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TPS92519-Q1 4.5-V to 65-V Dual Automotive 2-A Synchronous Buck LED Driver

1 Features

* AEC-Q100 qualified for automotive applications
— Grade 1: —-40°C to 125°C ambient operating
temperature
— Device HBM classification level H1C
— Device CDM classification level C2
* Functional Safety-Capable
— Documentation available to aid functional safety
system design
* 4.5-V to 65-V wide input voltage range
* Up to 2-A output current with 4% accuracy
* Adaptive on-time average current control
* Nominal switching frequency
— 385 kHz and 435 kHz for channel 1 and
channel 2
— 2 MHz and 2.1 MHz for channel 1 and channel
2
* Advanced dimming operation
— Precision analog dimming
— Supports external PWM dimming input
— Optimized for external shunt dimming including
LED matrix manager
* Cycle-by-cycle switch overcurrent protection
» Switch thermal protection
* LED open and short fault monitoring and reporting

2 Applications

» Automotive headlight and adaptive LED driving
module

3 Description

The TPS92519-Q1 is a monolithic dual synchronous
buck LED driver with a wide 4.5-V to 65-V operating
input voltage range that can independently power two
strings of series connected LEDs. The

TPS92519-Q1 implements an adaptive on-time
average current mode control and is designed to
be compatible with shunt FET dimming techniques
and LED matrix manager-based dynamic beam
headlamps. The adaptive on-time control provides
near constant switching frequency that can be
set using FSET input. Inductor current sensing
and closed-loop feedback enables better than +4%
accuracy over wide input voltage, output voltage and
ambient temperature range.

The high performance LED driver can independently
modulate LED current using both analog or PWM
dimming techniques. Linear analog dimming response
with over 16:1 range is obtained by varying the
voltage from 140 mV to 2.45 V across the high

Impedance Analog Adjust (IADJ) input. PWM dimming
of LED current is achieved by directly modulating
the corresponding UDIM input pin with the desired
duty cycle and frequency. The device supports high
frequency shunt FET dimming and is compatible with
pixel control techniques using LED matrix manager.

The TPS92519-Q1 supports parallel operation of two
or more channels thus enabling flexibility required
to drive high current LEDs or laser diodes. Current
is shared between parallel channels based on IADJ
input independent of component tolerances and
parasitics.

The TPS92519-Q1 incorporates advanced fault
protection featuring: cycle-by-cycle switch current
limit, bootstrap undervoltage and thermal shutdown.
The device includes an open drain fault output to
indicate output open and short conditions.

The TPS92519-Q1 is available in a 8.1-mm x 11-mm
thermally-enhanced 32-pin HTSSOP package with a
2.75-mm x 3.45-mm bottom-exposed pad.

Device Information

PART NUMBER(") PACKAGE BODY SIZE (NOM)

TPS92519-Q1 HTSSOP 8.1 mm x 11 mm

(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
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Figure 5-1. DAP Package 32-Pin HTSSOP Top View

Table 5-1. Pin Functions

PIN
NO. 110 DESCRIPTION
NAME
DAP
BST1 19 P Supply input for high-side MOSFET gate drive circuit. Connect a ceramic capacitor
BST2 30 P between BSTx and SWx pins. An internal diode is connected between V5D and BSTx.
COMP1 16 1’0 Output of internal transconductance error amplifier. Connect an integral compensation
COMP2 1 /0 network to ensure stability.
CSN1 17 | Negative input (—) of internal rail-to-rail transconductance error amplifier. Connect
CSN2 32 | directly to the negative node of the LED current sense resistor, R¢s.
CSP1 18 | Positive input (+) of internal rail-to-rail transconductance error amplifier. Connect
CSP2 31 I directly to the positive node of the LED current sense resistor, Rcs.
EN o | An active high logic input enables the devices. Pull this pin low to enter low power sleep
state.
FLT1 22 o Open-drain fault indicator. Connect to V5D with a resistor to create an active low fault
ELT2 27 e} signal output.
FSET 25 | Frequency select input. Connect to V5D to operate at nominal frequency of 440 kHz.
Connect to GND to operate at nominal frequency of 2.1 MHz.
Signal ground. Return for the internal voltage reference and analog circuits. Connect to
GND 7,10 G I
circuit ground to complete return path.
IADJ1 23 | Analog adjust input. Input below 100 mV disables the channel. The analog input can
be varied between 140 mV to 2.4 V to set current reference from 10 mV to 173 mV.
IADJ2 26 I Connect a 0.1-pF capacitor from pin to GND.
PGND 3,4,13,14 G Ground returns for low-side MOSFETs
SW1 20, 21 P Switching output of the regulator. Internally connected to both power MOSFETs.
SW2 28, 29 P Connect to the power inductor.
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Table 5-1. Pin Functions (continued)

PIN
NO. 110 DESCRIPTION
NAME
DAP
uUbDIM1 15 | Undervoltage lockout and external PWM dimming input. Connect to VIN through a
resistor divider to implement input undervoltage protection. Diode couple external PWM
UDIM2 2 | signal to enable dimming. Locally decouple to GND using a 1-nF ceramic capacitor. Do
not float.
Analog supply voltage. Locally decouple to GND using a 100-nF to 1-puF ceramic
V5A 8 P :
capacitor located close to the controller.
Digital supply voltage. Locally decouple to GND using a 2.2-yF to 4.7-yF ceramic
V5D 9 P )
capacitor located close to the controller.
VIN1 11,12 P Power inputs and connections to high-side MOSFET drain node. Connect to the power
supply and bypass capacitors Cjy. The path from the VIN pin to high frequency bypass
VIN2 5,6 P Cin and PGND must be as short as possible.
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6 Specifications

6.1 Absolute Maximum Ratings
Over operating free-air temperature range (unless otherwise noted)()

MIN MAX UNIT

Supply Voltage V5A, V5D to GND -0.3 5.5 \Y

BSTx to SWx -0.3 5.5 \Y
Boot voltage

BSTx to PGND -0.3 70 \Y

SWx to PGND -0.5 65 \
Switch node voltage

SWx to PGND (< 10ns) -3.5 \Y
Drain node voltage VINx to PGND -0.3 65 \%

CSNx to VINx (< 10ps) 1.5 A
Current

GND to CSPx, GND to CSNx (< 10ps) 430 mA

CSNx - VINx 0.5 \Y

CSPx, CSNx to GND -0.5 65 \Y
Inputs CSPx to CSNx -0.3 0.3 \Y

UDIMx to GND -0.3 65 \

COMPXx, IADJx, FSET, EN to GND -0.3 55 \
Outputs FLTx to GND -0.3 5.5 \%
Junction temperature T, 150 °C
Lead temperature Soldering, 10 s 260 °C
Storage temperature Tstg -65 150 °C

(1) Stresses beyond those listed under Absolute Maximum Rating 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.

6.2 ESD Ratings

VALUE | UNIT
Human body model (HBM), per AEC Q100-002(1) +2000
V(esp) |Electrostatic discharge Charged device model (CDM), per | Corner pins (1, 16, 17, and 32) 750 \
AEC Q100-011 Other pins +500

(1) AEC Q100-002 indicates that HBM stressing shall be in accordance with the ANSI/ESDA/JEDEC JS-001 specification.

