e ST D K awee By Boin
i3 TEXAS
INSTRUMENTS TPS40322
SLUSAF8E —JULY 2011-REVISED JANUARY 2016
TPS40322 Dual Output or Two-Phase Synchronous Buck Controller
1 Features 3 Description

» Dual-Output or Two-Phase Synchronous Buck
Controller

» 180° Out-of-Phase Reduces Input Ripple
» Input Voltage Range: 3V to 20 V

e Output Voltage Range: 0.6 Vt0o 5.6 V

* Adjustable Frequency: 100 kHz to 1 MHz

* Bidirectional SYNC Pin With 0°/180° or 90°/270°
Phase Shift

* Voltage Mode Control With Input Feedforward

» Accurate Current Sharing for Two-Phase
Operation

» Individual Power Good Outputs

e Individual Enable and Programmable Soft Start,
With Pre-Bias Start-Up

e +0.5%, 600-mV Reference

* Output UV/OV Protection and Input Undervoltage
Lockout

* Individual Overcurrent Limit Setting
» Hiccup Overcurrent Protection

* Accurate Inductor DCR or Resistive Current
Sensing

* Remote Sense for Two-Phase Applications

» Internal N-Channel FET Drivers

» Integrated Bootstrap Switches

* Available in 5-mm x 5-mm 32-Pin VQFN Package

2 Applications

* Multiple Rail Systems

» Telecom Base Station

e Switcher and Router Networking
» xDSL Broadband Access

» Server and Storage System

The TPS40322 device is a dual-output, synchronous
buck controller. It can also be configured as a single-
output, two-phase controller. The 180° out-of-phase
operation reduces the input current ripple and
extends the input capacitor lifetime. Bidirectional
master and slave synchronization function provides
evenly distributed phase shift for a four-output system
that reduces input ripple further and attenuates the
system noise.

The wide input range can support 3.3-V, 5-V, and
12-V buses. The accurate reference voltage satisfies
the precision voltage needed by ASICs and
potentially  reduces the output capacitance
requirement. Separate PGOOD signals provide
flexibility for system monitoring and sequencing. The
two channels are independently controlled and each
soft-start time is programmable. Voltage mode control
is implemented to reduce noise sensitivity and also
ensures low duty ratio conversion.

Device Information®
PACKAGE BODY SIZE (NOM)
VQFN (32) 5.00 mm x 5.00 mm

PART NUMBER
TPS40322

(1) For all available packages, see the orderable addendum at
the end of the data sheet.
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NOTE: Page numbers for previous revisions may differ from page numbers in the current version.

Changes from Revision D (December 2013) to Revision E Page

« Added ESD Ratings table, Feature Description section, Device Functional Modes, Application and Implementation
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Changes from Revision A (JANUARY 2012) to Revision B Page
e Changed all references of "multi-phase” to "two-phase" throughout dOCUMENL...........occviiiiiiiriie e 1
e Added clarity to SIMPLIFIED APPLICATION CIRCUIT. ....iiiiiiiiiiieiiie ittt ettt sne e sre e 1
« Added "When not being used, SYNC must be left floating" to SYNC description in PIN FUNCTIONS table. ...........cceeee... 5
e Added clarity to Functional Block Diagram
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» Changed "This design limits the maximum voltage drop across the current sense inputs, Vegimay, to 60 mV." to "This
design limits the maximum voltage drop across the current sense inputs, Vcsgmay, t0 50 mV." in ILIM Resistor (R2)

L= Tox 1T ] RO EPOUPPRPTRIN 29
LI O g F=TgTo T=To B o [U o1 (o] o 2 PP R P UP PRI 29
¢ Changed Output current = 10 (max) to Output current = 30 (Max) iN TabIE 7 .....ccovciiiieiiii e 34
Changes from Original (JUNE 2011) to Revision A Page
e Added clarity to FUNCEIONAI BIOCK DIAGIAM ... ...ciiiuiieiitiie ettt e s n e st e s e e s ne e e st e e nne e e ane e e aneeennneas 13
LI Yo [o [=To I ol = 1 4 YA (o B i o 0= 0 SO SPTSPPPRP 17
Copyright © 2011-2016, Texas Instruments Incorporated Submit Documentation Feedback 3

Product Folder Links: TPS40322


http://www.ti.com/product/tps40322?qgpn=tps40322
http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLUSAF8E&partnum=TPS40322
http://www.ti.com/product/tps40322?qgpn=tps40322

13 TEXAS
INSTRUMENTS
TPS40322

SLUSAF8E —JULY 2011—-REVISED JANUARY 2016 www.ti.com

5 Pin Configuration and Functions
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NOTE: In two-phase mode, the EN2/SS2/GSNS pin becomes the GSNS pin and the ILIM2/VSNS pin becomes the VSNS
pin.
The two channels are identical unless specified otherwise.

The following naming conventions are used to better describe the functions. For example, COMPx refers to COMP1
and COMP2, FBx refers to FB1 and FB2.

Pin Functions

PIN
1/0 DESCRIPTION
NAME PIN
AGND 6 — | Low noise ground connection to the controller.
BOOTI 25 | BOOT1 provides a bootstrapped supply for the high-side FET driver for channel 1 (CH1). Connect a

capacitor (0.1 yF typical) from BOOTL1 to SW1 pin.

BOOT?2 15 | BOOT?2 provides a bootstrapped supply for the high-side FET driver for channel 2 (CH2). Connect a
capacitor (0.1 pF typical) from BOOT2 to SW2 pin.

Output bypass for the internal regulator. Connect a low ESR bypass ceramic capacitor with a value of

BP6 20 © 3.3 yF or greater from this pin to the power ground plane.

COMP1 5 O | Output of the error amplifier 1 and connection node for loop feedback components.

COMP2 O | Output of the error amplifier 2 and connection node for loop feedback components.

CS1- 29 | Negative terminal of current sense amplifier for CH1

CS1+ 28 | Positive terminal of current sense amplifier for CH1

CS2- 12 | Negative terminal of current sense amplifier for CH2

CS2+ 13 | Positive terminal of current sense amplifier for CH2

DIFEO 9 o Output of the differential amplifier. When the device is configured for dual channel mode, the DIFFO pin

must be either floating or tied to BP6

Logic level input which starts or stops CH1. Letting this pin float turns CH1 on. Pulling this pin low disables
CHL1. This is also the soft-start programming pin. A capacitor connected from this pin to AGND programs
EN1/SS1 3 | the soft-start time. The capacitor is charged with an internal current source of 10 pA. The resulting voltage
ramp of this pin is also used as a second non-inverting input to the error amplifier 1 after a 0.8 V (typical)
level shift downwards.
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Pin Functions (continued)

PIN
I/0 DESCRIPTION

NAME PIN
Logic level input which starts or stops CH2. Letting this pin float turns CH2 on. Pulling this pin low disables
CH2. This is also the soft-start programming pin. A capacitor connected from this pin to AGND programs

EN2/SS2/GSNS | 10 | the soft-start time. The capacitor is charged with an internal current source of 10 pA. The resulting voltage
ramp of this pin is also used as a second non-inverting input to the error amplifier 2 after a 0.8 V (typical)
level shift downwards. In two-phase mode, this pin becomes GSNS as the negative terminal of a remote
sense amplifier.

FB1 4 | Inverting input to the error amplifier. During normal operation, the voltage on this pin is equal to the internal
reference voltage.
Inverting input to the error amplifier. During normal operation, the voltage on this pin is equal to the internal

FB2 8 | reference voltage. Connecting the FB2 pin to the BP6 pin enables two-phase mode and disables the error
amplifier 2.

HDRV1 2 o Bootstrapped gate drive output for the high-side N-channel MOSFET for CH1. A 2-Q resistor is
recommended for a noisy environment.
Bootstrapped gate drive output for the high-side N-channel MOSFET for CH2. A 2-Q resistor is

HDRV2 16 0] ) .
recommended for a noisy environment.
Used to set the overcurrent limit for CH1 with 10 pA of current flowing through a resistor from this pin to

ILIM1 30 |
AGND.

ILIM2/VSNS 1 | Used to set the overcurrent limit for CH2 with 10 pA of current flowing through a resistor from this pin to
AGND. In two-phase mode, this pin becomes VSNS as the positive terminal of a remote sense amplifier.

LDRV1 22 O | Gate drive output for the low-side synchronous rectifier (SR) N-channel MOSFET for CH1.

LDRV2 18 O | Gate drive output for the low-side synchronous rectifier (SR) N-channel MOSFET for CH2.

PG1 27 O | Open drain power good indicator for CH1 output voltage.

PG2 14 O | Open drain power good indicator for CH2 output voltage.

PGND1 21 __ | Power ground 1. Separate power ground for CH1 and CH2 in the PCB layout could potentially reduce
channel to channel interference.
Power ground 2. Separate power ground for CH1 and CH2 in the PCB layout could potentially reduce

PGND2 19 — !
channel to channel interference.

