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TPS6123x High Efficiency Synchronous Step Up Converters with 5-A Switches

1 Features

Input Voltage Range: 2.3 Vto 55V
Output Voltage Range: 2.5V t0o 5.5V

Up to 96% Efficiency Synchronous Boost
Converter

3.3-V to 5-V Power Conversion with 2.1-A Output

Current

Input Supply Voltage Supervisor with Adjustable

Threshold/Hysteresis

Power Save Mode for Light Load Efficiency
Load Disconnect During Shutdown

Output Over Voltage Protection
Programmable Soft Start

Power Good Output

2-MHz Switching Frequency

Output Capacitor Discharge (TPS61231)

3 mm x 3 mm x 0.9 mm VSON Package

Applications

Low Voltage Li-lon Battery Powered Products
USB Power Supply

Tablet PCs

Power Banks, Battery Backup Units

Industrial Metering Equipments

TPS61230 Typical Application
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3 Description

The TPS6123x device family is a high efficiency
synchronous step up converter with compact solution
size. It is optimized for products powered by a one-
cell Li-lon battery, or a regulated power rail of 3.3 V.
The IC integrates a 5-A switch and is capable of
delivering output currents up to 2.1 A at a 5-V output
with a 3.3-V input supply. The device is based on a
guasi-constant on-time valley current mode control
scheme. The typical operating frequency is 2 MHz,
which allows the use of small inductors and
capacitors to achieve a small solution size. The
TPS61230 and TPS61231 provide an adjustable
output voltage via an external resistor divider, and the
TPS61232 provides a fixed output voltage of 5 V.

During light loads, the TPS6123x automatically enters
power save mode for maximum efficiency at lowest
quiescent currents. In shutdown, the load is
completely disconnected from the input, and the input
current consumption is reduced to 1.5 pA typical. The
device integrates a precise low power EN
comparator. The EN threshold as well as the
hysteresis of the enable comparator are adjustable
with external resistors and support application
specific system power up and down requirements.
Other features like output over voltage protection,
thermal shutdown protection, and a power good
output are built-in.

The devices are available in a 3 mm x 3 mm x 0.9
mm VSON package.

Device Information®

PART NUMBER PACKAGE BODY SIZE (NOM)
TPS61230
TPS61231@ VSON (10) 3.00 mm x 3.00 mm
TPS61232

(1) For all available packages, see the orderable addendum at
the end of the datasheet.

(2) Preview product. Contact Tl factory for more information

TPS61230 Typical Application Efficiency
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5 Device Comparison Table

PART NUMBER OUTPUT VOLTAGE OUTPUT DISCHARGE
TPS61230DRC Adjustable No

TPS61231DRCW Adjustable Yes
TPS61232DRC 5-V fixed output No

(1) Preview product. Contact Tl factory for more information

6 Pin Configuration and Functions
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Pin Functions

NAME PIN NUMBER 110 DESCRIPTION

SW 1,2 PWR | The switch pin of the converter. It is connected to the drain of the internal Power MOSFETS.

VOUT 3,4 PWR | Boost converter output pin.

PG 5 OUT | Power Good open drain output. Can be left floating if not used.

SS 6 IN | Soft startup pin. A soft startup capacitor connects to this pin to set the soft start time.

FB 7 IN | Voltage feedback of adjustable versions. Must be connected to VOUT on fixed output voltage version.
HYS 8 OUT | EN hysteresis program pin. See the application section for details. Can be left floating if not used.

EN 9 IN | Enable logic input. Logic HIGH enables the device. Logic LOW disables the device and turns it into

shutdown mode. This pin must be terminated.

VIN 10 IN Supply voltage pin.

GND 11 PWR | Ground pin.
Copyright © 2014, Texas Instruments Incorporated Submit Documentation Feedback 3
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7 Specifications

7.1 Absolute Maximum Ratings
over operating free-air temperature range (unless otherwise noted)®

MIN MAX UNIT
Voltage range at pins® EN, FB, PG, SS, HYS, VIN, VOUT, SW -0.3 7 \Y
Operating junction temperature range, T, -40 150 °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 my affect device reliability.

(2) All voltages are with respect to network ground pin.

7.2 Handling Ratings

MIN MAX UNIT
Tstg Storage temperature range -65 150 °C
. Human body model (HBM), per ANSI/ESDA/JEDEC JS-001, all pins® -2 2 kv
VEsp Eilsccrt]g)rztgtlc C_haE%ed device model (CDM), per JEDEC specification JESD22-C101, all | 500 \
pins
(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.
7.3 Recommended Operating Conditions
MIN TYP MAX | UNIT
VN Supply voltage at VIN pin 2.3 5.5 \%
IsiNnk_PG Sink current at PG pin 500 HA
Vpg Pull-up resistor voltage 5.5 \%
T; Operating junction temperature -40 125 °C
7.4 Thermal Information
THERMAL METRIC® TPS6123x UNIT
DRC (11 PINS)
Rgia Junction-to-ambient thermal resistance 49.1
Raic(top) Junction-to-case(top) thermal resistance 57.2
Rgip Junction-to-board thermal resistance 26.6 W
Wit Junction-to-top characterization parameter 0.8
Wig Junction-to-board characterization parameter 23.8
Rajc(bottom) ~ Junction-to-case(bottom) thermal resistance 4.5

(1) For more information about traditional and new thermal metrics, see the IC Package Thermal Metrics application report, SPRA953.
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7.5 Electrical Characteristics
T, =-40°C to 125°C and V,\ = 3.6 V. Typical values are at T; = 25°C, unless otherwise noted.

