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HIGH-EFFICIENCY MIDRANGE INPUT SYNCHRONOUS
BUCK CONTROLLER WITH VOLTAGE FEED-FORWARD

FEATURES
e Operation Over 4.5-V to 28-V Input Range

* Programmable Fixed-Frequency up to 1-MHz
Voltage-Mode Controller

* Predictive Gate Drive™ With Anti-Cross
Conduction Circuitry

e <1% Internal 700-mV Reference

» Internal Gate Drive Outputs for High-Side and
Synchronous N-Channel MOSFETSs

* 16-Pin PowerPAD™ Package
e Thermal Shutdown Protection
» TPS40070: Source Only
 TPS40071: Source/Sink

* Programmable High-Side Sense Short Circuit
Protection

APPLICATIONS
 Power Modules

e Networking/Telecom
* PCI Express

* Industrial

e Servers

SIMPLIFIED APPLICATION DIAGRAM

DESCRIPTION

The TPS4007x is a mid voltage, wide input (4.5 V to
28 V), synchronous, step-down converter.

The TPS4007x offers design flexibility with a variety
of user programmable functions, including; soft-start,
UVLO, operating frequency, voltage feed-forward and
high-side FET sensed short circuit protection.

The TPS4007x incorporates MOSFET gate drivers for
external N-channel high-side and synchronous
rectifier (SR) MOSFETSs. Gate drive logic incorporates
predictive anti-cross conduction circuitry to prevent
simultaneous high-side and synchronous rectifier
conduction, while minimizing to eliminating current
flow in the body diode of the SR FET. The TPS40071
allows the supply output to sink current at all times.
The TPS40070 implements a source-only power

supply.
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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.

Predictive Gate Drive, PowerPAD are trademarks of Texas Instruments.

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 TPS4007x uses voltage feed-forward control techniques to provide good line regulation over a wide-input
voltage range, and fast response to input line transients with near constant gain with input variation to ease loop
compensation. The externally programmable short circuit protection provides fault current limiting, as well as
hiccup mode operation for thermal protection in the presence of a shorted output.The TPS4007x is packaged in a
16-pin PowerPAD package for better thermal performance at higher voltages and frequencies. See SLMAO002 for
information on board layout for the PowerPAD package. The pcb pad that the PowerPAD solders to should be
connected to GND. Due to the die attach method, the PowerPAD itself cannot be used as the device ground
connection. The two device grounds must be connected as well.

ORDERING INFORMATION

Ta APPLICATION

40°C to 85°C

PACKAGE PART NUMBER
SOURCE ONLY® Plastic HTSSOP (PWP)(@) TPS40070PWP
SOURCE/SINK® Plastic HTSSOP (PWP)(®@) TPS40071PWP

(1) See Application Information section and Table 1.
(2) The PWP package is also available taped and reeled. Add an R sulffix to the device type (i.e., TPS40070PWPR). See the application

section of the data sheet for PowerPAD drawing and layout information.

ABSOLUTE MAXIMUM RATINGS

over operating free-air temperature range unless otherwise noted™

TPS40070
TPS40071 UNIT
VDD, ILIM 30
COMP, FB, KFF, PGD, LVBP -0.3t0 6
Vpp Input voltage range
SW —0.3t0 40
SW, transient < 50 ns -2.5 v
COMP, KFF, RT, SS -0.3t06
v Outout volt VBOOST 50
utput voltage range
out P 9 9 DBP 105
LVBP 6
lout Output current source LDRV, HDRV 15
| Outout ¢ sink LDRV, HDRV 2.0 A
utput current sin
ouT P KFF 10
RT 1
Output current mA
LVBP 15
T, Operating junction temperature range —40 to 125
Tstg Storage temperature -55 to 150 °C
Lead temperature 1,6 mm (1/16 inch) from case for 10 seconds 260

(1) Stresses beyond those listed under "absolute maximum ratings" may cause permanent damage to the device. These are stress ratings
only, and functional operation of the device at these or any other conditions beyond those indicated under "recommended operating
conditions" is not implied. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability.

RECOMMENDED OPERATING CONDITIONS

Product Folder Link(s): [PS40070TPS2007]

MIN  NOM MAX| UNIT
Vpp Input voltage 4.5 28 Y
Ta Operating free-air temperature -40 85 °C
2 Bubmif Documentafion FeedbacK Copyright © 2003-2009, Texas Instruments Incorporated
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ELECTRICAL CHARACTERISTICS

Ta=-40°C to 85°C, V| = 12 Vg, Rt =90.9 kQ, Ixer = 300 A, fsy = 500 kHz, all parameters at zero power dissipation (unless

otherwise noted)

PARAMETER | TEST CONDITIONS | MIN  TYP  MAX| UNIT
INPUT SUPPLY
Vbop Input voltage range, VIN | ‘ 45 28| Vv
OPERATING CURRENT
Ibp Quiescent current | Output drivers not switching ‘ 2.5 3.5 | mA
LVBP
VL vep Output voltage | To=T;=25°C ‘ 3.9 4.2 4.5 | \%
OSCILLATOR/RAMP GENERATOR @
fosc Accuracy 450 500 550 | kHz
VRAMP PWM ramp voltage @ Vpeak-VVAL 2.0 \Y
Vit RT voltage 2.23 2.40 2.58 \%
ton Minimum output pulse time @ Chpry = 0 NF 250| ns
. Veg =0V, 100 kHz < fgy < 500 kHz 84% 93%
Maximum duty cycle
Veg =0V, fgw =1 MHz 76% 93%
Ve Feed-forward voltage 0.35 0.40 0.45 \%
IkFF Feed-forward current operating range ® 20 1100| pA
SOFT START
Iss Charge current 7 12 17| pA
tbscH Discharge time Css=3.9nF 25 75
tes Soft-start time S: rzisf’r']z N 7Vt L6 Y 210 200 s00| '°
Command zero output voltage® 300 mv
DBP
Vpep Output voltage Vop > 10V 9 Y
Vbp = 4.5V, lout = 25 mA 4.0 4.3
ERROR AMPLIFIER
Tao=T;=25°C 0.698 0.700 0.704
Veg Feedback regulation voltage total variation 0°C £ Tp<85°C 0.690 0.700 0.707 \
40°C = Tp< 85°C 0.690 0.700 0.715
Vss Soft-start offset from VSS®@ Offset from Vgg to error amplifier 1
Gew Gain bandwidth®@ 5 10 MHz
AvoL Open loop gain 50 dB
Isrc Output source current 2.5 4.5
lsink Output sink current 25 mA
lgias Input bias current Veg = 0.7V -250 0| nA
(1) For zero output voltage only. Does not assure lack of activity on HDRV or LDRV.
(2) Ensured by design. Not production tested.
Copyright © 2003-2009, Texas Instruments Incorporated Bubmit Documentation FeedbacK 3
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ELECTRICAL CHARACTERISTICS (continued)