PHSET 32 | Used to set master or slave mode and phase angles. The master emits a 50% duty clock to the slave. The
slave synchronizes to the external clock and select the phase shift angle.

RT 2 | Connect a resistor from this pin to AGND to set the oscillator frequency.

SW1 23 | Connect to the switched node on converter CH1. It is the return for the CH 1 high-side gate driver.

SW2 17 | Connect to the switched node on converter CH2. It is the return for the CH 2 high-side gate driver.
In master mode, a 2x free running frequency clock is sent out on SYNC pin. In slave mode, sync to an

SYNC 1 /o external clock which is £20% of the free running MASTER_CLOCK frequency. The MASTER_CLOCK
frequency is 2x of the free running frequency (set by RT) and operates at 50% duty cycle. When not being
used, SYNC must be left floating.

UvLO 31 | A resistor divider from VIN determines the input voltage that the controller starts.

VDD 26 | Power input to the controller. A low ESR bypass ceramic capacitor of 0.1 yF or greater must be connected
closely from this pin to AGND.
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6 Specifications
6.1 Absolute Maximum Ratings
Over operating free-air temperature range, all voltages are with respect to GND (unless otherwise noted)®
MIN MAX UNIT
VDD -0.3 22
SW1, SW2 -3 27
SW1, SW2 (< 100-ns pulse width) -5
SW1, SW2 (< 10-ns pulse width) -7.5 30
BOOT1, BOOT2 -0.3 30
Voltage BOOT1, BOOT2 (< 10-ns pulse width) -0.5 33 v
BP6 -0.3 7
HDRV1, HDRV2 -2 30
BOOT1-SW1, BOOT2-SW2, HDRV1-SW1, HDRV2-SW2 03 2
(differential from BOOT or HDRV to SW)
All other pins -0.3 7
Operating temperature, T; -40 145
Temperature °C
Storage temperature, Tgyg -55 150

(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.

6.2 ESD Ratings

VALUE UNIT
Human-body model (HBM), per ANSI/ESDA/JEDEC JS-001®) +2000
Vesp)  Electrostatic discharge Charged-device model (CDM), per JEDEC specification JESD22- \
c101@ +1500

(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.
(2) JEDEC document JEP157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.

6.3 Recommended Operating Conditions

MIN  MAX UNIT
Vvbbp Input operating voltage 3 20 \%
T; Operating junction temperature -40 125 °C
6.4 Thermal Information
TPS40322
THERMAL METRIC® RHB (VQFN) UNIT
32 PINS

Rgia Junction-to-ambient thermal resistance 37.1 °C/W
Raic(top) Junction-to-case (top) thermal resistance 28.4 °C/W
Rgip Junction-to-board thermal resistance 9.8 °C/W
Wit Junction-to-top characterization parameter 0.4 °C/W
Wig Junction-to-board characterization parameter 9.7 °C/W
Raic(bot) Junction-to-case (bottom) thermal resistance 2.6 °C/W

(1) For more information about traditional and new thermal metrics, see the Semiconductor and IC Package Thermal Metrics application
report, SPRA953.
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6.5 Electrical Characteristics
T; =-40°C to 125°C, Vypp = 12 V, Ryt = 40 kQ, fs = 500 kHz (unless otherwise noted),

PARAMETER | TEST CONDITIONS | MIN TYP MAX | UNIT
INPUT SUPPLY
VDD Input voltage range 3 20 \%
IDDspy Shutdown Venwssx = 0V 200 250 pA
IDDq Quiescent, non-switching Veg = 0.65 V, ENX/SSx float 6 8 mA
UvLO
UVvLO Minimum turn-on voltage 1.21 1.24 1.27 \%
UVLOnys Hysteresis current 13 15 17 HA
BP REGULATOR
BP Regulator voltage 7V<Vypps20V 6.2 6.5 6.8 \
Vpo Regulator dropout voltage Igp = 25 MA, Vypp =3V 50 100 mV
Igp Regulator continuous current limit® 100 mA
VepuvLo Regulator output UVLO 2.40 2.70 2.95 \
VBPUVLO-HYS Regulator output UVLO hysteresis 180 210 250 mV
OSCILLATOR AND RAMP GENERATOR
fsw Oscillator frequency 100 1000] khz
Rt =40 kQ 450 500 550 | kHz
Vramp Ramp amplitude (peak-to-peak) 3V <Vypp<20V VvDD /8.5 \%
VyaL Valley voltage 0.85 \
fsyne SYNC frequency range 200 2000 | kHz
tw(sync) SYNC input minimum pulse width 100 ns
Vhsyne) Rising edge threshold to set sync pulse 2 \
Visyne) Falling edge threshold to reset sync pulse 0.8 \
fuASTER Master clock frequency 200 2000 | kHz
Meyne sP;r:gﬁ?; r?|fz ;Tiz:\;ter frequency for —20% 20%
Master 0°/180° phase shift 0.5 \%
VpHsET Slave 0°/180° phase shift 0.6 2 \
Slave 90°/270° phase shift 2.1 \Y
PWM
PWM(off) Minimum PWM off-time 90 130 ns
ton(min) Minimum controllable pulse width See @ 90 ns
tbEAD Output driver dead time HDRYV off to LDRV on 20 35 40 ns
tbEAD Output driver dead time LDRYV off to HDRV on 20 35 40 ns
ERROR AMPLIFIER AND VOLTAGE REFERENCE
0°C<T;<70°C 597 600 603
Vg FB input voltage mV
—40°C < T;<125°C 594 600 606
leg FB input bias current 20 75 nA
GBWP Unity gain bandwidth See @ 24 MHz
AVOL Open loop gain See W 80 dB
lon High-level output current mA
loL Low-level output current mA
(1) Specified by design. Not production tested.
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Electrical Characteristics (continued)

T, =-40°C to 125°C, Vypp = 12 V, Ry = 40 kQ, fsy = 500 kHz (unless otherwise noted),

Product Folder Links: TPS40322

PARAMETER | TEST CONDITIONS MIN TYP MAX | UNIT
ENABLE AND SOFT START
Viy High-level input voltage 0.55 0.7 1 \%
Vi Low-level input voltage 0.23 0.26 0.3 \
Iss Soft-start source current 8 10 12 pA
Vss Soft-start voltage level 0.8 \
IbiscHe Soft-start discharge current 130 A
OVERCURRENT PROTECTION
lium ILIM program current T;=25°C 9.5 10 10.5 HA
thiccup Hiccup cycles to recover 6 Cycles
CURRENT SENSE AMPLIFIER
Vpier Differential input voltage range -60 60 mV
Vewm Input common mode range 0 5.6 \
Acs Current sensing gain 15 VIV
Vesout Current sense amplifier output Vesiv =20 mV, Ty = 25°C 270 300 330 mVv
foo Closed loop bandwidth® 3 MHz
Current sense amplifier output difference Vesiy = 20 mV to both CS1 and CS2 _15 15 mv
between CH1 and CH2
OVERVOLTAGE AND UNDERVOLTAGE PROTECTION
Vovp Feedback voltage limit for OVP 679 700 735 mVv
Vyvp Feedback voltage limit for UVP 475 500 525 mV
GATE DRIVERS
Ruypni High-side driver pull-up resistance Veoot — Vsw = 6.5V, lypry = —40 mA 0.8 15 25 Q
RupLo High-side driver pull-down resistance Veoot — Vsw = 6.5V, lypry = 40 mA 0.5 1 1.6 Q
RipHi Low-side driver pull-up resistance l.prv = =40 MA 0.8 15 25 Q
RipLo Low-side driver pull-down resistance ILorv = 40 MA 0.35 0.6 13 Q
tyrise High-side driver rise time CLoap = 5 nF, See ® 15 ns
turaLL High-side driver fall time Cloap = 5 nF, See ® 12 ns
tLRISE Low-side driver rise time CLoap = 5 nF, See ® 15 ns
tLrALL Low-side driver fall time CiLoap = 5 nF, See® 10 ns
BOOT SWITCH
Vorwp Bootstrap switch voltage drop lsoor =5 MA 0.1 \%
REMOTE SENSE
V\oFsET Input offset voltage Vpiero = 0.9V -2 2 mV
Gain Differential gain 0.995 1.005| VIV
BW Close loop bandwidth® 2 MHz
Vpiero Output voltage at DIFFO pin Vgpg — 0.2 \
Iskc Output source current 1| mA
Isnk Output sink current 1 mA
POWERGOOD
Vov Feedback voltage limit for PGOOD 650 675 697 | mV
Vuv Feedback voltage limit for PGOOD 510 525 545| mV
Veapihyst) PGOOD hysteresis voltage at FB 25 40 mV
Rrep PGOOD pull down resistance 50 70 Q
lpGD(leak) PGOOD leakage current 20 HA
THERMAL SHUTDOWN
Tsp Junction shutdown temperature See @ 150 °C
Tspiysy Hysteresis See @ 20 °C
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6.6 Typical Characteristics

