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4.5-V to 18-V Input, High Current, Synchronous Step Down Three DC-DC Converter with
Integrated FET and 2 Power Switches

Check for Samples: TPS65288

FEATURES

* Wide Input Supply Voltage Range:
45V -18V
* 0.8-V, 1% Accuracy Reference
* Continuous Loading:
3 A (Buckl), 2 A (Buck2 and 3)
 Maximum Current:
3.5A (Buck 1), 2.5 A (Buck2 and 3)
* 300-kHz — 2.2-MHz Switching Frequency Set
By External Resistor
» External Enable Pins With Built-In Current
Source for Easy Sequencing
» External Soft Start Pins

Pulse Skipping Mode to Achieve High Light
Load Efficiency, Allowing for an Output Ripple
Better than 2%

Forced PWM Mode
Support Pre-Biased Outputs
Power Good Supervisor and Reset Generator

2 USB Power Switches current limiting at
typical 1.2A (0.8/1.0/1.4/1.6/1.8/2.0/2.2A
Available with Manufacture Trim Options)

Small, Thermally Efficient 40-Pin 6-mm X 6-mm
RHA (QFN) package

-40°C to 125°C Junction Temperature Range

» Adjustable Cycle-by-Cycle Current Limit Set
by External Resistor

* Current-Mode Control With Simple
Compensation Circuit

DESCRIPTION/ORDERING INFORMATION

TPS65288 is a power management IC with three step-down buck converters. Both high-side and low-side
MOSFETSs are integrated to provide fully synchronous conversion with higher efficiency. The converters are
designed to simplify its application while giving the designer the option to optimize their usage according to the
target application.

The converters can operate in 5-, 9-, 12- or 15-V systems. The output voltage can be set externally using a
resistor divider to any value between 0.8 V and the input supply minus the resistive drops on the converter path.
Each converter features enable pin that allows a delayed start-up for sequencing purposes, soft start pin that
allows adjustable soft-start time by choosing the soft-start capacitor, and a current limit (RLIM) pin that enables
designer to adjust current limit by selecting an external resistor and optimize the choice of inductor. All converters
operate in ‘*hiccup mode’: Once an over-current lasting more than 10 ms is sensed in any of the converters, they
will shut down for 10 ms and then the start-up sequencing will be tried again. If the overload has been removed,
the converter will ramp up and operate normally. If this is not the case the converter will see another over-current
event and shuts down again repeating the cycle (hiccup) until the failure is cleared. If an overload condition lasts
for less than 10 ms, only the relevant converter affected will shut-down and re-start and no global hiccup mode
will occur.

The switching frequency of the converters is set by an external resistor connected to ROSC pin. The switching
regulators are designed to operate from 300 kHz to 2.2 MHz. The converters operate with 180° phase between
then to minimize the input filter requirements. All converters have peak current mode control which simplifies
external frequency compensation.

The device has a built-in slope compensation ramp. The slope compensation can prevent sub harmonic
oscillations in peak current mode control. A traditional type Il compensation network can stabilize the system and
achieve fast transient response. Moreover, an optional capacitor in parallel with the upper resistor of the
feedback divider provides one more zero and makes the crossover frequency over 100 kHz.

All converters feature an automatic low power pulse skipping mode (PSM) which improves efficiency during light
loads and standby operation, while guaranteeing a very low output ripple, allowing for a value of less than 2% at
low output voltages.

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.

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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The device incorporates an overvoltage transient protection circuit to minimize voltage overshoot. The OVP
feature minimizes the output overshoot by implementing a circuit to compare the FB pin voltage to OVP threshold
which is 106% of the internal voltage reference. If the FB pin voltage is greater than the OVTP threshold, the
high side MOSFET is disabled preventing current from flowing to the output and minimizing output overshoot.
When the FB voltage drops lower than the OVP lower threshold which is 104%, the high side MOSFET is
allowed to turn on the next clock cycle.

TPS65288 features a supervisor circuit which monitors each buck’s output and the PGOOD pin is asserted once
sequencing is done. The PGOOD pin is an open drain output. The PGOOD pin is pulled low when any buck
converter is pulled below 85% of the nominal output voltage. The PGOOD is pulled up when all converter outputs
are more than 90% of its nominal output voltage. The default reset time is 100 ms. The polarity of the PGOOD is
active high.

The 2 USB switches provide up to 1.2A of current as required by downstream USB devices. When the output
load exceeds the current-limit threshold or a short is present, the PMU limits the output current to a safe level by
switching into a constant-current mode and pulling the over current logic output low. When continuous heavy
overloads or short circuits increase the power dissipation in the switch, causing the junction temperature to rise,
a thermal warning protection circuit shuts off the USB switch and allows the buck converters to carry on
operating.

The device implements an internal thermal shutdown to protect itself if the junction temperature exceeds 160°C.
The thermal shutdown forces the device to stop operating when the junction temperature exceeds thermal trip
threshold. Once the die temperature decreases below 140°C, the device reinitiates the power up sequence. The
thermal shutdown hysteresis is 20°C.

ORDERING INFORMATION®
Ta PACKAGE®@ PART NUMBER TOP-SIDE MARKING
-40°C to 125°C 40-Pin (QFN) - RHA Reel of 2500 TPS65288RHAR TPS65288

(1) For the most current packaging and ordering information, see the Package Option Addendum at the end of this document, or see the Tl
web site at www.ti.com.
(2) Package drawings, thermal data, and symbolization are available at www.ti.com/packaging.
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This integrated circuit can be damaged by ESD. Texas Instruments recommends that all integrated circuits be handled with

A
Al

appropriate precautions. Failure to observe proper handling and installation procedures can cause damage.