PARAMETER TEST CONDITIONS MIN TYP MAX | UNIT
SUPPLY
V) falling 2.0 2.1
Vuvio Input under voltage lockout — \%
V) rising 2.1 2.2
IC enabled, No load, No switching 35 60
Voutr =5V, T;=-40 °C to 85°C
lo Quiescent current into VIN IC enabled, No load MA
VN =4.2V, Voyt = No supply, T; =-40 °C to 200 230
85°C
Isp Shutdown current into VIN 9CVt§ gls'fj\‘cs 04V, ViN=23V1055V,Ty=-40 15 6 HA
Leakage current from SW to VOUT VeEn=0V,Vour=0V; Vg =Vn=36V 2.5 HA
OUTPUT
Vout Output voltage range 25 55 \%
Vout Output voltage accuracy, TPS61232 PWM mode 4.9 5.0 5.1 \%
Vout Output voltage accuracy, TPS61232 PFM mode® 5.035 Y
Veg Feedback voltage, TPS61230 and PWM mode 0985 1 1015}
TPS61231 PFM mode® 1.007
FB pin leakage current Veg=1V 100 nA
Rois _(I?ltjjtspeuizdéslcharge resistor Vour =5V 200 0
Voup Over voltage protection DC threshold Vour rising 5.7 6 6.2 v
Over voltage protection hysteresis Vour falling below Voyp 0.15
Iss Bias current in soft start phase After pre-charge phase 5 HA
Line regulation louT=1A,VN=23Vto45V 0.06 %IV
Load regulation lout=05At02A 0.15 %/A
LOGIC INTERFACE
V1h_en_on | EN pin threshold rising Vin=23Vto55V 1.15 1.19 1.23 \%
L’TH_EN-OF EN pin threshold falling ViN=2.3VI055V 111 114 118 | VY
VoL Hys HYS pin low level voltage Isink_Hys =1 MA, Vgy = 1.1V 0.7 \%
Vi oe Power good DC threshold Vout risihg, referenced t0 Vour nomiNAL 93% 95% 99%
- Vour falling referenced to Vour nominaL 87% 90% 93%
VoL pa PG pin low level voltage Isink_pc = 500 HA 0.4 \%
POWER STAGE
ILm_sw Switch valley current limit 4.0 5.0 6.0 A
Vour =5V 2.0 2.8 35
ILim_pre Precharge current limit Voyr =35V 1.8 2.6 3.3 A
Vour=0V 04 055 07
Roson High s‘ide MOSFET on res.istance Voyr=5V 50 75 mo
Low side MOSFET on resistance Vour=5V 50 75
Tieo Thermal shutdown threshold T rising 150 oc
Thermal shutdown hysteresis T, falling below T;5p 20
(1) L=1pH, Coyr =20 pF (effective capacitance value)
Copyright © 2014, Texas Instruments Incorporated Submit Documentation Feedback 5
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7.6

Typical Characteristics

ViNn=3.6V, Vot =5.0V, T; =-40°C to 125 °C, unless otherwise noted.
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Figure 1. High-Side MOSFET On Resistance vs Junction
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Figure 2. Low-Side MOSFET On Resistance vs Junction

Junction Temperature (°C)

Junction Temperature (°C)

Figure 5. EN Logic Threshold vs Junction Temperature
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Typical Characteristics (continued)

ViNn=3.6V, Vot =5.0V, T; =-40°C to 125 °C, unless otherwise noted.
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Figure 7. Shutdown Current vs Input Voltage (Boost Mode)

5.0
- —
<
= 48
£
-
g 46
5
]
>
244
©
>
S ,
£ 42 Tj=125°C
& —— Ti=25C
— Tj=-40°C
4.0
2 3 4 5

Input Voltage (V)

Figure 8. Switch Valley Current Limit vs Input Voltage
(Boost Mode)

4.8

Softstart Charge Current (uA)

20

40

60 80 100 120

Junction Temperature (°C)

Figure 9. Soft Start Charge Current vs Junction Temperature

Copyright © 2014, Texas Instruments Incorporated

Submit Documentation Feedback 7

Product Folder Links: TPS61230 TPS61231 TPS61232


http://www.ti.com/product/tps61230?qgpn=tps61230
http://www.ti.com/product/tps61231?qgpn=tps61231
http://www.ti.com/product/tps61232?qgpn=tps61232
http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLVSAQ2C&partnum=TPS61230
http://www.ti.com/product/tps61230?qgpn=tps61230
http://www.ti.com/product/tps61231?qgpn=tps61231
http://www.ti.com/product/tps61232?qgpn=tps61232

13 TEXAS
INSTRUMENTS

TPS61230, TPS61231, TPS61232
SLVSAQ2C —JANUARY 2014-REVISED OCTOBER 2014 www.ti.com

8 Detailed Description

8.1 Overview

The TPS6123x synchronous step-up converter typically operates at a quasi-constant 2-MHz frequency pulse
width modulation (PWM) at moderate to heavy load currents. At light load currents, the TPS6123x converter
operates in power-save mode with pulse frequency modulation (PFM). The converter uses a novel quasi-
constant on-time valley current mode control scheme which provides excellent transient line / load response with
minimal output capacitance. Internal loop compensation simplifies the design process while minimizing the
number of external components. The TPS6123x device can smoothly transit in and out of zero duty cycle mode
(high side FET full on). Therefore the output can be kept as close as possible to its regulation limits even though
the converter is subject to an input voltage that tends to be excessive.

8.2 Functional Block Diagram

VIN SW
[] ]
Supply for
logic circuitry
- 61230/1
""" vouT
FB * > Over Voltage
I:_I 61?20_ - EA Protection —E:l VOUT
Y [REF vouT
Valley
Current
: | Sense
Pulse
»| Gate —
Modulator Driver — ; :
= 1 BN ||é'-
Wl >
Thermal
EN ON/
Threshold/ OFF Shutdown ovp
Hysteresis ¢
EN l ¢ PG Comparator _[:l PG
FB :I>_||—|
REF i
HYS —> Logic REF q_
| EN Comparator 1
E Undervoltage
= Softstart Lockout
'J" 1
L

L
SS GND
(1) Output discharge block is implemented in TPS61231 only.

(2) Internal resistor divider is implemented in TPS61232 only. For adjustable output versions, the FB pin is directly
connected to the negative pin of the EA.

