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LM2645 Advanced Two-Phase Switching Controller With Two Linear Outputs

Check for Samples: LM2645

FEATURES

« GENERAL
— 4.5V to 30V Input Range
— Power Good Function
— Input Under-Voltage Lockout
— 10 pA Shutdown/Recycle for Entire Chip
— Thermal Shutdown
— TSSOP Package
* SWITCHING SECTION

— Two Synchronous Buck Regulators for
Fixed 5V/3.3V or Adjustable Outputs

— Outputs Adjustable from 1.3V to 5.5V

— 0.04% (Typical) Line and Load Regulation
Error

— Selectable Switching Frequency 200/300
kHz

— Two Channels Operating 180° Out of Phase
— Separate On/Off for Each Channel
— Separate Power Good Signals

— Current Mode Control with or Without
Sense Resistor

— Adjustable Cycle-by-Cycle Current Limit
— Skip-Mode Operation Available

— Negative Current Limit

— Separate Soft Start for Each Channel

— Output UVP and OVP

— Programmable Output UVP Delay

— Self Discharge of Output Capacitors when
Turned Off

* LINEAR SECTION

— Adjustable (3.3V to 15V) Linear Regulator
with External PNP Pass Transistor

— 2% Initial Tolerance of Set Voltage

— Output UVP for Adjustable Linear Regulator
— Fixed 3.3V/50mA Output Rail

— Fixed 5V Reference Rail

APPLICATIONS

e Notebook and Sub-Notebook Computers
e Embedded Computer Systems

e Battery-Powered Instruments

e High End Gaming Systems

 Set-Top Boxes

 WebPAD

DESCRIPTION

The LM2645 is a feature-rich IC that combines two
current mode synchronous buck regulator controllers,
an adjustable linear regulator controller and a fixed
3.3V standby output rail.

The two switching regulator controllers operate 180°
out of phase. This feature reduces the input ripple
RMS current, thereby significantly reducing the
required input capacitance. The two switching
regulator outputs can also be paralleled to operate as
a dual-phase regulator.

The use of synchronous rectification and pulse-skip
operation at light load achieves high efficiency over a
wide load range. Fixed-frequency operation can be
obtained by disabling the pulse-skip mode. The
switching frequency of the LM2645 is user selectable
between 200 kHz or 300 kHz.

The first switching controller (Channel 1) features a
fixed 5V output, and the second switching controller
controller (Channel 2) features a fixed 3.3V output.
Both channels can also be independently adjusted
from 1.3 to 5.5V. The adjustable linear regulator can
be adjusted from 3.3V to 15V. An internal 5V rail is
also available externally for driving bootstrap circuitry.
This rail also serves as the input for an internal LDO
that provides the fixed 3.3V/50mA output rail.

Current-mode feedback control assures excellent line
and load regulation and a wide loop bandwidth for
excellent response to fast load transients. Current is
sensed across either the Vds of the top FET or
across an external sense resistor connected in series
with the drain of the top FET. Current limit is
independently adjustable for each channel.

Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

All trademarks are the property of their respective owners.

PRODUCTION DATA information is current as of publication date.
Products conform to specifications per the terms of the Texas
Instruments standard warranty. Production processing does not
necessarily include testing of all parameters.
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DESCRIPTION (CONTINUED)

The analog soft-start for the switching controllers uses an innovative new approach. It is independent of the input
voltage which makes the soft-start behavior more predictable and controllable.

Independant PGOOD signals monitor each of the switching regulator outputs. The switching outputs have under-
voltage and over-voltage latch protection, while the output of the external linear regulator has undervoltage latch
protection. The undervoltage latch can be disabled or adjustably delayed.

CONNECTION DIAGRAM
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Figure 1. 48-Lead TSSOP(DGG) (Top View)
See Package Number DGGO0048A
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PIN DESCRIPTIONS

VO1 (Pin 1): The feedback input for Channel 1. Always connect directly to the output. Fixed or adjustable output
voltage is selected by FB1_FIX.

FB1_FIX (Pin 2): The feedback input for setting the output voltage of Channel 1. Connecting this pin to VLIN5
sets the output voltage to 5V, or to the center of a voltage divider for an adjustable output.

COMP1 (Pin 3): Compensation pin for Channel 1. This is the output of the internal transconductance amplifier.
The compensation network should be connected between this pin and the signal ground, SGND.

LDODRY (Pin 4): The output of the adjustable linear regulator controller. Connects to the base of a PNP Pass
transistor. This pin is activated when Channel 1 is enabled.

NC (Pins 5, 9, 20): No internal connection. Connect these pins to ground.

LDOFB (Pin 6): Dual function input pin. When connected to the center of a resistor divider, it serves as the
1.238V feedback input for the LDODRYV. Connecting this pin to VLIN5S disables the LDODRYV.

FPWM/2NDFB (Pin 7): Multi-function input pin. When held HIGH (>2V), pulse-skipping mode is enabled for both
switching regulators. When held LOW (<0.8V), both regulators will function in Fixed Frequency PWM
mode. This pin can also be connected to the center of a resistor divider for feedback regulation of a
secondary winding voltage. In this case, Ch 1 will operate in pulse-skipping mode when the output is
lightly loaded. If the linear regulator controller output is heavy loaded, the operating frequency in pulse-
skipping will be increased accordingly to maintain the voltage at this pin to 1.5V or higher. Thus, the
secondary winding voltage will always have the necessary overhead voltage for the linear regulator to
maintain regulation.

TEST (Pin 8): Special purpose input pin for factory use only. This pin must be connected to ground.

UV_DELAY (Pin 10): A capacitor from this pin to ground adjusts the delay of the undervoltage protection for the
two switching outputs and the linear regulated output controlled by the LDODRYV. The delay time is set by
charging a capacitor to 2.3V from a 5pA current source. Pulling this pin to ground disables undervoltage
protection on these outputs.

SGND (Pin 11,12): Ground connection for the signal level circuitry. It should be connected to the ground rail of
the system.

PGOOD1 (Pin 13): An open-drain power-good output for Channel 1. It is 'LOW' (low impedance to ground)
whenever the output voltage travels out of the £10% window. It stays latched in a 'LOW' state if the output
travels beyond the positive limit that trips the over-voltage protection.

