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TPS548D22 1.5-V to 16-V Vi, 4.5-V to 22-V Vpp, 40-A SWIFT™
Synchronous Step-Down Converter with Full Differential Sense
Check for Samples: TPS548D22
1 Features 2 Applications

Conversion Input Voltage Range (PV)y): 1.5 V to
16V

Input Bias Voltage (Vpp) Range: 4.5V to22V
Output Voltage Range: 0.6 Vto 5.5V

Integrated, 2.9-mQ and 1.2-mQ Power MOSFETs
with 40-A Continuous Output Current

Voltage Reference 0.6 V to 1.2 V in 50 mV Steps
Using VSEL Pin

10.5%, 0.9-Vger Tolerance Range: —40°C to
125°C Junction Temperature

True Differential Remote Sense Amplifier
D-CAP3™ Control Loop to Support Large Bulk
Capacitors and/or Small MLCCs Without External
Compensation

Adaptive On-Time Control with 4 Selectable
Frequency Settings: 425 kHz, 650 kHz, 875 kHz,
and 1.05 MHz

Temperature Compensated and Programmable
Current Limit with R, ;,, and OC Clamp

Choice of Hiccup or Latch-Off OVP or UVP

VDD UVLO External Adjustment by Precision EN
Hysteresis

Prebias Startup Support
Eco-mode™ and FCCM Selectable
Full Suite of Fault Protection and PGOOD

5mm x 7 mm x 1.5 mm, 40-Pin, Stack Clipped
LQFN-CLIP Package

» Enterprise Storage, SSD, NAS
*  Wireless and Wired Communication Infrastructure

* Industrial PCs, Automation, ATE, PLC, Video
Surveillance

» Enterprise Server, Switches, Routers
» ASIC, SoC, FPGA, DSP Core and I/O Rails

3 Description

The TPS548D22 device is a compact single buck
converter with adaptive on-time, D-CAP3 mode
control. It is designed for high accuracy, high
efficiency, fast transient response, ease-of-use, low
external component count and space-conscious
power systems.

This device features full differential sense, TI
integrated FETs with a high-side on-resistance of
2.9 mQ and a low-side on-resistance of 1.2 mQ. The
device also features accurate 0.5%, 0.9-V reference
with an ambient temperature range between —40°C
and 125°C. Competitive features include: very low
external component count, accurate load regulation
and line regulation, auto-skip or FCCM mode
operation, and internal soft-start control.

The TPS548D22 device is available in 5 mm x 7 mm,
40-pin, LQFN-CLIP (RVF) package (RoHs exempt).

Device Information®
PACKAGE BODY SIZE (NOM)
QFN (40) 5.00 mm x 7.00 mm

PART NUMBER
TPS548D22

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

QFN Package

40 Pin (RVF)
Top View
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Pin Functions
PIN
1/o/p® DESCRIPTION
NAME NO.
AGND 30 G Ground pin for internal analog circuits.
BOOT 5 p Supply rail for high-side gate driver (boot terminal). Connect boot capacitor from this pin to SW
node. Internally connected to BP via bootstrap PMOS switch.
BP 31 (0] LDO output
DRGND 29 P Internal gate driver return.
EN UVLO 4 | Enable pin that can turn on the DC/DC switching converter. Use also to program the required
- PVIN UVLO when PVIN and VDD are connected together.
FSEL 32 | Program switching frequency, internal ramp amplitude and SKIP or FCCM mode.
ILIM 36 /0 Program overcurrent limit by connecting a resistor to ground.
MODE 34 | Mode selection pin. Select the control mode (DCAP3 or DCAP), internal VREF operation, and
soft-start timing selection.
NC 27 No connect.
NU 1,2, 3 (0] Not used pins.
13, 14, 15,
PGND 16, 17, 18, P Power ground of internal FETSs.
19, 20
PGOOD 35 (0] Open drain power good status signal.
21, 22, 23, . . .
PVIN P Power supply input for integrated power MOSFET pair.
24, 25, 26
RSN 38 | Inverting input of the differential remote sense amplifier.
RSP 39 | Non-inverting input of the differential remote sense ampilifier.
RESV_TRK 37 | Do not connect.
SW ? . 71’18’192’ 1/0 Output switching terminal of power converter. Connect the pins to the output inductor.
VDD 28 P Controller power supply input.
VOSNS 40 | Output voltage monitor input pin.
VSEL 33 | Program the initial startup and or reference voltage without feedback resistor dividers (from
0.6 Vto 1.2 Vin 50 mV increments).
(1) 1=input, O = output, G = GND
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6 Specifications
6.1 Absolute Maximum Ratings
over operating free-air temperature range (unless otherwise noted) V@
MIN MAX| UNIT
PVIN -0.3 25.0
VDD -0.3 25.0
BOOT -0.3 34.0
DC -0.3 7.7
BOOT to SW
<10 ns -0.3 9.0
NU -0.3 6.0
Input voltage range \%
EN_UVLO, VOSNS, MODE, FSEL, ILIM -0.3 7.7
RSP, RESV_TRK, VSEL -0.3 3.6
RSN -0.3 0.3
PGND, AGND, DRGND -0.3 0.3
DC -0.3 25.0
sSw
<10 ns -5.0 27.0
Output voltage range PGOOD, BP -0.3 7.7 \%
Junction temperature range, T, -55 150 °C
Storage temperature range, Ty -55 150 °C

(1) Stresses beyond those listed under Absolute Maximum Ratings may cause permanent damage to the device. These are stress ratings
only, which do not imply functional operation of the device at these or any other conditions beyond those indicated under Recommended
Operating Conditions. Exposure to absolute-maximum-rated conditions for extended periods may affect device reliability.

(2) All voltage values are with respect to the network ground terminal unless otherwise noted.

6.2 ESD Ratings

VALUE UNIT
v Electrostatic Human-body model (HBM), per ANSI/ESDA/JEDEC JS-001®) +2000 v
(ESD) discharge Charged-device model (CDM), per JEDEC specification JESD22-C101? +500
(1) JEDEC document JEP155 states that 500-V HBM allows safe manufacturing with a standard ESD control process.
(2) JEDEC document JEP157 states that 250-V CDM allows safe manufacturing with a standard ESD control process.
6.3 Recommended Operating Conditions
over operating free-air temperature range (unless otherwise noted)
MIN MAX UNIT
PVIN 1.5 16
VDD 4.5 22
BOOT -0.1 24.5
DC -0.1 6.5
BOOT to SW
<10 ns -0.1 7
NU -0.1 5.5
Input voltage range \%
EN_UVLO, VOSNS, MODE, FSEL, ILIM -0.1 55
RSP, RESV_TRK, VSEL -0.1 3.3
RSN -0.1 0.1
PGND, AGND, DRGND -0.1 0.1
DC -0.1 18.0
SwW
<10 ns -5.0 27.0
Output voltage range PGOOD, BP -0.1 7.0 \%
Junction temperature range, T, -40 125 °C
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6.4 Thermal Information

TPS548D22
THERMAL METRIC® RVF (QFN) UNIT
(40 PINS)
Rgia Junction-to-ambient thermal resistance 28.5 °C/W
Roactop) Junction-to-case (top) thermal resistance 18.3 °C/W
RgiB Junction-to-board thermal resistance 3.6 °C/W
T Junction-to-top characterization parameter 0.96 °CIW
Vi Junction-to-board characterization parameter 3.6 °CIW
Roacbot) Junction-to-case (bottom) thermal resistance 0.6 °C/W

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

6.5 Electrical Characteristics

over operating free-air temperature range, Vypp = 12V, Vey uvio = 5 V (unless otherwise noted)