8.3 Feature Description

8.3.1 Startup

In boost mode (PWM or PFM), the rectifying switch is turned on first until the output capacitor is charged to 0.5 V
with the current limit of 550 mA after the device is enabled. Then, the output capacitor is continuously charged to
a value close to the input voltage. This is called the pre-charge phase. During the pre-charge phase, the output
current is limited by the pre-charge current limit of the high side rectifying switch and the SS pin voltage follows
the FB voltage (in the TPS61232, the SS pin follows the internal FB voltage). Once the output capacitor has
been biased to the input voltage, the device starts switching. This is called the soft start phase. During the soft
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Feature Description (continued)

start phase, the SS pin voltage limits the FB pin voltage, and the output voltage rising slope follows the SS pin
voltage slope. The capacitor connected to the SS pin is charged by the internal bias current of Igg, giving the time
of the soft start phase shown in Equation 1. The larger the soft start capacitor, the longer the soft start phase
time. Leaving the SS pin floating sets the minimum soft startup phase time. The device finishes the soft start
phase and operates normally when the nominal output voltage is reached.

tgs = Css x [1 - Vi ) X Vigr
S5pA Vour @)
The SS pin voltage is discharged in the cases when the device gets disabled by the EN pin, thermal shutdown

and undervoltage lockout. The SS pin may be left floating to disable the soft start phase and start up with the
fastest time. In zero duty cycle mode, only the pre-charge phase works during startup.

8.3.2 Current Limit Operation

The device employs a valley current sensing scheme. Switch valley current limit detection occurs during the off
time through sensing of the voltage drop across the synchronous rectifier. If the current is above the valley
current limit level when it is time to turn off the synchronous rectifier, the device instead keeps the synchronous
rectifier on until its current decreases below the valley current limit level. The maximum continuous output current
lout(vax), before entering switch valley current limit operation, is defined by Equation 2.

1
louT(max) = (1-D)x ('um_sw + ENLJ

D - Your —Vin
Vour
Al = Yn, D
fsw @
Where

lim_sw = Switch valley current limit
L = Inductor value
fsw = Switching frequency

When the switch current limit is reached, the output voltage decreases from further load increase. The switch
valley current limit works in PWM, PFM and Zero Duty Cycle Mode operations.

Another current limit scheme, pre-charge current limit, I, y_pre is implemented. Pre-charge current limit detection
works when Voyr < Vour nom @and Voyr < Vi - It can happen when the device is in the pre-charge phase or an
over load condition. It impacts the minimum load resistance at startup as shown in Figure 14 and Figure 27.

8.3.3 Enable/Disable

The EN pin is connected to an ON/OFF detector (ON/OFF) and an input of the Enable Comparator, shown in the
functional block diagram. With a voltage level of 0.4 V or less at the EN pin, the ON/OFF detector turns the
device into Shutdown mode and the quiescent current is reduced to typically 1.5 uA. In this mode, the EN
comparator and the entire internal control circuitry are switched off. A voltage level of typically 0.9 V at the EN
pin triggers the ON/OFF detector and activates the internal reference, the EN comparator and the UVLO
comparator. Once the ON/OFF detector has tripped, the quiescent current into the VIN pin is typically 1.5 pA.

The TPS6123x starts regulation once the voltage at the EN pin trips the threshold Vgy 1y on @nd the VIN pin
voltage is above the UVLO threshold. The device enters startup and ramps up the output voltage. The TPS6123x
stops regulation once the voltage on the EN pin falls blow the threshold Vgy 11 o OF the VIN pin voltage falls
below the UVLO threshold. For proper operation, The EN pin must be terminated and must not be left floating.
An external logic signal applied directly to the EN pin can enable/disable the device. The device can be driven
into shutdown mode by pulling the EN pin to GND. In this mode, true load disconnect between the battery and
load prevents current flow from V|y to Vout, as well as reverse flow from Vgt to V.
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Feature Description (continued)
8.3.4 Undervoltage Lockout

An under voltage lockout is implemented to avoid mis-operation of the device at low input voltages. It shuts down
the device with voltages lower than Vyy, o.

Use the HYS pin to configure a new undervoltage lockout threshold and hysteresis shown in Figure 10 and
Equation 3. The new thresholds must be higher than Vyy, o; otherwise it does not work. The devices holds the
HYS pin low until the EN voltage rises above Vgy 14 on- Then, the HYS pin goes high impedance.

VIN

EN ON/
REN1 Threshold/ OFF
Hysteresis

EN

REN2 ps

HYS EN Comparator

E’I—<l

REN3

THFVWATWA

Figure 10. EN Comparator threshold and hysteresis setting

REN1 REN1
v _v Tt =114V x| 1 — ——
IN_OFF TH—EN—OFFX( +REN2+REN3) X[ +REN2+REN3]

REN1 REN1
V|N_ON = VTH_EN_ON X(1 + REsz =1.19V X[1 +@j

©)

8.3.5 Output Capacitor Discharge, TPS61231

To make sure the device starts up under defined conditions, the output capacitor of the TPS61231 gets
discharged by the VOUT pin with a typical discharge resistor of Rp,g in the cases when the device gets disabled
by the EN pin, thermal shutdown, and undervoltage lockout.

8.3.6 Power Good Output

The PG output is low when the output voltage is below 90% of its nominal value. The PG pin becomes high
impedance once the output is higher than 95% of its nominal voltage. The PG pin is an open drain output and is
specified to sink up to 500 pA. This PG output requires a pull-up resistor that cannot be connected to any voltage
higher than 5.5 V. PG is held low when the device is disabled by the EN pin and thermal shutdown.

8.3.7 Over Voltage Protection

The device stops switching as soon as the output voltage exceeds Vqyp. When the output voltage falls 0.15V
below the OVP threshold, the device resumes normal operation until the output voltage exceeds the OVP
threshold again.

8.3.8 Thermal Shutdown

The device goes into thermal shutdown and stops switching once the junction temperature exceeds T;gp. Once
the junction temperature falls below the threshold, it returns to normal operation automatically.
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8.4 Device Functional Modes
The TPS6123x boost converter family has three operation modes, as shown in Table 1.

