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TPS54232 2-A, 28-V, 1-MHz, Step-Down DC-DC Converter With Eco-Mode™

1 Features

e 3.5-Vto 28-V Input Voltage Range
» Adjustable Output Voltage Down to 0.8 V

» Integrated 80-mQ High-Side MOSFET Supports
up to 2-A Continuous Output Current

« High Efficiency at Light Loads with a Pulse-
Skipping Eco-Mode™

» Fixed 1-MHz Switching Frequency

» Typical 1-pyA Shutdown Quiescent Current

» Adjustable Slow-Start Limits Inrush Currents

* Programmable UVLO Threshold

» Overvoltage Transient Protection

e Cycle-by-Cycle Current Limit, Frequency Fold
Back and Thermal Shutdown Protection

* Available in 8-Pin SOIC Package

« Supported by WEBENCH® Software Tool
(http://www.ti.com/Isds/ti/analog/webench/overvie

w.page)

2 Applications

» Consumer Applications such as Set-Top Boxes,
CPE Equipment, LCD Displays, Peripherals, and
Battery Chargers

» Industrial and Car Audio Power Supplies
e 5-V, 12-V, and 24-V Distributed Power Systems

4 Simplified Schematic
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3 Description

The TPS54232 is a 28-V, nonsynchronous buck
converter that integrates a low Rpgqn high-side
MOSFET. To increase efficiency at light loads, a
pulse-skipping Eco-Mode feature is automatically
activated. Furthermore, the 1-pA shutdown supply
current allows the device to be used in battery-
powered applications. Current mode control with
internal slope compensation simplifies the external
compensation calculations and reduces component
count while allowing the use of ceramic output
capacitors. A resistor divider programs the hysteresis
of the input undervoltage lockout. An overvoltage
transient protection circuit limits voltage overshoots
during startup and transient conditions. A cycle-by-
cycle current limit scheme, frequency fold back, and
thermal shutdown protect the device and the load in
the event of an overload condition. The TPS54232 is
available in an 8-pin SOIC package.

Device Information®
PART NUMBER PACKAGE BODY SIZE (NOM)
TPS54232 soIC (8) 4.90 mm x 3.90 mm

(1) For all available packages, see the orderable addendum at
the end of the datasheet.
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6 Pin Configuration and Functions

D PACKAGE
(TOP VIEW)
[
BOOT [T 1 s T1PH
VINCI] 2 7] GND
ENCTs 611 COmMP
ss[C1]4 5[ 1] VSENSE
Pin Functions
PIN 110
DESCRIPTION
NAME NO.
BOOT 1 O | A 0.1-pF bootstrap capacitor is required between BOOT and PH. If the voltage on this capacitor falls below
the minimum requirement, the high-side MOSFET is forced to switch off until the capacitor is refreshed.
VIN I | Input supply voltage, 3.5V to 28 V.
EN | | Enable pin. Pull below 1.25 V to disable. Float to enable. Programming the input undervoltage lockout with
two resistors is recommended.
SS I | Slow start pin. An external capacitor connected to this pin sets the output rise time.
VSENSE I | Inverting node of the gm error amplifier.
COMP O | Error amplifier output, and input to the PWM comparator. Connect frequency compensation components to
this pin.
GND - | Ground.
PH 8 O | The source of the internal high-side power MOSFET.
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7 Specifications

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

MIN MAX UNIT
VIN -0.3 30
EN -0.3 6
Input Voltage BOOT 38 \%
VSENSE -0.3
COMP -0.3
SS -0.3
BOOT-PH 8 8
Output Voltage PH -0.6 30 \%
PH (10 ns transient from ground to negative peak) -5
EN 100 pA
Source Current BOOT 100 mA
VSENSE 10 A
PH 6 A
VIN 6 A
Sink Current COMP 100
SS 200 bA
Operating Junction Temperature, 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 may affect device reliability.

7.2 Handling Ratings

MIN MAX UNIT
Tstg Storage temperature range —65 150 °C
Hum(%n body model (HBM), per ANSI/ESDA/JEDEC JS-001, all - 2 KV
ins
VEsp) | Electrostatic discharge P - S
Charged device model (ZCDM), per JEDEC specification _500 500 v
JESD22-C101, all 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.
Copyright © 2008-2014, Texas Instruments Incorporated Submit Documentation Feedback 5
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7.3 Recommended Operating Conditions
over operating free-air temperature range (unless otherwise noted)
MIN MAX UNIT
Operating Input Voltage on (VIN pin) 35 28 \Y,
T, Operating junction temperature -40 150 °C
7.4 Thermal Information
TPS54232
THERMAL METRIC® D UNIT
8 PINS
Rgia Junction-to-ambient thermal resistance 116.3
Raic(top) Junction-to-case (top) thermal resistance 53.7
Rgig Junction-to-board thermal resistance 57.1 .
WiT Junction-to-top characterization parameter 12.9 cw
Wig Junction-to-board characterization parameter 56.5
Raic(bot) Junction-to-case (bottom) thermal resistance -

(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 150°C, VIN = 3.5V to 28V (unless otherwise noted)

DESCRIPTION | TEST CONDITIONS MIN TYP  MAX| UNIT
SUPPLY VOLTAGE (VIN PIN)

Internal undervoltage lockout threshold Rising and Falling 35 Y
Shutdown supply current EN =0V, VIN =12V, —-40°C to 85°C 1 4 uA
Operating — non switching supply current VSENSE =0.85V 85 120 uA
ENABLE AND UVLO (EN PIN)

