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High-Performance 12-A Single Synchronous SWIFT™ Step-Down Converter with PMBus™

Check for Samples: TPS53915

FEATURES

Wide-Conversion Input Voltage Range:
15Vto 18V

Wide VDD Input Voltage: 4.5V to 25V
Output Voltage Range: 0.6 Vto 5.5V

Integrated Power MOSFETs Support 12-A
Continuous Output Current

Adjustments Available Via PMBus

— Voltage Margin and Adjustment

— Soft-Start Time

— Power-On Delay

— VDD UVLO Level

— Fault Reporting

— Switching Frequency

Supports All Ceramic Output Capacitors
Reference Voltage 600 mV +0.5% Tolerance
Built-in 5-V LDO

D-CAP3™ Mode with 100-ns Load-Step
Response

Auto-Skip Eco-mode™ for Light-Load
Efficiency

FCCM for Tight Output Ripple and Voltage
Requirement

Adaptive On-Time Control Architecture with
Eight Selectable Frequency Settings

3.5 mm x 4.5 mm, 28-Pin, QFN Package

Thermal
Pad

Vour

APPLICATIONS

e Server and Cloud-Computing Point-of-Load
(POL) Products

e 1/O Supplies

» Printers

» Telecoms

e Supported at the WEBENCH™ Design Center

DESCRIPTION

The TPS53915 is a small-sized, single-buck
converter with adaptive, on-time D-CAP3 mode
control. The device offers ease-of-use and low
external-component count for space-conscious power
systems.

This device features high-performance integrated
MOSFETs, accurate 0.5% 0.6-V reference, and
integrated boost switch. Competitive features include
very-low external-component count, fast load-
transient response, auto-skip mode operation,
internal soft-start control, and no requirement for
compensation. The device also features
programmability and fault report via PMBus to
simplify the power supply design.

The conversion input voltage ranges from 1.5 V to
18 V. The VDD input voltage ranges from 4.5 V to
25 V. The output voltage ranges from 0.6 V to 5.5 V.
The TPS53915 is available in a 28-pin QFN package
and is specified from —40°C to 85°C.
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Please be aware that an important notice concerning availability, standard warranty, and use in critical applications of
Texas Instruments semiconductor products and disclaimers thereto appears at the end of this data sheet.

SWIFT, D-CAP3, Eco-mode, WEBENCH are trademarks of Texas Instruments.

PMBus is a trademark of SMIF, Inc..

PRODUCTION DATA information is current as of publication date.
Products conform to specifications per the terms of the Texas

Instrul

ments standard warranty. Production processing does not

necessarily include testing of all parameters.
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This integrated circuit can be damaged by ESD. Texas Instruments recommends that all integrated circuits be handled with
A appropriate precautions. Failure to observe proper handling and installation procedures can cause damage.

m 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.

ABSOLUTE MAXIMUM RATINGS
over operating free-air temperature range (unless otherwise noted)™®

VALUE UNIT
MIN MAX
EN -0.3 7.7
DC -3 30
SW -
Transient < 10 ns -5 32
VBST -0.3 36
Input voltage range® VvBST® -0.3 6 v
VBST when transient < 10 ns 38
VDD -0.3 28
VIN -0.3 30
ADDR, FB, MODE, SDA, SCL, VO -0.3 6
PGOOD -0.3 7.7
Output voltage range —— \%
ALERT, TRIP, VREG -0.3 6
Junction, T, -40 150 °C
Temperature
Storage, Tsyg -55 150 °C

(1) Stresses beyond those listed under absolute maximum ratings may cause permanent damage to the device. These are stress ratings
only, and functional operation of the device at these or any other conditions beyond those indicated under recommended operating
conditions is not implied. Exposure to absolute-maximum-rated conditions for extended periods my affect device reliability.

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

(3) Voltage values are with respect to the SW terminal.

THERMAL INFORMATION

TPS53915
THERMAL METRIC® RVE UNITS
28 PINS

B3a Junction-to-ambient thermal resistance ) 375
B3ctop Junction-to-case (top) thermal resistance ) 34.1
B8 Junction-to-board thermal resistance 18.1 oW
Wit Junction-to-top characterization parameter® 1.8
Wi Junction-to-board characterization parameter(® 18.1
B3chot Junction-to-case (bottom) thermal resistance (") 2.2

(1) For more information about traditional and new thermal metrics, see the IC Package Thermal Metrics application report, SPRA953.

(2) The junction-to-ambient thermal resistance under natural convection is obtained in a simulation on a JEDEC-standard, high-K board, as
specified in JESD51-7, in an environment described in JESD51-2a.

(3) The junction-to-case (top) thermal resistance is obtained by simulating a cold plate test on the package top. No specific JEDEC-
standard test exists, but a close description can be found in the ANSI SEMI standard G30-88.

(4) The junction-to-board thermal resistance is obtained by simulating in an environment with a ring cold plate fixture to control the PCB
temperature, as described in JESD51-8.

(5) The junction-to-top characterization parameter, g7, estimates the junction temperature of a device in a real system and is extracted
from the simulation data for obtaining 634, using a procedure described in JESD51-2a (sections 6 and 7).

(6) The junction-to-board characterization parameter, y;g, estimates the junction temperature of a device in a real system and is extracted
from the simulation data for obtaining 6,4 , using a procedure described in JESD51-2a (sections 6 and 7).

(7) The junction-to-case (bottom) thermal resistance is obtained by simulating a cold plate test on the exposed (power) pad. No specific
JEDEC standard test exists, but a close description can be found in the ANSI SEMI standard G30-88.
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RECOMMENDED OPERATING CONDITIONS
over operating free-air temperature range (unless otherwise noted)

MIN MAX UNIT

EN -0.1 7
SW -3 27
VBST -0.1 28

Input voltage range vBST® -0.1 5.5 \Y;
VDD 4.5 25
VIN 15 18
ADDR, FB, MODE, SDA, SCL, VO -0.1 5.5
PGOOD -0.1 7

Output voltage range —— \%
ALERT, TRIP, VREG -0.1 5.5

Ta Operating free-air temperature -40 85 °C

(1) Voltage values are with respect to the SW pin.
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ELECTRICAL CHARACTERISTICS

over operating free-air temperature range, Vgeg = 5 V, Vgy = 5 V (unless otherwise noted)

PARAMETER ‘ TEST CONDITIONS ‘ MIN TYP MAX | UNIT
SUPPLY CURRENT
voo VDD bias current -Igg;ezrsc:(():r;v':?silgﬁdenabled (no switching) 1350 1850 pA
IoDSTEY VDD standby current ;?)V\:/ezrsgc)cﬁvgfs:gﬁddisable g 850 1150 | pA
lvingeak) VIN leakage current Ven=0V 0.5 pA
VREF OUTPUT
VVREFE Reference voltage FB w/r/t GND, Tp = 25°C 597 600 603 mV
FB wi/r/t GND, T; = 0°C to 85°C —0.6% 0.5%
VVREFTOL Reference voltage tolerance
FB w/r/t GND, T; =—-40°C to 85°C -0.7% 0.5%
OUTPUT VOLTAGE
Ieg FB input current Veg = 600 mV 50 100 nA
lvobis VO discharge current Vyo = 0.5V, Power Conversion Disabled 10 12 15| mA
INTERNAL DAC REFERENCE
FB w/r/t GND, 0°C < Tx < 85°C, with
VpacToL1 DAC voltage tolerance 1 g(ra]ht/ag?) VOUT_ADJUSTMENT settings -4.8 4.8 mV
VpacToL2 DAC voltage tolerance 2 E(?rtgi/rrl/ t\/%TJ?’_(li/‘l)gRSGTIIA\\I SS(;‘B;;(;SV(\;I:ITy @ —4.8 48| mv
FB wir/t GND, 0°C < Tx < 85°C, with
VpacToL3 DAC voltage tolerance 3 VOUT_ADJUSTMENT=0Dh and -4.8 4.8 mV
VOUT_MARGIN=70h for 5%
FB wir/t GND, 0°C < Tx < 85°C, with
VpacToLs DAC voltage tolerance 4 VOUT_ADJUSTMENT=13h and -4.8 4.8 mV
VOUT_MARGIN=07h for -5%
SMPS FREQUENCY
Vin = 12V, Vyo = 3.3V, FS<2:0> = 000 250
Vin = 12V, Vyo = 3.3V, FS<2:0> = 001 300
Vin = 12V, Vyo = 3.3V, FS<2:0> = 010 400
o Vin = 12V, Vyo = 3.3V, FS<2:0> = 011 500
fsw VO switching frequency kHz
Vin = 12V, Vyo = 3.3V, FS<2:0> = 100 600
Vin = 12V, Vyo = 3.3V, FS<2:0> = 101 750
Vin = 12V, Vyo = 3.3V, FS<2:0> = 110 850
Vin =12V, Vyo = 3.3V, FS<2:0> = 111 1000
toN(min) Minimum on-time Ta =25°C® 60 ns
toFF(min) Minimum off-time Ta=25°C 175 240 310 ns
INTERNAL BOOTSTRAP SW
Ve Forward Voltage Vvrec-vBsT: Ta = 25°C, I = 10 mA 0.15 0.25 Vv
lvesT VBST leakage current Ta=25°C, VygsT =33V, Vg =28V 0.01 15 HA
LOGIC THRESHOLD
VENH EN enable threshold voltage 1.3 14 15 \%
VeEnL EN disable threshold voltage 1.1 1.2 13 \%
VENHYST EN hysteresis voltage 0.22 \%
VENLEAK EN input leakage current -1 0 1 HA