Table 1. Operation Mode Description

MODE DESCRIPTION CONDITION
PWM Boost in normal switching operation | Vi < Vout + 0.2 V, heavy load
PFM Boost in power save operation VN < Vout + 0.2V, light load
Zero Duty Cycle Zero duty cycle operation xOUT <Vin=Vour +0.24V and Vour 2
OUT_NOM

8.4.1 Boost Normal Mode

The TPS6123x boost converter family typically operates at a quasi-constant 2-MHz frequency pulse width
modulation (PWM) at moderate to heavy load currents. Based on the V/Voyr ratio, a simple circuit predicts the
required on-time. At the beginning of the switching cycle, the low-side N-MOS switch, shown in the functional
block diagram, is turned on and the inductor current ramps up to a peak current that is defined by the on-time
and the inductance. In the second phase, once this peak current is reached, the current comparator trips, the on-
timer is reset turning off the low-side N-MOS switch and turning on the high-side rectifying switch. The current
through the inductor then decays to an internally set valley current. Once this occurs, the on-timer is set to turn
the boost switch back on again and the cycle is repeated.

8.4.2 Boost Power Save Mode

The device integrates a power save mode with pulse frequency modulation (PFM) to improve efficiency at light
load. In power save mode, the device only switches when the output voltage trips below a set threshold voltage.
It ramps up the output with several pulses and enters the power save mode when the output voltage exceeds the
set threshold voltage. PFM is left and PWM mode entered when the inductor current becomes discontinuous.
The DC output voltage in PFM mode rises above the nominal output voltage in PWM mode by 0.7%.

Output Voltage

PFM mode at light load

e N Vayee= 1.007 X Vo o

- Vou'r,NoM

PWM mode at heavy load

P t
Figure 11. Output Voltage in PFM/PWM Mode

8.4.3 Zero Duty Cycle Mode

When the input voltage is lower than Vgyr + 0.24 V and Vgyr is higher than the nominal output voltage, the
device automatically changes to a Zero Duty Cycle Mode. In Zero Duty Cycle Mode, the rectifying switch is
constantly turned on and the low side switch is turned off. The output voltage in this mode depends on the
resistance between the input and the output, calculated as:

Vout = Vin —lout * (Rps(on) +RL) @
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9 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.

9.1 Application Information

The devices are designed to operate from an input voltage supply range between 2.3 V and 5.5 V with a
maximum output current of 2.1 A. The devices operate in PWM mode for medium to heavy load conditions and in
power save mode at light load currents. In PWM mode the TPS6123x converter operates with the nominal
switching frequency of 2 MHz which provides a controlled frequency variation over the input voltage range. As
the load current decreases, the converter enters power save mode, reducing the switching frequency and
minimizing the IC quiescent current to achieve high efficiency over the entire load current range. The WEBENCH
software uses an iterative design procedure and accesses a comprehensive database of components when
generating a design. See the Related Documentation section for additional documentation.

9.2 Typical Applications

9.2.1 TPS61230 2.3-V to 5.5-V Input, 5-V Output Converter

|

1.0uH

Vi o ‘I VIN S
c1
22uF —EN vouTt *—0Vour
tl; R1 l c2
— HYS FB 402k 3x22pF
SS R2 -
cs L] 100k
10nF} GND PG 1
— R3 -
- TPS61230 1.0Meg

Figure 12. TPS61230 5-V Output Typical Application

9.2.1.1 TPS61230 5-V Output Design Requirements

Use the following typical application design procedure to select external components values for the TPS61230
device.

Table 2. TPS61230 5-V Output Design Parameters

DESIGN PARAMETERS EXAMPLE VALUES

Input Voltage Range 23Vto55V
Output Voltage 50V

Output Voltage Ripple +3% Vout

Transient Response +10% Vout

Input Voltage Ripple +200 mV

Output Current Rating 2.1A

Operating Frequency 2 MHz
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9.2.1.2 TPS61230 5-V Detailed Design Procedure

Table 3. TPS61230 5-V Output List of Components

REFERENCE DESCRIPTION MANUFACTURER
L1 1.0 pH, power inductor, XFL4020-102MEB Coilcraft
C1 2 pF 6.3V, 0805, X5R ceramic, GRM21BR60J226ME39 Murata
Cc2 3 x 22 yF 10 V, 0805, X5R ceramic, LMK212BBJ226MG YUDEN
C3 10 nF, X7R ceramic Murata
R1 402 Kk, resistor, chip, 1/10W, 1% Rohm
R2 100 k, resistor, chip, 1/10W, 1% Rohm

9.2.1.2.1 Programming the Output Voltage

The TPS6123x device family's output voltage need to be programmed via an external voltage divider to set the
desired output voltage.

An external resistor divider is used, as shown in Equation 5. By selecting R1 and R2, the output voltage is
programmed to the desired value. When the output voltage is regulated, the typical voltage at the FB pin is Vgg.
The following equation can be used to calculate R1 and R2.

R1 R1
\ =V 1+— [=1Vx|1+—
ouT FBX( +R2j X[ +R2J )

For best accuracy, R2 should be kept smaller than 100 kQ to ensure that the current following through R2 is at
least 100 times larger than FB pin leakage current. Changing R2 towards a lower value increases the robustness
against noise injection. Changing the R2 towards higher values reduces the quiescent current for achieving
highest efficiency at low load currents.

For the fixed output voltage version, TPS61232, the FB pin must be tied to the output directly.

9.2.1.2.2 Inductor and Capacitor Selection

The second step is the selection of the inductor and capacitor components. To simplify this process, Table 4
outlines possible inductor and output capacitor value combinations.

Table 4. Inductor and Output Capacitor Combinations

L (uH)® Cour (WF)®
10 20 47 100
0.47 J y y
1.0 NE) N N
15

(1) This is the nominal inductance of inductor. Inductor tolerance and current de-rating is anticipated. The
effective inductance can vary by -30%.