Ta=-40°C to 85°C, V| = 12 Vg, Rt =90.9 kQ, Ixer = 300 A, fsy = 500 kHz, all parameters at zero power dissipation (unless
otherwise noted)

PARAMETER | TEST CONDITIONS MIN TYP MAX | UNIT
SHORT CIRCUIT CURRENT PROTECTION
lium Current sink into current limit 80 105 125 pA
ViLiM(ofst) Current limit offset voltage Vium =115V, (Vsw - Vium) Vop =12 V -75 -50 -30| mVv
thsc Minimum HDRYV pulse width During short circuit 135 225| ns
Propagation delay to output® 50 ns
taLANK Blanking time® 50 ns
torr Off time during a fault (SS cycle times) cycles
Vsw Switching level to end precondition® (Vop - Vsw) \Y
tpc Precondition time ©®) 100| ns
ViLm Current limit precondition voltage threshold® 6.8 \Y
OUTPUT DRIVERS
tHEALL High-side driver fall time® 36
- Chipry = 2200 pF, (HDRV - SW) ns
tHRISE High-side driver rise time® 48
tHFALL High-side driver fall ime® Crpry = 2200 pF, (HDRV - SW) 72 ns
tHRISE High-side driver rise time® Vop=4.5V,02V=Vgs=4V 96
tLrALL Low-side driver fall time® 24
- - - - Ciprv = 2200 pF ns
tLRISE Low-side driver rise time® 48
tLraLL Low-side driver fall time® CLory = 2200 pF, Vpp= 4.5 V, 48 .
tLRISE Low-side driver rise time® 0.2V =Vgg=s4V 96
Vou High-level output voltage, HDRV lnory = -0.01 A (Vaoost- Viiorv) 0.7 10 \Y
Ihprv = -0.1 A, (VBoosT - VHDRV) 095 1.30
VoL Low-level output voltage, HDRV (Viory - Vsw). gy = 0.01A 006 010 \Y
(Viory - Vaw)s Inpry = 0.1 A 065 1.0
Vou High-level output voltage, LDRV (Voer - Viory). lorv= -0.01A 065 100 \Y
(Vbep - ViprY), lLory = -0.1 A 0.875 1.200
llpry = 0.01 A 0.03 0.05
VoL Low-level output voltage, LDRV Vv
ILory = 0.1 A 03 05
ZERO CURRENT DETECTION
lzERO Zero current threshold, TPS40070 | | -5 0 5 | mV
BOOST REGULATOR
Veoosr  Output voltage [Vop =12V | 152 170 | v
UVLO
Vuvio Programmable UVLO threshold voltage Rker = 90.9 kQ, turn-on, Vpp rising 6.2 7.2 8.2
Programmable UVLO hysteresis Rker = 90.9 kQ 1.10 1.55 2.00 \%
Fixed UVLO threshold voltage Turn-on, Vpp rising 4.15 4.30 4.45
Fixed UVLO hysteresis 275 365 mV
POWER GOOD
Vpg Powergood voltage Ipg =1 mA 370 500
VoH High-level output voltage, FB 770 mV
VoL Low-level output voltage, FB 630
THERMAL SHUTDOWN
Shutdown temperature threshold ® 165 i
Hysteresis©® 15 ¢

(3) Ensured by design. Not production tested.
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PWP PACKAGEM®(?)

(TOP VIEW)

KFF CI{1© 1613 1LMm
RT CI 2 F 7‘ 15 [T VDD
LVBP 13 | | 143 BOOST
PGD T4 | THERMAL | 13 FT1 HDRV

sGND CIs | PAP | 12T sw
ss 6 | | 11 11 DBP
FBCI17 L__ _ 1 10 11LDRV

compP I8 9 (13 PGND

(1) For more information on the PWP package, refer to Tl Technical Brief (SLMA002).
(2) PowerPAD™ heat slug must be connected to SGND (pin 5) or electrically isolated from all other pins.