(1) Tested at these VOUT_ADJUSTMENT settings: -9.0%, -8.25%, -5.25%, -2.25%, 0.0%, 3.00%, 6.00%, 9.0%
(2) Tested at these VOUT_MARGIN settings: -11.62%, -10.74%, -7.06%, -3.15%, 0%, 3.7%, 7.74%, 12.05%

(3) Specified by design. Not production tested.
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ELECTRICAL CHARACTERISTICS (continued)
over operating free-air temperature range, Vgeg =5V, Vey = 5 V (unless otherwise noted)

PARAMETER TEST CONDITIONS | MIN TYP MAX | UNIT
SOFT-START
SST <1:.0> =00 1
. SST<1:0>=01 2
tss Soft-start time ms
SST <1:0> =10 4
SST<1:.0>=11 8
POWER GOOD COMPARATOR
PGOOD in from higher 104% 108% 111%
PGOOD in from lower 89% 92% 96%
VpGTH PGOOD threshold -
PGOOD out to higher 113% 116% 120%
PGOOD out to lower 80% 84% 87%
Delay for PGOOD going in
PGD<2:0>=000 165 256 320 us
Delay for PGOOD going in
PGD<2:0>=001 409 512 614 ws
Delay for PGOOD going in
PGD<2:0>=010 0.819 1.024 1.228 ms
Delay for PGOOD going in
PGD<2:0>=011 1.638 2.048 2.458 ms
tpgDLY PGOOD delay time Delay for PGOOD going in
PGD<2:0>=100 3.276 4.096 4.915 ms
Delay for PGOOD going in
PGD<2:0>=101 6.553 8.192 9.83 ms
Delay for PGOOD going in
PGD<2:05=110 13.104 16.38 19.656 ms
Delay for PGOOD going in
PGD<2:0>=111 105 131 157 ms
Delay tolerance for PGOOD coming out us
Ipg PGOOD sink current Vpgoop = 0.5V 4 mA
IpeLK PGOOD leakage current Vpgoop = 5.0 V -1 1 pA
POWER-ON DELAY
Delay from enable to switching
POD<2:0>=000 356 us
Delay from enable to switching
POD<2:0>=001 612 us
Delay from enable to switching
POD<2:0>=010 1.124 ms
Delay from enable to switching
_ POD<2:0>=011 2148 ms
trobLY Power-on delay time —
Delay from enable to switching 4.196 ms
POD<2:0>=100 '
Delay from enable to switching
POD<2:0>=101 8.292 ms
Delay from enable to switching
POD<2:0>=110 16.48 ms
Delay from enable to switching
POD<2:0>=111 82.86 ms
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ELECTRICAL CHARACTERISTICS (continued)
over operating free-air temperature range, Vgeg =5V, Vey = 5 V (unless otherwise noted)

PARAMETER TEST CONDITIONS | MIN TYP MAX | UNIT
CURRENT DETECTION
Rtrip TRIP pin resistance range 20 70 kQ
. Rrrip = 52.3 kQ 10.1 12.0 13.9
locL Current limit threshold, valley A
Rrrip = 38 kQ 7.2 9.1 11.0
oo Negative current limit threshold, Rrrip = 52.3 kQ -153 119 85
valley Rrrip = 38 kQ 12 -9 -6
Vzc Zero cross detection offset 0 mV
PROTECTIONS
VUREGUYLO VREG undervoltage-lockout Wake-up 3.25 3.34 341l
(UVLO) threshold voltage Shutdown 3.00 3.12 3.19
Vy/DDUVLO VDD UVLO threshold voltage Wake-up (default 415 425 435 \Y
Shutdown 3.95 4.05 4.15
Vour toh‘r’:;‘r’]‘;'ltj‘%i]ggéedio” (OVP) OVP detect voltage 116%  120%  124%
tovPDLY OVP propagation delay With 100-mV overdrive 300 ns
Vove #]Tgser:‘é‘l’ét%%ﬁ;ggtecmn (UVP) UVP detect voltage 64% 68% 71%
tuvPDLY UVP delay UVP filter delay 1 ms
THERMAL SHUTDOWN
Shutdown temperature 140
Tson Thermal shutdown threshold ) - °C
Hysteresis 40
LDO VOLTAGE
VReG LDO output voltage ViN=12V, I oap = 10 MA 4.65 5 5.45 Vv
VDOVREG LDO low droop drop-out voltage ViN=4.5V, I .oap =30 mA, Tp =25°C 365 mV
ILbomax LDO over-current limit ViN=12V, Tp =25°C 170 200 mA
INTERNAL MOSFETS
Rps(onH High-side MOSFET on-resistance Tp=25°C 13.8 155 mQ
Rps(on)L Low-side MOSFET on-resistance Tp=25°C 5.9 7.0 mQ
PMBus SCL and SDA INPUT BUFFER LOGIC THRESHOLDS
ViL-PMBUS sgtléggg)SDA low-level input 0°C<T;=<85°C 0.8 \Y
Vi PuBUS \?cﬁtléggg‘)SDA high-level input 0°C < T, <85°C 21 v
VHy-PMBUS SCL and SDA hysteresis voltage™® | 0°C < T, < 85°C 240 mv
PMBus SDA and ALERT OUTPUT PULLDOWN
VoLLevaus \?(I)Dlt': an(aj)m low-level output Vopemeus = 55 V, ReutLup = 1.1 kQ, 0.4 v
ge 0°C < T;<85°C
VoLapuaus \?cﬁtAa an(g)m low-level output VPDPMBUS = 3.06 V, RpyuLLup = 0.7 kQ, 04 v
ge 0°C < T;=85°C

(4) Specified by design. Not production tested.

6 Submit Documentation Feedback

Product Folder Links: TPS53915

Copyright © 2013, Texas Instruments Incorporated


http://www.ti.com/product/tps53915?qgpn=tps53915
http://www.ti.com
http://www.ti.com/product/tps53915?qgpn=tps53915

13 TEXAS

INSTRUMENTS

www.ti.com

TPS53915

SLUSAS9 —NOVEMBER 2013

DEVICE INFORMATION

QFN
28-PIN
(TOP VIEW)
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PIN DESCRIPTIONS®
PIN
/O | DESCRIPTION
NAME NO.
PMBus address configuration pin. Connect this pin into a resistor divider between VREG and GND to
ADDR 1 | ) :
program different address settings
ALERT 26 O | Alert output for the PMBus interface
EN 3 | The enable pin turns on the DC-DC switching converter.
FB 23 | Vour feedback input. Connect this pin to a resistor divider between the VOUT pin and GND.
This pin is the ground of internal analog circuitry and driver circuitry. Connect GND to the PGND plane
GND 22 G | with a short trace (For example, connect this pin to the thermal pad with a single trace and connect the
thermal pad to PGND pins and PGND plane).
The MODE pin sets the forced continuous-conduction mode (FCCM) or Skip-mode operation. It also
MODE 21 | L
selects the ramp coefficient of D-CAP3 mode.
5
NC . — | Not connected. These pins are floating internally.
10
11
PGND 12 G | These ground pins are connected to the return of the internal low-side MOSFET.
13
14
PGOOD 2 o Open-drain power-good status signal which provides startup delay after the FB voltage falls within the
specified limits. After the FB voltage moves outside the specified limits, PGOOD goes low within 2 ps.
SCL 28 | Clock input for the PMBus interface
SDA 27 I/0 | Data I/O for the PMBus interface

(1) 1= Input, O = Output, P = Supply, G = Ground
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PIN DESCRIPTIONS® (continued)