Enable threshold Rising and Falling 1.25 1.35 Y
Input current Enable threshold — 50 mV -1 uA
Input current Enable threshold + 50 mV -4 uA
VOLTAGE REFERENCE

Voltage reference 0.772 0.8 0.828 Y
HIGH-SIDE MOSFET

On resistance BOOT-PH=3V,VIN=35V 115 200 mo

BOOT-PH=6V,VIN=12V 80 150

ERROR AMPLIFIER

Error amplifier transconductance (gm) =2 PA < licompy < 2 YA, Vicompy = 1 V 92 pmhos
Error amplifier DC gain® VSENSE = 0.8 V 800 VIV
Error amplifier unity gain bandwidth® 5 pF capacitance from COMP to GND pins 2.7 MHz
Error amplifier source/sink current V(comp) = 1.0 V, 100 mV overdrive 17 uA
Switch current to COMP transconductance VIN=12V 10 ANV
PULSE-SKIPPING ECO-MODE

Pulse-skipping Eco-Mode switch current threshold ‘ 100 mA
CURRENT LIMIT

Current limit threshold ‘ VIN=12V 2.3 4.9 A
THERMAL SHUTDOWN

Thermal Shutdown ‘ 165 °C
SLOW START (SS PIN)

Charge current V(ss) = 0.4V 2 uA
SS to VSENSE matching V(ss) = 0.4V 10 mV
(1) Specified by design

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

PARAMETER TEST CONDITIONS MIN TYP MAX UNIT

TPS54232 Switching Frequency VIN = 12V, 25°C 800 1000 1200 kHz
Minimum controllable on time VIN =12V, 25°C 110 135 ns

Maximum controllable duty ratio®

BOOT-PH =6V 90%

93%

(1) Specified by design

Copyright © 2008-2014, Texas Instruments Incorporated
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7.7 Typical Characteristics

T, - Junction Temperature - °C

Figure 5. Minimum Controllable On Time vs Junction
Temperature
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Typical Characteristics (continued)
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Figure 7. SS Charge Current vs Junction Temperature Figure 8. Current Limit Threshold vs Input Voltage
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8 Detailed Description

8.1 Overview

The TPS54232 is a 28-V, 2-A, step-down (buck) converter with an integrated high-side n-channel MOSFET. To
improve performance during line and load transients, the device implements a constant frequency, current mode
control which reduces output capacitance and simplifies external frequency compensation design. The
TPS54232 has a pre-set switching frequency of 1MHz.

The TPS54232 needs a minimum input voltage of 3.5 V to operate normally. The EN pin has an internal pull-up
current source that can be used to adjust the input-voltage, undervoltage lockout (UVLO) with two external
resistors. In addition, the pull-up current provides a default condition when the EN pin is floating for the device to
operate. The operating current is 85 pA typically when not switching and under no load. When the device is
disabled, the supply current is 1 pA typically.

The integrated 80-mQ high-side MOSFET allows for high efficiency power supply designs with continuous output
currents up to 2 A.

The TPS54232 reduces the external component count by integrating the boot recharge diode. The bias voltage
for the integrated high-side MOSFET is supplied by an external capacitor on the BOOT to PH pin. The boot
capacitor voltage is monitored by an UVLO circuit and will turn the high-side MOSFET off when the voltage falls
below a preset threshold of 2.1 V typically. The output voltage can be stepped down to as low as the reference
voltage.

By adding an external capacitor, the slow start time of the TPS54232 can be adjustable which enables flexible
output filter selection.

To improve the efficiency at light load conditions, the TPS54232 enters a special pulse-skipping Eco-Mode when
the peak inductor current drops below 100 mA typically.

The frequency foldback reduces the switching frequency during startup and over current conditions to help
control the inductor current. The thermal shut down gives the additional protection under fault conditions.

8.2 Functional Block Diagram

EN VIN
—
L
165C
Thermal >
Shutdown ¢
Shutdown
& Shutdown
Logic )
1.25V-
Enable Enable
Threshold Comparator Boot
Charge
™
ECO-MODE Boot r
Minimum Clamp UVLO {] oot

T 21V 'd
Error = 10 AV
VSENSE [ }——— — Amplifier PWM PWM Current

N Comparator Latch Sense
2uA R Q N 80 mQ
k + gm = 92 pAIV
DC gain = 800 V/V
BW = 2.7 MHz s
Voltage
2ka 0.8V Shutdown Z Compensation
Discharge f—— * * {]PH
Logic
VSENSE
J: é —y Frequency | lngcillator
= Shift
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8.3 Feature Description

8.3.1 Fixed-Frequency PWM Control

The TPS54232 uses a fixed frequency, peak current mode control. The internal switching frequency of the
TPS54232 is fixed at 1 MHz.

8.3.2 Voltage Reference (V,g)

The voltage reference system produces a +2% initial accuracy voltage reference (£3.5% over temperature) by
scaling the output of a temperature stable bandgap circuit. The typical voltage reference is designed at 0.8 V.

8.3.3 Bootstrap Voltage (BOOT)

The TPS54232 has an integrated boot regulator and requires a 0.1-uyF ceramic capacitor between the BOOT and
PH pin to provide the gate drive voltage for the high-side MOSFET. A ceramic capacitor with an X7R or X5R
grade dielectric is recommended because of the stable characteristics over temperature and voltage. To improve
drop out, the TPS54232 is designed to operate at 100% duty cycle as long as the BOOT to PH pin voltage is
greater than 2.1 V typically.

8.3.4 Enable and Adjustable Input Undervoltage Lockout (VIN UVLO)

The EN pin has an internal pull-up current source that provides the default condition of the TPS54232 operating
when the EN pin floats.