Table 1. Terminal Functions

TERMINAL
110 DESCRIPTION
NAME  NO.
BOOST 14 | Gate drive voltage for the high-side N-channel MOSFET. The BOOST voltage is 8 V greater than the input
voltage. A capacitor should be connected from this pin to the SW pin.
Output of the error amplifier, input to the PWM comparator. A feedback network is connected from this pin to the
COMP 8 (¢} ) e
FB pin to compensate the overall loop. The comp pin is internally clamped to 3.4 V.
8-V reference used for the gate drive of the N-channel synchronous rectifier. This pin should be bypassed to
DBP 11 o - 4 -
ground with a 1.0-puF ceramic capacitor.
FB 7 | Inverting input to the error amplifier. In normal operation the voltage on this pin is equal to the internal reference
voltage, 0.7 V.
Floating gate drive for the high-side N-channel MOSFET. This pin switches from BOOST (MOSFET on) to SW
HDRV 13 (o}
(MOSFET off).
Short circuit protection programming pin. This pin is used to set the overcurrent threshold. An internal current sink
from this pin to ground sets a voltage drop across an external resistor connected from this pin to VDD. The voltage
on this pin is compared to the voltage drop (Vypp -Vsw) across the high side N-channel MOSFET during
ILIM 16 | conduction. Just prior to the beginning of a switching cycle this pin is pulled to approximately VDD/2 and released
when SW is within 2 V of Vpp or after a timeout (the precondition time) - whichever occurs first. Placing a
capacitor across the resistor from ILIM to VDD allows the ILIM threshold to decrease during the switch on time,
effectively programming the ILIM blanking time. See applications information.
A resistor is connected from this pin to VIN programs the amount of feed-forward voltage. The current fed into this
KFF 1 | pin is internally divided by 25 and used to control the slope of the PWM ramp and program undervoltage lockout.
Nominal voltage at this pin is maintained at 400 mV.
LDRVY 10 o Gate drive for the N-channel synchronous rectifier. This pin switches from DBP (MOSFET on) to ground (MOSFET
off). For proper operation, the total gate charge of the MOSFET connected to LDRV should be less than 50nC.
LVBP 3 o 4.2-V reference used for internal device logic only. This pin should be bypassed by a 0.1-pF ceramic capacitor.
External loads less than 1 mA and electrically quiet may be applied.
This is an open drain output that pulls to ground when soft start is active, or when the FB pin is outside a 10%
PGD 4 O
band around VREF.
PGND 9 Power ground reference for the device. There should be a low-impedance path from this pin to the source(s) of the
lower MOSFET(s).
RT | A resistor is connected from this pin to ground to set the internal oscillator and switching frequency.
SGND 5 Signal ground reference for the device.
Soft-start programming pin. A capacitor connected from this pin to ground programs the soft-start time. The
capacitor is charged with an internal current source of 10 pA. The resulting voltage ramp on the SS pin is used as
a second non-inverting input to the error amplifier. The voltage at this error amplifier input is approximately 1 V
SS 6 | less that that on the SS pin. Output voltage regulation is controlled by the SS voltage ramp until the voltage on the
SS pin reaches the internal reference voltage of 1 V plus the internal reference voltage of 0.7 V. If SS is below the
1-V offset voltage to the error amplifier. The resulting output voltage is zero. Also provides timing for fault recovery
attempts. Maximum recommended capacitor value is 22nF.
This pin is connected to the switched node of the converter. It is used for short circuit sensing, gate drive timing
SW 12 | information and is the return for the high side driver. A 1.5-Q resistor is required in series with this pin for
protection against substrate current issues.
VDD 15 | Supply voltage for the device.

Copyright © 2003-2009, Texas Instruments Incorporated
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FUNCTIONAL BLOCK DIAGRAM

11 | DBP
| VDD
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VDD | 15 > UVLO 16| ILIM

Regulator > Controller —> UVLO

>
LVBP N 1
.| Ramp I — —
RT Oscillator Generator - SW —»  pylse

N CLK —»| Control _{H_
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KFF| 1 HDRV —-| Comparator | _ \--pq
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PGD| 4 ’ (TPS40070 only)
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CLK —| and Control
LVBP
Soft Start oc
<_V_> and <—— CLK DBP— 14| BOOST
_ | Fault Control > Ly
B |:7 OC —» Predictive > 13| HDRV
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> Control | SW
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APPLICATION INFORMATION

The TPS40070 family of parts allows the user to construct synchronous voltage-mode buck converters with
inputs ranging from 4.5 V to 28 V and outputs as low as 700 mV. Predictive gate drive circuitry optimizes
switching delays for increased efficiency and improved converter output power capability. Voltage feed-forward is
employed to ease loop compensation and provide better line transient response.

A converter based on the TPS40070 operates as a single quadrant (source only) converter at all times. When
the rectifier FET is on and the controller senses that current is near zero in the inductor, the rectifier FET is
turned off, preventing the buildup of negative or reverse current in the inductor. This feature prevents the
converter from pulling energy from its output and forcing that energy onto its input.

Converters based on the TPS40071 operates as a two quadrant converter all the time (source and sink current).
This is the controller of choice for most applications.

MINIMUM PULSE WIDTH

The TPS4007x devices have limitations on the minimum pulse width that can be used to design a converter.
Reliable operation is guaranteed for nominal pulse widths of 250 ns and above. This places some restrictions on
the conversion ratio that can be achieved at a given switching frequency. shows minimum output
voltage for a given input voltage and frequency.

SLEW RATE LIMIT ON VDD

The regulator that supplies power for the drivers on the TPS40070/1 requires a limited rising slew rate on VDD
for proper operation if the input voltage is above 10 V. If the slew rate is too great, this regulator can over shoot
and damage to the part can occur. To ensure that the part operates properly, limit the slew rate to no more than
0.12 V/us as the voltage at VDD crosses 8 V. If necessary, an R-C filter can be used on the VDD pin of the
device. Connect the resistor from the VDD pin to the input supply of the converter. Connect the capacitor from
the VDD pin to PGND. There should not be excessive (more than a 200-mV) voltage drop across the resistor in
normal operation. This places some constraints on— the R-C values that can be used. is a schematic
fragment that shows the connection of the R-C slew rate limit circuit. and give values for R
and C that limits the slew rate in the worst case condition.

R TPS40070

ILIM

VIN ’_[15] vDD l_ |'_
(5 c HDRV |13

J— /_ .

SW |12

tedeoo T %T I

UDG-05058

Figure 1. Limiting the Slew Rate
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co V-8V
R x SR 1)
0.2V
R <
fsw X Qgerom) + lop @
where

e Vyp is the final value of the input voltage ramp

o fswis the switching frequency

*  Qqqom is the combined total gate charge for both upper and lower MOSFETSs (from MOSFET data sheet)
e lpp is the TPS4007x input current (3.5 mA maximum)

+ SRis the maximum allowed slew rate [12x10%] (V/s)

SETTING THE SWITCHING FREQUENCY (PROGRAMMING THE CLOCK OSCILLATOR)

The TPS4007x has independent clock oscillator and PWM ramp generator circuits. The clock oscillator serves as
the master clock to the ramp generator circuit. Connecting a single resistor from RT to ground sets the switching
frequency of the clock oscillator. The clock frequency is related to Ry by:

1
R, = - 23| kQ
T (fSW(kHz) x 17.82 x 10~6 )

(3)
MINIMUM OUTPUT VOLTAGE SWITCHING FREQUENCY
VS VS
FREQUENCY TIMING RESISTANCE
5.0 ‘ ‘ 7 600
v,‘N =28 ‘v __7 //
45 VN =24V / ‘
\ \ / 500
4.0 _
V=15V ViN=18V / / .
>
o 35 / /’ // : 400
5} Vin =12V S
§ 3.0 IN } | \/ §
5 Vin =10 \N/ / 3 300
[0)
2 25 / P o \
=] / > =
o & / = \
L 2.0 / \// / £ 200
3 / rd F
> / / 7 L
15 / x
7 / - & V=8
/ /) 100 N
1.0 /i I.e Iy
/ 7 \
05 \VIN‘: 5V )
: 0
100 200 300 400 500 600 700 800 900 1000 0 00 200 500 800 1000

fosc - Oscillator Frequency - kHz fsw - Switching Frequency - kHz

Figure 2. Figure 3.

