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TPS543x21 3.8V to 18V, 5A, 4A, 3A, Synchronous Buck Converters With User
Selectable Mode

1 Features

» Configured for a wide range of applications
— 3.8V to 18V input voltage range
— Up to 5A (TPS543521), 4A (TPS543421), 3A
(TPS543321) continuous output current
— 0.6V 1% reference voltage (—40°C to 150°C)
— 70ns and 114ns minimum switching on and
off-time
— 8us maximum switching on-time
— 98% maximum duty cycle
* High efficiency
— Integrated 47mQ and 21mQ MOSFETs
— Low quiescent current of 28uA (typical)
» Ease of use and small design size
— Peak current control mode with internal
compensation
— 200kHz to 2.2MHz selectable frequency
— Synchronizable to an external clock (support
phase shift): 200kHz to 2.2MHz
— Selectable PFM / FCCM at light load condition
— Selectable adjustable soft-start time,
power-good indicator function
— Good EMI performance with frequency spread
spectrum and optimized pinout
— Hiccup overcurrent (OC) limit for both high-side
and low-side MOSFETs
— Non-latched protections for over temperature
protection (OTP), overcurrent protection (OCP),
overvoltage protection (OVP), undervoltage
protection (UVP), and undervoltage lockout
(UVLO)
— Integrated bootstrap capacitor to support
single-layer PCB layout
— —40°C to 150°C operating junction temperature
— 1.5mm x 2.0mm QFN package
* Create a custom design with the TPS543x21 using
the WEBENCH® Power Designer

2 Applications

* Medical and healthcare, building automation, test
and measurement

» Multifunction printers, enterprise projectors

* Portable electronics, connected peripherals

* Wired networking, wireless infrastructure

» Distributed power systems with 5V, 12V input

3 Description

The TPS543x21 is a high-efficiency, high-voltage
input, and easy-to-use, synchronous buck converter
with high design flexibility. With the wide operating
input voltage range of 3.8V to 18V, the TPS543x21
is designed for systems powered from 5V, 12V power-
bus rails. The device supports up to 5A, 4A, 3A
continuous output current and 98% maximum duty
cycle.

TPS543x21 uses fixed frequency peak current control
with internal compensation for fast transient response
and good line and load regulation. With the optimized
internal loop compensation, the device eliminates the
need for external compensation over a wide output
voltage range and switching frequency. Integrated
bootstrap capacitor helps achieve single layer PCB
and reduce external component count.

Device Information

PART NUMBER PACKAGE!(") PACKAGE SIZE®?)
TPS543521
TPS543421 RQF (VQFN-HR, 9) 2mm x 1.5mm
TPS543321

(1)  For more information, see Section 10.
(2) The package size (length x width) is a nominal value and
includes pins, where applicable.
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TPS543x21 allows high design flexibility with wide supported switching frequency of 200kHz — 2.2MHz set by the
RT/SYNC pin. The device has the option for pulse frequency modulation (PFM), forced continuous conduction
modulation (FCCM) at light load condition and adjustable soft-start (SS) time / power-good (PG) indicator with
different configuration of the MODE pin.

TPS543x21 provides protection functions including thermal shutdown, input undervoltage lockout, cycle-by-cycle
current limit, and hiccup short-circuit protection. TPS543x21 is available in 9-pin, 1.5mm x 2.0mm QFN package,
and the pinout is available for single-layer PCB layout and the junction temperature is specified from —40°C to
150°C.
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4 Pin Configuration and Functions

SSIPG SW
RT/SYNC [ 1% {9 {81 "7 IMODE
EN VIN
FB Ly 5 |VIN
GND

Figure 4-1. 9-Pin RQF VQFN-HR, 1.5mm x 2mm Package (Top View)

Table 4-1. Pin Functions

PIN
TYPE( DESCRIPTION
NAME NO.
Frequency select and external clock synchronization. A resistor to ground sets the switching
RT/SYNC 1 A frequency of the device. An external clock can also be applied to this pin to synchronize the
switching frequency. See Section 6.3.5 for details.
Enable input to the converter. Driving EN high or leaving this pin floating enables the
EN 2 A converter. An external resistor divider can be used to implement an adjustable V;y UVLO
function.
Output feedback input. Connect FB to the tap of an external resistor divider from the output
FB 3 A
to GND to set output voltage.
Ground pin. Connected to the source of the low-side FET as well as the ground pin for the
GND 4 G controller circuit. Connect to system ground and the ground side of Cy and Coyt. The path
to C\y must be as short as possible.
Supply input pin to internal LDO and high-side FET. Input bypass capacitors must be directly
VIN 5,6 P Lo
connected to this pin and GND.
Mode selection pin in light load condition and power-good / soft-start function. See Mode
Mode 7 A : .
Selection for details.
SwW 8 = Switching output of the convertor. Internally connected to the source of the high-side FET
and drain of the low-side FET. Connect to the power inductor.
This pin can be a soft-start function or Power-Good function depending on the mode pin
configuration. If the soft-start function is selected, an external capacitor connected from
SS/PG 9 A this pin to GND defines the rise time for the internal reference voltage. If the Power-Good

function is selected, this pin is an open drain power-good indicator, which is asserted low
if output voltage is out of PG threshold, overvoltage, or if the device is under thermal
shutdown, EN shutdown, or during soft start.

M

A = Analog, P = Power, G = Ground
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5 Specifications
5.1 Absolute Maximum Ratings

Over the recommended operating junction temperature range of —40°C to +150°C, unless otherwise noted(!)

MIN MAX UNIT
Vin -0.3 20
Input voltage EN -0.3
FB -0.3
SW, DC -0.3 20
SW, transient < 10ns -5 22 v
Output voltage |SS/PG -0.3 6
MODE -0.3 6
RT/SYNC -0.3 6
T, Operating junction temperature(® —-40 150 3
Tstg Storage temperature -65 150 c

(1)  Operation outside the Absolute Maximum Ratings may cause permanent device damage. Absolute Maximum Ratings do not imply
functional operation of the device at these or any other conditions beyond those listed under Recommended Operating Conditions.
If used outside the Recommended Operating Conditions but within the Absolute Maximum Ratings, the device may not be fully
functional, and this may affect device reliability, functionality, performance, and shorten the device lifetime.

(2) Operating at junction temperatures greater than 150°C, although possible, degrades the lifetime of the device.

5.2 ESD Ratings

VALUE UNIT

Human body model (HBM), per ANSI/ESDA/JEDEC

o JS-001, all pins(!) +3000
V(Esp) Electrostatic discharge - Vv
Charged device model (CDM), per ANSI/ESDA/JEDEC +1000

JS-002, all pins®@

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

5.3 Recommended Operating Conditions

Over the recommended operating junction temperature range of —40°C to +150°C, unless otherwise noted(!)

MIN NOM MAX UNIT
Vin 3.8 18
EN -0.1 55

Input voltage |FB -0.1 5.5 v
SS/PG -0.1 5.5
MODE -0.1 5.5
Output voltage | SW, DC -0.1 18
TPS543521 0 5

Ouput current |loyt TPS543421 0 4 A
TPS543321 0 3

Temperature |Operating junction temperature, T —40 150 °C

(1) The Recommended Operating Conditions indicate conditions for which the device is intended to be functional, but do not specify
specific performance limits. For compliant specifications, see the Electrical Characteristics.
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5.4 Thermal Information

TPS543x21
THERMAL METRIC(") RQF (VQFN-HR), 9 PINS UNIT
JEDEC® EVM©)
Rgya Junction-to-ambient thermal resistance 89.9 N/A °C/W
ReJcitop) Junction-to-case (top) thermal resistance 79.6 N/A °C/W
Reys Junction-to-board thermal resistance 231 N/A °C/W
Wyt Junction-to-top characterization parameter 2.5 N/A °C/W
Y Junction-to-board characterization parameter 23 N/A °C/W
Reua EvM évhitg)g;trz-amblent thermal resistance on official N/A 46.5 SCIW

(
(
(

1)  For more information about traditional and new thermal metrics, see the Semiconductor and IC Package Thermal Metrics application

note.

2) The value of Rgya given in this table is only valid for comparison with other packages and can not be used for design purposes. These
values were simulated on a standard JEDEC board. These values do not represent the performance obtained in an actual application.

3) Thereal Rgyais tested on TI EVM.

5.5 Electrical Characteristics

The electrical ratings specified in this section apply to all specifications in this document, unless otherwise noted. These
specifications are interpreted as conditions that do not degrade the device parametric or functional specifications for the life
of the product. Typical values correspond to T, = 25°C, V|y = 12V. Minimum and maximum limits are based on T; = —-40°C to
+150°C, V|y = 3.8V to 18V, unless otherwise noted.