The TPS54232 is disabled when the VIN pin voltage falls below internal VIN UVLO threshold. It is recommended
to use an external VIN UVLO to add hysteresis unless VIN is greater than (Voyr + 2V). To adjust the VIN UVLO
with hysteresis, use the external circuitry connected to the EN pin as shown in Figure 9. Once the EN pin voltage
exceeds 1.25 V, an additional 3 pA of hysteresis is added. Use Equation 1 and Equation 2 to calculate the
resistor values needed for the desired VIN UVLO threshold voltages. The Vsrart iS the input start threshold
voltage, the Vgrop is the input stop threshold voltage and the Vgy is the enable threshold voltage of 1.25 V. The
Vstop should always be greater than 3.5 V.

TPS54232

Figure 9. Adjustable Input Undervoltage Lockout

Ren1 = VSTART - VSTOP

3 pA (1)
Ren2 = Ven
Vstart - VEN 4 1 1A
W
Ren1 2

8.3.5 Programmable Slow-Start Using SS Pin

It is highly recommended to program the slow start time externally because no slow start time is implemented
internally. The TPS54232 effectively uses the lower voltage of the internal voltage reference or the SS pin
voltage as the power supply’s reference voltage fed into the error amplifier and will regulate the output
accordingly. A capacitor (Csg) on the SS pin to ground implements a slow start time. The TPS54232 has an
internal pull-up current source of 2 YA that charges the external slow start capacitor. The equation for the slow
start time (10% to 90%) is shown in Equation 3. The V, is 0.8V and the Igg current is 2uA.

Copyright © 2008-2014, Texas Instruments Incorporated Submit Documentation Feedback 11
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Feature Description (continued)
CSS (nF) X ref (V)
lss (HA) (3)

The slow start time should be set between 1 ms to 10 ms to ensure good startup behavior. The slow-start
capacitor should be no more than 27 nF.

Tgs (Ms) =

If during normal operation, the input voltage drops below the VIN UVLO threshold, or the EN pin is pulled below
1.25 V, or a thermal shutdown event occurs, the TPS54232 stops switching.

8.3.6 Error Amplifier

The TPS54232 has a transconductance amplifier for the error amplifier. The error amplifier compares the
VSENSE voltage to the internal effective voltage reference presented at the input of the error amplifier. The
transconductance of the error amplifier is 92 pA/V during normal operation. Frequency compensation
components are connected between the COMP pin and ground.

8.3.7 Slope Compensation

In order to prevent the sub-harmonic oscillations when operating the device at duty cycles greater than 50%, the
TPS54232 adds a built-in slope compensation which is a compensating ramp to the switch current signal.

8.3.8 Current Mode Compensation Design

For designs using ceramic output capacitors, proper derating of ceramic output capacitance is recommended
when doing the stability analysis. This is because the actual ceramic capacitance drops considerably from the
nominal value when the applied voltage increases. For the detailed guidelines, see the Detailed Design
Procedure section.

8.3.9 Overcurrent Protection and Frequency Shift

The TPS54232 implements current mode control that uses the COMP pin voltage to turn off the high-side
MOSFET on a cycle by cycle basis. Every cycle the switch current and the COMP pin voltage are compared,;
when the peak inductor current intersects the COMP pin voltage, the high-side switch is turned off. During
overcurrent conditions that pull the output voltage low, the error amplifier responds by driving the COMP pin high,
causing the switch current to increase. The COMP pin has a maximum clamp internally, which limit the output
current.

The TPS54232 provides robust protection during short circuits. There is potential for overcurrent runaway in the
output inductor during a short circuit at the output. The TPS54232 solves this issue by increasing the off time
during short circuit conditions by lowering the switching frequency. The switching frequency is divided by 8, 4, 2,
and 1 as the voltage ramps from 0 V to 0.8 V on VSENSE pin. The relationship between the switching frequency
and the VSENSE pin voltage is shown in Table 1.

Table 1. Switching Frequency Conditions

SWITCHING FREQUENCY VSENSE PIN VOLTAGE
1 MHz VSENSE 2 0.6 V

1MHz/2 0.6 V>VSENSE 204V

1MHz /4 0.4V >VSENSE=20.2V
1MHz/8 0.2 V> VSENSE

8.3.10 Overvoltage Transient Protection

The TPS54232 incorporates an overvoltage transient protection (OVTP) circuit to minimize output voltage
overshoot when recovering from output fault conditions or strong unload transients. The OVTP circuit includes an
overvoltage comparator to compare the VSENSE pin voltage and internal thresholds. When the VSENSE pin
voltage goes above 109% x V¢, the high-side MOSFET will be forced off. When the VSENSE pin voltage falls
below 107% x V,, the high-side MOSFET will be enabled again.
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8.3.11 Thermal Shutdown

The device implements an internal thermal shutdown to protect itself if the junction temperature exceeds 165°C.
The thermal shutdown forces the device to stop switching when the junction temperature exceeds the thermal
trip threshold. Once the die temperature decreases below 165°C, the device reinitiates the power up sequence.

8.4 Device Functional Modes

8.4.1 Eco-Mode

The TPS54232 device is designed to operate in pulse skipping Eco-mode at light load currents to boost light load
efficiency. When the peak inductor current is lower than 100 mA (typical), the COMP pin voltage falls to 0.5 V
(typical) and the device enters Eco-mode . When the device is in Eco-mode, the COMP pin voltage is clamped at
0.5 V internally which prevents the high-side integrated MOSFET from switching. The peak inductor current must
rise above 100 mA for the COMP pin voltage to rise above 0.5 V and exit Eco-mode. Because the integrated
current comparator catches the peak inductor current only, the average load current entering Eco-mode varies
with the applications and external output filters.