(2) This is the effective capacitance of output capacitors. A higher nominal value is required.

(3) Typical application configuration. Other check mark indicates alternative filter combinations.

9.2.1.2.2.1 Inductor Selection
A boost converter requires two main passive components for storing energy during the conversion, an inductor
and an output capacitor. It is advisable to select an inductor with a saturation current rating higher than the

possible peak current flowing through the power switches. The inductor peak current varies as a function of the
load, the input and output voltages and is estimated using Equation 6.

lour 1 VinxD
(1-D)xn 2 Lxfgy (8)

IL(PEAK) =

Where
n = Power conversion estimated efficiency
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Selecting an inductor with insufficient saturation performance can lead to excessive peak current in the
converter. This could eventually harm the device and reduce reliability. It's recommended to choose the
saturation current for the inductor 20%~30% higher than the I pgak), from Equation 6. The following inductors are
recommended to be used in designs.

Table 5. List of Inductors

INDUCTANCE CURRENT DC RESISTANCE | PART NUMBER | MANUFACTURER
[1H] RATING [A] [mQ]
1.0 5.4 10.8 XFL4020-102ME Coilcraft
1.0 75 9 LQHBPPN1RO muRata
0.47 6.6 7.6 XFL4015-471ME Coilcraft

9.2.1.2.2.2 Output Capacitor Selection

For the output capacitor, it is recommended to use small X5R or X7R ceramic capacitors placed as close as
possible to the VOUT and GND pins of the IC. If, for any reason, the application requires the use of large
capacitors which cannot be placed close to the IC, using a smaller ceramic capacitor of 1 pF in parallel to the
large one is highly recommended. This small capacitor should be placed as close as possible to the VOUT and
GND pins of the IC.

Care must be taken when evaluating a capacitor's derating under bias. The bias can significantly reduce
capacitance. Ceramic capacitors can loss as much as 50% of their capacitance at rated voltage. Therefore, leave
margin on the voltage rating to ensure adequate effective capacitance.

The ESR impact on the output ripple must be considered as well, if tantalum or electrolytic capacitors are used.
Assuming there is enough capacitance such that the ripple due to the capacitance can be ignored, the ESR
needed to limit the Vgjpye iS:

VRipple(ESR) = IL(PEAK) X ESR @)

9.2.1.2.2.3 Input Capacitor Selection

Multilayer X5R or X7R ceramic capacitors are an excellent choice for input decoupling of the step-up converter
as they have extremely low ESR and are available in small footprints. Input capacitors should be located as
close as possible to the device. While a 22-yF input capacitor is sufficient for most applications, larger values
may be used to reduce input current ripple without limitations. Take care when using only ceramic input
capacitors. When a ceramic capacitor is used at the input and the power is being supplied through long wires,
such as from a wall adapter, a load step at the output can induce ringing at the VIN pin. This ringing can couple
to the output and be mistaken as loop instability or could even damage the part. Additional "bulk" capacitance
(electrolytic or tantalum) should in this circumstance be placed between C, and the power source to reduce
ringing than can occur between the inductance of the power source leads and Cy.

9.2.1.2.3 Loop Stability, Feed Forward Capacitor

The third step is to check the loop stability. The stability evaluation is to look from a steady-state perspective at
the following signals:

e Switching node, SW
e Inductor current, I,
* Output ripple, Vgippleour)

When the switching waveform shows large duty cycle jitter or the output voltage or inductor current shows
oscillations, the regulation loop may be unstable. This is often a result of board layout and/or L-C combination.

The load transient response is another approach to check the loop stability. During the load transient recovery
time, Vour can be monitored for settling time, overshoot or ringing that helps judge the converter's stability.
Without any ringing, the loop has usually more than 45° of phase margin.

As for the heavy load transient applications such as a 2 A load step transient, a feed forward capacitor in parallel
with R1 is recommended. The feed forward capacitor increases the loop bandwidth by adding a zero. This results
in a lower output voltage drop, as shown in Figure 36. Set the feed forward capacitor zero near 20 kHz for most
applications. See application report Optimizing Transient Response of Internally Compensated dc-dc Converters
With Feedforward Capacitor (SLVA289).
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9.2.1.3 TPS61230 5-V Output Application Performance Plots
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Figure 13. Maximum Load Current after Startup Figure 14. Minimum Resistance at Startup
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Figure 15. Efficiency Figure 16. Load Regulation
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Figure 17. Line Regulation Figure 18. Switching Frequency
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Figure 19. PWM Operation (Voytr =5V, lout =2 A)

Figure 20. PFM Operation (Voyt =5 V, loyt = 50 mA)
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Figure 21. Load Transient (Voyr =5V, lout=0.5Ato 2 A)

Figure 22. Output Over Voltage Protection (FB =0V, Royt

1 [t 300 v ‘ ‘ EN (DG, 5 Vi) =100 psidiv
EN (DC, 5 V/div) :
PG (DC, 5 V/div)
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Figure 23. Startup (Voytr =5V, Royr=2.5Q)

Figure 24. Shutdown (Vout =5V, Royt = 2.5 Q)
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9.2.2 TPS61230 2.3-V to 5.5-V Input, 3.5-V Output Converter

L1
1.0uH
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Vi o i VIN sw J
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p— R c2
- —| HYS FB 250k IszzpF
SS R2 -
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p— R3  ~
- TPS61230 1.0Meg

Figure 25. TPS61230 3.5-V Output Typical Application

9.2.2.1 TPS61230 3.5-V Output Design Requirements

Table 6. TPS61230 3.5-V Output Design Parameters

DESIGN PARAMETERS EXAMPLE VALUES

Input Voltage Range 23Vto55V
Output Voltage 35V

Output Voltage Ripple +3% Vourt

Transient Response +10% Vout

Input Voltage Ripple +200 mV

Output Current Rating 2.1A

Operating Frequency 2 MHz

9.2.2.2 Detailed Design Procedure
Refer to the TPS61230 5-V Detailed Design Procedure section for the 3.5-V detailed design procedures.
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9.2.2.3 TPS61230 3.5-V Output Application Performance Plots
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Vout=35V, lout=1A TA=85C ‘ ‘H Vin=3.0V
3.36 1K
23 25 27 2.9 31 33 0.001 0.010 0.100 1.000
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Figure 30. Line Regulation Figure 31. Switching Frequency
18 Submit Documentation Feedback Copyright © 2014, Texas Instruments Incorporated