PROGRAMMING THE RAMP GENERATOR CIRCUIT AND UVLO

The ramp generator circuit provides the actual ramp used by the PWM comparator. The ramp generator provides
voltage feed-forward control by varying the PWM ramp slope with line voltage, while maintaining a constant ramp
magnitude. Varying the PWM ramp directly with line voltage provides excellent response to line variations since
the PWM does not have to wait for loop delays before changing the duty cycle. (See Figure 9).

The PWM ramp must reach approximately 1 V in amplitude during a clock cycle, or the PWM is not allowed to
start. The PWM ramp time is programmed via a single resistor (Rkgr) connected from KFF VDD. Rgee , VstarT
and Ry are related by (approximately):

8 Bubmif Documentafion FeedbacK Copyright © 2003-2009, Texas Instruments Incorporated
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Rer = 0.131 X Ry X Vi gon) — 1.61 X 1073 x VUVLO(on)2 + 1.886 X Vo — 1.363 — 0.02 X Ry — 4.87 x 107° x R2
4
where
e Ryand Ry are in kQ
*  Vuviopn isin VvV

This yields typical numbers for the programmed startup voltage. The minimum and maximum values may vary up

15% from this number. through show the typical relationship of Vi on): Vuvioefy @nd Rger at
three common frequencies.

FREQUENCY UNDERVOLTAGE LOCKOUT THRESHOLD
Vs Vs
INPUT VOLTAGE FEEDFORWARD IMPEDANCE
525 20 : : ‘
fsw = 300 kHz
520 18 UVLOVopN /
> /
515 ' 16 /
2 /
N [7)
L s10 8 14 /
o
I [= /
>
g 5 2 12 /] "~ UVLOVorr |
°é_ Faam N\ 3 / / OFF
2 500 ~— \ 2 10 AN
| - N ~— g / /
3 495 E 8 1/
N & e
=
490 T 6 / -
I
9 7
485 3 4
>
480 2
5 9 11 13 15 17 19 21 23 25 27 29 100 150 200 250 300 350 400 450
Vpp — Input V oltage - V Rkrr — Feedforward Impedance -k Q
Figure 4. Figure 5.
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UNDERVOLTAGE LOCKOUT THRESHOLD UNDERVOLTAGE LOCKOUT THRESHOLD
VS VS
FEEDFORWARD IMPEDANCE FEEDFORWARD IMPEDANCE
20 ‘ ‘ | 20 ‘ ‘ ‘ ‘
f =500 kH f =750 kH
. sw z UVLOVoy s sw z UVLOVoy

16 16 /

“ s
12 / // UVLOVope |
0 yavys

e

/)
o\ S

14 /

12

10

/ /
/ UVLOVorr |
pd
/

//
/
g

VuvLo - Programmable UVLO Threshold - V
VuvLo - Programmable UVLO Threshold -V

/// /
4 4
2 2
60 90 120 150 180 210 240 270 40 60 80 100 120 140 160 180
Rkrr — Feedforward Impedance -k Q Rkrr — Feedforward Impedance -k Q
Figure 6. Figure 7.

The programmable UVLO circuit incorporates 20% hysteresis from the start voltage to the shutdown voltage. For
example, if the startup voltage is programmed to be 10 V, the controller starts when Vpp reaches 10 V and shuts
down when Vpp falls below 8 V. The maximum duty cycle begins to decrease as the input voltage rises to twice
the startup voltage. Below this point, the maximum duty cycle is as specified in the electrical table. Note that with
this scheme, the theoretical maximum output voltage that the converter can produce is approximately two times
the programmed startup voltage. For design, set the programmed startup voltage equal to or greater than the
desired output voltage divided by maximum duty cycle (85% for frequencies 500 kHz and below). For example, a
5-V output converter should not have a programmed startup voltage below 5.9 V. shows the theoretical
maximum duty cycle (typical) for various programmed startup voltages

At startup, LDRV may pulse high when Vpp is in the range of 1 V to 1.25 V and Vpp, is rising extremely slowly. To
minimize these effects, the ramp rate of Vpp at startup should be greater than 1 V/ms.
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Figure 9. Voltage Feed-Forward and PWM Duty Cycle Waveforms
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PROGRAMMING SOFT START

TPS4007x uses a closed-loop approach to ensure a controlled ramp on the output during start-up. Soft-start is
programmed by connecting an external capacitor (Cgg) from the SS pin to GND. This capacitor is charged by a
fixed current, generating a ramp signal. The voltage on SS is level shifted down approximately 1 V and fed into a
separate non-inverting input to the error amplifier. The loop is closed on the lower of the level shifted SS voltage
or the 700-mV internal reference voltage. Once the level shifted SS voltage rises above the internal reference
voltage, output voltage regulation is based on the internal reference. To ensure a controlled ramp-up of the
output voltage the soft-start time should be greater than the L-Cyt time constant or:

tstarT = 20 X /L X Coyp ®)

To ensure correct start up of the converter, the soft-start time is limited and can be calculated using Equation g.

DMIN

t =— _ms
START —7
fSW x 10

6
where

¢ Dy is the minimum operating duty cycle

« fsw is the converter switching frequency

Please note: There is a direct correlation between tgragt and the input current required during start-up. The lower
tstarT IS, the higher the input current required during start-up since the output capacitance must be charged
faster. For a desired soft-start time, the soft-start capacitance, Cgg, can be found from:

_12x10-5A

Css 07V X tgrart (Farads)

™

PROGRAMMING SHORT CIRCUIT PROTECTION

The TPS4007x uses a two-tier approach for short circuit protection. The first tier is a pulse-by-pulse protection
scheme. Short circuit protection is implemented on the high-side MOSFET by sensing the voltage drop across
the MOSFET when its gate is driven high. The MOSFET voltage is compared to the voltage dropped across a
resistor (R, ) connected from Vpp to the ILIM pin when driven by a constant current sink. If the voltage drop
across the MOSFET exceeds the voltage drop across the ILIM resistor the switching pulse is immediately
terminated. The MOSFET remains off until the next switching cycle is initiated. This is illustrated in Figure 10.

