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LT8708

80V Synchronous 4-Switch Buck-Boost DC/DC
Controller with Bidirectional Capability

FEATURES

= Single Inductor Allows V,y Above, Below, or
Equal to Vgyr
= Six Independent Forms of Regulation
m Vy Current (Forward and Reverse)
® Vour Current (Forward and Reverse)
= Vy and Vgyr Voltage
= Forward and Reverse Discontinuous Conduction
Mode Supported
Supports MODE and DIR Pin Changes While Switching
VincHip Range 2.8V (Need EXTV¢c > 6.4V) to 80V
Voyt Range: 1.3V to 80V
Synchronous Rectification: Up to 99% Efficiency
Available in 40-Lead (5mm x 8mm) QFN with High
Voltage Pin Spacing and 64-Lead (10mm x 10mm)
eLQFP
® AEC-Q100 Qualified for Automotive Applications

APPLICATIONS

® High Voltage Buck-Boost Converters
® Bidirectional Charging System
= Automotive 48V Systems

DESCRIPTION

The LT®8708 is a high performance buck-boost switching
regulator controller that operates from an input voltage
that can be above, below or equal to the output voltage.
Features are included to simplify bidirectional power con-
version in battery/capacitor backup systems and other
applications that may need regulation of Vour, Vin, louT,
and/or ljy. Forward and reverse current can be monitored
and limited for the input and output sides of the converter.
All four current limits (forward input, reverse input, for-
ward output and reverse output) can be set independently
using four resistors on the PCB.

The MODE pin can select between discontinuous conduction
mode (DCM), continuous conduction mode (CCM), hybrid
conduction mode (HCM) and Burst Mode® operation. In
combination with the DIR (direction) pin, the chip can be
configured to process power only from Vyy to Vgyt or only
from Vgyr to Vjy. With a wide 2.8V to 80V input and 1.3V
to 80V output range, the LT8708 is compatible with most
solar, automotive, telecom and battery-powered systems.

All registered trademarks and trademarks are the property of their respective owners.

TYPICAL APPLICATION

12V Bidirectional Dual Battery System with FHCM and RHCM
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ABSOLUTE MAXIMUM RATINGS (vote 1)

Vesp— Vesn, Vespin — Vesnins VINHIMON Voltage..........cccouevreeeerrireinnnnen. -0.3V to 30V
VeSPOUT = VOSNOUT «eveererererererererereenes -0.3V10 0.3V VOUTLOMON Voltage .......ccceverrerrrerrrernen -0.3Vto 5V
CSP, CSN VOItage......ccveveveeeeeeveeeceeeee —-0.3Vto3V  DIR, MODE VoItage........ccooeevevreeerercrciennes -0.3Vto 5V
V¢ Voltage (NOte 2) ..o, -0.3Vto 2.2V CSNIN, CSPIN, CSPOUT, CSNOUT Voltage -0.3V to 80V
RT, FBOUT, SS Voltage ........cccccevvvvvvvevnnee. -0.3Vto 5V Vincuip, EXTVge Voltage.....covvvcvcvcneee -0.3V to 80V
IMON_INP, IMON_INN, IMON_OP, IMON_ON, SW1, SW2 VORAge ......coovvevereericinee 81V (Note 6)
ICP, ICN VOItage......oveveereeeeerricene -0.3Vto 5V  BOOST1, BOOST2 Voltage ........cccocovvrunenvne -0.3Vto 87V
SYNC Voltage........covevveereeneriieieisine -0.3V10 5.5V  BG1,BG2, TG1, TG2...ccovieeereceeereee, (Note 5)
INTV e, GATEV G VOlItage ..o ~0.3V10 7V LD033, CLKOUT oo (Note 8)

VBoosT1 = Vswi, VBoosT2 = Vswo.eevevevvnee. -0.3Vto 7V Operating Junction Temperature Range
SWEN, RVSOFF Voltage ........cccoovvervrcreiennes -0.3Vto 7V LT8708E (Notes 3, 8) ....ccocvvvvvvrvenne. -40°C to 125°C
SWEN CUITENT.....viieceee e 0.5mA LT8708I (Notes 3, 8) ...c.evvvvverrvrirines -40°C to 125°C
RVSOFF CUITENT ..o 1TmA LT8708H (Notes 3, 8) ...cccvvvvvrvrvrenne. -40°C to 150°C
FBIN, SHDN Voltage .........c.cccccevevevrvernnne, -0.3Vto 30V  Storage Temperature Range .................. -65°C to 150°C
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40-LEAD (5mm x 8mm) PLASTIC QFN
Tymax = 150°C, 6p = 36°C/W, 6y = 3.8°C/W
EXPOSED PAD (PIN 41) IS GND, MUST BE SOLDERED TO PCB

64-LEAD (10mm x 10mm) PLASTIC LQFP
Tamax = 150°C, 6p = 17°C/W, 8¢ = 2.5°C/W
EXPOSED PAD (PIN 65) IS GND, MUST BE SOLDERED TO PCB
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ORDER INFORMATION

LEAD FREE FINISH TAPE AND REEL PART MARKING* PACKAGE DESCRIPTION TEMPERATURE RANGE
LT8708EUHG#PBF LT8708EUHG#TRPBF 8708 40-Lead (5mm x 8mm) Plastic QFN -40°C to 125°C
LT8708IUHG#PBF LT8708IUHG#TRPBF 8708 40-Lead (5mm x 8mm) Plastic QFN -40°C to 125°C
LT8708HUHG#PBF LT8708HUHG#TRPBF 8708 40-Lead (5mm x 8mm) Plastic QFN -40°C to 150°C

TRAY PART MARKING* PACKAGE DESCRIPTION MSL RATING | TEMPERATURE RANGE
LT8708ELWE#PBF LT8708LWE 64-Lead (10mm x 10mm) Plastic eLQFP 3 -40°C to 125°C
LT8708ILWE#PBF LT8708LWE 64-Lead (10mm x 10mm) Plastic eLQFP 3 -40°C to 125°C
LT8708HLWE#PBF LT8708LWE 64-Lead (10mm x 10mm) Plastic eLQFP 3 -40°C to 150°C
AUTOMOTIVE PRODUCTS**

LT8708ELWE#WPBF LT8708LWE 64-Lead (10mm x 10mm) Plastic eLQFP 3 -40°C to 125°C
LT8708ILWE#WPBF LT8708LWE 64-Lead (10mm x 10mm) Plastic eLQFP 3 -40°C to 125°C
LT8708HLWE#WPBF LT8708LWE 64-Lead (10mm x 10mm) Plastic eLQFP 3 -40°C to 150°C

Contact the factory for parts specified with wider operating temperature ranges. *The temperature grade is identified by a label on the shipping container.
Tape and reel specifications. Some packages are available in 500 unit reels through designated sales channels with #TRMPBF suffix.

**\lersions of this part are available with controlled manufacturing to support the quality and reliability requirements of automotive applications. These
models are designated with a #W suffix. Only the automotive grade products shown are available for use in automotive applications. Contact your
local Analog Devices account representative for specific product ordering information and to obtain the specific Automotive Reliability reports for

these models.

GLGCTRKHL CHHRHCTGI‘HST'CS The @ denotes the specifications which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C. Viycuip = 12V, SHDN = 3V, DIR = 3.3V unless otherwise noted (Note 3).

PARAMETER | CONDITIONS MIN TYP MAX | UNITS
Voltage Supplies and Regulators
Vincuip Operating Voltage Range EXTVge =0V ) 55 80 V
EXTVgp = 7.5V ° 2.8 80 v
VincHip Quiescent Current Not Switching, Vextvee = 0V
SWEN = 3.3V 3.9 6.5 mA
SWEN = 0V 2.45 45 mA
VincHip Quiescent Current in Shutdown Vsron = 0V 0 1 HA
EXTV¢c Switchover Voltage IInTvee = —20mA, Vexyyeg Rising ) 6.15 6.4 6.6 V
EXTV¢g Switchover Hysteresis 0.2 V
INTV¢g Current Limit Maximum Current Draw from INTV¢c and LDO33 Pins
Combined. Regulated from Viycnip or EXTV¢g (12V)
INTVgg = 5.25V ° 90 127 165 mA
INTVgg = 4.4V ° 28 42 55 mA
INTV¢c Voltage Regulated from Vincuip, linvee = 20mA ® 6.1 6.3 6.5 V
Regulated from EXTV¢g (12V), lintvee = 20mA ® 6.1 6.3 6.5 V
INTV¢c Load Regulation IInTvee = OmA to 50mA -0.5 -15 %
INTVg, GATEVg Undervoltage Lockout INTV Falling, GATEV¢ Connected to INTVg ® | 445 4.65 4.85 v
Rev. C
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GLGCTI“CHL CHHRHCTGI“STKS The @ denotes the specifications which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C. Viycuip = 12V, SHDN = 3V, DIR = 3.3V unless otherwise noted (Note 3).

PARAMETER CONDITIONS MIN TYP MAX UNITS
INTVg, GATEVgc Undervoltage Lockout Hysteresis | GATEVgg Connected to INTVqg 170 mV
INTVc Regulator Dropout Voltage VincHip = Vinvee, Iintvee = 20mA 220 mV
D033 Pin Voltage 5mA from LD033 Pin ® 3.23 3.295 3.35 V
LDO33 Pin Load Regulation lL.po33 = 0.1mA to 5mA -0.25 -1 %
D033 Pin Current Limit SYNC =3V ° 12 17.25 22 mA
D033 Pin Undervoltage Lockout LDO33 Falling 2.96 3.04 3.12 V
D033 Pin Undervoltage Lockout Hysteresis 35 mV
Switching Regulator Control
Maximum Current Sense Threshold (Vcsp —Vesy) | Boost Mode, Minimum M3 Switch Duty Cycle ® 76 93 110 mV
Maximum Current Sense Threshold (Vggy — Vgsp) | Buck Mode, Minimum M2 Switch Duty Cycle ® 68 82 97 mV
Maximum Current Sense Threshold (Vggy —Vgsp) | Boost Mode, Minimum M3 Switch Duty Cycle ® 79 93 108 mV
Maximum Current Sense Threshold (Vgsp — Vesn) | Buck Mode, Minimum M2 Switch Duty Cycle ° 72 84 96 mV
Gain from Vg to Maximum Current Sense Voltage Boost Mode 135 mV/V
(Vosp = Vesn) (A5 in the Block Diagram) Buck Mode -135 mV/V
SHDN Input Voltage High SHDN Rising to Enable the Device
QFN ® | 1175 1.221 1.275 V
LWE ® | 1175 1.221 1.29 V
SHDN Input Voltage High Hysteresis 40 mV
SHDN Input Voltage Low Device Disabled, Low Quiescent Current
(LT8708E, LT8708I) ° 0.35 v
(LT8708H) ° 0.3 v
SHDN Pin Bias Current Vsrpw = 3V 0 1 pA
Vsmoy = 12V 14 22 HA
SWEN Rising Threshold Voltage ® | 1.156 1.208 1.256 V
SWEN Threshold Voltage Hysteresis 22 mV
SWEN Output Voltage Low Iswen = 200pA
SHDN = 0V or ViycHip = OV ® 0.9 1.1 v
SHDN = 3V ° 0.2 0.5 v
SWEN Internal Pull-Down Release Voltage SHDN = 3V ) 0.75 0.8 V
MODE Pin Continuous Conduction Mode (CCM) [ 0.4 v
Threshold
MODE Pin Hybrid DCM/CCM Mode (HCM) Range o 0.8 1.2 \Y
MODE Pin Discontinuous Conduction Mode (DCM) o 1.6 2.0 Y
Range
MODE Pin Burst Mode Operation Threshold o 2.4 V
DIR Pin Forward Operation Threshold o 1.6 V
DIR Pin Reverse Operation Threshold ® 1.2 V
RVSOFF Output Voltage Low IqvsOrE = 200pA ° 0.08 0.5 Vv
RVSOFF Falling Threshold Voltage ® | 1.155 1.209 1.275 V
RVSOFF Threshold Voltage Hysteresis 165 mV
Soft-Start Charging Current Vgg =0V 13 19 25 HA
ICN Rising Threshold for FDCM Operation MODE = 1V (HCM), DIR = 3.3V ° 235 255 280 mV
ICN Falling Threshold for CCM Qperation MODE = 1V (HCM), DIR = 3.3V ° 185 205 235 mV
IMON_INP Rising Threshold for RDCM Operation MODE = 1V (HCM), DIR = 0V o 235 255 280 mV
IMON_INP Falling Threshold for CCM Operation MODE = 1V (HCM), DIR = 0V () 185 205 235 mV
Rev. C
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GLGCTI“CHL CHHRHCTGI“STKS The @ denotes the specifications which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C. Viycuip = 12V, SHDN = 3V, DIR = 3.3V unless otherwise noted (Note 3).

PARAMETER | CONDITIONS MIN TYP MAX | UNITS
Voltage Regulation Loops (Refer to Block Diagram to Locate Amplifiers)
Regulation Voltage for FBOUT Regulate Vg to 1.2V ® | 1.193 1.207 1.222 V
Regulation Voltage for FBIN Regulate Vg to 1.2V ® | 1184 1.205 1.226 \
Line Regulation for FBOUT and FBIN Error Amp VingHip = 12V to 80V. Not Switching 0.002 0.005 %/
Reference Voltage
FBOUT Pin Bias Current Current Out of Pin 15 nA
FBOUT Error Amp EA4 g, 345 pmho
FBOUT Error Amp EA4 Voltage Gain 245 VNV
VOUTLOMON Voltage Activation Threshold Falling ® | 1185 1.207 1.225 \
VOUTLOMON Threshold Voltage Hysteresis 24 mV
VOUTLOMON Pin Bias Current VyoutLomon =1.24V, Current Into Pin 0.01 HA
VvouTLomon =1.17V, Current Into Pin o 0.8 1 1.2 HA
FBIN Pin Bias Current Current Out of Pin 10 nA
FBIN Error Amp EA3 g 235 pmho
FBIN Error Amp EA3 Voltage Gain 150 VNV
VINHIMON Voltage Activation Threshold Rising ® | 1.185 1.207 1.23 \
VINHIMON Threshold Voltage Hysteresis 24 mV
VINHIMON Pin Bias Current VvinHimon = 1.17V, Current Out of Pin 0.03 HA
Vyinsivon = 1.24V, Current Out of Pin ) 0.8 1 1.2 HA
Current Regulation Loops (Refer to Block Diagram to Locate Amplifiers)
Regulation Voltages for IMON_INP and IMON_OP Vg=1.2V ® | 1185 1.209 1.231 v
Regulation Voltages for IMON_INN and IMON_ON V=12V ® | 1185 1.21 1.24 \
Line Regulation for IMON_INP, IMON_INN, IMON_OP | Vincuip = 12V to 80V 0.002  0.005 %/
and IMON_ON Error Amp Reference Voltage
CSPIN Bias Current Vegpin = 12V 0.01 HA
Vespiy = 1.5V 0.01 HA
CSNIN Bias Current BOOST Capacitor Charge Control Block Not Active
Vswen = 3.3V, Vespin = Vesnin = 12V 84 uA
Vswen = 3.3V, Vespin = Vosnin = 1.5V 4.25 WA
Vawen = 0V 0.01 HA
CSPIN, CSNIN Common Mode Operating ) 0 80 v
Voltage Range
CSPIN, CSNIN Differential Mode Operating e | -100 100 mV
Voltage Range
IMON_INP Output Current Vespin = Vesnin = 50mV, Vegniy = 5V 67 70 73 HA
Vespin — Vesnin = 50mV, Vegiy = 5Y ® | 645 70 75.5 HA
Vespin = Vesnin = 5mV, Vegnin = 5V 22.5 25 27.5 HA
Vospin — Vosnin = SmV, Vegin = 5V o 2 25 30 pA
IMON_INN Output Current Vesnin = Vespin = 50mV, Vg = 5V 66 70 74 HA
Vesnin = Vespin = 50mV, Vegyiy = 5V ® | 65 70 75 uA
Vesnin — Vespin = 9mV, Vesniy = 5V 19 25 305 uA
Vesnin — Vespin = SmV, Vegnin = 5V e 18 25 32 WA
IMON_INP and IMON_INN Max Output Current o 120 HA
IMON_INP Error Amp EA5 gy, 190 pmho
IMON_INP Error Amp EA5 Voltage Gain 130 VN
IMON_INN Error Amp EA1 g, FBIN = 0V, FBOUT = 3.3V 190 pmho
Rev. C
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GLGCTI“CHL CHHRHCTGI“STKS The @ denotes the specifications which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C. Viycuip = 12V, SHDN = 3V, DIR = 3.3V unless otherwise noted (Note 3).

PARAMETER CONDITIONS MIN TYP MAX UNITS
IMON_INN Error Amp EA1 Voltage Gain FBIN = 0V, FBOUT = 3.3V 130 VIV
CSPOUT Bias Current Vgspour = 12V 0.01 HA
Vespout = 1.5V 0.01 HA
CSNOUT Bias Current BOOST Capacitor Charge Control Block Not Active
Vswen = 3.3V, Vespout = Vesnout = 12V 83 WA
Vswen = 3.3V, Vespout = Vesnout = 1.5V 4.25 WA
VSWEN =0V 0.01 UA
CSPOUT, CSNOUT Common Mode Operating ) 0 80 V
Voltage Range
CSPOUT, CSNOUT Differential Mode Operating e | 100 100 mV
Voltage Range
IMON_OP, ICP Output Current Vespout — Vesnout = 50mV, Vegnout = 5V 67 70 73 HA
Vespout — Vesnout = 90mV, Vesnour = SV ° 65 70 76 WA
Vespout — Vesnout = 9mV, Vesnout = 5V 22.5 25 215 WA
Vespout — Vesnout = SmV, Vesnour = 5V (QFN) ® | 205 25 29 HA
Vespout = Vesnout = smVY, Vesnour = 8V (LWE) ® | 205 25 30 HA
Vespout — Vesnout =—-dmV, Vesnout = 5V 125 15 175 WA
Vispout — Vesnout =—smV, Vesnour = SV ® | 105 15 195 pA
IMON_ON, ICN Output Current Vesnout = Vespout = 50mV, Vesnout = 5V 67 70 73 HA
Vesnout = Vespour = 90mV, Vesnout = 5V ° 65 70 75 WA
Vesnout — Vespour = SmV, Vesnour = 9V 22.5 25 275 WA
Vesnout — Vespout = 9mV, Vesyout = 9V ® | 205 25 29 WA
Vesnout = Vespout = -5mV, Vesnout =5V 125 15 175 WA
Vesnout — Vespout = —SmV, Vesnour = 5V ® | 105 15 195 pA
IMON_OP, IMON_ON, ICP and ICN Max [ 120 pA
Output Current
IMON_OP Error Amp EA6 gy 190 pumho
IMON_OP Error Amp EA6 Voltage Gain 130 VNV
IMON_ON Error Amp EA2 gm FBIN = 0V, FBOUT = 3.3V 190 pumho
IMON_ON Error Amp EA2 Voltage Gain FBIN = OV, FBOUT = 3.3V 130 A%
NMOS Gate Drivers
TG1, TG2 Rise Time CLoap = 3300pF (Note 4) 20 ns
TG1, TG2 Fall Time CLoap = 3300pF (Note 4) 20 ns
BG1, BG2 Rise Time Croap = 3300pF (Note 4) 20 ns
BG1, BG2 Fall Time Croap = 3300pF (Note 4) 20 ns
TG1 Off to BG1 On Delay Croap = 3300pF Each Driver 90 ns
BG1 Off to TG1 On Delay Croap = 3300pF Each Driver 80 ns
TG2 Off to BG2 On Delay Croap = 3300pF Each Driver 90 ns
BG2 Off to TG2 On Delay Croap = 3300pF Each Driver 80 ns
Minimum On-Time for Main Switch in Boost Switch M3, Coap = 3300pF 200 ns
Operation (tonm3a min))
Minimum On-Time for Synchronous Switch in Buck | Switch M2, G gap = 3300pF 200 ns
Operation (ton(mz,min))
Minimum Off-Time for Main Switch in Steady-State | Switch M3, C_gap = 3300pF 230 ns
Boost Operation
Minimum Off-Time for Synchronous Switch in Switch M2, C_gap = 3300pF 230 ns
Steady-State Buck Operation

Rev. C
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GLECT'“C"“. CHHGHCTEI“STKS The @ denotes the specifications which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C. Viycuip = 12V, SHDN = 3V, DIR = 3.3V unless otherwise noted (Note 3).

PARAMETER | CONDITIONS MIN TYP MAX | UNITS

Oscillator

Switch Frequency Range SYNCing or Free Running 100 400 kHz

Switching Frequency, Fosg Rt = 365k o 102 120 142 kHz
Rt =215k ° 170 202 235 kHz
Rt =124k ) 310 350 400 kHz

SYNC High Level for Synchronization ) 1.3 V

SYNG Low Level for Synchronization [ 0.5 V

SYNC Clock Pulse Duty Cycle Vgyng = 0Vio 2V 20 80 %

Recommended Min SYNC Ratio Fgync/Fosg 3/4

CLKOUT Output Voltage High Vipo3s — VoLkout, 1mA Out of CLKOUT Pin, 100 250 mV
|Lpo33 = OpA

CLKOUT Output Voltage Low 1mA Into CLKOUT Pin 25 100 mV

CLKOUT Duty Cycle Ty=-40°C 22.7 %
Ty=25°C 441 %
Ty=125°C 77 %

The e denotes the specifications which apply over the full operating temperature range, otherwise specifications are at Ty = 25°C.

Vinchip = 12V, SHDN = 3V, DIR = 3V unless otherwise noted (Note 3).