Junction Temperature (°C) Goo1

Figure 3. Soft-Start Current vs Junction Temperature

1.2355 15.8
-l
""" _ 156
—1.2350 et 3
= 2
=) //—/ £ 154
= 5
§1.2345 g 15.2
= -4
o] 3
£ /] g 150
=1.2340 @
= e 2
L]
14.8
3 3
1.2334
2 146
1.2330 14.4
40 -25 10 5 20 35 50 6% 80 95 110 125 -40 -25 -10 5 20 35 50 65 80 95 110 125
Junction Temperature (°C) Junction Temperature (°C)
Figure 1. UVLO Turnon Voltage vs Junction Temperature Figure 2. UVLO Hysteresis Current vs Junction Temperature
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Figure 4. Non-Switching Quiescent Current vs Junction

Figure 5. Error Amplifier Feedback Voltage vs Junction
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Figure 6. BP UVLO Threshold vs Junction Temperature
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Typical Characteristics (continued)
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Typical Characteristics (continued)
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7 Detailed Description

7.1 Overview

The TPS40322 is a flexible synchronous buck controller. It can be used as a dual-output controller, or as a two-
phase, single-output controller. It operates with a wide input range from 3 V to 20 V and can generate an
accurate regulated output as low as 600 mV.

In dual output mode, voltage mode control with input feedforward architecture is implemented. With this
architecture, the benefits are less noise sensitivity, no control instability issues for small DCR applications, and a
smaller minimum controllable on-time, often desired for high conversion ratio applications.

In two-phase, single-output mode, a current-sharing loop is implemented to ensure a balance of current between
phases. Because the induced error current signal to the loop is much smaller when compared to the PWM ramp
amplitude, the control loop is modeled as voltage mode with input feedforward.

DESIGN NOTE
When the device is operating in dual output mode, DIFFO must be floating or tied to BP6.
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7.2 Functional Block Diagram
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7.3 Feature Description

7.3.1 Voltage Reference

The 600-mV band gap cell is internally connected to the non-inverting input of the error amplifier. The reference
voltage is trimmed with the error amplifier in a unity gain configuration to remove amplifier offset from the final
regulation voltage. The 0.5% tolerance on the reference voltage allows the user to design a very accurate power

supply.
7.3.2 Output Voltage Setting

The output voltages of the TPS40322 are set by using external feedback resistor dividers as shown in Figure 15.
The regulated output voltage (Vout) is determined by Equation 1.

| COMPxX
|
Ra FBx
Voutx % :
Raias AGND VREF
N

UDG-11111

Figure 15. Setting the Output Voltage

VOUT:O.6Vx(1+ Ra ]
Reias

@

7.3.3 Input Voltage Feedforward

The TPS40322 uses input voltage feedforward to maintain a constant power stage gain as the input voltage
varies and provides very good response to input voltage transient disturbances. The simple constant power
stage gain of the controller greatly simplifies feedback loop design because the loop characteristics remain
constant as the input voltage changes, unlike a typical buck converter without voltage feedforward. For modeling
purposes, the gain from the COMP pin to the average voltage at the input of the L-C filter is typically 8.5 V/V.
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Feature Description (continued)
7.3.4 Current Sensing

The TPS40322 uses a differential current sense design to sense the output current. The sense element can be
the series resistance of the power stage filter inductor or a separate current sense resistor. When using the
inductor series resistance as shown in Figure 16, an R-C filter must be used to remove the large AC component
voltage across the inductor so that only the component of the voltage that remains is across the resistance of the
inductor (see Figure 16).

The values of R1 and C1 for an ideal design can be calculated using Equation 2. The time constant of the R-C
filter must equal the time constant of the inductor itself. If the time constants are equal, the voltage across C1
equals the current in the inductor multiplied by the inductor resistance. The inductor ripple current is reflected in
the voltage across C1. Typically a capacitor with a value of 0.1-uF is recommended for C1.

Refer to the Layout section for proper placement of the sensing elements.

L1

Ji e o
|

— C1

UDG-11112

Figure 16. Inductor DCR Current Sensing

L1
R1xCl= ——
DCR (2
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Feature Description (continued)
7.3.5 Overcurrent Protection

The TPS40322 has dedicated ILIM pins for each channel for use when operating in dual-output mode. When
operating in two-phase mode, both channels share the same overcurrent level set by ILIM1. The overcurrent
level is set with a resistor connected from the ILIMx pin to analog ground. The sensed current signal is amplified
by the CS amplifier with a gain of 15, and then compared with the established overcurrent level to determine if
there is an OC fault. This design is shown in Figure 17.

lout
|
L1 L DCR
VouT1
SWi1
R1 C1 ‘L
— 1
CS1+ CS1-
ILIM1
L
L
RiLiv

UDG-11114

Figure 17. Overcurrent Protection

Equation 3 is the current limit resistance (R, ;y) calculation for desired overcurrent limit.
I
(loc + [RIP;LEJJ x DCR x ACS

hiim

Rum =

* loc is the desired DC over current limit level

* lgrppLe IS the inductor peak-peak ripple current

* DCRis the inductor DC resistance

* Acs is the current sensing amplifier gain (typically 15)

e I is the internal source current out of ILIMx pin (typically 10 pA) 3)

The TPS40322 implements cycle-by-cycle current limit when the inductor peak current has exceeded the set
limit. When the controller counts three consecutive clock cycles of an overcurrent condition, the high-side and
low-side MOSFETSs are turned off and the controller enters a hiccup mode. After six soft-start cycles, normal
switching is attempted. If the overcurrent has cleared, normal operation resumes, otherwise the sequence
repeats.
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Feature Description (continued)
7.3.6 Two-Phase Mode, Remote Sense Amplifier, and Current Sharing Loop

The TPS40322 can be configured to operate in single-output, two-phase mode for high-current applications. With
proper selection of the external MOSFETS, this device can support up to 50-A of load current in a two-phase
configuration. As shown in Figure 18, to configure the TPS40322 for two-phase mode, FB2 is tied to BP6. In this
mode, COMP1 must be connected to COMP2 to ensure current sharing between the two phases. For high-
current applications, the remote sense amplifier is used to compensate for the parasitic offset to provide an
accurate output voltage. The EN2/SS2 and ILIM2 pins are designed for multiple functions. They are used as
VSNS and GSNS for remote sensing in two-phase mode. DIFFO, which is the output of the remote sensing
amplifier, is connected to the resistor divider of the feedback network.

Note that BP6 powers the remote sense amplifier. The DIFFO voltage must be 0.2-V lower than the BP6 voltage
under all conditions. If BP6 is lower than DIFFO voltage, the converter loses regulation. To ensure no regulation
loss, use a remote sense amplifier when the application output voltage is lower than 2.2 V. For an application in
which the output voltage is higher than 2.2 V, the remote sense amplifier can be bypassed and the voltage
output can be connected to the feedback resistor divider directly.

|

|_| Power Stage

RparAsITIC NS

VOUT
BP6 J L
_ o
|: |— T A
D
FB2 RparasiTIC
I::I VWV GSNS
R . ILIM2/VSNS =
& AM——AM ]
s R EN2/SS2/GSNS
_ [
> AN L
& AN
DIFFO l_
[
L —\\N
et VREF FB1 §
_ [] .
_L % A4
COMP1 T
[ |
L | ) [
COMP2

[ ] [ ] |
UDG-11113
AGND PGNDx

Figure 18. Two-Phase Mode Voltage Loop Configuration
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Feature Description (continued)

When the device operates in two-phase mode, a current sharing loop as shown in Figure 19 is designed to
maintain the current balance between phases. Both phases share the same comparator voltage (COMP1). The
sensed current from each phase is compared first in a current share block, then each signal is summed with
COMP. The resulted error voltage is compared with the voltage ramp to generate the PWM pulse for each
channel.

L1

L
VREF RAMP1 PWM1
FB1 % A »
[] _
L1

lo2 DCR L
UDG-11115
L2
Figure 19. Two-Phase Mode Current Share Loop
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Feature Description (continued)
7.3.7 Start-Up and Shutdown

7.3.7.1 Start-Up Sequence

When the ENx/SSx pin is pulled below 0.3 V, the respective channel is disabled. When ENx/SSx is released, the
controller starts automatically and an internal 40-pA current source begins to charge the external soft-start
capacitor. When the voltage across the soft-start capacitor is over 0.7 V, the internal BP regulator is enabled.
The ENx/SSx voltage is clamped to 1.3 V while waiting for signals indicating that BP6, VDD, and the oscillator
clock are good. After all the signals are confirmed, ENx/SSx is discharged to 0.4 V with a 140-pA current source,
and then charged again with the internal 10-pyA current source. The operation is described by the waveform
shown in Figure 20. Vg5 v7 IS @n internal signal level shifted from ENx/SSx and then connected to the non-
inverting terminal of the error amplifier.