PARAMETER ‘ TEST CONDITION MIN TYP MAX UNIT
MOSFET ON-RESISTANCE (Rpson))
Rosen High-s.ide FET (Veoor — Vsw) =5V, Ip = 25 A, T; = 25°C 2.9 mQ
Low-side FET Vupp =5V, Ip =25 A, T; = 25°C 1.2 ma
INPUT SUPPLY AND CURRENT
Vvop VDD supply voltage Nominal VDD voltage range 45 22 \%
oo VDD bias current _Il\_l:):Iogg;é)’ower conversion enabled (no switching), 20 mA
lvppsTBY VDD standby current No load, power conversion disabled, T, = 25°C 700 HA
UNDERVOLTAGE LOCKOUT
Vvbb_uvio VDD UVLO rising threshold 4.25 \%
Vvpop_uviorys) | VDD UVLO hysteresis 0.2 \%
VEN_ON_TH EN_UVLO on threshold 1.45 1.6 1.75 v
VEN_HYs EN_UVLO hysteresis 270 300 340 mV
lEN_LKkG (I:Ell;:r_elﬂ]\t/LO input leakage Ven_uvio =5V -1 0 1 HA
INTERNAL REFERENCE VOLTAGE AND RANGE
V\NTREF Internal REF voltage 900.4 mV
ViNTREFTOL igfgﬁgﬁ'cs'f': voltage —40°C £ Ty < 125°C ~0.5% 0.5%
V\NTREF Internal REF voltage range 0.6 1.2 \%
OUTPUT VOLTAGE
Vios. Lpewp \I;gﬁgg%ci?;parator input offset 25 25 mv
Irsp RSP input current Vgsp = 600 mV -1 1 HA
lvodis) VO discharge current Vyo = 0.5V, power conversion disabled 8 12 mA
DIFFERENTIAL REMOTE SENSE AMPLIFIER
fucew Unity gain bandwidth® 5 7 MHz
Ao Open loop gain® 75 dB
SR Slew rate® 4.7 Vipsec
ViRNG Input range™® -0.2 1.8 \Y
VoFFseT Input offset voltage ™ -35 35 mv
INTERNAL BOOT STRAP SWITCH
Ve Forward voltage Vgp.gooT Ir = 10 mA, Tp = 25°C 0.1 0.2 \%
lsooT VBST leakage current Vgoor =30V, Vgw =25V, Ty = 25°C 0.01 15 HA

(1) Specified by design. Not production tested.
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Electrical Characteristics (continued)

over operating free-air temperature range, Vypp = 12V, Vgy uvio = 5 V (unless otherwise noted)

PARAMETER ‘ TEST CONDITION MIN TYP MAX UNIT
SWITCHING FREQUENCY
380 425 475
fow VO switching frequency ® Vin=12V, Vyo =1V, To = 25°C °85 650 749 kHz
790 875 995
950 1050 1250
ton(min) Minimum on time® 60 ns
toFF(min) Minimum off time® DRVH falling to rising 300 ns
MODE, VSEL, FSEL DETECTION
Open Vgp
Riow = 187 kQ 1.9091
Riow = 165 kQ 1.8243
Riow = 147 kQ 1.7438
Riow = 133 kQ 1.6725
Riow = 121 kQ 1.6042
Riow = 110 kQ 1.5348
Riow = 100 kQ 1.465
Riow = 90.9 kQ 1.3952
Riow = 82.5 kQ 1.3245
Riow = 75 kQ 1.2557
Riow = 68.1 kQ 1.187
Riow = 60.4 kQ 1.1033
Riow = 53.6 kQ 1.0224
Riow = 47.5 kQ 0.9436
MODE, VSEL, and FSEL Vgp =293V, Riow = 42.2 kQ 0.8695
VoetecT_TH detection voltage Ry = 100 kQ Riow = 37.4 kQ 0.7975 v
Riow = 33.2 kQ 0.7303
Riow = 29.4 kQ 0.6657
Riow = 25.5 kQ 0.5953
RLoW = 22.1 kQ 0.5303
Riow = 19.1 kQ 0.4699
Riow = 16.5 kQ 0.415
Riow = 14.3 kQ 0.3666
Riow = 12.1 kQ 0.3163
Riow = 10 kQ 0.2664
Riow = 7.87 kQ 0.2138
Riow = 6.19 kQ 0.1708
Riow = 4.64 kQ 0.1299
Riow = 3.16 kQ 0.0898
Riow = 1.78 kQ 0.0512
Riow=0Q GND
(2) Correlated with close loop EVM measurement at load current of 30 A.
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Electrical Characteristics (continued)

over operating free-air temperature range, Vypp = 12V, Vgy uvio = 5 V (unless otherwise noted)

PARAMETER ‘ TEST CONDITION MIN TYP MAX UNIT
SOFT-START
Rmope_Low = 60.4 kQ 8.0
tss Soft-start time \9/5?‘% t;Ifolir:1galﬁsoer";1 ;;)oi\r/nt,o Rmope Low = 53.6 ko 20 ms
Ruope_Hich = 100 kQ Rmope_Low = 47.5 kQ 2.0
Ruope_Low = 42.2 kQ 1.0
POWER-ON DELAY
tropLY Power-on delay time 1.024 ms
PGOOD COMPARATOR
PGOOD in from higher 105 108 111
Vears PGOOD threshold PGOOD in from ?ower 89 92 95 YoV
PGOOD out to higher 120
PGOOD out to lower 68
e PGOOD sink current Vpcoop = 0.5V 6.9 mA
IpeLk PGOOD leakage current Vpgoop = 5.0 V -1 0 1 pA
. Delay for PGOOD going in 1.024 ms
tpooLy PGOOD delay time Delay for PGOOD coming out 2 us
CURRENT DETECTION
Viem V| m Voltage range On-resistance (Rps(on)) sensing 0.1 1.2 \%
Rum = 130 kQ 40 A
OC tolerance £10%®
locL va Valley current limit threshold Rum = 97.6 ko 30 A
- OC tolerance +15%®)
Rum = 64.9 kQ 20 A
OC tolerance +20%
ot va n Negative valley current limit | Rum = 130 kQ —40 A
VA threshold Rum = 97.6 kQ —30
Rum = 64.9 kQ -20
leLmp_Lo aCtl?megturrent at Vi clamp Vium_civp = 0.1V, Ty = 25°C 6.25 A
leLmp_mi gtlirig?]g;rrent at Vi clamp Vium_civp = 1.2V, Tp = 25°C 75 A
Vzc Zero cross detection offset 0 mvV
(3) Calculated from 20-A test data. Not production tested.
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Electrical Characteristics (continued)

over operating free-air temperature range, Vypp = 12V, Vgy uvio = 5 V (unless otherwise noted)

PARAMETER ‘ TEST CONDITION MIN TYP MAX UNIT
PROTECTIONS AND OOB
VepuvLo BP UVLO threshold voltage Wake-up 332 v
Shutdown 3.11
Vovp OVP threshold voltage OVP detect voltage 117% 120% 123% VRrer
tovepLy OVP response time 100-mV over drive 1 us
Vyvp UVP threshold voltage UVP detect voltage 65% 68% 71% VRer
tuvPDLY UVP delay filter delay time 1 ms
Voos OOB threshold voltage 8% VRer
tss=1ms 16 ms
) L tss=2ms 24 ms
tHicoLY Hiccup blanking time tea= 4 ms 38 -
tss =8 ms 67 ms
BP VOLTAGE
Vgp BP LDO output voltage ViNn=12V,0A <l opp €10 MA, 5.07 \%
Veppo BP LDO drop-out voltage ViN=4.5V, l.oap =30 MA, Ty = 25°C 365 mV
lspmax BP LDO over-current limit ViN=12V, Ty =25°C 100 mA
THERMAL SHUTDOWN
Built-In thermal shutdown Shutdown temperature 155 165
Tson threshold ™ Hysteresis 30 ©
ys
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6.6 Typical Characteristics
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Figure 3. Efficiency vs. Output Current
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Typical Characteristics (continued)

ez

=

VIN =12V
Vour =1V

fsw = 650 kHz
Airflow = 400 LFM

IOUT =40 A

Figure 7. Thermal Image

(im0

VIN =12V
VOUT =55V

fSW =425 kHz
Natural convection

IOUT =30A
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Figure 11. Transient Response Peak-to-Peak
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Figure 12. Transient Response Peak-to-Peak
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7 Detailed Description

7.1 Overview

TPS548D22 device is a high-efficiency, single channel, FET-integrated, synchronous buck converter. It is
suitable for point-of-load applications with 40 A or lower output current in storage, telecom and similar digital
applications. The device features proprietary D-CAP3 mode control combined with adaptive on-time architecture.
This combination is ideal for building modern high/low duty ratio, ultra-fast load step response DC-DC converters.

TPS548D22 device has integrated MOSFETSs rated at 40-A TDC.

The converter input voltage range is from 1.5 V up to 16 V, and the VDD input voltage range is from 4.5 V to
22 V. The output voltage ranges from 0.6 Vto 5.5 V.

Stable operation with all ceramic output capacitors is supported, since the D-CAP3 mode uses emulated current
information to control the modulation. An advantage of this control scheme is that it does not require phase
compensation network outside which makes it easy to use and also enables low external component count. The
designer selects the switching frequency from 4 preset values via resistor settings by FSEL pin. 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.