PIN
/O | DESCRIPTION
NAME NO.
6
SW 8 /0 | SW is the output switching terminal of the power converter. Connect this pin to the output inductor.
9
TRIP is the OCL detection threshold setting pin. ltgjp = 10 pA at T = 25°C, 3000 ppm/°C current is
TRIP 25 /0 | sourced and sets the OCL trip voltage. See the Current Sense and Overcurrent Protection section for
detailed OCP setting.
VBST 4 p VBST is the supply rail for the high-side gate driver (boost terminal). Connect the bootstrap capacitor
from this pin to the SW node. Internally connected to VREG via bootstrap PMOS switch.
VDD 19 P | Power-supply input pin for controller. Input of the VREG LDO. The input range is from 4.5 to 25 V.
15
VIN 16 P | VIN is the conversion power-supply input pins.
17
VREG 20 O | VREG is the 5-V LDO output. This voltage supplies the internal circuitry and gate driver.
VO 24 | VOUT voltage input to the controller.
8 Submit Documentation Feedback Copyright © 2013, Texas Instruments Incorporated
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BLOCK DIAGRAM
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APPLICATION CIRCUIT DIAGRAM
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| m
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Figure 1. Typical Application Circuit Diagram
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TYPICAL CHARACTERISTICS
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Figure 2. Efficiency vs. Output Current
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Figure 4. Efficiency vs. Output Current
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Figure 6. Output Voltage vs. Output Current
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Figure 3. Efficiency vs. Output Current
s —
\
//—_\\ —
—
/ — I
e
I/// —
fow=1MHz, V\y =12V, Vpp =5V 1
Ta=25C, L gyr = 1 pH, Mode = FCCM
——Vor=06V ——Vy;;=1V
Vour=1.2V Vour =15V
Vour = 1.8V Vour =25V
Vour = 3.3V Vour =5V
0 2 4 6 8 10 12
Output Current (A)
Figure 5. Efficiency vs. Output Current
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Figure 7. Output Voltage vs. Output Current
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TYPICAL CHARACTERISTICS (continued)

1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17

Output Current (A)

Figure 12. Safe Operating Area, Voyr = 1.2V
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Figure 13. Safe Operating Area, Voyt =5V
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TYPICAL CHARACTERISTICS (Contlnued)
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Figure 14. Auto-Skip Steady-State Operation Figure 15. FCCM Steady-State Operation
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Figure 16. Auto-Skip Steady-State Operation

Figure 17. FCCM Steady-State Operation
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Figure 18. Auto-Skip Steady-State Operation Figure 19. FCCM Steady-State Operation
Copyright © 2013, Texas Instruments Incorporated Submit Documentation Feedback 13

Product Folder Links: TPS53915


http://www.ti.com/product/tps53915?qgpn=tps53915
http://www.ti.com
http://www.ti.com/product/tps53915?qgpn=tps53915

TPS53915

SLUSAS9 —NOVEMBER 2013

i3 TEXAS
INSTRUMENTS

www.ti.com

TYPICAL CHARACTERISTICS (Contlnued)

TPESIS

VIN = 12V
VOUT =1.2V
Fsw =1 MHz
Mode =,Auto-skip

\/—-J

Idyn = to 6 A

e VIN=12V

VOUT =1.2V
Fsw=1MHz
Mode = FCCM
Idyn = to6 A

i i e

Autn  August 02, 3013

$10e  Cowm info

i ren m:m:-u:-m:-m-z- pe |

Max
i ren mmm:-u:mz- iE-

10 Cowm info

by M i 50 T wa N
L guu-m [1 m ]u m p.n Ba | - we o {um [1 u ras p.n |u [
Figure 20. Auto-Skip Mode Load Transient Figure 21.
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Figure 23. Start-Up
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Figure 24. Start-Up

Figure 25. Start-Up
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Figure 28. Shut-Down Operation

Figure 29. Shut-Down Operation
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Figure 30. Pre-Bias Operation Figure 31. Overvoltage Protection
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TYPICAL CHARACTERISTICS (continued)
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Figure 36. VOUT(adj) = 6%, VOMH =12% to 0% Flgure 37. VOUT(adj) = 9%, VOMH = 0% to 12%
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TYPICAL CHARACTERISTICS (Contlnued)
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Figure 38. 250 kHz to MHz

THERMAL PERFORMANCE
fSW =500 kHZ, VIN =12 V, VOUT =5 V, IOUT =12 A, COUT =10 x 22 HF (1206, 63V, XSR), RBOOT =0 Q, SNB=3Q + 470 pF
Inductor: Loyr = 1 pH, PCMC135T-1ROMF, 12.6 mm x 13.8 mm x 5 mm, 2.1 mQ (typ)

Arl min 32.0 max 75.8

Figure 39. SP1: 75.6°C (TPS53915), SP2: 57.7°C (Inductor)

Copyright © 2013, Texas Instruments Incorporated Submit Documentation Feedback 17

Product Folder Links: TPS53915


http://www.ti.com/product/tps53915?qgpn=tps53915
http://www.ti.com
http://www.ti.com/product/tps53915?qgpn=tps53915

TPS53915 A OMENTS

SLUSAS9 —NOVEMBER 2013 www.ti.com

APPLICATION INFORMATION

General Description

The TPS53915 is a high-efficiency, single-channel, synchronous-buck converter. The device suits low-output
voltage point-of-load applications with 12-A or lower output current in computing and similar digital consumer
applications. The TPS53915 features proprietary D-CAP3 mode control combined with adaptive on-time
architecture. This combination builds modern low-duty-ratio and ultra-fast load-step-response DC-DC converters
in an ideal fashion. The output voltage ranges from 0.6 V to 5.5 V. The conversion input voltage ranges from
1.5V to 18 V and the VDD input voltage ranges from 4.5 V to 25 V. The D-CAP3 mode uses emulated current
information to control the modulation. An advantage of this control scheme is that it does not require a phase-
compensation network outside which makes the device easy-to-use and also allows low-external component
count. Adaptive on-time control tracks the preset switching frequency over a wide range of input and output
voltage while increasing switching frequency as needed during load-step transient.

D-CAP3 Control and Mode Selection

RRr VANV
Sw AN p To comparator
Cr
Vout

Figure 40. Internal RAMP Generation Circuit

The TPS53915 uses D-CAP3 mode control to achieve fast load transient while maintaining the ease-of-use
feature. An internal RAMP is generated and fed to the VFB pin to reduce jitter and maintain stability. The
amplitude of the ramp is determined by the R-C time-constant as shown in Figure 40. At different switching
frequencies, (fsy) the R-C time-constant varies to maintain relatively constant RAMP amplitude.

The default switching frequency (fsy) is pre-set at 400 kHz. The switching frequency can be changed via PMBus
function (see Table 13)
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D-CAP3 Mode

From small-signal loop analysis, a buck converter using the D-CAP3 mode control architecture can be simplified
as shown in Figure 41.

VO Cai Rei SwW
[~ f AN []
L | il L |
V
ez ARACZA Sample a
I_ and Hold DRVH
PWM Lx
gRFBH Comparator [ [
G VRaAMP I,: + CL(;ngtiréJI m, Vour
+
FB | ,7 = and
[ Driver DRVL § Rco
L + _[
VRerF c g Rioap
§ RrgL LS ouT

Figure 41. D-CAP3 Mode

The D-CAP3 control architecture includes an internal ripple generation network enabling the use of very low-ESR
output capacitors such as multi-layered ceramic capacitors (MLCC). No external current sensing network or
voltage compensators are required with D-CAP3 control architecture. The role of the internal ripple generation
network is to emulate the ripple component of the inductor current information and then combine it with the
voltage feedback signal to regulate the loop operation. For any control topologies supporting no external
compensation design, there is a minimum and/or maximum range of the output filter it can support. The output
filter used with the TPS53513 is a lowpass L-C circuit. This L-C filter has double pole that is described in
Equation 1.

1
IP =
2><TCX1'LO TXCOUT (:I)

At low frequencies, the overall loop gain is set by the output set-point resistor divider network and the internal
gain of the TPS53513. The low frequency L-C double pole has a 180 degree in phase. At the output filter
frequency, the gain rolls off at a —40dB per decade rate and the phase drops rapidly. The internal ripple
generation network introduces a high-frequency zero that reduces the gain roll off from —40dB to —20dB per
decade and increases the phase to 90 degree one decade above the zero frequency.

The inductor and capacitor selected for the output filter must be such that the double pole of Equation 1 is
located close enough to the high-frequency zero so that the phase boost provided by the high-frequency zero
provides adequate phase margin for the stability requirement.

Table 1. Locating the Zero

SWITCHING
FREQUENCIES ZERO (f7) LOCATION (kHz)
(fsw) (kHz)

250 and 300
400 and 500
600 and 750
850 and 1000 12

After identifying the application requirements, the output inductance should be designed so that the inductor
peak-to-peak ripple current is approximately between 25% and 35% of the lccmaxy (Peak current in the
application). Use Table 1 to help locate the internal zero based on the selected switching frequency. In general,
where reasonable (or smaller) output capacitance is desired, Equation 2 can be used to determine the necessary
output capacitance for stable operation.
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1
fp = =1z
2X T X \/LOUT X COUT (2)

If MLCC is used, consider the derating characteristics to determine the final output capacitance for the design.
For example, when using an MLCC with specifications of 10-uF, X5R and 6.3 V, the deratings by DC bias and
AC bias are 80% and 50% respectively. The effective derating is the product of these two factors, which in this
case is 40% and 4-uF. Consult with capacitor manufacturers for specific characteristics of the capacitors to be
used in the system/applications.

