LTC3812-5
FUNCTIONAL DIAGRAM
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LTC3812-5

OPERATION

Main Control Loop

The LTC3812-5 is a current mode controller for DC/DC
step-down converters. In normal operation, the top
MOSFET is turned on for a fixed interval determined by
a one-shot timer (OST). When the top MOSFET is turned
off, the bottom MOSFET is turned on until the current
comparator Igyp trips, restarting the one-shot timer and
initiating the next cycle. Inductor current is determined by
sensing the voltage between the PGND and SW pins using
the bottom MOSFET on-resistance. The voltage on the Ity
pin sets the comparator threshold corresponding to the
inductor valley current. The fast 25MHz error amplifier EA
adjusts this voltage by comparing the feedback signal Vrg
to the internal 0.8V reference voltage. If the load current
increases, it causes a drop in the feedback voltage relative
tothe reference. The Ity voltage thenrises until the average
inductor current again matches the load current.

The operating frequency is determined implicitly by the top
MOSFET on-time and the duty cycle required to maintain
regulation. The one-shottimer generates an ontime thatis
proportionaltotheideal duty cycle, thus holding frequency
approximately constant with changes in V. The nominal
frequency can be adjusted with an external resistor Roy.

Pulling the RUN/SS pin low forces the controller into its
shutdown state, turning off both M1 and M2. Forcing a
voltage above 1.5V will turn on the device.

PULSE SKIPPING MODE

/AVAVAVAN

0A

DECREASING

LOAD
CURRENT /\ /\

0A

0A

Pulse-Skipping Mode

The LTC3812-5 can operateinone oftwo modes selectable
with the FCB pin—pulse-skipping mode or forced
continuous mode (see Figure 1). Pulse-skipping mode is
selected whenincreased efficiency at light loads is desired
(see Figure 2). Inthis mode, the bottom MOSFET is turned
off when inductor current reverses to minimize efficiency
loss dueto reverse current flow and gate charge switching.
At low load currents, Ity will drop below the zero current
level (1.2V) shutting off both switches. Both switches will
remain off with the output capacitor supplying the load
current until the Ity voltage rises above the zero current
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Figure 2. Efficiency in Pulse-Skipping/Forced Continuous Modes

FORCED CONTINUOUS
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Figure 1. Comparison of Inductor Current Waveforms for Pulse-Skipping Mode

and Forced Continuous Operation
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LTC3812-5

OPERATION

level to initiate another cycle. In this mode, frequency is
proportional to load current at light loads.

Pulse-skipping mode operationis disabled by comparator F
whenthe FCB pinis brought below 0.8V, forcing continuous
synchronous operation. Forced continuous mode is less
efficient due to resistive losses, but has the advantage of
better transient response at low currents, approximately
constant frequency operation, and the ability to maintain
regulation when sinking current.

Fault Monitoring/Protection

Constant on-time current mode architecture provides ac-
curate cycle-by-cycle current limit protection—a feature
thatis veryimportantfor protecting the high voltage power
supply from output short-circuits. The cycle-by-cycle cur-
rentmonitor guarantees thatthe inductor current will never
exceed the value programmed on the Vgyg pin.

Foldback current limiting provides further protection if the
output is shorted to ground. As Vg drops, the buffered
currentthreshold voltage Itygis pulled downand clamped
to 1V. This reduces the inductor valley current level to
one-sixth of its maximum value as Vg approaches 0V.
Foldback current limiting is disabled at start-up.

Overvoltage and undervoltage comparators OV and UV
pull the PGOOD output low if the output feedback voltage
exits a +10% window around the regulation point after the
internal 120ps power bad masktimer expires. Furthermore,
in an overvoltage condition, M1 is turned off and M2 is
turned on immediately and held on until the overvoltage
condition clears.

The LTC3812-5 provides an undervoltage lockout com-
parator for the INTVg supply. The INTV¢g UV threshold
is 4.2V to guarantee that the MOSFETs have sufficient
gate drive voltage before turning on. If INTVqg is under
the UV threshold, the LTC3812-5 is shut down and the
drivers are turned off.

Strong Gate Drivers

The LTC3812-5 contains very low impedance drivers
capable of supplyingamps of currentto slew large MOSFET

gates quickly. This minimizes transition losses and allows
paralleling MOSFETs for higher current applications. A
60V floating high side driver drives the topside MOSFET
and a low side driver drives the bottom side MOSFET
(see Figure 3). The bottom side driver is supplied directly
from the INTVgc pin. The top MOSFET drivers are biased
from floating bootstrap capacitor Cg, which normally is
recharged during each off cycle through an external diode
from INTV¢e when the top MOSFET turns off. In pulse-
skipping mode operation, where it is possible that the
bottom MOSFET will be off for an extended period of time,
aninternal timeout guarantees that the bottom MOSFET is
turned on at least once every 25ps for one on-time period
to refresh the bootstrap capacitor.

INTV¢g

LTC3812-5 |INTVgg l Ds
BOOST | i

|
| g M2 Cour
PGND
J_ 38125 F03

Figure 3. Floating TG Driver Supply and Negative BG Return

IC/Driver Supply Power

The LTC3812-5’s internal control circuitry and top and
bottom MOSFET drivers operate from a supply voltage
(INTVgg pin) in the range of 4.2V to 14V. The LTC3812-5
has two integrated linear regulator controllers to easily
generate this IG/driver supply from either the high voltage
input or from the output voltage. For best efficiency the
supply is derived from the input voltage during start-up
and then derived from the lower voltage output as soon
as the output is higher than 4.7\ Alternatively, the supply
can be derived from the input continuously if the output is
< 4.7V or an external supply in the appropriate range can
be used. The LTC3812-5 will automatically detect which
mode is being used and operate properly.