ILIM

_EILIM Threshold
b
*

(A) T\
Overcurrent
VIN - 2V
SW
T2
ILIM ILIM Threshold
l N F_Tl VIN - 2V l
/ f
(B)
SW
T1-] |¢
l—T3 UDG-03173

Figure 10. Switching and Current Limit Waveforms and Timing Relationship
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In addition, just prior to the high-side MOSFET turning on, the ILIM pin is pulled down to approximately half of
VDD. The ILIM pin is allowed to return to its nominal value after one of two events occur. If the SW node rises to
within approximately 2 V of Vpp, the device allows ILIM to go back to its nominal value. This is illustrated in

igure 10(A). T1 is the delay time from the internal PWM signal being asserted and the rise of SW. This includes
a driver delay of 50 ns typical. T2 is the reaction time of the sensing circuit that allows ILIM to start to return to its
nominal value, typically 20ns. The second event that can cause ILIM to return to its nominal value is for an
internal timeout to expire. This is illustrated in Figure 1Q(B) as T3. Here SW never rises to Vpp-2 V, for whatever
reason, and the internal timer times out, releasing the ILIM pin.

Prior to ILIM starting back to its nominal value, overcurrent sensing is not enabled. In normal operation, this
ensures that the SW node is at a higher voltage than ILIM when overcurrent sensing starts, avoiding false trips
while allowing for a quicker blanking delay than would ordinarily be possible. Placing a capacitor across Ry
sets an exponential approach to the normal voltage at the ILIM pin. This exponential decay of the overcurrent
threshold can be used to compensate for ringing on the SW node after its rising edge and to help compensate
for slower turn-on FETs. Choosing the proper capacitance requires care. If the capacitance is too large, the
voltage at ILIM does not approach the desired overcurrent level quickly enough, resulting in an apparent shift in
overcurrent threshold as pulse width changes.

Also, the comparator that uses ILIM and SW to determine if an overcurrent condition exists has a clamp on its
SW input. This clamp makes the SW node never appear to fall more than 1.4 V (approximately, could be as
much as 2 V at -40C) below Vpp. When ILIM is more than 1.4 V below Vpp, the overcurrent circuit is effectively
disabled. As a general rule, it is best to make the time constant of the R-C at the ILIM pin 0.2 times or less of the
nominal pulse width of the converter as shown in see Equation 13.

The second tier protection incorporates a fault counter. The fault counter is incremented on each cycle with an
overcurrent pulse and decremented on a clock cycle without an overcurrent pulse. When the counter reaches
seven (7) a fault condition is declared by the controller. When this happens, the outputs are placed in a state
defined in [Table J. Seven soft-start cycles are initiated (without activity on the HDRV and LDRYV outputs) and the
PWM is disabled during this period. The counter is decremented on each soft-start cycle. When the counter is
decremented to zero the PWM is re-enabled and the controller attempts to restart. If the fault has been removed
the output starts up normally. If the output is still present the counter counts seven overcurrent pulses and

re-enter the second tier fault mode. Refer to for typical fault protection waveforms.
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The minimum short circuit limit setpoint (Iscpmin)) depends on tsrart, Cour, Vour. ripple current in inductor
(IzippLe) @nd the load current at turn-on (I, pap)-

| - Cout X Vour 4 N |RIPPLE
SCP(min) t LOAD 2
START

(8)
The short circuit limit programming resistor (R, u) is calculated from:
100 x (RDS(ON)max X lsep + VILIM(ofst)) + 9 X Rypp X Ig, _+45V
Rium = 109 X | (%)
ILIM 9)
where
e lmis the current into the ILIM pin (110 pA typical)
*  Viumersy IS the offset voltage between SW and ILIM pins (-50 mV typical)
* lgcp is the short-circuit protection current
*  Rpsionmax i the drain-to-source resistance of the high-side MOSFET
*  Rypp is the slew rate limit resistor if used
* lgrypp is the current through Rypp and can be calculated using Equation 10.
lRyop = fsw X Qgeromy + oo (A) (10)
where
« fsw is the switching frequency
*  Qqqom is the combined total gate charge for both upper and lower MOSFETSs (from MOSFET data sheet)
e Ipp is the TPS4007x input current (3.5 mA maximum)
To find the range of the overcurrent values use the following equations.
~ 1.09 x IlLlM(maX) X Ryym — 0.09 X Rypp X IRVDD —0.045V + 75 mV
lscpmax) = R _ (A)
DS(ON)min (11)
B 1.09 x IILIM(mm) X Ryym — 0.09 X Rypp X IRVDD — 0.045V + 30 mV
lscp(ming = = (A)
DS(ON)max (12)

The TPS40070/1 provides short circuit protection only. As such, it is recommended that the minimum short circuit
protection level be placed at least 20% above the maximum output current required from the converter. The
maximum output of the converter should be the steady state maximum output plus any transient specification
that may exist.

The ILIM capacitor maximum value can be found from:

c Vourt X 0.2 (Farads)
= arads
MMV X Ry X T (13)

Note that this is a recommended maximum value. If a smaller value can be used, it should be. For most
applications, consider using half the maximum value above.
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Figure 11. Typical Fault Protection Waveforms

LOOP COMPENSATION

Voltage mode buck type converters are typically compensated using Type lll networks. Since the TPS4007x
uses voltage feedforward control, the gain of the voltage feedforward circuit must be included in the PWM gain.
The gain of the voltage feedforward circuit combined with the PWM circuit and power stage for the TPS4007x is:

Kewm = VuvLo (on) (14)

The remainder of the loop compensation is performed as in a normal buck converter. Note that the voltage
feedforward circuitry removes the input voltage term from the expression for PWM gain. PWM gain is strictly a
function of the programmed startup voltage.
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BOOST AND DBP BYPASS CAPACITANCE

The BOOST capacitance provides a local, low-impedance flying source for the high-side driver. The BOOST
capacitor should be a good quality, high-frequency capacitor. A capacitor with a minimum value of 100-nF is
suggested.

The DBP has to provide energy for both the synchronous MOSFET and the high-side MOSFET (via the BOOST
capacitor). The suggested value for this capacitor is 1-yF ceramic, minimum.