PARAMETER CONDITIONS MIN TYP MAX UNITS
CLKOUT Rise Time Croap = 200pF 20 ns
CLKOUT Fall Time Croap = 200pF 20 ns
CLKOUT Phase Delay SYNC Rising to CLKOUT Rising, fosg = 100kHz (] 160 180 200 degrees

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: Do not force voltage on the V¢ pin.

Note 3: The LT8708E is guaranteed to meet performance specifications
from 0°C to 125°C junction temperature. Specifications over the —40°C
to 125°C operating junction temperature range are assured by design,
characterization and correlation with statistical process controls. The
LT8708I is guaranteed over the full -40°C to 125°C junction temperature
range. The LT8708H is guaranteed over the full -40°C to 150°C operating
junction temperature range.

Note 4: Rise and fall times are measured using 10% and 90% levels. Delay
times are measured using 50% levels.

Note 5: Do not apply a voltage or current source to these pins. They
must be connected to capacitive loads only, otherwise permanent damage
may occur.

Note 6: Negative voltages on the SW1 and SW2 pins are limited, in an
application, by the body diodes of the external NMOS devices, M2 and
M3, or parallel Schottky diodes when present. The SW1 and SW2 pins
are tolerant of these negative voltages in excess of one diode drop below
ground, guaranteed by design.

Note 7: This IC includes overtemperature protection that is intended

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

Note 8: Do not force voltage or current into these pins.

Rev. C
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LT8708

TYPICAL PERFORMANCE CHARACTERISTICS

Efficiency vs Qutput Current
(Boost Region — page 59)
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LT8708

TYPICAL PERFORMANCE CHARACTERISTICS

Minimum Inductor Current Sense

Voltage vs Duty Cycle
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LT8708

TYPICAL PERFORMANCE CHARACTERISTICS
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LT8708

TYPICAL PERFORMANCE CHARACTERISTICS
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LT8708

PIN FUNCTIONS (orneLarp)

CLKOUT (Pin 1/Pin 63): Clock Output Pin. Use this pin
to synchronize one or more compatible switching regu-
lator ICs to the LT8708. CLKOUT toggles at the same
frequency as the internal oscillator or as the SYNC pin,
but is approximately 180° out of phase. CLKOUT may also
be used as a temperature monitor since the CLKOUT duty
cycle varies linearly with the part’s junction temperature.
The CLKOUT pin can drive capacitive loads up to 200pF.

SS (Pin 2/Pin 2): Soft-Start Pin. Place at least 220nF of
capacitance here. Upon start-up, this pin will be charged
by an internal resistor to 3.3V.

SHDN (Pin 3/Pin 3): Shutdown Pin. Tie high to enable
chip. Ground to shut down and reduce quiescent current
to a minimum. Don’t float this pin.

CSN (Pin 4/Pin 4): The (-) Input to the Inductor Current
Sense and DCM Detect Comparator.

CSP (Pin 5/Pin 5): The (+) Input to the Inductor Current
Sense and DCM Detect Comparator. The V¢ pin voltage
and built-in offsets between CSP and CSN pins, in con-
junction with the Rggnse value, set the inductor current
trip threshold.

ICN (Pin 6/Pin 6): Negative Voyt Current Monitor. The
current out of this pinis 20pA plus a current proportional
to the negative average Voyr current. See the Applications
Information section for more information.

DIR (Pin 7/Pin 7): Direction pin when MODE is set for
DCM (discontinuous conduction mode) or HCM (hybrid
conduction mode) operation. Otherwise this pin is
ignored. Connect the pin to GND to process power from
the Voyt to Viy. Connect the pin to LDO33 to process
power from the V) to Vour.

FBIN (Pin 8/Pin 8): V|y Feedback Pin. This pin is con-
nected to the input of error amplifier EA3 and is used to
detect and/or regulate low V) voltage.

FBOUT (Pin 9/Pin 9): Vo1 Feedback Pin. This pin is con-
nected to the input of error amplifier EA4 and is used to
detect and/or regulate high Vgyr voltage.

V¢ (Pin 10/Pin 10): Error Amplifier Output Pin. Tie exter-
nal compensation network to this pin.

IMON_INP (Pin 11/Pin 11): Positive V,y Current Monitor
and Limit Pin. The current out of this pin is 20pA plus a
current proportional to the positive average V) current.
IMON_INP also connects to error amplifier EA5 and can
be used to limit the maximum positive V) current. See the
Applications Information section for more information.

IMON_INN (Pin 12/Pin 12): Negative V,y Current Monitor
and Limit Pin. The current out of this pin is 20pA plus a
current proportional to the negative average Vyy current.
IMON_INN also connects to error amplifier EA1 and can
be used to limit the maximum negative V) current. See
the Applications Information section for more information.

RT (Pin 13/Pin 13): Timing Resistor Pin. Adjusts the
switching frequency. Place a resistor from this pin to
ground to set the frequency. Do not float this pin.

SYNC (Pin 14/Pin 14): To synchronize the switching fre-
quency to an outside clock, simply drive this pin with a
clock. The high voltage level of the clock needs to exceed
1.3V, and the low level should be less than 0.5V. Drive this
pin to less than 0.5V to revert to the internal free-running
clock. See the Applications Information section for more
information.

BG1, BG2 (Pin 16/Pin 20, Pin 18/Pin 22): Bottom Gate
Drive. Drives the gate of the bottom N-channel MOSFETs
between ground and GATEV .

GATEV¢c (Pin 17/Pin 21): Power supply for bottom gate
drivers. Must be connected to the INTVge pin. Do not
power from any other supply. Locally bypass to GND.

BOOST1, BOOST2 (Pin 24/Pin 35, Pin 19/Pin 24):
Boosted Floating Driver Supply. The (+) terminal of the
bootstrap capacitor connects here. The BOOST1 pin
swings from a diode voltage below GATEVg up to Viy +
GATEV¢c. The BOOST2 pin swings from a diode voltage
below GATEVg up to Voyt + GATEV .

TG1, TG2 (Pin 23/Pin 34, Pin 20/Pin 25): Top Gate Drive.
Drives the top N-channel MOSFETs with voltage swings
equal to GATEV¢e superimposed on the switch node
voltages.

SW1, SW2 (Pin 22/Pin 33, Pin 21/Pin 26): Switch Nodes.
The (-) terminals of the bootstrap capacitors connect here.
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LT8708

PIN FUNCTIONS (orneLarp)

RVSOFF (Pin 25/Pin 37): Reverse Conduction Disable
Pin. This is an input/output open-drain pin that requires a
pull up resistor. Pulling this pin low disables reverse cur-
rent operation. See the Uni and Bidirectional Conduction
section for more information.

VOUTLOMON (Pin 26/Pin 38): Vout Low Voltage Monitor
Pin. Connect a +1% resistor divider between Vqyr,
VOUTLOMON and GND to set an undervoltage level on
Vout. When Vgyr is lower than this level, reverse conduc-
tion is disabled to prevent drawing current from Voyr. See
the Applications Information section for more information.

VINHIMON (Pin 27/Pin 39): VVy High Voltage Monitor Pin.
Connect a +1% resistor divider between V,y, VINHIMON
and GND in order to set an overvoltage level on V. When
V| is higher than this level, reverse conduction is disabled
to prevent current flow into Viy. See the Applications
Information section for more information.

ICP (Pin 28/Pin 40): Positive Vgyt Current Monitor Pin.
The current out of this pin is 20pA plus a current pro-
portional to the positive average Vgyr current. See the
Applications Information section for more information.

EXTV¢c (Pin 29/Pin 42): External Vg Input. When EXTVgg
exceeds 6.4V (typical), INTVgg will be powered from this
pin. When EXTV¢ is lower than 6.4V, the INTV¢c will be
powered from VincHip.

CSPOUT (Pin 30/Pin 46): The (+) Input to the Vqur
Current Monitor Amplifier. This pin and the CSNOUT pin
measure the voltage across the sense resistor, Rsenseo, t0
provide the Vgt current signals. Connect this pin to Voyt
when not in use. See Applications Information section for
proper use of this pin.

CSNOUT (Pin 31/Pin 47): The (-) Input to the Vgy Current
Monitor Amplifier. Connect this pin to Vgyt when not in
use. See Applications Information section for proper use
of this pin.

CSNIN (Pin 32/Pin 52): The (-) Input to the Vjy Current
Monitor Amplifier. This pin and the CSPIN pin measure
the voltage across the sense resistor, Rgense1, to provide
the Vyy current signals. Connect this pin to Vjy when not
in use. See Applications Information section for proper
use of this pin.

CSPIN (Pin 33/Pin 53): The (+) Input to the Vy Current
Monitor Amplifier. Connect this pin to Vjy when not in
use. See Applications Information section for proper use
of this pin.

Vincuip (Pin 34/Pin 55): Main Input Supply Pin for the
LT8708. It must be locally bypassed to ground.

INTV¢c (Pin 35/Pin 57): 6.3V Regulator Output. Must be
connected to the GATEVgg pin. INTV¢g is powered from
EXTV¢c when the EXTVc voltage is higher than 6.4V,
otherwise INTV¢g is powered from Vycuip. Bypass this
pin to ground with @ minimum 4.7pF ceramic capacitor.

SWEN (Pin 36/Pin 58): Switching Regulator Enable
Pin. Tie high through a resistor to enable the switching.
Ground to disable switching. This pin is pulled down dur-
ing shutdown, a thermal lockout or when an internal UVLO
(undervoltage lockout) is detected. Don'’t float this pin.
See the Start-Up: SWEN Pin section for more details.

MODE (Pin 37/Pin 59): Conduction Mode Select Pin. The
voltage applied to this pin sets the conduction mode of
the controller. Apply less than 0.4V to enable continuous
conduction mode (CCM). Apply 0.8V to 1.2V to enable the
hybrid conduction mode (HCM). Apply 1.6V to 2.0V to
enable the discontinuous conduction mode (DCM). Apply
more than 2.4V to enable Burst Mode operation.

IMON_OP (Pin 38/Pin 60): Positive Vg1 Current Monitor
and Limit Pin. The current out of this pin is 20pA plus a
current proportional to the positive average Voyr current.
IMON_OP also connects to error amplifier EA6 and can be
used to limit the maximum positive Vgyrt current. See the
Applications Information section for more information.

IMON_ON (Pin 39/Pin 61): Negative Vg1 Current Monitor
and Limit Pin. The current out of this pin is 20pA plus a
current proportional to the negative average Voyt current.
IMON_ON also connects to error amplifier EA2 and can be
used to limit the maximum negative Vgyr current. See the
Applications Information section for more information.

LD033 (Pin 40/Pin 62): 3.3V Regulator Output. Bypass
this pin to ground with a minimum 0.1pyF ceramic
capacitor.

GND (Pin 15/Pin 19, Exposed Pad Pin 41/Pin 65):
Ground. Tie directly to local ground plane.

Rev. C

14

For more information www.analog.com


https://www.analog.com/LT8708?doc=LT8708.pdf
https://www.analog.com

LT8708
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Figure 1. Block Diagram

8708 FO1

Rev. C

For more information www.analog.com

15



LT8708

OPERATION

TYPOGRAPHICAL CONVENTIONS

The LT8708 is a high performance 4-switch buck-boost con-
troller that includes features to facilitate bidirectional cur-
rent and power flow. Using the LT8708, an application can
command power to be delivered from Vy to Vgyr or from
Vout to Vi as needed. Some terms, listed below, are used
throughout this data sheet in reference to the direction of
current and power flow. In order to clarify these direction-
based concepts, these terms are defined as follows:

Viy and Liy:  The V) side of circuits drawn in this data
sheet will always be on the left. V,y is con-
nected to the SW1 side of the buck-boost

inductor through M1. Iy is the Vjy current.

Voyrand  The Vgyr side of circuits drawn in this data

lout: sheet will always be on the right. Vgur is con-
nected to the SW2 side of the buck-boost
inductor through M4. lgyr is the Vgt current.

Supply Power Source. The power source is most

(Input): commonly applied to V,y. However, Vourt
can be a Supply (or Input) when power is
being delivered from Vgyt to V.

Load Devices that are consuming the power. The

(Output):  Load is most commonly connected to Vgyr.
However, Vjy can connect to the Load (or
Output) when power is being delivered from
Vout to Viy.

Forward Current or power flowing from the Vyy or

Conduction: SW1 node (or side) to the Voyt or SW2
node (or side) of the circuit. This is gener-
ally left to right on schematics.

Reverse Current or power flowing from the Vgyr or

Conduction: SW2 node (or side) to the V,y or SW1 node
(or side) of the circuit. This is general right
to left on schematics.

Positive Current that flows from the SW1 side of the

Current: buck-boost inductor to the SW2 side. Also
refers to current that flows from V,y and/
or into Vour.

Reverse Current that flows from the SW2 side of the

Current: buck-boost inductor to the SW1 side. Also

refers to current that flows from Voyr and/
or into V.

Refer to the Block Diagram (Figure 1) when reading the
following sections about the operation of the LT8708.

START-UP
Figure 2 illustrates the start-up sequence for the LT8708.

Start-Up: SHDN Pin

The master shutdown pin for the chip is SHDN. When driven
below 0.35V (LT8708E, LT8708I) or 0.3V (LT8708H), the
chip is disabled (CHIP OFF state) and quiescent current is
minimal. Increasing the SHDN voltage can increase qui-
escent current but will not enable the chip until SHDN is
driven above 1.221V (typical) after which the INTVc and
LDO33 regulators are enabled (SWITCHER OFF 1 state).
External devices powered by LDO33 can become active at
this time if enough voltage is available on Viycuip or EXTVee
to raise INTV¢g, and thus LDO33, to an adequate voltage.

Start-Up: SWEN Pin

The SWEN pin is used to enable the switching regulator
after the chip has also been enabled by driving SHDN high.
SWEN must be pulled high through a resistor to enable
the switching regulator. The typical activation threshold
is 1.208V as shown in the Electrical Characteristics sec-
tion. When the SWEN pin voltage is below the activation
threshold, the CSP-CSN, CSPIN-CSNIN and CSPOUT-
CSNOUT current sense circuits on the chip are disabled.

SWEN has an internal pull-down that is activated when
the switching regulator is unable to operate (see CHIP OFF
and SWITCHER OFF 1 states in Figure 2). After the chip is
able to operate and SWEN is internally pulled down below
0.8V (typical), the internal SWEN pull-down is disabled
and start-up can proceed past the SWITCHER OFF1 state.

LDO33 or INTV¢ are convenient nodes to pull SWEN up
to. Choose a pull-up resistor value that limits the current
to less than 200pA when SWEN is pulled low. The SWEN
pin can also be digitally driven through a current limiting
resistor. Note in the Electrical Characteristics section, the
SWEN output low voltage is 0.9V (typical) when SHDN is
low and/or V|ycHip is unpowered. The SWEN output low
is 0.2V when SHDN is 3V and Vycuip is powered.
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LT8708

OPERATION

SHDN < 1.181V OR TJUNCTION < 160°C AND SHDN > 1.221V AND VINCHlP > 2.5V AND

ViNcHIP < 2.5V OR
Tsuncrion > 165°C

((INTVgg AND GATEV G < 4.65V)
OR LD033 < 3.04V)

CHIP OFF SWITCHER OFF 1
* SWITCHER OFF * SWITCHER DISABLED

* LDOs OFF
* SWEN PULLED LOW

* INTVgc AND LDO33 OUTPUTS ENABLED
* SWEN AND SS PULLED LOW

(INTVgg AND GATEV g > 4.81V) AND
LDO033 > 3.075V AND SWEN < 0.8V

SWITCHER OFF 2

* SWITCHER DISABLED
* INTV¢c AND LDO33 OUTPUTS ENABLED
* SS PULLED LOW

(INTVG AND GATEVg > 4.81V) AND
LDO033 > 3.075V AND SWEN > 1.208V
y

A

INITIALIZE

*SS PULLED LOW
*\/c FORCED TO COMMAND NEAR ZERO
CURRENT LIMIT

l SS < 50mV

SOFT-START

« SS CHARGES UP
« WHEN SS > 0.2V ...
« SWITCHER ENABLED
« Vg SOFT-START
« M1, M4 ON-TIME SOFT-START

SS>1.8V

NORMAL MODE

* NORMAL OPERATION

8708 F02

Figure 2. Start-Up Sequence (All Values are Typical)

Start-Up: Soft-Start of Switching Regulator

In the INITIALIZE state, the SS (soft-start) pin is pulled
low to prepare for soft-starting the switching regulator.
After SS has been discharged to less than 50mV, the
SOFT-START state begins. In this state, as SS gradually
rises, the soft-start circuitry provides a gradual ramp of Vg
and the inductor current in the appropriate direction (refer
to the V¢ vs SS Voltage graph in the Typical Performance
Characteristics section). This prevents abrupt surges
of inductor current and helps the output voltage ramp
smoothly into regulation. See the Switch Control: Soft-
Start section for information about the power switch con-
trol during soft-start.

During soft-start, an integrated 180k (typical) resistor pulls
SS up to 3.3V. The rising ramp rate of the SS pin volt-
age is set by this 180k resistor and the external capacitor

connected to this pin. When SS reaches 1.8V (typical),
the LT8708 exits soft-start and enters normal operation.
Typical values for the external soft-start capacitor range
from 220nF to 2pF. A minimum of 220nF is recommended.

CONTROL OVERVIEW

The LT8708 is a current mode controller that provides
an output voltage above, below or equal to the input volt-
age. It also provides bidirectional current monitoring and
regulation capabilities at both the input and the output.

The ADI proprietary control architecture employs an
inductor current-sensing resistor (Rsgnsg) in buck, boost
or buck-boost regions of operation. The inductor current
is controlled by the voltage on the Vg pin, which is the
combined output of six internal error amplifiers EA1 — EAG.
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These amplifiers can be used to limit or regulate their
respective voltages or currents as shown in Table 1.

Table 1. Error Amplifiers (EA1 - EA6)

AMPLIFIER NAME PIN NAME USED TO LIMIT OR REGULATE
EA1 IMON_INN Negative Iy
EA2 IMON_ON Negative lgyt
EA3 FBIN Vy Voltage
EA4 FBOUT Vout Voltage
EAS IMON_INP Positive Iy
EA6 IMON_OP Positive Igyt

The V¢ voltage typically has a min-max range of about
1.2V. The maximum Vg voltage commands the most
positive inductor current and, thus, commands the most
power flow from Vy to Voyt The minimum V¢ voltage
commands the most negative inductor current and, thus,
commands the most power flow from Vgyt to V.

In a simple example of Voyt regulation, the FBOUT pin
receives the Voyr voltage feedback signal which is com-
pared to the internal reference voltage using EA4. Low
Voyt voltage raises V¢ and, thus, more current flows into
Vour. Conversely, higher Vgyt reduces Vg, thus, reducing
the current into Vgyr or even drawing current and power
from Vour.

Note that the current and power flow can also be restricted
to one direction, as needed, by the selected conduction
mode discussed in the Uni and Bidirectional Conduction
section.

As mentioned previously, the LT8708 also provides bidi-
rectional current regulation capabilities at both the input
and the output. The Vgyt current can be regulated or
limited in the forward and reverse directions (EA6 and
EA2, respectively). The V) current can also be regulated
or limited in the forward direction and reverse directions
(EA5 and EA1, respectively).

In a common application, Voyt might be regulated using
EA4, while the remaining error amplifiers are monitoring
for excessive input or output current or an input under-
voltage condition. In other applications, such as a battery
backup system, a battery connected to Vgoyt might be

charged with constant current (EAG) to @ maximum volt-
age (EA4) and also reversed, at times, to supply power
back to V) using the other error amplifiers to regulate Vyy
and limit the maximum current.

POWER SWITCH CONTROL

The following discussions about the power switch control
assume that the LT8708 is operating in the continuous
conduction mode (see Bidirectional Conduction: CCM).
Other conduction modes have slight differences that are
discussed later in their respective Conduction sections.

Figure 3 shows a simplified diagram of how the four
power switches are connected to the inductor, Vy, Vout
and ground. Figure 4 shows the regions of operation for
the LT8708 as a function of Vgyt — V) or switch duty
cycle (DC). The power switches are properly controlled
so the transfer between modes is continuous.

BG1 i%mz - MsFi - se2

Rsense

"= 8708F03

Figure 3. Simplified Diagram of the Buck-Boost Switches

SWITCH
M3 DCpiax
M1 ON, M2 OFF
BOOSTREGION byt 3, M4 SWITCHES
) SWITCH
= | - M3 DCpiin
5 0-- BUCK/BOOST REGION _ 4-SWITCH PWH SWITCH
£ M2 DCpiin
M4 ON, M3 OFF
BUCKREGION  pyyn i1, M2 SWITCHES
SWITCH

8708 Fo4 \[2 DCMAX

Figure 4. Operating Regions vs Vgyr - Viy
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Switch Control: Buck Region (Viy >> Vour)

When V) is significantly higher than Vg, the part will run
inthe buck region. In this region M3 is always off and switch
M4 is always on. At the start of every cycle, synchronous
switch M2 is turned on first. Inductor current is sensed by
amplifier A4 while switch M2 is on. A slope compensation
ramp is added to the sensed voltage which is then compared
by A5 to a reference that is proportional to V. After the
sensed inductor current falls below the reference, switch M2
is turned off and switch M1 is turned on for the remainder
of the cycle. Switches M1 and M2 will alternate, behaving
like a typical synchronous buck regulator. Figure 5 shows
the switching waveforms in the buck region.

cock __[] M M M
SWITCH M1 L | L L
swohmz [T [ 1 [ ] [1
SWITCH M3 o
SWITCH M4 o

N S N

8708 FO5

Figure 5. Buck Region (V;y >> Vour)

The part will continue operating in the buck region over a
range of switch M2 duty cycles. The duty cycle of switch
M2 in the buck region is given by:

Vi

As V,y and Vgyr get closer to each other, the duty cycle
decreases until the minimum duty cycle of the converter,
in the buck region, reaches DC(agsmin,m2,8uck). If the duty
cycle becomes lower than DC(ABSMIN,IVIZ,BUCK) the part will
move to the buck-boost region.