VEN1/ss1

Voltage (V)
P

08 / \/ AN

0.4 /

Time

Figure 20. EN/SS Start-Up Waveform

The soft-start time is determined by the internal charge current and the external capacitance. The actual output
ramp-up time is the time for the internal current source to charge the capacitor through a 600-mV range. There is
some initial lag time due to the offset (800 mV typical) from the actual ENx/SSx pin voltage to Vgg 7. The soft-
start sequence takes place in a closed loop fashion, meaning that the error amplifier controls the output voltage
constantly during the soft-start period and the feedback loop is never open (as occurs in duty cycle limit soft-start
designs). The error amplifier has two non-inverting inputs, one connected to the 600-mV reference voltage, and
the other connected to the offset Vgg 7. The error amplifier controls the FB pin to the lower of these two
voltages. As the voltage on the ENx/SSx pin ramps up past approximately 1.4 V (800-mV offset voltage plus the
600-mV reference voltage), the 600-mV reference voltage becomes the dominant input and the converter has
reached its final regulation voltage.

Equation 4 is the calculation for soft-start capacitance.
_lssxlss
S~ 600mV
where
» Cgs is the soft-start capacitance connected to ENx/SSx pin

e tggis the desired soft-start time
* lgg is the internal soft-start current (typically 10 pA) 4
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Feature Description (continued)
7.3.7.2 Prebiased Output Start-Up

The TPS40322 contains a circuit that prevents current from being pulled from the output during the start-up
sequence in a pre-biased output condition. There are no PWM pulses until the internal soft-start voltage rises
above the error amplifier input (FBx pin), if the output is pre-biased. Once the soft-start voltage exceeds the error
amplifier input, the device slowly initiates synchronous rectification by starting the synchronous rectifier with a
narrow on-time. It then increments that on-time on a cycle-by-cycle basis until it coincides with the time dictated
by (1-D), where D is the duty cycle of the converter. This approach prevents the sinking of current from a pre-
biased output, and ensures the output voltage start-up and ramp-to-regulation sequences are smooth and
controlled.

DESIGN NOTE
During the soft-start sequence, when the PWM pulse width is shorter than the minimum
controllable on-time, which is generally caused by the PWM comparator and gate driver
delays, pulse skipping may occur and the output might show larger ripple voltage.

7.3.7.3 Shutdown

During the shutdown sequence, BP6 is controlled by ENx/SSx. If both of ENx/SSx pins are pulled low, BP6 is
turned off regardless of the input voltage remaining higher than the programmed UVLO threshold.

7.3.8 Switching Frequency and Master or Slave Synchronization

The switching frequency is set by the value of the resistor connected from the RT pin to AGND. The RT resistor
value is calculated in Equation 5.

20x10°
Rrr =———
SW
where
e Rgris the the resistor from RT pin to AGND, in Q
» fsw is the desired switching frequency, in Hz (5)

The TPS40322 device can also synchronize to an external clock that is +20% of the master clock frequency
which is two times the free running frequency. Each TPS40322 can be set by the PHSET pin as either master or
slave. The master produces a 50% duty cycle clock to the slave. The slave synchronizes to the external clock
with 50% duty cycle and selects the phase shift angle as shown in Table 1.

Figure 21 shows an example of synchronizing two TPS40322 devices to generate an evenly distributed shift to
reduce input ripple.

Table 1. Phase Shift Angle Selection

PHSET PHASE ANGLE (°)
MODE
CONNECTION RAE\'\;)GE CH1 CH2
AGND <0.5 Master 0 180
Floating 0.6to2 Slave 0 180
High >21 Slave 90 270
20 Submit Documentation Feedback Copyright © 2011-2016, Texas Instruments Incorporated

Product Folder Links: TPS40322


http://www.ti.com/product/tps40322?qgpn=tps40322
http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLUSAF8E&partnum=TPS40322
http://www.ti.com/product/tps40322?qgpn=tps40322

13 TEXAS
INSTRUMENTS
TPS40322

www.ti.com SLUSAF8E —JULY 2011—-REVISED JANUARY 2016

TPS40322
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PWM1
g[] PHSET =~ PWM2
SYNC

TPS40322
Slave

PWM1 0°

PWM2 180°

SYNC
BP6 4—[] PHSET ~ PWM1 PWM1  90°

PWM2 PWM2 270°

UDG-11117

Figure 21. Synchronizing Two TPS40322 Devices

7.3.9 Overvoltage and Undervoltage Fault Protection

The TPS40322 has output overvoltage protection and undervoltage protection capability. The comparators that
regulate the overvoltage and undervoltage conditions use the FBx pin as the output sensing point so the filtering
effect of the compensation network connected from COMPx to FBx has an effect on the speed of detection. As
the output voltage rises or falls below the nominal value, the error amplifier attempts to force FBx to match its
reference voltage. When the error amplifier is no longer able to do this, the FB pin begins to drift and trip the
overvoltage threshold (Voyp) or the undervoltage threshold (Vyyp) as described in the Electrical Characteristics
table.

When an undervoltage fault is detected, the TPS40322 enters hiccup mode and resumes normal operation when
the fault is cleared.

When an overvoltage fault is detected, the TPS40322 turns off the high-side MOSFET and latches on the low-
side MOSFET to discharge the output current to the regulation level (within the Power Good window).

When operating in dual-channel mode, both channels have identical yet independent protection schemes, which
means one channel is not affected when the other channel is in fault mode.

When operating in two-phase mode, only the FB1 pin is detected for overvoltage and undervoltage fault.
Therefore both channels take action together during a fault.
7.3.10 Input Undervoltage Lockout (UVLO)

A dedicated UVLO pin allows the user to program the desired input turn-on threshold voltage. The diagram is
shown in Figure 22. The desired input turn-on threshold can be calculated using Equation 6. The input turn off
hysteresis can be calculated using Equation 7.
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Figure 22. Input UVLO Diagram
R +R
VIN_UVLO =1.24V x [(ON;{—ON?)J
ON2 (6)

7.3.11 Power Good

The TPS40322 provides an indication that output is good for each channel. This is an open-drain signal that pulls
low when any condition exists that would indicate that the output of the supply might be out of regulation. These
conditions include:

e Feedback voltage (Vgg) is more than £12.5% from nominal
» Soft-start is active

7.3.12 Thermal Shutdown

If the junction temperature of the device reaches the thermal shutdown limit of 150°C, the PWMs and the
oscillators are turned off and HDRVs and LDRVs are driven low. When the junction cools to the required level
(130°C typical), the PWM initiates soft start as during a normal power-up cycle.
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7.3.13 Connection of Unused Pins

In some case, it is possible that some pins are not used. For example, if only channel 1 is used, then pins for
channel 2 need to be properly connected as well. The unused pin connections are summarized in Table 2.

Table 2. Unused Pin Connections

PIN NAME CONNECTION
BOOTX Floating
COMPx Floating
CSx— Connect to a voltage between 0 VV and 5.6 V, short to CSx+
CSx+ Short to CSx-
DIFFO Floating
EN1/SS1 Connect to ground
EN2/SS2/GSNS Connect to ground
FBx Connect to ground
HDRVXx Floating
ILIM1 Connect to ground through a 100-kQ resistor
ILIM2/VSNS Connect to ground through a 100-kQ resistor
LDRVx Floating
PGx Connect to ground
PHSET Connect to ground
SWx Connect to ground
SYNCx Floating

7.4 Device Functional Modes

At dual-output configuration, EN1/SS1 and EN2/SS2/GSNS pins are used to enable or disable switching of
channel 1 and channel 2, respectively. Floating the pin turns the channel on, pulling the pin low turns the channel
off. At two-phase configuration, EN1/SS1 pin is used to enable and disable switching of both channels.
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8 Applications and Implementation

NOTE
Information in the following applications sections is not part of the TI component
specification, and Tl does not warrant its accuracy or completeness. TI's customers are
responsible for determining suitability of components for their purposes. Customers should
validate and test their design implementation to confirm system functionality.

8.1 Application Information

The TPS40322 is a dual-output, synchronous buck controller, and it can also be configured as a two-phase
controller.

8.2 Typical Applications

24 Submit Documentation Feedback Copyright © 2011-2016, Texas Instruments Incorporated
Product Folder Links: TPS40322


http://www.ti.com/product/tps40322?qgpn=tps40322
http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLUSAF8E&partnum=TPS40322
http://www.ti.com/product/tps40322?qgpn=tps40322

13 TEXAS
INSTRUMENTS

www.ti.com

TPS40322

SLUSAF8E —JULY 2011 —-REVISED JANUARY 2016

8.2.1 Dual-Output Configuration from 12-V Nominal to 1.2-V and 1.8-V DC-to-DC Converter Using the TPS40322

This section explains the design process and component selection for a dual output synchronous buck converter using TPS40322 controller. The design
goal parameters are listed in Table 3. The design procedure provides calculations for channel 1 only. User can apply similar calculation for channel 2.