38125fc
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OPERATION

The four possible operating modes for generating this
supply are summarized as follows (see Figure 4):

1. LTC3812-5generatesa 5.5V start-up supply fromasmall
external SOT-23 NMOS acting as linear regulator with
drain connected to V,y and gate controlled by the
LTC3812-5's internal linear regulator controller through
the NDRV pin. As soon as the output voltage reaches
4.7V, the 5.5V IC/driver supply is derived from the
output through an internal low dropout regulator to
optimize efficiency. If the output is lost due to a short,
the LTC3812-5 goes through repeated low duty cycle
soft-start cycles (with the drivers shut off in between)
to attempt to bring up the output without burning up
the SOT-23 NMOS. This scheme eliminates the long
start-up times associated with a conventional trickle
charger by using an external NMOS to quickly charge
the 1C/driver supply capacitor (Cintvec).

2. Similar to (1) except that the external NMOS is used
for continuous IG/driver power instead of just for start-
up. The NMOS is sized for proper dissipation and the

Mode 1: MOSFET for Start-Up Only

driver shutdown/restart for Voyt < 4.7V is disabled.
This scheme is less efficient but may be necessary if
Vout < 4.7V and a boost network is not desired.

3. Trickle charge mode provides an even simpler approach

by eliminating the external NMOS. The IC/driver supply
capacitors are charged through a single high valued
resistorconnected totheinputsupply. Whenthe INTV¢g
voltage reaches the turn-on threshold of 9V (automati-
cally raised from 4.2V to provide extra headroom for
start-up), the drivers turn on and begin charging up the
output capacitor. Whenthe output reaches 4.7V, IC/driver
poweris derived fromthe output. Intrickle-charge mode,
the supply capacitors must have sufficient capacitance
such that they are not discharged below the 4V INTV¢e
UV threshold before the output is high enough to take
over or else the power supply will not start.

4. Lowvoltage supplyavailable. The simplestapproachis if

alowvoltage supply (between4.2Vand 14V) isavailable
and connected directly to the IG/driver supply pins.

Mode 2: MOSFET for Continuous Use

Vin
I>270pA | | '
>270p l ) 3
S
I I
NDRV |
5.5V
INTVge n
LTC3812-5 -
EXTVg Vour (> 4.7V)
. v
Mode 3: Trickle Charge Mode '
S
NDRV
INTV 55V
(o]0 n
LTC3812-5 E
EXTVce Vour

Figure 4. Operating Modes for IC/Driver Supply

Vin
I<270pA | | T
<270y l<:
S
II
NDRV |
INTVg 55V
LTC3812-5 -
EXTV¢e j
Mode 4: External Supply
NDRV
INTVge +-
LTC3812-5 &L ‘1‘42\>’ 10
= = 38125F04
EXTVee
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LTC3812-5

APPLICATIONS INFORMATION

The basic LTC3812-5 application circuit is shown on the
first page of this data sheet. External component selection
is primarily determined by the maximum inputvoltage and
load current and begins with the selection of the power
MOSFET switches. The LTC3812-5 uses the on-resistance
of the synchronous power MOSFET for determining the
inductor current. The desired amount of ripple current
and operating frequency largely determines the inductor
value. Next, Gy is selected for its ability to handle the
large RMS current into the converter and Cqyt is chosen
with low enough ESR to meet the output voltage ripple
and transient specification. Finally, loop compensation
components are selected to meet the required transient/
phase margin specifications.

MAXIMUM SENSE VOLTAGE AND Vgyg PIN

Inductor current is determined by measuring the voltage
acrossasense resistance (the on-resistance of the bottom
MOSFET) that appears between the PGND and SW pins.
The maximum sense voltage is set by the voltage applied
to the VRyng pin and is equal to approximately:

VSENSE(IVIAX) =0.173VRng — 0.026

The current mode control loop will not allow the inductor
current valleys to exceed Vsensegmax)y/Rsense. In prac-
tice, one should allow some margin for variations in the
LTC3812-5 and external component values and a good
guide for selecting the sense resistance is:

VSENSE(VAX)

Reencr =
SENSE 1.3<loytvax)

An external resistive divider from INTVgg can be used
to set the voltage of the Vgyg pin between 0.5V and 2V
resulting in nominal sense voltages of 60mV to 320m\.
Additionally, the Vgyg pin can be tied to SGND or INTVg
in which case the nominal sense voltage defaults to 95mV
or 215mV, respectively.

POWER MOSFET SELECTION

The LTC3812-5 requires two external N-channel power
MOSFETs, one for the top (main) switch and one for the
bottom (synchronous) switch. Important parameters for
the power MOSFETs are the breakdown voltage BVpss,
threshold voltage V(gs)tw, on-resistance Rps(on), input
capacitance and maximum current Ipg(yax)-

Since the bottom MOSFET is used as the current sense
element, particular attention must be paid to its on-resis-
tance. MOSFET on-resistance is typically specified with
a maximum value Rpgon)max) at 25°C. In this case,
additional margin is required to accommodate the rise in
MOSFET on-resistance with temperature:

Rsense
PT

Rps(onymax) =

The pt term is a normalization factor (unity at 25°C)
accounting for the significant variation in on-resistance
with temperature (see Figure 5) and typically varies
from 0.4%/°C to 1.0%/°C depending on the particular
MOSFET used.

2.0

7

0.5

P71 NORMALIZED ON-RESISTANCE
=

0
=50 0 50 100 150
JUNCTION TEMPERATURE (°C)

38125 FO5

Figure 5. Rpg(on) vs Temperature
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APPLICATIONS INFORMATION

The mostimportant parameter in high voltage applications
is breakdown voltage BVpgs. Both the top and bottom
MOSFETs will see full input voltage plus any additional
ringing on the switch node across its drain-to-source dur-
ing its off-time and must be chosen with the appropriate
breakdown specification. The LTC3812-5 is designed to
be used with a 4.5V to 14V gate drive supply (INTVgg pin)
for driving logic-level MOSFETSs (Vgs(miny > 4.9V).