6.3 Recommended Operating Conditions
Over operating free-air temperature range (unless otherwise noted)

MIN NOM MAX UNIT
ViN Input voltage 4.5 63 \%
Vsa, Vsp Bias supply 4.5 5 5.3 \%
dysy/dt Bias supply slew-rate 20 V/s
AV(csp- Sensed inductor current ripple 20 mv
CSN)
dvcgp/dt CSP slew-rate 10 V/us
ILep LED current 2 A
fuoim External PWM dimming frequency 1000 Hz
Ta Ambient temperature —40 125 °C
T, Junction temperature —40 150 °C
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6.4 Thermal Information

DEVICE
THERMAL METRIC() DAP (HTSSOP) UNIT
32
Raua Junction-to-ambient thermal resistance(@ () 26.2 °C/W
ReJcitop) Junction-to-case (top) thermal resistance 16.3 °C/W
Reys Junction-to-board thermal resistance 8.3 °C/W
Wyr Junction-to-top characterization parameter 0.2 °C/W
Y Junction-to-board characterization parameter 8.2 °C/W
Rauc(bot) Junction-to-case (bottom) thermal resistance 1.8 °C/W

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

report.

(2) The package thermal impedance is calculated in accordance with JESD51-7 standard with a 4-layer board and 2 W power dissipation.
(3) A heatsink or airflow would yield a much better Rga.

6.5 Electrical Characteristics

-40°C < TJ < 150°C’ V5D = V5A =5 V’ VIN =24V, VUDIMX =5 V’ CV5D =C\/5A =47 |JF CBSTX =01 }JF, CCOMPX =1 nF’ RCSX =
100 mQ, no load on SWx, FLTx pin floating (unless otherwise noted)

PARAMETER ‘ TEST CONDITIONS MIN TYP MAX UNIT
EXTERNAL ANALOG AND GATE DRIVE SUPPLIES (V5D, V5A)
Rising 4.10 4.26 \Y
Vvsp,auvLo) |Vsp and Visa UVLO threshold Falling 3.84 4.00 \Y
Hysteresis 100 mV
lvsa(sTBY) Analog supply stand-by current Vuom1 = Vupme =0V 4 5.5 mA
lvsp(sTBY) Gate drive supply stand-by current Vuom1 = Vupmz =0V 0.9 1.3 mA
lvsaisLeep) | Analog supply sleep state current Ven=0V 14 300 nA
lvspsLeep) | Gate drive supply sleep state current Ven=0V 17 24 HA
lvinxsLeep) | VIN pin sleep state current Vink=15V, Ven=0V 2 4 HA
lvsp(sw) Gate drive supply switching current ngDC=H52 \s/w\l/tZ?ﬁrng 5V, CH1 6 10 mA
ENABLE INPUT (EN)
Ven Enable voltage rising threshold 1.8 \Y
Enable voltgae falling threshold 0.8 mV
len Enable input bias current 10 uA
HIGH-SIDE FET (SWx, BOOTx)
Rpsxons) |High-side MOSFET on resistance Y(%X ;2 V: Vesti = 11V, lhsx = 240 465 mQ
Falling, Viny =6 V, Vswx =0V 2.60 2.95 3.30 \Y
VBsTx(UV) Bootstrap UVLO threshold \I-/lysteresis, Ving =6V, Vawg = 0 15 184 045 iy
loxasT) Bootstrap pin quiescent current Vestx =5V, Vawx =0V 200 250 300 uA
LOW-SIDE FET (SWx)
Rpsx(on-Ls) |Low-side MOSFET on resistance Vingk =6V, ILsx = 100 mA 240 465 mQ
HIGH-SIDE FET CURRENT LIMIT
IHsx(LIM) High-side current limit threshold Vink =6V 2.8 3.5 4.2 A
thsx(LeR) ;E:lgisrigepzt:irggnt sense leading-edge Vi = 6V 35 60 80 ns
tHsx(RES) Current limit response time Ving =6V 20 ns
LOW-SIDE FET CURRENT LIMIT
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6.5 Electrical Characteristics (continued)

-40°C < TJ < 150°C V5D = V5A =5 V VIN =24 V, VUDIMX =5 V CV5D =CV5A =47 }JF CBSTX =01 }JF, CCOMPX =1 nF, RCSX =
100 mQ, no load on SWx, FLTx pin floating (unless otherwise noted)

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
ILsxqLimy Low-side sinking current limit threshold |V|yx =6 V 1.67 2.50 3.5 A
L ues) It_);wn;(si:]dgepc:r:roznt sense leading-edge Vi =6 V 76 ns
SWITCHING FREQUENCY (FSET)
Veser Frequency set input rising threshold 1.8 \%
Frequency set input falling threshold 0.8 Vv
lEseT Frequency set input bias current 10 A
| ggS\I;T =0V, V|N=50V, Vcgp = 384 ns
toneswi) Channel 1 on-time Veser =5V, Vi = 50V, Vogp = . .
25V
Veser =0V, ViN=50V, Vcep =
tongsw2) Channel 2 on-time 8Y * ”
Veser =5V, ViN=50V, Vcgp = 1.20 us
25V
ANALOG ADJUST SETTING AND CURRENT SENSE AMPLIFIER (IADJx, CSPx, CSNx)
ViapuxcLp) | IADJx internal limit 2.38 245 2.52 \Y
ViADJx(sD) Shutdown threshold R|S|.ng, Vine=0V 140 mv
Falling, Viny =6V 100 mV
xsizxx Z g_\‘('sv 167.5 173.0 1785 mv
x;SDF;i - ?_\2/'2\/ 83.0 88.5 940/ mv
V(cspx-csnx) | Current sense threshold Vesm = 6V,
Vinpue = 460mV 29.0 345 40.0 mV
xl‘i\ﬁ =?g/6mv 6.5 125 185 mvV
Imx(LV) Level shift amplifier transconductance |Vinx =63V, Vesny =5V 50 AV
o . Rising 1.71 \Y
Vespx(sHt) | Output short circuit detection threshold Falling e v
ON-TIME GENERATOR
toNKMIN) \ Minimum on-time. ‘V”\,X =45V \ 90 110 130\ ns
OFF-TIME GENERATOR
torrxany | Minimum off-time [Ving =45V | 57 78 86| ns
PWM DIMMING and PROGRAMMABLE UVLO INPUT (DIMx)
. Rising 2.45 2.52 \
Vubimxpo) | UDIM dropout detection threshold Falling 195 T Y
Rising 1.22 1.27 \Y
Vupimxeny | UDIM undervoltage lockout threshold Falling 0.97 102 v
luom0) | pyatersaiy - o Viom =15V 6.3 10 12| pA
ERROR AMPLIFIER (COMPx)
am Transconductance Ving = 63V 450 AV
Icompxisrc) | COMPx current source capacity x:z;; 231?2 ://(CSPX’CSNX) =0V, 45 MA
N
Icompx(sink) | COMPx current sink capacity \n/:\"}x ;lf;:/’:\q(iss;“cs'\'x) =200 45 pA
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6.5 Electrical Characteristics (continued)

-40°C < TJ < 150°C V5D = V5A =5 V VIN =24 V, VUDIMX =5 V CV5D =CV5A =47 }JF CBSTX =01 }JF, CCOMPX =1 nF, RCSX =
100 mQ, no load on SWx, FLTx pin floating (unless otherwise noted)