8.4.2 Operation With VIN <35V

The device is recommended to operate with input voltages above 3.5 V. The typical VIN UVLO threshold is not
specified and the device can operate at input voltages down to the UVLO voltage. At input voltages below the
actual UVLO voltage, the device does not switch. If the EN pin is externally pulled up or left floating, the device
becomes active when the VIN pin passes the UVLO threshold. Switching begins when the slow-start sequence is
initiated.

8.4.3 Operation With EN Control

The enable threshold voltage is 1.25 V (typical). With the EN pin is held below that voltage the device is disabled
and switching is inhibited even if the VIN pin is above the UVLO threshold. The IC quiescent current is reduced
in this state. If the EN voltage increases above the threshold while the VIN pin is above the UVLO threshold, the
device becomes active. Switching is enabled, and the slow-start sequence is initiated.
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9 Application 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 TPS54232 device is typically used as a step-down converter, which converts a voltage from 3.5V to 28 V to
a lower voltage. WEBENCH™ software is available to aid in the design and analysis of circuits.

For additional design needs, see:

TPS54231 TPS54232 TPS54233 TPS54331 TPS54332
Io(Max) 2A 2A 2A 3A 3.5A
Input Voltage Range 3.5V - 28V 3.5V - 28V 3.5V - 28V 3.5V - 28V 3.5V - 28V
Switching Freq. (Typ) 570kHz 1000kHz 285kHz 570kHz 1000kHz
Swiitch Current Limit (Min) 2.3A 2.3A 2.3A 3.5A 4.2A
Pin/Package 8S0OIC 8S0OIC 8S0OIC 8S0OIC 8S0O PowerPAD™
9.2 Typical Application
L1
Vout 2.5
1 3_.3uH2 lout Max 2A
~ VouT)
c2 J_ D1
@.1uF u1 =—C6 RS
: TPS54232D 8 B220A 220F 2 5o
BOOT PH
VIN) i VIN GND Z
4 Eg c\:/c;.;i 5 J_ c4 =
= = 680pF cs SRe
c3 | 47pF 4,75k
IR 0.015uF T
A p— R4' 1
17.4k =
A Optional
Figure 10. Typical Application Schematic
9.2.1 Design Requirements
For this design example, use the values listed in Table 2 as the input parameters
Table 2. Design Parameters
DESIGN PARAMETER EXAMPLE VALUE
Input voltage range 5V to 15V
Output voltage 25V
Input ripple voltage 300 mV
Qutput ripple voltage 30 mV
Qutput current rating 2A
Operating Frequency 1 MHz
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9.2.2 Detailed Design Procedure

The following design procedure can be used to select component values for the TPS54232. Alternately, the
WEBENCH Software may be used to generate a complete design. The WEBENCH™ Software uses an iterative
design procedure and accesses a comprehensive database of components when generating a design. This
section presents a simplified discussion of the design process.

9.2.2.1 Switching Frequency
The switching frequency for the TPS54232 is fixed at 1 MHz.

9.2.2.2 Output Voltage Set Point

The output voltage of the TPS54232 is externally adjustable using a resistor divider network. In the application
circuit of Figure 10, this divider network is comprised of R5 and R6. The relationship of the output voltage to the
resistor divider is given by Equation 4 and Equation 5.

R6 — R5 X VREF
Vour —VRer @)

R5
Vout = VRer X {R_6+1}
(5)
Choose R5 to be approximately 10 kQ. Slightly increasing or decreasing R5 can result in closer output voltage
matching when using standard value resistors. In this design, R4 = 10.2 kQ and R = 4.75 kQ, resulting ina 2.5 V
output voltage. The zero ohm resistor R4 is provided as a convenient place to break the control loop for stability
testing.

9.2.2.3 Input Capacitors

The TPS54232 requires an input decoupling capacitor and depending on the application, a bulk input capacitor.
The typical recommended value for the decoupling capacitor is 10 pyF. A high-quality ceramic type X5R or X7R is
recommended. The voltage rating should be greater than the maximum input voltage. A smaller value may be
used as long as all other requirements are met; however 10 uF has been shown to work well in a wide variety of
circuits. Additionally, some bulk capacitance may be needed, especially if the TPS54232 circuit is not located
within about 2 inches from the input voltage source. The value for this capacitor is not critical but should be rated
to handle the maximum input voltage including ripple voltage, and should filter the output so that input ripple
voltage is acceptable. For this design a 10 yF capacitor issued for the input decoupling capacitor. It isX5R
dielectric rated for 25 V. The equivalent series resistance (ESR) is approximately 5 mQ, and the current rating is
3 A.

This input ripple voltage can be approximated by Equation 6.

I x 0.25
AV = OUT(MAX)

+ (lout(max) * ESRyax
CguLk * fsw ( (MAX) ) (6)

Where Ioyruax) is the maximum load current, fgy is the switching frequency, Cgyi« is the input capacitor value
and ESRyax is the maximum series resistance of the input capacitor.

The maximum RMS ripple current also needs to be checked. For worst case conditions, this can be
approximated by Equation 7.