PGOOD?2 (Pin 14): An open drain power good output for Channel 2. It serves the same function as the
PGOODL1.

FSEL (Pin 15): Selects the Switching Frequency of the two switching controllers. The frequency is 300kHz when
this pin is pulled HIGH (>2V), or 200kHz when this pin is pulled LOW (<0.8V).

SD (Pin 16): Shutdown control input. Pulling this pin LOW (<0.6V) turns OFF the entire chip which then draws
less than 10 pA of supply current. The chip is ON if this pin is held HIGH (>2V). Toggling this pin from
HIGH to LOW and then HIGH again resets the chip causing it to recover from any protection latch.

ON1 (Pin 17): Output enable for Channel 1 and LDODRYV (Pin 4). Channel 1 and LDODRYV are disabled when
this pin is pulled LOW (<0.8V), and are enabled when this pin is pulled HIGH (>2V).

ON2 (Pin 18): Output enable for Channel 2. Channel 2 is enabled when this pin is pulled high (> 2V) and
disabled when this is pulled low (<0.8V).

SS1 (Pin 19): Soft-start input pin for Channel 1. The rise time of the output voltage of Channel 1 is programmed
by the charge rate of a capacitor connected from this pin to ground by an internal 2 pA current source. If
the output does not reach regulation (to within —6% of nominal voltage) by the time this pin exceeds 2V
(typical), the UV_DELAY pin begins charging the capacitor connected from it to ground. If the output is not
within regulation after the UVP delay, the chip latches off.

SS2 (Pin 21): Soft-start input pin for Channel 2. Serves the same function as the SS1, Pin 19.

COMP2 (Pin 22): Compensation pin for Channel 2. This is the output of the internal transconductance amplifier.
The compensation network should be connected between this pin and the signal ground SGND (Pins 11,
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FB2_FIX (Pin 23): The feedback input for setting the output voltage of Channel 2. Connecting this pin to VLIN5S
sets the output voltage to 3.3V, or to the center of a voltage divider for an adjustable output.

VO2 (Pin 24): The feedback input for Channel 2. Always connect directly to the output. Fixed or adjustable
output voltage is selected by FB2_FIX.

ILIM2 (Pin 25): Current limit threshold setting for Channel 2. It sinks a constant current of 10 pA that is
converted to a voltage through a resistor connected from this pin to Vin. The voltage across this resistor is
compared with either the Vds of the top MOSFET or the voltage across an external current sense resistor
to determine if an over-current condition has occurred in Channel 2.

RSNS2 (Pin 26): The negative (=) Kelvin sense for the internal current limit comparator of Channel 2. Always
use a separate trace to connect this pin to the current sense point. Connect this pin to the low side of the
current sense resistor that is placed between V| and the drain of the top MOSFET. When the Vds of the
top MOSFET is used for current sensing, then connect this pin to the source of the top MOSFET.

KS2 (Pin 27): The positive (+) Kelvin sense for the internal current limit comparator of Channel 2. Use a
separate trace to connect this pin to the current sense point. Connect to Vin as close to the node of the
current sense resistor; when no current-sense resistor is used, connect it as close to the Drain node of the
upper MOSFET.

SW2 (Pin 28): Switch-node connection for Channel 2, which is connected to the source of the top MOSFET. It
serves as the negative supply rail for the topside gate driver, HDRV2.

HDRV2 (Pin 29): Top-side gate-drive output for Channel 2. A floating drive output that rides on the switching-
node voltage.

CBOOT2 (Pin 30): Bootstrap capacitor connection. It serves as the positive supply rail for the Channel 2 top-
side gate drive.

VDD2 (Pin 31): The supply rail for the Channel 2 low-side gate drive, usually ties together with VDD1. Connect
to VLINS through a 4.7Q resistor and bypassed to ground with a ceramic capacitor of at least 1pF.

LDRV2 (Pins 32, 33): Low-side gate-drive output for Channel 2. Tie these two pins together.
PGND2 (Pin 34): Power ground for Channel 2.

OUT3 (Pin 35): The fixed 3.3V linear regulated output. Derived from VLIN5 by an internal LDO, it is current
limited at 100mA. The continuous output current is a function of the ambient operating temperature and
the total power dissipation in the chip and must be derated accordingly. See ) in ELECTRICAL
CHARACTERISTICS section.

EXT (Pin 36): External power input to an internal switch. This pin is usually connected to the fixed 5V output of
Channel 1. When the voltage on this pin is higher than 4.7V, the internal 5V LDO that provides VLINS
from VIN is disabled, and an internal switch connects VLINS5 to this pin to minimize dissipation in the chip.
Connect this pin to ground and VLINS to VIN if VIN is operating in 4.5V to 5.5V range.

VLINS5 (Pin 37): This pin is the output of an internal 5V LDO regulator derived from VIN when no external 5V
supply is available. It supplies the internal bias for the chip, supplies the boostrap circuitry for gate drive
and serves as the input supply of an internal LDO to generate OUT3. Bypass this pin to power ground
with a minimum of 4.7uF ceramic capacitor. Connect this pin to the VIN pin when Vin is operating in 4.5V
to 5.5V range.

VIN (Pin 38): The input power of the chip. Connects to the upper (+) input rail of the system.

PGND1 (Pin 39): Power ground for Channel 1.

LDRV1 (Pins 40, 41): Low-side gate-drive output for Channel 1. Tie these two pins together.

VDD1 (Pin 42): The supply rail for the low-side gate drive of Channel 1. Same function as VDD2 (Pin 31).

(1) Maximum allowable power dissipation is calculated by using Ppyax = (Tamax - Ta)/03a, Where Tjyax is the maximum junction
temperature, T, is the ambient temperature and 8;, is the junction-to-ambient thermal resistance of the specified package. The 1.56W
rating results from using 150°C, 25°C, and 80°C/W for Tjyax, Ta, and 63, respectively. A 8;, of 90°C/W represents the worst-case
condition of no heat sinking of the 48-pin TSSOP. Heat sinking allows the safe dissipation of more power. The Absolute Maximum

power dissipation should be derated by 12.5mW per °C above 25°C ambient. The LM2645 actively limits its junction temperature to
about 150°C.
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CBOOT1 (Pin 43): Bootstrap capacitor connection. It serves as the positive supply rail for the Channel 1 top-
side gate drive.