For maximum efficiency, on-resistance Rpg(on) and input
capacitance should be minimized. Low Rpg(ony minimizes
conduction losses and low input capacitance minimizes
transition losses. MOSFET input capacitance is a combi-
nation of several components but can be taken from the
typical “gate charge” curve included on most data sheets
(Figure 6).

— Vin

MILLER EFFECT

+
Vbs

Qi V(;_s ﬁ_u

CmiLLer = (O — Qa)Vps

= 3812506

Figure 6. Gate Charge Characteristic

The curve is generated by forcing a constant input cur-
rent into the gate of a common source, current source
loaded stage and then plotting the gate voltage versus
time. The initial slope is the effect of the gate-to-source
and the gate-to-drain capacitance. The flat portion of the
curve is the result of the Miller multiplication effect of the
drain-to-gate capacitance as the drain drops the voltage
across the current source load. The upper sloping line is
due to the drain-to-gate accumulation capacitance and
the gate-to-source capacitance. The Miller charge (the
increase in coulombs on the horizontal axis from ato b
while the curve is flat) is specified for a given Vpg drain

voltage, but can be adjusted for different Vpg voltages by
multiplying by the ratio of the application Vpg to the curve
specified Vpg values. A way to estimate the Cpygr term
is to take the change in gate charge from points a and b
on a manufacturers data sheet and divide by the stated
Vps voltage specified. Gy Lgr is the most important se-
lection criteria for determining the transition loss termin
the top MOSFET but is not directly specified on MOSFET
data sheets. Crgs and Cog are specified sometimes but
definitions of these parameters are not included.

When the controller is operating in continuous mode the
duty cycles for the top and bottom MOSFETs are given by:

Main Switch Duty Cycle=~0UT
Vin

i Vin — Vour

Synchronous Switch Duty Cyc|e:V—

N

The power dissipation for the main and synchronous
MOSFETs at maximum output current are given by:

V 2
Prop = %('MAX) (P7)Rps(on) +

|
Vi %(RDR)(CMMER)‘

1 N 1 (0
Ve = Vrhayy  Vregu

P _ Vin=Vour
BOT Viy

(|MAx)2(PT)RDS(0N)

where pr is the temperature dependency of Rpg(on), Ror
is the effective top driver resistance (approximately 2Q at
Vs = VmiLLER), Vi is the drain potential and the change
in drain potential in the particular application. Vy) is
the data sheet specified typical gate threshold voltage
specified in the power MOSFET data sheet at the specified
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APPLICATIONS INFORMATION

drain current. CyLLEr is the calculated capacitance using
the gate charge curve from the MOSFET data sheet and
the technique described above.

Both MOSFETs have I2R losses while the topside N-chan-
nel equation incudes an additional term for transition
losses, which peak at the highest input voltage. For high
input voltage low duty cycle applications that are typical
for the LTC3812-5, transition losses are the dominate
loss term and therefore using higher Rpg(on) device with
lower Gy Ler usually provides the highest efficiency. The
synchronous MOSFET losses are greatest at high input
voltage when the top switch duty factor is low or during a
short-circuit when the synchronous switch is on close to
100% of the period. Since there is no transition loss term
inthe synchronous MOSFET, optimal efficiency is obtained
by minimizing Rps(ony —by using larger MOSFETSs or
paralleling multiple MOSFETS.

Multiple MOSFETs can be used in parallel to lower
Ros(on) and meet the current and thermal requirements
if desired. The LTC3812-5 contains large low impedance
drivers capable of driving large gate capacitances without
significantly slowing transition times. In fact, when driv-
ing MOSFETs with very low gate charge, it is sometimes
helpful to slow down the drivers by adding small gate
resistors (102 or less) to reduce noise and EMI caused
by the fast transitions.

1000

OPERATING FREQUENCY

The choice of operating frequency is a tradeoff between
efficiency and component size. Low frequency operation
improves efficiency by reducing MOSFET switching losses
but requires larger inductance and/or capacitance in order
to maintain low output ripple voltage.

The operating frequency of LTC3812-5 applications is
determined implicitly by the one-shot timer that controls
the on-time tgy of the top MOSFET switch. The on-time
is set by the current out of the lgy pin and the voltage at
the Voy pin according to:

2.4V
oy == (76pF)

lon

Tying a resistor Ry from Vy to the lgy pin yields an
on-time inversely proportional to V,y. For a step-down
converter, this results inapproximately constant frequency
operation as the input supply varies:

_ Vour
2.4V * Ry (76pF)

[ Hz]

Figure 7 shows how Rqy relates to switching frequency
for several common output voltages.

W
\\\ ‘\VOUT =12V
SAVIIAN
Vour = 330 \ ‘VOUT =5V

\

SWITCHING FREQUENCY (kHz)

\\\ \\

100

100 1000
Ron (k@)

38112 F07

Figure 7. Switching Frequency vs Rgy

38125fc

10

LY N



LTC3812-5

APPLICATIONS INFORMATION
MINIMUM OFF-TIME AND DROPOUT OPERATION

The minimum off-time topr(min) is the smallest amount of
time that the LTC3812-5 is capable of turning on the bot-
tom MOSFET, tripping the current comparator and turning
the MOSFET back off. This time is generally about 250ns.
The minimum off-time limit imposes a maximum duty
cycle of ton/(ton + torrgviny)- If the maximum duty cycle
is reached, due to a dropping input voltage for example,
then the output will drop out of regulation. The minimum
input voltage to avoid dropout is:

ton + Lorr(uin

Vingwiny = Vout o

A plot of maximum duty cycle vs frequency is shown in
Figure 8.