PARAMETER TEST CONDITIONS MIN TYP MAX| UNIT
EAxBwW) Bandwidth Unity gain 3 MHz
EAwD) Input differential sense range -225 225 mV
EAcm) Input common mode range Ving = 63V 0 Vinx— 0.5 \%
Icompxitkg) | COMPx leakage current Vupimx =0V 2.5 nA
Rising 2.45 Vv
Veompxst) | COMPX startup threshold Hysteresis 125 =y
Veourov) g]?el\s/lr?; é)ver-voltage detection Rising . 3.0 3.2 v
Hysteresis 75 mV
Rcompx(pcH) | COMPx discharge FET resistance 230 Q
VcowmpxrsT) |Reset voltage Falling 100 mV
FAULT INDICATOR (FLT)
Rerm) Fault pin pull-down resistance 3 7 Q
Toc Hiccup retry delay time 3.6 ms
THERMAL SHUTDOWN
Tsp Thermal shutdown threshold 175 °C
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6.6 Typical Characteristics

Ta=Ty=25°C, Vsp = V54 =3V, VN =24V, Vypiux = 5V, Cysp = Cysa = 4.7 PF Cpstx = 0.1 pF, Ccompx = 1 nF, Rcsx = 100
mQ, no load on SWx, FLTx pin floating (unless otherwise noted)
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6.6 Typical Characteristics (continued)

Ta=Ty=25°C, Vsp = V54 =5V, VN =24V, Vypux = 5 V, Cysp = Cysa = 4.7 PF Cpstx = 0.1 pF, Ccompx = 1 nF, Resx = 100
mQ, no load on SWx, FLTx pin floating (unless otherwise noted)
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Figure 6-7. High Side MOSFET On Resistance vs Temperature
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6.6 Typical Characteristics (continued)

Ta=Ty=25°C, Vsp = V54 =5V, VN =24V, Vypux = 5 V, Cysp = Cysa = 4.7 PF Cpstx = 0.1 pF, Ccompx = 1 nF, Resx = 100
mQ, no load on SWx, FLTx pin floating (unless otherwise noted)
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Figure 6-13. IADJ Internal Limit vs Temperature
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Figure 6-17. UDIM Dropout Detection Threshold vs Temperature
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Temperature

Copyright © 2021 Texas Instruments Incorporated

Submit Document Feedback

Product Folder Links: TPS92519-Q1

1


https://www.ti.com
https://www.ti.com/product/TPS92519-Q1
https://www.ti.com/lit/pdf/SLUSEG1
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLUSEG1A&partnum=TPS92519-Q1
https://www.ti.com/product/tps92519-q1?qgpn=tps92519-q1

TPS92519-Q1

13 TEXAS
INSTRUMENTS

SLUSEG1A — AUGUST 2021 — REVISED DECEMBER 2021 www.ti.com

6.6 Typical Characteristics (continued)

Ta=Ty=25°C, Vsp = V54 =5V, VN =24V, Vypux = 5 V, Cysp = Cysa = 4.7 PF Cpstx = 0.1 pF, Ccompx = 1 nF, Resx = 100
mQ, no load on SWx, FLTx pin floating (unless otherwise noted)
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Figure 6-19. COMP Leakage Current vs Temperature

Figure 6-20. Efficiency vs LED Current
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7 Detailed Description
7.1 Overview

The TPS92519-Q1 is a dual synchronous buck LED driver with a 4.5-V to 65-V input voltage range. The
device can deliver up to 2 A of continuous current per channel and power two independent strings of one to
16 series-connected LEDs. The device implements an adaptive on-time current regulation control technique
to achieve fast transient response. This architecture uses a comparator and a one-shot on-timer that varies
inversely with input and output voltage to maintain a near-constant frequency. With the FSET pin connected to
V5D the on-time generator ensure near constant frequency of 385 kHz for channel 1 and 440 kHz for channel
2. With the FSET pin grounded the on-time generator is programmed to operate channel 1 at approximately 2
MHz and channel 2 at 2.15 MHz. The on-time between two channels is offset to ensure low EMI signature. The
integrated low offset rail-to-rail error amplifier enables closed-loop regulation of LED current and ensures better
than 4% accuracy over a wide input, output, and temperature range.

The LED current reference is set by forcing voltage on IADJ input and can be varied from 140 mV to 2.45 V to
achieve over a 16:1 linear analog dimming range. Pulse Width Modulation (PWM) dimming of the LED current is
achieved by modulating the duty cycle of external voltage signal at UDIMx input. The external UDIMx input acts
as an enable and directly controls the LED current. This device optimizes the inductor current response and is
capable of achieving over a 1000:1 PWM dimming ratio.

The device incorporates an enhanced programmable fault feature including the following:

» Cycle-by-cycle switch overcurrent limit
* Input undervoltage protection
* Boot undervoltage protection
» Comp overvoltage protection
» Output open circuit indication
* OQutput short circuit indication

In addition, Thermal Shutdown (TSD) protection is implemented to limit the junction temperature at 175°C
(typical). The open-drain fault output, FLTX, indicates the status of the LEDs and is forced low whenever an
output open or short fault is detected by the device.

Toggling the enable input, EN, low forces the device in low-power sleep state. In this state, both channels are
disabled and analog supply, V5A, is disconnected to reduce the bias current drawn by the device.
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7.2 Functional Block Diagram
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7.3 Feature Description

7.3.1 Buck Converter Switching Operation

The following operating description of the TPS92519-Q1 refers to the Functional Block Diagram and the
waveforms in Figure 7-1. The main control loop of the TPS92519-Q1 is based on an adaptive on-time pulse
width modulation (PWM) technique that combines a constant on-time control with an inductor valley current
sense circuit for pseudo-fixed frequency operation. This proprietary control technique enables closed-loop

regulation of LED current and fast dynamic response necessary to meet the requirements for LED pixel control
and LED matrix beam applications.
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Figure 7-1. Adaptive On Time Control Buck Converter Waveforms

In steady state, the high-side MOSFET is turned on at the beginning of each cycle. The on-time duration of
this MOSFET is controlled by an internal one-shot timer and the high-side MOSFET is turned off after the timer
expires. The one-shot timer duration is set by the output voltage measured at the CSP pin, V¢sp, and the input
voltage measured at the VIN pin, V|y, to maintain a pseudo-fixed frequency. During the on-time interval, the
inductor current increases with a slope proportional to the voltage applied across its terminals (Viy — Vcsp)-

The low-side MOSFET is turned on after a fixed deadtime and the inductor current then decreases with the
constant slope proportional to the output voltage, Vcsp. Inductor current measured by the external sense resistor
is compared to the valley threshold, V\,, by an internal high-speed comparator. This MOSFET is turned off
and the one-shot timer is initiated when the sensed inductor current falls below the valley threshold voltage. The
high-side MOSFET is turned on again after a fixed deadtime.

The internal rail-to-rail error amplifier sets the valley threshold voltage and regulates the average inductor
current based on a reference set by IADJx input. A simple integral loop compensation circuit consisting of a
capacitor connected from the COMP pin to GND provides a stable and high-bandwidth response. As the inductor
current is directly sensed by an external resistor, the device operation is not sensitive to the ESR of the output
capacitors and is compatible with common multi-layered ceramic capacitors (MLCC).

7.3.2 Switching Frequency and Adaptive On-Time Control

The TPS92519-Q1 uses an adaptive on-time control scheme and does not have a dedicated on-board oscillator.
The one-shot timer is programmed by the voltage on FSET input. The on-time is calculated internally using
Equation 1 and is inversely proportional to the measured input voltage, V|y, and proportional to the measured
CSP voltage, Vcsp.

IN (1

Constant, k, is set by the FSET pin logic.