L= loutmAx)
CIN ) (7)

In this case, the input ripple voltage would be 60 mV and the RMS ripple current would be 1 A. It is also
important to note that the actual input voltage ripple will be greatly affected by parasitics associated with the
layout and the output impedance of the voltage source. The actual input voltage ripple for this circuit is shown in
Table 2 and is larger than the calculated value. This measured value is still below the specified input limit of 300
mV. The maximum voltage across the input capacitors would be VIN max plus AVIN/2. The chosen bulk and
bypass capacitors are each rated for 25 V and the ripple current capacity is greater than 3 A, both providing
ample margin. It is very important that the maximum ratings for voltage and current are not exceeded under any
circumstance.
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9.2.2.4 Output Filter Components

Two components need to be selected for the output filter, L1 and C3. Since the TPS54232 is an externally
compensated device, a wide range of filter component types and values can be supported.

9.2.2.4.1 Inductor Selection
To calculate the minimum value of the output inductor, use Equation 8.

Voutmax) * (VIN(MAX)_VOUT)

Lvin =
Vinwaxy * Kino *lout *Fsw ®)

Kinp is a coefficient that represents the amount of inductor ripple current relative to the maximum output current.
In general, this value is at the discretion of the designer; however, the following guidelines may be used. For
designs using low ESR output capacitors such as ceramics, a value as high as Kjyp = 0.4 may be used. When
using higher ESR output capacitors, Kyp = 0.2 yields better results.

For this design example, use Kp = 0.35 and the minimum inductor value is calculated to be 2.97 pH. For this
design, a large value was chosen: 3.3 pH.

For the output filter inductor, it is important that the RMS current and saturation current ratings not be exceeded.
The peak-to-peak inductor current is calculated using Equation 9.

Vout * (VIN(MAX) - VOUT)
Vinwax) * Lout *x fsw x 0.8 ©)

lpp =

The RMS inductor current can be found from Equation 10.

2
1 Vour X (VIN(MAX) - VOUT)

2
lrus) = louTmax) + 75 % Vi Lour * Few x 0.8
(10)
and the peak inductor current can be determined with Equation 11.
e = louram * Vour * (Vinwaxy — Vour )
1.6 x Vinmax) < Lout x Fsw (1)

For this design, the RMS inductor current is 2.01 A and the peak inductor current is 2.39 A. The chosen inductor
is a Coilcraft MSS7341-332NL 3.3 pH. It has a saturation current rating of 3.28 A and an RMS current rating of
3.95 A, meeting these requirements. Smaller or larger inductor values can be used depending on the amount of
ripple current the designer wishes to allow so long as the other design requirements are met. Larger value
inductors will have lower ac current and result in lower output voltage ripple, while smaller inductor values will
increase ac current and output voltage ripple. Inductor values for use with the TPS54232 are in the range of 1 yH
to 47 pH.

9.2.2.4.2 Capacitor Selection

The important design factors for the output capacitor are dc voltage rating, ripple current rating, and equivalent
series resistance (ESR). The dc voltage and ripple current ratings cannot be exceeded. The ESR is important
because along with the inductor current it determines the amount of output ripple voltage. The actual value of the
output capacitor is not critical, but some practical limits do exist. Consider the relationship between the desired
closed loop crossover frequency of the design and LC corner frequency of the output filter. In general, it is
desirable to keep the closed loop crossover frequency at less than 1/5 of the switching frequency. With high-
switching frequencies such as the 1 MHz frequency of this design, internal circuit limitations of the TPS54232
limit the practical maximum crossover frequency to about 70 kHz. In general, the closed loop crossover
frequency should be higher than the corner frequency determined by the load impedance and the output
capacitor. This limits the minimum capacitor value for the output filter to:
C =1/2xn xRy X Frp 1)

O_min

(12)
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Where Rg is the output load impedance (Vo/lg) and foo is the desired crossover frequency. For a desired
maximum crossover of 50 kHz the minimum value for the output capacitor is around 2.5 yF. This may not satisfy
the output ripple voltage requirement. The output ripple voltage consists of two components; the voltage change
due to the charge and discharge of the output filter capacitance and the voltage change due to the ripple current
times the ESR of the output filter capacitor. The output ripple voltage can be estimated by:

(D -0.5)
4x Fg, xC,

+R

VOPP =1,pp ESR

(13)

The maximum ESR of the output capacitor can be determined from the amount of allowable output ripple as
specified in the initial design parameters. The contribution to the output ripple voltage due to ESR is the inductor
ripple current times the ESR of the output filter, so the maximum specified ESR as listed in the capacitor data
sheet is given by Equation 14.

V, D -0.5
ESR.. = OIPPMAX - ( )
LPP x Fsw x Co

(14)

Where Voppmax IS the desired maximum peak-to-peak output ripple. The maximum RMS ripple current in the
output capacitor is given by Equation 15.

| _ 1| Vour x (Vinwax) = Vour)
COUTRMS) = 12 Vinmax) * Lout * Fsw * N¢

(15)
Where N¢ is the number of output capacitors in parallel.

For this design example, a single 22-yF ceramic output capacitor is chosen for C6. It is rated at 10 V with a
maximum ESR of 5 mQ and a ripple current rating in excess of 3 A. The calculated total RMS ripple current is
182 mA and the maximum total ESR required is 51 mQ. This output capacitor exceeds the requirements by a
wide margin and will result in a reliable, high-performance design. it is important to note that the actual
capacitance in circuit may be less than the catalog value when the output is operating near the rated voltage for
the capacitor. The selected output capacitor must be rated for a voltage greater than the desired output voltage
plus ¥z the ripple voltage but in this example a 10-V capacitor is used so that the effective capacitance will
remain close to the stated value of 22 yF. Other capacitor types work well with the TPS54232, depending on the
needs of the application.

9.2.2.5 Compensation Components

The external compensation used with the TPS54232 allows for a wide range of output filter configurations. A
large range of capacitor values and types of dielectric are supported. The design example uses a ceramic X5R
dielectric output capacitor, but other types are supported.