INDUCTOR SELECTION

Given the desired input and output voltages, the induc-
tor value and operating frequency determine the ripple
current:

V V
Al = ouT 1- ouT
. [ fL J( Vin

Lower ripple current reduces core losses in the inductor,
ESR losses in the output capacitors and output voltage
ripple. Highest efficiency operation is obtained at low
frequency with small ripple current. However, achieving

this requires a large inductor. There is a tradeoff between
component size, efficiency and operating frequency.

A reasonable starting point is to choose a ripple current
that is about 40% of lgyr(max). The largest ripple current
occurs at the highest V. To guarantee that ripple current
does not exceed a specified maximum, the inductance
should be chosen according to:

Vour

_ ~ Vour
L 1
FAIL ax) Vingwax)

Once the value for L is known, the type of inductor must
be selected. High efficiency converters generally cannot
affordthe core loss foundinlow costpowderedironcores,
forcing the use of more expensive ferrite, molypermalloy
or Kool Mp® cores. A variety of inductors designed for
high current, low voltage applications are available from
manufacturers such as Sumida, Panasonic, Coiltronics,
Coilcraft and Toko.

SCHOTTKY DIODE D1 SELECTION

The Schottky diode D1 shown in the front page schematic
conducts during the dead time between the conduction of
the power MOSFET switches. Itis intended to prevent the
body diode of the bottom MOSFET from turning on and
storing charge during the dead time, which can cause a
modest (about 1%) efficiency loss. The diode can be rated
for about one half to one fifth of the full load current since

2.0

~
o

DROPOUT
REGION

o
3]

SWITCHING FREQUENCY (MHz)
o

0 0.25

0.50 0.75 1.0

DUTY CYCLE (Vout/Vin)

38125 F08

Figure 8. Maximum Switching Frequency vs Duty Cycle
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APPLICATIONS INFORMATION

itis onfor only a fraction of the duty cycle. In order for the
diode to be effective, the inductance between it and the
bottom MOSFET must be as small as possible, mandating
thatthese components be placed adjacently. The diode can
be omitted if the efficiency loss is tolerable.

INPUT CAPACITOR SELECTION

In continuous mode, the drain current of the top MOSFET
is approximately a square wave of duty cycle Vout/Vin
which must be supplied by the input capacitor. To prevent
large input transients, a low ESR input capacitor sized for
the maximum RMS current is given by:

1/2
0

This formula has a maximum at V= 2Vqyr, where Igys =
logmax)/2. This simple worst-case condition is commonly
used for design because even significant deviations do not
offer much relief. Note that the ripple current ratings from
capacitor manufacturers are often based on only 2000
hours of life. This makes it advisable to further derate
the capacitor or to choose a capacitor rated at a higher
temperature than required. Several capacitors may also
be placed in parallel to meet size or height requirements
in the design.

Vin
Vout

leinrms) =logax) M{
Vin

Because tantalumand OS-CON capacitorsare notavailable
in voltages above 30V, ceramics or aluminum electrolytics
must be used for regulators with input supplies above 30V.
Ceramic capacitors have the advantage of very low ESR
and can handle high RMS current, but ceramics with high
voltage ratings (> 50V) are not available with more than
a few microfarads of capacitance. Furthermore, ceram-
ics have high voltage coefficients which means that the
capacitance values decrease even more when used at the
rated voltage. X5R and X7R type ceramics are recom-
mended for their lower voltage and temperature coef-
ficients. Another consideration when using ceramics is
their high Q which, if not properly damped, may result in
excessive voltage stress on the power MOSFETs. Alumi-
num electrolytics have much higher bulk capacitance, but
they have higher ESR and lower RMS current ratings.

A good approach is to use a combination of aluminum
electrolytics for bulk capacitance and ceramics for low ESR
and RMS current. If the RMS current cannot be handled
by the aluminum capacitors alone, when used together,
the percentage of RMS current that will be supplied by the
aluminum capacitor is reduced to approximately:

1
2
1+(8fCREgR)

*100%

% IRms ALUM =

where Rggp is the ESR of the aluminum capacitor and C
is the overall capacitance of the ceramic capacitors. Using
an aluminum electrolytic with a ceramic also helps damp
the high Q of the ceramic, minimizing ringing.

OUTPUT CAPACITOR SELECTION

The selection of Coyr is primarily determined by the ESR
required to minimize voltage ripple. The output ripple
(AVur) is approximately equal to:

1
AVn i <Al | ESR
ouT L( " 8fCour J

Since Al increases with input voltage, the output ripple
is highest at maximum input voltage. ESR also has a sig-
nificant effect on the load transient response. Fast load
transitions at the output will appear as voltage across the
ESR of Coyr until the feedback loop in the LTC3812-5 can
change the inductor current to match the new load current
value. Typically, once the ESR requirement is satisfied the
capacitance is adequate for filtering and has the required
RMS current rating.

Manufacturers such as Nichicon, Nippon Chemi-Con
and Sanyo should be considered for high performance
throughhole capacitors. The 0S-CON (organic semicon-
ductor dielectric) capacitor available from Sanyo has the
lowest product of ESR and size of any aluminum electroly-
tic at a somewhat higher price. An additional ceramic
capacitor in parallel with 0S-CON capacitors is recom-
mended to reduce the effect of their lead inductance.