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
POWER SUPPLY (VIN PIN)
VN Operation input voltage 3.8 18 \Y
EN =5V, Vgg = 0.65V, V|y = 12V, PFM 28 34
la Nonswitching quiescent current MA
EN =5V, Vgg = 0.65V, Viy = 12V, FCCM 40 47
IsHDN Shutdown supply current Ven =0V, Viy = 12V 3 55 MA
Rising threshold 3.4 3.6 3.8 \%
Vin_uvio mf;‘sthuo’}g:”’o”age lockout Falling threshold 32 3.4 36 v
Hysteresis 200 mV
ENABLE (EN PIN)
VEN_RISE Enable threshold Rising enable threshold 1.15 1.22 \%
VEN_FALL Disable threshold Falling disable threshold 0.9 1 Vv
[ EN pullup current Ven = 1.0V 0.7 MA
In EN pullup hysteresis current 1.76 MA
VOLTAGE REFERENCE (FB PIN)
T,=25°C 596 600 604 mV
VEs FB voltage T,=0°C to 85°C 595 600 605 mV
T, =-40°C to 150°C 594 600 606 mV
Irg Input leakage current VN =12V, Vgg = 0.8V, Ty = 25°C 0.1 pA
INTEGRATED POWER MOSFETS
Rpson_Hs High-side MOSFET on-resistance |T;=25°C 47 mQ
Rpson_Ls Low-side MOSFET on-resistance |T;=25°C 21 mQ
CURRENT LIMIT
Vin = 12V, TPS543521 7 8.1 9.4
Ihs_Limim High-side MOSFET current limit Vin = 12V, TPS543421 5.6 6.7 7.7 A
Vin = 12V, TPS543321 4.2 5 6
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5.5 Electrical Characteristics (continued)

The electrical ratings specified in this section apply to all specifications in this document, unless otherwise noted. These
specifications are interpreted as conditions that do not degrade the device parametric or functional specifications for the life
of the product. Typical values correspond to T; = 25°C, V|y = 12V. Minimum and maximum limits are based on T; = —-40°C to
+150°C, V|\y = 3.8V to 18V, unless otherwise noted.

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT

Vin = 12V, TPS543521 5 6 7

ILs LmiT Low-side MOSFET current limit Vin = 12V, TPS543421 4 5.1 6.3 A
Vin = 12V, TPS543321 2.9 3.8 47
Vin = 12V, TPS543521 2 3 4.2

ILs_Noc Reverse current limit Vin = 12V, TPS543421 1.5 2.6 3.9 A
Vin = 12V, TPS543321 1.3 24 35

IPEAK MIN Minimum peak inductor current Vi = 12V, TPS543521, TPS543421 07 A

- Vin = 12V, TPS543321 0.56

SOFT START (SS PIN)

Iss Soft-start charge current 3.5 5.5 6.5 MA

Tss Fixed internal soft-start time Mode with PG function. 3.6 ms

Time from 0%V y-90%V oyt

POWER GOOD (PG PIN)

Vgg falling, PG high to low 85%

Vgg rising, PG low to high 90%
VpGeTH PG threshold, Vgg percentage

Vgg falling, PG low to high 107%

Vgg rising, PG high to low 115%
Tre_ R PG delay time PG from low to high 70 us
Trc_F PG delay time PG from high to low 13 us

- . Measured when PG < 0.5V with 100kQ
VIN_PG_VALID Minimum VIN for valid PG OUtpUt pU”Up to external 5V 2 2.5 \Y
VpG oL PG output low-level voltage lpg = 0.5mA 0.3 \Y
PG leakage current when open _
lpe_Lk drain is high Vpe = 5.5V -1 L WA
OSCILLATOR FREQUENCY (RT PIN)
o RT = floating 450 500 550

fsw Switching center frequency kHz

RT = GND 870 1000 1130
VsyNe_HI SYNC clock high level threshold 1.7 \%
Vsyne_Lo SYNC clock low level threshold 0.9 V
ton_min Minimum ON pulse width 70 ns
torr min (' Minimum OFF pulse width 114 ns
ton_max (V' Maximum ON pulse width 8 us
OUTPUT OVERVOLTAGE AND UNDERVOLTAGE PROTECTION

OVP detect (L—H) 112% 115% 118%
Vovp Output OVP threshold

Hysteresis 8%

UVP detect (H—L) 65%
Vuvp Output UVP threshold

Hysteresis 6%
t UV hiccup ON time before entering 256 s
hiccup_ON hiccup mode after soft start ends H
thiccup_OFF UV hiccup OFF time before restart 9.8 cycles
THERMAL SHUTDOWN
Tshon ! Thermal shutdown threshold Shutdown temperature 165 °C
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5.5 Electrical Characteristics (continued)

The electrical ratings specified in this section apply to all specifications in this document, unless otherwise noted. These
specifications are interpreted as conditions that do not degrade the device parametric or functional specifications for the life

of the product. Typical values correspond to T; = 25°C, V|y = 12V. Minimum and maximum limits are based on T; = —-40°C to
+150°C, V|\y = 3.8V to 18V, unless otherwise noted.

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
Thys (" Hysteresis 30 °C
SPREAD SPECTRUM FREQUENCY
fn (M Modulation frequency 10 kHz
fspread Internal spread oscillator frequency 8%

(1) Not production tested, specified by design.
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5.6 Typical Characteristics
T, =-40°C to 150°C, V|y = 12V, unless otherwise noted.

33 7
32
6
31
30 5
29 ~ z _
—_ 4 "
< // 2
3% 5 7
[y T 3
27 o
26 2
25
1
24
23 0
40 -20 0O 20 40 60 80 100 120 140 160 40 -20 0O 20 40 60 80 100 120 140 160
Junction Temperature (°C) Junction Temperature (°C)
Figure 5-1. TPS543521 Quiescent Current (PFM) vs Junction Figure 5-2. TPS543521 Shutdown Current vs Junction
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5.6 Typical Characteristics (continued)
T, =-40°C to 150°C, V|y = 12V, unless otherwise noted.
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Figure 5-7. Disable Threshold vs Junction Temperature Figure 5-8. V|y UVLO Rising Threshold vs Junction Temperature
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Temperature Temperature
8.5 6.4
8.4 6.3
8.3 6.2
8.2 6.1
= 8.1 =z 6
g/ \\ S, —
(C/)) 8 8 59 S
T 79 -1 58
7.8 5.7
7.7 5.6
7.6 55
7.5 54
40 -20 0O 20 40 60 80 100 120 140 160 40 -20 O 20 40 60 80 100 120 140 160
Junction Temperature (°C) Junction Temperature (°C)
Figure 5-11. TPS543521 High-Side Current Limit vs Junction Figure 5-12. TPS543521 Low-Side Current Limit vs Junction
Temperature Temperature
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5.6 Typical Characteristics (continued)
T, =-40°C to 150°C, V|y = 12V, unless otherwise noted.
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Figure 5-13. OVP Threshold vs Junction Temperature Figure 5-14. UVP Threshold vs Junction Temperature
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Figure 5-15. Soft-Start Charge Current vs Junction Temperature ’
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Figure 5-17. TPS543521 Load Regulation,
VIN = 12V, VOUT = 33V, fsw = 500kHz
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6 Detailed Description
6.1 Overview

The TPS543x21 is a high-efficiency, high-voltage input, and easy-to-use, synchronous buck converter with high
design flexibility. With the wide operating input voltage range of 3.8V to 18V, the TPS543x21 is designed for
systems powered from 5V, 12V power-bus rails. The device supports up to 5A, 4A, 3A continuous output current
and 98% maximum duty cycle.

TPS543x21 uses peak current mode control with internal compensation for fast transient response and good
line and load regulation. With the internal adaptive loop adjustment, the device eliminates the need for external
compensation over a wide output voltage range and switching frequency. The integrated boostcap and the
related circuit helps achieve single layer PCB and further reduce the external component count.

With different configuration of the MODE pin, the device has option for pulse frequency modulation (PFM),
forced continuous current modulation (FCCM) at light load condition, and adjustable soft-start time / power-good
indicator. When working at PFM mode, the device can attain high efficiency at light load. The FCCM mode helps
TPS543x21 have low output ripple in all load conditions. A small value capacitor or resistor divider is connected
to the SS/PG pin for soft-start time setting or voltage tracking when the device is set to have SS function. When
PG function is selected, the device can indicate power good through the SS/PG pin.

The EN pin has an internal pullup current that can be used to adjust the input voltage undervoltage lockout
(UVLO) with two external resistors. In addition, the EN pin can be floating for the device to operate with the
internal pullup current.

The switching frequency can be set by the configuration of the RT/SYNC pin in the range of 200kHz to
2.2MHz, which allows for efficiency and design size optimization when selecting the output filter components.
The frequency spread spectrum feature helps the device lower down EMI noise.

TPS543x21 has the on-time extension function with a maximum on time of 8us (typical). During low dropout
operation, the high-side MOSFET can turn on up to 8us, then the high-side MOSFET turns off and the low-side
MOSFET turns on with a minimum off time of 114ns (typical). The devices support the maximum 98% duty cycle.