ESD damage can range from subtle performance degradation to complete device failure. Precision integrated circuits may be more

susceptible to damage because very small parametric changes could cause the device not to meet its published specifications.
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TYPICAL APPLICATION
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TERMINAL FUNCTIONS

NAME NO. 110 DESCRIPTION
Current limit setting for Buck3. Fit a resistor from this pin to ground to set
RLIM3 1 | 2 .
the peak current limit on the output inductor.
Soft start pin for Buck3. Fit a small ceramic capacitor to this pin to set the
SS3 2 | ;
converter soft start time.
COMP3 3 o Compensation for Buck3. Fit a series RC circuit to this pin to complete
the compensation circuit of this converter.
Feedback pin for Buck3. Connect a divider set to 0.8 V from the output of
FB3 4 |
the converter to ground.
USB2_EN 5 | Enable input, high turns on the switch
ROSC 6 | Oscillator set. This resistor sets the frequency of internal autonomous
clock.
Feedback pin for Buckl. Connect a divider set to 0.8 V from the output of
FB1 7 |
the converter to ground.
COMP1 8 o Compensation pin for Buckl. Fit a series RC circuit to this pin to complete
the compensation circuit of this converter.
Soft-start pin for Buckl. Fit a small ceramic capacitor to this pin to set the
SS1 9 | ;
converter soft-start time.
Current limit setting pin for Buckl. Fit a resistor from this pin to ground to
RLIM1 10 | L .
set the peak current limit on the output inductor.
Enable pin for Buckl. A high signal on this pin enables the regulator
EN1 11 | Buck. For a delayed start-up add a small ceramic capacitor from this pin
to ground.
Bootstrap capacitor for Buckl. Fit a 47-nF ceramic capacitor from this pin
BST1 12 L
to the switching node.
VIN1 13 | Input supply for Buckl. Fit a 10-pF ceramic capacitor close to this pin.
LX1 14, 15 (0] Switching node for Buckl
LX2 16, 17 (0] Switching node for Buck2
VIN2 18 | Input supply for Buck2. Fit a 10-pF ceramic capacitor close to this pin.
Bootstrap capacitor for Buck?2. Fit a 47-nF ceramic capacitor from this pin
BST2 19 Y
to the switching node.
Enable pin for Buck2. A high signal on this pin enables the regulator. For
EN2 20 | ) . L
a delayed start-up add a small ceramic capacitor from this pin to ground.
Current limit setting pin for Buck2. Fit a resistor from this pin to ground to
RLIM2 21 | L .
set the peak current limit on the output inductor.
Soft-start pin for Buck2. Fit a small ceramic capacitor to this pin to set the
SS2 22 | ;
converter soft-start time.
Compensation pin for Buck2. Fit a series RC circuit to this pin to complete
ComP2 23 o the compensation circuit of this converter.
Feedback input for Buck2. Connect a divider set to 0.8 V from the output
FB2 24 |
of the converter to ground.
E PWM o5 | Forces PWM operation in all converters when set high. If low converters
- will operate in automatic PFM/PWM mode.
USB2 nEAULT 26 o USB?2 fault flag output, open dralrj,_ active low. Asgerted Wh_en over
- current or over temperature condition is detected in the switch.
Power good. Open drain output asserted low after all converters and
PGOOD 27 O sequenced and within regulation. Polarity is factory selectable (active high
default).
V7V 28 o Internal supply. Connect a 4.7-pF to 10-yF ceramic capacitor from this pin
to ground.
Internal supply. Connect a 3.3-pF to 10-pF ceramic capacitor from this pin
V3V 29
to ground.
uUsB2_VvO 30 USB switch output
USB2_VIN 31 | USB switch input supply
USB1_VIN 32 | USB switch Input supply
USB1_VO 33 (0] USB switch output
6 Submit Documentation Feedback Copyright © 2013, Texas Instruments Incorporated
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TERMINAL FUNCTIONS (continued)

NAME NO. 1/0 DESCRIPTION

USB1_EN 34 | Enable input, high turns on the switch
USBL1 fault flag output, open drain, active low. Asserted when overcurrent

USBL_nFAULT 35 0 or overtemperature condition is detected in the switch.

LX3 36, 37 O Switching node for Buck3

VIN3 38 | Input supply for Buck3. Fit a 10-puF ceramic capacitor close to this pin.
Bootstrap capacitor for Buck3. Fit a 47-nF ceramic capacitor from this pin

BST3 39 N
to the switching node.

EN3 40 | Enable pin for Buck3. A high signal on this pin enables the converter. For
a delayed start-up add a small ceramic capacitor from this pin to ground.

PowerPAD PowerPAD. Connect to system ground for electrical and thermal
connection.