In surface mount applications, multiple capacitors placed
in parallel may be required to meet the ESR, RMS current
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handlingand load step requirements. Dry tantalum, special
polymerandaluminum electrolytic capacitors are available
in surface mount packages. Special polymer capacitors
offer very low ESR but have lower capacitance density
than other types. Tantalum capacitors have the highest
capacitance density but it is important to only use types
that have been surge tested for use in switching power
supplies. Several excellent surge-tested choices are the
AVXTPS and TPSV or the KEMET T510 series. Aluminum
electrolytic capacitors have significantly higher ESR, but
can be used in cost-driven applications providing that
consideration is given to ripple current ratings and long
term reliability. Other capacitor types include Panasonic
SP and Sanyo POSCAPs.

OUTPUT VOLTAGE

The LTC3812-5 output voltage is set by a resistor divider
according to the following formula:

Vout =0.8V[1+®)
FB2

The external resistor divider is connected to the output as
shown inthe Functional Diagram, allowing remote voltage
sensing. The resultant feedback signal is compared with
the internal precision 800mV voltage reference by the
error amplifier. The internal reference has a guaranteed
tolerance of less than +1%. Tolerance of the feedback
resistors will add additional error to the output voltage.
0.1% to 1% resistors are recommended.

TOP MOSFET DRIVER SUPPLY (Cg, Dg)

Anexternal bootstrap capacitor Cg connected tothe BOOST
pinsupplies the gate drive voltage for the topside MOSFET.
This capacitor is charged through diode Dg from INTVe
when the switch node is low. When the top MOSFET turns
on, the switch node rises to Vjy and the BOOST pin rises
to approximately Vy + INTVgc. The boost capacitor needs
to store about 100 times the gate charge required by the
top MOSFET. In most applications 0.1pF to 0.47pF X5R
or X7R dielectric capacitor is adequate.

The reverse breakdown of the external diode, Dg, must
be greater than Viy(wax). Anotherimportant consideration
for the external diode is the reverse recovery and reverse
leakage, either of which may cause excessive reverse
current to flow at full reverse voltage. If the reverse cur-
rent times reverse voltage exceeds the maximum allow-
able power dissipation, the diode may be damaged. For
best results, use an ultrafast recovery diode such as the
MMDL770TH.

IC/MOSFET DRIVER SUPPLY (INTV¢c)

The LTC3812-5 drivers are supplied from the INTVg¢ and
BOOST pins (see Figure 3), which have an absolute maxi-
mum voltage of 14V. Since the main supply voltage, V y is
typically much higherthan 14V a separate supply forthe IC
and driver power (INTVgg) must be used. The LTC3812-5
has integrated bias supply control circuitry that allows the
IC/driver supply to be easily generated from Vy and/or
Vout with minimal external components. There are four
ways to do this as shown in the simplified schematics of
Figure 4 and explained in the following sections.

Using the Linear Regulator for INTV¢c Supply

In Mode 1, a small external SOT-23 MOSFET, controlled by
the NDRV pin, is used to generate a 5.5V start-up supply
from V). The small SOT-23 package can be used because
the NMOS is on continuously only during the brief start-up
period. As soon as the output voltage reaches 4.7\ the
LTC3812-5turns offthe external NMOS and the LTC3812-5
regulates the 5.5V supply from the EXTV¢ pin (connected
to Voyt or a Voyr derived boost network) through an
internal low dropout regulator. For this mode to work
properly, EXTVge must be in the range 4.7V < EXTV¢¢ <
15V If Voyt < 4.7V, a charge pump or extra winding can
be used to raise EXTV¢c to the proper voltage, or alter-
natively, Mode 2 should be used as explained later in this
section. If Voyr is shorted or otherwise goes below the
minimum 4.5V threshold, the MOSFET connected to V|y
is turned back on to maintain the 5.5V supply. However if
the output cannot be brought up within a timeout period,
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the drivers are turned off to prevent the SOT-23 MOSFET
from overheating. Soft-start cycles are then attempted at
low duty cycle intervals to try to bring the output back
up (see Figure 9). This fault timeout operation is enabled
by choosing the choosing Rypry such that the resistor
current Iyppy is greater than 270pA by using the follow-
ing formulas:

Puosrermax)/lec = Vr
270pA

Rnpry <

where

lcc = ()(Qg(top) + QgBoTTOM)) + SMA
and V7 is the threshold voltage of the MOSFET.
The value of Ryppy also affects the Vymin) as follows:

Vingminy = Vinrveeiny + (40uA) Rypry + Vit (1)

where Vinrvee(miny is normally 4.5V for driving logic level
MOSFETs. If minimum V)y is not low enough, consider
reducing Rypry and/or using a darlington NPN instead of
an NMOS to reduce Vyto ~1.4V.

When using Rypry equal to the computed value, the
LTC3812-5 will enable the low duty cycle soft-start re-
tries only when the desired maximum power dissipation,
Pmosrer(wax), in the MOSFET is exceeded and leave the
drivers on continuously otherwise. The shutoff/restart
times are a function of the RUN/SS capacitor value.

The external NMOS for the linear regulator should be a
standard 3V thresholdtype (i.e., notalogic level threshold).
The rate of charge of Vg from OV to 5.5V is controlled
by the LTC3812-5 to be approximately 75ps regardless of
the size of the capacitor connected to the INTVg¢ pin. The
charging current for this capacitor is approximately:

I - 9.5V C
C={ 75ps | INTVEC

The safe operating area (SOA) for the external NMOS
should be chosen so that capacitor charging does not
damage the NMOS. Excessive values of capacitor are
unnecessary and should be avoided. Typically values in
the 1puF to 10pF work well.