Table 2 shows the recommended output filter range for an application design with the following specifications:

* Input voltage, V|y =12V

e Switching frequency, fg = 600 kHz

e Output current, oyt =8 A

The minimum output capacitance is verified by the small signal measurement conducted on the EVM using the
following two criteria:

» Loop crossover frequency is less than one-half the switching frequency (300 kHz)

» Phase margin at the loop crossover is greater than 50 degrees

For the maximum output capacitance recommendation, simplify the procedure to adopt an unrealistically high

output capacitance for this type of converter design, then verify the small signal response on the EVM using the
following one criteria:

» Phase margin at the loop crossover is greater than 50 degrees

As indicated by the phase margin, the actual maximum output capacitance (Coyrmax) Can continue to go higher.
However, small signal measurement (bode plot) should be done to confirm the design.

Select a MODE pin configuration as shown in Table 3 to double the R-C time constant option for the maximum
output capacitance design and application. Select a MODE pin configuration to use single R-C time constant
option for the normal (or smaller) output capacitance design and application.

The MODE pin also selects SKIP-mode or FCCM-mode operation.

Table 2. Recommended Component Values

Vout | RLower | Rupper Lour Courgnin) | CROSS- | PHASE | Coutman | INTERNAL 1 \npucTor lccmax)
Y kQ kQ H (uUF) OVER MARGIN (UF) RC SETTING Alll A
( ) ( ) ( ) (p ) 1) (kHZ) (o) 1) (IJS) CC(max) ( )

0.36 3 x 100 247 70 40
0.6 0 . 33%
PIMBO0O65T-R36MS 48 62 30 x 100 80
0.68 9 x 22 207 53 40
1.2 10 . 33%
PIMBO0O65T-R68MS 25 84 30 x 100 80
5 1 1 1.2 4 x 22 185 57 40 1%
5 0 316 PIMBO65T-1R2MS 11 63 30 x 100 80 34% 8
4 1.5 3x22 185 57 40 %
33 53 PIMBO0O65T-1R5MS 9 59 30 x 100 80 33%
) 22 2x22 185 51 40 8%
55 825 PIMBO0O65T-2R2MS 7 58 30 x 100 80 8%

(1) All Coytminy @and Cour(max) Capacitor specifications are 1206, X5R, 10 V.

For higher output voltage at or above 2.0 V, additional phase boost might be required in order to secure sufficient
phase margin due to phase delay/loss for higher output voltage (large on-time (toy)) setting in a fixed on time
topology based operation.

A feedforward capacitor placing in parallel with Rypper is found to be very effective to boost the phase margin at
loop crossover. Refer to Tl application note SLVA289 for details.
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Table 3. Mode Selection and Internal RAMP RC Time Constant

SWITCHING
MODE RmobE R-C TIME
SELECTION ACTION (kQ) CONSTANT (us) FREQUENCIES
sw (kHz)
60 275 and 325
0 50 425 and 525
40 625 and 750
. 30 850 and 1000
Skip Mode Pull down to GND
120 275 and 325
100 425 and 525
150
80 625 and 750
60 850 and 1000
60 275 and 325
20 50 425 and 525
40 625 and 750
30 850 and 1000
Fcecm® Connect to
PGOOD 120 275 and 325
100 425 and 525
150
80 625 and 750
60 850 and 1000
120 275 and 325
100 425 and 525
FCCM Connect to VREG 0
80 625 and 750
60 850 and 1000

(1) Device goes into Forced CCM (FCCM) after PGOOD becomes high.
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Sample and Hold Circuitry

csp 4‘>. .o

Buffer 1

cee {> Sampled_CSP
2

Buffer 2

—i—t

e
Figure 42. Sample and Hold Circuitry (Patent Pending)

The sample and hold circuitry is the difference between D-CAP3 and D-CAP2. The sample and hold circuitry,
which is an advance control scheme to boost output voltage accuracy higher on the TPS53915, is one of
features of the TPS53915. The sample and hold circuitry generates a new DC voltage of CSN instead of the

voltage which is produced by R, and Cc, which allows for tight output-voltage accuracy and makes the
TPS53915 more competitive.

CSp — csP
CSN = CSN
CSN_NEW CSN_NEW ======"="

(sample at valley of CSP)

(sample at valley of CSP)

ACACACAN
[ NLNLNEN, ,

Figure 43. Continuous Conduction Mode (CCM) Figure 44. Discontinuous Conduction Mode (DCM)

With Sample and Hold Circuitry With Sample and Hold Circuitry
csp csP
CSN CSN

NN NN
NN NN

>
Figure 45. Continuous Conduction Mode (CCM) Figure 46. Discontinuous Conduction Mode (DCM)
Without Sample and Hold Circuitry Without Sample and Hold Circuitry
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Figure 47. Output Voltage vs Output Current Figure 48. Output Voltage vs Output Current

Auto-Skip Eco-mode™ Light Load Operation

While the MODE pin is pulled to GND directly or via 150-kQ resistor, the TPS53915 automatically reduces the
switching frequency at light-load conditions to maintain high efficiency. This section describes the operation in
detail.

As the output current decreases from heavy load condition, the inductor current also decreases until the rippled
valley of the inductor current touches zero level. Zero level is the boundary between the continuous-conduction
and discontinuous-conduction modes. The synchronous MOSFET turns off when this zero inductor current is
detected. As the load current decreases further, the converter runs into discontinuous-conduction mode (DCM).
The on-time is maintained to a level approximately the same as during continuous-conduction mode operation so
that discharging the output capacitor with a smaller load current to the level of the reference voltage requires
more time. The transition point to the light-load operation Io ) (for example: the threshold between continuous-
and discontinuous-conduction mode) is calculated as shown in Equation 3.

1 5 (Mn = Vout )* Vout

I =
ouT(LL
( ) 2 x L x fSW \/|N
where
+ fqy is the PWM switching frequency 3)

Using only ceramic capacitors is recommended for Auto-skip mode.

Adaptive Zero-Crossing

The TPS53915 uses an adaptive zero-crossing circuit to perform optimization of the zero inductor-current
detection during skip-mode operation. This function allows ideal low-side MOSFET turn-off timing. The function
also compensates the inherent offset voltage of the Z-C comparator and delay time of the Z-C detection circuit.
Adaptive zero-crossing prevents SW-node swing-up caused by too-late detection and minimizes diode
conduction period caused by too-early detection. As a result, the device delivers better light-load efficiency.

Forced Continuous-Conduction Mode

When the MODE pin is tied to the PGOOD pin through a resistor, the controller operates in continuous
conduction mode (CCM) during light-load conditions. During CCM, the switching frequency maintained to an
amost constant level over the entire load range which is suitable for applications requiring tight control of the
switching frequency at the cost of lower efficiency.
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Power-Good

The TPS53915 has power-good output that indicates high when switcher output is within the target. The power-
good function is activated after the soft-start operation is complete. If the output voltage becomes within +8% of
the target value, internal comparators detect the power-good state and the power-good signal becomes high
after a 1-ms internal delay. If the output voltage goes outside of +16% of the target value, the power-good signal
becomes low after a 2-ys internal delay. The power-good output is an open-drain output and must be pulled-up
externally.

Current Sense and Overcurrent Protection

The TPS53915 has cycle-by-cycle overcurrent limiting control. The inductor current is monitored during the OFF
state and the controller maintains the OFF state during the period that the inductor current is larger than the
overcurrent trip level. In order to provide good accuracy and a cost-effective solution, the TPS53915 supports
temperature compensated MOSFET Rpg(on sensing. Connect the TRIP pin to GND through the trip-voltage
setting resistor, Rtgp. The TRIP terminal sources ltgp current, which is 10 pA typically at room temperature, and
the trip level is set to the OCL trip voltage Vig;p as shown in Equation 4.

Virip = Rrrip X hrip

where
o VigpisinmVv
e RegpisinkQ
*  hrpisin pA (4)
The inductor current is monitored by the voltage between the GND pin and SW pin so that the SW pin is properly
connected to the drain terminal of the low-side MOSFET. Itgpe has a 3000-ppm/°C temperature slope to
compensate the temperature dependency of Rpgn). The GND pin acts as the positive current-sensing node.

Connect the GND pin to the proper current sensing device, (for example, the source terminal of the low-side
MOSFET.)

Because the comparison occurs during the OFF state, Vgp sets the valley level of the inductor current. Thus,
the load current at the overcurrent threshold, Iocp, is calculated as shown in Equation 5.

_ Vipp InDgipple) — Vrrip 1 (Vin — Vout )x Vour
locp = + = X
(8 X RDS(on) ) 2 (8 X RDS(on)L ) 2xLxfgw VN
where
*  Rps(n) is the on-resistance of the low-side MOSFET
. RTR|P is in kQ (5)

In an overcurrent condition, the current to the load exceeds the current to the output capacitor thus the output
voltage tends to decrease. Eventually, the output voltage crosses the undervoltage-protection threshold and
shuts down.