DG assminmzuck) = tonguzminy © f ©100%

where:

tongvz,miny is the minimum on-time for the synchro-
nous switch in buck operation (200ns typical, see
Electrical Characteristics).

f is the switching frequency.

When V,y is much higher than Vqyr, the duty cycle of
switch M2 will increase, causing the M2 switch off-time
to decrease. The M2 switch off-time should be kept above
230ns (typical, see Electrical Characteristics) to maintain
steady-state operation and avoid duty cycle jitter; increased
output ripple and reduction in maximum output current.

Switch Control: Buck-Boost (Viy = Vour)

When V| is close to Vgyr, the controller operates in the
buck-boost region. Figure 6 shows typical waveforms
in this region. Every cycle, if the controller starts with
switches M2 and M4 turned on, the controller first oper-
ates as if in the buck region. When A5 trips, switch M2
is turned off and M1 is turned on until the middle of the
clock cycle. Next, switch M4 turns off and M3 turns on.
The LT8708 then operates as if in boost mode until A2
trips. Finally, switch M3 turns off and M4 turns on until
the end of the cycle.

If the controller starts with switches M1 and M3 turned
on, the controller first operates as if in the boost region.
When A2 trips, switch M3 is turned off and M4 is turned
on until the middle of the clock cycle. Next, switch M1

cLock [ I I [
swicHmt || L] L] L]
swichmz_|[] 1 1 [
SWITCH M3 [ [ [ [
SWITCH M4 L L L
It ’\__/W—\__/
6(a) Buck-Boost Region (Vy > Voyr)
cock [ M M M
SWITCH M1 L] L L
SWITCH M2 [ [ [ M1
swirchms 1] [ 1 1
swirchma || L] L] L]
t - Mn

6(a) Buck-Boost Region (Vjy < Vour)

Figure 6. Buck-Boost Region
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turns off and M2 turns on. The LT8708 then operates as
if in buck mode until A5 trips. Finally, switch M2 turns off
and M1 turns on until the end of the cycle.

Switch Control: Boost Region (Viy << Vour)

When Vg is significantly higher than Vyy, the part oper-
ates in the boost region. In this region switch M1 is always
on and switch M2 is always off. At the start of every cycle,
switch M3 is turned on first. Inductor current is sensed by
amplifier A4 while switch M3 is on. A slope compensation
ramp is added to the sensed voltage which is then com-
pared (A2) to a reference that is proportional to \Vg. After the
sensed inductor current rises above the reference voltage,
switch M3 is turned off and switch M4 is turned on for the
remainder of the cycle. Switches M3 and M4 will alternate,
behaving like a typical synchronous boost regulator.

The part will continue operating in the boost region over a
range of switch M3 duty cycles. The duty cycle of switch
M3 in the boost region is given by:

Vi
DCiw3goosT) = L1 - Voli\JlT

] *100%

As V,y and Vgur get closer to each other, the duty cycle
decreases until the minimum duty cycle of the converter,
in the boost region, reaches DGagsmin,m3,800sT)- If the
duty cycle becomes lower than DG(agsmin,m3,800sT), the
part will move to the buck-boost region.

DG(assminm3Bo0sT) = tonmaminy ® f *100%

where:

ton(va,miny is the minimum on-time for the main
switch in boost operation (200ns typical, see Electrical
Characteristics).

f is the switching frequency.

When Voyt is much higher than Vy, the duty cycle of
switch M3 will increase, causing the M3 switch off-time
to decrease. The M3 switch off-time should be kept
above 230ns (typical, see Electrical Characteristics) to
maintain steady-state operation and avoid duty cycle jit-
ter, increased output ripple and reduction in maximum
output current.

cock __[1] M [1 M
SWITCH M1 on
SWITCH M2 OFF
SWITCH M3 _| | [ ] | | L
SWITCH M4 [ [ | [

|

Figure 7. Boost Region (Viy << Voyr)

Switch Control: Soft-Start

During soft-start, the LT8708 operates in the same three
regions discussed above (buck, buck-boost and boost).
However, a few differences in switch control happen dur-
ing soft-start.

First, M1 and M4 are not turned on simultaneously while
SS ramps up to 0.8V (typical). When M1 and M4 would
normally both be on, they are instead turned off, leaving
all four switches off. After SS rises above 0.8V, during the
time when M1 and M4 would normally both be on, they
are turned on briefly instead. This brief amount of time
increases as SS rises until M1 & M4 are allowed to remain
on as long as the normal switching sequence requires.

Second, M2 and M3 will occasionally turn on together for
one cycle to refresh both boost capacitors. This refresh
cycle happens because M1 and M4 switch more frequently
during soft-start than in normal operation. As such, the
Boost Capacitor Charge Control block (see Figure 1) can-
not always keep the boost capacitors charged. M2 and M3
are turned on when either BOOSTx-SWx voltage drops
below 5V (typical). Note that during the refresh cycle,
the inductor current slope is nearly zero, thus the boost
capacitors can be refreshed without much disturbance to
the ongoing switching operations.

UNI AND BIDIRECTIONAL CONDUCTION

The LT8708 has one bidirectional and three unidirec-
tional current conduction modes, primarily selected by
the MODE pin. The bidirectional mode (CCM: continu-
ous conduction mode) allows current and power to flow
from Vy to Voyt, Or vice versa, under control of the
V¢ pin. The unidirectional modes (DCM: discontinuous
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conduction mode, HCM: hybrid current mode and Burst
Mode operation) only allow current and power to flow
in one direction. Unidirectional settings override the Vg
pin’s attempt to direct current and power opposite to the
selected direction.

The DIR pin selects the allowed power direction when
using the DCM and HCM unidirectional modes. The Burst
Mode operation only operates in the forward direction and
is not affected by the DIR pin. In DCM and HCM modes,
driving DIR > 1.6V (typical) selects forward operation
which only allows power flow from Vy to Vgyrt. Driving
DIR < 1.2V (typical) selects reverse operation which only
allows power flow from Vgyt to V.

Next, a low state on the RVSOFF pin inhibits reverse cur-
rent and power flow. RVSOFF is an open-drain pin that
requires a pull-up resistor. LDO33 or INTV¢ are conve-
nient nodes to pull RVSOFF up to. Normally, RVSOFF is
only pulled low in response to a low Vgyt voltage (via
the VOUTLOMON comparator) or a high V) voltage (via
the VINHIMON comparator). However, external devices
are permitted to pull RVSOFF low as needed. More infor-
mation is available in the VINHIMON, VOUTLOMON and
RVSOFF section.

Table 2 summarizes selection of the various conduction
modes. See the Electrical Characteristics for the voltage
thresholds of the DIR, VINHIMON, VOUTLOMON and
RVSOFF pins.

Table 2. Conduction Configurations

DIRPIN | RVSOFF | CONDUCTION POSSIBLE
MODE PIN | STATE | PIN STATE MODE DIRECTION
) Forward and
<0.4V - Hi CCM Reverse
Lo DCM Forward
Hi - Forward
0.8Vt Hi HEM Reverse
1.2V Lo
Lo - None
Hi - DCM Forward
1.6V to X ——
5 0V Lo Hi Reverse
Lo - None
. Burst Mode
224V ~ Hi Operation Forward
Lo - None

The conduction configuration can be changed during
operation, as needed, with the following restrictions:

1. Before transitioning from MODE = Burst Mode opera-
tion to MODE = CCM, the DIR pin must be driven to
the Hi (Forward) state.

2. Avoid control pulses on the MODE and DIR pins nar-
rower than 15 LT8708 clock cycles.

Note: The V¢ pin may be railed at the moment the DIR pin
or MODE pin changes state. The railed V¢ voltage cor-
responds to zero current in one direction and maximum
current in the other. Therefore, if a small value Rggnse
resistor is used, the chip may momentarily command high
inductor current immediately after the DIR or MODE pin
change. An undersized inductor may become saturated
in this case. An edge detector on the DIR and/or MODE
pin can be used to reset the chip, forcing a soft-start and
limiting the initial current. See the 48V to 14V Bidirectional
Dual Battery System with FHCM & RHCM in the Typical
Applications section as an example.

More details about each of the four conduction modes are
provided in the following sub-sections.

Bidirectional Conduction: CCM

The continuous conduction mode allows the inductor cur-
rent to flow in the forward or reverse direction, depending
on the V¢ voltage. When CCM is selected, high V¢ voltage
causes current and power to flow from V) to Voyt and
low V¢ voltage causes current and power to flow from
Vout to Viy. At very light load currents the inductor cur-
rent may ripple positive and negative as the appropriate
average current is delivered to the appropriate output.

Unidirectional Conduction: DCM

The discontinuous conduction mode restricts the inductor
current so that it can only flow in one direction, positive
towards Vqyt (Forward DCM) or negative towards Vy
(Reverse DCM). The forward/reverse selection is made
by driving the DIR pin as desired.

When FDCM is selected, higher V¢ voltage increases
the power flowing from V,y to Voyt. Lower V¢ voltage
reduces or stops the flow. When RDCM is selected, lower
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V¢ voltage increases the power flowing from Voyr into
Vn. Higher V¢ voltage reduces or stops the flow.

Forward (or reverse) DCM affects the power switches
as follows. Under light loading conditions, in FDCM (or
RDCM), synchronous switch M4 (or M1) is turned off
whenever instantaneous reverse (or forward) current in
the inductor is detected. This is to prevent drawing current
from Vgyr (or V) and feeding current into Vyy (or Vour)-
Under very light loads, the current comparator may also
remain tripped for several cycles and force switches M1
(or M2) and M3 (or M4) to stay off for the same number
of cycles i.e., skipping pulses. Synchronous switch M2
(or M3) will remain on during the skipped cycles, but
since switch M4 (or M1) is off, the inductor current will
not reverse directions.

Unidirectional Conduction: HCM

Large inductor current ripple can sometimes result in high
power dissipation of the M4 (or M1) junction diode during
the FDCM (or RDCM) operation described above. This can
happen, for example, when Vy >> Vgyt and the average
Vouyt current is relatively high, but M4 is turned off to
block negative components of the AC inductor current.
The hybrid current mode (or HCM) is an alternative to
DCM that often reduces the maximum M4 (or M1) heat-
ing in such cases.

The hybrid current mode is a mixture of the light load
DCM operation and CCM operation, but only allows aver-
age current flow in one direction. As such, it is possible
to have the lower portions of the inductor current ripple
flow opposite to the selected direction while the average
current remains in the selected direction. The DIR pin is
used to select the desired forward (or FHCM) or reverse
(or RHCM) direction of average current flow.

HCM works by measuring the average forward Voyt cur-
rent and the average reverse Vyy current indicated on ICN
and IMON_INP, respectively. In FHCM (or RHCM), light
load is detected when ICN (or IMON_INP) is above 255mV
(typical). As a result, M4 (or M1) is turned off to prevent
average current flow opposite to the desired direction.
Heavy load is detected when ICN (or IMON_INP) is below
205mV (typical). As a result, CCM operation is enabled,

allowing M4 (or M1) to turn on and reduce the diode’s
power dissipation.

NOTE: In FHCM operation connect a 17.4k resistor from
ground to the ICN pin, and in RHCM operation, connect
a 17.4k resistor from ground to the IMON_INP pin.

Unidirectional Conduction: Burst Mode

In Burst Mode operation, a V¢ voltage is set, with about
2omV of hysteresis, below which switching activity is
inhibited and above which switching activity is re-enabled.
A typical example is when, at light output currents, Vourt
rises and forces the Vg pin below the threshold that tem-
porarily inhibits switching. After Voyt drops slightly and
V¢ rises ~25mV, the switching is resumed, initially in the
buck-boost region. Burst Mode operation can increase
efficiency at light load currents by eliminating unneces-
sary switching activity and related power losses. In Burst
Mode operation, inductor current is only allowed in the
forward direction, regardless of the voltage on the DIR
pin. Burst Mode operation handles reverse-current detec-
tion similar to forward DCM. The M4 switch is turned off
when reverse inductor current is detected.

ERROR AMPLIFIERS

The six internal error amplifiers combine to drive Vg accord-
ing to Table 3, with the highest priority being at the top.

Table 3. Error Amp Priorities

TYPICAL CONDITION

IMON_INN > 1.21V or | then Vg
IMON_ON > 1.21V Rises

PURPOSE
to Reduce Negative Iy
to Reduce Negative lgyt

to Reduce Positive Iy or
Increase Negative Iy

to Reduce Positive lgyt or
Increase Negative lgyt

to Reduce Positive Iy
to Reduce Positive oyt
Default

FBIN < 1.205V or

else | FBOUT>1.207Vor | thenVg
if Falls

IMON_INP > 1.209V or
IMON_OP > 1.209V
else V¢ Rises

Note that certain error amplifiers are disabled under the
conditions shown in Table 4. A disabled error amplifier is
unable to affect V¢ and can be treated as if its associated
row is removed from Table 3.
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Table 4. Automatically Disabled Error Amp Conditions
RDCM or RHCM

ERROR VOUTLOMON | VINHIMON RVSOFF
AMP | PIN NAME | ASSERTED | ASSERTED | - <1.207V
EA1 | IMON_INN 4*
EA2 | IMON_ON 4*
EA3 FBIN 2* 4*
EA4 FBOUT 1* 3* 4*
EA5 | IMON_INP 4*
EA6 | IMON_OP 4

A 1* —4* indicates that the error amplifier listed for that row is disabled
under that column’s condition. The purposes of disabling the respective
amplifiers are listed below.

1* This improves transient response when
VOUTLOMON deasserts.

2* This improves transient response when
VINHIMON deasserts.

3* Since power can only transfer from Voyr to Vyy, this
prevents higher FBOUT/Vgyt voltages from interfering
with the FBIN/V)y voltage regulation.

4* No switching occurs in this condition. Disabling the error
amplifiers improves transient response when resuming
switching operation.

Some applications don’t require the use of all six error
amplifiers. When unused, the respective input pin(s)
should be driven so that they don'’t interfere with the oper-
ation of the remaining amplifiers. Use Table 5 as a guide.

Table 5. Disabling Unused Amplifiers

AMPLIFIER EXAMPLE DISABLED
NAME PIN NAME | TIETO DISABLE | PIN CONNECTION
EA1 IMON_INN
<0.9v GND
EA2 IMON_ON
EA3 FBIN > 1.5V LD033
EA4 FBOUT
EAS IMON_INP <0.9v GND
EA6 IMON_OP

Vour REGULATION AND SENSING

Two pins, FBOUT and VOUTLOMON, are provided to sense
the Vgyr voltage and issue the appropriate response to
the switching regulator.

Voyr: Regulation

Vouyt is regulated, subject to the priorities in Table 3,
using a resistor divider between Vqyr, FBOUT and ground.
FBOUT connects to the EA4 amplifier to drive V. When
FBOUT rises near or above the EA4 reference (1.207V
typical), V¢ typically falls, commanding less current into
Vout. The Vour regulation voltage is given by the equation:

Vout =1 .207v-[1+mJ
FBOUT2

where:
Regout1 and Regoyt2 are shown in Figure 1.

Vour: Above Regulation

When the FBOUT pin and EA4 detect that Voyr is signifi-
cantly above regulation, V¢ typically falls to its minimum
voltage. The LT8708 responds to the minimum V¢ voltage
according to the conduction mode enabled by MODE, DIR
and RVSOFF. If reverse conduction is not allowed (FDCM,
FHCM and Burst Mode operation) then switching will stop
and current won’t be delivered to V,y. If reverse conduc-
tion is allowed (CCM, RDCM and RHCM), then current
and power will flow from Vgyt to Viy.

Vour: Below Regulation and Undervoltage

When the FBOUT pin and EA4 detect Vqyr is below regula-
tion, V¢ typically rises. If forward conduction is enabled
(CCM, FDCM, FHCM and Burst mode), then current and
power will flow from Vy to Voyr.

A resistor divider between Voy1 VOUTLOMON and ground
is used to detect Voyr undervoltage. This function pre-
vents reverse conduction, from Voyt to V), from draw-
ing Voyt down lower than desired. When undervoltage is
detected by VOUTLOMON, RVSOFF is pulled low to dis-
able reverse current and power. This function can be used
as a UVLO (undervoltage lockout), for example, when a
battery or supercapacitor, connected to Vo, is supply-
ing power to V). See the VINHIMON, VOUTLOMON and
RVSOFF section for more detailed information.
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Viy REGULATION AND SENSING

Two pins, FBIN and VINHIMON, are provided to sense
the V| voltage and issue the appropriate response to the
switching regulator.

Vix: Regulation

Subject to the priorities in Table 3, a resistor divider
between V,y, FBIN and ground can be used to regulate Vyy
or serve an undervoltage lockout function. A few applica-
tion examples are as follows:

* For V|y supplies with high source impedance (i.e., a
solar panel), Viy regulation can prevent the supply
voltage from dropping too low under high Vg load
conditions.

* For V) supplies with low source impedance (i.e., bat-
teries and voltage supplies), the FBIN pin can be used
to stop switching activity when the Vy supply voltage
gets too low for proper system operation.

 Vy can also be regulated to a maximum voltage when
power is flowing from Vgt to V), such as in a battery
backup application.

When FBIN falls near or below the EA3 reference (1.205V
typical), the V¢ voltage falls and reduces current draw from
Vin. The V) regulation voltage is given by the equation:

Wiy = 1.205V-(1+Mj
FBIN2

where:
Regint and Regno are shown in Figure 1.

Vin: Above Regulation and Overvoltage

When the FBIN pin and EA3 detect Vy is above regulation,
V¢ is allowed to rise. If forward conduction is enabled
(GCM, FDCM, FHCM and Burst Mode operation), then cur-
rent and power can flow from V,y to Voyr. If only reverse
conduction is enabled (RDCM and RHCM), then switching
will stop and current won’t be delivered into Vjy. NOTE:
This above-regulation condition is required to allow for-
ward conduction in an application.

A resistor divider between Vjy, VINHIMON and ground
is used to detect Vjy overvoltage. This function prevents
reverse conduction, from Voyr to Vi, from forcing Viy
higher than desired. When overvoltage is detected by
VINHIMON, RVSOFF is pulled low to disable reverse cur-
rent and power. This function can be used as an OVLO
(over voltage lockout), for example, when a battery,
connected to Vyy, is being charged from Vqyr. See the
VINHIMON, VOUTLOMON and RVSOFF section for more
detailed information.

V|y: Below Regulation

When the FBIN pin and EA3 detect that V,y is significantly
below regulation, Vg may fall to its minimum voltage. The
LT8708 responds to the minimum V; voltage according to
the conduction mode enabled by MODE, DIR and RVSOFF.
If only forward conduction is allowed (FDCM, FHCM and
Burst Mode operation) then switching will stop and cur-
rent won’t be drawn from Voyt. If reverse conduction
is allowed (CCM, RDCM and RHCM), then current and
power will flow from Vgyt to Viy.

UVLO functions are available to detect low V) voltage.
These functions are discussed in the Voltage Lockouts
section.

CURRENT MONITORING AND LIMITING

Monitoring and Limiting: IMON Pins

The LT8708 can monitor V,y and Vqyr current (l;y and
loyT) in both the positive and negative directions. The
CSPIN and CSNIN pins connect across a current sense
resistor to monitor Ijy. External resistors are connected
from the IMON_INP and IMON_INN pins to GND. Their
resulting voltages are linearly proportional to positive Iy
and negative I respectively. See amplifier A3 in the Block
Diagram.

Similarly, an lgyt sense resistor, measured by CSPOUT
and GSNOUT, is used to monitor the Vgt current. External
resistors are connected from the IMON_OP and IMON_ON
pins to GND. Their resulting voltages are linearly propor-
tional to positive lgyt and negative lgyt respectively. See
amplifier A1 in the Block Diagram.
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The ljy and lgyt currents can be limited and regulated to
independent maximum positive values. When |y causes
IMON_INP to rise near or above 1.209V (typical), EA5
typically causes V¢ to pull down and limit/regulate the
maximum current. Similarly, when gyt causes IMON_
OP to rise near or above 1.209V (typical), EA6 typically
causes V¢ to pull down and limit/regulate the maximum
current. See Table 3 for error amplifier priorities.

The l;y and lgyT currents can also be limited and regu-
lated to independent maximum negative values. When Iy
causes IMON_INN to rise near or above 1.21V (typical),
EA1 causes V¢ to pull up and limit the maximum cur-
rent. Similarly, when lgyt causes IMON_ON to rise near
or above 1.21V (typical), EA2 causes V¢ to pull up and
limit the maximum current.

The Iy and Iyt current limits can provide many benefits.
They can be used to prevent overloading the input sup-
ply, allow for constant-current battery and supercapacitor
charging and can also serve as short-circuit protection
for constant-voltage regulators. See the Applications
Information section for more information about the cur-
rent monitors and the current regulation and limiting.

Monitoring: ICP and ICN Pins

ICP and ICN are additional current monitor pins with out-
put currents typically equal to those of IMON_OP and
IMON_ON, respectively.

In contrast to IMON_OP, ICP is internally pulled to ~0.6V
(typical) when Vg is at its minimum and the conduc-
tion mode is either RDCM or RHCM. Also, in contrast to
IMON_ON, ICN is internally pulled to ~0.6V (typical) when
V¢ is at its maximum and the conduction mode is FDCM,
FHCM or Burst Mode operation.