7.2 Functional Block Diagram

External
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- | soft-start v 0% VRer + 8/16 %
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PGOOD

+

uv
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Control
+ +
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7.3 Feature Description

7.3.1 40-A FET

The TPS548D22 device is a high-performance, integrated FET converter supporting current rating up to 40 A
thermally. It integrates two N-channel NexFET™ power MOSFETS, enabling high power density and small PCB
layout area. The drain-to-source breakdown voltage for these FETs is 25 V DC and 27 V transient for 10 ns.
Avalanche breakdown occurs if the absolute maximum voltage rating exceeds 27 V. In order to limit the switch
node ringing of the device, it is recommended to add a R-C snubber from the SW node to the PGND pins. Refer
to the Layout Guidelines section for the detailed recommendations.

7.3.2 On-Resistance

The typical on-resistance (Rpg(on)) for the high-side MOSFET is 2.9 mQ and typical on-resistance for the low-side
MOSFET is 1.2 mQ with a nominal gate voltage (Vgs) of 5 V.

7.3.3 Package Size, Efficiency and Thermal Performance

The TPS548D22 device is available in a 5 mm x 7 mm, QFN package with 40 power and 1/O pins. It employs TI
proprietary MCM packaging technology with thermal pad. With a properly designed system layout, applications
achieve optimized safe operating area (SOA) performance. The curves shown in and Figure 13 are based on the
orderable evaluation module design. (See SLUUBE4 to order the EVM)

110 T 110
—
100 §\\ . 100
\ \
%) \\ — 5 \N
2 90 RN g 9% ~N
o \\ o
2 80 NN 2 80
9] 9]
g 70 g 70
Q [}
[ [
= 60 g 60
Q0 k]
Qo e}
£ 50— 100LFM £ 50— 100LFM
— 200 LFM —— 200 LFM
40 | === 400 LFM 40 | === 400 LFM
= Natural convection = Natural convection
30 30
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30
Output Current (A) Output Current (A)
VlN =12V VOUT =1V fSW =650 kHz VIN =12V VOUT =5V fSW =425 kHz
Figure 13. Safe Operating Area Figure 14. Safe Operating Area

7.3.4 Soft-Start Operation

In the TPS548D22 device the soft-start time controls the inrush current required to charge the output capacitor
bank during startup. The device offers selectable soft-start options of 1 ms, 2 ms, 4 ms and 8 ms. When the
device is enabled (either by EN or VDD UVLO), the reference voltage ramps from 0 V to the final level defined by
VSEL pin strap configuration, in a given soft-start time. The TPS548D22 device supports several soft-start times
between 1msec and 8msec selected by MODE pin configuration. Refer to MODE definition table for details.

7.3.5 Vpp Supply Undervoltage Lockout (UVLO) Protection

The TPS548D22 device provides fixed VDD undervoltage lockout threshold and hysteresis. The typical VDD
turn-on threshold is 4.25 V and hysteresis is 0.2 V. The VDD UVLO can be used in conjunction with the
EN_UVLO signal to provide proper power sequence to the converter design. UVLO is a non-latched protection.

7.3.6 EN_UVLO Pin Functionality

The EN_UVLO pin drives an input buffer with accurate threshold and can be used to program the exact required
turn-on and turn-off thresholds for switcher enable, VDD UVLO or VIN UVLO (if VIN and VDD are tied together).
If desired, an external resistor divider can be used to set and program the turn-on threshold for VDD or VIN
UVLO.
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Feature Description (continued)

Figure 15 shows how to program the input voltage UVLO using the EN_UVLO pin.

PVIN

TPS548D22 PGND
PGND
PGND
S
J PGND
D|
> PGND
1]
4

PVIN »

Copyright © 2016, Texas Instruments Incorporated

Figure 15. Programming the UVLO Voltage

7.3.7 Fault Protections

This section describes positive and negative overcurrent limits, overvoltage protections, out-of-bounds limits,
undervoltage protections and over temperature protections.

7.3.7.1 Current Limit (ILIM) Functionality

240
210 /

180 v

150 //
120 A

90 l/
60 //

0 10 20 30 40 50 60 70 80
OCP Valley Current (A)

TRIP Pin Resistance (Q2)

30 7
0

Figure 16. Current Limit Resistance vs. OCP Valley Overcurrent Limit

The ILIM pin sets the OCP level. Connect the ILIM pin to GND through the voltage setting resistor, Ry ;. In order
to provide both good accuracy and cost effective solution, TPS548D22 device supports temperature
compensated internal MOSFET Rpgon) Sensing.

Also, the TPS548D22 device performs both positive and negative inductor current limiting with the same
magnitudes. The positive current limit normally protects the inductor from saturation that causes damage to the
high-side FET and low-side FET. The negative current limit protects the low-side FET during OVP discharge.
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Feature Description (continued)

The voltage between GND pin and SW pin during the OFF time monitors the inductor current. The current limit
has 3000 ppm/°C temperature slope to compensate the temperature dependency of the on-resistance (Rpsn))-
The GND pin is used as the positive current sensing node.

TPS548D22 device uses cycle-by-cycle over-current 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 ILIM level. V, ,u sets the valley level of the inductor current.

7.3.7.2 VDD Undervoltage Lockout (UVLO)

The TPS548D22 device has an UVLO protection function for the VDD supply input. The on-threshold voltage is
4.25 V with 200 mV of hysteresis. During a UVLO condition, the device is disabled regardless of the EN_UVLO
pin voltage. The supply voltage (Vypp) must be above the on-threshold to begin the pin strap detection.

7.3.7.3 Overvoltage Protection (OVP) and Undervoltage Protection (UVP)

The device monitors a 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 device 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 TPS548D22 device 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 retoggling the
EN pin.

Table 1. Overvoltage Protection Details

REFERENCE OPERATING | OVP DELAY
VOLTAGE SOFJA‘?’ATlf‘RT Smgggﬁool_\ép ovP 100mV OD | OVP RESET
(Veer) THRESHOLD (us)
Internal Internal 1.2 x Internal 1.2 x Internal 1 uvP
VRer VREF

7.3.7.4 Out-of-Bounds Operation

The device 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 toward the setpoint. During the operation, the cycle-by-
cycle negative current limit is also activated to ensure the safe operation of the internal FETs.

7.3.7.5 Over-Temperature Protection

TPS548D22 device has over-temperature protection (OTP) by monitoring the die temperature. If the temperature
exceeds the threshold value (default value 165°C), TPS548D22 device is shut off. When the temperature falls
about 25°C below the threshold value, the device turns on again. The OTP is a non-latch protection.
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7.4 Device Functional Modes

7.4.1 DCAP3 Control Topology

The TPS548D22 employs an artificial ramp generator that stabilizes the loop. The ramp amplitude is
automatically adjusted as a function of selected switching frequency (fsy) The ramp amplitude is a function of
duty cycle (Vour-to-Vy ratio). Consequently, two additional pin-strap bits (FSEL[2:1]) are provided for fine tuning
the internal ramp amplitude. The device uses an improved DCAP3 control loop architecture that incorporates a
steady-state error integrator. The slow integrator improves the output voltage DC accuracy greatly and presents
minimal impact to small signal transient response. To further enhance the small signal stability of the control
loop, the device uses a modified ramp generator that supports a wider range of output LC stage.

7.4.2 DCAP Control Topology

For advanced users of this device, the internal DCAP3 ramp can be disabled using the MODE[4] pin strap bit.
This situation requires an external RCC network to ensure control loop stability. Place this RCC network across
the output inductor. Use a range between 10 mV and 15 mV of injected RSP pin ripple. If no feedback resistor
divider network is used, insert a 10-kQ resistor between the VOUT pin and the RSP pin.

7.5 Programming

7.5.1 Programmable Pin-Strap Settings

FSEL, VSEL and MODE. Description: a 1% or better 100-kQ resistor is needed from BP to each of the three
pins. The bottom resistor from each pin to ground (see Table 2 ) in conjunction with the top resistor defines each
pin strap selection. The pin detection checks for external resistor divider ratio during initial power up (VDD is
brought down below approximately 3 V) when BP LDO output is at approximately 2.9 V.

7.5.1.1 Frequency Selection (FSEL) Pin

The TPS548D22 device allows users to select the switching frequency, light load and internal ramp amplitude by
using FSEL pin. Table 2 lists the divider resistor values for the selection. The 1% tolerance resistors with typical
temperature coefficient of +100ppm/°C are recommended. Higher performance resistors can be used if tighter
noise margin is required for more reliable frequency selection detection.