One more design requirement forthis mode isthe minimum
soft-start capacitor value. The fault timeout is enabled
when RUN/SS voltage is greater than 4\, This gives the
power supply time to bring the output up before it starts
the timeout sequence. To prevent timeout sequence from
starting prematurely during start-up,aminimum Cgg value
is necessary to ensure that Vgyn/ss < 4V until Vexyee >
4.7\l To ensure this, choose:

Css > Cour ® (2.3 * 105)/lgyr(max)

Mode 2 should be used if Vqyr is outside of the 4.7V <
EXTVc < 15V operating range and the extra complexity
of a charge pump or extra inductor winding is not wanted

FAULT TIMEOUT
ENABLED ‘ DRIVER OFF THRESHOLD
DRIVER POWER
FROM Vout
RUSS /| | - Iss/TRACK = 1.4A (SOURCE) T

DRIVER POWER DRIVER POWER
FROM Vi FROM V| Iss/TRACK = 0-THA (SINK)
START-UP — EXTVgg UV THRESHOLD
Vout AN /\

SHORT-CIRCUIT EVENT

TG/BG ‘( j \

START-UP INTO SHORT CIRCUIT

)\

38125 F09

Figure 9. Fault Timeout Operation
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to boost this voltage above 4.7V. In this mode, EXTV¢g is
grounded and the NMOS is chosen to handle the worst-
case power dissipation:

Pmosrer= (Vingmax)) [()(Qg(rop) + Qagatrom) +3mA]

To operate properly, the fault timeout operation must be
disabled by choosing

Rnorv > (Vingwax) — 5.9V = Vi7)/270pA

If the required Rypry Vvalue results in an unacceptable
value for Viywiny (see Equation 1), faulttimeout operation
can also be disabled by connecting a 500k to 1M resistor
from RUN/SS to INTVg.

Using Trickle Charge Mode

Trickle charge mode is selected by shorting NDRV and
INTV g and connecting EXTV¢ g to Voyr. Trickle charge mode
has the advantage of not requiring an external MOSFET but
takes longer to start up due to slow charge up of Ciyvee
through RpyLLup (tpeLay = 0.77 * RpyLLup * Cinmvec) and
usually requires a larger INTVgc capacitor value to hold
up the supply voltage during start-up. Once the INTV¢g
voltage reaches the trickle charge UV threshold of 9V, the
drivers will turn on and start discharging C,ymycc at a rate
determined by the driver current lg. In order to ensure
proper start-up, Ciytvce must be chosen large enough so
that the EXTV¢ voltage reaches the switchover threshold
of 4.7V before Ciyyce discharges below the falling UV
threshold of 4V. This is ensured if:

5
COUT or 55107 ¢ CSS
Iwax — Vout(ree)

C|NTVCC >|G °(Larger of

where g is the gate drive current=(f)(Qgtop) + Qg BoTTOM))
and lyax is the maximum inductor current selected by

VRnG.

For RpyLLyp, the value should fall in the following range
to ensure proper start-up:

Min Rpycrup > (Vingmax) — 14V)/lccsr
Max Rpycrup < (Vingwiny = 9V)/la,sHutoown

Using an External Supply Connected to the INTV¢

If an external supply is available between 4.2V and 14V,
the supply can be connected directly to the INTVgg pins.

In this mode, INTVg, EXTVgc and NDRV must be shorted
together.

INTV¢c Supply and the EXTV¢c Connection

The LTC3812-5 contains an internal low dropout regula-
tor to produce the 5.5V INTV¢g supply from the EXTV¢g
pin voltage. This regulator turns on when the EXTV¢g pin
is above 4.7V and remains on until EXTVg drops below
4.45V. This allows the IC/MOSFET power to be derived
fromthe output oran output derived boost network during
normal operation and from the external NMOS from V|y
during start-up or short-circuit. Using the EXTVg¢ pin in
this way results in significant efficiency gains compared
to what would be possible when deriving this power
continuously from the typically much higher Vy voltage.
The EXTV¢¢ connection also allows the power supply to
be configured in trickle charge mode in which it starts up
with a high-valued “bleed” resistor connected from Vy
to INTVg to charge up the INTVgg capacitor. As soon as
the output rises above 4.7V the internal EXTV¢ regulator
takes over before the INTV¢g capacitor discharges below
the UV threshold. When the EXTV¢g regulator is active,
the EXTVg pin can supply up to 50mA RMS. Do not ap-
ply more than 15V to the EXTV¢g pin. The following list
summarizes the possible connections for EXTV¢(:

1. EXTV¢¢ grounded. This connection will require INTV¢g
to be powered continuously from an external NMOS
from V) resulting in an efficiency penalty as high as
10% at high input voltages.

2. EXTVc connected directly to Voyr. This is the normal
connection for 4.7V < Vgyt < 15V and provides the
highest efficiency. The power supply will start up using
an external NMOS or a bleed resistor until the output
supply is available.

3. EXTV¢c connected to an output-derived boost network.
If Vout < 4.7\ The low voltage output can be boosted
using a charge pump or flyback winding to greater than
4.7V.

4. EXTV¢e connected to INTVgg. This is the required
connection for EXTVgg if INTVgg is connected to an
external supply where the external supply is 4.2V <
VEXT <14V
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Applications using large MOSFETs with a high input
voltage and high frequency of operation may result in a
large EXTV¢c pin current. Due to the LTC3812-5 thermally
enhanced package, maximum junction temperature will
rarely be exceeded, however, it is good design practice
to verify that the maximum junction temperature rating
and RMS current rating are within the maximum limits.
Typically, most of the EXTVgc current consists of the
MOSFET gates current. In continuous mode operation,
this EXTVgg current is:

lextvec = f(Qg(rop) + Qg(gotrom)) + 3MA < 50mA

The junction temperature can be estimated from the
equations given in Note 2 of the Electrical Characteristics
as follows:

Ty=Ta+lextvee® (Vextvee—Vinmvee) (38°G/W) <125°C

If absolute maximum ratings are exceeded, consider
using an external supply connected directly to the
INTV¢e pin.