Cycle-by-cycle current limiting on the high-side MOSFET protects the device in overload situations and is
enhanced by a low-side sourcing current limit, which prevents current runaway. The TPS543x21 provides output
undervoltage protection (UVP) when the regulated output voltage is lower than 65% of the nominal voltage due
to overcurrent being triggered, approximately 256us (typical) deglitch time later, both the high-side and low-side
MOSFET turn off, the device steps into hiccup mode.

The devices minimize excessive output overvoltage transient by taking advantage of the overvoltage
comparator. When the regulated output voltage is greater than 115% of the nominal voltage, the overvoltage
comparator is activated, and the high-side MOSFET is turned off and keep off until the output voltage is lower
than 104%.

Thermal shutdown disables the devices when the die temperature, T;, exceeds 165°C and enables the devices
again after T; decreases below the hysteresis amount of 30°C.
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6.2 Functional Block Diagram
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6.3 Feature Description
6.3.1 Fixed Frequency Peak Current Mode

The following operation description of the TPS543x21 refers to the functional block diagram and to the
waveforms in Figure 6-1. The TPS543x21 is a synchronous buck converter with integrated high-side (HS) and
low-side (LS) MOSFETs (synchronous rectifier). The TPS543x21 supplies a regulated output voltage by turning
on the HS and LS NMOS switches with controlled duty cycle. During high-side switch on time, the SW pin
voltage swings up to approximately VIN, and the inductor current, iL, increases with linear slope (VIN — VOUT) /
L. When the HS switch is turned off by the control logic, the LS switch is turned on after an anti-shoot—through
dead time. Inductor current discharges through the low-side switch with a slope of -VOUT / L. The control
parameter of a buck converter is defined as Duty Cycle D = tgn / tsw, Where toy is the high-side switch on time
and tgyy is the switching period. The converter control loop maintains a constant output voltage by adjusting the
duty cycle D. In an ideal buck converter where losses are ignored, D is proportional to the output voltage and
inversely proportional to the input voltage: D = VOUT / VIN.

Vsw
A
Vin D = ton/ Tsw
[0
(o]
3
)
=
%
ton torr
— »e—» t
0 >
| |
P .
Tsw

Inductor Current

t
0 >

Figure 6-1. SW Node and Inductor Current Waveforms in Continuous Conduction Mode (CCM)

The TPS543x21 employs the fixed-frequency peak current mode control. A voltage feedback loop is used
to get accurate DC voltage regulation by adjusting the peak current command based on voltage offset. The
peak inductor current is sensed from the HS switch and compared to the peak current threshold to control
the on time of the HS switch. The voltage feedback loop is internally compensated, which allows for fewer
external components, makes design easy, and provides stable operation with almost any combination of output
capacitors.

6.3.2 Mode Selection

With different configuration of MODE pin, the device is featured with selectable PFM/FCCM at light load,
adjustable soft-start time function / power good indicator function for SS/PG pin and user-selectable spread
spectrum feature for EMI enhancement. Table shows different MODE pin configurations, TlI recommends using
1% tolerance resistors with a low temperature coefficient for MODE selection.
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Table 6-1. MODE Pin Configuration Table

DEVICE RECOMMENDED MODE | OPERATION IN LIGHT FUNCTION OF SS/PG FREQUENCY SPREAD
RESISTOR, kQ LOAD PIN SPECTRUM, Fss
TPS543521 < 4kQ, short PFM SS Yes
TPS543x21 18kQ PFM PG Yes
TPS543x21 180kQ FCCM SS Yes
TPS543x21 330kQ FCCM PG Yes
TPS543x21 680kQ FCCM SS No
TPS543x21 > 1.3MQ, floating FCCM PG No

6.3.3 Voltage Reference

The internal reference voltage, Vrgr, is designed at 0.6V (typical). The negative feedback system of converter
produces a precise +1% feedback voltage, Vg, over full temperature by scaling the output of a temperature-
stable internal band-gap circuit.

6.3.4 Output Voltage Setting

A precision 0.6V reference voltage, VRgr, is used to maintain a tightly regulated output voltage over the entire
operating temperature range. The output voltage is set by a resistor divider from the output voltage to the FB
pin. Tl recommends using 1% tolerance resistors with a low temperature coefficient for the FB divider. Select the
bottom-side resistor, Rrgg, for the desired divider current and use Equation 1 to calculate the top-side resistor,
RegT. Lower Regg increases the divider current and reduces efficiency at very light load. Larger Rrgg makes the
FB voltage more susceptible to noise, so larger Rggg values require a more carefully designed feedback path on
the PCB. Tl recommends setting Rrgg = 10kQ and Rggt in the range of 10kQ to 300kQ for most applications.

The tolerance and temperature variation of the resistor dividers affect the output voltage regulation.

Vour

RFBT

FB [

RFBB

Figure 6-2. Output Voltage Setting

Vout —VREF 1)

Rppr = ——yp X Rrpp

where

*  Vger is the 0.6V (the internal reference voltage).
* Rggpis 10kQ (recommended).

6.3.5 Switching Frequency Selection / Synchronization

TPS543x21 can work under RT mode and SYNC mode by different configuration of the RT/SYNC pin. In RT
mode, the switching frequency of TPS543x21 can be set with RT selection programming. Table 6-2 shows the
RT selection programming. When RT is floating or connected to GND, the condition of this input is detected
when the device is first enabled. After the converter is running, the switching frequency selection is fixed and
cannot be changed until the next power-on cycle or EN toggle. When RT is connected with resistor, the switching
frequency can be set between 200kHz and 2200kHz using the following equation.
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44500
T= Fow 2 @)
where

* RT is the value of RT timing resistor in kQ.
» fsw is the switching frequency in kHz.

Table 6-2. RT/SYNC Pin Resistor Settings

RT/SYNC PIN RESISTANCE SWITCHING FREQUENCY
Floating 85kQ 500kHz
GND 40kQ 1000kHz
Resistor 18kQ to 220kQ 200kHz to 2200kHz

There are four cases where the switching frequency does not conform to the condition set by the RT/SYNC pin:
» Light load operation (PFM mode)

* Low dropout operation

e Minimum on-time operation

*  Current limit tripped

Under all of these cases, the switching frequency folds back, meaning the switching frequency is less than that
programmed by the RT/SYNC pin. During these conditions, the output voltage remains in regulation, except for
current limit operation.

An internal Phase Locked Loop (PLL) has been implemented to allow synchronization from 200kHz to 2200kHz,
and to easily switch from RT mode to SYNC mode. To implement the synchronization feature, connect a square
wave clock signal to the RT/SYNC pin with a on time >= 100ns. The clock signal amplitude must transition lower
than 0.9V and higher than 1.7V.

In applications where both RT mode and SYNC mode are needed, an RC circuit as shown in Figure 6-3 can
be used to interface the RT/SYNC pin but the capacitive load slows down the transition back to RT mode. The
RT/SYNC pin must not be left connect to GND / floating, and Tl recommends a100pF capacitor. When using
the series RC circuit, verify the amplitude of the signal at the RT/SYNC pin must transition lower than 0.9V and
higher than 1.7V.

SYNC | | RT/SYNC

Figure 6-3. SYNC Mode Configuration

Note
« If SYNC is active before start-up, TPS543x21 works in SYNC clock.
» If SYNC not active before start-up, TPS543x21 works at default clock (based on RT resistor).
When SYNC clock active, TPS543x21 works in SYNC mode.
— If SYNC clock is out of range (200kHz to approximately 2.2MHz), TPS543x21 works at the end
frequency (200kHz, 2.2MHz).
— SYNC clock is not locked during operation.

16 Submit Document Feedback Copyright © 2025 Texas Instruments Incorporated
Product Folder Links: TPS543321 TPS543421 TPS543521


https://www.ti.com/product/TPS543321
https://www.ti.com/product/TPS543421
https://www.ti.com/product/TPS543521
https://www.ti.com/lit/pdf/SLUSG37
https://www.ti.com
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLUSG37&partnum=TPS543321
https://www.ti.com/product/tps543321?qgpn=tps543321
https://www.ti.com/product/tps543421?qgpn=tps543421
https://www.ti.com/product/tps543521?qgpn=tps543521

i3 TEXAS
INSTRUMENTS

www.ti.com

TPS543321, TPS543421, TPS543521
SLUSG37 — MARCH 2025

6.3.6 Phase Shift

When the TPS543x21 works in FCCM mode with SYNC to external clock, the phase shift function can be
activated by adding a capacitor connect to MODE pin, as is shown in Figure 6-4. When the phase shift function
is disabled, let the capacitor floating. The phase shift function is designed to reduce the input ripple and improve
EMI performance for multi-rails, where step-down converters share the same input. Figure 6-5 shows how
phase shift reduce input ripple with three buck converters sharing the same input. The capacitor value can be
calculated using Equation 3, where Cyope is the MODE capacitor, 6 is the degree of phase shift. Table 6-3
shows the typical capacitor value for phase shift configuration.