FSEL pin strap configuration programs the switching frequency, internal ramp compensation and light load
conduction mode.
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Programming (continued)
Table 2. FSEL Pin Strap Configurations

FSEL[4] | FSEL[3] FSEL[2] | FSEL[1] FSEL[0] .
Reser (k@) @
FSEL[L:0] RCSP_FSEL[1:0] cM
1: FCCM Open
11:Rx3
0: SKIP 187
1: FCCM 165
10:Rx 2
0: SKIP 147
11: 1.05 MHz
1: FCCM 133
0L Rx1
0: SKIP 121
1: FCCM 110
00: R/2
0: SKIP 100
1: FCCM 90.9
11:Rx3
0: SKIP 82.5
1: FCCM 75
10:Rx 2
0: SKIP 68.1
10: 875 kHz
1: FCCM 60.4
0L:Rx1
0: SKIP 53.6
1: FCCM 475
00: R/2
0: SKIP 42.2
1: FCCM 37.4
11:Rx3
0: SKIP 33.2
1: FCCM 29.4
10:Rx 2
0: SKIP 255
01: 650 kHz
1: FCCM 22.1
0L:Rx1
0: SKIP 19.1
1: FCCM 16.5
00: R/2
0: SKIP 14.3
1: FCCM 12.1
11:Rx3
0: SKIP 10
1: FCCM 7.87
10:Rx 2
0: SKIP 6.19
00: 425 kHz
1: FCCM 4.64
0L:Rx1
0: SKIP 3.16
1: FCCM 1.78
00: R/2
0: SKIP 0

(1) 1% or better and connect to ground
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7.5.1.2 VSEL Pin

VSEL pin strap configuration is used to program initial boot voltage value, hiccup mode and latch off mode. The
initial boot voltage is used to program the main loop voltage reference point. VSEL voltage settings provide TI
designated discrete internal reference voltages. Table 3 lists internal reference voltage selections.

Table 3. Internal Reference Voltage Selections

VSEL[4] | VSEL[3] | VsEL[2) | VSEL[] VSEL[0] RyseL (k@) @
1: Latch-Off Open
1111: 0.975V -
0: Hiccup 187
1: Latch-Off 165
1110: 1.1992 V -
0: Hiccup 147
1: Latch-Off 133
1101: 1.1504 V -
0: Hiccup 121
1: Latch-Off 110
1100: 1.0996 V -
0: Hiccup 100
1: Latch-Off 90.9
1011: 1.0508 V -
0: Hiccup 82.5
1: Latch-Off 75
1010: 1.0000 V -
0: Hiccup 68.1
1: Latch-Off 60.4
1001: 0.9492 V -
0: Hiccup 53.6
1: Latch-Off 475
1000: 0.9023 V -
0: Hiccup 42.2
1: Latch-Off 374
0111: 0.9004 V -
0: Hiccup 33.2
1: Latch-Off 29.4
0110: 0.8496 V -
0: Hiccup 25.5
1: Latch-Off 22.1
0101: 0.8008 V -
0: Hiccup 19.1
1: Latch-Off 16.5
0100: 0.7500 V -
0: Hiccup 14.3
1: Latch-Off 12.1
0011: 0.6992 V -
0: Hiccup 10
1: Latch-Off 7.87
0010: 0.6504 V -
0: Hiccup 6.19
1: Latch-Off 4.64
0001: 0.5996 V -
0: Hiccup 3.16
1: Latch-Off 1.78
0000: 0.975 V -
0: Hiccup 0

(1) 1% or better and connect to ground
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7.5.1.3 DCAP3 Control and Mode Selection

The MODE pinstrap configuration programs the control topology and internal soft-start timing selections. The
TPS548D22 device supports both DCAP3 and DCAP operation

MODE[4] selection bit is used to set the control topology. If MODE[4] bit is “0”, it selects DCAP operation. If
MODE[4] bit is “1”, it selects DCAP3 operation.

MODE[1] and MODE][O0] selection bits are used to set the internal soft-start timing

Table 4. Allowable MODE Pin Selections

MODE[4] MODE[3] MODE[2] MODE[1] | MODE[0] Ruope (k) @
11: 8 ms 60.4
. 0: Internal ) 10: 4 ms 53.6
1: DCAP3 Reference 0: Internal SS 0L 2 ms P
00: 1 ms 42.2
11: 8 ms 4.64
. 0: Internal ) 10: 4 ms 3.16
0: DCAP Reference 0: Internal SS 0L 2 ms =
00: 1 ms 0

(1) 1% or better and connect to ground
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7.5.2 Programmable Analog Configurations

7.5.2.1 RSP/RSN Remote Sensing Functionality

RSP and RSN pins are used for remote sensing purpose. In the case where feedback resistors are required for
output voltage programming, the RSP pin should be connected to the mid-point of the resistor divider and the
RSN pin should always be connected to the load return. In the case where feedback resistors are not required as
when the VSEL programs the output voltage set point, the RSP pin should be connected to the positive sensing
point of the load and the RSN pin should always be connected to the load return.

RSP and RSN pins are extremely high-impedance input terminals of the true differential remote sense amplifier.
The feedback resistor divider should use resistor values much less than 100 kQ.

7.5.2.1.1 Output Differential Remote Sensing Amplifier

The examples in this section show simplified remote sensing circuitry where each example uses an internal
reference of 1.0 V. Figure 17 shows remote sensing without feedback resistors, with an output voltage set point
of 1 V. Figure 18 shows remote sensing using feedback resistors, with an output voltage set point of 5 V.

TPS548D22 TPS548D22
38 | RSN 38| RSN

—Esﬂ RSP 39] RSP
'_E“ZI VOSNS -—E@ VOSNS

ﬁ% - ﬁ% o i
+ - + -

Copyright © 2016, Texas Instruments Incorporated Copyright © 2016, Texas Instruments Incorporated
Figure 17. Remote Sensing Without Feedback Figure 18. Remote Sensing With Feedback
Resistors Resistors

7.5.2.2 Power Good (PGOOD Pin) Functionality

The TPS548D22 device has power-good output that registers high when switcher output is within the target. The
power-good function is activated after soft-start has finished. When the soft-start ramp reaches 300 mV above
the internal reference voltage, SSend signal goes high to enable the PGOOD detection function. If the output
voltage becomes within +8% of the target value, internal comparators detect power-good state and the power
good signal becomes high after an 8 ms programmable delay. If the output voltage goes outside of +16% of the
target value, the power good signal becomes low after two microsecond (2-us) internal delay. The open-drain
power-good output must be pulled up externally. The internal N-channel MOSFET does not pull down until the
VDD supply is above 1.2 V.

Copyright © 2016, Texas Instruments Incorporated Submit Documentation Feedback 19
Product Folder Links: TPS548D22


http://www.ti.com/product/tps548d22?qgpn=tps548d22
http://www.ti.com
http://www.ti.com/product/tps548d22?qgpn=tps548d22
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLUSC70C&partnum=TPS548D22

13 TEXAS
INSTRUMENTS
TPS548D22

SLUSC70C —MARCH 2016—REVISED SEPTEMBER 2016 www.ti.com

8 Applications and Implementation

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

8.1 Application Information

The TPS548D22 device is a highly-integrated synchronous step-down DC-DC converters. These devices are
used to convert a higher DC input voltage to a lower DC output voltage, with a maximum output current of 40 A.
Use the following design procedure to select key component values for this family of devices.
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8.2 Typical Applications

8.2.1 TPS548D22 1.5-V to 16-V Input, 1-V Output, 40-A Converter
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Figure 19. Typical Application Schematic
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8.2.2 Design Requirements

For this design example, use the input parameters shown in Table 5.

Table 5. Design Example Specifications

PARAMETER TEST CONDITION MIN TYP MAX| UNIT

VN Input voltage 5 12 16 \%
Vingipple)  INpUt ripple voltage lour =40 A 0.4 \%
Vout Output voltage 1 \%

Line regulation 5VsVpys16V 0.5%

Load regulation OV<lgyr<40A 0.5%
Vpp QOutput ripple voltage loutr=40 A 20 mV
Vover Transient response overshoot Istep =24 A 90 mV
Vunper  Transient response undershoot Isep =24 A 920 mV
lout Output current 5vVsVpysleV 40 A
tss Soft-start time Vin=12V 1 ms
loc Overcurrent trip point® 46 A
n Peak Efficiency lout=20A,VN=12V,Vpp =5V 90%
fsw Switching frequency 650 kHz

(1) DC overcurrent level

8.2.3 Design Procedure

8.2.3.1 Switching Frequency Selection

Select a switching frequency for the regulator. There is a trade off between higher and lower switching
frequencies. Higher switching frequencies may produce smaller a solution size using lower valued inductors and
smaller output capacitors compared to a power supply that switches at a lower frequency. However, the higher
switching frequency causes extra switching losses, which decrease efficiency and impact thermal performance.
In this design, a moderate switching frequency of 650 kHz achieves both a small solution size and a high-
efficiency operation with the frequency selected.