Always connect a 17.4k resistor from ICP to ground and
from ICN to ground.

INTVog/EXTVc/GATEVc/LDO33 POWER

Power for the top and bottom MOSFET drivers, the LDO33
pin and most internal circuitry is derived from the INTV¢g
pin. INTV¢ is regulated to 6.3V (typical) from either the
Vinchip or EXTV¢c pin. When the EXTV¢ pin is left open
or tied to a voltage less than 6.2V (typical), an internal
low dropout regulator regulates INTVgg from Vincuip. If
EXTV¢ is taken above 6.4V (typical), another low drop-
out regulator will instead regulate INTVg¢ from EXTV¢c.
Regulating INTVg from EXTV¢ allows the power to be
derived from the lowest supply voltage (highest effi-
ciency) such as the LT8708 switching regulator output
(see INTV¢c Regulators and EXTVge Connection in the
Applications Information section for more details).

The GATEV¢ pin directly powers the bottom MOSFET
drivers for switches M2 and M3 (see Figure 3). GATEV¢g
should always be connected to INTVgg and should not be
powered or connected to any other source. Undervoltage
lockouts (UVLOs) monitoring INTVgg and GATEV g dis-
able the switching regulator when the pins are below
4.65V (typical).

The LDO33 pin can provide power to external compo-
nents such as a microcontroller and/or can provide an
accurate bias voltage. Load current is limited to 17.25mA
(typical). As long as SHDN is high, the LDO33 output is
linearly regulated from the INTV¢¢ pin and is not affected
by the INTV¢c or GATEV¢e UVLOs or the SWEN pin volt-
age. LDO33 remains regulated as long as SHDN is high
and sufficient voltage is available on INTVgg (typically >
4.0V). An undervoltage lockout monitoring LDO33 will
disable the switching regulator when LDO33 is below
3.04V (typical).

CLKOUT AND TEMPERATURE SENSING

The CLKOUT pin toggles at the LT8708’s internal clock
frequency whether the internal clock is synchronized to an
external source or is free-running based on the external Ry
resistor. The CLKOUT pin can be used to synchronize other
devices to the LT8708’s switching frequency. Also, the
duty cycle of CLKOUT is proportional to the die tempera-
ture and can be used to monitor the die for thermal issues.
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This Applications Information section provides additional
details for setting up an application using the LT8708.
Topics include verifying the power flow conditions, selec-
tion of various external components including the switch-
ing MOSFETs, sensing resistors, filter capacitors, diodes
and the primary inductor among others. In addition, more
information is provided about voltage lockouts, current
monitoring, PCB layout and efficiency considerations.
This section wraps up with a design example to illustrate
the use of the various design equations presented here.

VERIFY THE POWER FLOW CONDITIONS

Due to the configurability of the LT8708, a methodical
approach should be used to verify that power will flow,
as intended, under all relevant conditions. Table 6(a) and
6(b) are provided to help with this verification.

First, using Table 6(a), note which Vy and Vgyt combina-
tions are used in the application. For example, print a copy
of Table 6(a) and highlight or circle the applicable cells.

In Table 6(a):
* Vn_rein is the Vi voltage when FBIN is at 1.205V (typ)

* Vout rBour is the Voyr voltage when FBOUT is at
1.207V (typ)

o V||\|_\/||\||.|||\/|0|\| is the V,y voltage when Viyuimon at
1.207V (typ)

* Vout voutLomon is the Voyr voltage when VoyrLomon
is at 1.207V (typ)

If one or more of the FBIN, FBOUT, VINHIMON and
VOUTLOMON pins are tied to their inactive states (see
Table 5 and the VINHIMON, VOUTLOMON and RVSOFF
section), the associated row(s) or column(s) will not apply
to the application. For example, if FBIN is tied to LDO33 to
deactivate that pin function, then the V,y < V|y_pgiy row
of Table 6(a) is not applicable and no cells in that row
should be circled.

Next, for each cell identified in Table 6(a), check that the
operating condition described in Table 6(b) meets the
application’s requirements.

Table 6. Power Flow Verification Table

6(a)
Vour >
Vour < Vout_voutLomon & Vour >
Vour/Nin Vour_vourtomon | Vout < Vout_rsout | Vourt_reout
No Power
Vin < Vin_rBIN Transfer B B
Vin > Vin_rain &
V|N < A D C
ViN_vINHIMON
Viy > A D No Power
ViN_vINHIMON Transfer
6(h)
MODE =
MODE = DCM/HCM, MODE = DCM/
BURST MODE = CCM DIR=FWD | HCM, DIR =RVS
A Power Flows from V) to Vour No Power Flow
B | No Power Power Flows No Power fr(frg\'\\’/er H?;V\S/
¢ | Flow | fromVoyrtoViy Flow | P ouT P YIN
D Power Flows from Vy to Vourt No Power Flow

Note: Table 6(a) and Table 6(b) assume that the RVSOFF
pin is not driven low by an external device.

See the Design Example section for a further example of
using these tables.

OPERATING FREQUENCY SELECTION

The LT8708 uses a constant frequency architecture
between 100kHz and 400kHz. The frequency can be set
using the internal oscillator or can be synchronized to an
external clock source. Selection of the switching frequency
is a trade-off between efficiency and component size. Low
frequency operation increases efficiency by reducing
MOSFET switching losses, but requires more inductance
and/or capacitance to maintain low output ripple voltage.
For high power applications, consider operating at lower
frequencies to minimize MOSFET heating from switching
losses. The switching frequency can be set by placing an
appropriate resistor from the RT pin to ground and tying
the SYNC pin low. The frequency can also be synchronized
to an external clock source driven into the SYNC pin. The
following sections provide more details.
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INTERNAL OSCILLATOR

The operating frequency of the LT8708 can be set using
the internal free-running oscillator. When the SYNG pin is
driven low (< 0.5V), the operating frequency is set by the
value of the resistor from the RT pin to ground. Aninternally
trimmed timing capacitor resides inside the IC. The oscil-
lator frequency is calculated using the following formula:

43,750
faep=| ——— |kH
0sC (RT+1J z

where:

fosc is in kHz and Ry is in k<.

Conversely, Rt (in kQ2) can be calculated from the desired
frequency (in kHz) using:

Ry :[43,750_1)(Q
fosc

SYNC PIN AND CLOCK SYNCHRONIZATION

The operating frequency of the LT8708 can be synchro-
nized to an external clock source. To synchronize to the
external source, simply provide a digital clock signal into
the SYNC pin. The LT8708 will operate at the SYNC clock
frequency.

The duty cycle of the SYNC signal must be between 20%
and 80% for proper operation. Also, the frequency of the
SYNC signal must meet the following two criteria:

1. SYNC may not toggle outside the frequency range of
100kHz to 400kHz unless it is stopped low to enable
the free-running oscillator.

2. The SYNC pin frequency can always be higher than the
free-running oscillator set frequency, fogc, but should
not be less than 25% below fggg.

After SYNC begins toggling, it is recommended that
switching activity is stopped before the SYNC pin stops
toggling. Excess inductor current can result when SYNC
stops toggling as the LT8708 transitions from the external
SYNC clock source to the internal free-running oscillator
clock. Switching activity can be stopped by driving either
the SWEN or SHDN pin low.

CLKOUT PIN AND CLOCK SYNCHRONIZATION

The CLKOUT pin can drive up to 200pF and toggles at the
LT8708’s internal clock frequency whether the internal
clock is synchronized to the SYNC pin or is free-running
based on the external Ry resistor. The rising edge of
CLKOUT is approximately 180° out of phase from the
internal clock’s rising edge or the SYNC pin’s rising edge if
itis toggling. CLKOUT starts toggling when the INITIALIZE
state is entered (see Figure 2).

The CLKOUT pin can be used to synchronize other devices
to the LT8708’s switching frequency. For example, the
CLKOUT pin can be tied to the SYNC pin of another LT8708
regulator which will operate approximately 180°out of
phase of the master LT8708. The frequency of the master
LT8708 can be set by the external Ry resistor or by toggling
the SYNC pin. Note that the Ry pin of the slave LT8708
must have a resistor tied to ground. In general, use the
same value Ry resistor for all of the synchronized LT8708s

The duty cycle of CLKOUT is proportional to the die tem-
perature and can be used to monitor the die for thermal
issues. See the Junction Temperature Measurement sec-
tion for more information.

INDUCTOR CURRENT SENSING AND SLOPE
COMPENSATION

The LT8708 operates using inductor current mode con-
trol. As described previously in the Power Switch Control
section, the LT8708 measures the peak of the inductor
current waveform in the boost region and the valley of the
inductor current waveform in the buck region. The induc-
tor current is sensed across the Rggysg resistor with pins
CSP and CSN. During any given cycle, the peak (boost
region) or valley (buck region) of the inductor current is
controlled by the V¢ pin voltage.

Slope compensation provides stability in constant-fre-
quency current mode control architectures by preventing
subharmonic oscillations at high duty cycles. This is accom-
plished internally by adding a compensating ramp to the
inductor current signal in the boost region, or subtracting
a ramp from the inductor current signal in the buck region.
At higher duty cycles, this results in a reduction of maxi-
mum inductor current in the boost region, and an increase
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of the maximum inductor current in the buck region. For
example, refer to the Maximum Inductor Current Sense
Voltage vs Duty Cycle graph in the Typical Performance
Characteristics section. The graph shows that, with V¢ at
its maximum voltage, the maximum peak inductor sense
voltage Vrsense is between 47mV and 93mV depending
on the duty cycle. It also shows that the maximum induc-
tor valley current in the buck region is 82mV increasing to
~130mV at higher duty cycles.

Rsense SELECTION AND MAXIMUM CURRENT

The Rgpnse resistance must be chosen properly to
achieve the desired amount of output current (forward
conduction) and input current (reverse conduction).
Too much resistance can limit the input/output current
below the application requirements. Start by determin-
ing the maximum allowed RgpysE resistances in the for-
ward and reverse boost regions (Rsensg(viax,B00STFWD)
and Rsense(max,8oosTRvs))- Follow this by finding the
maximum allowed Rgeyse resistances in the forward
and reverse buck regions (Rsense(max,suck,rwp) and

RSENSE(I\/I/—\X,BUCK,RVS))- The selected RggysE resistance
must be less than all four values.

Rsense Selection: Max Rggyse in the Boost Region

Forward Conduction: Inthis section Rsgnse(viax,800STFWD)
is calculated which is the maximum allowed RggnsE resis-
tance when operating in the boost region with forward
conduction (Vyy to Vgyt). Skip this section and assume
Rsense(MAx,B00sTFWD) = = When this operating condition
does not apply to the application.

In the boost region, the maximum positive Vgt current capa-
bility is the lowest when Vyy is at its minimum and Vqyr is at
its maximum. Therefore, Rggyse must be chosen to meet the
output current requirements under these conditions.

Start by finding the maximum boost region duty cycle
which occurs when V) is minimum and Voyt is maxi-
mum using:

DCowaxm3800sT) =

Vi
1— _IN(MINBOOST) |, 400%
Vout(waxoosT)

For example, an application with a V) range of 12V to
48V and Vgyr set to 36V will have:

DCowaxm3800sT) =

12V
1-—— |*100% =67%
( 36V) 00% =67%

Referring to the Maximum Inductor Current Sense Voltage
graph in the Typical Performance Characteristics section,
the maximum Rgense voltage at 67% duty cycle is 68mV,
or:

VRSENSE(MAX,BOOST, MAXDG) = 68mV

for Viy =12V, VOUT =36V.

Next, the inductor ripple current in the boost region must
be determined. If the main inductor L is not known, the
maximum ripple current Al max soosT) ¢an be estimated
by choosing Al (vax,oost) to be 30% to 50% of the
maximum peak inductor current in the boost region as
follows:

Al axBoosT) =

VoutmaxgoosT) *loutmaxFw)
100% _ 5]
%Ripple

VingvingoosT) ® (

where:

|0UT(|VIAX,HND) is the maximum Vgyr load current
required in the boost region.

%Ripple is 30% to 50%

For example, using Vourmax) = 36V, Vinguiny = 12V,
lout(max,Fwp) = 2A and %Ripple = 40% we can calculate:

Al (maxB00ST)=

36V 2A

100%
12Ve ~05
( 40% J

=3A
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Otherwise, if the inductance is already known then
Al (vax,8oosTrwD) can be more accurately calculated as
follows:

Al axgoosT) =

[ DCwiaxM3800ST)

100% ]'VIN(IVIIN,BOOST)

A

feL

where:

DC(max,m3,800sT) is the maximum duty cycle percent-
age in the boost region as calculated previously

f is the switching frequency
L is the inductance of the main inductor

After the maximum ripple current is known, the maximum
allowed Rgensg in the boost region while in forward con-
duction (V) to Vgyr) can be calculated as follows:

RsENSE(MAXBOOSTFWD) =
2 * VRSENSE(MAXBOOSTMAXDC) * VIN(MINBOOST)

Q
(2 *loutmaxFwo) * VouT(maxoosT) ) + (AIL(MAX,BOOST) . VIN(MIN,BOOST))

where:

VRSENSE(MAX,B00STMAXDC) IS the maximum inductor
current sense voltage as discussed in the previous

section.
Using values from the previous examples:

I:{SENSE(MAX,BOOST,FWD) =
268mVe12V

~9.1mQ
(22A+36V)+ (3A=12V) "

Reverse Conduction: In this section Rsgnse(vax,B00STRYS)
is calculated which is the maximum allowed RggnsE resis-
tance when operating in the boost region with reverse
conduction (Voyr to Viy). Skip this section and assume
Rsense(max,800sTRYS) = o When this operating condition
does not apply to the application.

In the boost region, the maximum reverse V)y current
capability is the lowest when operating at the minimum

duty cycle. See Switch Control: Boost Region (Viy <<
Vout) section for the equation to calculate the minimum

duty cycle DG(agsmin, M3, BOOST)-

Before calculating the maximum Rgengse resistance allowed
during reverse operation, however, the inductor ripple cur-
rent must be determined. If the main inductor L is not
known, the ripple current Al (\vin goosT) can be estimated
by choosing Al gvin,8o0sT) to be 10% of the minimum peak
inductor current in the boost region as follows:

ngmaxRVS
Al (minpoosT) = WA
(10% _0'5]

where:

lingvax Rvs) i the maximum Vy load current required
in the boost region in the reverse direction

If the inductance is already known then Al_in goosT) can
be calculated as follows:

Al minoosT) =

DCasminm3B00ST)
100%

feL

]'VIN(MIN,BOOST)

A

where:

DC(agsmin,m3,800sT) is the minimum duty cycle per-
centage in the boost region (see Switch Control: Boost
Region (Vy << Vgyrt) section)

f is the switching frequency
L is the inductance of the main inductor

Now that the inductor ripple current is known, the maxi-
mum allowed Rggyse in the boost region while in reverse
conduction can be calculated as follows:

RseNsE(MAXB0OOST RVS) =
2*| VRsense(MIN,B00ST,MINDC) | o
(2 'IIN(MAX,RVS))_ Al vinBoosT)
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where:

VRSENSE(IVIIN,BOOST,I\/IINDC) is the minimum inductor cur-
rent sense voltage in the boost region at the minimum
duty cycle. Typical value is —93mV.

Negative result from the above equation indicates that any
Rsense value can meet the requirement. Substitute the
calculated result with .o and move onto the next section.

Rsense Selection: Max Rggyse in the Buck Region

Forward Conduction: In this section Rsensewax suck pwp)
is calculated which is the maximum allowed RggnsE resis-
tance when operating in the buck region with forward
conduction (V,y to Vout)-

In the buck region, the maximum Vgy current capabil-
ity is the lowest when operating at the minimum duty
cycle. See Switch Control: Boost Region (Viy << Vour)
section for the equation to calculate the minimum duty

cycle DG(agsmin, M2,BUCK)-

Before calculating the maximum Rggysg resistance, how-
ever, the inductor ripple current must be determined.
If the main inductor L is not known, the ripple current
Al (vin,Buck) can be estimated by choosing Al wmin guck)
to be 10% of the maximum peak inductor current in the
buck region as follows:

lout(waxFwp) A

100%
[10% 05)

Al inguck) =

where:

lout(max,FwD) IS the maximum Voyr load current
required in the buck region in the forward direction.

If the inductance is already known then Al (in suck) can
be calculated as follows:

Al vinpuck) =

DCagsminm2,8UCK)
100%

j * VouT(MINBUCK)
A

feL

where:

DC(ABSMIN,MZ,BUCK) is the minimum duty cycle percent-
age in the buck region as calculated previously

f is the switching frequency
L is the inductance of the main inductor

After the inductor ripple current is known, the maximum
allowed Rggysg in the buck region while in forward con-
duction can be calculated as follows:

RsENsE(MAX BUCKFWD) =
2 * VRSENSE(MAX,BUCK, MINDC)
(2 *louT(MAX FWD) ) = Al (minguck)

where:

VRSENSE(MAX,BUCK,MINDC) is the maximum inductor cur-
rent sense voltage at the minimum duty cycle. Typical
value is 82mV.

Negative result from the above equation indicates that any
Rsense value can meet the requirement. Substitute the
calculated result with e and move onto the next section.

Reverse Conduction: In this section Rsensemax, BUCK,
rvs) is calculated which is the maximum allowed Rggnse
resistance when operating in the buck region with reverse
conduction (Voyt to V). Skip this section and assume
RSENSE(MAX, BUCK, RvS) = * When this operating condition
does not apply to the application.

In the buck region, the maximum reverse Viy current
capability is the least when V,y is at its maximum and
Voyt is at its minimum for buck operation. Therefore
Rsense must be chosen to meet the Vyy current require-
ments under these conditions.

Start by finding the buck region duty cycle when Vy is
minimum and Vqyt is maximum using:

DCvaxm28uCK) =

V
1 Your(inguc) |, 1400,
ViN(vAX BUCK)
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Next, the inductor ripple current in the buck region must
be determined. If the main inductor L is not known, the
maximum ripple current Alj (ax Buck) can be estimated
by choosing Al max suck) to be 30% to 50% of the maxi-
mum peak inductor current in the buck region as follows:

Al vax puck) =
Vingaxguck) *ingmax rvs) A

100%
-05
%Ripple J

Voutminguck) ® [

where:

lingmax,rvs) is the maximum Viy load current in the
reverse direction required in the buck region.

%Ripple is 30% to 50%

Otherwise, if the inductance is already known then
Al (max,Bucky can be more accurately calculated as
follows:

Al maxBuck) =

( DCvaxm2,8UckK)

100% ] * VouT(MINBUCK)

A

feL

where:

DCmax,m2,8uck) is the maximum duty cycle percentage
in the buck region as calculated previously

f is the switching frequency
L is the inductance of the main inductor

After the maximum ripple current is known, the maximum
allowed Rgense in the buck region while in reverse con-
duction can be calculated as follows:

RSENSE(MAX BUCKRVS) =
2¢| VRsenseminguckmaxoc) | *VouTminguck)
(2‘ [invaxgrvs) | IN(MAX,BUCK)) + (AlL(NIAX,BUCK) . VOUT(MIN,BUCK))

where:

VRSENSE(I\/IIN,BUCK,MAXDC) is the minimum inductor
current sense voltage at the maximum duty cycle.
This value is determined in a similar manner to
VRSENSE(IVIAX,BOOST,MAXDC) discussed previously in the
Rsense Selection: Max Rggyse in the Boost Region
(Forward Conduction) section.

Rsense Selection: Final Rgeysg Value

The final Rggygg value should be lower than all four

maximum Rgsensg Values, Rsense(MAX,BOOSTFWD),

RsensE(mAX,B00STRYS):  RSENSE(MAX,BUCK,FwD) and
RSENSE(IVIAX,BUCK,RVS)- A margin of 20% to 30% is

recommended.

Figure 8 shows approximately how the maximum posi-
tive lgyt and inductor currents would vary with Vin/Vourt
while all other operating parameters remain constant (fre-
quency = 120kHz, inductance = 10pH, Rgeyse = 1mQ).
This graph is normalized and accounts for changes in
maximum current due to the slope compensation ramps
and the effects of changing ripple current. The curve is
theoretical but can be used as a guide to predict relative
changes in maximum currents over a range of Vin/Vout
voltages. Similarly, when in reverse conduction, Figure 9
shows approximately how the maximum negative Iy and
inductor currents would vary with Viy/Voyr.
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Figure 8. Currents vs Viy/Vgyt Ratio in Forward Conduction
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Figure 9. Currents vs Vy/Vgyt Ratio in Reverse Conduction

Rsense FILTERING

Certain applications may require filtering of the inductor
current sense signals due to excessive switching noise
that can appear across Rgeyse. Higher operating voltages,
higher values of Rggyse, and more capacitive MOSFETs
will all contribute additional noise across Rggyse when
the SW pins transition. The CSP/CSN sense signals can
be filtered by adding one of the RC networks shown
in Figure 10. Most PC board layouts can be drawn to
accommodate either network on the same board. The
network should be placed as close as possible to the IC.
The network in Figure 10b can reduce common mode
noise seen by the CSP/CSN pins of the LT8708 at the
expense of some increased ground trace noise as current
passes through the capacitors. A short direct path from
the capacitor grounds to the IC ground should be used
on the PC board. Resistors greater than 10 should be
avoided as these can increase offset voltages at the CSP/

10Q
CSP
RsSENSE 1nF LT8708
10Q
CSN
10(a)
10Q
CSP
RSENSE —1nF LT8708
vy CSN
A AA
= 1nF_L
—EI i 8708 F10

10(b) =
Figure 10. Inductor Current Sense Filter

CSN pins. The RC product should be kept to less than
30ns.