ABSOLUTE MAXIMUM RATINGS ®
over operating free-air temperature range (unless otherwise noted, all voltages are with respect to GND)

Voltage range at VIN1,VIN2, VIN3, LX1, LX2, LX3 —-0.3to0 20 \%
Voltage range at LX1, LX2, LX3 (maximum withstand voltage transient < 10 ns) -31t0 20 \%
Voltage at BST1, BST2, BST3 referenced to LX pin -0.3t07 \%
Voltage at V7V, COMP1, COMP2, COMP3, USB1_VIN, USB1_VO, USB2_VIN, USB2_VO, 03107 v
USB1_EN, USB2_EN, USB1_nFAULT, USB2_nFAULT, PGOOD
Voltage at V3V, RLIM1, RLIM2, RLIM3, SS1, SS2, SS3, FB1, FB2, FB3 , ROSC, EN1, 031036 v
EN2, EN3, F_PWM
T; Operating junction temperature range —40 to 125 °C
Tste Storage temperature range —55 to 150 °C

(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

over operating free-air temperature range (unless otherwise noted)

MIN NOM MAX UNIT

VIN Input operating voltage

4.5 18 \Y

Ta Junction temperature

ELECTROSTATIC DISCHARGE (ESD) PROTECTION®

MIN MAX UNIT

Human body model (HBM)

2000 \Y

Charge device model (CDM)

500 \Y

(1) USB1_Vo, USB2_Vo pins’ human body model (HBM) ESD protection rating 4KV, and machine model (MM) rating 200V.

PACKAGE DISSIPATION RATINGS®

o Ta =25°C Ta =55°C Ta = 85°C
PACKAGE 8.a (CCIW) POWER RATING (W) POWER RATING (W) POWER RATING (W)
RHA 30 3.33 2.3 1.3

(1) Based on JEDEC 51.5 HIGH K environment measured on a 76.2 x 114 x 0.6-mm board with the following layer arrangement:

(a) Top layer: 2 Oz Cu, 6.7% coverage
(b) Layer 2: 1 Oz Cu, 90% coverage

(c) Layer 3: 1 Oz Cu, 90% coverage

(d) Bottom layer: 2 Oz Cu, 20% coverage
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ELECTRICAL CHARACTERISTICS
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T, =-40°C to 125°C, V|y = 12V, g = 500 kHz (unless otherwise noted)
PARAMETER ‘ TEST CONDITIONS MIN TYP MAX UNIT
INPUT SUPPLY UVLO AND INTERNAL SUPPLY VOLTAGE
Vin Input voltage range 4.5 18 \%
IDDspn Shutdown EN pin = low for all converters 180 HA
Converters enabled, no load
Quiescent (push—button pull-up gﬂgté : ig x 700 WA
IDDg current not included) Buck3 = 3.3V
Ta = 25°C, F_PWM = Low
Quiescent, forced PWM Efgw&eiskﬁgﬁbled, no load 24 mA
Rising V|y 4.22
UVLO V,y under voltage lockout - \%
Falling Vin 4.1
UVLOpegLiTcH Both edges 110 us
V3p3 Internal biasing supply 3.3 \%
V7V Internal biasing supply 6.25 \%
. . Rising V7V 3.8
V7VyvLo UVLO for internal V7V ralil - \%
Falling V7V 3.6
V7VyvLo DEGLITCH Falling edge 120 us
BUCK CONVERTERS (ENABLE CIRCUIT, CURRENT LIMIT, SOFT-START AND SWITCHING FREQUENCY)
Vik En Enable threshold high xisfn:sf]g V-34V, 0\'/63% v
VIL_ENnx Enable threshold low xigflel?nij V-34V, Ov%:j;g;( \%
Vit £ pum Enable threshold high xisfn:sf]g V-34V, 0\'/63% v
ViLF pwm Enable treshold low Qﬁff;ﬁ’aﬁ V-34V, 0\'/%3;);‘ Y,
ICHEgN Pull up current enable pin 4 HA
to Discharge time enable pins Power-up 10 ms
Iss Soft-start pin current source 5 HA
Fsw Bk Converter switching frequency range | Set externally with resistor 0.3 2.2 MHz
fsw _ToL Internal oscillator accuracy fsw = 800 kHz -10 10 %
FEEDBACK, REGULATION, OUTPUT STAGE
Vin= 12V, T = 25°C -1% 0.8 1%
Veg Feedback voltage \%
Vin=45Vto 18V -2% 0.8 2%
ton_ i L\)/:g:rkr:ﬁg; on time (current sense 135 ns
LMt Peak inductor current limit range 0.75 A
ILmiT2 Peak inductor current limit range 0.75 A
LM Peak inductor current limit range 0.75 A
MOSFET (BUCK 1)
H.S. Switch On fesistance of high side FETON | 50¢, BooT = 6.5V 95 mQ
LS. Switch gjuresistance of low side FET on 25°C, VIN = 12 V 50 ma
8 Submit Documentation Feedback Copyright © 2013, Texas Instruments Incorporated
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ELECTRICAL CHARACTERISTICS (continued)
T, =-40°C to 125°C, V|y = 12V, g = 500 kHz (unless otherwise noted)