Select one of four switching frequencies and FSEL resistor values from Table 6. The recommended high-side
Reser value is 100 kQ (1%). Choose a low-side resistor value from Table 6 based on the choice of switching
frequency. For each switching frequency selection, there are multiple values of Resg ( s) to choose from. In order
to select the correct value, additional considerations (internal ramp compensation and light load operation) other
than switching frequency need to be included.

Table 6. FSEL Pin Selection

SWITCHING
FREQUENCY
fsw (kHz)

FSEL VOLTAGE
VeseL (V)

HIGH-SIDE RESISTOR
RrseL(HS

MAXIMUM

)
MINIMUM (kQ) 1% or better

LOW-SIDE RESISTOR

RrseL(Ls) (k)
1% or better

1050 2.93

1.465 100

Open

187

165

147

133

121

110

100
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Table 6. FSEL Pin Selection (continued)

90.9
82.5
75
68.1
60.4
53.6
47.5
42.2
37.4
33.2
29.4
25.5
22.1
191
16.5
14.3
121
10
7.87
6.19
4.64
3.16
1.78
0

875 1.396 0.869 100

650 0.798 0.366 100

425 0.317 0 100

There is some limited freedom to choose FSEL resistors that have other than the recommended values. The
criteria is to ensure that for particular selection of switching frequency, the FSEL voltage is within the maximum
and minimum FSEL voltage levels listed in Table 6. Use Equation 1 to calculate the FSEL voltage. Select FSEL
resistors that include tolerances of 1% or better.

REsEL (L)

VeseL = VB (det) X
FSEL PP ™ Reprcus ) + ResLcLs )

where

*  Vgpey iS the voltage used by the device to program the level of valid FSEL pin voltage during initial device
start-up (2.9 V typ) Q)

In addition to serving the frequency select purpose, the FSEL pin can also be used to program internal ramp
compensation (DCAP3) and light-load conduction mode. When DCAP3 mode is selected (see section 8.2.3.9),
internal ramp compensation is used for stabilizing the converter design. The internal ramp compensation is a
function of the switching frequency (fsy) and the duty cycle range (the output voltage-to-input voltage ratio).
Table 7 summarizes the ramp choices using these functions.
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Table 7. Switching Frequency Selection
SWITCHING FREQUENCY RAMP TIME Vout RANGE DUTY CYCLE RANGE
SETTING SELECT CONSTANT (FIXED V|y =12 V) (Vout/Vin) (%)
(fsw) (kHz) OPTION t (us) MIN | MAX MIN | MAX
R/2 9 0.6 0.9 5 75
Rx1 16.8 0.9 15 75 12,5
425 R x 2 32.3 15 25 12.5 21
Rx3 55.6 2.5 5.5 >21
R/2 7 0.6 0.9 5 75
Rx1 13.5 0.9 15 75 12,5
650 R x 2 25.9 15 25 12.5 21
Rx3 445 2.5 5.5 >21
R/2 5.6 0.6 0.9 5 75
Rx1 10.4 0.9 15 75 12,5
875 Rx2 20 15 25 12.5 21
Rx3 34.4 2.5 5.5 >21
R/2 3.8 0.6 0.9 5 75
Rx1 71 0.9 15 75 12,5
1050
Rx 2 13.6 15 25 12.5 21
Rx3 23.3 2.5 5.5 >21

The FSEL pin programs the light-load selection. TPS548D22 device supports either SKIP mode or FCCM
operations. For optimized light-load efficiency, it is recommended to program the device to operate in SKIP
mode. For better load regulation from no load to full load, it is recommended to program the device to operate in
FCCM mode.

ReseLws) can be determined after determining the switching frequency, ramp and light-load operation. Table 2
lists the full range of choices.

8.2.3.2 Inductor Selection

To calculate the value of the output inductor, use Equation 2. The coefficient Kyp represents the amount of
inductor ripple current relative to the maximum output current. The output capacitor filters the inductor ripple
current. Therefore, choosing a high inductor ripple current impacts the selection of the output capacitor since the
output capacitor must have a ripple current rating equal to or greater than the inductor ripple current. In general,
maintain a K;yp coefficient between 0 and 15 for balanced performance. Using this target ripple current, the
required inductor size can be calculated as shown in Equation 2

Vour Vin — Vour 1Vx(16V—-1V)

L1 = X =
(Vincmany % fsw ) (lour gmaxy X Kinp ) (16 V X 650 kHz X 40 A x 0.15)

= 0.24 pH
2

Selecting a Kjyp of 0.15, the target inductance L; = 250 nH. Using the next standard value, the 250 nH is chosen
in this application for its high current rating, low DCR, and small size. The inductor ripple current, RMS current,
and peak current can be calculated using Equation 3, Equation 4 and Equation 5. These values should be used
to select an inductor with approximately the target inductance value, and current ratings that allow normal
operation with some margin.

Vour VIN (max) — Vour 1Vx (16V—-1V)
IRippLE = = =5.64 A
(Vin (max) X fsw) L1 16 V x 650 kHz x 250 nH -
2 1 2
ILgms) = |(Tour)” + 12 X (IrippLe )" =40 A
(4)
1
I(peak) = (Tour) + 2% (IrippLe ) = 43 A o
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The Wurth ferrite 744309025 inductor is rated for 50 Agys current, and 48-A saturation. Using this inductor, the
ripple current Iz ;pp = 5.64 A, the RMS inductor current I ;ms)= 40 A, and peak inductor current I pea0= 43 A.

8.2.3.3 Output Capacitor Selection

There are three primary considerations for selecting the value of the output capacitor. The output capacitor
affects three criteria:

» Stability

» Regulator response to a change in load current or load transient

» Output voltage ripple

These three considerations are important when designing regulators that must operate where the electrical

conditions are unpredictable. The output capacitance needs to be selected based on the most stringent of these
three criteria.

8.2.3.3.1 Minimum Output Capacitance to Ensure Stability

To prevent sub-harmonic multiple pulsing behavior, TPS548D22 application designs must strictly follow the small
signal stability considerations described in Equation 6.

ton 8t  Vggr
Cout (min) > - X

Lour  Vour

where
*  Cour(miny is the minimum output capacitance needed to meet the stability requirement of the design
e ton is the on-time information based on the switching frequency and duty cycle (in this design, 133 ns)

« 1is the ramp compensation time constant of the design based on the switching frequency and duty cycle, (in
this design, 13.45 ps, refer to Table 7)

e Loyt is the output inductance (in the design, 0.25 pH)

*  Vger is the user-selected reference voltage level (in this design, 1 V)

e Vgyr is the output voltage (in this design, 1 V) (6)
The minimum output capacitance calculated from Equation 6 is 286 uF. The stability is ensured when the amount
of the output capacitance is 286 pF or greater. And when all MLCCs (multi-layer ceramic capacitors) are used,

both DC and AC derating effects must be considered to guarantee that the minimum output capacitance
requirement is met with sufficient margin.

8.2.3.3.2 Response to a Load Transient

The output capacitance must supply the load with the required current when current is not immediately provided
by the regulator. When the output capacitor supplies load current, the impedance of the capacitor greatly affects
the magnitude of voltage deviation (such as undershoot and overshoot) during the transient.

Use Equation 7 and Equation 8 to estimate the amount of capacitance needed for a given dynamic load step and
release.

NOTE
There are other factors that can impact the amount of output capacitance for a specific
design, such as ripple and stability.

2 V, Xt
Loyt X (AILOAD (max)) X (W‘l'tOFF(min))

Cour (min _under ) = VlN( in)— Vour
min

Xt -t i X'V,
VIN (min) ) SW OFF (min )) ouT

2 X AVLOAD (insert ) X <<
)
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2
Cout (min overy = Lour X (AlLoAD (max))
- 2 X AVi0aD (release ) X Vour
where
*  Cout(min_unden 1S the minimum output capacitance to meet the undershoot requirement
*  Cout(min_oveniS the minimum output capacitance to meet the overshoot requirement
e L is the output inductance value (0.25 pH)
* Al oapmax is the maximum transient step (24 A)
e Vgyr is the output voltage value (1 V)
e tgw is the switching period (1.6 ps)
*  Vinmin 1S the minimum input voltage for the design (10.8 V)
*  toprmin) iS the minimum off time of the device (150 ns)
* AV oap(nser IS the undershoot requirement (30 mV)
*  AVionp(elease) IS the overshoot requirement (30 mV) (8)

Most of the above parameters can be found in Table 5.