INDUCTOR (L) SELECTION

For high efficiency, choose an inductor with low core loss,
such as ferrite. Also, the inductor should have low DC
resistance to reduce the IR losses, and must be able to
handle the peak inductor current without saturating. To
minimize radiated noise, use a toroid, pot core or shielded
bobbin inductor.

The operating frequency and inductor selection are inter-
related in that higher operating frequencies allow the use
of smaller inductor and capacitor values. The following
sections discuss several criteria to consider when choos-
ing an inductor value. For optimal performance, choose
an inductor that meets all of the following criteria.

L Selection: Load Current in Buck and Boost Regions

Small inductances result in increased ripple currents and
thus, due to the positive and negative inductor current
limits, decrease the maximum average forward Iyt in
the boost region and the maximum average reverse Iy
in the buck region.

In order to provide adequate forward lgyt at low Vyy volt-
ages in the boost region, L should be at least:

Lvint BoosT) =

. [DC(MAX,MS,BOOST)]
100%

2 fo [VRSENSE(MAX,BOOST,MAXDC) _lout(maxFwp) 'VOUT(MAX,BOOST)J
Rsense ViningoosT)

Vin(minBoosT)
H

where:

DCmax,m3,800sT) is the maximum duty cycle per-
centage of the M3 switch (see Rggyse Selection: Max
Rsense in the Boost Region section)

f is the switching frequency

VRSENSE(MAX,BQOST,MAXDC) is the maximu_m current
sense voltage in the boost region at maximum duty

cycle (see Rggyse Selection: Max Rggyse in the Boost
Region section)
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lout(max,Fwp) i the maximum forward Voyr current
in boost region

To provide adequate reverse Iy current at low Voyt volt-
ages in the buck region, L should be at least:

Lovini Buck) =

v . [ DC(MAX,MZ,BUCK)J
OUTMINBUCK) * | — 3 nor

100%

2 fo [l VRsenseminBuckmaxoc) | lingwaxrvs) 'VIN(MAX,BUCK)]
Rsense Vout(minBsuck)

Q

where:

DCmax m2,8uck) is the maximum duty cycle percentage
of the M2 switch (see Rggynse Selection: Max Rggysg in
the Buck Region section)

f is the switching frequency

VRSENSE(MIN,BUCK,MAXDC) is the minimum current sense
voltage in the buck region at maximum duty cycle (see
Rsense Selection: Max Rggyse in the Buck Region
section)

lingmax Rvs) IS the maximum reverse Viy current in
buck region

Negative values of Lyvin1,800sT) OF L(mint,Buck) indicate
that the load current can’t be delivered because the induc-
tor current limit is too low. If L(MIN1,BOOST) or L(IVIIN1 JBUCK)
is too large or is negative, consider reducing the Rggyse
resistor value to increase the inductor current limit.

L Selection: Subharmonic Oscillations

The LT8708’s internal slope compensation circuits will
prevent subharmonic oscillations that can otherwise
occur when Viy/Voyrt is less than 0.5 or greater than 2.
The slope compensation circuits will prevent these oscil-
lations provided that the inductance exceeds a minimum
value (see the earlier section Inductor Current Sensing
and Slope Compensation for more information). Choose
an inductance greater than all of the relevant L limits

discussed below. Negative calculation results can be inter-
preted as zero.

In the boost region, if Voyt can be greater than twice Vy;,
calculate Lywin2,00sT) as follows:

LminzBoosT) =

VingvingoosT) * Vout(vaxgoosT) H Reenst
VoutmaxsoosT) ~ VinminBooST)
0.08ef

[VOUT(MAX,BOOST) - (

H

In the buck region, if Vjy can be greater than twice Voyr,
calculate Lminz,uck) as follows:
Lminzsuck) =

v J e VouTMinBuCK) R
IN(MAX BUCK) v Y SENSE
IN(MAX,BUCK) ~ YOUT(MIN BUCK)

N.08ef

H

L Selection: Maximum Current Rating

The inductor must have a rating greater than its maximum
operating current to prevent inductor saturation resulting
in efficiency loss. The maximum forward inductor current
in the boost region is:

. Vour(maxgoosT)

I (maxBo0STFWD) = louT(maxFwp) v
IN(MIN,BOOST)

DCvaxm3800sT)
100% A

VinmingoosT) '[

¥ Delef

where:

DC(max,m3,800sT) IS the maximum duty cycle per-
centage of the M3 switch (see Rgeysg Selection and
Maximum Current section).
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The maximum reverse inductor current in the boost
region for applications in which Voyrmax) = 2¢Vin(vax) IS:

I (mMaxBo0STRVS) = IN(MAXRVS)

V
+ IN(MAX,BOOST) A
Qe| o f

For applications in which Voyrmax) < 2¢Vinmax). the
maximum reverse inductor current is smaller than the
value given by the above equation. The following equation
can be used to calculate the reverse inductor current for
given combinations of Vy and Voyr.

I (maxBoOST RVS) = INgmAX RVS)

+[V|N '(VOUT_VIN)jA
2L fe\Voyr

where:
Vour > Vin

The maximum positive inductor current in the buck region
for applications in which VIN(MAX) 2 2°VOUT(MAX) is:

I (maxBuck FwD) = louT(Max FwD)

V
+ OUT(MAXBUCK) A
Qe| o f

For applications with Vingmax) < 2¢Vout(wax), the maxi-
mum forward inductor current is smaller than the value
given by the above equation. The following equation can
be used to calculate the forward inductor current for given
combinations of Vy and Voyr.

I (BuCcK FwWD) = louT(MAX FWD)

o[ Your *(Min —Vour) |
2eLe foViy

where:

Vin > Vour

The maximum reverse inductor current when operating
in the buck region is:
. Vin(maxBUCK)

I (maxBuCKRVS) = lIN(MAX RVS) v
OUT(MINBUCK)

Vourinpuck) ® Dbmaxszuck)
+ ’ 100% A

Delef

where:

DC(max,m2,8Uck) is the maximum duty cycle percent-
age of the M2 switch in the buck region (see Rsgnse
Selection: Max Rggnsg in the Buck Region section).

Note that the inductor current can be higher when there are
load transients or the load current exceeds the expected
maximum amount. It can also be higher during start-up
if inadequate soft-start capacitance is used, or during
output shorts. Consider using the I,y and/or IgyT current
limiting to help prevent the inductor current from becom-
ing excessive. Iy and gyt current limiting are discussed
later in the I,y and lgyt Current Monitoring and Limiting
section. Gareful board evaluation of the maximum induc-
tor current is recommended.

POWER MOSFET SELECTION

The LT8708 requires four external N-channel power
MOSFETs, two for the top switches (switches M1 and
M4, shown in Figure 3) and two for the bottom switches
(switches M2 and M3, shown in Figure 3). Important
parameters for the power MOSFETs are the breakdown
voltage VR pss, threshold voltage Vgs tH, on-resistance
Ros(on), output capacitance Cogs, and maximum cur-
rent Ipsguax)- The gate drive voltage is set by the 6.3V
GATEV¢c supply. Consequently, logic-level threshold
MOSFETs must be used in LT8708 applications.
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It is very important to consider power dissipation when
selecting power MOSFETs. The most efficient circuit will
use MOSFETs that dissipate the least amount of power.
Power dissipation must be limited to avoid overheating
that might damage the devices. In forward conduction,
the M1 and M3 switches will have the highest power dis-
sipation, while M2 and M4 will have the highest power
dissipation in reverse conduction. In some cases it can
be helpful to use two or more MOSFETs in parallel to
reduce power dissipation in each device. This is most
helpful when power is dominated by I2R losses while the
MOSFET is “on”. The additional capacitance of connecting
MOSFETs in parallel can sometimes slow down switch-
ing edge rates and consequently increase total switching
power losses.

The following sections provide guidelines for calculating
power consumption of the individual MOSFETs. From a
known power dissipation, the MOSFET junction tempera-
ture can be obtained using the following formula:

Ty=Ta+Pe*Rryun)
where:
T, is the junction temperature of the MOSFET
Tp is the ambient air temperature
P is the power dissipated in the MOSFET

RrH(Ja) is the MOSFET's thermal resistance from the
junction to the ambient air. Refer to the manufacturer’s
data sheet.

Rru(Ja) normally includes the Rryyc) for the device plus
the thermal resistance from the case to the ambient tem-
perature Ryy(ca). Compare the calculated value of T to
the manufacturer’s data sheets to help choose MOSFETs
that will not overheat.

The power dissipation of the external N-channel MOSFETs
comes from two primary components: (1) 2R power when
the switch is fully “on” and inductor current is flowing
between the drain and source connections and (2) power
dissipated while the switch is turning “on” and “off”. The
MOSFET switching power consists of (A) a combination
of high current and high voltage as the switch turns “on”

and “off” and (B) charging and discharging the SW1 or
SW2 node capacitance, which is dominated by the out-
put capacitance of the external MOSFETs. Use Table 7 to
determine which power components are applicable in the
various regions of operation.

Table 7. NMOS Power in Various Operating Regions

OPERATING
REGION M1 M2 M3 M4
P?LS' Buck P|2R + PSW P|2R 0
2
Boost P/%R 0 PR+ Psw PR
Buck-Boost | P\%g + Psw P\%R Pi%g + Psw
Nﬁg' Buck P/%R + Pow 0 PR
2
Boost PR 0 PR Pi%g + Psw
Buck-Boost P|2R + Psw P|2R P|2R +Psw

The MOSFET power components listed above can be
approximated using the following equations. Note that
)y can be substituted for lgyt using:

Vour |
Vi OUT where necessary.
N

||N =

2R Component Equations:
Pi2rpm1 8uck] OF Pi2rim4Bo0sT]

V
= —SUT *lout” *Ros(on) * P W
N

P12rm1800sT]

y 2
:[ OLI:IT'IOUT] *Rps(on) * Pz

Pi2rpm2,8uck]

Vin =V,
= w *lour” *Ros(on) * P W
In

P12RiM3,8005T]
Vaur =V )
= % *Vour *lour” *Ros(on) * Pz W
IN

Pi2r(v4,BucK]

=lour” *Ros(on) * P W
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Switching Component Equations for M1 and M2:

Pswimiguck] O Pswimzsuck]
= Pswa +Pows
= (Vin® [lout | * * trr1)
+0.5* Coss(uremz) * Vin® * ) W

Switching Component Equations for M3 and M4:
PswimagoosT] OF Pswimapoost]
=Powa +Psws

2 t
E[VOUT *[lour [*f \F;sz
I

+(0.5+ Cossug.ma) * Vour” * YW

where:

tprq i the average of the SW1 pin rise and fall times.
Typical values are 20 — 40ns depending on the MOSFET
capacitance and Vy voltage.

tpro is the average of the SW2 pin rise and fall times
and, similar to tgrq, is typically 20ns — 40ns depending
on the MOSFET capacitance and Vqyr voltage.

Ros(on) is the “on” resistance of the MOSFET at 25°C
P is a normalization factor (unity at 25°C) accounting
for the significant variation in MOSFET on-resistance
with temperature, typically about 0.4%/°C, as shown

in Figure 11. For a maximum junction temperature of
125°C, using a value = 1.5 is reasonable.

2.0

15 //
/

/

0.5

p1 NORMALIZED ON-RESISTANCE ()
=

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

8708 F11

Figure 11. Normalized MOSFET RDS(ON) vs Temperature

Switch M1: For positive conduction, the maximum power
dissipation in M1 occurs either in the buck region when
Vi is highest, Vgyr is highest, and switching power
losses are greatest, or in the boost region when V) is
smallest, Voyr is highest and M1 is always on.

In most cases of negative conduction, the M1 switching
power dissipation is quite small and 12R power losses
dominate. In negative conduction, M1 2R power is great-
est in the boost region due to the lower V,y and higher
Vour that cause the M1 switch to be “on” for the most
amount of time.

Switch M2: In most cases of positive conduction, the M2
switching power dissipation is quite small and I2R power
losses dominate. In positive conduction, M2 2R power
is greatest in the buck region due to the higher Vjy and
lower Vour that cause M2 to be “on” for the most amount
of time.

For negative conduction, the maximum power dissipation
in M2 occurs in the buck region when V,y is highest and
Vour is lowest.

Switch M3: If the inductor current is positive, the maxi-
mum power dissipation in M3 occurs when V,y is lowest
and Voyr is highest.

In most cases of negative conduction, the M3 switching
power dissipation is quite small and 12R power losses
dominate. In negative conduction, M3 I2R power is great-
est in the boost region due to the lower V,y and higher
Vour that cause the M3 switch to be “on” for the most
amount of time.

Switch M4: If the inductor current is positive, in most
cases the switching power dissipation in the M4 switch
is quite small and 2R power losses dominate. I2R power
is greatest in the boost region due to the lower Vjy and
higher Vgyt that cause M4 switch to be “on” for the most
amount of time.

If the inductor current is negative, the maximum power
dissipation in the M4 switch occurs either in the boost
region when V) is highest, Vgyt is highest, and switching
power losses are greatest, or in the buck region when V)y
is highest, Vqyt is lowest and M4 is always on.
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Gate Resistors: In some cases it can be beneficial to add
1Qt0 10Q of resistance between some of the NMOS gate
pins and their respective gate driver pins on the LT8708
(i.e., TG1, BG1, TG2, BG2). Due to parasitic inductance
and capacitance, ringing can occur on SW1 or SW2 when
low capacitance MOSFETSs are turned on/off too quickly.
The ringing can be of greatest concern when operating
the MOSFETs or the LT8708 near the rated voltage lim-
its. Additional gate resistance slows the switching speed,
minimizing the ringing.

Excessive gate resistance can have two negative side
effects on performance:

1. Slowing the switch transition times can also increase
power dissipation in the switch. This is described
above.

2. Gapacitive coupling from the SW1 or SW2 pin to the
switch gate node can turn it on when it’s supposed
to be off, thus increasing power dissipation. With too
much gate resistance, this would happen to the M2
switch when SW1 is rising with positive inductor cur-
rent and to the M3 switch when SW2 is rising with
negative inductor current.

Careful board evaluation should be performed when
optimizing the gate resistance values. SW1 and SW2 pin
ringing can be affected by the inductor current levels,
therefore board evaluation should include measurements
at a wide range of load currents, V,y and Voyt. When per-
forming PCB measurements of the SW1 and SW2 pins, be
sure to use a very short ground post from the PCB ground
to the scope probe ground sleeve in order to minimize
false inductive voltage readings.

Cyy AND Cqyy SELECTION

Viy and Vgyt capacitance is necessary to suppress volt-
age ripple caused by discontinuous current moving in
and out of the regulator. A parallel combination of capaci-
tors is typically used to achieve high capacitance and low
ESR (equivalent series resistance). Dry tantalum, special

polymer, aluminum electrolytic and ceramic capacitors are
all available in surface mount packages. Capacitors with
low ESR and high ripple current ratings, such as 0S-CON
and POSCAP are also available.

Ceramic capacitors should be placed near the regulator
input and output to suppress high frequency switching
spikes. A ceramic capacitor, of at least 1pF at the maxi-
mum Vycuip Operating voltage, should also be placed
from Vncuip to GND as close to the LT8708 pins as
possible. Due to their excellent low ESR characteristics
ceramic capacitors can significantly reduce input ripple
voltage and help reduce power loss in the higher ESR
bulk capacitors. X5R or X7R dielectrics are preferred, as
these materials retain their capacitance over wide volt-
age and temperature ranges. Many ceramic capacitors,
particularly 0805 or 0603 case sizes, have greatly reduced
capacitance at the desired operating voltage.

V|y Capacitance: Discontinuous Vy current is highest in
the buck region due to the M1 switch toggling on and off.
Make sure that the C,y capacitor network has low enough
ESR and is sized to handle the maximum RMS current.
For buck operation, the Viy RMS current is given by:

Vour , | M _4 A

linpms) = lout .—VIN Vour

This formula has a maximum at Viy = 2¢Vgyt, where
lan,RMS) = lout/2. This simple worst-case condition is
commonly used for design because even significant devi-
ations do not offer much relief.

Cyy is necessary to reduce the Vyy voltage ripple caused
by discontinuities and ripple of I;y. The effects of ESR and
the bulk capacitance must be considered when choosing
the correct capacitor for a given Vy ripple.

The V) ripple due to the voltage drop across the bulk
cap ESRgy .k, without having any ceramic capacitance in
parallel, is approximately:

AViinpucksuLk) = lout *ESRpuLk V
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When low ESR ceramic capacitance is added in parallel
with the bulk capacitor, the Vy ripple is approximately:

AViINBUCK,CERAM) =

lour * Vout
Vin

-V
1—exp[ OUT J]V
[ Vin ®  *ESRceram ® Cin-ceram

*ESRceRAM

Add enough ceramic capacitance to make sure
AV(n,uck,ceram) is adequate for the application. In a
properly designed application, AV(iy suck,ceram) Should
be much smaller than AV(jy guck,BULK) -

Vout Capacitance: Discontinuous Vot current is highest
in the boost region due to the M4 switch toggling on and
off. Make sure that the Coyt capacitor network has low
enough ESR and is sized to handle the maximum RMS
current. For boost operation, the Voyr RMS current is
given by:

Vi
lourams) =lour ¢, [m-1 A
(OUTRMS) Vi

This formula has a maximum when Vy is minimum and
Vour is maximum.

Couyt is necessary to reduce the Voyr ripple caused by
discontinuities and ripple of Igy. The effects of ESR and
the bulk capacitance must be considered when choosing
the right capacitor for a given Voyr ripple.

The Vour ripple due to the voltage drop across the bulk
cap ESR without having any ceramic caps in parallel is
approximately:

Vour !
AViouTBOOST BULK) = % *ESRBuLk

AViout puck BuLK) = IRippLE *ESRBuLK

With enough ceramic caps added in parallel, the steady
state Vyt ripple due to charging and discharging the
ceramic Coyr is given by the following equations:

AViouT B00ST CERAM) =
lout *ESRceram *

Vin =V,
1—8Xp( IN out jjv
( Vout * f *ESRceRam * Cout-cERAM

for Vout > V), and

AViouT BUCKCERAM) =

V
Y/ ol - OUTJ
our {1120

8oL % *Cour_ceram

for VOUT <Vn

Add enough ceramic caps to make sure AV(oytBo0STCERAM)
and AV(outguck,ceram) are adequate for the application.

In a properly designed application, AV(qu1800STCERAM)
and AV(oursuck,ceram) should be much smaller than

AV (outBoosTBULK) and AV ouTBUCK BULK), respectively.

SCHOTTKY DIODE (D1, D2, D3, D4) SELECTION

During forward conduction the Schottky diodes, D2 and
D4, shown in Figure 1, conduct during the dead time
between the conduction of the power MOSFET switches.
They help to prevent the body diodes of synchronous
switches M2 and M4 from turning on and storing charge.
For example, D4 can significantly reduce reverse-recovery
current when M3 turns on, which improves converter effi-
ciency, reduces switch M3 power dissipation, and reduces
noise in the inductor current sense resistor (Rsgnse)-
Similarly, during reverse conduction, D1 and D3 conduct
during the dead time between the conduction of the power
MOSFET switches. In order for the diodes to be effective,
the inductance between them and the synchronous switch
must be as small as possible, mandating that these com-
ponents be placed very close to the MOSFETSs.
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For applications with high input or output voltages (typi-
cally >40V) avoid Schottky diodes with excessive reverse-
leakage currents, particularly at high temperatures. Some
ultra-low Vp diodes will trade-off increased high tempera-
ture leakage current for reduced forward voltage. Diodes
D1 and D2 can have reverse voltages in excess of Vjy and
D3 and D4 can have reverse voltages in excess of Voyr-
The combination of high reverse voltage and current can
lead to self-heating of the diode. Besides reducing effi-
ciency, this can increase leakage current which increases
temperatures even further. Choose packages with lower
thermal resistance (0,,) to minimize self heating of the
diodes.

TOPSIDE MOSFET DRIVER SUPPLY
(Cg1, D1, Cg2, Dp2)

The top MOSFET drivers (TG1 and TG2) are driven digi-
tally between their respective SW and BOOST pin volt-
ages. The BOOST voltages are biased from floating
booststrap capacitors Cgy and Cgp, which are normally
recharged through external silicon diodes Dgy and Dgp
when the respective top MOSFET is turned off. The capaci-
tors are charged to about 6.3V (about equal to GATEV )
forcing the VgoosT1-sw1 and Vgooste-sw2 Voltages to be
about 6.3V. The boost capacitors Cgy and Cgp need to
store about 100 times the gate charge required by the
top switches M1 and M4. In most applications, a 0.1pF
to 0.47pF, X5R or X7R dielectric capacitor is adequate.
The bypass capacitance from GATEVc to GND should be
at least 10 times the Cgq or Cgy capacitance.

Top Driver: Boost Cap Charge Control Block

When the LT8708 operates exclusively in the boost or
buck region, M1 or M4 respectively may be “on” con-
tinuously. This prevents the respective bootstrap capaci-
tor, Cg1 or Cgo, from being recharged through the silicon
diode, Dgy or Dgo. The Boost Cap Charge Control block
(see Figure 1) keeps the appropriate bootstrap capacitor
charged in these cases. In the boost region, when M1 is
always on, current is drawn, as needed, from the CSNOUT
and/or BOOST2 pins to charge the Cgy capacitor. In the
buck region, when M4 is always on, current is drawn, as
needed, from the CSNIN and/or BOOST1 pins to charge

the Cgo capacitor. Because of this function, CSPIN and
CSNIN should be connected across Rggysg1 in series with
the M1 drain. Connect both pins to the M1 drain if they
are not being used. Also, CSPOUT and CSNOUT should
be connected across Rgeyseo in series with the M4 drain
or connect both to the M4 drain if not being used.