2.606x1078 for ch I 1
B X or channe }VFSET>1-8V

K=
2.285x107 for channel 2
4.890x107" for channel 1
K= x VFSET <08V
4.676x10" for channel 2 @)
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Given the duty ratio of the buck converter is Vcgp / VN, the switching period, Tgy, remains nearly constant over
all operating points. Use Equation 3 to calculate the switching period.

V
Tow = ton ¥ oo =
Vesp 3)

Use Equation 4 to calculate the switching frequency.
fow = —
S @)
7.3.3 Minimum On-Time, Off-Time, and Inductor Ripple

Buck converter operation is impacted by minimum on-time, minimum off-time, and minimum peak-to-peak
inductor ripple limitations. The converter reaches the minimum on-time when operating with high input voltage
and low-output voltage. In this control scheme, the off-time continues to increase and the switching frequency
reduces to regulate the inductor current and LED current to the desired value.

VOUT(MIN)

» ton = tonuin
tonving % Vingvax) (MIN) (5)

fswviny =
The converter reaches the minimum off-time when operating in dropout (low input voltage and high output
voltage). As the on-time and off-time are fixed, the duty cycle is constant and the buck converter operates in
open-loop mode. The inductor current and LED current are not in regulation. The converter continues to switch
unless disabled by the IADJx input.

The behavior and response of valley comparator is dependent on sensed peak-to-peak voltage ripple,
AV (csp.csn), and is a function of current sense resistor, Rcs, and peak-to-peak inductor current ripple, Aii pk-pk)-
To ensure periodic switching, the sensed peak-to-peak ripple must exceed the minimum value. At high (near
100%) or low (near 0%) duty cycles, the inductor current ripple is not sufficient to ensure periodic switching.
Under such operating conditions, the converter transitions from periodic switching to a burst sequence, forcing
multiple on-time and off-time cycles at a rate higher than the programmed frequency. Although the converter
cannot operate in a periodic manner, the closed-loop control continues regulating the average LED current with
a larger ripple value corresponding to higher peak-to-peak inductor ripple. TI recommends choosing an inductor,
output capacitor, and switching frequency to ensure minimum sensed peak-to-peak ripple voltage under nominal
operating condition is greater than 20 mV. The Application and Implementation section summarizes the detailed
design procedure.

7.3.4 Enable

The TPS92519-Q1 has an enable input EN for start-up and shutdown control of the output. If the enable input
is greater than 1.8 V then both channels are enabled. If the enable pin is pulled below 0.8 V, the channels are
disabled and the TPS92519-Q1 is switched to a low |l shutdown mode. In this mode, the device draws a 2-pA
typical current from the VIN pin and 17-pA typical from V5D pin. Tl does not recommend leaving EN pin floating.

7.3.5 LED Current Regulation and Error Amplifier

The reference voltage, V|apy, is internally scaled by a gain factor of 1/14 through a resistor network. An internal
rail-to-rail error amplifier generates an error signal proportional to the difference between the scaled reference
voltage (Viapy / 14) and the inductor current measured by the differential voltage drop between CSP and CSN,
V(csp-csn)- This error drives the COMP pin voltage, Vcomp, and directly controls the valley threshold of the
inductor current. Zero average DC error and closed-loop regulation is achieved by implementing an integral
compensation network consisting of a capacitor connected from the output of the error amplifier to GND. As a
good starting point, TI recommends a capacitor value between 1 nF and 10 nF between the COMP pin and
GND. The choice of compensation network must ensure a minimum of 60° of phase margin and 10 dB of gain
margin. The Application and Implementation section summarizes the detailed design procedure.
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Figure 7-2. Closed-loop LED Current Regulation

LED current is dependent on the current sense resistor, Rcs. Use Equation 6 to calculate the LED current.

V(CSP—CSN) Viapy

ILED = -

LED current accuracy is a function of the tolerance of the external sense resistor, Rcg, and the variation
in the sense threshold, V(csp.csn), caused by internal mismatch and temperature dependency of the analog
components. The TPS92519-Q1 is capable of achieving LED current accuracy of +4% at full scale over
common-mode range and a junction temperature range of —40°C to 150°C.

7.3.6 Start-up Sequence

The start-up circuit allows the COMP pin voltage to gradually increase, thus reducing the LED current overshoot
and current surges. The switching operation is initiated after the COMP pin voltage exceeds 2.45 V. A 450-mV
hysteresis window allows the device to operate when COMP voltage is within the expected operating range of
2.2 V to 2.7 V. Switching is disabled on detection of low COMP voltage to avoid excessive negative inductor
current.
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Figure 7-3. Soft-Start Sequence

The duration of soft start, tss, depends on the size of the compensation capacitor and the error amplifier source
current, ICOMP(SRC)-

245 X CCOMP

tss =
lcomp(sre) @)

The source current, Icomp(sre) is @ function of the transconductance, gy, of the error amplifier and error
generated between the reference and the current sensed voltage.

Viap
lcomp(src) = 9u X( 14J —Vicsp-csn)

(8)

With no current flowing through the LEDs, the soft start duration depends on the choice of compensation
capacitor, Ccomp, and the reference voltage, Vap,.

The open drain fault indicator, FLTx, is set low when the COMP voltage deviates from the nominal range
and exceeds Vcowmp(ov) threshold. This setting indicates a fault condition where the converter is operating in
open-loop and the LED current is out of regulation. The corresponding channel can be disabled by setting IADJx
input below 100 mV or controlling the UDIMx input.
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7.3.7 Analog Dimming and Forced Continuous Conduction Mode

Analog dimming is accomplished by modulating the voltage connected to IADJx input. The TPS92519-Q1
improves the linear range of analog dimming by supporting forced continuous conduction mode of operation.
With synchronous MOSFETs, the inductor current is allowed to go negative for part of the switching cycle, thus
enabling linear dimming with over 16:1 dimming range.

7.3.8 External PWM Dimming and Input Undervoltage Lockout (UVLO)

The UDIM pin is a multi-function input that features an accurate input voltage detection based on bandgap
thresholds with programmable hysteresis as shown in Figure 7-4. This pin functions as the external PWM
dimming input for the LEDs and monitors VIN to detect dropout and undervoltage conditions. When the rising
pin voltage exceeds the 2.45-V threshold, 10 pA (typical) of current is driven out of the UDIM pin into the
resistor divider providing programmable hysteresis. Tl recommends a bypass capacitor value of 1 nF between
the UDIMx pin and GND to improve noise immunity.

200 mV
VIN VJ] Ve
Standard L PWM& — PWM

PWM Dropout
@ Detection [— Dropout
| V5A
§ Ruvxe I 2Vga
* Dpim 10 pA
RuvH 10 kQ

J UDIM I:]—’\/\/V . TaT

J
Cuvs <<J 4

§ Ruvxi
Inverted | Qom
N/ PWM

Figure 7-4. External PWM Dimming

The brightness of LEDs can be varied by modulating the duty cycle of the signal directly connected to the
UDIM input. In addition, either an n-channel MOSFET or a Schottky diode can be used to couple an external
PWM signal when using UDIM input in conjunction with UVLO functionality. With an n-channel MOSFET, the
brightness is proportional to the negative duty cycle of the external PWM signal. With a Schottky diode, the
brightness is proportional to the positive duty cycle of the external PWM signal.

Dropout and input undervoltage protection is achieved by connecting the resistor divider network from VIN
to UDIM pin and UDIM pin to GND. Dropout protection is activated when UDIM pin voltage drops below
Vubimxo, FaLLING) threshold but is held above Vypmxen) threshold. In dropout protection mode, the device
disables the error amplidier and disconnects the COMP pin to maintain charge on the compensation network.
The device continues switching, ensuring fast response with minimum LED current overshoot as the converter
recovers from dropout condition. The minimum input voltage, below which dropout protection is activated is
programmed using Equation 9.