The minimum output capacitance to meet the undershoot requirement is 963 pF. The minimum output
capacitance to meet the overshoot requirement is 2400 uF. This example uses a combination of POSCAP and
MLCC capacitors to meet the overshoot requirement.

* POSCAP bank #1: 4 x 470 uF, 2.5 V, 6 mQ per capacitor
* MLCC bank #2: 10 x 100 pF, 2.5 V, 1 mQ per capacitor with DC+AC derating factor of 60%

Recalculating the worst case overshoot using the described capacitor bank design, the overshoot is 29.0 mV
which meets the 30 mV overshoot specification requirement.
8.2.3.3.3 Output Voltage Ripple

The output voltage ripple is another important design consideration. Equation 9 calculates the minimum output
capacitance required to meet the output voltage ripple specification. This criterion is the requirement when the
impedance of the output capacitance is dominated by ESR.

IRipPLE

| = — 108 F
CouT (min ))RIPPLE 8 X fow X Vour ammre) 08 o

In this case, the maximum output voltage ripple is 10 mV. For this requirement, the minimum capacitance for
ripple requirement yields 108 pF. Because this capacitance value is significantly lower compared to that of
transient requirement, determine the capacitance bank from step 8.2.3.3.2. Because the output capacitor bank
consists of both POSCAP and MLCC type capacitors, it is important to consider the ripple effect at the switching
frequency due to effective ESR. Use Equation 10 to determine the maximum ESR of the output capacitor bank
for the switching frequency.

IRIPPLE

e VouTripple) ~ 8% Ty x Cour 1.7 mQ.
MAX TrippLE . s

Estimate the effective ESR at the switching frequency by obtaining the impedance vs. frequency characteristics
of the output capacitors. The parallel impedance of capacitor bank #1 and capacitor bank #2 at the switching
frequency of the design example is estimated to be 1.2 mQ, which is less than that of the maximum ESR value.
Therefore, the output voltage ripple requirement (7 mV) can be met. For detailed calculation on the effective ESR
please contact the factory to obtain a user-friendly Excel based design tool.
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8.2.3.4 Input Capacitor Selection

The TPS548D22 devices require a high-quality, ceramic, type X5R or X7R, input decoupling capacitor with a
value of at least 1 pF of effective capacitance on the VDD pin, relative to AGND. The power stage input
decoupling capacitance (effective capacitance at the PVIN and PGND pins) must be sufficient to supply the high
switching currents demanded when the high-side MOSFET switches on, while providing minimal input voltage
ripple as a result. This effective capacitance includes any DC bias effects. The voltage rating of the input
capacitor must be greater than the maximum input voltage. The capacitor must also have a ripple current rating
greater than the maximum input current ripple to the device during full load. The input ripple current can be
calculated using Equation 11.

Vour y (ViN (min) — Vour )
VIN (min ) VIN (min)

= 16 Arms

ICIN (rms) = IOUT (max ) X
(11)
The minimum input capacitance and ESR values for a given input voltage ripple specification, Viyippie), are

shown in Equation 12 and Equation 13. The input ripple is composed of a capacitive portion, Vgppgcap), and a
resistive portion, Vgppigesn):-

lout (max) X Vour

c o = 38.5 uF
IN (min) VRIPPLE (cap) X VIN(maX) X fSW (12)
VRIPPLEESR)
ESRcIN (max) = TrippLE | 7 mid
lout (max) + ( 2 ) -

The value of a ceramic capacitor varies significantly over temperature and the amount of DC bias applied to the
capacitor. The capacitance variations due to temperature can be minimized by selecting a dielectric material that
is stable over temperature. X5R and X7R ceramic dielectrics are usually selected for power regulator capacitors
because they have a high capacitance to volume ratio and are fairly stable over temperature. The input capacitor
must also be selected with the DC bias taken into account. For this example design, a ceramic capacitor with at
least a 25-V voltage rating is required to support the maximum input voltage. For this design, allow 0.1-V input
ripple for VRIPPLE(cap): and 0.3-V mput ripple for VRIPPLE(esr)- Using Equat|on 12 and Equation 13, the minimum
input capacnance for this design is 38.5 pF, and the maximum ESR is 9.4 mQ. For this example, four 22-uF, 25-
V ceramic capacitors and one additional 100-uF, 25-V low-ESR polymer capacitors in parallel were selected for
the power stage.

8.2.3.5 Bootstrap Capacitor Selection

A ceramic capacitor with a value of 0.1 uF must be connected between the BOOT and SW pins for proper
operation. It is recommended to use a ceramic capacitor with X5R or better grade dielectric. Use a capacitor with
a voltage rating of 25 V or higher.

8.2.3.6 BPPin

Bypass the BP pin to DRGND with 4.7-uF of capacitance. In order for the regulator to function properly, it is
important that these capacitors be localized to the TPS548D22 , with low-impedance return paths. See Layout
Guidelines section for more information.

8.2.3.7 R-C Snubber and VIN Pin High-Frequency Bypass

Though it is possible to operate the TPS548D22 within absolute maximum ratings without ringing reduction
techniques, some designhs may require external components to further reduce ringing levels. This example uses
two approaches: a high frequency power stage bypass capacitor on the VIN pins, and an R-C snubber between
the SW area and GND.

The high-frequency VIN bypass capacitor is a lossless ringing reduction technique which helps minimizes the
outboard parasitic inductances in the power stage, which store energy during the low-side MOSFET on-time, and
discharge once the high-side MOSFET is turned on. For this example twin 2.2-nF, 25-V, 0603-sized high-
frequency capacitors are used. The placement of these capacitors is critical to its effectiveness. Its ideal
placement is shown in Figure 19.
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Additionally, an R-C snubber circuit is added to this example. To balance efficiency and spike levels, a 1-nF
capacitor and a 1-Q resistor are chosen. In this example a 0805-sized resistor is chosen, which is rated for 0.125
W, nearly twice the estimated power dissipation. See SLUP100 for more information about snubber circuits.

8.2.3.8 Optimize Reference Voltage (VSEL)

Optimize the reference voltage by choosing a value for Rygg . The TPS548D22 device is designed with a wide
range of precision reference voltage support from 0.6 V to 1.2 V with an available step change of 50 mV.
Program these reference voltages using the VSEL pin strap configurations. Please refer to Table 3 for internal
reference voltage selections. In addition to providing initial boot voltage value, use the VSEL pin to program
hiccup and latch-off mode.

There are two ways to program the output voltage set point. If the output voltage set point is one of the 16
available reference and boot voltage options, no feedback resistors are required for output voltage programming.
In the case where feedback resistors are not needed, connect the RSP pin to the positive sensing point of the
load. Always connect the RSN pin to the load return sensing point.

In this design example, since the output voltage set point is 1V, selecting Rysg (s) of either 75 kQ (latch off) or
68.1 kQ (hiccup) as shown in Table 3. If the output voltage set point is NOT one of the 16 available reference or
boot voltage options, feedback resistors are required for output voltage programming. Connect the RSP pin to
the mid-point of the resistor divider. Always connect the RSN pin to the load return sensing point as shown in
Figure 17 and Figure 18.

The general guideline to select boot and internal reference voltage is to select the reference voltage closest to
the output voltage set point. In addition, because the RSP and RSN pins are extremely high-impedance input
terminals of the true differential remote sense amplifier, use a feedback resistor divider with values much less
than 100 kQ.

8.2.3.9 MODE Pin Selection

MODE pin strap configuration is used to program control topology and internal soft-start timing selections.
TPS548D22 supports both DCAP3 and DCAP operation. For general POL applications, it is strongly
recommended to configure the control topology to be DCAP3 due to its simple to use and no external
compensation features. In the rare instance where DCAP is needed, an RCC network across the output inductor
is needed to generate sufficient ripple voltage on the RSP pin. In this design example, Ryopg(s) of 42.2 kQ is
selected for DCAP3 and soft start time of 1 ms.