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT
MOSFET (BUCK 2)
H.S. Switch 8|r_1|zre5|stance of high side FET on 25°C, BOOT = 6.5V 120 mo
LS. Switch 8|r:||zre5|stance of low side FET on 25°C, VIN = 12 V 80 mo
MOSFET (BUCK 3)
H.S. Switch 8|r_1|?te5|stance of high side FET on 25°C, BOOT = 6.5V 120 mo
LS. Switch gjéesstance of low side FET on 25°C, VIN = 12 V 80 mo
ERROR AMPLIFIER
am Error amplifier transconductance -2 JA<ICOMP < 2 pA 130 us
gMps1 COMP to ILX gm of Buck1® I.x=05A 10 AV
gMps2 COMP to ILX gm of Buck2 and 3 I.x=05A 8 AV
POWER GOOD RESET GENERATOR
Output falling 85
VUV, Threshold voltage for buck under — - %
BUCKX voltage Output rising (PG will be 20 0
asserted)
tuv_deglitch Deglitch time (both edges) 11 ms
ton_Hiccup Hiccup mode ON time VUVpyckx asserted 14 ms
All converters disabled. Once
. . torr_Hiccup €lapses, all
torF_niccup Hiccup mode OFF time converters will go through 20 ms
sequencing again.
Output rising (high side FET will
106
Threshold voltage for buck over be forced off)
VOVguckx | - — - %
voltage Output falling (high side FET will
- 104
be allowed to switch )
Measured after the later of
trp minimum reset period Buckl or Buck3 power-up 100 ms
successfully
USB SWITCHES
VINyss USB input voltage range 25 6 Y
VIH_UsB_EN USB_EN high level input voltage V3p3 =3.2-3.4 V, Vysg_En rising c\)/ggg \%
. _ . 0.33x
VIL_usB_EN USB_EN low level input voltage V3p3 = 3.2-3.4 V, Vysg _gn falling V3p3 \%
Static drain-source on-state USB_VIN =5V and
Rps_uss resistance lo_USB = 0.5 A, Ty = 2 5°C 135 mQ
. Increasing USB_Vo current
Ics_uss USB current limit difdt<1 A/s 1.2 A
VUSBXJ‘IFAULT USBx_nFAULT output voltage low IUSBﬁnFAULT =1mA 150 mV
Tuss_TRIP USB thermal trip point Rising temperature 130 °C
TusB_HYsT USB thermal trip hysteresis Hysteresis 20 °C
) USB_IN=5V, C_ =10 pF,
Tb_ on Turn-on delay time R, =100 Q 1.1 ms
Tp off Turn-off delay time 1.6 ms
Tios Response time to short circuit USB_IN=5V ps
. . Fault assertion or de-assertion
TDEGLITCH(OCP) Switch over current fault deglitch due to over-current condition 8.8 ms

(1) Specified by design.
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ELECTRICAL CHARACTERISTICS (continued)
T, =-40°C to 125°C, V|y = 12V, g = 500 kHz (unless otherwise noted)

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
Rpis Discharge resistance BSEII_'\IIE:I/?JQ/EZ_EN oV 130 Q
THERMAL SHUTDOWN
Ttrip Thermal shut down trip point Rising temperature 160 °C
Thyst Thermal shut down hysteresis Device re-starts 20 °C
TTRIP_DEGLITCH Thermal shut down deglitch 110 us

VEN_swx

Vout_swx

Vour

Yos _’l 4

Figure 2. Response Time to Short Circuit Waveform

Decreasing

. Load Resistance

-

los

Decreasing
Load Resistance

» lour

Figure 3. Output Voltage vs Current Limit Threshold
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TYPICAL CHARACTERISTICS
Ta=25°C, V|y =12V, Buckl =1.2 V, Buck2 = 1.8 V, Buck3 = 3.3V, L = 4.7 yH, fgy = 500 kHz (unless otherwise noted)

Voutl=1.2V Voutl=1.2V
a0% 100% |
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=" 80% -1 -
70% _//F T . 70% [ LA
. 60% /7 = £ oo ’!/
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- F [=—Auto PWM:PSM 10% =18V |
et FOrce gl PWM 0%
0% 0000 0500 1000 1500 2000 2500 3000 3500
0.000 0.050 0.100 0.150 0.200 0.250 0.300
Loading (A) Loading (A)
Figure 4. Buck1 1.2V Efficiency, Forced PWM and PSM Figure 5. Buckl 1.2V Efficiency, Forced PWM
Vout2=1.8V Vout2=1.8V
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Figure 6. Buck2 1.8V Efficiency, Forced PWN and PSM Figure 7. Buck2 1.8V Efficiency, Forced PWM
Vout3=3.3V Vout3=3.3V
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Figure 8. Buck3 3.3 Efficiency, Forced PWM and PSM Figure 9. Buck3 3.3V Efficiency, Forced PWM
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TYPICAL CHARACTERISTICS (continued)
Ta=25°C, V|y =12V, Buckl =1.2 V, Buck2 = 1.8 V, Buck3 = 3.3V, L = 4.7 pH, fgy = 500 kHz (unless otherwise noted)

Voutl=1.2V

At

- oty |
rorcea P oA

e Forced PWM z?n_

et B uPW\l‘I-FSI?ﬁ

50 100 110 120 130 140 150 160 17.0 180
VIN (V)
Figure 10. Line Regulation: Buckl @ 1.2V, 1% Resistor
Feedback

Vout3=3.3V
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asn LI I |
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—-336 T 1 ENEESRIE e e e e e s T EETe
2 e m——e USRS S
S5 000
= 332 1 drpifiinag — — 1 —
| | 1] [
L3 ! IE3LEERRAE LEICLASERRRRA]!
| | | | | ==r=Forced PWM 04
318 _|...__ 112 |_._. SNIRIRAEALRE] | L4 ._|__ 11l ;_Ef_c_e_ﬁ_p-\;'rhi_ig- -t
5.26 | THTHT T Tl [[F-Auto PWIN-ESM
T B e e L INMENEE RERS,
50 60 70 BO 90 100110 120 130 140 150 160 170 180
VIN (V)
Figure 12. Line Regulation: Buck3 @ 3.3V, 1% Resistor
Feedback

Vin=12V, Vout2=1.8V
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Figure 14. Load Regulation: Buck2 @ 1.8V, 1% Resistor
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Figure 11. Line Regulation: Buck2 @ 1.8V, 1% Resistor
Feedback

Vin=12V, Vout1=1.2V
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Figure 13. Load Regulation: Buckl @ 1.2V, 1% Resistor
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Figure 15. Load Regulation: Buck3 @ 3.3V, 1% Resistor
Feedback
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TYPICAL CHARACTERISTICS (continued)
Ta=25°C, V|y =12V, Buckl =1.2 V, Buck2 = 1.8 V, Buck3 = 3.3V, L = 4.7 pH, fgy = 500 kHz (unless otherwise noted)

Trig?