HDRV1 (Pin 44): Top-side gate-drive output for Channel 1. See HDRV2 (Pin 29).
SW1 (Pin 45): Switch-node connection for Channel 1, See SW2 (Pin 28).

KS1 (Pin 46): The upper (+) Kelvin sense for the internal current limit comparator of Channel 1 (see KS2, Pin
27).

RSNS1 (Pin 47): The lower (-) Kelvin sense for the internal current limit comparator of Channel 1 (see RSNS2,
Pin 26).

ILIM1 (Pin 48): Current limit threshold setting for Channel 1 (see ILIM2, Pin 25).
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TYPICAL APPLICATION CIRCUIT
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SIMPLIFIED BLOCK DIAGRAM
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Shut Down Latch Truth Table @@®®

Input Output
ovpl ovp2 uvpl uvp2 | uvpa ® | oc3 © ch2on | fault sstol | ssto2 | uv_dela latch off
P P P P P chlon @ @) <
1 1 0 1
1 1 0 1
1 1 0 1 cap 1
1 1 0 1 cap 1
1 0 cap 1
0 0 0 0 0 1 0 0 cap 0
All other combinations 0
(1) “fault" is the logic OR of UVLO and thermal shutdown.
(2) Positive logic is used.
(3) A blank value means "don't care".
(4) SD pin is pulled high.
(5) "uvp4" means UVP of the linear regulated output controlled by LDODRV.
(6) "oc3" means OUT3 output current over 100mA current.
(7) sstol, ssto2 means soft start timeout for Ch 1 and Ch 2 respectively.
(8) "cap" means the pin has a capacitor of appropriate value between it and ground.
Power Good Truth Table ©@
Input Output
ovpl ovp2 | uvpgl® | uvpg2® | uvpgs® | chlon | ch2on fault | latch off SD PGOOD1 | PGOOD2
1 1 1
1 1 1
1 1 1
1 1 1 0
0 0 1 0 1
1
0 1 0
0 0 1 1 1
0 0 1 1 1
1 0
1 0
0 0
(1) Positive logic is used.
(2) A blank value means "don't care".
(3) The symbol uvpgl, 2, 4 means the power good undervoltage threshold of the corresponding channel.
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‘ These devices have limited built-in ESD protection. The leads should be shorted together or the device placed in conductive foam
‘Y '\ during storage or handling to prevent electrostatic damage to the MOS gates.

ABSOLUTE MAXIMUM RATINGS W@

Voltages from the indicated pins to SGND/PGND:
VIN, ILIM1, ILIM2, KS1, KS2, LDODRV -0.3V to 31V
SW1, SW2, RSNS1, RSNS2 -0.3t0 (Vjy + 0.3)V
VO1, VO2, FB1_FIX, FB2_FIX, VDD1, VDD2, EXT -0.3V to 6V
SD, ON1, SS1, ON2, SS2, LDOFB, FsgL, UV_DELAY, PGOOD1, OUT3, PGOOD2, COMP1, COMP2,
FPWM/2NDFB —-0.3V to (VLIN5 +0.3)V
CBOOT; to SW1, CBOOT2 to SW2 -0.3Vto 7V
LDRV1, LDRV2 -0.3V to (VDD+0.3)V
HDRV1 to SW1, HDRV2 to SW2 -0.3Vv
HDRV1 to CBOOT1, HDRV2 to CBOOT2 +0.3V
Power Dissipation (T = 25°C) @ 1.56W
Junction Temperature (T;) @ +150°C
Ambient Storage Temperature Range -65°C to +150°C
Soldering Dwell Time, Temperature ¢ Wave 4 sec, 260°C
Infrared 10sec, 240°C
Vapor Phase 75sec, 219°C
ESD Rating ® 2kV

(1) Absolute Maximum Ratings indicate limits beyond which damage to the device may occur. Operating Ratings are conditions under
which operation of the device is ensured. For ensured performance limits and associated test conditions, see the ELECTRICAL
CHARACTERISTICS tables.

(2) If Military/Aerospace specified devices are required, please contact the Texas Instruments Sales Office / Distributors for availability and
specifications.

(3) Maximum allowable power dissipation is calculated by using Ppmax = (Tivax - Ta)/03a, Where Tjyax is the maximum junction
temperature, T, is the ambient temperature and 8,4 is the junction-to-ambient thermal resistance of the specified package. The 1.56W
rating results from using 150°C, 25°C, and 80°C/W for Tjyax, Ta, and 63, respectively. A 8;, of 90°C/W represents the worst-case
condition of no heat sinking of the 48-pin TSSOP. Heat sinking allows the safe dissipation of more power. The Absolute Maximum
power dissipation should be derated by 12.5mW per °C above 25°C ambient. The LM2645 actively limits its junction temperature to
about 150°C.

(4) For detailed information on soldering plastic small-outline packages, refer to the Packaging Databook available from Texas Instruments.

(5) Except for SW1, SW2, CBOOT1 and CBOOT2 pins which are 1.5kV. For testing purposes, ESD was applied using the human-body
model, a 100pF capacitor discharged through a 1.5kQ resistor.

OPERATING RATINGS @

VIN (VIN and VLIN5 separate) 5.5V to 30V
VIN (VLIN5 tied to VIN) 4.5V to 5.5V
Junction Temperature 0°C to +125°C
EXT 5.5V max.