Figure 23 shows the dual output converter schematic for this design example.
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Figure 23. Design Example 1, Dual Output Converter Schematic
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8.2.1.1 Design Requirements

The design goal parameters are listed in Table 3.

Table 3. TPS40322 Dual Output Design Example Specification

PARAMETER | TEST CONDITION | MIN  TYP MAX| UNIT

INPUT CHARACTERISTICS
VN Input voltage 8 12 15 \Y
ViN(ripple) Input ripple louts = lout2 =10 A 0.25 \%
OUTPUT 1 CHARACTERISTICS
Vout1 Output voltage louT1(min) = louT1 = louT1(max 12 \4

Line regulation Vinmin) < VIN = Vingmax) 0.5%

Load regulation louT1(min) < louT1 < louT1(max) 0.5%
VRIPPLEL Output ripple louT1 = louTi(max) 24| mv
VoVER1 QOutput overshoot Aloyt1 =5A 40 mV
VUNDER1 Output undershoot AlpyT1 = 5A 40 mV
louT1 Output current Vinmin) < VIN = Vinmax) 0 10 A
Iscp1 Short circuit current trip point 15 A
OUTPUT 2 CHARACTERISTICS
VouTt? Output voltage louT2(min) < louT2 < louT2(max) 1.8 \%

Line regulation Vinmin) < VIN = Vingmax) 0.5%

Load regulation louT2(min) < louT2 < louT2(max) 0.5%
VRIPPLE2 Output ripple lout2 = louT2(max) 36| mv
Vover2 Output overshoot Aloyr2 =5A 40 mV
VUNDER2 Output undershoot Aloyto =5 A 40 mV
lout2 Output current Vinmin) < VIN = Vingmax) 0 10 A
Iscp2 Short circuit current trip point 15 A
GENERAL CHARACTERSTICS
tss Soft-start time ViN=12V 2 ms
n Efficiency Vin=12 V, louti= lout2 =10 A 88%
fsw Switching frequency 500 kHz

8.2.1.2 Detailed Design Procedure

Inductor Selection (L1) through General Device Components show equations and calculations regarding Vouyt1.
VouT2 Values can be calculated using similar equations. See Table 4 for the list of materials.

Table 4. Design Example 1, Dual-Output List of Materials

REFERENCE

DESIGNATOR G

DESCRIPTION

PART NUMBER

MFR

C1 1

Capacitor, Aluminum, 100 pF, 35 V, +20%, 0.328 x
0.328 inch

EEV-FK1V101GP

Panasonic - ECG

C2, C7, C20, C26,

c39 5 Capacitor, Ceramic, 0.1 pF, 50 V, X7R, +10%, 0603 Std Std

C3,C35 2 Capacitor, Ceramic, 0.1 pF, 25 V, X5R, +10%, 0402 Std Std

C4, C36 2 Capacitor, Ceramic, 1.0 pF, 25 V, X7R, +10%, 0603 Std Std

C5, C6, C37, C38 4 Capacitor, Ceramic, 10 pF, 25 V, X5R, £10%, 0805 Std Std

C8, C25 2 Capacitor, Ceramic, 33 nF, 16 V, X7R, +10%, 0603 Std Std

- - o

C9, C19, C22, C34 4 ggggcnor, Ceramic, 470 pF, 25V, COG, NPO, £5%, Std Std

C1o0, C27 2 Capacitor, Ceramic, 1.0 yF, 6.3 V, X5R, +10%, 0402 Std Std

g%é C12,C18, C28, 5 Capacitor, Ceramic, 3.3 pF, 10 V, X5R, +10%, 0603 C1608X5R1A335K TDK Corporation
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Table 4. Design Example 1, Dual-Output List of Materials (continued)

i QTY DESCRIPTION PART NUMBER MFR

C13, C14, C30, C31 4 Capacitor, Ceramic, 10 pF, 6.3 V, X7R, +10%, 0805 Std Std

C15, C16, C32, C33 4 Eg%a"itor' Polymer Aluminum, 220 uF, 4 V, £20%, 5 mQ | eee sEoG221ER Panasonic - ECG
C17, C23 2 gggscitor, Ceramic, 220 pF, 50 V, COG, NPO, £5%, Std std

C21, C24 2 Capacitor, Ceramic, 10 pF, 50 V, C0G, NP0, +5%, 0603 | Std Std

C40 Capacitor, Ceramic, 1.0 nF, 25 V, C0G, NP0, +5%, 0603 | Std Std

L1, L2 5 Lnggctrg:hPower Choke, 1.1 pH, £20%, 3.15 mQ, 7.0 mm 744314110 Wurth Elektronik
01, Q2 2 ggﬁ_’;Eg'oa}’gghronous Buck NexFET Power Block, CSD86330Q3D Texas Instruments
R1 1 Resistor, Chip, 68.1 kQ, 1/10 W, +1%, 0603 Std Std

R2, R21 2 Resistor, Chip, 86.6 kQ, 1/10 W, +1%, 0603 Std Std

R3 1 Resistor, Chip, 12.7 kQ, 1/10 W, £1%, 0603 Std Std

R4, R5, R22 3 Resistor, Chip, 1.00 Q, 1/10 W, +1%, 0603 Std Std

R6 1 Resistor, Chip, 40.2 kQ, 1/10 W, +1%, 0603 Std Std

R7, R24 2 Resistor, Chip, 49.9 Q, 1/10 W, +1%, 0603 Std Std

R8, R17 2 Resistor, Chip, 5.11 Q, 1/8 W, +1%, 0805 Std Std

R9, R16 2 Resistor, Chip, 0 Q, 1/10 W, +1%, 0603 Std Std

R10, R14, R19, R27 4 Resistor, Chip, 20.0 kQ, 1/10 W, +1%, 0603 Std Std

R11, R18 2 Resistor, Chip, 82.5 kQ, 1/10 W, +1%, 0603 Std Std

R12, R23 2 Resistor, Chip, 1.62 kQ, 1/10 W, £1%, 0603 Std Std

R13 1 Resistor, Chip, 3.09 kQ, 1/10 W, +1%, 0603 Std Std

R15 1 Resistor, Chip, 29.4 kQ, 1/10 W, +1%, 0603 Std Std

R20, R30 2 Resistor, Chip, 5.11 Q, 1/10 W, +1%, 0603 Std Std

R25 1 Resistor, Chip, 10.0 kQ, 1/10 W, +1%, 0603 Std Std

R26 1 Resistor, Chip, 3.24 kQ, 1/10 W, +1%, 0603 Std Std

R28, R29 2 Resistor, Chip, 100 kQ, 1/10 W, +1%, 0603 Std Std

ul 1 TPS40322 Dual Synchronous Buck Controller, QFN-32 | TPS40322RHB Texas Instruments

8.2.1.2.1 Selecting a Switching Frequency

To maintain acceptable efficiency and meet minimum on-time requirements, a 500-kHz switching frequency is

selected.

8.2.1.2.2

Inductor Selection (L1)

Synchronous BUCK power inductors are typically sized for approximately 20%—40% peak-to-peak ripple current
(IrippLE)- Given a target ripple current of 30%, the required inductor size, at maximum rated output current, can
be calculated using Equation 8.

_ ViN(max) — Vourt . Vour

1 15V-12V 1.2V 1

L1~ X x =0.736uH
0.3 xloyT1 ViNmax)  fsw 0.3x10A 15V 500kHz ®)
Selecting a standard, readily available inductor, with a rated inductance is 0.88 uH at 10 A, Igippie1 = 2.5 A.
The RMS current through the inductor is approximated by the equation:
2 2 2 2
lL1gms) = \/qm(avg)i + (Mo IRIPPLE1)2 = \/(IOUT1) + (M2 lRippLET) = \/1 0% +(}{,x2.5) =10.026A ©
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8.2.1.2.3 Output Capacitor Selection (C10 through C16)

The selection of the output capacitor is typically driven by the output transient response requirement. Equation 10
and Equation 11 over-estimate the voltage deviation to account for delays in the loop bandwidth and can be used
to determine the required output capacitance:

>
Aoyt | _ Mourt | AloyrixL1 _ (Aloyr ) xL1

Vover1 < =
Court Cour1 Vourt  Vour1*Couri (10)
2
Vunoeri < ouTt ¢ - Aloutt, Alouri <Lt (Aloyrt ) xL1
Cour1 Coutt Vin—Vourt  (Min —Vouri)* Court (11)

When Viymin) > 2 X Vour1, Use the overshoot equation, Voyers, to calculate minimum output capacitance. When
Vingmin) < 2 X Vouyra Use Equation 11, Vynpers, to calculate minimum output capacitance. In this design example,
Vinminy IS much larger than 2 x Vgyri; so Equation 12 is used to determine the required minimum output
capacitance.