VIN

GND

Ven[—>——— EN

MODE

Sl

:{

®)

RMode

e

Choge™—

Vour

Resr

FB

OUT

T Rrss

e

SS/IPG

RT/SYNC]

7

Cstc

SYNC

|

Figure 6-4. Phase Shift Operation Schematic

IIN1
Vin[>—» BUCK1 | —{"> Voun
—SYNC1
IIN2 » BUCK2 _D VOUT2
—|SYNC2
Ing Ly BUCK3 |—> Vours
|SYNC3
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IIN1 IIN1
[ ] [ ]
IIN2 IIN2 |—| l—l
IIN3 IIN3 l—l |_

[ ] [ ]

1 1]

1] [ 1]
IIN_&III ‘l_l_‘ ‘l_l_‘

Iin_al

Without phase shift

With phase shift

Figure 6-5. Phase Shift Operation Application

Table 6-3. Phase Shift Configuration Table

RECOMMENDED MODE CAPACITOR, pF PHASE SHIFT, DEGREE
47pF 90°
68pF 120°
120pF 180°
180pF 270°
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6.3.7 Enable and Adjusting Undervoltage Lockout

The EN pin provides electrical ON and OFF control of the device. When the EN pin voltage exceeds the enable
threshold voltage, Ven_rise, the TPS543x21 begins operation. If the EN pin voltage is pulled below the disable
threshold voltage, Ven_raLL, the converter stops switching and enters shutdown mode.

The EN pin has an internal pullup current source, which allows the user to float the EN pin to enable the device.
If an application requires control of the EN pin, use an open-drain or open-collector or GPIO output logic to
interface with the pin.

The TPS543x21 implements internal undervoltage lockout (UVLO) circuitry on the VIN pin. The device is
disabled when the VIN pin voltage falls below the internal V| yvLo threshold. The internal V|y yyvio threshold
has a hysteresis of typical 200mV. If an application requires a higher UVLO threshold on the VIN pin, the EN pin
can be configured as shown in Figure 6-6. When using the external UVLO function, T| recommends setting the
hysteresis at a value greater than 500mV.

The EN pin has a small pullup current, I,, which sets the default state of the EN pin to enable when no external
components are connected. The pullup hysteresis current, I, is used to control the hysteresis voltage for the
UVLO function when the EN pin voltage crosses the enable threshold. Use Equation 4 and Equation 5 to
calculate the values of R1 and R2 for a specified UVLO threshold. After R1 and R2 are settled down, Vgy can be
calculated by Equation 6, which must be lower than 5.5V with the maximum V.

Device

Figure 6-6. Adjustable V|y Undervoltage Lockout

VEN_FALL
VSTART X VEN RISE Vstop 4
R = -
1 (1 VEN FALL )
pX\ 1=y +1
EN_RISE
R{xV
Ry = 1 XVEN_FALL (5)
VsTop —VEN_FALL + R1 X (Ip + Ih)
Ry X Vi + Ry x Ry X (I + Ip)
VEN = R{+ Ry (6)
where
c ?s 0.7uA.
o lyis 1.76pA.

* Ven_FaLLis 1V.

. VEN RISE is 1.15V.

+ VgrarT is the input voltage enabling the device.
* Vsrop is the input voltage disabling the device.
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6.3.8 External Soft Start and Prebiased Soft Start

When the TPS543x21 is configured to the SS function by the MODE pin, the SS/PG pin of TPS543x21 is used
to minimize inrush current when driving capacitive load. The devices use the lower voltage of the internal voltage
reference, Vrer, or the SS/PG pin voltage as the reference voltage and regulates the output accordingly. A
capacitor on the SS/PG pin to ground implements a soft-start time. The device has an internal pullup current
source that charges the external soft-start capacitor. Use the following equation to calculate the soft-start time
(tss: 0% to 100%) and soft-start capacitor (Cgg).

Css X VREF
tgg = T (7)

where

* Vger is 0.6V (the internal reference voltage).
* lgg is 5.5pA (typical), the internal pullup current.

If the output capacitor is prebiased at start-up, the devices initiate switching and start ramping up only after the
internal reference voltage becomes greater than the feedback voltage, Vgg. This scheme makes sure that the
converters ramp up smoothly into regulation point. A resistor divider connected to the SS/PG pin can implement
voltage tracking of the other power rail.

6.3.9 Power Good

When the TPS543x21 is configured to PG function, the SS/PG pin is used to indicate whether the output voltage
has reached the appropriate level or not. The PG signal can be used for start-up sequencing of multiple rails.
The PG pin is an open-drain output that requires a pullup resistor to any voltage below 5.5V. TlI recommends a
pullup resistor of 10kQ — 100kQ. The device can sink approximately 4mA of current and maintain the specified
logic low level. After the FB pin voltage is between 90% and 107% of the internal reference voltage (Vgrgr) and
after a deglitch time of 70us, the PG turns to high impedance status. The PG pin is pulled low after a deglitch
time of 13us when FB pin voltage is lower than 85% of the internal reference voltage or greater than 115% of
the internal reference voltage, or in events of thermal shutdown, EN shutdown, or UVLO conditions. VIN must
remain present for the PG pin to stay low.

Table 6-4. PG Status

PG LOGIC STATUS
DEVICE STATE
HIGH IMPEDANCE LOW
Vg does not trigger V| N
Enable (EN = High) FB8 ! gger VpgtH

Vg triggers VpgTH 7
Shutdown (EN = Low) y
UVLO 2.5V < V|y < Vyvio .
Thermal shutdown T,> Tsp y

Power supply removal Vi < 2.5V N

6.3.10 Minimum On Time, Minimum Off Time, and Frequency Foldback

Minimum on time (ton min) is the smallest duration of time that the high-side switch can be on. toy MmN is typically
70ns in the TPS543x21. Minimum off time (torr win) is the smallest duration that the high-side switch can be off.
torr miN is typically 114ns. In CCM operation, ton min, @and torpr mins limit the voltage conversion range without
switching frequency foldback. - -

The minimum duty cycle without frequency foldback allowed is:
Dyin = ton_mIN X fsw (8)

The maximum duty cycle without frequency foldback allowed is:
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Dyax =1—ton_mIN X fsw 9)

Given a required output voltage, the maximum V,y without frequency foldback is:

Vour
VIN-MAX = T 1w X Tsw (10)
The minimum V without frequency foldback is:
Vour
VIN -MIN = T=55 5 N % Fsw (1)

In TPS543x21, a frequency foldback scheme is employed after ton_min OF torr min is triggered, which can extend
the maximum duty cycle or lower the minimum duty cycle.

The on time decreases while V|y voltage increases. After the on time decreases to ton min, the switching
frequency starts to decrease while V|y continues to go up, which lowers the duty cycle further to keep Vgyr in
regulation according to Equation 8.

The frequency foldback scheme also works after larger duty cycle is needed under low V|y condition. The
frequency decreases after the device hits the torr min, Which extends the maximum duty cycle according to
Equation 9. A wide range of frequency foldback allows the TPS543x21 output voltage to stay in regulation with
a much lower supply voltage V|, which allows a lower effective dropout. With frequency foldback, VN max is
raised, and V|y_min is lowered by decreased fgyy. -

6.3.11 Frequency Spread Spectrum

To reduce EMI, the TPS543x21 introduces frequency spread spectrum. The jittering span is typically Afc =
8% of the switching frequency with the modulation frequency of 10kHz. The purpose of spread spectrum is to
eliminate peak emissions at specific frequencies by spreading emissions across a wider range of frequencies
than a part with fixed frequency operation. Figure 6-7 shows the frequency spread spectrum modulation. Figure
6-8 shows the energy is spread out at the center frequency, f..

fmax = fc x (1 + 8%)

Center Frequency fc

fmin =fc x (1 - 8%) ’_I—r

Modulation Frequency fm = 10kHz

Figure 6-7. Frequency Spread Spectrum Diagram
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Figure 6-8. Energy vs Frequency

6.3.12 Overvoltage Protection

The device incorporates an output overvoltage protection (OVP) circuit to minimize output voltage overshoot.
The OVP feature minimizes the overshoot by comparing the FB pin voltage to the OVP threshold. If the FB pin
voltage is greater than the OVP threshold of 115%, the high-side MOSFET is turned off, which prevents current
from flowing to the output and minimizes output overshoot. When the FB pin voltage drops lower than the OVP
threshold minus hysteresis, the high-side MOSFET is allowed to turn on at the next clock cycle. This function is a
non-latch operation.

6.3.13 Overcurrent and Undervoltage Protection

The TPS543x21 incorporates both peak and valley inductor current limits to provide protection to the device from
overloads and short circuits and limit the maximum output current. Valley current limit prevents inductor current
runaway during short circuits on the output, while both peak and valley limits work together to limit the maximum
output current of the converter. Hiccup mode is also incorporated for sustained short circuits.

The high-side switch current is sensed when turned on after a set blanking time (ton_wmin), the peak current of
high-side switch is limited by the peak current threshold, Iys | miT- The current going through low-side switch is
also sensed and monitored. When the low-side switch turns on, the inductor current begins to ramp down.