A Type Il compensation scheme is recommended for the TPS54232. The compensation components are chosen
to set the desired closed loop cross over frequency and phase margin for output filter components. The type I
compensation has the following characteristics; a dc gain component, a low frequency pole, and a mid frequency
zero / pole pair.

The DC gain is determined by Equation 16.

G - Vggm X VREF
DC VO (16)
Where:
Vggm = 800
VREF =08V

The low-frequency pole is determined by Equation 17.

VPO = 1/(2 X T X ROO XCZ) (17)

The mid-frequency zero is determined by Equation 18.
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Fzq = 1/(2 xt x Ry ><CZ) (18)
And, the mid-frequency pole is given by Equation 19.
FP1:1/(2XTC X RZ XCP) (19)

The first step is to choose the closed loop crossover frequency. In general, the closed-loop crossover frequency
should be less than 1/8 of the minimum operating frequency, but for the TPS54232 it is recommended that the
maximum closed loop crossover frequency be not greater than 75 kHz. Next, the required gain and phase boost
of the crossover network needs to be calculated. By definition, the gain of the compensation network must be the
inverse of the gain of the modulator and output filter. For this design example, where the ESR zero is much
higher than the closed loop crossover frequency, the gain of the modulator and output filter can be approximated
by Equation 20.

Gain = -201og(2 x © x Rggnsg *Fgo xCo )-2dB

(20)
Where:
RSENSE = 1Q/10
Fco = Closed-loop crossover frequency
Co = Output capacitance
The phase loss is given by Equation 21.
PL:atan(Z X T X FCO XRESR X Co) —atan(Z X T X FCO XRO X Co)—1odeg (21)
Where:
Resr = Equivalent series resistance of the output capacitor
Ro = Vollo

The measured overall loop response for the circuit is given in Figure 20. Note that the actual closed-loop
crossover frequency is higher than intended at about 25 kHz. This is primarily due to variation in the actual
values of the output filter components and tolerance variation of the internal feed-forward gain circuitry. Overall
the design has greater than 60 degrees of phase margin and will be completely stable over all combinations of
line and load variability.

Now that the phase loss is known the required amount of phase boost to meet the phase margin requirement
can be determined. The required phase boost is given by Equation 22.

PB = (PM - 90deg) —PL 22)
Where PM = the desired phase margin.

A zero / pole pair of the compensation network will be placed symmetrically around the intended closed loop
frequency to provide maximum phase boost at the crossover point. The amount of separation can be determined
by Equation 23 and the resultant zero and pole frequencies are given by Equation 24 and Equation 25.

k= tan(% +45 degj

(23)
F
(24)
FPlecoxk (25)

The low-frequency pole is set so that the gain at the crossover frequency is equal to the inverse of the gain of the
modulator and output filter. Due to the relationships established by the pole and zero relationships, the value of
R, can be derived directly by Equation 26.

- 2%xm XFCOXVOXCOXROAXO‘754

Rz
GMicomp * Vggm * VRer (26)

Where:
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Vo = Output voltage

Co = Output capacitance

Fco = Desired crossover frequency

Roa = 8.696 MQ

GMcowmp = 10 ANV

Vggm = 800

Vrer = 0.8V

With Rz known, C, and Cp can be calculated using Equation 27 and Equation 28.

1

C, =
2xm xF, xR,

@7)
B 1
2xm x Fp xR,

P
(28)

For this design, a 22-yF output capacitor issued. For ceramic capacitors, the actual output capacitance is less
than the rated value when the capacitors have a dc bias voltage applied. This is the case in a DC - DC converter.
For this design, a 10-V capacitor is chosen to minimize this effect. The ESR is approximately 0.005 Q.
Using Equation 20 and Equation 21, the output stage gain and phase loss are equivalent as:

Gain =1.613 dB

and

PL =-92.3 degrees

For 60 degrees of phase margin, Equation 22 requires 62.33 degrees of phase boost.
Equation 23, Equation 24, and Equation 25 are used to find the zero and pole frequencies of:

FZl =123 kHz
And
Fpy = 203 kHz

Rz, C, and Cp are calculated using Equation 26, Equation 27, and Equation 28.
_2xm x 50000 x 2.5 x 22 x 10° x 8.696 x 10°x0.754

Rz = =17.7 kQ
10 x 800 x 0.8 (29)
Cz = ! =730 pF
2 x n x 12300 x 17700 (30)
Cp = ! =44 pF
2 x t x 203000 x 17700 (31)
Using standard values for R3, C6, and C7 in the application schematic of Figure 10:
R3 =17.4 kQ
C6 = 680 pF
C7 =47 pF

9.2.2.6 Bootstrap Capacitor

Every TPS54232 design requires a bootstrap capacitor, C4. The bootstrap capacitor must be 0.1 pF. The
bootstrap capacitor is located between the PH pins and BOOT pin. The bootstrap capacitor should be a high-
quality ceramic type with X7R or X5R grade dielectric for temperature stability.
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9.2.2.7 Catch Diode

The TPS54232 is designed to operate using an external catch diode between PH and GND. The selected diode
must meet the absolute maximum ratings for the application: Reverse voltage must be higher than the maximum
voltage at the PH pin, which is VINyax) + 0.5 V. Peak current must be greater than IOUTMAX plus on half the
peak to peak inductor current. Forward voltage drop should be small for higher efficiencies. It is important to note
that the catch diode conduction time is typically longer than the high-side FET on time, so attention paid to diode
parameters can make a marked improvement in overall efficiency. Additionally, check that the device chosen is
capable of dissipating the power losses. For this design, a Diodes, Inc. B220A is chosen, with a reverse voltage
of 20 V, forward current of 2 A, and a forward voltage drop of 0.5 V.