2
Al L1 2
(Alours ) xL1 _ 82 <0.88uH _ oo

CouT1(min) =
(min) VOUT X VOVER1 1.2x40mV (12)

With a minimum capacitance, the maximum allowable ESR is determined by the maximum ripple voltage and is
approximated by Equation 13.

I 2.5A
VRIPPLE1 —{R'PPLH j 24mV —( j
ESRya = VRiPPLET ~ VRIPPLE(cap) _ 8xCourt*fsw ) _ 8x458uFx500kHz ) o
IRIPPLE1 lRiPPLE1 25A

(13)

Two 220-uF, 4-V, aluminum electrolytic capacitors were chosen for load response requirements. Additionally two
0805 10-uF, X7R, along with two 0603, 3.3-uF X5R, and one 1-uF, X5R ceramic capacitors are selected for low
ESR and high frequency decoupling.

8.2.1.2.4 Peak Current Rating of Inductor

With the output capacitance known, it is possible to calculate the charge current during start-up and determine
the minimum saturation current rating for the inductor. The start-up charging current is approximated using
Equation 14.

VouT1 % CouTt 1.2Vx(2><220uF+2><10uF+2><3.3uF+1uF) 0.281A
tss 2ms ' (14)

Lipeak) = louTiman) + (% lrippLE1 )+ lcHarce = T0A + (5% 2.5A)+0.281A =11.53A

IcHARGE =

(15)
Table 5. Inductor Requirements Summary
PARAMETER VALUE UNIT
L1 Inductance 0.88 uH
IL1_RMS RMS current (thermal rating) 10.026 A
IL1_PEAK Peak current (saturation rating) 11.53 A

A 744314110 from Wurth Electronics with 1.1-puH zero current inductance is selected. Inductance for this part is
0.88-uH at 10-A bias. This 15-A, 3.15-mQ inductor exceeds the minimum inductor ratings in a 7-mm x 7-mm
package.

8.2.1.2.5 Input Capacitor Selection (C3 through C6)

The input voltage ripple is divided between the capacitance and ESR of the input capacitor. For this design
VRrippLEcap) = 200 MV and Vgppigesy = 50 mV. The minimum capacitance and maximum ESR are estimated
using Equation 16.
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| T1><V T1 10A><12V
Cintmin = = VX8V X 500kFz oM
RIPPLE(cap) X VIN(min) * fsw mV x8V x5 z (16)
V
ESRyax = RIPPLE(esr) _ 50mV _4.44mO
loutt + (2% RippLer) 11-25A (17)
The RMS current in the input capacitors is estimated using Equation 18.
lrus cint) = louT % [Dx(1-D)=10Ax/0.15x(1-0.15) = 3.57A 8
V,
D = _YOUT1
ViN(min) (19)

To achieve these goals, two 0805, 10-uF capacitors, one 0605, 1.0-uF capacitor and one 0402, 0.1-uF X5R
ceramic capacitor are combined at the input.

8.2.1.2.6 MOSFET Selection (Q1)

Texas Instruments CSD86330, 20-A power block device was chosen. This device incorporates the high-side and
low-side MOSFETSs in a single 3 mm x 3 mm package. The high-side MOSFET has an on-resistance (Rpsn)) of
8.8 mQ, while the low-side on-resistance (Rpsn) is 4.6 mQ, both at 4.5 V gate voltage. A 5.11-Q gate resistor is
used on the HDRYV pin on each device for added noise immunity.

8.2.1.2.7 ILIM Resistor (R2)

The output current is sensed across the DCR of the L1 output inductor. An RC combination having a time
constant equal to that of the L1 inductance and the DCR is used to extract the current information as a voltage. A
standard capacitor value of 0.1-uF is used. The resistor, R13, can be calculated using Equation 20.

L1 088uH oo
CXRDCR O1HFX315mQ (20)

R13 =

A standard 3.09-kQ) resistor was selected.

This design limits the maximum voltage drop across the current sense inputs, Vcgmax, 1o 50 mV. If the voltage
drop across the DCR of the inductor is greater than Vcsmay), after allowing for 20% overshoot spikes and a 20%
variation in the DCR value, then a resistor is added to divide the voltage down to 50 mV. The divider resistor,
R15, is calculated by Equation 21.

R1 3 X VCS(maX)

R15 =
(VDCR - VCS(max))

where
e Vpcr = (DCR x 1.2) x (IL(peak) x 1.2) (22)

The maximum DCR voltage drop is given by Equation 22.

Voc = Kbuﬂ + 'R"’%j x1 .2} x (DCRx1.2)= KmA -

2'5ij1.2 x(3.15mQx1.2) = 51.05mV
2 (22)

The current limit resistor is calculated using the minimum ILIM programming current, Iy ymin), the maximum
current sense amplifier gain, Acs, and assuming a current sense amplifier minimum input offset voltage, Vogmin)
equal to -3 mV.

(VOC_VOS(min))XACS (51.05mV - (-3mV)) x15V/V 85.3kQ = 86.6kQ
= 9.5A R (23)

Rium =
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8.2.1.2.8 Feedback Divider (R10, R14)

The TPS40322 controller uses a full operational amplifier with an internally fixed 0.600-V reference. Tha value for
R10 is selected between 10-kQ and 50-kQ for a balance of feedback current and noise immunity. With the R10
resistor set to 20-kQ, the output voltage is programmed with a resistor divider given by Equation 24.

Ria_ Ve xR10 _ 0.600Vx20.0k2 0.

8.2.1.2.9 Compensation: (R11, R12, C17, C19, C21)

Using the TPS40k Loop Stability Tool for an 85-kHz bandwidth and 50° of phase margin with an R10 value of
20.0 kQ, and measuring the theoretical results in the laboratory and modifying accordingly for system
optimization yields the following values:

. C21=10pF
« C17 =220 pF
.« C19 =470 pF
. R12=4.42kQ
- R11=825kQ

8.2.1.2.10 Boot-Strap Capacitor (C7)
To ensure proper charging of the high-side FET gate, limit the ripple voltage on the boost capacitor to < 100 mV.

Cooosr = —261 _ _TNC__760F < 100nF
VBOOT(rippIe) 100mV (25)

8.2.1.2.11 General Device Components

8.2.1.2.11.1 Synchronization (SYNC Pin)
The SYNC pin must be left open for independent dual outputs.

8.2.1.2.11.2 RT Resistor (R6)
The desired switching frequency is programmed by the current through Rgr to GND. the value of Rgr is
calculated using Equation 26.

9 9
Rer =20 - 20" _ 40k~ 40.2k0
8.2.1.2.11.3 Differential Amplifier Out (DIFFO Pin)
In dual output configuration the DIFFO pin is not used and must remain open (unconnected).

8.2.1.2.11.4 EN/SS Timing Capacitors (C8)

The soft-start capacitor provides smooth ramp of the error amplifier reference voltage for controlled start-up. The
soft-start capacitor is selected using Equation 27.
t I
CSS _Iss Xlgsg _ 2mS><10|,lA ~33nF
VEg 0.6V @7)

8.2.1.2.11.5 Power Good (PG1, PG2 Pins)

PG1 and PG2 can each be pulled up to BP6 through a 100-kQ resistor, or remain not-connected. For sequencing
the start-up of output 1 before output 2, connect PG1 to EN2/SS2; for sequencing the start-up of output 2 before
output 1, connect PG2 to EN1/SS1.

8.2.1.2.11.6 Phase Set (PHSET Pin)
The PHSET pin can be connected to ground or connected to the BP6 pin.
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8.2.1.2.11.7 UVLO Programming Resistors (R1 and R3)

The UVLO hysteresis level is programmed by R1 with Equation 28 and Equation 29.

R =

Ruviogset) > Ruvio(hys) ©
UVLO(o

VuvLo(en) ~ Vuvio(ef) 8V -7V

VUVLO(max)

8.2.1.2.11.8 VDD Bypass Capacitor (C2)

n_min) — VUVLO(max) )

=68.1kQ

=66.7kQ ~ 68.1kQ

(8.0V-1.25V)

1.25V

=12.6kQ ~ 12.7kQ

(28)

(29)

As shown in the Pin Configuration and Functions section, use a 0.1-uF, 50-V, X7R capacitor for VDD bypass.

8.2.1.2.11.9 VBP6 Bypass Capacitor (C18)

Select a 3.3-puF (or greater) low ESR capacitor for BP6. For this design use a 3.3-yuF, X5R ceramic capacitor.

8.2.1.3 Application Curves
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Figure 28 shows the switching waveform, V\y = 12 V, loyt1 = loute = 10 A, Ch.1 = HDRV1, Ch.2 = LDRV1, Ch.3
= VOUTL1 ripple. The high-frequency noise is caused by parasitic inductive and capacitive elements interacting
with the high energy, rapidly switching power elements resulting in ringing at the transition points. Capacitive
filtering at the load input will successfully attenuate these noise spikes.