(1) Absolute Maximum Ratings indicate limits beyond which damage to the device may occur. Operating Ratings are conditions under
which operation of the device is ensured. For ensured performance limits and associated test conditions, see the ELECTRICAL
CHARACTERISTICS tables.
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ELECTRICAL CHARACTERISTICS

Unless otherwise specified, Vy = 15V, SGND = PGND = 0V, VLIN5 = VDD1 = VDD2. Limits appearing in boldface type
apply over the entire operating junction temperature range, 0°C to +125°C. Specifications appearing in plain type are
measured using low duty cycle pulse testing with T, = 25°C ®, @ Min/Max limits are ensured by design, test, or statistical

analysis.
Symbol Parameter Conditions Min | Typ ‘ Max Units
SYSTEM
AVout/Vout | Load Regulation VN =15V, Veompx = 0.5V to 1.5V 0.04 %
AVout/Vout | Line Regulation 5.5V = V) = 30V, Veompx =1.25V 0.04 %
VEBX_FIX Feedback Voltage in 5.5V < VIN < 30V 1217 1238 1.259 vV
Adjustable Mode
Vout VouTx accuracy at fixed 5.5V <V =30V, Vourt1 =5V, Voutz = -24 +2.4 %
output mode 3.3V
Ivin Input Supply Current ON1 =0ON2 =5V and
5.5V < V|y < 30V 15 28 mA
ON1 = ON2 =5V and
4.5V <V = VLIN5 < 5.5V 13 28 mA
Standby®
ON1 = ON2 = 0V, V 55 = 5V 50 120 KA
Shutdown V gp = OV 5 30 pA
VLINS VLINS Output Voltage ™ IVLINS = 0 to 25mA, EXT = 0V,
5.5V < VIN < 30V, SD = 5V 4.65 5 535 v
VeLos Current Limit Comparator VKS1-VILIM1 = VKS2-VILIM2 =140mV +2 mv
Offset (VILIMX —~VRSNSX)
lcL Current Limit Sink Current 8 10 12 pA
Iss sc Soft-Start Source Current Vss1 = Va2 = 1V 0.5 2 35 HA
lss_sk Soft-Start Sink Current Vss1 = Vs = 1V 24 pA
Vesto Soft-Start Timeout See® ) v
Threshold
Vuve FB1_FIX, FB2_FIX, LDOFB | As a Percentage of nominal output voltage
Undervoltage Protection (Falling edge) 73 80 90 %
Latch Threshold
Hysteresis 4 %
VUV DELAY UV_DELAY Threshold See®
- 2.3 \%
Voltage
IUVﬁDELAY UV_DELAY source current VUVﬁDELAY =2V 5 HA
Vovp Voutx Overvoltage As a percentage measured at FB1_FIX, o
Protection Latch Threshold | FB2_FIX 106 110 119 %
TH Rec VouTx Low Regulation Falling Edge
Comparator Enable
95 %
Threshold for channels 1
and 2
HYS|Rrec Hysteresis of Low As a Percentage of output voltage 3 %
Regulation Comparator
Vowrbad Regulator Window Detector | As a Percentage of output voltage
Thresholds (PGOOD from 86 91 94 %
High to Low)("

(1) A typical is the center of characterization data measured with low duty cycle pulse tsting at Ty = 25°C. Typicals are not ensured.
(2) All limits are specified. All ELECTRICAL CHARACTERISTICS having room-temperature limits are tested during production with Ty = T,
= 25°C. All hot and cold limits are specified by correlating the ELECTRICAL CHARACTERISTICS to process and temperature variations

and applying statistical process control.

(3) Both switching controllers are OFF. The linear regulators VLIN5 and 30UT remain ON.

(4) The output voltage at the VLINS5 pin may be as high as 6.5V in shutdown mode (SD < 0.6V).

(5) When SS1, SS2 pins are charged above this voltage and either of the output voltage at Voyt1 or Vout? is still below the regulation limit,
the under voltage protection feature is initialized.

(6) Above this voltage, the under voltage protection is enabled.

(7) For each device, there is a 10% (typical) gap of the measured output voltage between the PGOOD signal transitions from high to low
and the under voltage protection is activated. The under voltage protection will not be activated while the PGOOD signal is in the logic

HIGH state.
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ELECTRICAL CHARACTERISTICS (continued)
Unless otherwise specified, Vy = 15V, SGND = PGND = 0V, VLIN5 = VDD1 = VDD2. Limits appearing in boldface type

apply over the entire operating junction temperature range, 0°C to +125°C. Specifications appearing in plain type are

measured using low duty cycle pulse testing with T, = 25°C @, @, Min/Max limits are ensured by design, test, or statistical

analysis.
Symbol Parameter Conditions Min | Typ ‘ Max Units
SYSTEM
Vowrgd Regulator Window Detector | As a Percentage of output voltage
Thresholds (PGOOD from 92.5 94 96.5 %
Low to High)
THvox pis VO1, VO2 Quick Discharge | See®
— 0.8
Threshold
Vox R VO1,VO2 ON-Resistance VO1l =V02 =2V 200 Q
Gate Drive
lcBooT CBOOT Leakage Current VeeooT1 = Vegoorz = 7V 100 nA
ISCfDRV HDRVx and LDRVx Source VeeooTt1 = VegsooT? = 5V, VSWx=0V, 0.8 A
Current HDRVx=LDRVx=2.5V ’
lsk HDRV HDRVx Sink Current Vepootx = VDDX = 5V, Vgyy = 0V, HDRVX
— _ 1.3 A
=25V
Isk LDRV LDRVx Sink Current Veeootx = VDDX = 5V, Vawy = 0V, LDRVX
= =25V 2.5 A
RHDRV HDRV1 & 2 Source On- VCBOOTl = VCBOOTZ =5V, 292 Q
Resistance Vswi = Vawe = 0V '
HDRV1 & 2 Sink On- 11 0
Resistance
RLDRV LDRV1 & 2 Source On- VCBOOTl = VCBOOTZ =5V, 292 Q
Resistance Vswi = Vawe = 0V '
LDRV1 & 2 Sink On-
Resistance 065 Q
Oscillator
Fosc Oscillator Frequency FseL =5V 265 300 335 kHz
FseL = OV 174 200 226 kHz
Don_max Maximum On-Duty Cycle Veg1 = Vego = 1V, Measured at pins 9% 98 %
HDRV1 and HDRV2
Ton_min Minimum On-Time 150 ns
Error Amplifier
1y IFB2 Feedback Input Bias VEeg1 Fix = 1.5V, Vgg2 pix = 1.5V
Current — — 90 250 nA
Icompl SC» COMP Output Source VFBl FIX = VFBZ FIX = 1v,
= — — 27 104 A
lcomp2_sc Current Vcowmp1 = Veowpz = 1V K
ICOmplﬁSK! COMP OUtpUt Sink Current VFBlfFIX_: VFBZﬁFIX_: 1.5V and 27 99 A
lcomp2_sk Vcowmp1 = Veowmp2 = 0.5V
Voltage References and Linear Voltage Regulators
UVvVLO VLIN5 Under-voltage SS1, SS2 transition from low to high 36 4.0 4.4
Lockout Threshold (Rising) ) ’ ’
R_EXT EXT pin ON-Resistance Vext = 5V, IVLIN5=25mA 3 Q
EXT_TH VLIN5-to-EXT Switch Over | Rising edge of Vexr
4.7 \
Threshold
VouTs 3.3V Linear Regulator 0mA_< IOUT3 < 50mA, 5.5V < VIN = 30V, 3.306 33 3.564 v
Output Voltage Vext=5V
louTs 3.3V Linear regulator ON1 = HIGH, EXT =5V 100 mA
Current limit threshold
ILDODRV LDODRV pln Sink Current VLDODRV =11V, VLDOFB =1.1V 4.0 6 mA