FEEDBACK LOOP/COMPENSATION

Feedback Loop Types

In a typical LTC3812-5 circuit, the feedback loop con-
sists of the modulator, the output filter and load, and the
feedback amplifier with its compensation network. All of
these components affect loop behavior and must be ac-
counted for in the loop compensation. The modulator and
output filter consists of the internal current comparator,
the output MOSFET drivers and the external MOSFETSs,
inductor and output capacitor. Current mode control
eliminates the effect of the inductor by moving it to the
inner loop, reducing it to a first order system. From a
feedback loop point of view, it looks like a linear voltage
controlled current source from Ity to Voyr and has a gain
equal to (IyaxRout)/1.2V. It has fairly benign AC behavior
at typical loop compensation frequencies with significant
phase shift appearing at half the switching frequency. The
external output capacitor and load cause a first order roll
off at the output at the RoytCouyt pole frequency, with
the attendant 90° phase shift. This roll off is what filters
the PWM waveform, resulting in the desired DC output
voltage. The output capacitor also contributes a zero at

the CoytRegR frequency which adds back the 90° phase
and cancels the first order roll off.

So far, the AC response of the loop is pretty well out of the
users control. The modulator is a fundamental piece of
the LTC3812-5 design and the external output capacitor is
usually chosen based on the regulation and load current
requirements without considering the AC loop response.
The feedback amplifier, on the other hand, gives us a
handle with which to adjust the AC response. The goal is
to have 180° phase shiftat DC (so the loop regulates), and
something less than 360° phase shift (preferably about
300°) at the point that the loop gain falls to 0dB, i.e., the
crossover frequency, with as much gain as possible at
frequencies below the crossover frequency. Since the
modulator/output filter is a first order system with maxi-
mum of 90° phase shift (at frequencies below fgy/4) and
the feedback amplifier adds another 90° of phase shift,
some phase boost is required at the crossover frequency
toachieve good phase margin. Ifthe ESR zero is below the
crossover frequency, this zero may provide enough phase
boost to achieve the desired phase margin and the only
requirement of the compensation will be to guarantee that
the gain is below zero at frequencies above fgy/4. If the
ESR zero is above the crossover frequency, the feedback
amplifier will probably be required to provide phase boost.
For most LTC3810 applications, Type 2 compensation will
provide enough phase boost; however some applications
where high bandwidth is required with low ESR ceramics
and lots of bulk capacitance, Type 3 compensation may
be necessary to provide additional phase boost.

The two types of compensation networks, “Type 2” and
“Type 3” are shown in Figures 10 and 11. When compo-
nent values are chosen properly, these networks provide

C2

| —~ 2
m

IN R2 = —~6dB/OCT S
RT < 8
GAIN =

FB -6dB/0CT

Rg ouT 0 AN FREQ
VRer — 90

— -180
PHASE
— =270

—{ 360

Figure 10. Type 2 Schematic and Transfer Function
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GAIN (dB)

—6dB/0CT

GAIN 60B/0CT —6dB/0CT
i /\ FREQ
N N

ouT 0

—{ -90
PHASE — -180

38125 F11

Figure 11. Type 3 Schematic and Transfer Function

a “phase bump” at the crossover frequency. Type 2 uses
asingle pole-zero pair to provide up to about 60° of phase
boostwhile Type 3 usestwo poles and two zerosto provide
up to 150° of phase boost.

Feedback Component Selection

Selecting the R and C values for a typical Type 2 or
Type 3 loop is a nontrivial task. The applications shown
in this data sheet show typical values, optimized for the
power components shown. They should give acceptable
performance with similar power components, but can be
way off if even one major power component is changed
significantly. Applications that require optimized transient
response will require recalculation of the compensation
values specifically for the circuit in question. The underly-
ing mathematics are complex, but the component values
can be calculated in a straightforward manner if we know
the gain and phase of the modulator at the crossover
frequency.

Modulator gain and phase can be obtained in one of
three ways: measured directly from a breadboard, or if
the appropriate parasitic values are known, simulated
or generated from the modulator transfer function.
Measurement will give more accurate results, but
simulation or transfer function can often get close enough
to give a working system. To measure the modulator gain
and phase directly, wire up a breadboard with an LTC3812-
5 and the actual MOSFETSs, inductor and input and output
capacitors that the final design will use. This breadboard
should use appropriate construction techniques for high
speed analog circuitry: bypass capacitors located close
to the LTC3812-5, no long wires connecting components,

appropriately sized ground returns, etc. Wire the feedback
amplifier with a 0.1pF feedback capacitor from Ity to FB
and a 10k to 100k resistor from Vgyt to FB. Choose the
bias resistor (Rg) as required to set the desired output
voltage. Disconnect Rg from ground and connect it to
a signal generator or to the source output of a network
analyzer to inject a test signal into the loop. Measure the
gain and phase from the Ity pin to the output node at the
positive terminal of the output capacitor. Make sure the
analyzer’s input is AC-coupled so that the DC voltages
present at both the |ty and Vgyt nodes don’t corrupt the
measurements or damage the analyzer.

If breadboard measurement is not practical, a SPICE
simulation can be usedto generate approximate gain/phase
curves. Plug the expected capacitor, inductorand MOSFET
values into the following SPICE deck and generate an AC
plot of Vout/Vity with gain in dB and phase in degrees.
Refer to your SPICE manual for details of how to generate
this plot.