Product Folder Links: TPS61230 TPS61231 TPS61232


http://www.ti.com/product/tps61230?qgpn=tps61230
http://www.ti.com/product/tps61231?qgpn=tps61231
http://www.ti.com/product/tps61232?qgpn=tps61232
http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLVSAQ2C&partnum=TPS61230
http://www.ti.com/product/tps61230?qgpn=tps61230
http://www.ti.com/product/tps61231?qgpn=tps61231
http://www.ti.com/product/tps61232?qgpn=tps61232

13 TEXAS

INSTRUMENTS

www.ti.com

TPS61230, TPS61231, TPS61232
SLVSAQ2C —JANUARY 2014-REVISED OCTOBER 2014

t-- 2 ms/div

t-- 200 ps/div

PG (DC, 2 V/div)
[ ——— B e EN (DC, 5 V/div)
Vin (DC, 1 Vidiv) PG (DC, 5 V/div) /
w.\ 1Vout (DC, 1 V/div) /\ /e «
e
Pl Im
Icoil (DC, 1.5 Aldiv)
coil (DC, 1.5 Aldiv) Vout (DG, 2 V/div) JH//;N /
Icoil (DC, 1 Aldiv) /”
Figure 32. |npUt SWeep (VOUT =35V, VIN =27Vto4.2V, Figure 33. Startup (VOUT =35 V, VIN =3.0 V, ROUT =23 Q)
lour =1.5A)
t-75 pildiv
EN (DC, 5 Vidiv) i
PG (DC, 5 V/div)
Vout (DC, 2 V/div)
Icoil (DC, 1 A/div)

Figure 34. Shutdown (VOUT =35 V, VlN =3.0 V, ROUT =23 Q)
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9.2.3 TPS61230 Application with Feed Forward Capacitor for Best Transient Response

As for the heavy load transient applications such as a 2-A load step transient, a feed forward capacitor in parallel
with R1 is recommended. The feed forward capacitor increases the loop bandwidth by adding a zero. This results
in a lower output voltage drop, as shown in Figure 36. Set the feed forward capacitor zero near 20 kHz for most
applications. See application report Optimizing Transient Response of Internally Compensated dc-dc Converters
With Feedforward Capacitor (SLVA289).

L1
1.0pH

|
Vi o ‘I VIN sw
Cc1
20F | EN vout +—o0 Vour
p— c2
- — HYS FB 3x22uF
ss =
10nF} GND PG 1
— R3 -
- TPS61230 1.0Meg

Figure 35. TPS61230 5-V Output with Cff Typical Application

9.2.3.1 Design Requirements
Refer to the TPS61230 5-V Output Design Requirements section for the design requirements.

9.2.3.2 Detailed Design Procedure
Refer to the TPS61230 5-V Detailed Design Procedure section for the detailed design procedures.

9.2.3.3 Application Curve

t-- 50 ps/div

Load (DC, 2 Aldiv)

PG (DC, 5 V/div)

Vout (AC; 0.5 V/div) If"‘“*--.,,

LLLRL L
W a1 A RR L
Icoil (DC, 5 Aldiv) s

Figure 36. Load Transient (Vour =5 V, lour = 0.5 A t0 2 A, Cer = 18 pF)

%

10 Power Supply Recommendations

The device is designed to operate from an input voltage supply range between 2.3 V and 5.5 V. This input supply
must be well regulated. If the input supply is located more than a few inches from the converter, additional bulk
capacitance may be required in addition to the ceramic bypass capacitors. An electrolytic or tantalum capacitor
with a value of 47 pF is a typical choice.
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11 Layout

11.1 Layout Guidelines

For all switching power supplies, the layout is an important step in the design, especially at high peak currents
and high switching frequencies. If the layout is not carefully done, the regulator could show stability problems as
well as EMI problems. Therefore, use wide and short traces for the main current path and for the power ground
tracks. The input capacitor, output capacitor, and the inductor should be placed as close as possible to the IC.
Use a common ground node for power ground and a different one for control ground to minimize the effects of
ground noise. Connect these ground nodes at the GND pin of the IC. The most critical current path for all boost
converters is from the switching FET, through the synchronous FET, then the output capacitors, and back to
ground of the switching FET. Therefore, the output capacitors and their traces should be placed on the same
board layer as the IC and as close as possible between the IC’'s VOUT and GND pin.

See Figure 37 for the recommended layout.

11.2 Layout Example

—Top Layer Bottom Layer

Figure 37. Layout Recommendation

11.3 Thermal Considerations

Implementation of integrated circuits in low-profile and fine-pitch surface-mount packages typically requires
special attention to power dissipation. Many system-dependent issues such as thermal coupling, airflow, added
heat sinks and convection surfaces, and the presence of other heat-generating components affect the power-
dissipation limits of a given component.

Two basic approaches for enhancing thermal performance are listed below.
» Improving the power dissipation capability of the PCB design
* Introducing airflow in the system

Copyright © 2014, Texas Instruments Incorporated Submit Documentation Feedback 21
Product Folder Links: TPS61230 TPS61231 TPS61232


http://www.ti.com/product/tps61230?qgpn=tps61230
http://www.ti.com/product/tps61231?qgpn=tps61231
http://www.ti.com/product/tps61232?qgpn=tps61232
http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLVSAQ2C&partnum=TPS61230
http://www.ti.com/product/tps61230?qgpn=tps61230
http://www.ti.com/product/tps61231?qgpn=tps61231
http://www.ti.com/product/tps61232?qgpn=tps61232

13 TEXAS
INSTRUMENTS
TPS61230, TPS61231, TPS61232

SLVSAQ2C —JANUARY 2014—REVISED OCTOBER 2014 www.ti.com

Thermal Considerations (continued)

For more details on how to use the thermal parameters in the dissipation ratings table please check the
application report Thermal Characteristics of Linear and Logic Packages Using JEDEC PCB Designs (SZZA017)
and the application report Semiconductor and IC Package Thermal Metrics (SPRA953).
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12 Device and Documentation Support

12.1 Device Support

12.1.1 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 Tl PRODUCT OR SERVICE.