9.2.2.8 Output Voltage Limitations

Due to the internal design of the TPS54232, there are both upper and lower output voltage limits for any given
input voltage. The upper limit of the output voltage set point is constrained by the maximum duty cycle of 90%
and is given by Equation 32.

VO( ) =0.90 x ((VIN(min) - IO(max) X Rdson(max)) +VD) - (IO(max) X RL) - VD (32)

Where:
ViN(min) = Minimum input voltage
logmax) = Maximum load current
Vp = Catch diode forward voltage
R, = Output inductor series resistance

max

The equation assumes maximum on resistance for the internal high-side FET.
The lower limit is constrained by the minimum controllable on time which may be as high as 135 ns. The
approximate minimum output voltage for a given input voltage and minimum load current is given by Equation 33.

VO(min) = 0162 X ((VIN(max) - |O(min) X Rdson(min)) + VD) - (lo(min) X RL) - VD (33)

Where:
Vinmax) = Maximum input voltage
lo(miny = Minimum load current
Vp = Catch diode forward voltage
R, = Output inductor series resistance
This equation assumes nominal on-resistance for the high-side FET and accounts for worst case variation of

operating frequency set point. Any design operating near the operational limits of the device should be carefully
checked to assure proper functionality.
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9.2.2.9 Power Dissipation Estimate

The following formulas show how to estimate the device power dissipation under continuous conduction mode
operations. They should not be used if the device is working in the discontinuous conduction mode (DCM) or
pulse-skipping Eco-Mode.

The device power dissipation includes:

1. Conduction loss: Pcon = gyt X Rps(on) X Vout/VIN

2. Switching loss: Psw = 0.5 x 107 x VIN? x Igyt X Fsw

3. Gate charge loss: Pgc. = 22.8 x 10° x Fsw

4. Quiescent current loss: Pg = 0.085 x 107 x VIN

Where:
lout IS the output current (A).
Rps(on) IS the on-resistance of the high-side MOSFET (Q).
Vout is the output voltage (V).
VIN is the input voltage (V).
Fsw is the switching frequency (Hz).

So:
Ptot = Pcon + Psw + Pgc + Pq
For given T, T; = Tp + Rth x Ptot.
For giVen TJMAX = 150°C, TAMAX = TJMAX_ Rth x Ptot.

Where:
Ptot is the total device power dissipation (W).
T, is the ambient temperature (°C).
T; is the junction temperature (°C) .
Rth is the thermal resistance of the package (°C/W).
Timax IS maximum junction temperature (°C).
Tamax IS maximum ambient temperature (°C).
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9.2.3 Application Curves
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Figure 15. TPS54232 Load Regulation
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Figure 16. TPS54232 Line Regulation
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Figure 17. TPS54232 Transient Response
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Figure 18. TPS54232 Loop Response
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10 Power Supply Recommendations

The device is designed to operate from an input-voltage supply range between 3.5 V and 28 V. This input supply
should 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 capacitor with a value
of 100 p F is a typical choice.

11 Layout

11.1 Layout Guidelines

The VIN pin should be bypassed to ground with a low ESR ceramic bypass capacitor. Care should be taken to
minimize the loop area formed by the bypass capacitor connections, the VIN pin, and the anode of the catch
diode. The typical recommended bypass capacitance is 10-yF ceramic with a X5R or X7R dielectric and the
optimum placement is closest to the VIN pins and the source of the anode of the catch diode. The GND D pin
should be tied to the PCB ground plane at the pin of the IC. The source of the low-side MOSFET should be
connected directly to the top side PCB ground area used to tie together the ground sides of the input and output
capacitors as well as the anode of the catch diode. The PH pin should be routed to the cathode of the catch
diode and to the output inductor. Since the PH connection is the switching node, the catch diode and output
inductor should be located very close to the PH pins, and the area of the PCB conductor minimized to prevent
excessive capacitive coupling. For operation at full rated load, the top side ground area must provide adequate
heat dissipating area. The TPS54232 uses a fused lead frame so that the GND pin acts as a conductive path for
heat dissipation from the die. Many applications have larger areas of internal or back side ground plane
available, and the top side ground area can be connected to these areas using multiple vias under or adjacent to
the device to help dissipate heat. The additional external components can be placed approximately as shown. It
may be possible to obtain acceptable performance with alternate layout schemes, however this layout has been
shown to produce good results and is intended as a guideline.

11.2 Layout Example

OUTPUT
FILTER Vout
TOPSIDE CAPACITOR Feedback Trace
GROUND - || b
AREA
Route BOOT CAPACITOR OUTPUT
trace on other layer to provide CATCH INDUCTOR
wide path for topside ground DIODE

o P ¢PH
INPUT \

BYPASS I (Elllllllll@nll-.
CAPACITOR BOOT

BOOT. PH[] CAPACITOR
Vin I VIN GND l

EN COMP :l—l_-[l
SS VSENSE

UVvVLO
RESISTOR
DIVIDER
COMPENSATION RESISTOR
SLOW START," NETWORK DIVIDER
CAPACITOR ™ *
Thermal VIA::  Signal VIA O
Figure 23. TPS54232 Board Layout
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11.3 Estimated Circuit Area

The estimated printed circuit board area for the components used in the design of Figure 10 is 0.44 in?. This area
does not include test points or connectors.