INTERNAL REGULATORS

The internal regulators are linear regulators that provide controlled voltages for the drivers and the internal
circuitry to operate from. The DBP pin is connected to a nominal 8-V regulator that provides power for the driver
circuits to operate from. This regulator has two modes of operation. At Vpp voltages below 8.5 V ,the regulator is
in a low dropout mode of operation and tries to provide as little impedance as possible from VDD to DBP. Above
10 V at Vpp, the regulator regulates DBP to 8 V. Between these two voltages, the regulator remains in the state it
was in when Vpp entered this region (see Eigure 17). Small amounts of current can be drawn from this pin for
other circuit functions, as long as power dissipation in the controller device remains at acceptable levels and
junction temperature does not exceed 125C.

The LVBP pin is connected to another internal regulator that provides 4.2-V (nom) for the operation of
low-voltage circuitry in the controller. This pin can be used for other circuit purposes, but extreme care must be
taken to ensure that no extra noise is coupled onto this pin, since controller performance suffers. Current draw is

not to exceed 1 mA. See for typical output voltage at this pin.
INPUT VOLTAGE INPUT VOLTAGE
VS VS
DBP VOLTAGE LOW VOLTAGE BYPASS VOLTAGE
10 450
A 4.45
>
- 9 o 440
' % /
% ‘/’— § 4.35 —
= 8 —— - //
> / @ 430
[} o
2 &
=1 4.25
& %
‘g S 420
2 6 2 415
o -
[aa] 1
2 5 4.10
5 >
4.05
4 4.00
0 5 10 15 20 o5 5 10 15 20 25 30
Vpp - Input Voltage - V Vpp - Input Voltage - V
Figure 12. Figure 13.

TPS4007x POWER DISSIPATION

The power dissipation in the TPS4007x is largely dependent on the MOSFET driver currents and the input
voltage. The driver current is proportional to the total gate charge, Qg, of the external MOSFETSs. Driver power
(neglecting external gate resistance) can be calculated from:

Pp = Qg X Vpg X fgy (Watts/driver) as)

where
e Vpgis the driver output voltage
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And the total power dissipation in the TPS4007x%, assuming the same MOSFET is selected for both the high-side
and synchronous rectifier is described in Equafion 14.

2 x Pp
P = Voo +lg] X Vi (Watts)

(16)
or

Pr = (2 X Qg X foy + IQ) XV, (Watts) 7)

where:
* g is the quiescent operating current (neglecting drivers)
The maximum power capability of the TPS4007x PowerPAD package is dependent on the layout as well as air
flow. The thermal impedance from junction to air assuming 2-0z. copper trace and thermal pad with solder and

no air flow is see teh application report tittedPowerPAD Thermally Enhanced Package (SLMA002) for detailed
information on PowerPAD package mounting and usage.

035 = 36.51°C/W (18)
The maximum allowable package power dissipation is related to ambient temperature by Equation 19.

T, - T
P, = % (Watts)
JA (19)

Substituting Equation 19 into Equation 18 and solving for fgy yields the maximum operating frequency for the
TPS4007x. The result is described in Equation 20.

(TJ B TA) 1
(03a%Vpp) Q
fsw = (2 X Qg) (Hz) o0

BOOST DIODE

The TPS4007x series has internal diodes to charge the boost capacitor connected from SW to BOOST. The drop
across this diode is rather large at 1.4-V nominal at room temperature. If this drop is too large for a particular
application, an external diode may be connected from DBP (anode) to BOOST (cathode). This provides
significantly improved gate drive for the high side FET, especially at lower input voltages.

LOW VOLTAGE OPERATION

If the programmable UVLO is set to less than 6.5 V nominal, connect a 330-kQ resistor across the soft-start
capacitor. This eliminates a race condition inside the device that can lead to an output voltage overshoot on
power down of the part. If operation is expected below -10°C ambient temperature and at less than 5-V input, it
is recommended that a diode be connected from LVBP to DBP. (See Figure 16).

GROUNDING AND BOARD LAYOUT

The TPS4007x provides separate signal ground (SGND) and power ground (PGND) pins. Care should be given
to proper separation of the circuit grounds. Each ground should consist of a plane to minimize its impedance if
possible. The high power noisy circuits such as the output, synchronous rectifier, MOSFET driver decoupling
capacitor (DBP), and the input capacitor should be connected to PGND plane.

Sensitive nodes such as the FB resistor divider and RT should be connected to the SGND plane. The SGND
plane should only make a single point connection to the PGND plane. It is suggested that the SGND pin be tied
to the copper area for the PowerPAD underneath the chip. Tie the PGND to the PowerPAD copper area as well
and make the connection to the power circuit ground from the PGND pin. Reference the output voltage divider to
the SGND pin.
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Component placement should ensure that bypass capacitors (LVPB and DBP) are located as close as possible
to their respective power and ground pins. Also, sensitive circuits such as FB, RT and ILIM should not be located
near high dv/dt nodes such as HDRV, LDRV, BOOST, and the switch node (SW). Failure to follow careful layout
practices results in sub-optimal operation. More detailed information can be found in the TPS40071EVM User's
Guide (SLUU180).

Output Ripple Consideration

In addition to the typical output ripple associated with switching converters, which can vary from 5 mV to
150 mV, the TPS40070/1 exhibits a low-frequency ripple from 5 mV to 50 mV. The ripple, a consequence of the
charge pump in the driver supply regulator, is well bounded under changes in line, load, and temperature. The
ripple frequency does vary with the converter switching frequency and can vary from 10 kHz to 60 kHz.
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SYNCHRONOUS RECTIFIER CONTROL

Depending on which device is used the synchronous rectifier is controlled in slightly different ways.
describes the differences. For proper operation, the total gate charge of the MOSFET connected to LDRV should

be less than 50 nC.