As the device is overloaded, a point is reached where the valley of the inductor current cannot reach below
IL.s Lmit before the next clock cycle, then the low-side switch is kept on until the inductor current ramps below
the valley current threshold, I s jwiT, then the low-side switch is turned off and the high-side switch is turned on
after a dead time. When this action occurs, the valley current limit control skips that cycle, causing the switching
frequency to drop. Further overload causes the switching frequency to continue to drop, but the output voltage
remains in regulation. As the overload is increased, both the inductor current ripple and peak current increase
until the high-side current limit, Iys (miT, is reached. When this limit is tripped, the switch duty cycle is reduced
and the output voltage falls out of regulation. This action represents the maximum output current from the
converter and is given approximately by Equation 12. The output voltage and switching frequency continue to
drop as the device moves deeper into overload while the output current remains at approximately lopax. There
is another situation, if the inductor ripple current is large, the high-side current limit can be tripped before the
low-side limit is reached. In this case, Equation 13 gives the approximate maximum output current.

Igs_LimiT +ILS_LIMIT
Tomax = —= 7 (12)
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(ViN—Vour) _ Vour
lomax = Ins_LIMIT ~ Tx ILxfoy X Vi (13)

Furthermore, if a severe overload or short circuit causes the FB voltage to fall below the Vyyp threshold, 65%
of the VRgr, and triggering current limit, and the condition occurs for more than the hiccup on time (typical
256ps), the converter enters hiccup mode. In this mode, the device stops switching for hiccup off time, 10.5
x tgg, and then goes to a normal restart with soft-start time. If the overload or short-circuit condition remains,
the device runs in current limit and then shuts down again. This cycle repeats as long as the overload or
short-circuit condition persists. This mode of operation reduces the temperature rise of the device during a
sustained overload or short circuit condition on the output. After the output short is removed, the output voltage
recovers normally to the regulated value.

For FCCM version, the inductor current is allowed to go negative. When this current exceed the LS negative
current limit I s Ngg, the LS switch is turned off and HS switch is turned on immediately, which is used to protect
the LS switch from excessive negative current.

6.3.14 Thermal Shutdown

The junction temperature (T,) of the device is monitored by an internal temperature sensor. If T; exceeds 165°C
(typical), the device goes into thermal shutdown, both the high-side and low-side power FETs are turned off.
When T, decreases below the hysteresis amount of 30°C (typical), the converter resumes normal operation,
beginning with a soft start.

6.4 Device Functional Modes
6.4.1 Modes Overview

The TPS543x21 moves between CCM, DCM, PFM, and FCCM mode as the load changes. Depending on the
load current, the TPS543x21 is in one of the following modes:

* Continuous conduction mode (CCM) with fixed switching frequency when load current is above half of the
peak-to-peak inductor current ripple

» Discontinuous conduction mode (DCM) with fixed switching frequency when load current is lower than half of
the peak-to-peak inductor current ripple in CCM operation

» Pulse frequency modulation mode (PFM) when switching frequency is decreased at very light load

» Forced continuous conduction mode (FCCM) with fixed switching frequency even at light load

6.4.2 Heavy Load Operation

The TPS543x21 operates in continuous conduction mode (CCM) when the load current is higher than half of
the peak-to-peak inductor current. In CCM operation, the output voltage is regulated by switching at a constant
frequency and modulating the duty cycle to control the power to the load. Regulating the output voltage provides
excellent line and load regulation and minimum output voltage ripple, and the maximum continuous output
current of 5A, 4A, 3A can be supplied by the TPS543x21.

6.4.3 Pulse Frequency Modulation

The TPS543x21 is designed to operate in pulse frequency modulation (PFM) mode at light load currents to boost
light load efficiency when MODE pin is configured to PFM mode.

When the load current is lower than half of the peak-to-peak inductor current in CCM, the devices operate in
discontinuous conduction mode (DCM). In DCM operation, the low-side switch is turned off when the inductor
current drops to | 5 z¢ to improve efficiency. Both switching losses and conduction losses are reduced in DCM,
compared to forced CCM operation at light load.

At even lighter current load, PFM mode is activated to maintain high-efficiency operation. When either the
minimum high-side switch on time, ton min, OF the minimum peak inductor current lpgak min iS reached, the
switching frequency decreases to maintain regulation. In PFM mode, the switching frequency is decreased
by the control loop to maintain output voltage regulation when load current reduces. Switching loss is further
reduced in PFM operation due to less frequent switching actions. Because the integrated current comparator
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catches the peak inductor current only, the average load current entering PFM mode varies with the applications
and external output LC filters.

In PFM mode, the high-side MOSFET is turned on in a burst of one or more pulses to provide energy to the
load. The duration of the burst depends on how long the feedback voltage takes to catch Vreg. The periodicity
of these bursts is adjusted to regulate the output, while zero current crossing detection turns off the low-side
MOSFET to maximize efficiency. This mode provides high light-load efficiency by reducing the amount of input
supply current required to regulate the output voltage at small loads. This trades off very good light-load
efficiency for larger output voltage ripple and variable switching frequency.

6.4.4 Forced Continuous Conduction Modulation

When the TPS543x21 is configured to operate in FCCM under light load conditions, the switching frequency is
maintained at a constant level over the entire load range, which is an excellent choice for applications requiring
tight control of the switching frequency and output voltage ripple at the cost of lower efficiency under light load.
For some audio application, this mode can help avoid switching frequency drop into audible range that can
introduce some "noise". Proper capacitor, inductor, and layout can help to avoid audible noise as well.

6.4.5 Dropout Operation

The dropout performance of any buck converter is affected by the Rpgon of the power MOSFETs, the DC
resistance of the inductor, and the maximum duty cycle that the controller can achieve. As the input voltage level
approaches the output voltage, the off time of the high-side MOSFET starts to approach the minimum value.
Beyond this point, the switching frequency becomes erratic and the output voltage can fall out of regulation. To
avoid this problem, the TPS543x21 automatically reduces the switching frequency (on-time extension function)
to increase the effective duty cycle and maintain in regulation until the switching frequency reach to the lowest
limit.

6.4.6 Minimum On-Time Operation

Every switching converter has a minimum controllable on time dictated by the inherent delays and blanking
times associated with the control circuits, which imposes a minimum switch duty cycle and, therefore, a minimum
conversion ratio. The constraint is encountered at high input voltages and low output voltages. To help extend
the minimum controllable duty cycle, the TPS543x21 automatically reduces the switching frequency when the
minimum on-time limit is reached. This way, the converter can regulate the lowest programmable output voltage
at the maximum input voltage. Use the following equation to find an estimate for the approximate input voltage
for a given output voltage before frequency foldback occurs. The values of ton min @nd fsy can be found in
Section 5.5.

Vour
<_ 00
VIN < o8 v X Fsw (14)

As the input voltage is increased, the switch on time (duty-cycle) reduces to regulate the output voltage. When
the on time reaches the minimum on time, ton_min, the switching frequency drops while the on time remains
fixed.

6.4.7 Shutdown Mode

The EN pin provides electrical ON and OFF control for the device. When Vgy is below typical 1.15V, the
TPS543x21 is in shutdown mode. The device also employs VIN UVLO protection. If the V,y voltage is below the
respective UVLO level, the converter is turned off too.
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7 Application and Implementation

Note

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

7.1 Application Information

The TPS543521 is a highly-integrated, synchronous, step-down, DC-DC converter. This device is used to
convert a higher DC input voltage to a lower DC output voltage, with a maximum output current of 5A.

7.2 Typical Application

The application schematic of the following figure was developed to meet the requirements of the device. This
circuit is available as the TPS543521EVM evaluation module. The design procedure is given in this section.

VIN =6V - 18V Ul

5+@ TP1 TP3 VOUT = 5V
o2 VIN Vi 51 vin sw -8 SwW Y Y Vvoug VOUT 110
T O U O s e P P VN e
i) C1 C2 =—=C3 =—=C4=—=C5 EN A £ ffgg cs c9 c11 7]
5. @TP2 | 35V [ 35V | 35V 1400nF | 220F pG | 9RG/SS R4 : 22uF | 22uF 100nF
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Figure 7-1. TPS543521 5V Output, 5A Reference Design
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7.2.1 Design Requirements
The following table shows the design parameters for this application.

Table 7-1. Design Parameters

PARAMETER CONDITIONS MIN TYP MAX| UNIT
VN Input voltage 5.5 12 18 \%
Vour Output voltage 5 \%
lout Output current rating 5 A
ViN(ripple) Input ripple voltage 400 mV
VouTripple) Output ripple voltage 30 mV
Fsw Switching frequency RT = floating 500 kHz
tss Soft-start time Css = 33nF 4 mS
Ta Ambient temperature 25 °C

7.2.2 Detailed Design Procedure
7.2.2.1 Custom Design With WEBENCH® Tools

Create a custom design with the TPS543521 using the WEBENCH® Power Designer.