*3810 modulator gain/phase

*2006 Linear Technology

*this file simulates a simplified model of
*the LTC3810 for generating a v(out)/v(ith)
*bode plot

.param rdson=.0135 ;MOSFET rdson
;use 1.4 for INTVCC and
0.7 for ground

.param Vrng=2

.param vsnsmax={0.173*Vrng-0.026}
.param Imax={vsnsmax/rdson}

.param DL=4 ;inductor ripple current

*inductor current
gl out 0 value={(v(ith)-1.2)*Imax/1.2+DL/2}

*output cap
cout out out2 270u ;capacitor value
resr out2 0 0.018 ;capacitor ESR

*load

Rout out 0 2 ; load resistor

vstim ith 0 0 ac 1 ;ac stimulus
.ac dec 100 100 10meg

.probe

.end

38125fc

LY N

23



LTC3812-5

APPLICATIONS INFORMATION

Mathematical software such as MATHCAD or MATLAB can
also be used to generate plots using the following transfer
function of the modulator:

VSENSE(MAX) [1+ s*Resg 'COUTJ
H(s) = . R, (2
[1'2.RDS(0N) 1+S.RL.COUT ( )

s=j2nf

With the gain/phase plot in hand, a loop crossover fre-
quency can be chosen. Usually the curves look something
like Figure 12. Choose the crossover frequency about 25%
of the switching frequency for maximum bandwidth. Al-
though it may be tempting to go beyond fgy/4, remember
that significant phase shift occurs at half the switching
frequency that isn’t modeled in the above H(s) equation
and PSPICE code. Note the gain (GAIN, in dB) and phase
(PHASE, in degrees) at this point. The desired feedback
amplifier gain will be —GAIN to make the loop gain at 0dB
at this frequency. Now calculate the needed phase boost,
assuming 60° as a target phase margin:

BOOST = - (PHASE + 30°)

If the required BOOST is less than 60°, a Type 2 loop can
be used successfully, saving two external components.
BOOST values greater than 60° usually require Type 3
loops for satisfactory performance.

Finally, choose a convenient resistor value for R1 (10k
is usually a good value). Now calculate the remaining
values:

=’ \\ ‘\ 0 5
(&) L 5
\\_/><\3\ 90

PHASE \

FREQUENCY (Hz)

-180

38125 F12

Figure 12. Transfer Function of Buck Modulator

(K'is a constant used in the calculations)
f = chosen crossover frequency

G = 10(GAIN20) (this converts GAIN in dB to G in
absolute gain)

TYPE 2 Loop:
BOOST

K=tan( +45°)

1
2 efeGeKeR1
C1:C2(K2—1)
K

R2=

2nefe(l
Ry = Vrer(R1)

Vout — Vrer

G2

TYPE 3 Loop:

K = tan? (%+45°)

1
Cz_Zn'f'G°R1
C1=C2(K-1)

”_ JK
~ 2nefeCt

R1
R3= K1
I
2nfv/K* R3
G
Vour = Veer

SPICE or mathematical software can be used to generate
the gain/phase plots for the compensated power supply to
do a sanity check on the component values before trying
them out on the actual hardware. For software, use the
following transfer function:

T(s) = A(s)H(s)
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where H(s) was given in equation 2 and A(s) depends on
compensation circuit used:

Type 2:
A (s)= 1+seR2(C1
s-R1-(C1+C2)-(1+s-R2-

C1°C2)
C1+C2

TSeR1e(C1+02)
(1+5+ (R1+R3)*C3) (+3*R2+C1)
c1-02]

1+5eR3C3) e[ 1+5°R2e
(t+ ) ( BRI

For SPICE, replace VSTIM line in the previous PSPIGE
code with following code and generate a gain/phase plot
of V(out)/V(outin):

rfbl outin vfb 52.5k
rfb2 vfb 0 10k
eithx ithx 0 laplace {0.8-v(vfb)} =
{1/ (1+s/1000)}
eith ith 0 value={limit (le6*v(ithx),0,2.4)}
ccl ith vib 4p
cc2 ith x1 8p
rc x1 vib 210k
rf outin x2 11k ;delete this line for Type 2
cf x2 vEb 120p ;delete this line for Type 2
vstim out outin dc=0 ac=1m

PULSE-SKIPPING MODE OPERATION AND FCB PIN

The FCB pin determines whether the bottom MOSFET
remains on when current reverses in the inductor. Tying
this pin above its 0.8V threshold enables pulse-skipping
mode operation where the bottom MOSFET turns off when
inductorcurrentreverses. Theload currentat which current
reverses and discontinuous operation begins depends on
the amplitude of the inductor ripple current and will vary
with changes in Vy. Tying the FCB pin below the 0.8V

threshold forces continuous synchronous operation,
allowing current to reverse at light loads and maintaining
high frequency operation. To prevent forcing current back
into the main power supply, potentially boosting the input
supply to a dangerous voltage level, forced continuous
mode of operation is disabled when the RUN/SS voltage
is below 2.5V during soft-start or tracking. During these
two periods, the PGOOD signal is forced low.

In addition to providing a logic input to force continuous
operation, the FCB pin provides a mean to maintain a
flyback winding output when the primary is operating
in pulse-skipping mode. The secondary output Voyre is
normally set as shown in Figure 13 by the turns ratio N
of the transformer. However, if the controller goes into
pulse-skipping mode and halts switching due to a light
primary load current, then Vgyto Will droop. An external
resistor divider from Vgyto to the FCB pin setsa minimum
voltage Vouro(miny below which continuous operation is
forced until Voyro has risen above its minimum.

R4
VbUTz(N"N)::0.8\/(14-EE§)

Table 1
FCB PIN
DC Voltage: 0V to 0.75V

CONDITION

Forced Continuous
Current Reversal Enabled

Pulse-Skipping Mode Operation
No Current Reversal

Regulating a Secondary Winding

DC Voltage: >0.85V

Feedback Resistors

R
+
ViN el
= 1N4148
l—
TG —| m. |—+0— VouT?
LTC3812-5 ° M o
L 5 wFV
< W ouTt
R4 ™ * 4
1N
FCB ) Cout
X o I
R3 BG —1|
SGND  PGND

- = 38125F13

Figure 13. Secondary Output Loop
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