12.2 Documentation Support

12.2.1 Related Documentation

Optimizing Transient Response of Internally Compensated dc-dc Converters With Feedforward Capacitor
SLVA289

Thermal Characteristics of Linear and Logic Packages Using JEDEC PCB Designs (SZZA017)
Semiconductor and IC Package Thermal Metrics (SPRA953)

12.3 Related Links

The table below lists quick access links. Categories include technical documents, support and community
resources, tools and software, and quick access to sample or buy.

Table 7. Related Links

PARTS PRODUCT FOLDER SAMPLE & BUY JggSI\N/I:ECI\?TLS S-(g(l):(T)\I/_VigE ggrllllz\,/l%T\l-ll-T%
TPS61230 Click here Click here Click here Click here Click here
TPS61231 Click here Click here Click here Click here Click here
TPS61232 Click here Click here Click here Click here Click here

12.4 Trademarks
All trademarks are the property of their respective owners.

12.5 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.

12.6 Glossary

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

13 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 Device Status Package Type Package Pins Package Eco Plan Lead/Ball Finish MSL Peak Temp Op Temp (°C) Device Marking Samples
@) Drawing Qty @ ©) @ (/5)

TPS61230DRCR ACTIVE VSON DRC 10 3000 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR -40 to 85 SBK Samples
& no Sh/Br)

TPS61230DRCT ACTIVE VSON DRC 10 250 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR -40 to 85 SBK Samples
& no Sh/Br)

TPS61230DSCR PREVIEW WSON DSC 10 3000 TBD Call Tl Call T -40 to 85

TPS61230DSCT PREVIEW WSON DSC 10 250 TBD Call Tl Call TI -40 to 85

TPS61232DRCR ACTIVE VSON DRC 10 3000 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR -40 to 85 SBL Samples
& no Sh/Br) P

TPS61232DRCT ACTIVE VSON DRC 10 250 Green (RoHS CU NIPDAU Level-2-260C-1 YEAR -40 to 85 SBL Samples
& no Sh/Br)

® The marketing status values are defined as follows:

ACTIVE: Product device recommended for new designs.

LIFEBUY: Tl has announced that the device will be discontinued, and a lifetime-buy period is in effect.

NRND: Not recommended for new designs. Device is in production to support existing customers, but Tl does not recommend using this part in a new design.
PREVIEW: Device has been announced but is not in production. Samples may or may not be available.

OBSOLETE: Tl has discontinued the production of the device.

@ Eco Plan - The planned eco-friendly classification: Pb-Free (RoHS), Pb-Free (RoHS Exempt), or Green (RoHS & no Sb/Br) - please check http://www.ti.com/productcontent for the latest availability
information and additional product content details.

TBD: The Pb-Free/Green conversion plan has not been defined.

Pb-Free (RoHS): Tl's terms "Lead-Free" or "Pb-Free" mean semiconductor products that are compatible with the current RoHS requirements for all 6 substances, including the requirement that
lead not exceed 0.1% by weight in homogeneous materials. Where designed to be soldered at high temperatures, Tl Pb-Free products are suitable for use in specified lead-free processes.
Pb-Free (RoHS Exempt): This component has a RoHS exemption for either 1) lead-based flip-chip solder bumps used between the die and package, or 2) lead-based die adhesive used between
the die and leadframe. The component is otherwise considered Pb-Free (RoHS compatible) as defined above.

Green (RoHS & no Sb/Br): Tl defines "Green" to mean Pb-Free (RoHS compatible), and free of Bromine (Br) and Antimony (Sb) based flame retardants (Br or Sb do not exceed 0.1% by weight
in homogeneous material)

@ MSL, Peak Temp. - The Moisture Sensitivity Level rating according to the JEDEC industry standard classifications, and peak solder temperature.
® There may be additional marking, which relates to the logo, the lot trace code information, or the environmental category on the device.

® Multiple Device Markings will be inside parentheses. Only one Device Marking contained in parentheses and separated by a "~" will appear on a device. If a line is indented then it is a continuation
of the previous line and the two combined represent the entire Device Marking for that device.
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© | ead/Ball Finish - Orderable Devices may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead/Ball Finish values may wrap to two lines if the finish
value exceeds the maximum column width.

Important Information and Disclaimer: The information provided on this page represents Tl'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
i |
& go W
Reel ) l
Diameter
Cavity +‘ A0 M
A0 | Dimension designed to accommodate the component width
B0 | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
\ 4 W | Overall width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ 1
T Reel Width (W1)
QUADRANT ASSIGNMENTS FOR PIN 1 ORIENTATION IN TAPE
O O O O OO O O O QfSprocket Holes
|
T
Q1 : Q2
H4-—-—
Q3 1 Q4 User Direction of Feed
[ 8
T
Pocket Quadrants
*All dimensions are nominal
Device Package|Package|Pins| SPQ Reel Reel AO BO KO P1 w Pin1
Type |Drawing Diameter| Width | (mm) [ (mm) | (mm) | (mm) | (mm) |Quadrant
(mm) |W1(mm)
TPS61230DRCR VSON DRC 10 3000 330.0 12.4 33 33 11 8.0 12.0 Q2
TPS61230DRCT VSON DRC 10 250 180.0 12.4 33 3.3 11 8.0 12.0 Q2
TPS61232DRCT VSON DRC 10 250 180.0 12.4 3.3 3.3 1.1 8.0 12.0 Q2
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TAPE AND REEL BOX DIMENSIONS
At
4
///
// S
/\g\ /)i\
. 7
~ . /
. T -
Tu e
*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
TPS61230DRCR VSON DRC 10 3000 367.0 367.0 35.0
TPS61230DRCT VSON DRC 10 250 210.0 185.0 35.0
TPS61232DRCT VSON DRC 10 250 210.0 185.0 35.0
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MECHANICAL DATA

DRC (S—PVSON—=N10) PLASTIC SMALL OUTLINE NO—LEAD

3,10
2,90

|

[

|

|

| 3,10
m \#‘ 2.90

PIN 1 INDEX AREA —]
TOP AND BOTTOM

o
(@]

o
(@]
(@)

«

J 0,20 REF.