Overvoltage and Undervoltage Protection

The TPS53915 monitors a resistor-divided feedback voltage to detect overvoltage and undervoltage. When the
feedback voltage becomes lower than 68% of the target voltage, the UVP comparator output goes high and an
internal UVP delay counter begins counting. After 1 ms, the TPS53915 latches OFF both high-side and low-side
MOSFETSs drivers. The UVP function enables after soft-start is complete.

When the feedback voltage becomes higher than 120% of the target voltage, the OVP comparator output goes
high and the circuit latches OFF the high-side MOSFET driver and turns on the low-side MOSFET until reaching
a negative current limit. Upon reaching the negative current limit, the low-side FET is turned off and the high-side
FET is turned on again for a minimum on-time. The TPS53915 operates in this cycle until the output voltage is
pulled down under the UVP threshold voltage for 1 ms. After the 1-ms UVP delay time, the high-side FET is
latched off and low-side FET is latched on. The fault is cleared with a reset of VDD or by re-toggling EN pin.
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Out-Of-Bounds Operation (OOB)

The TPS53915 has an out-of-bounds (OOB) overvoltage protection that protects the output load at a much lower
overvoltage threshold of 8% above the target voltage. OOB protection does not trigger an overvoltage fault, so
the device is not latched off after an OOB event. OOB protection operates as an early no-fault overvoltage-
protection mechanism. During the OOB operation, the controller operates in forced PWM mode only by turning
on the low-side FET. Turning on the low-side FET beyond the zero inductor current quickly discharges the output
capacitor thus causing the output voltage to fall quickly towards the setpoint. During the operation, the cycle-by-
cycle negative current limit is also activated to ensure the safe operation of the internal FETs.

UVLO Protection

The TPS53915 monitors the voltage on the VDD pin. If the VDD pin voltage is lower than the UVLO off-threshold
voltage, the switch mode power supply shuts off. If the VDD voltage increases beyond the UVLO on-threshold
voltage, the controller turns back on. UVLO is a non-latch protection.

Thermal Shutdown

The TPS53915 monitors internal temperature. If the temperature exceeds the threshold value (typically 140°C),
TPS53915 shuts off. When the temperature falls approximately 40°C below the threshold value, the device turns
on. Thermal shutdown is a non-latch protection.
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PMBus GENERAL SPECIFICATIONS

The PMBus General Descriptions

The TPS53915 has seven internal custom user-accessible 8-bit registers. The PMBus interface has been
designed for program flexibility, supporting a direct format for write operation. Read operations are supported for
both combined format and stop separated format. While there is no auto increment/decrement capability in the
The TPS53915 PMBus logic, a tight software loop can be designed to randomly access the next register,
regardless of which register was accessed first. The START and STOP commands frame the data packet and
the REPEAT START condition is allowed when necessary.

The device can operate in either standard mode (100 kb/s) or fast mode (400 kb/s).

PMBus Slave Address Selection

The seven-bit slave address is 001A3A,A1AX, Where AzAA1Aq is set by the ADDR pin on the device. Bit O is the
data direction bit, i.e., 001A3A,A1A0 is used for write operation and 001A3;A,AAq1 is used for read operation.

PMBus Address Selection

The TPS53915 allows up to 16 different chip addresses for PMBus communication, with the first three bits fixed
as 001. The address selection process is defined by the resistor divider ratio from VREG pin to ADDR pin, and
the address detection circuit starts to work only after VDD input supply has risen above its UVLO threshold. The
table below lists the divider ratio and some example resistor values. The 1% tolerance resistors with typical
temperature coefficient of +100 ppm/°C are recommended. Higher performance resistors can be used if tighter
noise margin is required for more reliable address detection, as shown in Table 4.

Table 4. PMBus Address Selection Settings

RESISTOR DIVIDER RATIO (Q) (Ruich) (KQ) (Riow) (KQ)
PMBus ADDRESS HIGH-SIDE LOW-SIDE
(RLow/RLow+RHiGH) MIN MAX|  RESISTOR RESISTOR
0011111 > 0.557 1 300
0011110 0.5100 0.4958 0.5247 160 165
0011101 0.4625 04482 0.4772 180 154
0011100 0.4182 0.4073 0.4294 200 143
0011011 0.3772 0.3662 0.3886 200 120
0011010 0.3361 0.3249 0.3476 220 110
0011001 0.2985 0.2905 0.3067 249 105
0011000 0.2641 0.2560 0.2725 249 88.7
0010111 0.2298 0.2215 0.2385 240 71.5
0010110 0.1955 0.1870 0.2044 249 60.4
0010101 0.1611 0.1524 0.1703 249 47.5
0010100 0.1268 0.1179 0.1363 249 36.0
0010011 0.0960 0.0900 0.1024 255 27.0
0010010 0.0684 0.0622 0.0752 255 18.7
0010001 0.0404 0.0340 0.0480 270 115
0010000 <0.013 300 1
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Supported Formats
The supported formats are described in this section.

Direct Format: Write

The simplest format for a PMBus write is direct format. After the START condition [S], the slave chip address is
sent, followed by an eighth bit indicating a write. The TPS53915 then acknowledges that it is being addressed,
and the master responds with an 8-bit register address byte. The slave acknowledges and the master sends the
appropriate 8-bit data byte. Again the slave acknowledges and the master terminates the transfer with the STOP
condition [P].

Combined Format: Read

After the START condition [S], the slave chip address is sent, followed by an eighth bit indicating a write. The
TPS53915 then acknowledges that it is being addressed, and the master responds with an 8-bit register address
byte. The slave acknowledges and the master sends the repeated START condition [Sr]. Again the slave chip
address is sent, followed by an eighth bit indicating a read. The slave responds with an acknowledge followed by
previously addressed 8 bit data byte. The master then sends a non-acknowledge (NACK) and finally terminates
the transfer with the STOP condition [P].

Stop-Separated Reads

Stop-separated read features are also available. This format allows a master to initialize the register address
pointer for a read and return to that slave at a later time to read the data. In this format the slave chip address
followed by a write bit are sent after a START [S] condition. The TPS53915 then acknowledges it is being
addressed, and the master responds with the 8-bit register address byte. The master then sends a STOP or
RESTART condition and may then address another slave. After performing other tasks, the master can send a
START or RESTART condition to the device with a read command. The device acknowledges this request and
returns the data from the register location that had been set up previously.

Supported PMBus Commands

The TPS53915 supports the PMBus commands shown in Table 5 only. Not all features of each PMBus
command are supported. The CLEAR_FAULTS, STORE_DEFAULT _ALL and RESTORE_DEFAULT_ALL
commands have no data bytes. The non-volatile memory (NVM) cells inside the TPS53915 can permanently
store some registers.

Table 5. Supported PMBus Commands

COMMAND
OPERATION

NOTES
Turn on or turn off switching converter only

ON_OFF_CONFIG

ON/OFF configuration

CLEAR_FAULTS

Clear all latched status flags

WRITE_PROTECT

Control writing to the PMBus device

STORE_DEFAULT_ALL

Store contents of user-accessible registers to non-volatile memory cells

RESTORE_DEFAULT_ALL

Copy contents of non-volatile memory cells to user-accessible registers

STATUS_WORD

PMBus read-only status and flag bits

CUSTOM_REG

MFR_SPECIFIC_00 (Custom Register 0): Custom register

DELAY_CONTROL

MFR_SPECIFIC_01 (Custom Register 1): Power on and power good delay times

MODE_SOFT_START_CONFIG

MFR_SPECIFIC_02 (Custom Register 2): Mode and soft-start time

FREQUENCY_CONFIG

MFR_SPECIFIC_03 (Custom Register 3): Switching frequency control

VOUT_ADJUSTMENT

MFR_SPECIFIC_04 (Custom Register 4): Output voltage adjustment control

VOUT_MARGIN

MFR_SPECIFIC_05 (Custom Register 5): Output voltage margin levels

UVLO_THRESHOLD

MFR_SPECIFIC_06 (Custom Register 6): Turn-on input voltage UVLO threshold
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Unsupported PMBus Commands

Do not send any unsupported commands to the TPS53915. Even though the device receives an unsupported
commands, it can acknowledge the unsupported commands and any related data bytes by properly sending the
ACK bits. However, the device ignores the unsupported commands and any related data bytes, which means
they do not affect the device operation in any way. Although the TPS53915 may acknowledge but ignore
unsupported commands and data bytes, it can however, set the CML bit in the STATUS_BYTE register and then
pull down the ALERT pin to notify the host. For this reason, unsupported commands and data bytes should not
be sent to TPS53915.

OPERATION [01h] (R/W Byte)
The TPS53915 supports only the functions of the OPERATION command shown in Table 6.