(RUVHX +10x10° ) x (Ruvxt + Ruvx2)

Ruvxi

VinkoFALL) = VinxoRiSE) ~ lupimxoo) *| Ruvxe +
(9)

Equation 10 shows the input voltage rising threshold. When VIN exceeds the rising threshold, the error amplifier
is enabled and COMP pin is connected to compensation network to regulate LED current.

Ruvxt + Ruvxe

VinxoRISE) = VUDIMX(DO,RISE) X R
uvxi (10)
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Additional hysteresis to internal 100 mV is programmed by connecting an extra resistor, Ryyny, in series with
UDIM pin. This connection allows the standard resistor divider to have smaller values, minimizing PWM delays.

Input undervoltage protection is triggered when UDIM pin voltage drops below Vypuxen) threshold. The
device responds to very low VIN voltage or to the external PWM input signal by disabling the error amplifier,
disconnecting the COMP pin and tri-stating the switch node. With switching disabled, inductor current and the
LED current drop to zero and the charge on the compensation network is maintained. On rising edge of PWM or
when VIN exceeds the internal hystersis of 200 mV, the converter resumes switching operation ramping inductor
current to the previous steady-state value.

Equation 11 defines the VIN UVLO rising threshold.

Ruvxt + Ruvxe

ViNx(UVLORISE) = VUDIMX(EN,RISE) * R
UV (1)

Use Equation 12 to determine the VIN UVLO falling threshold.

(RUVHX +10x10° ) x(Ruvxt +Ruvez)

Ruvx

Ruvxt + Ruvxe

R j_IUDIMx(DO) x| Ryvxe +
Uvxi

ViINx(UVLOFALL) = VUDIMx(ENFALL) X[
(12)

7.3.9 Shunt FET Dimming or Matrix Beam Application
A

Vesn
Viepiz

VLED1

~y

V(csp-csn) &

VVAL

~y

Figure 7-5. Shunt FET Dimming Transient Response

The TPS92519-Q1 is compatible with shunt FET dimming and LED Matrix Manager devices. The fast dynamic
response and adaptive on-time control topology ensure near ideal current source behavior with minimum
inductor current overshoot or undershoot. In contrast to constant off-time control, the control loop is able to
maintain LED current regulation under shorted output condition. The off-time of the converter naturally adapts to
the inductor slope and valley command while keeping the average LED current constant. Figure 7-5 shows the
shunt-FET dimming transient with all LEDs switched from on to off.

The device behavior is impacted by the falling slew-rate of CSN node, Vcsn. A large slew-rate in conjunction
with the parasitic capacitances from CSP and CSN to GND results in differential voltage forcing the converter to
burst with minimum on-time and minimum off-time. To avoid switch node bursting Tl recommends a maximum
slew-rate (dv/dt) of 15 V/us.

7.3.10 Bias Supply

The device is powered by an external 5-V supply connected to V5D and V5A pins. Operation is enabled
when V5D and V5A exceed the 4.1-V (typical) rising threshold and is disabled when either V5D or V5A drops
below the 4-V (typical) falling threshold. The comparator provides 100 mV of hysteresis to avoid chatter during
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transitions. The V5D supply powers the internal digital logic and the high-side and low-side gate driver circuits.
The V5A supply powers sensitive analog circuits. The two bias pins can be connected together on the PCB or
through a series 10-Q resistor between V5D and V5A with 5-V external supply connected directly to the V5D pin.
Tl recommends a capacitor from each pin to GND . The recommended range for the bypass capacitor from V5D
pin to ground is between 1 pF and 4.7 pF. The recommended range from the V5A pin to ground is between 100
nF and 1 pF. The bypass capacitor from V5D to GND must be 10 times larger than the bootstrap capacitor, Cgsr,
to support proper operation during PWM dimming. The voltage on V5D and V5A must never exceed 5.5 V.

In device sleep state, the V5A input is internally disconnected to reduce power consumption.
7.3.11 Bootstrap Supply

The TPS92519-Q1 contains both high-side and low-side N-channel MOSFETs. The high-side gate driver works
in conjunction with an internal bootstrap diode and an external bootstrap capacitor, Cgst. During the on-time
of the low-side MOSFET, the SW pin voltage is approximately 0 V and Cggt is charged from the V5D supply
through the internal diode. Tl recommends a 0.1-pF to 1-uF capacitor connected with short traces between the
BST and SW pins. A larger capacitor is required to prevent a bootstrap undervoltage fault when operating at low
PWM dimming frequencies.

7.3.12 Faults and Diagnostics
Table 7-1 summarizes the device behavior under fault conditions.

Table 7-1. Fault Description
FAULT DETECTION DESCRIPTION

Each channel is protected by an individual thermal sensor located close to the
switching MOSFETs. The thermal protection is activated in the event the maximum
Thermal protection T,>175°C MOSFET temperature exceeds the typical value of 175°C. The corresponding channel
is forced into shutdown mode. This feature is designed to prevent overheating and
damage to the internal switching MOSFETs.

V5D undervoltage Vsp(risg) < 4.1V The device enters the Undervoltage Lockout (UVLO). The switching operation is
lockout VspaLt) > 4 V disabled, the COMP capacitor is discharged.
Vsarise) <41V In sleep mode, the internal V5A node is disconnected to reduce the current
VSA l:nd'((ervtzltage consumption. The switching operation is disabled and the COMP capacitor is
ockou VsaraLL) > 4V discharged.

The device disables error amplifier and disconnects the compensation network for
the corresponding channel. Error amplifier is enabled and compensation network is
internally connected when the input voltage rises above the dropout rising threshold,
VINX(DO,RISE)-

The device disables switching operation for the corresponding channel. Switching is
enabled when the input voltage rises above the turn-on threshold, VinyuvLo,RISE)-

VBstxRrisg) > 3.14 V The device turns off the high-side MOSFET and turns on the low-side MOSFET for
lockout the corresponding channel. Normal switching operation is resumed after the bootstrap
ockou VBsTx(FaLL) < 2.95 V voltage exceeds 3.14 V.

COMPx v >39V The FLTx flag is set low to indicate that the COMP voltage exceeded the normal
overvoltage COMPX = = operating range. This condition indicates output open circuit fault.

VINx dropout

protection Vupimx <2.35V

VINx undervoltage

lockout Vupivx < 1.02 V

BSTx undervoltage

The FLTx flag is set low to indicate an output short circuit condition based on sensed

Short CHx output Vesnx <245V CSNx voltage.
High-side switch The device turns off the high-side MOSFET and discharges the COMP capacitor when
9 lhs>3.5A the drain current exceeds 3.5-A typical. The low-side switch is turned on to discharge

current limit the inductor and output capacitor. The device attempts to restart after delay of 3.6 ms

The device turns off both high-side and low-side MOSFETs and discharges the COMP
ILs>25A capacitor when the drain current exceeds 2.5 A typical. The device attempts to restart
after delay of 3.6 ms.

Low-side switch
current limit

The TPS92519-Q1 triggers an auto-restart on detection of the thermal shutdown, high-side, or low-side current
limit faults. In the case of thermal shutdown fault, the restart is initiated after the MOSFET temperature
decreases by the fixed hysteresis of 10°C. A soft-start sequence is initiated and switching operation is enabled.
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For a high-side or low-side current limit fault, a fixed 3.6-ms timer is initiated on detection of the fault. A restart is
initiated by the expiration of the fault timer and switching operation is enabled.