1. Start by entering the input voltage (Vy), output voltage (Vout), and output current (Ioyt) requirements.
2. Optimize the design for key parameters such as efficiency, footprint, and cost using the optimizer dial.
3. Compare the generated design with other possible solutions from Texas Instruments.

The WEBENCH Power Designer provides a customized schematic along with a list of materials with real-time
pricing and component availability.

In most cases, these actions are available:

* Run electrical simulations to see important waveforms and circuit performance
* Run thermal simulations to understand board thermal performance

» Export customized schematic and layout into popular CAD formats

» Print PDF reports for the design, and share the design with colleagues

Get more information about WEBENCH tools at www.ti.com/WEBENCH.
7.2.2.2 Output Voltage Resistors Selection

The output voltage is set with a resistor divider from the output node to the FB pin. Tl recommends using 1%
tolerance or better divider resistors. Referring to the application schematic of Figure 7-1, start with 30kQ for R5
and use the following equation to calculate R4 = 220kQ. To improve efficiency at light loads, consider using
larger value resistors. If the values are too high, the converter is more susceptible to noise and voltage errors
from the FB input leakage current are noticeable.

_ Your —VREF

Ry = VREF X Rs (15)

Table 7-2 shows the recommended components value for common output voltages.
7.2.2.3 Choosing Switching Frequency

The choice of switching frequency is a compromise between conversion efficiency and overall design size.
Higher switching frequency allows the use of smaller inductors and output capacitors, and hence, a more
compact design. However, lower switching frequency implies reduced switching losses and usually results in
higher system efficiency, so the 500kHz switching frequency was chosen for this example. Remove R10 and
leave the RT pin floating.

Please note the switching frequency is also limited by the following as mentioned in Section 6.3.10:

*  Minimum on time of the integrated power switch
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* Input voltage
* Output voltage
* Frequency shift limitation

7.2.2.4 Soft-Start Capacitor Selection

The large Cgs can reduce inrush current when driving large capacitive load. 33nF is chosen for C7, which sets
the soft-start time, tss, to approximately 3.6ms.

7.2.2.5 Output Inductor Selection
The most critical parameters for the inductor are the inductance, saturation current, and the RMS current. The
inductance is based on the desired peak-to-peak ripple current, Ai_, which can be calculated by Equation 16.

Vour Vin_max —Vour
Al = -
L= Vin_max LX fsw (16)

Usually, define K coefficient represents the amount of inductor ripple current relative to the maximum output
current of the device, a reasonable value of K is 20% to 60%. Experience shows that the best value of K is 30%
to approximately 40%. Because the ripple current increases with the input voltage, the maximum input voltage
is always used to calculate the minimum inductance L. Use Equation 17 to calculate the minimum value of the
output inductor.

Viy—V 1%
__ Win-Voyr)  Vour (17)
Kxfswxlour_max = VIN

where
+ Kiis the ripple ratio of the inductor current (Al / loyt max)-

In general, choosing lower inductance in switching power supplies is preferable because this choice usually
corresponds to faster transient response, smaller DCR, and reduced size for more compact designs. Too low of
an inductance can generate too large of an inductor current ripple such that overcurrent protection at the full load
can be falsely triggered. The device also generates more inductor core loss because the current ripple is larger.
Larger inductor current ripple also implies larger output voltage ripple with the same output capacitors.

After inductance L is determined, the maximum inductor peak current and RMS current can be calculated by
Equation 18 and Equation 19.

Alp
I, peak = lour + =~ (18)

2 Alf
Iy rms =\Tour + 13- (19)

Ideally, the saturation current rating of the inductor is at least as large as the high-side switch current limit,
Ins LmiT (see Section 5.5). This size makes sure that the inductor does not saturate even during a short circuit
on the output. When the inductor core material saturates, the inductance falls to a very low value, causing the
inductor current to rise very rapidly. Although the valley current limit, I s (jwiT, is designed to reduce the risk of
current runaway, a saturated inductor can cause the current to rise to high values very rapidly. This action can
lead to component damage, so do not allow the inductor to saturate. In any case, the inductor saturation current
must not be less than the maximum peak inductor current at full load.

For this design example, choose the following values:

« K=0.25

* Vin_max = 18V
® fSW = 500kHz
* lout max =5A
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The inductor value is calculated to be 5.59uH. Choose the nearest standard value of 5.6uH. The maximum
Ins umiT is 7A, the calculated peak current is 5.7A, and the calculated RMS current is 5.02A. The chosen
inductor is a Wiirth Elektronik, 74439346056, 5.6uH, which has a saturation current rating of 12.1A and an RMS
current rating of 6.9A.

The maximum inductance is limited by the minimum current ripple required for the peak current mode control
to perform correctly. To avoid subharmonic oscillation, the minimum inductor ripple current must be no less than
approximately 10% of the device maximum rated current (5A) under nominal conditions.

7.2.2.6 Output Capacitor Selection

The device is designed to be used with a wide variety of LC filters, so using as little output capacitance as
possible to keep cost and size down is desired. Choose the output capacitance, Coyr, With care because the
output capacitance directly affects the following specifications:

» Steady state output voltage ripple
* Loop stability
» Output voltage overshoot and undershoot during load current transient

The output voltage ripple is essentially composed of two parts. One is caused by the inductor current ripple
going through the Equivalent Series Resistance (ESR) of the output capacitors:

AVOUT_ESRz AILXESR=KXIOUTXESR (20)
The other is caused by the inductor current ripple charging and discharging the output capacitors:

Alp, _ K X Ilgyrt 21
8X fsw X Coyr ~— 8X fsw X Coyr (21)

AVour_c =

where
+ Kiis the ripple ratio of the inductor current (Al / loyt max)-

The two components in the voltage ripple are not in phase, so the actual peak-to-peak ripple is smaller than the
sum of the two peaks.

Output capacitance is usually limited by the load transient requirements rather than the output voltage ripple
if the system requires tight voltage regulation with presence of large current steps and fast slew rate. When a
large load step happens, output capacitors provide the required charge before the inductor current can slew up
to the appropriate level. The control loop of the converter usually needs eight or more clock cycles to regulate
the inductor current equal to the new load level. The output capacitance must be large enough to supply the
current difference for about eight clock cycles to maintain the output voltage within the specified range. Equation
22 shows the minimum output capacitance needed for specified Vot overshoot and undershoot.

1 Aoyt (6 1
C > 5 X — - 22
OUT =2 ™ MVour_snoor\Ffsw ~ SRalgyr (22)

where

* Dis Vour/ VN, duty cycle of steady state.

* AVoyut sHoort is the output voltage change.

+ Aloyrt is the output current change.

*  SRpjour is the slew rate of output current change

For this design example, the target output ripple is 30mV. Presuppose AVoyt gsr = AVoyt ¢ = 30mV and
choose K = 0.25. Equation 20 yields ESR no larger than 25mQ and Equation 21 yields Coyr no smaller than
10uF. For the overshoot and undershoot limitation of this design, AVoyt spoot < 5% * Voyut = 250mV for
an output current step of Algyt = 4A with SRy out = 0.8A/us. Coyr is calculated to be no smaller than 38uF
by Equation 22. In summary, the most stringent criterion for the output capacitor is 38uF. By considering the
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ceramic capacitor has DC bias derating, it can be achieved with a bank of 2 x 22uF, 35V, ceramic capacitor
C3216X5R1V226M160AC in the 1206 case size.

More output capacitors can be used to improve the load transient response. Ceramic capacitors can easily meet
the minimum ESR requirements. In some cases, an aluminum electrolytic capacitor can be placed in parallel
with the ceramics to build up the required value of capacitance. When using a mixture of aluminum and ceramic
capacitors, use the minimum recommended value of ceramics and add aluminum electrolytic capacitors as
needed.

The recommendations given in Table 7-2 provide typical values of output capacitance for the given conditions.
Large values of output capacitance can adversely affect the start-up behavior of the converter as well as the
loop stability. If values larger than noted here must be used, then a careful study of start-up at full load and loop
stability must be performed.

In practice, the output capacitor has the most influence on the transient response and loop phase margin. Load
transient testing and bode plots are the best way to validate any given design and must always be completed
before the application goes into production. In addition to the required output capacitance, a small ceramic
placed on the output can reduce high frequency noise. Small case size ceramic capacitors in the range of 1nF to
100nF can help reduce spikes on the output caused by inductor and board parasitics.

The following table shows the recommended LC combination.
Table 7-2. Recommended LC Combination for TPS543521

Vour(V) fsw(kHz) | Rrop(kQ) | Ropown(kQ) TPYICAL INDUCTOR L (uH) TYPICAL Coyr (uF)
500 4.7 44
33 45 10.0
1000 1.5 44
500 56 44
5 733 10.0
1000 2.2 44

7.2.2.7 Input Capacitor Selection

The TPS543521 device requires an input decoupling capacitor and, depending on the application, a bulk
input capacitor. The typical recommended value for the decoupling capacitor is 10uF, and Tl recommends an
additional 0.1uF capacitor from the VIN pin to ground to provide high frequency filtering.