Tiooms  100ksss @D 7 | 1 @ 100V % @ 1.00V & ]20.0ms 50.0k5/5
|+~¥14.6400ms 10k points . 11 W+¥24.6000ms 10K points 6.00V J[11:30:46 |

1.00V & @B 1.00V & ‘H'zn.nms 50.0kS/s @ - |26 Nov 2012] iy [400ps 2.50MS/s @ - |26 Nov 2012]
J++39.9600ms 10k points 1.04 V [|15:20:47 ) | Ji»>274.00045 10k points 1.04 Vv ]|15:24:23 )

[800ns 1.25GS/s 1| L .. / . ] 2 ] : : ] .1.25GIS/S ] . . .NO\J .2012'
|I»~0.000005 10K points  —8.00m 2:44 10k points  —8.00mV :47:34 |
Figure 20. Ripple, Buckl = 0A, Buck2 = 0OA, Buck3 = 0A ~ Figure 21. Transient Response Buck1l
Ripple, Buckl = 3A, Buck2 = 2A, Buck3 = 2A
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TYPICAL CHARACTERISTICS (continued)
=25°C,Vy=12V, Buckl =1.2V, Buck2 1.8V, Buck3 =3.3V, L =4.7 yH, fgyw = 500 kHz (unless otherwise noted)

Figure 22. Tran5|ent Response Buckl@1.2V, 1-3A Step, Figure 23. TranS|ent Response Buck2@1.8V, 1- 2A Step,
Co = 68uF Co = 47uF

Voutl

M‘ﬂ*«hvmnm TR

Vout2

, iy i g
J MW [T b o ™ i :.‘
Wb M'M"J"‘«.;‘*""W'w.-,. e Bl TR “M“,,,,“\__W‘ G

250k5/s & . |26 Nov 2012]
v860.000ps 10k points  —6.0 116:25:26 ]

Co = 22uF

10, 0mV 4B [27])
Figure 26. PSM/PWM Transition (Pin 25 Pulled High) Figure 27. PSM/PWM Transition (Pin 25 Pulled Low)
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TYPICAL CHARACTERISTICS (continued)
Ta=25°C, V|y =12V, Buckl =1.2 V, Buck2 = 1.8 V, Buck3 = 3.3V, L = 4.7 pH, fgy = 500 kHz (unless otherwise noted)

Prevu = Prevu

g AR

/ M“'"“ “”"r"‘w-iMQmem.m..

e

727 Nov 2012] By B H'-lnnus 2.50M5/S

& [400us 2.50M5/s 4 ]
1 Bi+v—528.000us 10k points

_— —
W+ v—732.000us 10k points -IZOmA_‘_H:ZS:SS )

(400us 2.50M5/s Ry ‘
W+~—528.000ps 10k points 440mA J|11:42:16 J

27 Nov 2012|807, ; ‘H"-Looms 25.0MS/s Y "‘"13 Mar 2013]

[li+¥7.06000ms 1M points 780my

14:54:28

@ 100V & g.ﬁs 25.0MS/5 & . |18 Mar (1 % @ 100V & 2.00ms 25.0MS/s @ - r
7.06000ms 1M points S(mmvr,H‘ 3 X >7.06000ms 1M points 800my 7:35 )
Figure 32. Over Current Protection and PGOOD Buck2=1.8V Figure 33. Over Current Protection and PGOOD Buck3=3.3V
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TYPICAL CHARACTERISTICS (continued)

oms 10.0M5/s P
¥—13.5200ms 1M points

- nFAULT1

Isw_outl

v @ 100V & ”1 oms 10.0M5/5S 18 mar Y I . 0 W [[400ps 2.50MS/s & 5 ‘H"27N0v2012"

—13.5200ms 1M points 15:01; L AI»v964.0001s 10K points 2.28 v J|18:30:41 ]

i 7 T
SW_out2

nFAULT2
Isw_outl

Isw_out2

[2] \ N EL an | ( 5.00V & 5 "-muué 25.0MS5/s o 7 T13 Dec 2012]
4 I 4 i 3 3 1.9 . | A J+>160.0004s 100k points 1.90 vV J15:44:50 |
Figure 38. USB Switch2 Start-Up No Load Figure 39. USB Switchl Start-Up 1A Load
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TYPICAL CHARACTERISTICS (continued)
Ta=25°C, V|y =12V, Buckl =1.2 V, Buck2 = 1.8 V, Buck3 = 3.3V, L = 4.7 pH, fgy = 500 kHz (unless otherwise noted)

e

; s SW_out2
|'::w

e e e

nFAULT2

Isw_out2 nFAULT1

I'svx'/_oUtl

(22 Oct 2012|

(@ 200V & ] f 250MS/s By |
i 600mA J|10:54:58 |

Figure 40. USB Switch2 Start-Up 1A Load Figure 41. USB Switchl Current Limit Operation