Top Driver: Boost Diodes Dg¢ and Dg»

Although Schottky diodes have the benefit of low forward
voltage drops, they can exhibit high reverse current leak-
age and have the potential for thermal runaway under high
voltage and temperature conditions. Silicon diodes are
thus recommended for diodes Dgy and Dgo. Make sure
that Dgq and Dgo have reverse breakdown voltage ratings
higher than VIN(MAX) and VOUT(IVI/-\X) and have less than
1mA of reverse-leakage current at the maximum operating
junction temperature. Make sure that the reverse-leakage
current at high operating temperatures and voltages won'’t
cause thermal runaway of the diode.

In some cases it is recommended that up to 5Q of resis-
tance is placed in series with Dgy and Dgp. The resistors
reduce surge currents in the diodes and can reduce ring-
ing at the SW and BOOST pins of the IC. Since SW pin
ringing is highly dependent on PCB layout, SW pin edge
rates and the type of diodes used, careful measurements
directly at the SW pins of the IC are recommended. If
required, a single resistor can be placed between GATEV
and the common anodes of Dg1 and Dgp (as in the front
page application) or by placing separate resistors between
the cathodes of each diode and the respective BOOST
pins. Excessive resistance in series with Dg1 and Dgo can
reduce the BOOST-SW capacitor voltage when the M2 or
M3 on-times are very short and should be avoided.

VINHIMON, VOUTLOMON AND RVSOFF

During reverse conduction, current and power are drawn
from Vgyt and delivered to V). This has the potential
to draw Voyr lower than desired or drive Vi higher
than desired, depending on the supplies and loads. The
VINHIMON and VOUTLOMON pins are used to detect
either of these conditions and disable reverse conduc-
tion by pulling RVSOFF low.
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The purpose of the VINHIMON and VOUTLOMON func-
tions becomes clearer when considering the priorities of
the error amplifiers (see Table 3). A few important cases
should be considered.

1. Vjy and Vgyt are both above regulation: In this case
FBIN is greater than 1.205V while FBOUT is greater
than 1.207V. Normally this condition causes Vg to
fall due to FBOUT being above 1.207V. The LT8708
responds by increasing the reverse current and power
being fed into V).

This can be an undesirable response, for example, if
V| is connected to a battery being charged from Voyr.
The solution is to use VINHIMON to detect the maxi-
mum V;y and disable reverse conduction by pulling
RVSOFF low.

2. Iy and Vgyr are bhoth below regulation: In this case
FBIN is below 1.205V while FBOUT is below 1.207V.
Normally this condition causes V¢ to fall due to
FBIN being below 1.205V. The LT8708 responds by
increasing the reverse current and power being drawn
from Vour

This can be an undesirable response, for example, if
Vourt is connected to a battery or supercapacitor sup-
plying power to V}y. The solution is to use VOUTLOMON
to detect the minimum Vgyt and disable reverse con-
duction by pulling RVSOFF low.

If VINHIMON rises above its activation threshold or
VOUTLOMON falls below its activation threshold (see
Electrical Characteristics), the LT8708 will pull the
RVSOFF pin low and not allow M4 switch to turn on if
the inductor current is negative. In addition to the 24mV
(typical) voltage hysteresis, the VINHIMON pin will source
1pA (typical) current and the VOUTLOMON pin will sink
1pA (typical) current as current hysteresis.

There are two ways to configure the VINHIMON and
VOUTLOMON pins. Method (1) uses dedicated resistor
dividers for VINHIMON and VOUTLOMON respectively,
while method (2) uses common resistor dividers for
VINHIMON and FBIN as well as for VOUTLOMON and
FBOUT, allowing improved tracking with the FBOUT and
FBIN regulation voltages, respectively.

1. Connect a resistor divider between Vy, VINHIMON
and GND to configure the Vjy overvoltage thresh-
old. Connect a resistor divider between Vour,
VOUTLOMON and GND to configure the Vgyt under-
voltage threshold. (see Figure 12). Use the following
equations to calculate the resistor values:

Vo 1207
HIMONH o
1.207
Ruimong = (-~
FBDIV

Ruimons = [1 207 — Vyysmon ]_[Rmmom *Ruimong J
lhvsmon Rumiond +Ruivone

_( Vovin~ *Ruimong ]
lhvsmon © (Ruivont +Rrimong)

VUVOUT_ -1.207

lreDIV

1.207
Riomong =——

lrgDIV
LOMON3 =
lhvsmon  (RLomon1 +RLomonz)
_[ RLomon1 * RLomong J _ [ 1.207 + Vhysmon j

RLomont =

RLomont +RLomonz lHysmon

where:

lrgpyv is the desired current through the resistor string.
50pA —100pA is a good value.

Vovin+ and Voyn— are the rising and falling V,y over-
voltage thresholds.

Vyvout+ and Vyyoyr— are the rising and falling Voyr
undervoltage thresholds.

Ruivoni-3 and Ry omoni-3 are shown in Figure 12.

Viuysmon is the VINHIMON and VOUTLOMON hyster-
esis voltage. Typical value is 24mV.

lyysmon is the VINHIMON and VOUTLOMON hysteresis
current. Typical value is 1pA.
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Vin

RHimonT
LT8708

VINHIMON

Ruimons

(a) Resistor Divider for VINHIMON

Vour

RLomon1
LT8708

VOUTLOMON

RLomons

8708 F12

(b) Resistor Divider for VOUTLOMON

Figure 12.

2. Connect a resistor divider between Vy, FBIN,
VINHIMON and GND to configure the Vy regulation
and overvoltage thresholds (see Figure 13). Connect
a resistor divider between Voyr VOUTLOMON, FBOUT
and GND to configure the Vgyt regulation and under-
voltage thresholds (see Figure 14).

FBIN
LT8708
VINHIMON

8708 F13

VOUTLOMON
LT8708
FBOUT

8708 F14

Figure 14. Single Divider for VOUTLOMON and FBOUT

Use the following equations to calculate the resistor
values:

o 1207\
N3 = Vo *TFeoIv

1 1
Rig=V. . *Rpa | —e e ——

Voyit ~ Vin)

Ring = T'Rma

Ring =
{[(Rm +Rinz) *lvsmon + Vot~ Vovin~ 11 .207]

Vo *Hysmon

_( Vhvsmon j_ [ (Voy+ ~1-207)*Ring ]

Ihvsmon Voun
1.207
Rours = ——"
OUT8 = leapuy
R Vour.R ( 1 1 ]
0uT1 = VouTeMoUT3 * -
1.207 VUVOUT_
Vout = Vyyour-)
Rourz =—, *Rours
UVoUT™
Rours =

(Rour *Ivsmon + Vuvour™ = V-1 1-207
Vivour- * Hvsmon

_( Vhvsmon j _ [ (Vyvour- ~1-297)*Rours ]

Ihvsmon Vovout-

where:

lrgpyv IS the desired current through the resistor string.
50pA —100pA is a good value.

Viy and Vour are the desired regulation voltages.

Vovin+ and Voyn— are the rising and falling V,y over-
voltage thresholds.
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Vuvout+ and Vyygyr— are the rising and falling Voyr ol Rsensf

undervoltage thresholds. SYSTEM
IN

T0
CONTROLLER
Vi

Rin1-4 and Royr1-4 are shown in Figure 13 and Figure 14.

Vuysmvon is the VINHIMON and VOUTLOMON hyster-
esis voltage. Typical value is 24mV.

luysmon is the VINHIMON and VOUTLOMON hysteresis
current. Typical value is 1pA.

If unused, tie VINHIMON to GND and/or VOUTLOMON

to LDO33. 20“Al$ 1.200V — +

Note: after the resistor values are selected, make sure
to check that the FBIN and VOUTLOMON voltages are .-L -
below their ABSMAX values when Vyy and Voyr are at [ MON_INN IMON_INP Ve

their maximum, respectively.
RimoN_INN CimMON_INN Rimon_inp CIMON_INP

Iin AND lgyt CURRENT MONITORING AND LIMITING = = = = -

The LT8708 has independent Iy and Igyt current moni-
tors that can monitor and limit the respective currents Figure 15. lyy Current Monitor and Limit
in both positive and negative directions. Figure 15 and
Figure 16 illustrate the operation of the current monitor

circuits. FROM
CONTROLLER

The remaining discussion refers to the Iy current monitor Your
circuit of Figure 15. All discussion and equations are also  [ir70s
applicable to the lgyt current monitor circuit, substituting
pin and device names as appropriate.

Current Monitoring: The IMON_INP and IMON_INN pins
can be used to monitor Iy in the forward and reverse

LT8708

EAS <5

RsEnsE2

T0
SYSTEM
Vout

directions, respectively. When configured as shown in

Figure 15, the IMON_INP and IMON_INN voltages are

proportional to lyy. Vimon_np is proportional to the posi- ZOUAié R » |

tive I,y current, increasing as Iy becomes more posi- _ _ ]

tive. Vimon_inw is proportional to the negative Iy current, I_L

increasing as l;y becomes more negative. [ JlON O L7 e
%RIMONON __L_C|M0N70N § Rimon_op Cimon_op

= = = = =T

Figure 16. lgyr Current Monitor and Limit
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Transconductance amplifier A3 performs this monitoring
function. A3 converts the current sense voltage, Vgspin-
csNIN, into two currents:

A
+Vespin-csin ® 1 my
and

A
—VESPIN-CSNIN ’1mv

These currents are added to 20pA offsets and then forced
into Rimon_inp @nd Rymon_inn, respectively.

Due to the 20pA offset currents, Viyon_inp and Viwon
inn are not OV when Iy is OA. Instead, Vimon_inp(o) =
20pA*Rimon_inp Volts and Vimon_inni(o) = 200A*Rinon_inn
Volts (typical) when l;y = 0 Amps. As |y becomes increas-
ingly negative, Vipon_inp reduces below Viyon_inpo) until
Vimon_ivp = 0V. Similarly, as Iy becomes increasingly
positive, Vimon_inn reduces below Viyon_inno) until
V||\/|0|\|_||\||\| =0V. ||\/|0|\|_||\|p and |MON_INN will not be driven
below ground as their output currents can only be posi-
tive or zero.

The complete transfer functions for IMON_INP and
IMON_INN are given in the equations below:

A
Vimon_inp = (1mv *Rsenset v + 20UA) *Rimon_inp
A
Vimon_inn = _1mV°RSENSE1 *li +20pA |*Rivon_inn

The differential voltage Vgspiy-csniy should remain
between —100mV and 100mV due to the limited current
that can be driven out of IMON_INP and IMON_INN. If the
instantaneous Vgspin-csnin exceeds these limits but the
average Vespin-csnin iS within the limits, consider includ-
ing the current sense filter described in the next section.

In addition, IMON_INP and IMON_INN should be filtered
with capacitors Cyyon_np @and Cvon_nn due to Iy ripple
and discontinuities that can occur in various regions of
operation. A few nF of capacitance is usually sufficient.

Current Limiting: As shown in Figure 15, IMON_INP volt-
age that exceeds 1.209V (typical) causes V¢ to reduce,
thus limiting the forward l;y and inductor currents.
IMON_INN voltage that exceeds 1.21V (typical) causes
V¢ to increase, thus limiting the reverse Iy and inductor
currents (see the Error Amplifiers section).

The forward |y limit, Iy pwp,LimiT), can be set as needed
by choosing the appropriate Rsense1 and Rymon_np resis-
tors using the following equation:

Rimon_inp =

1.209 0

A
linpwpimim) 1M1 * Reenset + 200A

For example, if Rgenseq is chosen to be 12.5mQ and the
desired forward I,y current limit is 4A then:

Rivon_inp =
1.209

A =17.3kQ
4A 1mv *12.5mQ + 20pA

Similarly, the reverse |y limit, [y gys LimiT), Can be set as
needed by choosing the appropriate Rsense1 and Rimon
INN resistors using the following equation:

Rivon_Inn =

1.21 o

A
lingysLimimy ® 1mv *Rsenses + 200A

Cimon_ivp and Cyvon_inn capacitors of at least a few nF
are necessary to maintain loop stability when IMON_INP
and IMON_INN, respectively, are used to operate the
LT8708 at constant current limit.

Review the Electrical Characteristics and the IMON Output
Currents graph in the Typical Performance Characteristics
section to understand the operational limits of the IMON_
OP, IMON_ON, IMON_INP and IMON_INN currents.

External currents can be summed to the IMON pins to
adjust Iy and/or lgyt limit in both directions while switch-
ing. When the IMON_OP and IMON_ON pins are used in
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this way, ICP and ICN can be used to monitor the lgyt
currentin the forward and reverse directions respectively
(see the Current Monitoring, Regulation and Limiting: ICP
and ICN Pins section).

Current Sense Filter: The + and — outputs of current sense
amplifiers A1 and A3 are rated to provide a range of —20pA
to +100pA. For example, IMON_INP, which primarily
reports forward Iy current, may not provide the expected
output current when Vespin-csnin exceeds 100mV. In addi-
tion, the IMON_INP pin will not provide the expected output
current when Vespin-csnin is below —20mV.

Currents that flow through the current sense resistors
(Rsense1, Rsenseo in Figure 17) are often discontinu-
ous and can contain significant AC content during each
switching cycle. One example is the forward I,y in the
buck region. If the l;y current presents an average dif-
ferential (Vospin-csnin) 1ess than 100mV, but contains
AC peaks exceeding 100mV, the IMON_INP current may
clip. To prevent clipping, the current sense filter shown
in Figure 17, can be added. The filter will reduce the peak
differential (Vgspin-csnin) 10 <100mV while keeping the
same average, thus allowing the correct result to be pre-
sented on IMON_INP. As another example, consider the
reverse loyt measured by IMON_ON. If the current pres-
ents an average differential (VosnouT-cspout) less than
100mV, but contains AC peaks exceeding 100mV, the
current sense filter can be used to reduce the peaks below
100mV while keeping the same average.

The —20pA output current limits for amplifiers A1 and A3
are often most important when using the HCM mode (see
the Unidirectional Conduction: HCM section). The current

RsENSE Rsense2

RrILTERY RrILTER2

CRILTER CrILTER2

CSPIN CSNIN CSPOUT  CSNOUT

LT8708 LT8708

8708 F17

Figure 17. CSPIN/CSNIN and CSPOUT/GSNOUT
Current Sense Filter

sense amplifier outputs may clip at the —20pA limits when
the average sensed current is low but contains high AC
content. Clipping may distort the ICN or IMON_INP volt-
ages that are used to select between heavy and light load
HCM operation. Once again, the current sense filter can
be used to reduce the AC content appearing at the ampli-
fier inputs.

Current sense filter(s) should be connected as shown
in Figure 16. Note that resistance in series with CSNIN
and CSNOUT is not recommended. As described in the
Topside MOSFET Driver Supply (CB1, DB1, CB2, DB2)
section, the CSNIN and CSNOUT pins are also connected
to the Boost Cap Charge Control block (also see Figure 1)
and can draw current under certain conditions. In addi-
tion, the same CSNIN and CSNOUT current sense pins
can draw bias current under normal operating conditions,
while CSPIN and CSPOUT draw zero (typical) bias cur-
rent. A time constant lower than 10ps is recommended
for the filter(s).

Also, because of their use with the Boost Cap Charge
Control block, tie the CSPIN and CSNIN pins to V,y and
tie the IMON_INP and IMON_INN pins to ground when the
input current sensing is not in use. Similarly, the CSPOUT
and CSNOUT pins should be tied to VT, the IMON_OP,
IMON_ON pins should be grounded when not in use.

LOOP COMPENSATION

The loop stability is affected by a number of factors includ-
ing the inductor value, output capacitance, load current,
Vin, Vout and the Vg resistor and capacitors. The LT8708
uses internal transconductance error amplifiers driving Vg
to help compensate the control loop. For most applica-
tions a 3.3nF series capacitor at Vg is a good value. The
parallel capacitor (from V¢ to GND) is typically 1/10th the
value of the series capacitor to filter high frequency noise.
A larger V¢ series capacitor value may be necessary if
the output capacitance is reduced. A good starting value
for the Vg series resistor is 20k. Lower resistance will
improve stability but will slow the loop response. Use a
trim pot instead of a fixed resistor for initial bench evalu-
ation to determine the optimum value.
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Also note that Cymon e @nd Cvon_inn capacitors of at
least a few nF are necessary to maintain loop stability
when IMON_INP and IMON_INN, respectively, are used
to operate the LT8708 at constant current limit.

INTV¢c REGULATORS AND EXTVo; CONNECTION

The LT8708 features two PNP LDOs (low dropout regu-
lators) that regulate the 6.35V (typical) INTVgg pin from
either the Vincuip or EXTVg supply pin. INTVgg pow-
ers the MOSFET gate drivers via the required GATEVqe
connection and also powers the LDO33 pin regulator
and much of the LT8708’s internal control circuitry. The
INTV¢c LDO selection is determined automatically by the
EXTV¢c pin voltage. When EXTV¢g is lower than 6.2V (typ-
ical), INTV¢ is regulated from the Vyguip pin LDO. After
EXTV rises above 6.4V (typical), INTV¢ is regulated by
the EXTV¢g pin LDO instead.

Overcurrent protection circuitry typically limits the maxi-
mum current draw from either LDO to 127mA. When
GATEVgg and INTVgg are below 4.65V, during start-up
or during an overload condition, the typical current limit
is reduced to 42mA. The INTVc pin must be bypassed to
ground with a minimum 4.7pF ceramic capacitor placed
as close as possible to the INTVgg and GND pins. An
additional ceramic capacitor should be placed as close as
possible to the GATEV and GND pins to provide good
bypassing to supply the high transient current required by
the MOSFET gate drivers. 1pF to 4.7uF is recommended.

Power dissipated in the INTVgg LDOs must be minimized to
improve efficiency and prevent overheating of the LT8708.
Since LDO power dissipation is proportional to the supply
voltage and Viycuip can be as high as 80V in some applica-
tions, the EXTV¢¢ pin is available to regulate INTVg from a
lower supply voltage. The EXTV¢¢ pin is connected to Voyt
in many applications since Vg is often regulated to a much
lower voltage than the maximum Viycuip. During start-up,
power for the MOSFET drivers, control circuits and the LDO33
pin is usually derived from Viycnip until Vout/EXTV rises
above 6.4V, after which the power is derived from Voyt/
EXTV¢c. This works well, for example, in a case where Voyt
is regulated to 12V and the maximum Vjycnp voltage is 40V.
EXTV¢c can be floated or grounded when not in use or can
also be connected to an external power supply if available.

The following list summarizes the three possible connec-
tions for EXTVg:

1. EXTV¢ left open (or grounded). This will cause INTV g
to be powered from Viycuip through the internal 6.3V
regulator at the cost of a small efficiency penalty.

2. EXTV¢ connected directly to Voyt (Vout > 6.4V). This
is the normal connection for the regulator and usually
provides the highest efficiency.

3. EXTV¢¢ connected to an external supply. If an external
supply is available greater than 6.4V (typical) it may be
used to power EXTVgc.

Powering INTV¢c from EXTVgc can also provide enough
gate drive when Vycuip drops as low as 2.8V. This allows
the part to operate with a reduced Vycuip Vvoltage after
Vout gets into regulation.

The maximum current drawn through the INTVge LDO
occurs under the following conditions:

1. Large (capacitive) MOSFETs are being driven at high
frequencies.

2. V\y and/or Vgt is high, thus requiring more charge to
turn the MOSFET gates on and off.

3. The LDO33 pin output current is high.

4. In some applications, LDO current draw is maximum when
the part is operating in the buck-boost region where V)y is
close to Vgyr since all four MOSFETs are switching.

To check for overheating find the operating conditions that
consume the most power in the LT8708 (P 1s708). This
will often be under the same conditions just listed that
maximize LDO current. Under these conditions monitor
the CLKOUT pin duty cycle to measure the approximate die
temperature. See the Junction Temperature Measurement
section for more information.

LDO33 REGULATOR

The LT8708 includes a low dropout regulator (LDO) to
regulate the LDO33 pin to 3.3V. This pin can be used to
power external circuitry such as a microcontroller or other
desired peripherals. The input supply for the LDO33 pin
regulatoris INTVgc. Therefore INTV g must have sufficient
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voltage, typically > 4.0V, to properly regulate LDO33. The
LD0O33 and INTV¢ regulators are enabled by the SHDN
pin and are not affected by SWEN. The LD0O33 pin regu-
lator has overcurrent protection circuitry that typically
limits the output current to 17.25mA. An undervoltage
lockout monitors LDO33 and disables switching activity
when LDO33 falls below 3.04V (typical). LDO33 should
be bypassed locally with 0.1pF or more.

VOLTAGE LOCKOUTS

The LT8708 contains several voltage detectors to make
sure the chip is under proper operating conditions. Table 8
summarizes the pins that are monitored and also indicates
the state that the LT8708 will enter if an under or over
voltage condition is detected.

Table 8. Voltage Lockout Conditions

APPROXIMATE
VOLTAGE CHIP STATE
PIN(S) CONDITION | (Figure 2) READ SECTION
V 2.5V
INCHIP < CHIP OFF
SHDN <118V
INTVgc and ion: -
GATEV g <4.65V SWITCHER Operation: Start-Up
SWEN <118V OFF 1
LD033 <3.04V
VINHIMON >1.207V Applications
Information:
VOUTLOMON <1.207V VINHIMON,
AUSAEF - VOUTLOMON and
RVSOFF <1.209V RVSOFE
FBIN <1.205V Voltage Lockouts

The conditions are listed in order of priority from top
to bottom. If multiple over/undervoltage conditions are
detected, the chip will enter the state listed highest on
the table.