Table 2. Synchronous Rectifier MOSFET States

DEVICE SYNCHRONOUS RECTIFIER OPERATION DURING
SOFT-START NORMAL FAULT OVERVOLTAGE
TPS40070 Turns OFF when Izggro detected Turns Off when Izgro detected or OFF Turns OFF when Izgro detected or
or start of next cycle start of next cycle start of next cycle
Turns OFF only at start of next Turns OFF only at start of next cycle,
TPS40071 cycle Turns OFF only at start of next cycle ON if duty cycle is > 0
+ >
Vbp
12V
_ 165 kQ
>j7 TPS40070PWP
TPS40071PWP
KFF ILIM[16 T T
C12 C14
22 uF | 22 uF
RT VDD cs
| 0.1pF
3|LveP  BOOST|14] L1
H o1 COEV
4 DXM1306-1R6
PG HDRV[13 f¢ Si7840DP 1.6 uH
o VY >+
5 SGND SW
Q2
SS DBP Si7856DH L + +
= T ~ ~ T Vourt
N cis 18V
VFB LDRV |10 — | c13 P Cl6 | Cl7 |C18 |15A
10ha  56nF 4.7 nF HF | 470 uF| 470 pF| 0.1 uF
| 8| comp  PGND| 9
C4, 470 pF PWP "
Il |
R7 8.66 kQ A4
A,
R3 C6 R8
5.49 kQ 4.7 nF 226 Q
|
W\ I VDG-03175
Figure 14. 300 kHz, 12V to 1.8 V
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Figure 15. 300 kHz, 12 V to 1.8 V with Improved High-Side Gate Drive

See Application Information section Boost Diodes.
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RO | «c7
TPS40070PWP 2kQ7T 10pF c12 | cua
TPS40071PWP 22 uF | 22 pF
KFF ILIM - T
RT VDD c8
C10 0.1 uF ::0'1 WF
3|LvBP  BOOST H L1
o o O DXM?.?(I)EGV 1R6 v
PGD HDRV BATS4 t¢ Si7860DP 1.6 pH 12V
10 A
X 150 . >+
5 | SGND sSW
Il co |1| HF Q2
Ra 330kq T—16]SS DBP 1l Si7860DP| L 14 + +
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VFB LDRV 1 Cci5 |[ci6 c17 |c18
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COMP  PGND
> -
PWP “o Do
1 BAT54
R7 8.66 kQ A4
AN
R3 Cé6 RS
12.1kQ 4.7 nF 226 Q
l\/\/\, H N_ote resistor across soft-start capacitor.
Diode D2 for operation below -10°C VDG-03177
Figure 16. 500 kHz, 5V to 1.2 V with Improved High-Side Gate Drive
See Application Information section Boost Diodes.
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PACKAGING INFORMATION

Orderable part number Status  Material type Package | Pins Package qty | Carrier RoOHS Lead finish/ MSL rating/ Op temp (°C) Part marking
@ @ ® Ball material Peak reflow ©)
@ )

TPS40070PWP Active Production HTSSOP (PWP) | 16 90 | TUBE Yes NIPDAU Level-2-260C-1 YEAR -40 to 85 40070
TPS40070PWP.A Active Production HTSSOP (PWP) | 16 90 | TUBE Yes NIPDAU Level-2-260C-1 YEAR -40 to 85 40070
TPS40070PWPR Active Production HTSSOP (PWP) | 16 2000 | LARGE T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 85 40070

TPS40070PWPR.A Active Production HTSSOP (PWP) | 16 2000 | LARGE T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 85 40070

TPS40071PWP NRND Production HTSSOP (PWP) | 16 90 | TUBE Yes NIPDAU Level-2-260C-1 YEAR -40 to 85 40071
TPS40071PWP.A NRND Production HTSSOP (PWP) | 16 90 | TUBE Yes NIPDAU Level-2-260C-1 YEAR -40 to 85 40071
TPS40071PWPR NRND Production HTSSOP (PWP) | 16 2000 | LARGE T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 85 40071

TPS40071PWPR.A NRND Production HTSSOP (PWP) | 16 2000 | LARGE T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 85 40071
TPS40071PWPRG4 NRND Production HTSSOP (PWP) | 16 2000 | LARGE T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 85 40071

@ status: For more details on status, see our product life cycle.

@ Material type: When designated, preproduction parts are prototypes/experimental devices, and are not yet approved or released for full production. Testing and final process, including without limitation quality assurance,
reliability performance testing, and/or process qualification, may not yet be complete, and this item is subject to further changes or possible discontinuation. If available for ordering, purchases will be subject to an additional
waiver at checkout, and are intended for early internal evaluation purposes only. These items are sold without warranties of any kind.

® RoHS values: Yes, No, RoHS Exempt. See the TI RoHS Statement for additional information and value definition.

® |ead finish/Ball material: Parts may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead finish/Ball material values may wrap to two lines if the finish value exceeds the maximum
column width.

® msL rating/Peak reflow: The moisture sensitivity level ratings and peak solder (reflow) temperatures. In the event that a part has multiple moisture sensitivity ratings, only the lowest level per JEDEC standards is shown.
Refer to the shipping label for the actual reflow temperature that will be used to mount the part to the printed circuit board.

® part marking: There may be an additional marking, which relates to the logo, the lot trace code information, or the environmental category of the part.

Multiple part markings will be inside parentheses. Only one part marking contained in parentheses and separated by a "~" will appear on a part. If a line is indented then it is a continuation of the previous line and the two
combined represent the entire part marking for that device.

Important Information and Disclaimer:The information provided on this page represents TlI's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information provided by third parties, and
makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and continues to take reasonable steps to provide representative
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and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals. Tl and Tl suppliers consider certain information to be proprietary, and thus CAS numbers
and other limited information may not be available for release.

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
4 |+ KO [¢—P1—
L Regic oy Rogic e o T
o| |e o Bo W
el |
. Diameter ' '
Cavity —>| AO |<—
A0 | Dimension designed to accommodate the component width
B0 | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
A W | Overal width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ ]
_f Reel Width (W1)
QUADRANT ASSIGNMENTSFOR PIN 1 ORIENTATION IN TAPE
O O O O 0O O 0 O0 Sprocket Holes
| |
T T
St N Il )
H4-—q--4 t--1--1
Q3 1 Q4 Q3 | User Direction of Feed
[ & A |
T T
N
Pocket Quadrants
*All dimensions are nominal
Device Package |Package|Pins| SPQ Reel Reel A0 BO KO P1 w Pinl
Type |Drawing Diameter| Width | (mm) | (mm) | (mm) [ (mm) [ (mm) |Quadrant
(mm) |W1(mm)
TPS40070PWPR HTSSOP| PWP 16 2000 330.0 12.4 6.9 5.6 1.6 8.0 12.0 Q1
TPS40071PWPR HTSSOP| PWP 16 2000 330.0 12.4 6.9 5.6 1.6 8.0 12.0 Q1
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TAPE AND REEL BOX DIMENSIONS