(8) During normal shutdown or UVP, LDRV1or LDRV2 pin goes high when VO1, VO2 detects an output voltage below this level.
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ELECTRICAL CHARACTERISTICS (continued)

Unless otherwise specified, Vy = 15V, SGND = PGND = 0V, VLIN5 = VDD1 = VDD2. Limits appearing in boldface type
apply over the entire operating junction temperature range, 0°C to +125°C. Specifications appearing in plain type are
measured using low duty cycle pulse testing with T, = 25°C @, @, Min/Max limits are ensured by design, test, or statistical

analysis.
Symbol Parameter Conditions Min | Typ ‘ Max Units
SYSTEM
Vi pors LDODRY Feedback Voltage | 3.5V < V| popry < 12V 1.215 1.240 1.265 v
Accuracy with Load 3.5V < LDO power supply voltage < 15V,
_ 1.236 \%
I.poprv = 500pA
ILboFB LDOFB Leakage Current Vipors = 1.4V
(Sourcing) 50 100 nA
VonDEB Secondary winding voltage | Falling Edge
feedback detect threshold 13 15 L7 v
Logic Inputs
Vin Minimum High Level Input
Voltage (SD, 20 vV
FPWM/2NDFB, ON1, ON2, '
Fsel)
Vi Maximum Low Level Input
Voltage for FPWM/2NDFB, 0.8 Y
ON1 ON2, Fgg|)
SD 0.6 Y
I Maximum Input Leakage Logic Input Voltage 0 or 5V
Current (SD,
FPWM/2NDFB, ON1, ON2, 0.1 KA
FSEL).
Logic Outputs
loL PGOOD Low Sink Current | Vpgoop = 0.4V 14 mA
loH PGOOD ngh Leakage Vpcoop = 5V
Current 50 200 nA
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TYPICAL PERFORMANCE CHARACTERISTICS
Efficiency vs Load Current Efficiency vs Load Current
(FPWM/2NDFB = VLIN5) (FPWM/2NDFB = VLIN5)
100 100 [T
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95 |VIN=10 n ail N o5 7 4 ~
AT, /] AT TN
90 A N 90 | LT
74 N VIN=7V A1 IN=10
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> > N
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. Skip Mode, ch1=5V B Skip Mode, ch1=5V, ch2=3.3V
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65 65
60 60
0.01 0.1 1 10 0.01 0.1 1 10
Ch-1 Load Current (A) Ch-2 Load Current (A)
Figure 2. Figure 3.
Efficiency vs Load Current ]
(FPWM/2NDFB = VLIN5) Quiescent Current vs Supply Voltage
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Figure 4. Figure 5.
Reference Voltage vs Temperature Error Amplifier Gm vs Temperature
(Bandgap + Error Amplifier Offset) (Vin = 15V
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Figure 6. Figure 7.
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TYPICAL PERFORMANCE CHARACTERISTICS (continued)

Switching Frequency vs Load Current
(FPWM/2NDFB = VLIN5)
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= i
. VIN = 10 i
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é 100 = /
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o 10
(TR 7
= v
=
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[S} v
= 74
~ —Skip Mode, Fosc=300kHzHH
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0.001 0.01 0.1 1 10
Load Current (A)
Figure 8.
VLIN5 Output vs Temperature
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51 Load Current = 0A
//
/

5.05 =7

Load Current = 25mA

VLINS (V)

-25 0 25 50 75 100 125
Ambient Temperature (°C)

Figure 10.

Shutdown Waveforms
(Vout =3.3V, loyr = 0A)

Normalized Switching Frequency vs Temperature
(FOSC =300 kHZ)

110

=
o
(&)

100
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95 | VIN=10V

90
-25 0 25 50 75 100 125

Junction Temp. (°C)
Figure 9.

OUT3 vs Temperature
(Vin = 15V, EXT = Vo1 =5V, ON1 = On, ON2 = Off)
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- // 25mA
2/ /
3.32
e /,
= ——
(o] / \
50mA
3.30
3.28

-25 0 25 50 75 100 125
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Figure 11.

Shutdown Waveforms
(Mout =5V, loyt = 3A)

T T T T
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Figure 12. Figure 13.
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TYPICAL PERFORMANCE CHARACTERISTICS (continued)

Load Transient Response Load Transient Response
(VIN =10V, V, uT = 3.3V,L=6.0 uH, COUT = 180uF/15mQ) (VIN =10V, Vour = 1.8v,L =31 uH, COUT = 270pF/15mQ)
I
| | | | '\ Vout2
Vout™ ( 100mVac/div ) } ( '100mVac/div)
‘/ Inductor Current _Inquct?r Current
(5A/div ) (5A/div)
VI LA
Load Current r LoacI CuErent
(5A/div) (5A/div )
20ps/div 20ups/div
Figure 14. Figure 15.
Overcurrent and Undervoltage Protection Pulse-Skipping Operation
(Vout1 = 5V, Vourz = 3.3V) (Vin = 15V, Vouyt = 5V, loyt = 35mA)
. . ” [T 1
W i loutl 5A/div—] . Inductor Cl.JI’I’ent .
0.5A/div
\ Voutl 2V/div
V?ut
(I 20mVac/div
Vout2 2V/div [
Ldrv 5V/div
UV_Delay.
1Vv/div
e |
S5ms/di
ms/div 10us/div
Figure 16. Figure 17.
Soft Start Start Up at Sleep Mode
(VIN =10V to 28V, Vout =5V, lout = 0A to 3A) (VIN =15V, ON1 =0ON2 = Off)
[
| ON1 10V/div. VIN 10V/Div
Vin=28Y " | Voutl 2vidiv—
loutl = 0A [
T / VLIN5 2V/Di
Vin=10V y
| |
Vin=28V. ) ,/
Voutl 2V/div—
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Vin=10V |
N e / OUT3 2V/Div
] .
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O el L /
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Figure 18. Figure 19.
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OPERATION DESCRIPTIONS

GENERAL

The LM2645 integrates two synchronous switching controllers, one adjustable linear regulator controller and one
fixed 3.3V output into a single package. It solves the need within many portable systems for 5V, 3.3V, 3.3V
stand-by and 12V legacy power supplies.