Due to their accurate thresholds, configurable under-
voltage lockouts (UVLOs) can be implemented using the
SHDN and SWEN and in some cases, FBIN pin. The UVLO
function sets the turn on/off of the LT8708 at a desired
minimum voltage. For example, a resistor divider can
be connected between Vyy, SHDN and GND as shown in
Figure 1. From the Electrical Characteristics, SHDN has

typical rising and falling thresholds of 1.221V and 1.181V,
respectively. The falling threshold for turning-off switch-
ing activity can be chosen using:

RsHpn1 =

Rshon * (Viincriporr faLLING) — 1-181)

1.181 «

For example, choosing Rsupn2 = 20k and a falling Vi
threshold of 5.42V results in:

RsHpn1 =
20k (5.42—1.181)

1181 =71.5kQ

The rising threshold for enabling switching activity
would be:

1.221
VINCHIPOFF RISING) = V(INCHIPOFF FALLING) * 7 7 g7

or 5.6V in this example.

Similar calculations can be used to select a resistor
divider connected to SWEN that would stop switching
activity during an undervoltage condition. Make sure that
the divider doesn’t cause SWEN to exceed 7V (ABSMAX
rating) under maximum supply voltage conditions. See
the Start-Up: SWEN Pin section for additional information.

The same technique described in the Vy: Regulation sec-
tion can be used to create an undervoltage lockout if the
LT8708 is in forward non-CCM mode, where forcing V¢
low will stop all switching activity. Note that this does
not reset the soft-start function, therefore resumption of
switching activity will not be accompanied by a soft-start.

JUNCTION TEMPERATURE MEASUREMENT

The duty cycle of the CLKOUT signal is linearly propor-
tional to the die junction temperature, T;. Measure the
duty cycle of the CLKOUT signal and use the following
equation to approximate the junction temperature:

_ DCoikour =344% o1
T 0325%
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where DC¢kout is the CLKOUT duty cycle in % and T,
is the die junction temperature in °C. The actual die tem-
perature can deviate from the above equation by +10°C.

THERMAL SHUTDOWN

If the die junction temperature reaches approximately
165°C, the part will go into thermal shutdown. The power
switches will be turned off and the INTVge and LDO33
regulators will be turned off (see Figure 2). The part will
be re-enabled when the die temperature has dropped by
~5°C (nominal). After re-enabling, the part will start in
the SWITCHER OFF 1 state as shown in Figure 2. The
part will then INITIALIZE, perform a SOFT-START, then
enter NORMAL OPERATION as long as the die tempera-
ture remains below approximately 165°C.

EFFICIENCY CONSIDERATIONS

The efficiency of a switching regulator is equal to the out-
put power divided by the input power times 100%. It is
often useful to analyze individual losses to determine what
is limiting the efficiency and which change would produce
the most improvement. Although all dissipative elements
in the circuit produce losses, three main sources account
for most of the losses in LT8708 circuits. These and a few
additional loss components are listed below:

1. Switching losses. These losses arise from the brief
amount of time the switches (M1 — M4) spend in
the saturated region during switch node transitions.
Power loss depends upon the input voltage, load cur-
rent, driver strength and MOSFET capacitance, among
other factors. See the Power MOSFET Selection section
for more details.

2. DC I2R losses. These arise from the resistances of the
MOSFETs (M1 - M4), sensing resistors, inductor and
PC board traces and cause the efficiency to drop at high
currents.

3. INTVgg current. This is the sum of the MOSFET driver
current, LDO33 pin current and control currents. The
INTV¢c regulator’s input voltage times the current rep-
resents lost power. This loss can be reduced by sup-
plying INTVc current through the EXTV¢c pin from a

high efficiency source, such as the output or alternate
supply if available. Also, lower capacitance MOSFETs
can reduce INTV¢g current and power loss.

4. Cyy and Gqyr loss. The Gy capacitor has the difficult
job of filtering the large RMS input current to the regu-
lator in buck mode. The CqyT capacitor has the more
difficult job of filtering the large RMS output current in
boost mode. Both Cjy and Coyr are required to have
low ESR to minimize the AC I2R loss and have sufficient
capacitance to prevent the RMS current from causing
additional upstream losses in fuses or batteries.

5. Other losses. Schottky diodes D1, D2, D3 and D4 are
responsible for conduction losses during dead time
and light load conduction periods. Inductor core loss
occurs predominately at light loads.

Hybrid conduction mode (HCM) can be used to improve
the efficiency when large inductor current ripples are
present in DCM. See the Unidirectional Conduction: HCM
section for details.

When making adjustments to improve efficiency, the input
current is the best indicator of changes in efficiency. If one
makes a change and the input current decreases, then the
efficiency has increased. If there is no change in input
current, then there is no change in efficiency.

CIRCUIT BOARD LAYOUT CHECKLIST

The basic circuit board layout requires a dedicated ground
plane layer. Also, for high current, a multilayer board pro-
vides heat sinking for power components.

* The ground plane layer should not have any traces and
should be as close as possible to the layer with the
power MOSFETSs.

* The high di/dt path formed by switch M1, switch M2,
D1, Rsense and the Cyy capacitor should be compact
with short leads and PC trace lengths. The high di/dt
path formed by switch M3, switch M4, D2 and the Cqyt
capacitor also should be compact with short leads and
PC trace lengths. Two layout examples are shown in
Figure 18 (a) and (b).
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Figure 18. Switches Layout

SW2, TG1 and TG2 traces to the controller.

several vias for each power component.

* Minimize parasitic SW pin capacitance by removing
GND, Vy and VgyT copper from underneath the SW1
and SW2 regions.

 Except under the SW pin regions, flood all unused

areas on all layers with copper. Flooding with copper

will reduce the temperature rise of power components.
Connect the copper areas to a DC net (i.e., quiet GND)

with many vias. The more vias the board has, the better

heat conduction it has.
* Partition the power ground from the signal ground. The

small-signal component grounds should not return to

the IC GND through the power ground path.

traces short.

Avoid running signal traces parallel to the traces that
carry high di/dt current because they can receive induc-
tively coupled voltage noise. This includes the SW1,

Use immediate vias to connect the components (includ-
ing the LT8708’s GND pins) to the ground plane. Use

Place switch M2 and switch M3 as close to the con-
troller as possible, keeping the GND, BG and SW

e Minimize inductance from the sources of M2 and M3

to Rsense by making the trace short and wide.

Keep the high dv/dt nodes SW1, SW2, BOOSTT,
BOOST2, TG1 and TG2 away from sensitive small-
signal nodes.

The output capacitor (—) terminals should be connected
as closely as possible to the (=) terminals of the input
capacitor.

Connect the top driver boost capacitor Cgy closely to the
BOOST1 and SW1 pins. Connect the top driver boost
capacitor Cgo closely to the BOOST2 and SW2 pins.

Connect the Cyy and Coyt capacitors closely to the
power MOSFETs. These capacitors carry the MOSFET
AC current in the boost and buck regions.

Connect the FBOUT, FBIN, VINHIMON and VOUTLOMON
pin resistor dividers to the (+) terminals of Coyt and
Ciy, respectively. Small FBOUT/FBIN/VINHIMON/
VOUTLOMON bypass capacitors may be connected
closely to the LT8708’s GND pin if needed. The resis-
tor connections should not be along the high current
or noise paths.

Route current sense traces (CSP/CSN, CSPIN/CSNIN,
CSPOUT/CSNOUT) together with minimum PC trace

Rev. C

48

For more information www.analog.com


https://www.analog.com/LT8708?doc=LT8708.pdf
https://www.analog.com

LT8708

APPLICATIONS INFORMATION

spacing. Avoid having sense lines pass through noisy
areas, such as switch nodes. The optional filter network
capacitor between CSP and CSN should be as close
as possible to the IC. Ensure accurate current sensing
with Kelvin connections at the Rggysg resistors.

* (Connect the V¢ pin compensation network closely to the
IC, between V¢ and the signal ground pins. The capaci-
tor helps to filter the effects of PCB noise and output
voltage ripple voltage from the compensation loop.

 Connect the INTVge and GATEVgc bypass capacitors
close to the IC. The capacitors carry the MOSFET driv-
ers’ current peaks.

e Run the trace from the LT8708’s SW1/SW2 pin to
the drain of M2/M3 in parallel with the trace from the
GATEV ¢ capacitor’s GND to the Gy GND. Route the
traces (as much as possible) directly above/below one
another on adjacent layers and in such a way that they
carry currents in opposite directions.

* Attention is required when making the PCB layout for
Rsense1 and Rgenseo, especially for sense resistor val-
ues smaller than 5mQ. Improper PCB layout can yield
significant errors in the sense voltage.

HOT PLUGGING CONSIDERATIONS

When connecting a battery to an LT8708 application,
there can be significant inrush current due to charge
equalization between the partially charged battery stack
and the charger output capacitors. To a lesser extent a
similar effect can occur when connecting a powered DC
supply to the input or output. The magnitude of the inrush
current depends on (1) the battery or supply voltage, (2)
ESR of the input or output capacitors, (3) initial voltage of
the capacitors, and (4) cable impedance. Excessive inrush
current can lead to sparking that can compromise con-
nector integrity and/or voltage overshoot that can cause
electrical overstress on LT8708 pins.

Excessive inrush current can be mitigated by first con-
necting the battery or supply to the charger through a
resistive path, followed quickly by a short circuit. This
can be accomplished using staggered length pins in a
multi-pin connector. Alternatively, consider the use of a

Hot Swap controller such as the LT1641, LT4256, etc. to
make a current limited connection.

DESIGN EXAMPLE

Viy =8V to 25V

Vin_rein = 12V (V) regulation voltage set by FBIN loop)
Vout reout = 12V (Vour regulation voltage set by FBOUT
loop)

louT(MAX,FWD) = 9A

lingwax,Rvs) = 3A

f = 150kHz

This design operates in CCM.

Maximum ambient temperature = 60°C

Power Flow Verification: Determine which conditions
in Table 6(a) apply to this application. In this design
example, the VINHIMON and VOUTLOMON are disabled,
therefore the conditions highlighted in blue in the copy of
Table 6(a) apply to this application.

Table 9. A Copy of Table 6(a)

Vour >
Vour< Vout_vouTLomon & Vour >
Vour_voutLomon | Vour < Vour_reout | Vout rBout
No Power
Vin <Vin_raiN Transfer B B
Vin > Vin_rain &

VIN < A D C
VIN_VINHIMON

Vin > A D No Power
VIN_VINHIMON Transfer

Next, check each of these highlighted cells using Table 6(b)
with MODE = CCM. A copy of Table 6(b) is shown below:

9(b). A Copy of Table 6(b)

No Power Flow

MODE =
MODE = DCM/HCM, MODE = DCM/
BURST MODE = GCM DIR=FWD | HCM, DIR = RVS
A Power Flows from V}y to Vout No Power Flow
B | NoPower | Power Flows No Power Power Flows
¢ | Flow | from VoyrtoViy Flow oM VourtoVin
D

Power Flows from Vi to Vour
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Verify expected operation by combining Table 6(a) and
Table 6(b):

* When Viy < Vin_rsin (12V) and Vout > Vour_rsour (12V)
B — power is transferred from Voyt to Viy

* When Viy < Vin_rain (12V) and Voyr < Vout_reour (12V)
B — power is transferred from Vgyt to Viy

o When Viy > Vin_rsin (12V) and Vout > Vour_rsour (12V)
C — power is transferred from Vgyt to Vi

e WhenVy> VIN_FBIN (1 2V) and VOUT < VOUT_FBOUT (1 2V)
D — power is transferred from Vi to Vout

The results above are as expected for this design example.

Ry Selection: Choose the Ry resistor for the free-running
oscillator frequency using:

Ry = 33790 4o (@- 1) -290.7kQ2
fosc 150

We will choose 294k for Ry resistor.

Rsense Selection: Start by calculating the maximum and
minimum duty cycle in the boost region:

DCwaxm3800sT) =

Vi
1— _IN(MINBOOST) |, 400%
Vout(maxgoosT)

— _8\/ ° 0/ _ 1270
—(1 12\/) 100% = 33%

DG(agsminm3B00sT) = tonmaminy © f *100%
=200ns*150kHz *100% = 3%

Next, from the Maximum Inductor Current Sense
Voltage vs Duty Cycle graph in the Typical Performance
Characteristics section:

VRSENSE(MAX,B00STMAXDC) = 83mV

VRSENSE(MIN,B00STMINDC) = 93mV

Next, estimate the inductor current ripples at maximum
and minimum boost duty cycles:

Al axBoosT) =

Vout(maxgoosT) *loutmaxFwb)
100% _ 5}
%Ripple

_ 12V «5A _3.75A

100%
8V [ g 0.5]

VingwingoosT) ® (

in(MAX RS
Al ingoosT) = WA
-05
[10% ]

A 3o

100%
-0.5
o 0%

Now calculate the maximum Rggnse values in the boost
region:
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RsENSE(MAXBOOSTFWD) =

2 * VRsENSE(MAX BOOSTMAXDC) ® VIN(MINBOOST) o

(2 *lout(axFwp) * VouT(max800sT) ) + (AlL(MAX,BOOST) . IN(I\/IIN,BOOST))
283mVe8Y

- - 8.85mQ
(2+5A12V)+(3.75A8V) 0o

RsENSE(MAXBOOSTRVS) =
2| VRSENSE(MINBOOSTMINDC) |
(2‘ [ingaxrvs) |) — Al vingoosT)

2493mV
_ 235 7m0
(2+30)-032a '™

Next, calculate the maximum and minimum duty cycle in
the buck region:

DCapsminmzBuck) = tonguzminy © £ *100%
=200ns*150kHz*100% = 3%

DCwaxm2,BUCK)

Y/
1— _OUT(MINBUCK) |, 400,
Vinvaxguck)

12V
=[1-25= |+100% =52%
( 25\/) 00% = 52%

Next, from the Maximum Inductor Current Sense
Voltage vs Duty Cycle graph in the Typical Performance
Characteristics section:

VRSENSE(MAX BUCK,MINDC) = 100mV

VRSENSE(MIN,BUCK, MAXDC) = 82mV

Next, estimate the inductor current ripples at maximum
and minimum buck duty cycles:

Al vminBuck) =

lout(mAXFWD) e 5A
100% ~ (100%
-0.5 -0.5
[10% ] [10% ]
=0.526A
Al (maxguck) =
Vinguax BuCK) ®*lIn(vAX RVS)
100%
Y/ . -0.
OUT(MINBUCK) [%Ripple 5}
- 2?\(;(;3’* ~3.125A
12V °-05
(40% j

Now calculate the maximum Rggyse values in the buck
region:

RsENSE(MAXBUCKFWD) =
2 * VRSENSE(MAX BUCKMINDC)

(2 '|OUT(MAX,FWD))_ Al vinuck)
2100mV

= = 21 1 mQ
(2+5A)—-0.53A

RSENSE(I\IIAX,BUCK,RVS) =

2 | VRSENSE(MIN,BUCK,I\IIAXDC) | .VOUT(I\IIIN,BUCK) Q

(22 | axays) | Vinaxsuck) ) + (AIL(MAX,BUCK) . VOUT(MIN,BUCK))

_ 282mVe12V _105mQ

(2+3A*25V)+(3.125A12V)
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Choose the smallest calculated Rgeyse and add an addi-
tional 30% margin, choose Rgeyse to be 10.5mQ/1.3 =
8.1mQ

Inductor Selection: With Rggyse known, we can now
determine the minimum inductor value that will provide
adequate load current in the boost region using:

Lovini goosT) =

DCwaxm3800sT)
100%
2efe ( VRsENsE(MAXBooSTMAXDC) _ louTmaxBoosT) * Vout(maxsoosT) J
Rsense

33%
8V
) (100%)
2.150kHZ.( 83mv _5A~12V)
g1mQ 8V

ViningoosT) '(

H

VinmingoosT)

=3.2yH

To avoid subharmonic oscillations in the inductor current,
choose the minimum inductance according to:

Lvinz,BoosT) =

VinvingoosT) ® VouT(maxgoosT) ) “Reenst
Vout(vaxsoosT) ~ ViN(miNB00ST) "
0.08ef
8Vei2V
12V- *8.1mQ
i [ (1 2V—8V)}
0.08150kHz

Lvint Buck) =

Vout(maxoosT) —(

=—8.1uH

*Rsense

Vout(waxBuck)
(MAXBUCK) ~ VouT(MIN BUCK)
0.08+f

Vin(maxBUCK) (1— Vi
H

12V
=[25V (1 25\/_12\/)] 8.1mQ
0.08150kHz

—1.3uH

The inductance must be higher than all of the minimum
values calculated above. We will choose a 10pH standard
value inductor for improved margin.

MOSFET Selection: The MOSFETs are selected based on
voltage rating, Coss and Rpg(on) Value. It is important
to ensure that the part is specified for operation with
the available gate voltage amplitude. In this case, the

amplitude is 6.3V and MOSFETs with an Rpg(gn) value
specified at Vgg = 4.5V can be used.

Select M1 and M2: With 25V maximum input voltage,
MOSFETs with a rating of at least 30V are used. As we do
not yet know the actual thermal resistance (circuit board
design and airflow have a major impact) we assume that
the MOSFET thermal resistance from junction to ambient
is 50°C/W.

If we design for a maximum junction temperature, T(max)
= 125°C, the maximum allowable power dissipation
can be calculated. First, calculate the maximum power
dissipation:

Tymax) = Tamax)

PD(wax) =
(MAX) RTH(A)
125°C—-60°C
POy =+ o = 1.3W
SOW

Since maximum 12R power in the boost region with posi-
tive inductor current happens when Vy is minimum, we
can determine the maximum allowable Rpg(gn) for the
boost region using (see Table 7):

PM1= P|2R =
y 2
[[ \(;IET . IOUT(MAX,FWD)] *Rosiony *pz | W
and therefore
13W =15.4mQ

Ros(on) < 5
12V ]
o5A| 15
H 8V }

The Fairchild FDMS7672 meets the specifications with a
maximum Rpg(on) of ~6.9mQ at Vgg = 4.5V (~10mQ at
125°C).

The maximum dissipation in M2 occurs at maximum Vy
voltage when the circuit is operating in the buck region
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in the reverse direction. Using the 6.9mQ Fairchild
FDMS7672, the dissipation is (see Table 7):

Pui2 = R2R +PswitcHing

Vin =V,
= (W *lourmaxgvs)? * Ros(on) ® Pr]

+(Vin *loutuaxgvs) * £ * tar1)
+(0-5 *Cossqusm2) * Vi’ ® f)W
Povizmax) =
( 25V -12V
25V
+(25V *3A *150kHz * 20ns)

+[(0.5%(685P +685P) » 25V « 25V « 150k)]
= 0.13W +0.225W + 0.064W = 0.419W

*(3A)% +6.9mQ -1.5)

To check the power dissipation in the buck region with
Viy maximum and Voyt minimum, choose the equation
from Table 7 with positive inductor current in buck mode
which yields:

Pw1= P2 +PswitcHing

2
- VOUT ol *R .
=| "y, " ouTmaAxFw) | *Rosion) *Pr

+(Vin *lout(uaxrwo) * £ * the1)
+(0-5 *Cossiez) * Vin° * f)W

Pt max) =

12v
[(25—\/ 5Aj 6.9mQ 1.5]

+(25V +5A + 150k » 20ns)
+[(0.5+(685P +685P) + 25V « 25V + 150K)]
=0.06W +0.38W +0.064W = 0.504W

The maximum switching power of 0.38W can be reduced
by choosing a slower switching frequency. Since this cal-
culation is approximate, measure the actual rise and fall
times on the PCB to obtain a better power estimate.

Select M3 and M4: With 12V output voltage we need
MOSFETs with 20V or higher rating.

The highest dissipation of M3 and M4 occurs in the boost
region. For switch M3, the max dissipation occurs when
the lgyt is highest in the forward direction and Vyy is at
the minimum 8V (see Table 7):

Pus = R2Rr +PswitcHing

- | Mour ~ Vin) * Vour
Vin?

*loutvaxrwn)? *Ros(on) ® px]

1
+(VOUT2 *lout(maxFwp) * f \F;:\Iz )
+(0.5¢C Vo2 e f|W

5*Cossvz«ma) * Vout

For switch M4, the max dissipation occurs when the Iy is
highest in the reverse direction and Vy is highest in the
boost region (see Table 7):

Pyia = R2R +PswitcHing

Vi
= *Inmaxavs)? *Roson) * P j
LVOUT (MAXRVS) (ON) “¥e
+(V0UT *lingwaxpvs) * F TRFz)

+(0-5 *Coss(masma) * Vour” * f )W

and

VinmaxB0OST) _ 1-0C

v (ABSMINM3B0OST)
OUT(MAX,BOOST)

therefore,
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Pua =R2g +Pswitcring

= [(1 —DCaBsMINM3B0OST)) ® |IN(MAX,RVS)2 *Ros(on) *Pe ]
"'(VOUT *lingmaxRvs) * f tRFZ)

+(0-5 *Coss(masma) * Vour? * f )W

The Fairchild FDMS7672 can also be used for M3 and M4.
Assuming 20ns rise and fall times, the calculated power
loss is then 0.48W for M3 and 0.21W for M4.

Select Rsensez, Rimon_op and Rymon_on: The
lout(vax,Fwp) = SA and linwax rvs) = 3A, with a 20%mar-
gin, the lgyt current limit is set to 6A in the forward and
the Iy current limit is set to 3.6A in the reverse directions,
respectively.