8.2.3.10 Overcurrent Limit Design.

The TPS548D22 device uses the ILIM pin to set the OCP level. Connect the ILIM pin to GND through the voltage
setting resistor, R, ;. In order to provide both good accuracy and cost effective solution, this device supports
temperature compensated MOSFET on-resistance (Rps(on)) sensing. Also, this device performs both positive and
negative inductor current limiting with the same magnitudes. Positive current limit is normally used to protect the
inductor from saturation therefore causing damage to the high-side and low-side FETs. Negative current limit is
used to protect the low-side FET during OVP discharge.

The inductor current is monitored by the voltage between PGND pin and SW pin during the OFF time. The ILIM
pin has 3000 ppm/°C temperature slope to compensate the temperature dependency of the on-resistance. The
PGND pin is used as the positive current sensing node.

TPS548D22 has cycle-by-cycle over-current 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 ILIM level. The voltage on the ILIM pin (V| ;) sets the valley level of the inductor current. The range
of value of the R resistor is between 21 kQ and 237 kQ. The range of valley OCL is between 6.25 A and 75 A
(typical). If the Ry resistance is outside of the recommended range, OCL accuracy and function cannot be
guaranteed. (see Table 8)
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Table 8. Closed Loop EVM Measurement of OCP Settings
R OVERCURRENT PROTECTION VALLEY (A)
(k) MIN NOM MAX
237 — 75 —
127 36 40 44
95.3 27 30 33
63.4 18 20 22
32.4 9 10 11
21 — 6.25 —
Use Equation 14 to relate the valley OCL to the Ry resistance.
OCLyarLey = 0.3178 X Ryym — 0.3046
where
e RymisinkQ
e OCLyp gyisin A (14)

In this design example, the desired valley OCL is 43 A, the calculated Ry v is 137 kQ. Use Equation 15 to
calculate the DC OCL to be 46 A.

OCLDC = OCL'VALLEY +0.5x IRIPPLE

where
° R|L|M is in kQ
« OCLpcisin A (15)

In an overcurrent condition, the current to the load exceeds the inductor current and the output voltage falls.
When the output voltage crosses the under-voltage fault threshold for at least 1msec, the behavior of the device
depends on the VSEL pin strap setting. If hiccup mode is selected, the device will restart after 16-ms delay (1-ms
soft-start option). If the overcurrent condition persists, the OC hiccup behavior repeats. During latch-off mode
operation the device shuts down until the EN pin is toggled or VDD pin is power cycled.
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8.2.4 Application Curves
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Figure 20. Efficiency vs. Load Current Figure 21. Efficiency vs. Load Current
Fio | et | vertea | Morainca | 1o | islay | Cursors | Measure | wosk | Matn | wyscope | anavae | wumes | v ([} Tk M
ANEr - i ' ]
o i .
L]
4.0Vidiv 1MQ 8y:20.0M 983.928mv D /1.01v 100ps/div 250MS/s 4.0ns/pt
[:znamv Offset:1.0V :a 8y:20.0M 2%‘ a ’
VIN =12V fSW =650 kHz IOUT =40 A
VOUT =1V Airflow = 200 LFM
Figure 22. Transient Response Peak-to-Peak Figure 23. Thermal Image
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9 Power Supply Recommendations

This device is designed to operate from an input voltage supply between 1.5 V and 16 V. Ensure the supply is
well regulated. Proper bypassing of input supplies and internal regulators is also critical for noise performance,
as is the quality of the PCB layout and grounding scheme. See the recommendations in the Layout section.

10 Layout

10.1 Layout Guidelines

Consider these layout guidelines before starting a layout work using TPS548D22.

» It is absolutely critical that all GND pins, including AGND (pin 30), DRGND (pin 29), and PGND (pins 13, 14,
15, 16, 17, 18, 19, and 20) are connected directly to the thermal pad underneath the device via traces or
plane.

* Include as many thermal vias as possible to support a 40-A thermal operation. For example, a total of 35
thermal vias are used (outer diameter of 20 mil) in the TPS548D22EVM-784 available for purchase at ti.com.
(SLUUBE4)

» Placed the power components (including input/output capacitors, output inductor and TPS548D22device) on
one side of the PCB (solder side). Insert at least two inner layers (or planes) connected to the power ground,
in order to shield and isolate the small signal traces from noisy power lines.

» Place the VIN pin decoupling capacitors as close to the PVIN and PGND pins as possible to minimize the
input AC current loop. Place a high-frequency decoupling capacitor (with a value between 1 nF and 0.1 uF)
as close to the PVIN pin and PGND pin as the spacing rule allows. This placement helps suppress the switch
node ringing.

» Place VDD and BP decoupling capacitors as close to the device pins as possible. Do not use PVIN plane
connection for the VDD pin. Separate the VDD signal from the PVIN signal by using separate trace
connections. Provide GND vias for each decoupling capacitor and make the loop as small as possible.

» Ensure that the PCB trace defined as switch node (which connects the SW pins and up-stream of the output
inductor) are as short and wide as possible. In the TPS548D22EVM-784 EVM design, the SW trace width is
200 mil. Use a separate via or trace to connect SW node to snubber and bootstrap capacitor. Do not combine
these connections.

» Place all sensitive analog traces and components (including VOSNS, RSP, RSN, ILIM, MODE, VSEL and
FSEL) far away from any high voltage switch node (itself and others), such as SW and BOOT to avoid noise
coupling. In addition, place MODE, VSEL and FSEL programming resistors near the device pins.

 The RSP and RSN pins operate as inputs to a differential remote sense amplifier that operates with very high
impedance. It is essential to route the RSP and RSN pins as a pair of diff-traces in Kelvin-sense fashion.
Route them directly to either the load sense points (+ and —) or the output bulk capacitors. The internal circuit
uses the VOSNS pin for on-time adjustment. It is critical to tie the VOSNS pin directly tied to VOUT (load
sense point) for accurate output voltage result.
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10.2 Layout Example
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Figure 24. EVM Top View

Figure 25. EVM Top Layer

Figure 26. EVM Inner Layer 1

Figure 27. EVM Inner Layer 2
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Layout Example (continued)

Figure 30. EVM Bottom Layer
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Layout Example (continued)

10.2.1 Mounting and Thermal Profile Recommendation

Proper mounting technique adequately covers the exposed thermal tab with solder. Excessive heat during the
reflow process can affect electrical performance. Figure 31 shows the recommended reflow oven thermal profile.
Proper post-assembly cleaning is also critical to device performance. See the Application Report, QFN/SON PCB

Attachment, (SLUA271) for more information.

A
Tp
P Ry oty A M
g TS(max) _________
)
g |Tsein. /— 2\ \x/ |-
@ H
= i e TRAMP(up) IRAMP(down)
H ts
25 tosp
Time (s)

Figure 31. Recommended Reflow Oven Thermal Profile

Table 9. Recommended Thermal Profile Parameters

PARAMETER MIN TYP MAX UNIT
RAMP UP AND RAMP DOWN
TRAMP(up) Average ramp-up rate, Tgmax) t0 Tp °Cls
RAMP(down) Average ramp-down rate, Tp t0 Tgma) °Cls
PRE-HEAT
Ts Pre-heat temperature 150 200 °C
ts Pre-heat time, Ts(min) 10 Ts(max) 60 180 S
REFLOW
T Liquidus temperature 217 °C
Tp Peak temperature 260 °C
t Time maintained above liquidus temperature, T, 60 150 S
tp Time maintained within 5 °C of peak temperature, Tp 20 40 S
tosp Total time from 25 °C to peak temperature, Tp 480 S
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11 Device and Documentation Support

11.1 Device Support

11.1.1 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.

11.2 Receiving Notification of Documentation Updates

To receive notification of documentation updates, navigate to the device product folder on ti.com. In the upper
right corner, click on Alert me 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.

11.3 Community Resources

The following links connect to TI community resources. Linked contents are 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.

TI E2ZE™ Online Community TI's Engineer-to-Engineer (E2E) Community. Created to foster collaboration
among engineers. At e2e.ti.com, you can ask questions, share knowledge, explore ideas and help
solve problems with fellow engineers.

Design Support TI's Design Support Quickly find helpful E2E forums along with design support tools and
contact information for technical support.

11.4 Trademarks

D-CAP3, Eco-mode, NexFET, E2E are trademarks of Texas Instruments.
All other trademarks are the property of their respective owners.

11.5 Electrostatic Discharge Caution

A These devices have limited built-in ESD protection. The leads should be shorted together or the device placed in conductive foam
‘Y '\ during storage or handling to prevent electrostatic damage to the MOS gates.