THT 500 v & WG 20.0mvik WM 500ns Chi1 # 1.7V
10,0V &

Figure 28. Design Example 1 Switching Waveform
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8.2.2 Two-Phase, Single Output Configuration from 12-V nominal to 1.2-V DC-to-DC Converter Using the TPS40322

Figure 29 shows the schematic, waveforms, and components for a two-phase, single output synchronous buck converter using the TPS40322 controller.

The design goal parameters are given in Table 7.

Table 6 summaries the channel 2 related pin connection in two-phase mode.

DIFFO
CH1B1

J1
4.5Vdc to 15vdc

CH1A1>-4

R14 l ’ COMP1
Riei 332k3 ci1g thcND

PGND2 L —
comp2 torvzi8 BERS -

1 VIN
2 Tea Jet Jce2 Jes Jcess
3 1uF | 220F | 22uF | 22uF | 100uF
GND
- T 4
RemSNS+
R26 N RS RemSNS—
R
R27 L1
] I] 0.47uH VOUT ;
R28 Rm% ‘ Jcts Jcte Jer Jciz Jcis Tcrs 2
) ! 1 TvF T22eur T220uF T 2200F NP T 220F
H
Q2 c8 | =
RUK@328 Tl}jani

| cto
BP6| | 4.7uF

19 c2e

TPS40322RHB

c
[wF [ 220F [22F ] 220F [ te@ur

Figure 29. Design Example 2, Two-Phase Converter Schematic

Table 6. Channel 2 Pin Connections in Two-Phase Mode

FB2 29
0
i
03 |<Y
RUKO328
|
I L .
C22 REe H Tc2s Jc2s Jcoa Jczs Jce
0-1uF Hy Tlur T 220uF 7| 220uF 7| 220uF "] DNP
R31 |<¥ 0+
RJKO385
[vin]
30 | c31 c32 c33 c39

J4
1.2v e 30A

PIN NAME CONNECTION
COMP2 Connect to COMP1
EN2/SS2/GSNS Use as GSNS pin, connect to the output ground
FB2 Connect to BP6
ILIM2/VSNS Use as VSNS pin, connect to output
PG2 Floating or connect to ground
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8.2.2.1 Design Requirements

The design goal parameters are listed in Table 7.

Table 7. TPS40322 Design Example 2 Specification

PARAMETER TEST CONDITION MIN  TYP MAX| UNIT

VN Input voltage 4.5 15 \Y
Vout Output voltage louT(min) < louT < louT(max) 1.2 \%

Line regulation Vingminy < VIN S Vinmax) 0.5%

Load regulation louT(min) < louT = louT(max) 0.5%
VRiPPLE Output ripple lout1 = louTi(max) 12 mv
VovER QOutput overshoot Aloyt1 =5A 40 mV
VUNDER Output undershoot AlpyT1 = 5A 40 mV
lout Output current Vingminy < VIN S Vinmax) 0 30 A
tss Soft-start time Vin=12V 2 ms
n Efficiency Vin=12 V, loyTt1 = lout2 =10 A 88%
fsw Switching frequency 500 kHz

8.2.2.2 Detailed Design Procedure

Inductor Selection (L1) through General Device Components show equations and calculations regarding Vout1.
VouT2 Values can be calculated using similar equations. See Table 8 for the list of materials.

Table 8. TPS40322 Design Example 2, Two-Phase, Single Output Bill of Materials

REFERENCE

DESIGNATOR QTY DESCRIPTION PART NUMBER MFR
C1, C2, C3, C31, . )
C32, C33 6 Capacitor, Ceramic, 22 pF, 25V, X5R, £20%, 1210 Std Std
C4, C18, C28, C30 4 Capacitor, Ceramic, 1 pF, 50 V, X7R, +10%, 0603 Std Std
C5, C6, C7, C22, C29 5 Capacitor, Ceramic, 0.1 pF, 50 V, X7R, +10%, 0603 Std Std
C8, C21 2 Capacitor, Ceramic, 6.8 nF, 50 V, X7R, +10%, 0805 Std Std
C9 1 Capacitor, Ceramic, 2.2 nF, 16 V, X7R, +10%, 0603 Std Std
C10, C11, C12, C13, Capacitor, Polymer Aluminum, 220 uF, 4 V, +20%, .
C23. C24. C25. C26 8 5mQ ESR EEFSEO0G221R Panasonic - ECG
Ci14, C27 2 Capacitor, Ceramic, 22 pF, 6.3 V, X5R, +10%, 0805 | Std Std
C15 1 Capacitor, Ceramic, 8.2 nF, 16 V, X7R, +10%, 0603 | Std Std
C16 1 Capacitor, Ceramic, 330 pF, 16 V, X7R, +10%, 0603 | Std Std
C17 1 Capacitor, Ceramic, 22 nF, 50 V, X7R, +10%, 0603 Std Std
C19, C20 2 Capacitor, Ceramic, 4.7 pF, 16 V, X7R, +10%, 0805 | Std Std
C38, C39 2 Capacitor, Aluminum, 100 pF, 25 V, +20%, F8 ECE-V1EA101XP Panasonic - ECG

o "

L1, L2 2 | pductor, SMT, 047 yH, £20%, 1.2 mQ, 0.512" x IHLP5050FDERR47MOL | Vishay/Dale
Q1, Q4 2 MOSFET, N-channel, 30 V, 30 A, 8 mQ, 5-LFPAK RJK0305 Renesas Electronics
Q2, Q3 2 MOSFET, N-channel, 30 V, 60 A, 2.1 mQ, 5-LFPAK RJK0328 Renesas Electronics
R1 1 Resistor, Chip, 42 kQ, 1/10 W, +1%, 0603 Std Std
R2 1 Resistor, Chip, 100 kQ, 1/10 W, +1%, 0603 Std Std
R3, R19 2 Resistor, Chip, 4.7 kQ, 1/10 W, +1%, 0603 Std Std
R4 1 Resistor, Chip, 38.5 kQ, 1/10 W, +1%, 0603 Std Std
R5 1 Resistor, Chip, 49.9 Q, 1/10 W, +1%, 0603 Std Std
R6, R8, R16 3 Resistor, Chip, 10 kQ, 1/10 W, +1%, 0603 Std Std
S;&)RZZ R28, R29, 5 Resistor, Chip, 0 Q, 1/10 W, +1%, 0603 Std Std
R9 1 Resistor, Chip, 511 Q, 1/10 W, +1% Std Std
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Table 8. TPS40322 Design Example 2, Two-Phase, Single Output Bill of Materials (continued)

gg;gﬁi’i%i QTY DESCRIPTION PART NUMBER MFR
R10, R17 1 Resistor, Chip, 1.00 Q, 1/8 W, +1%, 0805 Std Std
R11, R18 2 Resistor, Chip, 5.11 Q, 1/10 W, +1% 0603 603 Std
R12, R13 2 Resistor, Chip, 51 Q, 1/10 W, +1%, 0603 Std Std
R14 1 Resistor, Chip, 3.32 kQ, 1/10 W, +1%, 0603 Std Std
R15 1 Resistor, Chip, 40 kQ, 1/10 W, +1%, 0603 Std Std
R26, R31 2 Resistor, Chip, 2 Q, 1/10 W, +1%, 0603 Std Std
252 Egé R22, R23, 0 not used Std Std
ul 1 Dual synchronous buck controller, QFN-32 TPS40322RHB Texas Instruments

8.2.2.3 Application Curves
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Figure 30. Steady-State Switching and Current Sharing Figure 31. Line Regulation
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Figure 32. Load Regulation
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9 Power Supply Recommendations

This device is designed to operate from an input voltage supply between 3 V and 20 V. There is also input
voltage and switch node limitation from MOSFET. The proper bypassing of input supplies is critical for noise
performance. See the particular MOSFET data sheet that pertains to the end application for more information.

10 Layout

10.1 Layout Guidelines

10.1.1 Power Stage

A synchronous BUCK power stage has two primary current loops. The input current loop carries high AC
discontinuous current while the output current loop carries high DC continuous current. The input current loop
includes the input capacitors, the main switching MOSFET, the inductor, the output capacitors and the ground
path back to the input capacitors. To maintain the loop as small as possible, it is generally good practice to place
some ceramic capacitance directly between the drain of the main switching MOSFET and the source of the
synchronous rectifier (SR) through a power ground plane directly under the MOSFETs. The output current loop
includes the SR MOSFET, the inductor, the output capacitors, and the ground return between the output
capacitors and the source of the SR MOSFET. As with the input current loop, the ground return between the
output capacitor ground and the source of the SR MOSFET must be routed under the inductor and SR MOSFET
to minimize the power loop area. The SW node area must be as small as possible to reduce the parasitic
capacitance and minimize the radiated emissions. The gate drive loop impedance (HDRV-gate-source-SW and
LDRV-gate-source- GND) must be kept to as low as possible. The HDRV and LDRV connections must widen to
20 mils as soon as possible out from the device pin.