The output open circuit and short circuit faults force the FLTx pin low when biased through an external resistor
and connected to a 5-V supply. The FLTx output can be used in conjunction with a microcontroller or system
basis chip (SBC) as an interrupt and can be used to aid in fault diagnostics.

Table 7-2. Faults and Diagnostic Summary

LIST DESCRIPTION DAGNoon | ENABLEFAULT | £LT INDICATION
Thermal protection Fault No No
VINXpo) VIN supply dropout protection Diagnostics No No
VINxuvLo) VIN supply undervoltage lockout Fault No No
CHxBSTUV BST supply undervoltage lockout Fault No No
CHxCOMPOV COMP overvoltage Diagnostics No Yes
CHxSHORT Short circuit detected Diagnostics No Yes
CHxHSILIM High-side current limit Fault Yes No
CHXxLSILIM Low-side current limit Fault Yes No
V5AUV V5A undervoltage Diagnostics No No

7.3.13 Output Short Circuit Fault

The TPS92519-Q1 monitors the CSNx voltage to detect output short circuit faults. A short failure is indicated
when the CSNx voltage drops below 1.5 V. The corresponding is FLTx flag is set low. The device continues to
regulate current and operate without interruption in case of short circuit.

CSNx
CSPx
VINX
is
H Res LED o
Swx OO
— AN

L__
13T
I
gﬂl
o]
—ie

[ ] PGNDx A
LI

Figure 7-6. Cable Harness Parasitic Inductance

The voltage transient imposed on CSPx and CSNx inputs during short circuit is dependent on the output
capacitance and is influenced by the cable harness impedance. The inductance associated with a long cable
harness resonates with the charge stored on the output capacitor and forces CSPx and CSNx voltage to ring
below ground. The negative voltage and current are dependent on the parasitic cable harness inductance and
resistance.
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Figure 7-7. Short Circuit Fault Transient Behavior

When using a long cable harness, Tl recommends a diode to clamp the negative voltage across CSPx and
CSNx input, as shown in Figure 7-8. Tl recommends a low forward voltage Schottky diode or a fast recovery
silicon diode with reverse blocking voltage rating greater than the maximum output voltage. The diode is required
to be placed close to the output capacitor and must ensure that the current flowing through CSP and CSN nodes
under negative transient condition is below the absolute maximum rating of the device.

:| VINX

'_
e
—
Foswx [  LED:
L |
[ pr—
J"' Cour# Dgp
—
[ ] PGNDx .
- LED-

Figure 7-8. CSP and CSN Transient Protection Using an External Diode
7.3.14 Output Open Circuit Fault

An LED open circuit fault ultimately causes the output voltage to increase and settle close to the input voltage.
When this occurs, the TPS92519-Q1 switching operation is then controlled by the fixed on-time and minimum
off-time resulting in a duty cycle close to 100%. Under this condition, COMP voltage exceeds Vcowmpxov)
threshold forcing FLTx flag low.

The dynamic behavior of the device and buck converter is influenced by the input voltage, V|y, and the output
capacitor, CoyT, value. The device response to open circuit can be categorized into the following three distinct
cases.

Case 1: For a Buck converter design with a small output capacitor, the switching operation in open load condition
excites the inductor and the output capacitor resonance, forcing the output voltage to oscillate. The frequency
and amplitude of the oscillation are based on the resonant frequency and Q-factor of the tank.
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Figure 7-9. Open Circuit Condition With Output Voltage Oscillation

Case 2: For a buck converter design with larger output capacitor, the inductor Q-factor and resonant frequency
are much lower than the switching frequency. In this case, output voltage rises to input voltage and the converter
continues to switch with minimum off-time.

>
t

Figure 7-10. Open Circuit Condition With Minimum Off-time Operation

7.3.15 Parallel Operation

The adaptive on-time control technique enables parallel operation of two or more channels with independent
current sharing and regulation. Each channel operates independently and delivers current based on the
corresponding IADJx set point. To equally share current amongst channels, the IADJx for all channels must
be connected to the external reference voltage.
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Figure 7-11. Parallel Channel Configuration

Startup requires all channels to be enabled simultaneously by synchronizing the rising edge of IADJx voltage
above Viapyx(sp) rising threshold. This simultaneous enabling ensures that the soft-start ramp is synchronized
and current sharing is achieved after COMP voltage increases above the rising startup threshold, Vcompx(sT)-

PWM dimming is achieved by connecting the external PWM signal to UDIMx pin of all parallel channels. All
parallel channels have to be controlled by single PWM dimming reference. Tl does not recommend to PWM dim
individual parallel channels.

Additional considerations are necessary to account for bootstrap capacitor tolerance and the impact of the
capacitor variation when PWM dimming multiple parallel channels. Ensure that bootstrap capacitor voltage is
above the undervoltage threshold, VgsTxuv) for all operating conditions. For application requiring very low PWM
duty cycle or low PWM dimming frequency, Tl recommends to connect the COMPXx pin of all parallel channels
using nonparallel diodes, as shown in Figure 7-12. This connection allows the parallel channels to respond and
recovery from bootstrap undervoltage fault when operating at low PWM dimming duty cycles.

Copyright © 2021 Texas Instruments Incorporated Submit Document Feedback

Product Folder Links: TPS92519-Q1

25


https://www.ti.com
https://www.ti.com/product/TPS92519-Q1
https://www.ti.com/lit/pdf/SLUSEG1
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLUSEG1A&partnum=TPS92519-Q1
https://www.ti.com/product/tps92519-q1?qgpn=tps92519-q1

13 TEXAS

TPS92519-Q1 INSTRUMENTS
SLUSEG1A — AUGUST 2021 — REVISED DECEMBER 2021 www.ti.com
Viapy IADJx
?;H [ ] compx CSNx []
Ccompx
CHx

D [Ijm ILep
SWx ANN—e-¢
________________ Ly Rcsx —T—
;EOUTX

| H'] fj

| L COMPy CSNy ]

Ccowmpy
osry [ F——

CHy

swy []—m ANN—-
Res, 1
1 C
Vinoy 4¢_|:|:| IADJy J;OUTV

Figure 7-12. Parallel Channel Configuration for PWM Dimming Operation
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7.4 Device Functional Modes
The device has three functional modes: Power On Reset (POR) state, run mode and sleep mode.
7.4.1 Power On Reset (POR)

The device is in POR state when V5A or V5D input is below the undervoltage lockout threshold. In POR, both
channels are turned off. The device exits POR and enters functional modes when the V5D supply exceeds 4.1 V
(typical).

7.4.2 Run Mode

The device advances to run mode EN input is set high. In this mode, all the necessary conditions for initiating

the soft-start sequence are checked. If a fault occurs in this state, the device attempts to resume operation after
waiting for the fault timer to timeout.

Transition to sleep mode is by pulling EN input low. This action causes the device to enter a low-power state.
7.4.3 Sleep Mode
In sleep mode, the following occurs:

1. The internal regulators are disconnected from the V5A pin.
2. The oscillator is disabled.

3. The channels are disabled.

4. The high side and low side MOSFETs are turned off.

In sleep mode, the output voltage rises above 3 V as all internal loads are switched off and the leakage current
associated with high-side gate drive is forced through the switch node, SWx.
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8 Application and Implementation

Note

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

8.1 Application Information

Figure 8-1 shows a schematic of a typical application for the TPS92519-Q1.