2[0.08] s L (LIl TL 1T y 5 SEATING PLANE
0,05 j
0.00

YUl

_ SIZE AND SHAPE
SHOWN ON SEPARATE SHEET

iy
ANANINANE
g

L

4204102-3 /1L 09/11

NOTES: A, All linear dimensions are in millimeters. Dimensioning and tolerancing per ASME Y14.5M—1994.

A

B. This drawing is subject to change without notice.

C. Small Outline No—Lead (SON) package configuration.

D. The package thermal pad must be soldered to the board for thermal and mechanical performance, if present.
E

See the additional figure in the Product Data Sheet for details regarding the exposed thermal pad features
and dimensions, if present
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THERMAL PAD MECHANICAL DATA

DRC (S—PVSON—N10) PLASTIC SMALL OUTLINE NO-LEAD
THERMAL INFORMATION

This package incorporates an exposed thermal pad that is designed to be attached directly to an external
heatsink. The thermal pad must be soldered directly to the printed circuit board (PCB). After soldering, the

PCB can be used as a heatsink. In addition, through the use of thermal vias, the thermal pad can be attached
directly to the appropriate copper plane shown in the electrical schematic for the device, or alternatively, can be
attached to a special heatsink structure designed into the PCB. This design optimizes the heat transfer from the
integrated circuit (IC).

For information on the Quad Flatpack No—Lead (QFN) package and its advantages, refer to Application Report,
QFN/SON PCB Attachment, Texas Instruments Literature No. SLUA271. This document is available at www.ti.com.

The exposed thermal pad dimensions for this package are shown in the following illustration.

PIN 1 INDICATOR
R 0,150

g < 2x 0,42

1

5
i 050 ReF M U U J U L{ Exposed Thermal Pad
14
1 —— 1\ ! T s
] , —
1,60:I:O,10_ :S - - - - E_
i | 4 ]
6x 0.41 J — | | L 8x 0,18
INARANANA
10 6

[— 2,15+£0,10 ——— »,

Bottom View

Exposed Thermal Pad Dimensions
4206565-9/U 04/14

NOTE: A. All linear dimensions are in millimeters
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LAND PATTERN DATA

DRC (S—PVSON—N10) PLASTIC SMALL OUTLINE NO—-LEAD

Example Board Layout Example( Stencil) Design
Note E
Note D —| |85 —]  |~—8x05
\ U U U U U U 3/ U U—_
) ——2x0,43
— <—|
O O * 2x0,22
3,75 2,1 1,60 O ? -+ 215 3,7
O O 2x0,22
ANy N\, Lovia1 4x0,65= — 409 |=—
/] Q\DD h i
/ ’/ Y- \\ 10x0,775 _ _>| |<;;Ox0,23
2x Via and Routing 215 \
Keep Out Area ,/ ’ AN 687% solder coverage on center pad
j N
/" Non Solder Mask \\\ Exposed Pad Geometry
/ Defined Pad N\ T T~
T N N
\ 4 \
// RO.14 *\_Solder Mask Opening 4 | 9x90,2 — \

| (Note F) // + o 6*; b\ \\
i e |
\ :| a eometr l '
\\ 01823’07 ]_ i (?\lo(‘ie C) ; y \ O ,/

\L\I\I around ,/ \\ L_, Ojili //
\\\ //// \\\ 1’5 ///

4206987-5/M 04/14

NOTES: A. All linear dimensions are in millimeters.

This drawing is subject to change without notice.

Publication IPC—SM-782 is recommended for alternate designs.

This package is designed to be soldered to a thermal pad on the board. Refer to Application Note, Quad Flat—Pack

Packages, Texas Instruments Literature No. SLUA271, and also the Product Data Sheets

for specific thermal information, via requirements, and recommended board layout. These documents are available at

www.ti.com <http: //www.ti.com>.

E. Laser cutting apertures with trapezoidal walls and also rounding corners will offer better paste release. Customers should
contact their board assembly site for stencil design recommendations. Refer to IPC 7525 for stencil design considerations.

F.  Customers should contact their board fabrication site for minimum solder mask web tolerances between signal pads.

oSow
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MECHANICAL DATA

DSC (S—PWSON—=N10) PLASTIC SMALL OUTLINE NO—LEAD

3,15
2,85

|

[
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|

| 315
m \JT 2.85

PIN 1 INDEX AREA —]
TOP AND BOTTOM

0,80

0,60 l

J 0,20 REF.
v

£]0,08 ' Ay Y 6 N . SEATING PLANE
0,05 j
0.00
0,50 ﬂ
10X 535
g
| U
EXPOSED THERMAL PAD | ——1
]
o %ﬁ — =
y
- ]
/E\ OPTIONAL EXPOSED /‘ﬁ | —
METALLIZED FEATURE ANMmAn
10 6 0,30 010 W[c]a[8]
%018 |®os (e

4207383 /E 01/11

NOTES: A. Al linear dimensions are in millimeters. Dimensioning and tolerancing per ASME Y14.5M-1994.
B. This drawing is subject to change without notice.
C. Small Outline No—Lead (SON) package configuration.

A The package thermal pad must be soldered to the board for thermal and mechanical performance.

A See the Product Data Sheet for details regarding the exposed thermal pad features and dimensions.
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IMPORTANT NOTICE

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

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

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

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

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

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

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

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

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

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

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