The two switching controllers, Channel 1 and Channel 2, operate 180° out of phase to reduce input capacitor
size and cost. They can be independently enabled and disabled. The external linear regulator controller, or
Channel 4, can also be independently enabled and disabled when Channel 1 has been enabled.

The output voltages of channel 1 and channel 2 can be set between 1.3V to 5.5V by external voltage divider, or
fixed at 5V and 3.3V respectively without the need of external voltage divider. The output voltage of Channel 4 is
adjustable from 3.3V to 15V.

Both switching channels use synchronous rectification and employ a peak current mode control scheme.
Protection features include over-voltage protection (Chl and 2), under-voltage protection (Chl, 2 and 4), and
positive and negative peak current limit (Chl and 2). UVP function can be disabled or delayed by an arbitrary
amount of time. The device operates with a wide input voltage range from 5.5V to 30V. The outputs of the two
switching channels have independent power good monitoring. Channel 1 and channel 2 can be configured to
operate in parallel as a dual phase switching converter for high power applications

SOFT START

In normal operation the soft-start functions as follows. As the input voltage rises above the 4.2V UVLO threshold,
the internal circuitry is powered on, an internal 2uA current starts to charge the capacitor connected between the
SSx pin and ground, and the corresponding channel is turned on. A MIN_ON_TIME comparator generates the
soft start PWM pulses. As the SSx pin voltage ramps up, the duty cycle increases, causing the output voltage to
ramp up. During this time, the error amplifier output voltage is clamped at 0.8V, and the duty cycle generated by
the PWM comparator is ignored. When the corresponding output voltage exceeds 98.5% (typical) of the set
target voltage, the regulator transitions from soft-start to operating mode. Beyond this point, once the PWM
pulses generated by the PWM comparator are wider than those generated by the MIN_ON_TIME comparator,
the PWM comparator takes over and starts to regulate the output voltage. At the same time, the high clamp at
the output of the error amplifier is switched to 2V. That is, peak current mode control now takes place.

The rate at which the duty cycle increases depends on the capacitance of the soft start capacitor. The higher the
capacitance, the slower the output voltage ramps. A unique feature of the LM2645 is that the rate at which the
duty cycle grows is independent of the input voltage. This is because the ramp signal used to generate the soft
start duty cycle has a peak value proportional to the input voltage, making the product of duty cycle and input
voltage a constant. This makes the soft start process more predictable and reliable.

During soft start, under-voltage protection is temporarily suspended, but over-voltage protection and current limit
remain in effect. When the SSx pin voltage exceeds 2V, a soft start time out signal (sstox) will be issued. This
signal sets the under-voltage protection into ready mode. See the UNDER-VOLTAGE PROTECTION section.

If either the SS1 or SS2 pin is short-circuited to ground before startup, the corresponding channel will operate at
minimum duty cycle when it is enabled, and the under-voltage protection of that channel will be disabled.
However, if the soft start has been completed and the output voltage has been established, then short-circuiting
the SSx pin to ground does not affect the normal operation and under-voltage protection of that channel.

SHUT DOWN LATCH STATE

This state is typically caused by an output under-voltage or over-voltage event. In this state, both switching
channels have their top FETs turned off and their bottom FETs turned on (See the CH 1 AND 2 OUTPUT
CAPACITORS DISCHARGE section). The LDODRV pin will be shut down, but VLIN5 and OUT3 will remain
unaffected.

There are two methods to release the system from the latch off state. One is to cycle the input voltage. Another
method is to pull the SD pin below 0.6V and release it HIGH again. After the latch is released, the two switching
channels will go through the normal soft start process.
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CH 1 AND 2 OUTPUT CAPACITORS DISCHARGE

Each switching channel has an embedded 200Q MOSFET with the drain connected to the VOx pin. This
MOSFET will discharge the output capacitor of that channel if that channel is turned off due to one of the
following events:

1. Its ONx pin is pulled low to below 0.8V.

2. The IC enters shut down mode or FAULT STATE.

3. The IC enters SHUT DOWN LATCH STATE caused by an output under-voltage event.

When the output capacitor has been discharged to about 0.8V, the bottom gate-drive (LDRVx) will be turned on,
driving on the bottom FET to discharge the output capacitor through the filter inductor.

If an output over-voltage event occurs, the HDRVx will be turned off and the LDRVx will be turned on
immediately regardless of the level of output voltage, thus discharging the output capacitor through the filter
inductor.

When that channel is released from the shutdown latch state or returned to the on state, it will go through the soft
start process to recover the output voltage.

FAULT STATE

If the input voltage drops to less than 3.9V, or the IC enters thermal shut down mode, a "fault" signal will be
generated internally. This signal will discharge the capacitor connected between the SSx pin and ground with
24pA of current until the SSx pin reaches 50mV. This will turn off both switching channels.

FORCE PWM MODE

This mode applies to both switching channels simultaneously. The force-PWM mode is activated by pulling the
FPWM/2NDFB pin to logic low. In this mode, the top FET and the bottom FET gate signals are always
complementary to each other and the NEGATIVE CURRENT LIMIT comparator is activated (see NEGATIVE
CURRENT LIMIT section). In force-PWM mode, the regulator always operates in Continuous Conduction Mode
(CCM) and its duty cycle (approximately Vout / Vin) is almost independent of load.

The force-PWM mode is good for applications where fixed switching frequency is required.

In force-PWM mode, the top FET has to be turned on for a minimum of typically 220ns each cycle. However,
when the required duty cycle is less than the minimum value, the skip comparator will be activated and pulses
will be skipped to maintain regulation.