Choose Rimon_op to be 17.4k, so that the Vespout-csnout
limit becomes 50mV, and the Rgeyse2 i calculated to be:

a0mV
R =——=8mQ
SENSE2 = —g 2
Using the equation given in the Iy and lgyt Current
Monitoring and Limiting section, Ryyon_on is calculated
to be:
1.21
Rimon_on = A Q
koutRvsLimim) 1M, *Rsensez + 200A

) 1.21
3.6A-1m©-8mQ+20uA

=24.9kQ

Vout Voltage: Vqyr voltage is 12V. Select RrgoyTe as
20k. RFBOUT1 is:

V
RreouT1= ( ] _205;\, - 1] *RreouT?

Select Rrgouyt1 as 178k. Both Reggyt1 and RegoyTe Should
have a tolerance of no more than 1%.

V|x Voltage: Input voltage is 12V. Select Rrgy2 as 20Kk.
Regin is:

\
Rring =(ﬁ_1)'RFBIN2

Select Rrgnt as 178k. Both Regiy1 and Regyy2 should
have a tolerance of no more than 1%.

Capacitors: A low ESR (5mQ) capacitor network with
30pF ceramic capacitors for Cyy is selected. In this mode,
the maximum ripple is:

AViguck cap) =

V
| o 1OUT
OUT(MAXFWD) =y,

-V
= exp( Ut D
[ Vin * f *ESRceram ® Cin-ceram

12V
=5HAe
0 24V

*ESRceram ©

*5mQ

ol 1—ex —12Y
Pl 24V +150kHz *5mea » 304F
—12.5mV

Having 5mQ of ESR with 66pF ceramic capacitor for the
Couyt network sets the maximum output voltage ripple at:

AVigoost,cAP) =
lout(vaxFwo) *ESRceram ©

Vin =V,
i exp[ in—Vout J]
( Vour * f *ESRceram * CouT—ceRAM

=95A*5mQ

o 1-exp 8V -12v
12V «150kHz * 5mQ « 664F

=25mV
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12V Bidirectional Dual Battery System with FHCM & RHCM Details

Vgar1 Charge Voltage = 14.6V (FBIN in RHCIM)

Vparo Charge Voltage = 14.5V (FBOUT in FHCM)
VBATLDEAD =9V (Falling) or9.4v (Rising)

VBAT27DEAD =9.25Y (Falling) or 9.4V (Rising)
Vpar1_uv to Stop Discharging = 10.5V (FBIN in FHCM)

Table of Operation Modes and Power Flow Directions

Vpar2 v to Stop Discharging = 10.5V (VOUTLOMON Falling) or 11.7V (VOUTLOMON Rising)
Vpary Charging Current Limit = 15A (IMON_INN)

Vparo Charging Current Limit = 15A (IMON_OP)

Frequency = 120kHz

CONDITIONS RESULTS
Va1 VBar2 DIR POWER FLOW CHIP OPERATES IN | RVSOFF*
<VBAT1_DEAD - Shutdown
- <VBaT2_DEAD ) No Power Flow No Switching
<VBar1_uv >VBAT2_DEAD -
>VBaT1_uv — " Power Flows from Vgary to V. e
- >Vgar2_peap and <14.5V (Va7 Char gBﬁ]Td) BAT2
>VBAT1_DEAD >Vgar2_peap and <Vgaro_uy No Power Flow Lo
>14.6V >VBaT2 UV Lo RHCM _
>Vpat1_peap and <14.6V >Veat2_uv Pover H((\),Vg;:r%?a\r/gﬁ]g)m Vearr "

*For use with LT8708-1(s)

Direction Change with
Vpar = 13.5V and Vgarp = 13.5V

Direction Change with
Vpar1 = 13.5V and Vgarp = 16V

Direction Change with
Vgar1 = 16V and Vgaro = 13.5V

DIR DIR DIR
5V/DIV 5V/DIV 5V/DIV
oA o — IL oyl I e
M /T . I
25A/DIV 95A/DIV 25A/DIV
lout I I
IN out
25A/DIV 25A/DIV 25A/DIV
200ms/DIV 8708 TAD3d 200ms/DIV 8708 TAO3e 200ms/DIV 8708 TAO3f
Vpar1 Charging Lead Acid Battery Vgaro Vgar2 Charging Lead Acid Battery Vgar
15 16 15 16
VBaT2 VBAT1
14 / \ 13 14 /\ 13
s 13 10 s s 13 / 10 _
I 5 — =
S lout = 3 iy =
=12 \ 6 = 12 6
11 \\ 3 11 3
10 0 10 —,
0 5 10 15 0 5 10 15

CHARGING TIME (HOURS)

8708 TAO3g

CHARGING TIME (HOURS)

8708 TAO3h
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48V to 14V Bidirectional Dual Battery System with FHCM & RHCM Details

Vpar1 Charge Voltage = 48V (FBIN in RHCM) Va2 yy to Stop Discharging = 10.5V (VOUTLOMON Falling) or 12.3V (VOUTLOMON Rising)
Vgaro Charge Voltage = 14.5V (FBOUT in FHCM) Vparq Charging Current Limit = 4A (IMON_INN)
Vpar1_peap = 21.3V (Falling) or 22.2V (Rising) Vparo Charging Current Limit = 15A (IMON_OP)
Vpar2_peap = 9.25V (Falling) or 9.4V (Rising) Frequency = 120kHz
Table of Operation Modes and Power Flow Directions
CONDITIONS RESULTS
Var1 Vgar2 DIR POWER FLOW CHIP OPERATES IN | RVSOFF*
<VBaT1_DEAD - ~ Shutdown
- V No Switchin
<UBAT2_DEAD No Power Flow g
<VBaT1_UV > VBAT2_DEAD -
y >14.5V Hi FHCM
>VBAT1_UV P Flows from Vgary to V,
B >VBAT27DEAD and <14.5V ower (?/\g;s\mr%?arg%g) 0 VpaT2
>VBAT1_DEAD >Vgar2_peap and <Vpara v No Power Flow Lo
>48V >VBAT27UV Lo RHCM "
Power Flows from Vgaro to V
>Vpar1_peap and <48V >Vpar2_uv Wer (VV;AT 1 ChargBﬁ]Té) BATI
*“For use with LT8708-1(s)
Direction Change with Direction Change with Direction Change with
VBAT1 =47.5V and VBATZ =14V VBAT1 =55V and VBATZ =14V VBAT1 =47.5V and VBATZ =36V
DIR ! . DIR : DiR - : e
5V/DIV 5V/DIV 5V/DIV
I [
200DV 20A/D||b | T T T 200DV
P eiogi i T I O R S B
10ADIV Jonym SADIV
lout I l lout
20A/DIV ‘ 20A/DIV i 20A/DIV ,
30ms/DIV 8708 TAD4d 30ms/DIV 8708 TAO4e 30ms/DIV 8708 TAOA!
Efficiency Vpar1 Charging Lead Acid Battery Vgaro
100 15 16
VBaT2
/
97 /\ 14 13
/\ — | / \
§ 94 / = 1 10 -
2 CHARGING Vgar1 CHARGIN Vgar2 ‘é / S
o = [ =
Z o > 12 i 6 =
88 11 \ 3
85 10 ———1
10 20 30 40 50 60 0 5 10 15
VBATH (V) CHARGING TIME (HOURS)
VBAT2 (V) 8708 TAO4h
8708 TAD4g REV. C
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APPLICATIONS INFORMATION

52V Battery Backup Supply Using FHCM and RHCM Detail

Vgar Charge Voltage = 52.1V (FBOUT in FHCM)
VLoap Regulation Voltage = 47.4V (FBIN in RHCM)
VpaT pEAD = 36V (Falling) or 37.5V (Rising)
Frequency = 150kHz

Table of Operation Modes and Power Flow Directions

Vi oap Rising to Activate Vgar Charging = 50.2V (VINHIMON Rising Activating FHCM)
Vioap Falling to Activate Backup Operation = 45.9V (VINHIMON Falling Activating RHCM)
Vgar Charging Current Limit = 5A (IMON_OP)

Vioap Current Limit = 5A (IMON_INN)

CONDITIONS RESULTS
Vioap Vear POWER FLOW CHIP OPERATES IN RVSOFF DIR
- <V
BAT_DEAD No Power Flow Shutdown - -
>50.2V* >52.1V
Power Flows from Vi to V,
VBaT_peap t0 52.1V (Vgar Char inlN) BAT
Fell Into (47.4V to 50.2V) Range* BAT LN1drging .
FHCM Lo Hi
>52.1V
Fell Into (45.9V to 47.4V) Range* No Power Flow
Rose Into (47.4V to 50.2V) Range*
>VBAT_DEAD .
Rose Into (45.9V to 47.4V) Range Power Flows from Vgar to Vi oap RHCM Hi Lo
<45.9V (Backup Operation)
*ViLoap is powered from V.
Transient Behavior Upon Vi Transient Behavior Upon V)
Dropout, Vgar = 52V Dropout, Vgur = 53V
DIR 5V/DIV al DIR 5V/DIV [y al
VLoap 5V/DIV ViLoap 5V/DIV
Vi 5V/DIV Vi 5V/DIV
IL 5A/DIV IL 10A/DIV
lLOA;=4A
3ms/DIV 8708 TAOSd 3msD v 8708 TAOSe
Transient Behavior Upon V)
Dropout, Vgur = 38V
DIR 5V/DIV al
Voap 5V/DIV
Vi 5V/DIV
IL SA/DIV A I
SmSDIV 8708 TAOSf
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APPLICATIONS INFORMATION

Supercapacitor Backup Supply Using CCM Detail

Vout Charge Voltage = 15V (FBOUT) Veackup Overvoltage Rising Threshold in Backup Operation = 13.3V (VINHIMON Rising)
Veackup Regulation Voltage = 11V (FBIN) Veackup Overvoltage Falling Threshold in Backup Operation = 12.9V (VINHIMON Falling)
Vin_min = 5.42V (Falling) or 5.65V (Rising) Vout Charging Current Limit = 1A (IMON_OP)

Frequency = 350kHz Vin Current Limit = 2A (IMON_INP)

Table of Operation Modes and Power Flow Directions

Veackup Vour POWER FLOW CHIP OPERATES IN RVSOFF*
V - Shutdown -
<7 NO POWER FLOW
>15V
>13.3V
<15V Power Flows from Vi to Vout (Vout Lo
Charging)
Fell Into (12.9V to 13.3V) 15V
Range No Power Flow
Rose Into (12.9V to 13.3V) Power Flows from Vqyt to LOADS
Range <15V (Backup Operation) CCM
Power Flows from Vi to Vgyr .
>11V and <12.9V >15V (Vour Charging) Hi
Power Flows from Vqyt to LOADS
<11Vand >Vin_win - (Backup Operation)

*For use with LT8708-1(s)

Transient Behavior Upon V)

Charging Voyt to 15V with 1A Current Dropout (I oap = 4A)
v | ‘ vour [
. M-
V Y
svDiy ! eACKLD i_-‘
.L T
5A/DIV 5A/DIV

205D \% 8708 TADGd 3s/DIV 8708 TAOGe
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PACKAGE DESCRIPTION

UHG Package
40-Lead Plastic QFN (5mm x 8mm)
(Reference LTC DWG # 05-08-1528 Rev A)

SRR i 1 1 I ﬂ
=

5.50 £0.05 ~—— 5.85+0.10

|
=
410 +0.05
= T
—

3.50 REF

PACKAGE
OUTLINE

3.10+0.10

l
L [I—[IH[LDJJHMJM[L

02540.05 | <

6.50 REF
7.10£0.06
8.50+0.05

RECOMMENDED SOLDER PAD PITCH AND DIMENSIONS
APPLY SOLDER MASK TO AREAS THAT ARE NOT SOLDERED

LDHHH»THHD

100 TYP €035
‘<— 5004010 — >
34 40 v
PIN 1 UUIUUUU/ | 040100
TOP MARK . 5 - }
B d |
([ 0.25+0.05
. 1
— -
0.75TYP - .
x4
— 2 0.50 BSC
8.000.10 }
| £+ Ej
—_—
-
B
B 5.85+0.10 -
— -
3.1040.10 —= -
B -
D) -
22 OS7E§ 2> ygks \z
[ | DETAILB
ANn MmNy 1
21 15 == (UHG) QFN 0417 REV A
0.55 | R=0.125
DETAIL A pelie 1.00 TYP P
020 REF BOTTOM VIEW—EXPOSED PAD DETAIL B
0.75 +0.05 / ( 0,00 - 0.05 —>| |~ 0.08 REF
V = __ | ( DETAIL A iy
+ o oog—ooo—1 + o,
15 21 T AN A / \
0.203+0.008 ¥ W7/} 0.203+0.058,-0.008 (N~ 1Y
§— XY TERMINAL THICKNESS |/ 031REF
0.00-0.05 o
NOTE:
1. ALL DIMENSIONS ARE IN MILLIMETERS. ANGLES IN DEGREES. 4. PACKAGE LENGTH / PACKAGE WIDTH ARE CONSIDERED AS SPECIAL CHARACTERISTIC(S).
2. COPLANARITY APPLIES TO THE EXPOSED PAD AS WELL AS THE TERMINALS. 5. REFER JEDEC M0-220.

COPLANARITY SHALL NOT EXCEED 0.08MM.
3. WARPAGE SHALL NOT EXCEED 0.10MM.
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LT8/08
PACKAGE DESCRIPTION
LWE Package

64-Lead Plastic Exposed Pad LQFP (10mm x 10mm)
(Reference LTC DWG #05-08-1982 Rev A)

~—10.15-102——— >

| 7.50 REF |
0000000000000
e T T T ‘77777777;49; |
| — ] 48r2555344*'
| = \ —
=1 ] m— |
0.50 BSC E} ‘ I—
l— \ —=
— ‘ { —]
— —
= | | | =,
0.20-0.30 [ | ‘I:I
—l ‘ ] m—| 10.15-10.25
|:|} —
— | 5744005— =
— ‘ =
— —
— ‘ [
—,16 s
O o ) )
s (0000000000000
RECOMMENDED SOLDER PAD LAYOUT
APPLY SOLDER MASK TO AREAS THAT ARE NOT SOLDERED
12,00 BSC
10.00 BSC 574010
64 49 49 64
iR AR AR AR RAHRAAAARRAT
/ N / N
1] Ty SEENOTES T4 48 T ‘ Y ==k
] - ‘ —— —— ‘ -
—— | —— —— ‘ ——
—— —— —— ——
—— | —— —— | ——
—— ‘ —— 1200BSC T ‘ T
- - — — — — 210.00850 L 5.74 +0.10
(- | —— (- | ——
——— ‘ AlTA ——— ‘ ——
= et — ——
——— [ —— ——— \ ——
] ‘ T ] ‘ T
—— —— —— ——
——— ‘ —— ——— ‘ ——
16 T ‘ — T 33 33 T ‘ —T 16
N\, / N\, /
e HiHHHEHHEEHEHE HHHEEEHEEEEHEEH
17 32 ] 32 17
BOTTOM OF PACKAGE—EXPOSED PAD (SHADED AREA) 160
11— 130 |~ 135-1.45 MAX

R0.08-0.20 GAUGE PLANE
0.25

A

1107130%/ Bl ? ? 00 ‘ ‘ e Lore oo eV A
0.09-0.20 ' <—  017-0.27 —>| |=— 0.05-0.15
1.00 REF —| l<— BSC
0.45-0.75 < SIDE VIEW
SECTIONA-A

NOTE:
1. DIMENSIONS ARE IN MILLIMETERS 3. PIN-1 INDENTIFIER IS A MOLDED INDENTATION, 0.50mm DIAMETER
2. DIMENSIONS OF PACKAGE DO NOT INCLUDE MOLD FLASH. MOLD FLASH 4. DRAWING IS NOT TO SCALE

SHALL NOT EXCEED 0.25mm (10 MILS) BETWEEN THE LEADS AND
MAX 0.50mm (20 MILS) ON ANY SIDE OF THE EXPOSED PAD, MAX 0.77mm
(30 MILS) AT CORNER OF EXPOSED PAD, IF PRESENT
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REVISION HISTORY

REV | DATE |DESCRIPTION PAGE NUMBER
A 01/20 | Added eLQFP package option. 1,3,4,6,13,
14, 64, 65
Added two arrows and corrected the 2nd y-axis of 8708 GO8. 9
Corrected the body connection of M1, changed EA7 to A7. 15
Changed Resenset to Rsenst1- 43
Corrected calculations. 51, 52
10/21 | Removed TR from eLQFP package option in the Ordering Information section. The eLQFP package ships in trays. 4
05/23 | Updated Features and Order Information 1,4
Rev. C

Information furnished by Analog Devices is believed to be accurate and reliable. However, no responsibility is assumed by Analog
Devices for its use, nor for any infringements of patents or other rights of third parties that may result from its use. Specifications
subject to change without notice. No license is granted by implication or otherwise under any patent or patent rights of Analog Devices.
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TYPICAL APPLICATION

Supercapacitor Backup Supply Using CCM

TO LOADS

(REGULATE TO
11V WHEN
,,,,,, IN BACKUP) L1
1D
v L L 22 w4 25m0
IN f VW\p-¢ VW\$ - Vour
12v 19 1] 4] S ) 141 - hi T / o 15V
% TCn\n ;q Fi —_|_—COUT1 TCouTz
— Cinz = =
= T TO DIODE 109 T0 DIODE = Csc
__L_1uF = Dg1 VWA DB2 x6 lgk
= 1nF L
2Q }L}Smg 20
=<
——1nF
0.220F 00 0.22,F
VW\—¢- 1
= 10002 - ’
TG1BOOST1 SW1BG1 CSP CSN GND BG2 SW2 BOOST2 TG2 = S5k
CSNIN CSPOUT o 3
Ty
CSPIN CSNOUT 3
ViNCHIP EXTVge
SHDN FBOUT
o 178708 INTVee ? | HEF
VINHIMON GATEVce = o Stk
VOUTLOMON IMON_OP 4T Sa0 <
SWEN 'lgg =
LD033
i IMON_INP 6.6nF o L;D =
RVSOFF IMON_ON 3174k ZZHF—E;;%Jk TT%
< >
DIR IMON_INN 3 3 0 10
MODE Vg RT  SS  SYNC  CLKOUT : 0:L BOOST{ BOOST2
 — sosmae  |22nF > >
W Soak L 1F | Srrac | A= Zoa
>
| _x_zzoE'F_ —— 560F | 350kHz

Dn: APPROPRIATE 2A

SUCH AS LTC4358, LTC4412, LTC4352, ETC.
Dgs, Dg2: CENTRAL SEMI CMMR1U-02-LTE

L1: 2.2uH, VISHAY [HLI

SCHOTTKY DIODE OR IDEAL DIODE M1-M4: INFINEON BSCO50NE2LS

Cini, Courz: 220y, 35V 35HVP220M

P-5050CE-01-2R2-M-01

SEE MORE DETAILS OF THIS APPLICATION ON PAGE 61.

Cinz, Court: 224F 25V, TDK C4532X741E226M
Csc: 60F 2.5V COOPER BUSSMAN HB1840-2R5606-R

RELATED PARTS

PART NUMBER

DESCRIPTION

COMMENTS

LT8708-1

80V Synchronous 4-Switch Buck-Boost DC/DC
Slave Gontroller for LT8708 Multiphase System

2.8V (Need EXTV¢g > 6.4V) < Vi < 80V,1.3V < Vgyr < 80V, 5mm x 8mm QFN-40
and 10mm x 10mm eLQFP-64 Packages

LT8705A 80V Vy and Voyt Synchronous 4-Switch Buck- 2.8V <V <80V, Input and Output Current Monitor, 5mm x 7mm QFN-38 and
Boost DC/DC Controller TSSOP-38 Packages
LTC®3779 150V V) and Vgyt Synchronous 4-Switch Buck- 4.5V < V)y <150V, 1.2V < Voyt < 150V, Up to 99% Efficiency Drives Logic-Level
Boost Controller or STD Threshold MOSFETs, TSSOP-38 Package
LTC7813 60V Low Iq Synchronous Boost+Buck Controller 4.5V (Down to 2.2V After Start-Up) < Vy < 60V, Boost Vqyt Up to 60V,
Low EMI and Low Input/Qutput Ripple 0.8V < Buck Voyt < 60V, Ig = 29pA, 5mm x 5mm QFN-32 Package
LTC3899 60V, Triple Output, Buck/Buck/Boost Synchronous | 4.5V (Down to 2.2V after Start-Up) < Vi < 60V, Vout Up to 60V,
Controller with 29pA Burst Mode I Buck Voyt Range: 0.8V to 60V, Boost Voyt Up to 60V
LTM®8056 58V, Buck-Boost pModule Regulator, Adjustable | 5V < Vi <58V, 1.2V < Vgt < 48V, 15mm x 15mm x 4.92mm BGA Package
Input and Output Current Limiting
LTC3895/ 150V Low lg, Synchronous Step-Down 4V < V) < 140V, 150V ABS Max, PLL Fixed Frequency 50kHz to 900kHz,
LTC7801 DC/DC Controller with 100% Duty Cycle 0.8V < Vgyt < 60V, Adjustable 5V to 10V Gate Drive, Iq = 40uA,
4mm x 5Smm QFN-24, TSSOP-24, TSSOP-38(31) Packages
LTC3871 Bidirectional Multiphase DC/DC Synchronous Buck | Vin/Voyt Up to 100V, Ideal for High Power 48V/12V Automotive Battery
or Boost On-Demand Controller Applications
LTC7103 105V, 2.3A, Low EMI Synchronous 4.4V <V <105V, 1V < Vgyt < Vi, g = 2pA, Fixed Frequency 200kHz,

Step-Down Regulator

5mm x 6mm QFN Package
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