Table 6. OPERATION Command Supported Functions

COMMAND DEFINITION DESCRIPTION NVM

OPERATION<7> ON OFF 0: turn off sw!tch!ng converter -
- 1: turn on switching converter

OPERATION<6> — not supported and don't care —

00xx: turn off output voltage margin function

0101: turn on output voltage margin low and ignore fault
OPERATION<5:2> OPMARGIN<3:0> 0110: turn on output voltage margin low and act on fault —
1001: turn on output voltage margin high and ignore fault
1010: turn on output voltage margin high and act on fault

OPERATION<1> — not supported and don't care —
OPERATION<0> — not supported and don't care —

ON_OFF_CONFIG [02h] (R/W Byte)
The TPS53915 supports only the functions of the ON_OFF_CONFIG command shown in Table 7.

Table 7. ON_OFF_CONFIG Command Supported Functions

COMMAND DEFINITION DESCRIPTION NVM
ON_OFF_CONFIG<7> | — not supported and don't care —
ON_OFF_CONFIG<6> | — not supported and don't care —
ON_OFF_CONFIG<5> | — not supported and don't care —
ON_OFF_CONFIG<4> | PU not supported and always set to 1 —

0: ignore ON_OFF bit (OPERATION<7>)®
1: act on ON_OFF bit (OPERATION<7>)

0: ignore EN pin
1: act on EN pin®

ON_OFF_CONFIG<1> | PL not supported and always set to 1 —
ON_OFF_CONFIG<0> | SP not supported and always set to 1 —

ON_OFF_CONFIG<3> | CMD Yes

ON_OFF_CONFIG<2> | CP Yes

(1) TI default.

Conditions required to enable the switcher:
» If CMD is cleared and CP is set, then the switcher can be enabled only by the EN pin.

» If CMD is set and CP is cleared, then the switcher can be enabled only by the ON_OFF bit (OPERATION<7>)
via PMBus.

e If both CMD and CP are set, then the switcher can be enabled only when both the ON_OFF bhit
(OPERATION<7>) and the EN pin are commanding to enable the device.

» If both CMD and CP are cleared, then the switcher is automatically enabled after the ADDR detection
sequence completes, regardless of EN pin and ON_OFF bit polarities.
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WRITE_PROTECT [10h] (R/W Byte)

The WRITE PROTECT command is used to control writing to the PMBus device. The intent of this command is
to provide protection against accidental changes. This command has one data byte as described in Table 8.

Table 8. WRITE_PROTECT Command Supported Functions

COMMAND DEFINITION DESCRIPTION NVM
B Disable all writes, except the

10000000- WRITE_PROTECT command. -
Disable all writes, except the

01000000: WRITE_PROTECT and OPERATION —
commands.

WRITE_PROTECT<7:0> WP<7:0> . .

Disable all writes, except the

00100000: WRITE_PROTECT, OPERATION, and —
ON_OFF_CONFIG commands.

00000000: Enable writes to all commands. —

Others: Fault data —

CLEAR_FAULTS [03h] (Send Byte)

The CLEAR_FAULTS command is used to clear any fault bits in the STATUS_WORD and STATUS_BYTE
registers that have been set. This command clears all bits in all status registers. Simultaneously, the TPS53915
releases its ALERT signal output if the device is asserting the ALERT signal. If the FAULT condition is still
present when the bit is cleared, the fault bits shall immediately be set again, and the ALERT signal should also
be re-asserted.

The CLEAR_FAULTS does not cause a unit that has latched off for a FAULT condition to restart. Units that have

been shut down for a FAULT condition can be restarted with one of the following conditions.

» The output is commanded through the EN pin and/or ON_OFF bit based on the ON_OFF_CONFIG setting to
turn off and then to turn back on.

e VDD power is cycled for TPS53915
The CLEAR_FAULT command is used to clear the fault bits in the STATUS WORD and STATUS BYTE

commands, and to release the ALERT pin. It is recommended not to send CLEAR_FAULT command when there
is no fault to cause the ALERT pin to pull down.

STORE_DEFAULT_ALL [11h] (Send Byte)

The STORE_DEFAULT_ALL command instructs TPS53915 to copy the entire contents of the operating memory
to the corresponding locations in the NVM. The updated contents in the non-volitile memory (NVM)s become the
new default values. The STORE_DEFAULT_ALL command can be used while the device is operating. However,
the device may be unresponsive during the copy operation with unpredictable results. (see PMBus Power
System Management Protocol Specificaiton, Part 1l - Command Language, Revision, 1.2, 6 Sept. 2010.
www.powerSIG.org). It is recommended not to exceed 1000 write/erase cycles for non-volatile memory (NVM).

RESTORE_DEFAULT_ALL [12h] (Send Byte)

The RESTORE_DEFAULT_ALL command instructs TPS53915 to copy the entire contents of the NVMs to the
corresponding locations in the operating memory. The values in the operating memory are overwritten by the
value retrieved from the NVM. It is permitted to use the RESTORE_DEFAULT_ALL command while the device is
operating. However, the device may be unresponsive during the copy operation with unpredictable results.
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STATUS_WORD [79h] (Read Word)

The TPS53915 does not support all functions of the STATUS_WORD command. A list of supported functions
appears in Table 9. A status bit reflects the current state of the converter. Status bit becomes high when the
specified condition has occurred and goes low when the specified condition has disappeared. A flag bit is a
latched bit that becomes high when the specified condition has occurred and does not go back low when the
specified condition has disappeared. STATUS_BYTE command is a subset of the STATUS_WORD command,
or more specifically the lower byte of the STATUS_WORD.

Table 9. STATUS_WORD Command Supported Functions

COMMAND ‘ DEFINITION DESCRIPTION
Low Byte: STATUS BYTE [78h]
Low STATUS_WORD<7> BUSY not supported and always set to 0
Low STATUS_WORD<6> OFF 0: raw status !nd!cat!ng dev!ce !s prowdmg power to output voltage
1: raw status indicating device is not providing power to output voltage
Low STATUS WORD<5> VOUT OV 0: latched flag !nd!cat!ng no output voltage overvoltage fault has occurred
- - 1: latched flag indicating an output voltage overvoltage fault has occurred
Low STATUS_WORD<4> IOUT_OC 0: latched flag !nd!cat!ng no output current overcurrent fault has occurred
1: latched flag indicating an output current overcurrent fault has occurred
0: latched flag indicating input voltage is above the UVLO turn-on threshold
Low STATUS_WORD<3> VIN_UV 1: latched flag indicating input voltage is below the UVLO turn-on threshold
0: latched flag indicating no OT fault has occurred
Low STATUS_WORD<2> TEMP 1: latched flag indicating an OT fault has occurred
Low STATUS WORD<1> CML 0: latched flag !nd!cat!ng no commu_nlcgtlon, memory or Ioglc fault has occurred
- 1: latched flag indicating a communication, memory or logic fault has occurred
Low STATUS_WORD<0> OTHER not supported and always set to 0
High Byte
High STATUS_WORD<7> VOUT 0 latched flag !nd!cat!ng no output voltage fault or Warplng has occurred
1: latched flag indicating a output voltage fault or warning has occurred
High STATUS_ WORD<6> IOUT O latched flag !nd!cat!ng no output current fault or Warn!ng has occurred
1: latched flag indicating an output current fault or warning has occurred
High STATUS_WORD<5> INPUT 0 latched flag !nd!cat!ng nq input voltage fault or wammg has occurred
1: latched flag indicating a input voltage fault or warning has occurred
High STATUS_WORD<4> MFR not supported and always set to 0
. _— 0: raw status indicating PGOOD pin is at logic high
High STATUS_WORD=<3> PGOOD 1: raw status indicating PGOOD pin is at logic low
High STATUS_WORD<2> FANS not supported and always set to 0
High STATUS_WORD<1> OTHER not supported and always set to 0
High STATUS_WORD<0> UNKNOWN not supported and always set to 0

The latched flags of faults can be removed or corrected only until one of the following conditions occurs:

» The device receives a CLEAR_FAULTS command.

» The output is commanded through the EN pin and/or ON_OFF bit based on the ON_OFF_CONFIG setting to
turn off and then to turn back on

e VDD power is cycled for TPS53915

If the FAULT condition remains present when the bit is cleared, the fault bits are immediately set again, and the
ALERT signal is re-asserted.

TPS53915 supports the ALERT pin to notify the host of FAULT conditions. Therefore, the best practice for
monitoring the fault conditions from the host is to treat the ALERT pin as an interrupt source for triggering the
corresponding interrupt service routine. It is recommended not to keep polling the STATUS_WORD or
STATUS_BYTE registers from the host to reduce the firmware overhead of the host.
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CUSTOM_REG (MFR_SPECIFIC_00) [DOh] (R/W Byte)

Custom register 0 provides the flexibility for users to store any desired non-volatile information. For example,
users can program this register to track versions of implementation or other soft identification information. The
details of each setting are listed in Table 10.

Table 10. CUSTOM_REG (MFR_SPECIFIC_00) Settings

COMMAND DEFINITION DESCRIPTION NVM
CUSTOM_REG<7> — not supported and don't care —
CUSTOM_REG<6> — not supported and don't care —

(1) - ] -
CUSTOM_REG<5:0> CUSTOMWORD <5:0> %(]28225“0[01% be used to store any desired non-volatile Yes

(1) TI Default

DELAY_CONTROL (MFR_SPECIFIC_01) [D1h] (R/W Byte)

Custom register 1 provides software control over key timing parameters of the controller: Power-on delay (POD)
time and power-good delay (PGD) time. The details of each setting are listed in Table 11.