nFAULT1

nFAULT2

Isw_out2

Isw_outl

500V & @ 500V & 50.0MS/s T |
v—4.28000ms 1M points 2.50 V |

Figure 43. USB Switchl Current Limit Recovery

|"11 Dec 2012
119:38:15

SW_out2

nFAULT2

oms 125M5/

£ . ¢ < ¥—2.36000ms 5M points
Figure 44. USB Switch2 Current Limit Recovery Figure 45. USB Switch1 Output Reverse Protection
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TYPICAL CHARACTERISTICS (continued)
Ta=25°C, V|y =12V, Buckl =1.2 V, Buck2 = 1.8 V, Buck3 = 3.3V, L = 4.7 pH, fgy = 500 kHz (unless otherwise noted)

a

SW_in 2

SW_out2

nFAULT2

Isw_out2

Figure 46. USB Switch2 Output Reverse Protection Figure 47. EVM Layout
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DETAILED DESCRIPTION

Adjustable Switching Frequency

To select the internal switching frequency, connect a resistor from ROSC to ground. Figure 48 shows the
required resistance for a given switching frequency.

650

550

250

150

50
0.3 0.8 13 18 2.3

fs-Swithing Frequency -Mhz

Figure 48. ROSC vs Switching Frequency

Rosc(kQ) =169.5 'fsv;'llm Q)
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Output Inductor Selection

To calculate the value of the output inductor, use Equation 2.
Vin—Vout  Vout
lo-K;,,; Vin-fsw @)

Lo =

Kinp IS a coefficient that represents the amount of inductor ripple current relative to the maximum output current.
In general, K\p is normally from 0.1 to 0.3 for the majority of applications. A value of 0.1 will improve the
efficiency at light load, while a value of 0.3 will provide the lowest possible cost solution. The ripple current is:

Vin—Vout Vout
Lo Vin- fsw ©)

Iripple =

Output Capacitor

There are two primary considerations for selecting the value of the output capacitor. The output capacitors are
selected to meet load transient and output ripple’s requirements. If a minimum transient specification is required
use the following equation:

2
AIOUT ’ L()
V. . -AVout (4)

Co >

out

The following equation calculates the minimum output capacitance needed to meet the output voltage ripple
specification.

1 1
Co > —
8- fsw Veiprre
TpippLE (5)

Where fgy is the switching frequency, Vgpp g iS the maximum allowable output voltage ripple, and Vgpp e is the
inductor ripple current.
Input Capacitor

A minimum 10-pF X7R/X5R ceramic input capacitor is recommended to be added between VIN and GND of
each converter. The input capacitor must handle the RMS ripple current shown in the following equation.

Vout — (Vinmin—Vout )

Vin min Vin min (6)

Icirms = lout \/

Bootstrap Capacitor

The device has two integrated boot regulators and requires a small ceramic capacitor between the BST and LX
pins to provide the gate drive voltage for the high side MOSFET. The value of the ceramic capacitor should be
0.047 pF. A ceramic capacitor with an X7R or X5R grade dielectric is recommended because of the stable
characteristics over temperature and voltage.

Delayed Start-Up

If a delayed start-up is required on any of the buck converters fit a ceramic capacitor to the ENx pins. The delay
added is ~1.67 ms per nF connected to the pin. Note that the EN pins have a weak 1 MQ pull-up to the 3V3 rail.
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|
|
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|
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o

|—} PG timer 11ms{—:
| 1

Figure 49. Delayed Start-Up

Out-of-Phase Operation

In order to reduce input ripple current, buck 1 and buck 2 operate 180 degree out-of-phase. This enables the
system having less input ripple, then to lower component cost, save board space and reduce EMI.

Soft-Start Time

The device has an internal pull-up current source of 5 pA that charges an external soft-start capacitor to
implement a slow start time. Equation 7 shows how to select a soft-start capacitor based on an expected slow
start time. The voltage reference (Vgee) is 0.8 V and the soft-start charge current (lgs) is 5 HA. The soft-start
circuit requires 1 nF per around 167 us to be connected at the SS pin. A 0.8-ms soft-start time is implemented for
all converters fitting 4.7 nF to the relevant SS pin.

T, (ms) =V l(V) o %
. ™

The Power Good circuit for the bucks has a 11-ms watchdog. Therefore the soft-start time should be lower than
this value. It is recommended not to exceed 5 ms.
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Adjusting the Output Voltage

The output voltage is set with a resistor divider from the output node to the FB pin. It is recommended to use 1%
tolerance or better divider resistors. In order to improve efficiency at light load, start with a value close to 40 kQ
for the R1 resistor and use Equation 8 to calculate R2.

Rzzm.[ﬁj
Vo TPS65288
R1
FB
R2 %

®

v, —0.8V
.
LT -
0.8V ‘[>

Figure 50. Voltage Divider Circuit

Loop Compensation

TPS65288 is a current mode control DC/DC converter. The error amplifier is a transconductance amplifier with a
gwm of 130 pA/V. A typical compensation circuit could be type Il (R, and C.) to have a phase margin between 60°
and 90°, or type Il (R, and C; and Cg to improve the converter transient response. Cgq adds a high frequency
pole to attenuate high-frequency noise when needed. It may also prevent noise coupling from other rails if there
is possibility of cross coupling in between rails when layout is very compact.