The value of a ceramic capacitor varies significantly over temperature and the amount of DC bias applied to
the capacitor. TI recommends X5R and X7R ceramic dielectrics because X5R and X7R ceramic dielectrics have
a high capacitance-to-volume ratio and are fairly stable over temperature. The capacitor must also be selected
with the DC bias taken into account. The effective capacitance value decreases as the DC bias increases.

The capacitor voltage rating needs to be greater than the maximum input voltage. The capacitor must also have
a ripple current rating greater than the maximum input current ripple. Calculate the input ripple current using the
following equation.

_ Vour ViN_MIN —Vour
Icin_rms = loyt X \/VIN_M,N X" VIN MIN (29)

For this example design, three Murata GRM32ER7YA106KA12K (10uF, 35V, 1210, X7R) capacitors have been
selected. The effective capacitance under input voltage of 12V for each one is 8.78uF. The input capacitance
value determines the input ripple voltage of the converter. Calculate the input voltage ripple using Equation 24.
Using the design example values, loyt max = 5A, Cin e = 3 x 8.78 = 26.34uF, and fgy = 500kHz, yields an
input voltage ripple of 100mV and a RMS input ripple current of 2.03A.

loyT Max X 0.25 ( )
AViy=—"———""+—""-+|1 X R 24
IN Fsw X CIn OUT_MAX X RESR_MAX (24)
where
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* REgsr max is the maximum series resistance of the input capacitor, which is approximately 1mQ of three
capacitors in parallel.

7.2.2.8 Feedforward Capacitor Cgr Selection

In some cases, a feedforward capacitor can be used across Rpgt to improve the load transient response or
improve the loop phase margin. This statement is especially true when values of Rggt > 100kQ are used. Large
values of RpgT in combination with the parasitic capacitance at the FB pin can create a small signal pole that
interferes with the loop stability. A Cgr helps mitigate this effect. Use lower values to determine if any advantage
is gained by the use of a Cgr capacitor.

The Optimizing Transient Response of Internally Compensated DC-DC Converters with Feedforward Capacitor
application report is helpful when experimenting with a feedforward capacitor.

For this example design, a 10pF capacitor C9 can be mounted to boost load transient performance.
7.2.2.9 Maximum Ambient Temperature

As with any power conversion device, the TPS543521 dissipates internal power while operating. The effect
of this power dissipation is to raise the internal temperature of the converter above ambient. The internal die
temperature (T,) is a function of the following:

* Ambient temperature

» Power loss

» Effective thermal resistance, Rgyp, of the device
* PCB combination

The maximum internal die temperature must be limited to 150°C. This limit establishes a limit on the maximum
device power dissipation and, therefore, the load current. Equation 25 shows the relationships between the
important parameters. Seeing that larger ambient temperatures (Tp) and larger values of Rgja reduce the
maximum available output current is easy. The converter efficiency can be estimated by using the curves
provided in this data sheet. Note that these curves include the power loss in the inductor. If the desired operating
conditions cannot be found in one of the curves, then interpolation can be used to estimate the efficiency.
Alternatively, the EVM can be adjusted to match the desired application requirements and the efficiency can be
measured directly. The correct value of Rgja is more difficult to estimate. As stated in the Semiconductor and IC
Package Thermal Metrics application note, the value of Rgya given in the Thermal Information table is not valid
for design purposes and must not be used to estimate the thermal performance of the application. The values
reported in that table were measured under a specific set of conditions that are rarely obtained in an actual
application. The data given for Rg cotty and Wyt can be useful when determining thermal performance. See the
Semiconductor and IC Package Thermal Metrics application note for more information and the resources given
at the end of this section.

Ty =T
_ ( / A) n 1
lout_mAx = Roja XT3 X Vour (25)

where
+ nis efficiency.
The effective Rga is a critical parameter and depends on many factors such as the following:

» Power dissipation

» Air temperature and flow

« PCB area

» Copper heat-sink area

* Number of thermal vias under the package
» Adjacent component placement
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7.2.3 Application Curves
Vin = 12V, Vout = 5V, L4= 5.6uH, Coyt = 44uF, Tp = 25°C (unless otherwise noted)
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7.3 Best Design Practices

* Do not exceed the Absolute Maximum Ratings.

» Do not exceed the Recommended Operating Conditions.

» Do not exceed the ESD Ratings.
* Do not allow the SS pin floating.

« Do not allow the output voltage to exceed the input voltage, nor go below ground.
» Do not use the value of Rgya given in the Thermal Information table to design your application. See Section

7.2.2.9.

» Follow all the guidelines and suggestions found in this data sheet before committing the design to production.
Tl application engineers are ready to help critique design and PCB layout to help make projects a success.
» Use a 100nF capacitor connected directly to the VIN and GND pins of the device. See Section 7.2.2.7 for

details.
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7.4 Power Supply Recommendations

The devices are designed to operate from an input voltage supply range between 3.8V and 18V. This input
supply must be well regulated and compatible with the limits found in the specifications of this data sheet. In
addition, the input supply must be capable of delivering the required input current to the loaded converter. Use
the following equation to estimate the average input current.

Vout X louT
Iiv=—y = — (26)

where
« nis efficiency.

If the converter is connected to the input supply through long wires or PCB traces, special care is required to
achieve good performance. The parasitic inductance and resistance of the input cables can have an adverse
effect on the operation of the converter. The parasitic inductance, in combination with the low-ESR, ceramic
input capacitors, can form an under-damped resonant circuit, resulting in overvoltage transients at the input to
the converter. The parasitic resistance can cause the voltage at the VIN pin to dip whenever a load transient
is applied to the output. If the application is operating close to the minimum input voltage, this dip can cause
the converter to momentarily shutdown and reset. The best way to solve these kind of issues is to reduce the
distance from the input supply to the converter and use an aluminum or tantalum input capacitor in parallel with
the ceramics. The moderate ESR of these types of capacitors help damp the input resonant circuit and reduce
any overshoots. A value in the range of 20uF to 100uF is usually sufficient to provide input damping and help
hold the input voltage steady during large load transients.

Tl recommends that the input supply must not be allowed to fall below the output voltage by more than
0.3V. Under such conditions, the output capacitors discharges through the body diode of the high-side power
MOSFET. The resulting current can cause unpredictable behavior, and in extreme cases, possible device
damage. If the application allows for this possibility, then use a Schottky diode from VIN to VOUT to provide a
path around the converter for this current.

In some cases, a transient voltage suppressor (TVS) is used on the input of converters. One class of this
device has a snap-back characteristic (thyristor type). The use of a device with this type of characteristic is not
recommended. When the TVS fires, the clamping voltage falls to a very low value. If this voltage is less than the
output voltage of the converter, the output capacitors discharges through the device, as mentioned above.

Sometimes, for other system considerations, an input filter is used in front of the converter, which can lead
to instability as well as some of the effects mentioned above, unless designed carefully. The AN-2162 Simple
Success with Conducted EMI from DC-DC Converters application note provides helpful suggestions when
designing an input filter for any switching converter.

7.5 Layout
7.5.1 Layout Guidelines

The PCB layout of any DC/DC converter is critical to the excellent performance of the design. Bad PCB layout
can disrupt the operation of a good schematic design. Even if the converter regulates correctly, bad PCB layout
can mean the difference between a robust design and one that cannot be mass produced. Furthermore, the
EMI performance of the converter is dependent on the PCB layout to a great extent. In a buck converter, the
most critical PCB feature is the loop formed by the input capacitors and power ground, as shown in Figure 7-13.
This loop carries large transient currents that can cause large transient voltages when reacting with the trace
inductance. These unwanted transient voltages disrupt the proper operation of the converter. Because of this,
the traces in this loop must be wide and short, and the loop area as small as possible to reduce the parasitic
inductance.

Tl recommends a 4-layer board with 20z copper thickness of top and bottom layer, 10z copper thickness of
mid layer, and proper layout provides low current conduction impedance, proper shielding, and lower thermal
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resistance. Figure 7-14 and Figure 7-15 show the recommended layouts for the critical components of the
TPS543521.

Place the inductor, input and output capacitors, and the IC on the same layer.

Place the input and output capacitors as close as possible to the IC. The VIN and GND traces must be as
wide as possible and provide sufficient vias on them to minimize trace impedance. The wide areas are also of
advantage from the view point of heat dissipation.

Place a 0.1uF ceramic decoupling capacitor or capacitors as close as possible to VIN and GND pins, which is
key to EMI reduction.

Keep the SW trace as physically short and wide as practical to minimize radiated emissions.

Place the feedback divider as close as possible to the FB pin. TlI recommends a > 10-mil width trace for heat
dissipation. Connect a separate Vg trace to the upper feedback resistor. Place the voltage feedback loop
away from the high-voltage switching trace. The voltage feedback loop preferably has ground shield.