LED+ o
Ccomp2
e  comp2 CSN2
R
UDIM2 cspe osz
PGND BST2 )
GND o PGND 2
L sw2
VasT O J VIN2 SW2
BST
L—B VIN2 — | R
& ; FLT2 }22o ADL21
GND o6
5V Cvsp IADJ2
o . 81 vsa o5
Supply | 9 FSET |50
I V5D en h24 Rapu11iS Rapsz
Cusa 10 IADJ1 |23
GND T2 2
11 ADJI2
1— VINI
Vs O N 124 viNg swi &
L SWi
GND 0 R VR PGND
14 L1
R Ruvi1 PGND BST1
o Cur CSP1
e 151 UpIM1
_EOUT1 CCOMF1 RCS1
?H—m COMP1 csnt HZ
LED+ ©

Figure 8-1. Buck LED Driver

8.1.1 Duty Cycle Consideration

The switch duty cycle, D, defines the converter operation and is a function of the input and output voltages. In
steady state, the duty cycle is defined using Equation 13:

D - Vesn
Vin (13)

There is no limitation for small duty cycles, because at low duty cycles, the switching frequency is reduced
as needed to always ensure current regulation. The maximum duty cycle attainable is limited by the minimum
off-time duration and is a function of switching frequency.

28 Submit Document Feedback Copyright © 2021 Texas Instruments Incorporated

Product Folder Links: TPS92519-Q1


https://www.ti.com/product/TPS92519-Q1
https://www.ti.com/lit/pdf/SLUSEG1
https://www.ti.com
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLUSEG1A&partnum=TPS92519-Q1
https://www.ti.com/product/tps92519-q1?qgpn=tps92519-q1

13 TEXAS
INSTRUMENTS TPS92519-Q1
www.ti.com SLUSEG1A — AUGUST 2021 — REVISED DECEMBER 2021

8.1.2 Switching Frequency Selection

Nominal switching frequency (ton > tongwiny) is set by input voltage, V|, output voltage, Vcsp and the FSET
pin. The switching varies slightly over operating range and temperature based on converter efficiency. Table 8-1
shows the nominal switching frequency for channel 1 and channel 2 based on FSET pin setting.

Table 8-1. Frequency Setting

FSET CHANNEL FREQUENCY
Channel 1 384 kHz
Vrser > 1.8V
Channel 2 438 kHz
Channel 1 2.04 MHz
Veser <0.8V
Channel 2 2.14 MHz

8.1.3 LED Current Set Point

The LED current is set by the external resistor, Rcs, and the IADJx pin. The current sense resistor, Rcg, is
selected to meet the maximum LED current specification and 90% of the full-scale range of IADJx clamp voltage.

_ 0.9x% VIADJx(CLP)
CS~ T,
14 x| gpxmax) (14)

The LED current can be varied between minimum and maximum specified limits by modulating the voltage on
IADJx pin.
8.1.4 Inductor Selection

The inductor is sized to meet the ripple specification at 50% duty cycle. Tl recommends a minimum of 30%
peak-to-peak inductor ripple to ensure periodic switching operation. Use Equation 15 to calculate the inductor
value.

_Vinervey
4>< AiL X fSW (15)

Use Equation 16 and Equation 17 to calculate the RMS and peak currents through the inductor. Make sure that
the inductor is rated to handle these currents.

AR
. _ e IL(mAX)
ILrMS) =, || 'LED(MAX) T R

(16)

i _ +AiL(MAX)
LK) = hepmax) +— 5 17)

8.1.5 Output Capacitor Selection

The output capacitor value depends on the total series resistance of the LED string, rp, and the switching
frequency, fsy. Equation 18 calculates the capacitance required for the target LED ripple current.

Al (ax)

Cour = :
8 X fSW X I’D X AILED (18)

For applications where the converter supports pixel beam or matrix LED loads, additional design considerations
influence the selection of output capacitor. The size of the output capacitor depends on the slew-rate control of
the LED bypass switches and must be carefully selected while considering the overshoot current created by the
dv/dt of the bypass switch.
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When choosing the output capacitors, it is important to consider the ESR and ESL characteristics because they
directly impact the LED current ripple. Ceramic capacitors are the best choice due to the following:

* LowESR

« High ripple current rating

* Long lifetime

* Good temperature performance

With ceramic capacitor technology, it is important to consider the derating factors associated with higher
temperature and DC bias operating conditions. TI recommends an X7R dielectric with a voltage rating greater
than maximum LED stack voltage.

8.1.6 Input Capacitor Selection

The input capacitor buffers the input voltage for transient events and decouples the converter from the supply. Tl
recommends a 2.2-uF input capacitor across the VIN pin and PGND placed close to the device, and connected
using wide traces. X7R-rated ceramic capacitors are the best choice due to the low ESR, high ripple current
rating, and good temperature performance. Additional capacitance can be required to further limit the input
voltage deviation during PWM dimming operation.

8.1.7 Bootstrap Capacitor Selection

The bootstrap capacitor biases the high-side gate driver during the high-side FET on-time. The required
capacitance depends on the PWM dimming frequency, PWMgrgq, and is sized to avoid boot undervoltage
and fault during PWM dimming operation. Equation 19 calculates the bootstrap capacitance, Cggt.

lo@sT)

Cgst =
(VSD + VBsT(HYS) — VBST(LY) ) x PWMgRreq (19)

Table 8-2 summarizes the Tl recommended bootstrap capacitor value for different PWM dimming frequencies.

Table 8-2. Bootstrap Capacitor Value

PWM DIMMING FREQUENCY (Hz) BOOTSTRAP CAPACITOR (uF)
1507 0.1
1318 0.15
1055 0.22
879 0.22
659 0.33
439 0.47
215 1
108 2

8.1.8 Compensation Capacitor Selection

A simple integral compensator is recommended to achieve stable operation across the wide operating range.
The bode plot of the loop gain with different compensation capacitors is shown in Figure 8-2. The buck converter
behaves as a single pole system with additional phase lag caused by the switching behavior. The gain and
phase margin is then determined by the choice of the switching frequency and is independent of other design
parameters. TlI recommends a 1-nF to 10-nF capacitor to achieve bandwidth between 4 kHz and 40 kHz. The
choice of compensation capacitor impacts the transient response, the shunt FET dimming behavior and PWM
dimming performance. A larger compensation capacitor (lower bandwidth) is recommended to limit the LED
current overshoot on the rising edge of internal or external PWM signal. A smaller compensation capacitor
(higher bandwidth) is recommend to improve shunt FET dimming response.
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Figure 8-2. Simulated Bode Plot of Loop Gain

8.1.9 Input Undervoltage Protection

Figure 8-1 shows that the undervoltage protection threshold is programmed using a resistor divider, Ryy4 and
Ryv2, from the input voltage, V|, to ground. Use Equation 20 and Equation 21 to calculate the resistor values.