Gm=10AN Resr

Current Sense
1V Gain

COMPx []

Figure 51. Loop Compensation Scheme
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To calculate the external compensation components follow the following steps:

TYPE Il CIRCUIT

TYPE Il CIRCUIT

Select switching frequency that is appropriate for
application depending on L, C sizes, output ripple, EMI
concerns and etc. Switching frequencies around 500 kHz
yield best trade off between performance and cost. When

Type Il circuit recommended for
switching frequencies higher than

using smaller L and C, switching frequency can be 500 kHz.
increased. To optimize efficiency, switching frequency can
be lowered.
Select cross over frequency (f.) to be at least 1/5 to 1/10 of Suggested Suggested
switching frequency (fs). fo =15/10 fo = 15/10
_ 2 fe-Vo-Co _ 2n- fe-Vo-Co

soft-start frequency (1/Tsg).

Set and calculate Rq. c = c =
8y Vref -gm, gy Vref -gm,
Calculate C; by placing a compensation zero at or before
the converter dominant pole RL .Co RL .Co
1 Cc = Cc =
P=cR k. R,
o I8 4T
Add Cg if needed to remove large signal coupling to high
impedance CMP node. Make sure that
1 c _Resr-Co c _Resr-Co
ﬁ?RoH = Roll — R Roll — R
2.n-R.-C,, c c
is at least twice the cross over frequency.
Calculate Ci compensation zero at low frequency to boost 1
the phase margin at the crossover frequency. Make sure NA cC,=—
that the zero frequency (fzg) is smaller than equivalent 7 2.1 - fof . R]

Slope Compensation

The device has a built-in slope compensation ramp. The slope compensation can prevent sub harmonic

oscillations in peak current mode control.

Power Good

The PGOOD pin is an open drain output. The PGOOD pin is pulled low when any buck converter is pulled below
85% of the nominal output voltage. The PGOOD is pulled up when both buck converters’ outputs are more than

90% of its nominal output voltage.

The default reset time is 100 ms. The polarity of the PGOOD is active high.
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Current Limit Protection
The TPS65288 current limit trip is set by the following formulae:

TYPE Il CIRCUIT
45
4
3.5 \
< ’ \\
w25
268.5 g
L (A) = —22 10613 £ 2 \\
RLIM1(kQY) Q)] " 1s ~—
‘--..___-“--—-_-
L y
as
a
50 150 250 350 450 550 650 750
RMIT1-KO
35
FHALY
25 \\
R
=
324.8 E 2 h
RLIM1(kQ) (10) .
a5
0
50 150 250 350 450 550 650 750
RMIT2-kOQ
35
N
25
<, \\
]
208.7 & \\,_
RLIM2(kQ) (11) . ||
05
0
50 150 250 350 450 550 650 750
RMIT3-kOQ

All converters operate in hiccup mode: Once an over-current lasting more than 11 ms is sensed in any of the
converters, they will shut down for 11 ms and then the start-up sequencing will be tried again. If the overload has
been removed, the converter will ramp up and operate normally. If this is not the case the converter will see
another over-current event and shuts-down again repeating the cycle (hiccup) until the failure is cleared.

If an overload condition lasts for less than 11 ms, only the relevant converter affected will shut-down and re-start

and no global hiccup mode will occur.
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Overvoltage Transient Protection

The device incorporates an overvoltage transient protection (OVP) circuit to minimize voltage overshoot. The
OVP feature minimizes the output overshoot by implementing a circuit to compare the FB pin voltage to OVTP
threshold which is 106% of the internal voltage reference. If the FB pin voltage is greater than the OVTP
threshold, the high side MOSFET is disabled preventing current from flowing to the output and minimizing output
overshoot. When the FB voltage drops lower than the OVTP threshold which is 104%, the high side MOSFET is
allowed to turn on the next clock cycle.

Low Power/Pulse Skipping Operation

When a buck synchronous converter operates at light load or standby conditions, the switching losses are the
dominant source of power losses. Under these load conditions, TPS65288 uses a pulse skipping modulation
technique to reduce the switching losses by keeping the power transistors in the off-state for several switching
cycles, while maintaining a regulated output voltage. Figure 52 shows the output voltage and load plus the
inductor current.

Vout
AN AN ANN ANNN
> Burst * —_— Skipping —
lout

Figure 52. Low Power/Pulse Skipping

During the burst mode, the converter continuously charges up the output capacitor until the output voltage
reaches a certain limit threshold. The operation of the converter in this interval is equivalent to the peak inductor
current mode control. In each switch period, the main switch is turned on until the inductor current reaches the
peak current limit threshold. As the load increases the number of pulses increases to make sure that the output
voltage stays within regulation limits. When the load is very light the low power controller has a zero crossing
detector to allow the low side mosfet to operate even in light load conditions. The transistor is not disabled at
light loads. A zero crossing detection circuit will disable it when inductor current reverses. During the whole
process the body diode does not conduct but is used as blocking diode only.

During the skipping interval, the upper and lower transistors are turned off and the converter stays in idle mode.
The output capacitors are discharged by the load current until the moment when the output voltage drops to a
low threshold.

The choice of output filter will influence the performance of the low power circuit. The maximum ripple during low
power mode can be calculated as:

Vv _ KRIPTS
OUT _RIPPLE — C
our (12)
Where Kgp is 1.4 for Buckl and 0.7 for Buck2 and Buck3. TS can be calculated as:
0.35
Ty =
|:( VIN - VOUT j VOUT :|
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USB Switches

The USB switches are enabled (active high) with the USB_ENXx pin. The switches have a typical resistance of
135 mQ. If a continuous short-circuit condition is applied to the USB switch output, the USB switch will shut-down
once its temperature reaches 130°C, allowing for the buck converters to operate unaffected. Once the USB
switch cools down it will restart automatically.