11.6 Glossary

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

12 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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12.1 Package Option Addendum

12.1.1 Packaging Information

) @ Package Package . Package @ i (3) ) g Device
Orderable Device Status Type Drawing Pins oty Eco Plan Lead/Ball Finish MSL Peak Temp Op Temp (°C) Marking ®®©
TPS548D22RVFR ACTIVE LQFN-CLIP RVF 40 2500 Pb-Free (RoHS Exempt) CU NIPDAU Level-2-260C-1 YEAR —40 to 125 TPS548D22
TPS548D22RVFT ACTIVE LQFN-CLIP RVF 40 250 Pb-Free (RoHS Exempt) CU NIPDAU Level-2-260C-1 YEAR —40 to 125 TPS548D22

)

@

©)

4)
®)
(6)

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.
PRE_PROD Unannounced device, not in production, not available for mass market, nor on the web, samples not available.

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)

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.

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 on 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.

Important Information and Disclaimer: The information provided on this page represents TI's knowledge and belief as of the date that it is provided. Tl bases its knowledge and belief
on information provided by third parties, and makes no representation or warranty as to the accuracy of such information. Efforts are underway to better integrate information from third
parties. Tl has taken and continues to take reasonable steps to provide representative and accurate information but may not have conducted destructive testing or chemical analysis on
incoming materials and chemicals. Tl and TI 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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12.1.2 Tape and Reel Information

REEL DIMENSIONS

Reel
Diamete

v

t Reel Width (W1)

r

TAPE DIMENSIONS

|<—K0

4 P1—»]

g R R R
) 0 (B0 W
| |
Cavity —>|A0|<—

A0

Dimension designed to accommodate the component width

BO

Dimension designed to accommodate the component length

KO

Dimension designed to accommodate the component thickness

Overall width of the carrier tape

P1

Pitch between successive cavity centers

QUADRANT ASSIGNMENTS FOR PIN 1 ORIENTATION IN TAPE

cC O O O O O O OO0

Sprocket Holes

|
I
Q11 Q2
B S B _
|
Q3 | Q4 User Direction of Feed
[ .8
I
N
Pocket Quadrants
Reel Reel .
Device Rackane PaCkf.‘ge Pins SPQ Diameter Width W1 s 20 @ P W IFIEL
Type Drawing (mm) (mm) (mm) (mm) (mm) (mm) (mm) Quadrant
LQFN-
TPS548D22RVFR cuP RVF 40 2500 330.0 16.4 5.35 7.35 1.7 8.0 16.0 Q3
LQFN-
TPS548D22RVFT cLP RVF 40 250 178.0 16.4 5.35 7.35 1.7 8.0 16.0 Q3
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TAPE AND REEL BOX DIMENSIONS

Device Package Type | Package Drawing | Pins SPQ Length (mm) | Width (mm) Height (mm)
TPS548D22RVFR LQFN-CLIP RVF 40 2500 367.0 367.0 38.0
TPS548D22RVFT LQFN-CLIP RVF 40 250 210.0 185.0 35.0
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GENERIC PACKAGE VIEW
RVF 40 LQFN-CLIP - 1.52 mm max height

PLASTIC QUAD FLATPACK - NO LEAD

Images above are just a representation of the package family, actual package may vary.
Refer to the product data sheet for package details.
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PACKAGE OUTLINE
RVF0040A LQFN-CLIP - 1.52 mm max height

PLASTIC QUAD FLATPACK - NO LEAD
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NOTES:

1. All linear dimensions are in millimeters. Any dimensions in parenthesis are for reference only. Dimensioning and tolerancing
per ASME Y14.5M.

2. This drawing is subject to change without notice.

3. The package thermal pad must be soldered to the printed circuit board for thermal and mechanical performance.

4. Reference JEDEC registration MO-220.
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EXAMPLE BOARD LAYOUT

RVF0040A LQFN-CLIP - 1.52 mm max height
PLASTIC QUAD FLATPACK - NO LEAD
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NOTES: (continued)

5. This package is designed to be soldered to a thermal pad on the board. For more information, see Texas Instruments literature

number SLUA271 (www.ti.com/lit/slua271).
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EXAMPLE STENCIL DESIGN
RVF0040A LQFN-CLIP - 1.52 mm max height

PLASTIC QUAD FLATPACK - NO LEAD
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NOTES: (continued)

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

Texas Instruments Incorporated (TI) reserves 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.

TI's published terms of sale for semiconductor products (http://www.ti.com/sc/docs/stdterms.htm) apply to the sale of packaged integrated
circuit products that Tl has qualified and released to market. Additional terms may apply to the use or sale of other types of Tl products and
services.

Reproduction of significant portions of Tl information in Tl 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 reproduced
documentation. Information of third parties may be subject to additional restrictions. Resale of Tl products or services with statements
different from or beyond the parameters stated by Tl for that product or service voids all express and any implied warranties for the
associated TI product or service and is an unfair and deceptive business practice. Tl is not responsible or liable for any such statements.

Buyers and others who are developing systems that incorporate Tl products (collectively, “Designers”) understand and agree that Designers
remain responsible for using their independent analysis, evaluation and judgment in designing their applications and that Designers have
full and exclusive responsibility to assure the safety of Designers' applications and compliance of their applications (and of all Tl products
used in or for Designers’ applications) with all applicable regulations, laws and other applicable requirements. Designer represents that, with
respect to their applications, Designer has all the necessary expertise to create and implement safeguards that (1) anticipate dangerous
consequences of failures, (2) monitor failures and their consequences, and (3) lessen the likelihood of failures that might cause harm and
take appropriate actions. Designer agrees that prior to using or distributing any applications that include TI products, Designer will
thoroughly test such applications and the functionality of such Tl products as used in such applications.

TI's provision of technical, application or other design advice, quality characterization, reliability data or other services or information,
including, but not limited to, reference designs and materials relating to evaluation modules, (collectively, “TI Resources”) are intended to
assist designers who are developing applications that incorporate Tl products; by downloading, accessing or using Tl Resources in any
way, Designer (individually or, if Designer is acting on behalf of a company, Designer's company) agrees to use any particular TI Resource
solely for this purpose and subject to the terms of this Notice.

TI's provision of Tl Resources does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for Tl
products, and no additional obligations or liabilities arise from TI providing such Tl Resources. Tl reserves the right to make corrections,
enhancements, improvements and other changes to its Tl Resources. Tl has not conducted any testing other than that specifically
described in the published documentation for a particular TI Resource.

Designer is authorized to use, copy and modify any individual Tl Resource only in connection with the development of applications that
include the TI product(s) identified in such TI Resource. NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL OR OTHERWISE
TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR INTELLECTUAL PROPERTY
RIGHT OF TI OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
endorsement thereof. Use of TI Resources may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.

TI RESOURCES ARE PROVIDED “AS I1S” AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS. TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY DESIGNER AGAINST ANY CLAIM,
INCLUDING BUT NOT LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF
PRODUCTS EVEN IF DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL Tl BE LIABLE FOR ANY ACTUAL,
DIRECT, SPECIAL, COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN
CONNECTION WITH OR ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER Tl HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.

Unless Tl has explicitly designated an individual product as meeting the requirements of a particular industry standard (e.g., ISO/TS 16949
and ISO 26262), Tl is not responsible for any failure to meet such industry standard requirements.

Where TI specifically promotes products as facilitating functional safety or as compliant with industry functional safety standards, such
products are intended to help enable customers to design and create their own applications that meet applicable functional safety standards
and requirements. Using products in an application does not by itself establish any safety features in the application. Designers must
ensure compliance with safety-related requirements and standards applicable to their applications. Designer may not use any Tl products in
life-critical medical equipment unless authorized officers of the parties have executed a special contract specifically governing such use.
Life-critical medical equipment is medical equipment where failure of such equipment would cause serious bodily injury or death (e.qg., life
support, pacemakers, defibrillators, heart pumps, neurostimulators, and implantables). Such equipment includes, without limitation, all
medical devices identified by the U.S. Food and Drug Administration as Class Ill devices and equivalent classifications outside the U.S.

Tl may expressly designate certain products as completing a particular qualification (e.g., Q100, Military Grade, or Enhanced Product).
Designers agree that it has the necessary expertise to select the product with the appropriate qualification designation for their applications
and that proper product selection is at Designers’ own risk. Designers are solely responsible for compliance with all legal and regulatory
reguirements in connection with such selection.

Designer will fully indemnify Tl and its representatives against any damages, costs, losses, and/or liabilities arising out of Designer’s non-
compliance with the terms and provisions of this Notice.

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2017, Texas Instruments Incorporated
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