11.4 Electromagnetic Interference (EMI) Considerations

As EMI becomes a rising concern in more and more applications, the internal design of the TPS54232 takes
measures to reduce the EMI. The high-side MOSFET gate drive is designed to reduce the PH pin voltage
ringing. The internal IC rails are isolated to decrease the noise sensitivity. A package bond wire scheme is used
to lower the parasitics effects.

To achieve the best EMI performance, external component selection and board layout are equally important.
Follow the Detailed Design Procedure above to prevent potential EMI issues.
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12 Device And Documentation Support

12.1 Trademarks

Eco-Mode, WEBENCH, PowerPAD are trademarks of Texas Instruments.
WEBENCH is a registered trademark of Texas Instruments.
All other trademarks are the property of their respective owners.

12.2 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
“: I\ during storage or handling to prevent electrostatic damage to the MOS gates.

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

TPS54232D Active Production SOIC (D) | 8 75| TUBE Yes NIPDAU Level-1-260C-UNLIM -40 to 150 54232
TPS54232D.A Active Production SOIC (D) | 8 75| TUBE Yes NIPDAU Level-1-260C-UNLIM -40 to 150 54232
TPS54232DR Active Production SOIC (D) | 8 2500 | LARGE T&R Yes NIPDAU Level-1-260C-UNLIM -40 to 150 54232

TPS54232DR.A Active Production SOIC (D) | 8 2500 | LARGE T&R Yes NIPDAU Level-1-260C-UNLIM -40 to 150 54232
TPS54232DRG4 Active Production SOIC (D) | 8 2500 | LARGE T&R Yes NIPDAU Level-1-260C-UNLIM -40 to 150 54232
TPS54232DRG4.A Active Production SOIC (D) | 8 2500 | LARGE T&R Yes NIPDAU Level-1-260C-UNLIM -40 to 150 54232

@ 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.

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. TI 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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PACKAGE MATERIALS INFORMATION
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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 OO0 O 00 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)
TPS54232DR SOIC D 2500 330.0 12.5 6.4 5.2 2.1 8.0 12.0 Q1
TPS54232DRG4 SOIC D 2500 330.0 125 6.4 5.2 2.1 8.0 12.0 Q1
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TAPE AND REEL BOX DIMENSIONS
*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
TPS54232DR SoIC D 8 2500 353.0 353.0 32.0
TPS54232DRG4 SoIC D 8 2500 353.0 353.0 32.0
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TUBE
T - Tube
height L - Tubelength
*
> w-Tube| I U U L
> width
v
— B - Alignment groove width
*All dimensions are nominal
Device Package Name |Package Type Pins SPQ L (mm) W (mm) T (um) B (mm)
TPS54232D D SOIC 8 75 507 8 3940 4.32
TPS54232D.A D SOIC 8 75 507 8 3940 4.32
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PACKAGE OUTLINE
SOIC - 1.75 mm max height

DOOO8A

SMALL OUTLINE INTEGRATED CIRCUIT
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58019 ([0 B1[C]
PIN 1 ID AREA
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T == %
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NOTE 3 [3.81] ?
] u
4X (0°-15%) \
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L\ J 5 T p—
3] 8X .012-.020 }
150-.157 —— [0.31-0.51] —={ .069 MAX
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[0.41-1.27] DETAIL A
(041) =  TYPICAL
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4214825/C 02/2019

NOTES:

. Linear dimensions are in inches [millimeters]. Dimensions in parenthesis are for reference only. Controlling dimensions are in inches.
Dimensioning and tolerancing per ASME Y14.5M.

. This drawing is subject to change without notice.

. This dimension does not include mold flash, protrusions, or gate burrs. Mold flash, protrusions, or gate burrs shall not
exceed .006 [0.15] per side.

. This dimension does not include interlead flash.

. Reference JEDEC registration MS-012, variation AA.
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EXAMPLE BOARD LAYOUT
DOOO8SA SOIC - 1.75 mm max height

SMALL OUTLINE INTEGRATED CIRCUIT

8X (.061 )
[1.55] SYMM
SEE
L ¢ DETAILS

— :

8X (.024) j C?
[0.6] SYMM
- ) P ¢

! ! ~— (R.002 ) TYP
_ [0.05]
=3 s

6X (.050 ) | |

[1.27]
~ (-[5143]) — ™

LAND PATTERN EXAMPLE
EXPOSED METAL SHOWN
SCALE:8X

SOLDER MASK SOLDER MASK
METAL /OPENING OPENING‘\ /“S”S[Sggmii

|
|
EXPOSED /
METAL EXPOSED N 2
4 METAL
L .0028 MAX .0028 MIN
[0.07] [0.07]
ALL AROUND ALL AROUND
NON SOLDER MASK SOLDER MASK
DEFINED DEFINED

SOLDER MASK DETAILS

4214825/C 02/2019

NOTES: (continued)

6. Publication IPC-7351 may have alternate designs.
7. Solder mask tolerances between and around signal pads can vary based on board fabrication site.
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EXAMPLE STENCIL DESIGN
SOIC - 1.75 mm max height

SMALL OUTLINE INTEGRATED CIRCUIT

DOOO8A

8X (.061 )
[1.55] SYMM

¥ 1
8X (.024) T

[0.6]

SYMM

—- iy
| | (R.002 ) TYP

0.05
o [T Js oo

6X (.050 ) — ! !

[1.27]
Li (.213) 4J
[5.4]

SOLDER PASTE EXAMPLE
BASED ON .005 INCH [0.125 MM] THICK STENCIL
SCALE:8X

4214825/C 02/2019

NOTES: (continued)

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

9. Board assembly site may have different recommendations for stencil design.
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IMPORTANT NOTICE AND DISCLAIMER

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

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

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

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

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

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