Table 11. DELAY_CONTROL (MFR_SPECIFIC_01) Settings

COMMAND DEFINITION DESCRIPTION NVM
DELAY_CONTROL<7> — not supported and don’t care —
DELAY_CONTROL<6> — not supported and don’t care —

000: 256 ps
001: 512 ps
010: 1.024 ms®
. . 011: 2.048 ms
DELAY_CONTROL<5:3> PGD<2:0> 100- 4.096 ms Yes
101: 8.192 ms

110: 16.384 ms
111:131.072 ms

000: 356 ps
001: 612 ps
010: 1.124 ms®
011: 2.148 ms
DELAY_CONTROL<2:0> POD<2:0> 100: 4.196 ms Yes
101: 8.292 ms
110: 16.484 ms

111: 32.868 ms

(1) TI Default
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MODE_SOFT_START_CONFIG (MFR_SPECIFIC_02) [D2h] (R/W Byte)

Custom register 2 provides software control over mode selection and soft-start time (tgg). The details of each
setting are listed in Table 12.

Table 12. MODE_SOFT_START_CONFIG (MFR_SPECIFIC_02) Settings

COMMAND DEFINITION DESCRIPTION NVM
MODE_SOFT_START_CONFIG<7> — not supported and don't care —
MODE_SOFT_START_CONFIG<6> — not supported and don't care —
MODE_SOFT_START_CONFIG<5> — not supported and don't care —
MODE_SOFT_START_CONFIG<4> — not supported and don't care —

00: 1 ms®
01:2ms
MODE_SOFT_START_CONFIG<3:2> SST<1:.0> Yes
- - - 10: 4 ms
11: 8 ms
0: hiccup after uv®
MODE_SOFT_START_CONFIG<1> HICLOFF Hiccup interval is (8.96 ms + soft-start time x 7) Yes
1: latch-off after UV
0: DCM®W
MODE_SOFT_START_CONFIG<0> CM 1 FoCM Yes

(1) TI Default

Figure 49 shows the soft-start timing diagram of TPS53915 with the programmable power-on delay time (tpop),
soft-start time (tss7), and PGOOD delay time (tpgp). During the soft-start time, the controller remains in
discontinuous conduction mode (DCM), and then switches to forced continuous conduction mode (FCCM) at the
end of soft-start if CM bit (MODE_SOFT_START_CONFIG<0>) is set.

EN Pin and/or

ON_OFF bit
- troD tssT tpGD
1

Vout

PGOOD

DCM or FCCM
|<—Dcm—>|—>(based on CM bit)

Time UDG-12070

Figure 49. Programmable Soft-Start Timing

32 Submit Documentation Feedback Copyright © 2013, Texas Instruments Incorporated
Product Folder Links: TPS53915


http://www.ti.com/product/tps53915?qgpn=tps53915
http://www.ti.com
http://www.ti.com/product/tps53915?qgpn=tps53915

13 TEXAS
INSTRUMENTS

www.ti.com

TPS53915

SLUSAS9 —NOVEMBER 2013

FREQUENCY_CONFIG (MFR_SPECIFIC _03) [D3h] (R/W Byte)
Custom register 3 provides software control over frequency setting (FS). The details of FS setting are listed in

Table 13.
Table 13. FREQUENCY_CONFIG (MFR_SPECIFIC_03) Settings
COMMAND DEFINITION DESCRIPTION NVM
FREQUENCY_CONFIG<7> — not supported and don't care —
FREQUENCY_CONFIG<6> — not supported and don't care —
FREQUENCY_CONFIG<5> — not supported and don't care —
FREQUENCY_CONFIG<4> — not supported and don't care —
FREQUENCY_CONFIG<3> — not supported and don't care —
000: 250 kHz
001: 300 kHz
010: 400 kHz W
. . 011: 500 kHz
FREQUENCY_CONFIG<2:0> FS<2:0> 100: 600 kHz Yes
101: 750 kHz
110: 850 kHz
111: 1 MHz
(1) TI default.
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VOUT_ADJUSTMENT (MFR_SPECIFIC_04) [D4h] (R/W Byte)

Custom register 4 provides ouput voltage adjustment (VOA) in +0.75% steps, with a total range of £9%. When
fine adjustment is used together with the margin setting, the change in the output voltage is determined by the
multiplication of the two settings.

Table 14. VOUT_ADJUSTMENT (MFR_SPECIFIC_04) Settings

COMMAND DEFINITION DESCRIPTION NVM
VOUT_ADJUSTMENT<7> — not supported and don't care —
VOUT_ADJUSTMENT<6> — not supported and don't care —
VOUT_ADJUSTMENT<5> — not supported and don't care —

111xx: +9.00%
11011: +8.25%
11010: +7.50%
11001: +6.75%
11000: +6.00%
10111: +5.25%
10110: +4.50%
10101: +3.75%
10100: +3.00%
10011: +2.25%
10010: +1.50%
10001: +O.7?°)A)
10000: +0% ¢

VOUT_ADJUSTMENT<4:0> VOA<4:0> 01111 —0% Yes
01110: —0.75%
01101: —1.50%
01100: —2.25%
01011: —3.00%
01010: -3.75%
01001: —4.50%
01000: —5.25%
00111: —6.00%
00110: —6.75%
00101: —7.50%
00100: —8.25%
000xx: —9.00%

(1) TI default.

Output Voltage Fine Adjustment Soft Slew Rate

To prevent sudden buildup of voltage across inductor, output voltage fine adjustment setting cannot change
output voltage instantaneously. The internal reference voltage must slew slowly to its final target, and SST<1:0>
is used to provide further programmability. The details of output voltage fine adjustment slew rate are shown in
Table 15.

Table 15. Output Voltage Fine Adjustment Soft Slew Rate Settings

COMMAND DEFINITION DESCRIPTION NVM

00: 1 step per 4 us®
01: 1 step per 8 us

MODE_SOFT_START_CONF

<1:0>
1G<3:2> SST<1.0 10: 1 step per 16 ps ves
11: 1 step per 32 us
(1) TI default.
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VOUT_MARGIN (MFR_SPECIFIC_05) [D5h] (R/W Byte)

Custom register 5 provides output voltage margin high (VOMH) and output voltage margin low (VOML) settings.
This register works in conjunction with PMBus OPERATION command to raise or lower the output voltage by a
specified amount. This register settings described in Table 16 are also used together with the fine adjustment
setting described in Table 14. For example, setting fine adjustment to +9% and margin to +12% changes the
output by +22.08%, whereas setting fine adjustment to —9% and margin to —9% change the output by —17.19%

Table 16. VOUT_MARGIN (MFR_SPECIFIC_05) Settings

COMMAND DEFINITION DESCRIPTION NVM

11xx: +12.0%
1011: +10.9%
1010: +9.9%
1001: +8.8%
1000: +7.7%
0111: +6.7%
VOUT_MARGIN<7:4> VOMH<3:0> 0110: +5.7% Yes
0101: +4.7%®
0100: +3.7%
0011: +2.8%
0010: +1.8%
0001: +0.9%
0000: +0%

0000: —0%
0001: -1.1%
0010: —2.1%
0011: -3.2%
0100: —4.2%
0101: -5.2%
VOUT_MARGIN<3:0> VOML<3:0> | 0110: -6.2% Yes
0111: -7.1%
1000: —-8.1%
1001: -9.0%
1010: —9.9%
1011: -10.7%
11xx: —11.6%

(1) TI default.
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Output Voltage Margin Adjustment Soft-Slew Rate

Similar to the output voltage fine adjustment, margin adjustment also cannot change output voltage
instantaneously. The soft-slew rate of margin adjustment is also programmed by SST<1:0>. The details are listed
in Table 17.

Table 17. Output Voltage Margin Adjustment Soft-Slew Rate Settings

COMMAND DEFINITION DESCRIPTION NVM

00: 1 step per 4 us@
01: 1 step per 8 us
10: 1 step per 16 ps
11: 1 step per 32 us

MODE_SOFT_START_CONFIG<3:2> SST<1:0> Yes

(1) TI default.

Figure 50 shows the timing diagram of the output voltage adjustment via PMBus. After receiving the write
command of VOUT_ADJUSTMENT (MFR_SPECIFIC_04), the output voltage starts to be adjusted after tp delay
time (about 50 ps). The time duration tpsc for each DAC step change can be controlled by SST bits
(MODE_SOFT_START_CONFIG<3:2:> from 4 us to 32 ys.