SKIP COMPARATOR

Whenever the output voltage of the error amplifier (COMPXx pin) goes below a 0.5V threshold, the PWM cycles
will be "skipped" until that voltage exceeds the threshold again.

PULSE-SKIP MODE

This mode is activated by pulling the FPWM/2NDFB pin to a TTL-compatible logic high and applies to both
switching channels simultaneously. In this mode, the 0-CROSSING / NEGATIVE CURRENT LIMIT comparator
detects the bottom FET current. Once the bottom FET current flows from drain to source, the bottom FET will be
turned off. This prevents negative inductor current. In force-PWM operation, the inductor current is allowed to go
negative, so the regulator is always in Continuous Conduction Mode (CCM), no matter what the load is. In CCM,
duty cycle is almost independent of the load and is roughly Vout divided by Vin. In pulse-skip mode, the regulator
enters Discontinuous Conduction Mode (DCM) under light load. Once the regulator enters DCM, its switching
frequency droops as the load current decreases. The regulator operates in DCM PWM mode until its on-time falls
below 85% of the CCM on-time, then the MIN_ON_TIME comparator takes over. It forces 85% of the CCM on-
time thus causing the output voltage to continuously rise and COMPXx pin voltage (error amplifier output voltage)
to continuously droop. When the COMPX pin voltage hits the 0.5V level, the CYCLE_SKIP comparator toggles,
causing the present switching cycle to be "skipped", i.e., both FETs remain off during the whole cycle. As long as
the COMPx pin voltage is below 0.5V, no switching of the FETs will happen. As a result, the output voltage will
droop, and the COMPXx pin voltage will rise. When the COMPx pin goes above the 0.5V level, the CYCLE_SKIP
comparator flips and allows a 85% CCM on-time pulse to happen. If the load current is so small that this single
pulse is enough to bring the output voltage up to such a level that the COMPx pin drops below 0.5V again, the
pulse skipping will happen again. Otherwise it may take a number of consecutive pulses to bring the COMPXx pin
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voltage down to 0.5V again. As the load current increases, it takes more and more consecutive pulses to drive
the COMPXx voltage to 0.5V. When the load current is so high that the duty cycle exceeds the 85% CCM on-time,
then pulse-skipping disappears. In pulse-skip mode, the frequency of the switching pulses decrease as the load
current decreases. Since the load is usually very light in pulse-skip mode, conducted noise will be very low and
the variable operating frequency should cause no EMI problems in the system.

The LM2645 pulse-skip mode helps the light load efficiency for two reasons. First, it turns on the bottom FET
only when inductor current is in positive conduction region, this eliminates circulating energy loss. Second, the
FETs are switching only when necessary, rather than every cycle, that reduces FETs switching loss and gate
drive power loss.

CURRENT SENSING AND CURRENT LIMITING

The information of inductor current is extracted by the current sense pin KSx and RSNSx. As shown in Figure 20
and Figure 21, current sensing is accomplished by either sensing the Vds of the top FET, or sensing the voltage
across a current sense resistor connected from Vin to the drain of the top FET. The advantage of sensing current
across the top FET is reduced parts count and cost. Using a current sense resistor improves current sense
accuracy. To ensure linear operation of the current amplifier, the current sense voltage input must not exceed
200mV. Therefore, the Rds of the top FET or the current sense resistor must be small enough that, when the top
FET is on, the current sense voltage does not exceed 200mV.
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Figure 20. Current Sensing by Vds of the Top FET
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Figure 21. Current Sensing by External Sense Resistor

There is a leading edge blanking circuit that forces the top FET to be on for at least 150ns. Beyond this minimum
on time, the output of the PWM comparator is used to turn off the top FET.

With an external resistor connected between the ILIMx pin and the KSx pin, the 10pA current sink on the ILIMx
pin produces a voltage across the resistor to serve as the reference voltage for current limit. Adding a 10nF
capacitor across this resistor will filter unwanted noise that could improperly trip the current limit comparator.
Current limit is activated if the inductor current is too high causing the voltage at the RSNSx pin to be lower than
that of the ILIMx pin, toggling the comparator thus turning off the top FET immediately. The comparator is
disabled either when the top FET is turned off or during the leading edge blanking time.
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NEGATIVE CURRENT LIMIT

The purpose of negative current limit is to ensure that the inductor will not saturate during negative current flow
causing excessive current to flow through the bottom FET. The negative current limit is realized through sensing
the bottom FET Vds. An internally generated 100mV (typical) is used to compare with the bottom FET Vds when
it is on. Upon sensing too high a Vds, the bottom FET will be turned off. The negative current limit is activated in
force PWM mode.

OVER-VOLTAGE PROTECTION

This protection feature is implemented in the two switching channels and not the linear channels. Any over
voltage event at any of the two switching channels' output will cause the LM2645 to enter the SHUT DOWN
LATCH STATE. The HDRVx will be turned off, and the LDRVx will be turned on immediately to drive the bottom
FET to discharge the output capacitor through the filter inductor.

UNDER-VOLTAGE PROTECTION

The UVP feature is implemented in channel 1, channel 2 and the linear regulator controller (LDODRYV). The
under-voltage protection feature is disabled if the UV_DELAY pin is pulled to ground; this is useful for system
debug work. If a capacitor is connected between the UV_DELAY pin and ground, and the voltage at the SSx pin
is above 2V, the UVP is at ready mode.

If a switching channel is enabled, and its soft-start time out signal, sstox (see SOFT START section) is asserted,
then an under-voltage event at the output of that channel will cause the system to enter the UVP timeout state.
For the external linear regulator controller (LDODRYV), if channel 1 is on and the soft start time out signal (sstol)
has been issued, then an under voltage event at the linear regulator output will cause the system to enter UVP
timeout state.

When the system reacts on an under-voltage event, a 54A current will charge the capacitor connected to the
UV_DELAY pin; when the capacitor is charged to a voltage exceeding 2.3V(typical), the system immediately
enters shut down latch state.

POWER GOOD FUNCTION

Two power good signals are available for indicating the general health of the two switching channels individually.
The function is realized through the internal MOSFET of each channel tied from the PGOODXx pins to ground.
The power good signal is asserted by turning off the MOSFET of that channel. The on resistance of the power
good MOSFET is about 300Q.