10.1.2 Device Peripheral

The TPS40322 provides separate signal ground (AGND) and power ground (PGND1 and PGNDZ2) pins. It is
required to properly separate the circuit grounds. The return path for the pins associated with the power stage
must be through PGND. The other pins (especially for those sensitive pins such as FB1, FB2, RT, ILIM1, and
ILIM2) must be through the low noise AGND. The AGND and PGND planes are suggested to be connected at
the output capacitor with single 20-mil trace. A minimum 0.1-pF ceramic capacitor must be placed as close to the
VDD pin and AGND as possible with at least 15-mil wide trace from the bypass capacitor to the AGND. A
minimum value of 3.3-pF ceramic capacitor must be connected from BP6 to PGND, placed as close to the BP6
pin as possible. When DCR sensing method is applied, the sensing resistor must be placed close to the SW
node and connected to the inductor with a kelvin connection. The sensing traces from the power stage to the
chip must be away from the switching components. The sensing capacitor must be placed very close to the CS+
and CS- pins for each output. The frequency setting resistor must be placed as close to RT pin and AGND as
possible. In two-phase mode, the ILIM2/VSNS and EN2/SS2/GSNS pins must be directly connected to the point
of load where the voltage regulation is required. A parallel pair of 10-mil traces connects the regulated voltage
back to the chip. They must be away from the switching components.

10.1.3 Thermal Pad Layout

The Thermal pad package provides low thermal impedance for heat removal from the device. The Thermal pad
derives its name and low thermal impedance from the large bonding pad on the bottom of the device. The circuit
board must have an area of solder-tinned-copper underneath the package. The dimensions of this area depend
on the size of the Thermal pad package.

Thermal vias connect this area to internal or external copper planes and must have a drill diameter sufficiently
small so that the via hole is effectively plugged when the barrel of the via is plated with copper. This plug is
needed to prevent wicking the solder away from the interface between the package body and the solder-tinned
area under the device during solder reflow. Drill diameters of 0.33 mm (13 mils) works well when 1-0z. copper is
plated at the surface of the board while simultaneously plating the barrel of the via. If the thermal vias are not
plugged when the copper plating is performed, then a solder mask material must be used to cap the vias with a
diameter equal to the via diameter plus 0.1 mm minimum. This capping prevents the solder from being wicked
through the thermal vias and potentially creating a solder void under the package.
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10.2 Layout Example

(Route as
differential pair)
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and compensation I ground of the corresponding
AGND O Q PGND2 PGND2
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FB2 SW2 SwW2
2 R EEE ()1 AGND
= S8 &] o] |a LDRV2
[=3] T
O PGND
/
EN2/SS2/GSNS
ILIM2/VSN E el
Ol O
L 1
(Route as
differential pair)
Figure 33. Layout Example
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10.3 Mounting and Thermal Profile Recommendation

Proper mounting technique adequately covers the exposed thermal tab with solder. Excessive heat during the
reflow process can affect electrical performance. Figure 34 shows the recommended reflow oven thermal profile.
Proper post-assembly cleaning is also critical to device performance. See SLUA271 for more information.

Temperature (T)

T ) e

T

TS(max)

Ts(min)

'RAMP(up) I'RAMP(down)

[
Lt}

tosp

Time (s)

Figure 34. Recommended Reflow Oven Thermal Profile

Table 9. Recommended Thermal Profile Parameters

PARAMETER MIN  TYP MAX| UNIT
RAMP UP AND RAMP DOWN
TRAMP(up) Average ramp-up rate, Tgmax) t0 Tp 3| °Cls
IRAMP(down)  Average ramp-down rate, Tp t0 Ts(may) 6| °Cls
PRE-HEAT
Ts Pre-Heat temperature 150 200 °C
ts Pre-heat time, Ts(min) 10 Tsmax) 60 180 s
REFLOW
T Liquidus temperature 217 °C
Tp Peak temperature 260 °C
t Time maintained above liquidus temperature, T, 60 150 S
tp Time maintained within 5°C of peak temperature, Tp 20 40 S
tosp Total time from 25°C to peak temperature, Tp 480 S
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11 Device and Documentation Support

11.1 Device Support

11.1.1 Third-Party Products Disclaimer

TI'S PUBLICATION OF INFORMATION REGARDING THIRD-PARTY PRODUCTS OR SERVICES DOES NOT
CONSTITUTE AN ENDORSEMENT REGARDING THE SUITABILITY OF SUCH PRODUCTS OR SERVICES
OR A WARRANTY, REPRESENTATION OR ENDORSEMENT OF SUCH PRODUCTS OR SERVICES, EITHER
ALONE OR IN COMBINATION WITH ANY TI PRODUCT OR SERVICE.

11.1.2 Development Support

For delopement support, see the following:
TPS40k Loop Stability Tool

11.2 Documentation Support

11.2.1 Related Documentation

For related documentation, see the following:
QFN/SON PCB Attachment Application Report, SLUA271

11.3 Community Resources

The following links connect to TI community resources. Linked contents are provided "AS IS" by the respective
contributors. They do not constitute Tl specifications and do not necessarily reflect Tl's views; see Tl's Terms of
Use.

TI E2E™ Online Community TI's Engineer-to-Engineer (E2E) Community. Created to foster collaboration
among engineers. At e2e.ti.com, you can ask questions, share knowledge, explore ideas and help
solve problems with fellow engineers.

Design Support TI's Design Support Quickly find helpful E2E forums along with design support tools and
contact information for technical support.

11.4 Trademarks

E2E is a trademark of Texas Instruments.
All other trademarks are the property of their respective owners.

11.5 Electrostatic Discharge Caution

A 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.

11.6 Glossary

SLYZ022 — TI Glossary.
This glossary lists and explains terms, acronyms, and definitions.

12 Mechanical, Packaging, and Orderable Information

The following pages include mechanical, packaging, and orderable information. This information is the most
current data available for the designated devices. This data is subject to change without notice and revision of
this document. For browser-based versions of this data sheet, refer to the left-hand navigation.
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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 ©)
@ ©)
TPS40322RHBR Active Production VQFN (RHB) | 32 3000 | LARGE T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 TPS
40322
TPS40322RHBR.A Active Production VQFN (RHB) | 32 3000 | LARGE T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 TPS
40322
TPS40322RHBRG4 Active Production VQFN (RHB) | 32 3000 | LARGE T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 TPS
40322
TPS40322RHBRG4.A Active Production VQFN (RHB) | 32 3000 | LARGE T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 TPS
40322
TPS40322RHBT Active Production VQFN (RHB) | 32 250 | SMALL T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 TPS
40322
TPS40322RHBT.A Active Production VQFN (RHB) | 32 250 | SMALL T&R Yes NIPDAU Level-2-260C-1 YEAR -40 to 125 TPS
40322

@ 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 Tl RoHS Statement for additional information and value definition.

@ Lead 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.
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Important Information and Disclaimer:The information provided on this page represents TI'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
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)
TPS40322RHBR VQFN RHB 32 3000 330.0 12.4 5.3 5.3 11 8.0 12.0 Q2
TPS40322RHBRG4 VQFN RHB 32 3000 330.0 12.4 5.3 5.3 11 8.0 12.0 Q2
TPS40322RHBT VQFN RHB 32 250 180.0 12.4 5.3 5.3 11 8.0 12.0 Q2
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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)
TPS40322RHBR VQFN RHB 32 3000 346.0 346.0 33.0
TPS40322RHBRG4 VQFN RHB 32 3000 346.0 346.0 33.0
TPS40322RHBT VQFN RHB 32 250 210.0 185.0 35.0
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GENERIC PACKAGE VIEW
RHB 32 VQFN - 1 mm max height

5x 5, 0.5 mm pitch PLASTIC QUAD FLATPACK - NO LEAD

Images above are just a representation of the package family, actual package may vary.
Refer to the product data sheet for package details.
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PACKAGE OUTLINE
RHB0032D VQFN - 1 mm max height
PLASTIC QUAD FLATPACK-NO LEAD
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NOTES:

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

2. This drawing is subject to change without notice.

3. The package thermal pad must be soldered to the printed circuit board for optimal thermal and mechanical performance.
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EXAMPLE BOARD LAYOUT
RHB0032D VQFN - 1 mm max height
PLASTIC QUAD FLATPACK-NO LEAD
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NOTES: (continued)

4. This package is designed to be soldered to a thermal pad on the board. For more information, see Texas Instruments literature
number SLUA271 (www.ti.com/lit/slua271).

5. Vias are optional depending on application, refer to device data sheet. If any vias are implemented, refer to their locations shown
on this view. It is recommended that vias under paste be filled, plugged or tented.
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NOTES: (continued)

6. Laser cutting apertures with trapezoidal walls and rounded corners may offer better paste release. IPC-7525 may have alternate
design recommendations.
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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
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