*All dimensions are nominal

Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
TPS40070PWPR HTSSOP PWP 16 2000 350.0 350.0 43.0
TPS40071PWPR HTSSOP PWP 16 2000 350.0 350.0 43.0
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TUBE

T - Tube
height L - Tubelength

< n
« Lt

A
A 4

\ 4

*
W - Tube |
> width
v

— B - Alignment groove width

*All dimensions are nominal

Device Package Name |Package Type Pins SPQ L (mm) W (mm) T (um) B (mm)
TPS40070PWP PWP HTSSOP 16 90 530 10.2 3600 35
TPS40070PWP.A PWP HTSSOP 16 90 530 10.2 3600 3.5
TPS40071PWP PWP HTSSOP 16 90 530 10.2 3600 3.5
TPS40071PWP.A PWP HTSSOP 16 90 530 10.2 3600 35
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GENERIC PACKAGE VIEW
PWP 16 PowerPAD™ TSSOP - 1.2 mm max height

PLASTIC SMALL OUTLINE

Images above are just a representation of the package family, actual package may vary.
Refer to the product data sheet for package details.

4073225-3/J
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’_ PACKAGE OUTLINE

PWPOO16A PowerPAD ™ HTSSOP - 1.2 mm max height

PLASTIC SMALL OUTLINE
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4214868/A 02/2017

NOTES: PowerPAD is a trademark of Texas Instruments.

1. All linear dimensions are in millimeters. Any dimensions in parenthesis are for reference only. Dimensioning and tolerancing
per ASME Y14.5M.

. This drawing is subject to change without notice.

. This dimension does not include mold flash, protrusions, or gate burrs. Mold flash, protrusions, or gate burrs shall not
exceed 0.15 mm per side.

. Reference JEDEC registration MO-153.

. Features may not be present.
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EXAMPLE BOARD LAYOUT
PWPOO16A PowerPAD ™ HTSSOP - 1.2 mm max height

PLASTIC SMALL OUTLINE

SOLDER MASK
DEFINED PAD

/SEE DETAILS
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LAND PATTERN EXAMPLE
EXPOSED METAL SHOWN
SCALE:10X

METAL UNDER

SOLDER MASK: SOLDER MASK
OPENING \ METAL SOLDER MASK\ fOPENING
”””” =)
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0.05 MAX METAL 0.05 MIN

ALL AROUND ALL AROUND

SOLDER MASK

NON SOLDER MASK DEFINED
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SOLDER MASK DETAILS
PADS 1-16
4214868/A 02/2017

NOTES: (continued)

6. Publication IPC-7351 may have alternate designs.

7. Solder mask tolerances between and around signal pads can vary based on board fabrication site.

8. This package is designed to be soldered to a thermal pad on the board. For more information, see Texas Instruments literature
numbers SLMAO0O02 (www.ti.com/lit/sima002) and SLMAO004 (www.ti.com/lit/sima004).

9. Size of metal pad may vary due to creepage requirement.
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EXAMPLE STENCIL DESIGN
PWPOO16A PowerPAD ™ HTSSOP - 1.2 mm max height

PLASTIC SMALL OUTLINE

33
BASED ON

0.125 THICK
1oX(19) STENCIL (RO.05) TYP
L I T I R R

16X (0.45) j

33
BASED ON
0.125 THICK
STENCIL

|

L]
X0
—

METAL COVERED

BY SOLDER MASK SEE TABLE FOR

DIFFERENT OPENINGS
FOR OTHER STENCIL
THICKNESSES

SOLDER PASTE EXAMPLE
EXPOSED PAD
100% PRINTED SOLDER COVERAGE BY AREA

SCALE:10X

STENCIL SOLDER STENCIL
THICKNESS OPENING
0.1 3.69 X 3.69

0.125 3.3 X 3.3 (SHOWN)
0.15 3.01 X 3.01
0.175 2.79 X 2.79

4214868/A 02/2017

NOTES: (continued)

10. Laser cutting apertures with trapezoidal walls and rounded corners may offer better paste release. IPC-7525 may have alternate
design recommendations.
11. Board assembly site may have different recommendations for stencil design.

INSTRUMENTS
www.ti.com




IMPORTANT NOTICE AND DISCLAIMER

TI PROVIDES TECHNICAL AND RELIABILITY DATA (INCLUDING DATASHEETS), DESIGN RESOURCES (INCLUDING REFERENCE
DESIGNS), APPLICATION OR OTHER DESIGN ADVICE, WEB TOOLS, SAFETY INFORMATION, AND OTHER RESOURCES “AS IS”
AND WITH ALL FAULTS, AND DISCLAIMS ALL WARRANTIES, EXPRESS AND IMPLIED, INCLUDING WITHOUT LIMITATION ANY
IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE OR NON-INFRINGEMENT OF THIRD
PARTY INTELLECTUAL PROPERTY RIGHTS.

These resources are intended for skilled developers designing with Tl products. You are solely responsible for (1) selecting the appropriate
TI products for your application, (2) designing, validating and testing your application, and (3) ensuring your application meets applicable
standards, and any other safety, security, regulatory or other requirements.

These resources are subject to change without notice. Tl grants you permission to use these resources only for development of an
application that uses the Tl products described in the resource. Other reproduction and display of these resources is prohibited. No license
is granted to any other Tl intellectual property right or to any third party intellectual property right. Tl disclaims responsibility for, and you fully
indemnify Tl and its representatives against any claims, damages, costs, losses, and liabilities arising out of your use of these resources.

TI's products are provided subject to TI's Terms of Sale, TI's General Quality Guidelines, or other applicable terms available either on
ti.com or provided in conjunction with such Tl products. TI's provision of these resources does not expand or otherwise alter TI's applicable
warranties or warranty disclaimers for Tl products. Unless Tl explicitly designates a product as custom or customer-specified, TI products
are standard, catalog, general purpose devices.

Tl objects to and rejects any additional or different terms you may propose.

Copyright © 2025, Texas Instruments Incorporated
Last updated 10/2025
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