The internal power good MOSFET will not be turned on unless at least one of the following occurs:

There is an output over voltage event.

The output voltage is below the power good lower limit.

System is in the shut down mode, i.e. the SD pin voltage is below 0.6V.

The switching channel is in standby mode, i.e. the ONXx pin is below 0.8V.

System is in the FAULT STATE.

System is in the SHUT DOWN LATCH STATE.

Power good upper limit is the same as that of the OVP threshold.

ok wbhPE

Except in the latched off condition (cases 1 and 6) , if the corresponding output voltage(s) recovers to within —6%
of regulation, PGOODXx will be asserted again. But there is a built-in hysteresis. See Vj4q in the ELECTRICAL
CHARACTERISTICS table. The above information is also available in POWER GOOD TRUTH TABLE.

VLINS5, VDDx and EXT

An internal 5V supply (VLINS) is generated from the VIN voltage through an internal linear regulator. This 5V
supply is mainly for internal circuitry use, but can also be used externally. When used externally, it is
recommended that the VLINS voltage only be used for powering the gate drivers, i.e. supplying the bias for the
top drivers' bootstrap circuit and the bottom drivers' VDDXx pins.
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When the voltage applied to the EXT pin is below 4.7V, an internal 5V low dropout regulator supplies the power
for the VLINS. If the EXT voltage is taken above 4.7V, the 5V regulator is turned off and an internal switch is
turned on to connect the EXT pin to the VLINS pin. This allows the VLIN5 power to be derived from a high
efficiency source such as the output from either one of the switching channels, when the channel is configured to
operate in fixed 5V mode.

Irrespective of the signals on the ONXx pins, the VLIN5 voltage output will come from the EXT pin whenever the
voltage applied to the EXT pin is higher than 4.7V. The externally applied voltage is required to be less than the
voltage applied to the VIN pin at all times, even when both channels are shut down. This prevents a voltage back
feed situation from the EXT pin to the VIN pin.

In shut down mode the VLIN5 pin may go as high as 6.5V. Connecting a 100kQ dummy load from VLIN5 to
ground will hold the voltage to 6V maximum. Using a 200kQ resistor to pull up PGOOD1 and PGOOD?2 to VLINS
is an alternative solution.

When input voltage is ensured to be within 4.5V to 5.5V, tie the VLIN5 pin directly to the VIN pin and tie the EXT
to ground. In this mode, the VLINS current directly comes from power stage input rail and power loss due to the
internal linear regulation is no longer an issue.

The two VDDx pins can be tied together. Always connect them to the VLIN5S pin through a 4.7Q resistor and
connect a ceramic capacitor of at least 1uF to bypass the VDDx pins to ground.

OUTPUT CAPACITORS FOR LINEAR REGULATORS

Like any linear regulator, each linear output that is either generated or controlled by the LM2645 requires an
output capacitor to ensure stability. The output of OUT3 needs a capacitor of 1uF minimum. The VLIN5S needs a
minimum of 4.7uF. Channel 4, the linear regulated output rail that is controlled by the LDODRV pin, requires an
output capacitor of 104F minimum to prevent oscillation.

In applications where the OUT3 is not needed, it may be disabled by connecting this pin to the VLIN5 as
illustrated in Figure 22 to eliminate the need of a output capacitor.

Figure 22. Connecting OUT3 to VLIN5 When Not in Use

Likewise, if the LDODRYV pin is not used, connect the LDOFB pin to VLIN5 as shown in Figure 23 to disable this
channel and the under voltage protection associated with it.

VLINS

LDODRV

LDOFB

Figure 23. Connecting LDOFB to VLIN5 to Disable the LDODRYV and the UVP Associated with It
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SWITCHING NOISE REDUCTION

Power MOSFETSs are very fast switching devices. In synchronous rectifier converter, rapid drain current rise rate
of the top FET coupled with parasitic inductance will generate unwanted Ldi/dt spikes noise at the source node of
the FET (SWx node). The magnitude of the spike noise will increase as the output current increases. This
parasitic spike noise may turn into electromagnetic interference (EMI) that may cause trouble to the system
performance, therefore, must be suppressed.

As shown in Figure 24, adding a resistor in series with the CBOOTXx pin will slowdown the gate drive (HDRVX)
rise time of the top FET to yield a desired drain current transition time. Usually a 3.3 to 5.1 ohm resistor is
sufficient to suppress the noise. The top FET switching loss will increase with higher resistance values.
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Figure 24. Adding a Resistor in Series with the CBOOT Pin to Suppress the Turn-On Switching Noise

INPUT POWER SUPPLY CYCLING

If the input supply is removed during operation and then re-applied before the power-on-reset signal has been
reset, the part will remain latched off. A solution for this problem is shown in Figure 25, using a voltage divider of
4:5 ratio to pull the SD pin up to VLIN5. With the voltage divider, the SD pin always falls below the logic low level
and executes the power-on-reset after VIN drops below 3V. External shudown control is included as an option.

VLINS
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.
)
Shutdown j
control SR
signal

Figure 25. Voltage Divider Ratio for SD Pin

DUAL-PHASE PARALLEL OUTPUTS

In applications with high output current demand, the two switching channels can be configured to operate as a
two-phase converter to provide a single output voltage with current sharing between the two switching channels.
This approach greatly reduces the stress and heat on the output stage components while lowering input ripple
current. Figure 26 shows a typical example for the two-phase operation. Because precision current sense is the
primary design criteria to ensure accurate current sharing between the two channels, both channels must use
external sense resistors for current sensing. To minimize the error between the error amplifiers of the two
channel, tie the feedback pins FB1_FIX and FB2_FIX together and connect to one voltage divider for output
voltage sensing. Also, tie the COMP1 and COMP2 together and connect to the compensation network. Since
there is only one output involved, POOGD1 and 2, and VO1 and 2 should be connected in pairs for monitoring
the single output rail. ON1 and ON2 should be tied together to enable and disable both channels simultaneously.
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Figure 26. Dual-Phase Parallel Operation
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

Tl warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent Tl deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

Tl does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of significant portions of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by Tl for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of Tl components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, Tl components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No TI components are authorized for use in FDA Class Il (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

Tl has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.
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