Place the SS capacitor resistor close to the IC and routed with minimal lengths of trace. Tl recommends a >
10-mil width trace for heat dissipation.

VIN
d
L KEEP
Cn __ | CURRENT | oy
LOOP
SMALL
d
GND

Figure 7-13. Current Loop With Fast Edges
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7.5.2 Layout Example

Figure 7-14. TPS543521 Top Layout Example

Figure 7-15. TPS543521 Bottom Layout Example
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8 Device and Documentation Support

8.1 Device Support
8.1.1 Third-Party Products Disclaimer

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

8.1.2 Development Support
8.1.2.1 Custom Design With WEBENCH® Tools

Create a custom design with the TPS543521 using the WEBENCH® Power Designer.

1. Start by entering the input voltage (V)y), output voltage (Vout), and output current (Ioyt) requirements.
2. Optimize the design for key parameters such as efficiency, footprint, and cost using the optimizer dial.
3. Compare the generated design with other possible solutions from Texas Instruments.

The WEBENCH Power Designer provides a customized schematic along with a list of materials with real-time
pricing and component availability.

In most cases, these actions are available:
* Run electrical simulations to see important waveforms and circuit performance
* Run thermal simulations to understand board thermal performance

» Export customized schematic and layout into popular CAD formats
» Print PDF reports for the design, and share the design with colleagues

Get more information about WEBENCH tools at www.ti.com/WEBENCH.
8.2 Documentation Support

8.2.1 Related Documentation

For related documentation, see the following:

» Texas Instruments, AN-2162 Simple Success with Conducted EMI from DC-DC Converters application note
» Texas Instruments, Optimizing Transient Response of Internally Compensated DC-DC Converters with
Feedforward Capacitor application note

8.3 Receiving Notification of Documentation Updates

To receive notification of documentation updates, navigate to the device product folder on ti.com. Click on
Notifications to register and receive a weekly digest of any product information that has changed. For change
details, review the revision history included in any revised document.

8.4 Support Resources

TI E2E™ support forums are an engineer's go-to source for fast, verified answers and design help — straight
from the experts. Search existing answers or ask your own question to get the quick design help you need.

Linked content is provided "AS IS" by the respective contributors. They do not constitute Tl specifications and do
not necessarily reflect Tl's views; see TlI's Terms of Use.

8.5 Trademarks

TI E2E™ is a trademark of Texas Instruments.

WEBENCH® is a registered trademark of Texas Instruments.
All trademarks are the property of their respective owners.
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8.6 Electrostatic Discharge Caution
This integrated circuit can be damaged by ESD. Texas Instruments recommends that all integrated circuits be handled
with appropriate precautions. Failure to observe proper handling and installation procedures can cause damage.

“: \ ESD damage can range from subtle performance degradation to complete device failure. Precision integrated circuits may
- be more susceptible to damage because very small parametric changes could cause the device not to meet its published

specifications.

8.7 Glossary

Tl Glossary This glossary lists and explains terms, acronyms, and definitions.

9 Revision History

DATE REVISION NOTES
March 2025 * Initial Release

10 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 ©)
@ )
TPS543321RQFR Active Production VQFN-HR (RQF) | 9 3000 | LARGE T&R Yes SN Level-1-260C-UNLIM -40 to 150 321
TPS543321RQFR.A Active Production VQFN-HR (RQF) | 9 3000 | LARGE T&R Yes SN Level-1-260C-UNLIM -40 to 150 321
TPS543421RQFR Active Production VQFN-HR (RQF) | 9 3000 | LARGE T&R Yes SN Level-1-260C-UNLIM -40 to 150 421
TPS543421RQFR.A Active Production VQFN-HR (RQF) | 9 3000 | LARGE T&R Yes SN Level-1-260C-UNLIM -40 to 150 421
TPS543521RQFR Active Production VQFN-HR (RQF) | 9 3000 | LARGE T&R Yes SN Level-1-260C-UNLIM -40 to 150 521
TPS543521RQFR.A Active Production VQFN-HR (RQF) | 9 3000 | LARGE T&R Yes SN Level-1-260C-UNLIM -40 to 150 521

@ 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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i3 TEXAS PACKAGE MATERIALS INFORMATION

INSTRUMENTS
www.ti.com 28-Mar-2025
TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
4 [¢ KO [« P1L—>
L Regic oy Rogic e o T
o| |e o Bo W
el |
. Diameter ' '
Cavity —>| AO |<—
A0 | Dimension designed to accommodate the component width
B0 | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
A W | Overal width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ ]
_f Reel Width (W1)
QUADRANT ASSIGNMENTSFOR PIN 1 ORIENTATION IN TAPE
O O O O 0O O 0 O0 Sprocket Holes
| |
T T
St N Il )
H4-—q--4 t--1--1
Q3 1 Q4 Q3 | User Direction of Feed
[ .4 |
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)
TPS543321RQFR VQFN- RQF 9 3000 180.0 8.4 175 | 2.25 1.0 4.0 8.0 Q2
HR
TPS543421RQFR VQFN- RQF 9 3000 180.0 8.4 175 | 2.25 1.0 4.0 8.0 Q2
HR
TPS543521RQFR VQFN- RQF 9 3000 180.0 8.4 175 | 2.25 1.0 4.0 8.0 Q2
HR
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PACKAGE MATERIALS INFORMATION

I} TEXAS
INSTRUMENTS
www.ti.com 28-Mar-2025
TAPE AND REEL BOX DIMENSIONS
*All dimensions are nominal
Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
TPS543321RQFR VQFN-HR RQF 9 3000 210.0 185.0 35.0
TPS543421RQFR VQFN-HR RQF 9 3000 210.0 185.0 35.0
TPS543521RQFR VQFN-HR RQF 9 3000 210.0 185.0 35.0
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PACKAGE OUTLINE

ROFOO09A VQFN-HR - 1 mm max height
PLASTIC QUAD FLATPACK- NO LEAD

Iﬁ o

=
ro

PIN 1 INDEX AREA /

1 MAX

(0.1) TYP
yls

5 0.9 j
]

| -
| | 12
| r J
| I

PIN1ID / o] | s Lgxgg

C0.15 3X . . @
7504 & 0.1M|C|A (B
0.3 0.05M) |C

4225248/A 09/2019

NOTES:

1. Alllinear dimensions are in millimeters. Any dimensions in parenthesis are for reference only. Dimensioning and tolerancing
per ASME Y14.5M.
2. This drawing is subject to change without notice.
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EXAMPLE BOARD LAYOUT

ROFOO09A VQFN-HR - 1 mm max height
PLASTIC QUAD FLATPACK- NO LEAD

i (1.85) 7‘
3X (0.25) —=—~f
7X (0.55) — ‘ 9 8 }
9X (0.25) — ‘ Dl ‘
I T%ﬂ i ‘
) ‘ i N (1.3)
4X (0.5) | _
2X PKG i ! f—% (03) JL
o s S S s e
| | (0.45)
. ! |
e TR
| (1)
(R0.05) TYP ‘
¢
PKG
(02

LAND PATTERN EXAMPLE
EXPOSED METAL SHOWN
SCALE: 30X

SOLDER MASK
0.05 MIN OPENING

0.05 MAX METAL
ALL AROUND j ‘* / ALL AROUND "] METAL UNDER
| , | Jl— *‘\1 SOLDER MASK
™\ SOLDER MASK \ '
OPENING

N — — O ~__
EXPOSED METAL — EXPOSED METAL
NON- SOLDER MASK
DEFINED

(PREFERRED)

SOLDER MASK
DEFINED

SOLDER MASK DETAILS
NOT TO SCALE 4225248/A 09/2019

NOTES: (continued)

3. For more information, see Texas Instruments literature number SLUA271 (www.ti.com/lit/slua271).
4. Solder mask tolerances between and around signal pads can vary based on board fabrication site.
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www.ti.com/lit/slua271

ROQFOO09A

EXAMPLE STENCIL DESIGN
VQFN-HR - 1 mm max height

PLASTIC QUAD FLATPACK- NO LEAD

7X (0.55) —| 9 ‘ 8
9X (0.25) — ‘ R

(1.85)

3X (0.25) —=—~

(1.3)

4X (0.5) !
(0.3) l
PK r—‘ﬁ

2X Cﬁii R e e e ==
(1) T — T

i \ (0.45)

N N ! |

e —— ]

Xr | 5

| @

(R0.05) TYP ‘
-/ |
Y
PKG
0
SOLDER PASTE EXAMPLE
BASED ON 0.100 mm THICK STENCIL
SCALE: 30X
4225248/A 09/2019
NOTES: (continued)
5. Laser cutting apertures with trapezoidal walls and rounded corners may offer better paste release. IPC-7525 may have alternate
design recommendations.
Texas
INSTRUMENTS

www.ti.com
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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


https://www.ti.com/legal/terms-conditions/terms-of-sale.html
https://www.ti.com/lit/pdf/SZZQ076
https://www.ti.com
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