PMBus

TTTTTTTTTTTTTITTTT TTTTTTTTTTTTTTTTT
Write Write
VOA<4:0>=10101b VOA<4:0>=01010b

R

o e

Vour

|._
o

UDG-12071

Figure 50. Output Voltage Adjustment via PMBus

The margining function is enabled by setting the OPERATION command, and the margining level is determined
by the VOUT_MARGIN (MFR_SPECIFIC_05) command. Figure 51 and Figure 52 illustrate the timing diagrams
of the output voltage margining via PMBus. Figure 51 shows setting the margining level first, and then enabling
margining by writing OPERATION command. After the OPERATION margin high command enables the margin
high setting (VOMH<3:0>), the output voltage starts to be adjusted after t, delay time (about 50 ps). The time
duration tpac for each DAC step change can be controlled by SST bits (MODE_SOFT_START_CONFIG<3:2>)
from 4 ys to 32 ps.

As shown in Figure 52, the margining function is enabled first by a write command of OPERATION. The output
voltage starts to be adjusted toward the default margin high level after tp delay. Since the margining function has
been enabled, the output voltage can be adjusted again by sending a different margin high level with a write
command of VOUT_MARGIN. The time duration tpsc for each DAC step change can be also controlled by SST
bits (MODE_SOFT_START_CONFIG<3:2>) from 4 us to 32 ps.
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PMBus TTTTTTTTI T T T T TTTT] TTTTTTT I T T T T T T ]
Write Write

VOMH<3:0>=0100b OPMARGIN<3:0>=1010b
I LU L L L Il

o

=

Vout
toac
UDG-12072
Figure 51. Setting the Margining Level First
TTTTT T T T T T T T I T TTTT] TTTTTTT T T I ITT]
Write Write
OPMARGIN<3:0>=1010b VOMH<3:0>=0001b
AR LLLL Ly
ool
" .
VOUT t
DAC

UDG-12073

Figure 52. Enabling Margining First

UVLO_THRESHOLD (MFR_SPECIFIC_06) [D6h]

Custom register 6 provides some limited programmability of input supply UVLO threshold, as described in
Table 18. The default turn-on UVLO threshold is 4.25 V.

Table 18. UVLO_THRESHOLD (MFR_SPECIFIC_06) Settings

COMMAND DEFINITION DESCRIPTION NVM
UVLO_THRESHOLD<7> — not supported and don't care —
UVLO_THRESHOLD<6> — not supported and don't care —
UVLO_THRESHOLD<5> — not supported and don't care —
UVLO_THRESHOLD<4> — not supported and don't care —
UVLO_THRESHOLD<3> — not supported and don't care —

Oxx: 10.2 V
100: not supported and should not be used
UVLO_THRESHOLD<2:0> VDDINUVLO<2:0> 101: 4.25 v Yes
110: 6.0V
111: 8.1V

(1) TI default.

External Components Selection

The external components selection is a simple process using D-CAP3™ Mode. Select the external components
using five easy steps
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Step 1. Select The Switching Frequency

The default switching frequency (fsy) is pre-set at 400 kHz. The switching frequency can be changed via PMBus
function MFR_SPECIFIC_03 (see Table 13).

Step 2: Select the Operation Mode
Select the operation mode using Table 3.

Step 3: Select the Inductor

Determine the inductance value to set the ripple current at approximately ¥ to % of the maximum output current.
Larger ripple current increases output ripple voltage, improves S/N ratio, and helps stable operation.

) 1 (VIN(max) ~Vour ) xVourt 3 (VIN(max) —Vour ) x Vout
= X = X

Inp(ipple) * fsw ViN(max) lout(max) * fsw Vinmax) ©)

The inductor requires a low DCR to achieve good efficiency. The inductor also requires enough room above peak
inductor current before saturation. The peak inductor current is estimated using Equation 7.

Vige 1 (VIN(max)_VOUT) xVout
x RDS(on) Lxfsw VIN(max) @)

IIND(peak) = 8

Step 4: Select the Output Capacitor

The output capacitor selection is determined by output ripple and transient requirement. When operating in CCM,
the output ripple has two components as shown in Equation 8. Equation 9 and Equation 10 define these
components.

VRriPPLE = VRIPPLE(C) + VRIPPLE(ESR) ®)
VRIPPLE(C) - IL(ﬂpple)

8xCoyt * fsw ©)
VRIPPLE(ESR) = I (ripple) *ESR (10)

Step 5: Determine The Value of R1 and R2

The output voltage is programmed by the voltage-divider resistors, R1 and R2, shown in Figure 1. R1 is
connected between the VFB pin and the output, and R2 is connected between the VFB pin and GND. The
recommended R2 value is from 1 kQ to 20 kQ. Determine R1 using Equation 11.

_ VOUT _0.6 %

R1 R2

(11)

LAYOUT CONSIDERATIONS

Before beginning a design using the TPS53915, consider the following:

» Place the power components (including input and output capacitors, the inductor, and the TPS53915) on the
solder side of the PCB. In order to shield and isolate the small signal traces from noisy power lines, insert and
connect at least one inner plane to ground.

» All sensitive analog traces and components such as VFB, PGOOD, TRIP, MODE, and ADDR must be placed
away from high-voltage switching nodes such as SW and VBST to avoid coupling. Use internal layers as
ground planes and shield the feedback trace from power traces and components.

* Pin 22 (GND pin) must be connected directly to the thermal pad. Connect the thermal pad to the PGND pins
and then to the GND plane.

» Place the VIN decoupling capacitors as close to the VIN and PGND pins as possible to minimize the input
AC-current loop.

* Place the feedback resistor near the IC to minimize the VFB trace distance.
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Place the frequency-setting resistor (ADDR), OCP-setting resistor (Rtgp) and mode-setting resistor (Ryopg)
close to the device. Use the common GND via to connect the resistors to the GND plane if applicable.

Place the VDD and VREG decoupling capacitors as close to the device as possible. Provide GND vias for
each decoupling capacitor and ensure the loop is as small as possible.

The PCB trace is defined as switch node, which connects the SW pins and high-voltage side of the inductor.
The switch node should be as short and wide as possible.

Use separated vias or trace to connect SW node to the snubber, bootstrap capacitor, and ripple-injection
resistor. Do not combine these connections.

Place one more small capacitor (2.2 nF- 0402 size) between the VIN and PGND pins. This capacitor must be
placed as close to the IC as possible.

Tl recommends placing a snubber between the SW shape and GND shape for effective ringing reduction.
The value of snubber design starts at 3 Q + 470 pF.

Consider R,C,Cc network (Ripple injection network) component placement and place the AC coupling
capacitor, Cc, close to the device, and R and C close to the power stage.

See Figure 53 for the layout recommendation.
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Figure 53. Layout Recommendation
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PACKAGING INFORMATION

® The marketing status values are defined as follows:

ACTIVE: Product device recommended for new designs.

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

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

OBSOLETE: Tl has discontinued the production of the device.

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

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

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

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

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

® Multiple Device Markings will be inside parentheses. Only one Device Marking contained in parentheses and separated by a "~" will appear on a device. If a line is indented then it is a continuation
of the previous line and the two combined represent the entire Device Marking for that device.

© Lead/Ball Finish - Orderable Devices may have multiple material finish options. Finish options are separated by a vertical ruled line. Lead/Ball Finish values may wrap to two lines if the finish
value exceeds the maximum column width.

Important Information and Disclaimer:The information provided on this page represents TlI's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief on information
provided by third parties, and makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third parties. Tl has taken and
continues to take reasonable steps to provide representative and accurate information but may not have conducted destructive testing or chemical analysis on incoming materials and chemicals.
Tl and Tl suppliers consider certain information to be proprietary, and thus CAS numbers and other limited information may not be available for release.

Addendum-Page 1

Orderable Device Status Package Type Package Pins Package Eco Plan Lead/Ball Finish MSL Peak Temp Op Temp (°C) Device Marking Samples
@) Drawing Qty @ ©) @ (/5)
TPS53915RVER PREVIEW VQFN RVE 28 3000 Pb-Free (RoHS CU NIPDAU Level-2-260C-1 YEAR -40 to 85 TPS53915
Exempt)
TPS53915RVET PREVIEW VQFN RVE 28 250 Pb-Free (RoHS CU NIPDAU Level-2-260C-1 YEAR -40 to 85 TPS53915
Exempt)
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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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MECHANICAL DATA

RVE (R—PVQFN—NQS) PLASTIC QUAD FLATPACK NO—-LEAD
460
‘ 140 ’
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3,40 / -
A
PIN 1 INDEX AREA /
TOP AND BOTTOM
1,00
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I 0,20 REF.
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0,00
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0,25
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NOTES:  A. All linear dimensions are in millimeters. Dimensioning and tolerancing per ASME Y14.5-1994.

B. This drawing is subject to change without notice.

C. Quad Flatpack, No—leads (QFN) package configuration.

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

E. See the additional figure in the Product Data Sheet for details regarding the exposed thermal pad features and dimensions.
E

Falls within JEDEC MO-220.

i3 TEXAS
INSTRUMENTS

www.ti.com



IMPORTANT NOTICE

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

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

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

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

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

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

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

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

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

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

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