USB_VIN
0
USB_EN
USB_VO
OVERCURRENT DETECTED ‘
USB LOAD ICS_use ¥~ OVERCURRENT IS CLEARED
USB_I
: Overcurrent at the output Alarm o i
Normal operation Normal operation is restored
is asserted after 8.8 ms Alarm is cleared
1
USB_nFAULT i

1
1

Tgeglitch ! Tdeglitchi
1 1

Figure 53. USB Switches

Thermal Shutdown

The device implements an internal thermal shutdown to protect itself if the junction temperature exceeds 160°C.
The thermal shutdown forces the device to stop switching when the junction temperature exceeds thermal trip
threshold. Once the die temperature decreases below 140°C, the device reinitiates the power up sequence. The
thermal shutdown hysteresis is 20°C.

3.3-V and 6.5 LDO Regulators

The following ceramic capacitor (X7R/X5R) should be connected as close as possible to the described pins:
e 4.7 yF to 10 pF for V7V pin 28
e 3.3 uFto 10 pF for V3V pin 29
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Layout Recommendation

Layout is a critical portion of PMIC designs.

» Place tracing for output voltage and LX on the top layer and an inner power plane for VIN.

» Fit also on the top layer connections for the remaining pins of the PMIC and a large top side area filled with
ground.

» The top layer ground area should be connected to the internal ground layer(s) using vias at the input bypass
capacitor, the output filter capacitor and directly under the TPS65288 device to provide a thermal path from
the PowerPad land to ground.

» For operation at full rated load, the top side ground area together with the internal ground plane, must provide
adequate heat dissipating area.

» There are several signals paths that conduct fast changing currents or voltages that can interact with stray
inductance or parasitic capacitance to generate noise or degrade the power supplies performance. To help
eliminate these problems, the VIN pin should be bypassed to ground with a low ESR ceramic bypass
capacitor with X5R or X7R dielectric. Care should be taken to minimize the loop area formed by the bypass
capacitor connections, the VIN pins, and the ground connections. Since the LX connection is the switching
node, the output inductor should be located close to the LX pins, and the area of the PCB conductor
minimized to prevent excessive capacitive coupling.

» The output filter capacitor ground should use the same power ground trace as the VIN input bypass capacitor.
Try to minimize this conductor length while maintaining adequate width.

« The compensation should be as close as possible to the CMPx pins. The CMPx and ROSC pins are sensitive
to noise so the components associated to these pins should be located as close as possible to the IC and
routed with minimal lengths of trace.
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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 ©)
@ ©)

TPS65288RHAR Active Production VQFN (RHA) | 40 2500 | LARGE T&R Yes NIPDAU Level-3-260C-168 HR -40 to 125 TPS
65288

TPS65288RHAR.A Active Production VQFN (RHA) | 40 2500 | LARGE T&R Yes NIPDAU Level-3-260C-168 HR -40 to 125 TPS
65288

TPS65288RHARG4 Active Production VQFN (RHA) | 40 2500 | LARGE T&R Yes NIPDAU Level-3-260C-168 HR -40 to 125 TPS
65288

TPS65288RHARG4.A Active Production VQFN (RHA) | 40 2500 | LARGE T&R Yes NIPDAU Level-3-260C-168 HR -40 to 125 TPS
65288

TPS65288RHAT Active Production VQFN (RHA) | 40 250 | SMALL T&R Yes NIPDAU Level-3-260C-168 HR -40 to 125 TPS
65288

TPS65288RHAT.A Active Production VQFN (RHA) | 40 250 | SMALL T&R Yes NIPDAU Level-3-260C-168 HR -40 to 125 TPS
65288

@ 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)
TPS65288RHAR VQFN RHA 40 2500 330.0 16.4 6.3 6.3 11 12.0 | 16.0 Q2
TPS65288RHARG4 VQFN RHA 40 2500 330.0 16.4 6.3 6.3 11 12.0 | 16.0 Q2
TPS65288RHAT VQFN RHA 40 250 180.0 16.4 6.3 6.3 11 12.0 | 16.0 Q2
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PACKAGE MATERIALS INFORMATION
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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)
TPS65288RHAR VQFN RHA 40 2500 367.0 367.0 38.0
TPS65288RHARG4 VQFN RHA 40 2500 367.0 367.0 38.0
TPS65288RHAT VQFN RHA 40 250 210.0 185.0 35.0
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GENERIC PACKAGE VIEW
RHA 40 VQFN - 1 mm max height

6 x 6, 0.5 mm pitch PLASTIC QUAD FLATPACK - NO LEAD

This image is a representation of the package family, actual package may vary.
Refer to the product data sheet for package details.
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RHAOO40E

PACKAGE OUTLINE
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 thermal and mechanical performance.

i
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EXAMPLE BOARD LAYOUT
RHAOO40E VQFN - 1 mm max height

PLASTIC QUAD FLATPACK - NO LEAD
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4219054/A 04/2020

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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EXAMPLE STENCIL DESIGN
RHAOO40E VQFN - 1 mm max height

PLASTIC QUAD FLATPACK - NO LEAD
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BASED ON 0.125 MM THICK STENCIL
SCALE: 15X
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75% PRINTED SOLDER COVERAGE BY AREA UNDER PACKAGE
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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 DATA SHEETS), 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
will 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 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.

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

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2025, Texas Instruments Incorporated
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