R _ 2x VINx(UVLO,RISE) VINx(DO,FALL) 10x10°
uvx2 = - -
g IUDIMx(HYS) IUDIMx(HYS) (20)
R _ VUDIMx(EN,RISE) R
uvxt = Vv X Ryyx2
INX(UVLO,RISE) ~ VUDIM(EN,RISE) (21)

8.1.10 CSN Protection Diode

An external Schottky diode is selected to protect the CSP / CSN node by clamping the negative voltage during
short circuit transient. The Schottky diode must be selected based on the length of the cable harness and the
choice of output capacitor. TI recommends a Schottky diode with low forward voltage drop at room-temperature
and non-repetitive peak surge current rating of 10 A for duration of 5 ys. The diode must be located close to the
CSN pin.
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8.2 Typical Application
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Figure 8-3. Application Schematic
8.2.1 Design Requirements
Table 8-3. Design Parameters
PARAMETER CONDITIONS MIN TYP MAX UNIT
VN Input Voltage 58 60 62 \%
VinDo) Dropout protection threshold Falling 55 \%
Ns Number of LEDs 1 16
VELED LED forward voltage drop 2.8 3 3.4 \%
) LED string series resistance N X rp(LED) 0.1 1.6 Q
Vour Output voltage Ns x Vg gp 2.8 54.4 \%
ILep LED current 100 1600 mA
. . Defined as percentage peak-to-peak at maximum
Aicep LED current ripple LED current. 5 % of maximum LED current. 80 mA
Ai Inductor current ripple Eggngsirraesn{)ercentage peak-to-peak at maximum 30 %
VIN(UVLO,RISE) Start input voltage Input voltage rising 28.5 \%
Vv Input voltage undervoltage lockout 5 v
IN(UVLO,HYS) hysteresis
fewm PWM frequency 439 Hz
Dpwm PWM dimming duty cycle 4 100 %
Vsw Switching frequency 438 kHz
Ta Ambient temperature 25 °C
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8.2.2 Detailed Design Procedure
8.2.2.1 Calculating Duty Cycle

Solve for duty cycle D, Dyax, and Dyn:

_ Vourmax) _54.4

DMAX = = 0938
ViNMIN) 58 (22)
V,
Dy = M - %28 =0.0452
IN(MAX) (23)

8.2.2.2 Calculating Minimum On-Time and Off-Time

Solve for minimum on-time, tonpminy @t minimum duty cycle and maximum on-time, tonpmax) at maximum duty
cycle:

Vourmivy 1 2.8 1 9
t = x—=———x——=103.1x10
ON(DMIN) \/IN(MAX) fSW 62 438 x 1 03 (24)
Voutmax) 1 54.4 1 -6
tonomax) = — X 7— = x =2.141x10
( ) Vinmny  fsw 58 438x10° (25)

8.2.2.3 Minimum Switching Frequency

Confirm minimum switching frequency at tonpominy, fswminy:

VOUT(MIN) _ 2.8

=438x10°

fswminy = =
(VIR tonoming % Vingmax) 103.1x107° x 62 (26)

For the design specification, tonpominy > tongviny @and fswving = fsw-
8.2.2.4 LED Current Set Point
Solve for sense resistor, Res:

_ 0.9x% VIADJ(CLP) ~0.9x2.45

CcS = = 00984

A standard resistor of 100 mQ with tolerance better than 1 % and low temperature coefficient is selected.
8.2.2.5 Inductor Selection

The inductor is selected to meet the recommended 30% peak-to-peak inductor ripple specification:

V, V
__Vnave INTYP) _ 60 =71.3x10°8
4x A xfgy  4x0.3xleppax) < fsw  4x0.3x1.6x438x10° (28)

The closest standard capacitor is 68 pH.

* Lower inductor values increase the peak-to-peak inductor current, which minimizes size and cost at the
expense of reduced efficiency and larger output capacitor.

» Higher inductance values decrease the peak-to-peak inductor current, which increases efficiency but reduces
the operating range based on minimum sense voltage ripple, AV csp.csn) specification.

8.2.2.6 Output Capacitor Selection

The minimum output capacitance is selected to meet the LED current ripple specification:
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Ai
Cout = L(MAX) : = 30'48 7 =1.07x1 (O
8xfsw xpmax) X AiLepvax)  8x438x10° x1.6x80x10™ (29)

A standard 1-pF, 100-V X7R capacitor is selected.

8.2.2.7 Bootstrap Capacitor Selection

Referring to Table 8-2, a standard 470-nF, 16-V X7R capacitor is selected to support PWM frequency of 439 Hz.
8.2.2.8 Compensation Capacitor Selection

A compensation capacitor of 2.2 nF is selected to achieve balanced transient response between PWM dimming
and shunt FET dimming.

60 100
— 22nF
T —— — 1nF
40 Sy — 33nF|7®
—— \ — 4.7nF
20 \\ - _— ?08 nFF 50
\§t\\:\‘~ — n
) gy —— ~
S ———— T A 2
o e , &
I T I~ 54
— g
© \ [
G -40 25 g
/) g
vz T
-60 = -50
] AR
~
N
-100 ' v — -100
-120 -125
1000 2000 3000 5000 10000 20000 50000 100000 200000 500000 1000000 2000000 5000000 1E+7

Frequency (Hz)

Figure 8-4. Simulated Buck Converter Bode Plot

8.2.2.9 PWM Dimming and Input Voltage Protection

The device channel enable function and external PWM signal is achieved by controlling UDIM input. The device
modulates the LED current based on the PWM duty cycle of the external signal.

Input undervoltage lockout function is implemented by selecting Ryy1 and Ryys resistor along with internal
hysteresis.

2x ViNWVLORISE) B VIN(DOFALL) _10x10% = 2x28.5 55 _10x10% =190x10°

lubimpo) lupimpo) 10x10° 10x107° (30)

Ruvz =

A standard 191-kQ resistor is selected for Ryyy.

v,
UDIMENRISE) 122 1914103 =8.54x10°

XRAyyz =
ViNnwuvLoRisE) — VUDIMENRISE) 28.5-1.22 (31)

Ruv1 =

A standard 8.45-kQ resistor is selected for Ryy4.
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8.2.3 Application Curves

L

CTLITTIIT

Ch1: SW voltage (10 V/div); Ch3: Inductor current (200 mA/
div); Ch4: COMP voltage (400 mV/div); Time: 50 ps/div

Figure 8-5. Start-up Transient

LT

= m
ESssmstaae o s

Ch1: SW voltage (10 V/div); Ch2: Output voltage (4 V/div);
Ch3: Inductor current (200 mA/div); Time: 1 ps/div

Figure 8-6. Normal Operation

B

k- L | l
Ch1: SW voltage (10 V/div); Ch2: Output voltage (4 V/div);

Ch3: Inductor current (200 mA/div); Ch4: LED current (200
mA/div); Time: 500 ps/div

Figure 8-7. PWM Dimming Transient

Ch1: SW voltage (10 V/div); Ch2: Output voltage (4 V/div);
Ch3: Inductor current (200 mA/div); Ch4: LED current (200
mA/div); Time: 5 ps/div

Figure 8-8. PWM Dimming (Rising Edge)
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Ch1: SW voltage (10 V/div); Ch2: Output voltage (4 V/div);
Ch3: Inductor current (200 mA/div); Ch4: LED current (200
mA/div); Time: 5 ys/div

Figure 8-9. PWM Dimming (Falling Edge)

SSmEosEes

Ch1: SW voltage (10 V/div); Ch2: Output voltage (4 V/div);
Ch4: LED current (200 mA/div); Time: 400 ps/div

Figure 8-10. Shunt Dimming With Matrix Manager

Copyright © 2021 Texas Instruments Incorporated

Submit Document Feedback 35

Product Folder Links: TPS92519-Q1


https://www.ti.com
https://www.ti.com/product/TPS92519-Q1
https://www.ti.com/lit/pdf/SLUSEG1
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLUSEG1A&partnum=TPS92519-Q1
https://www.ti.com/product/tps92519-q1?qgpn=tps92519-q1

13 TEXAS

TPS92519-Q1 INSTRUMENTS
SLUSEG1A — AUGUST 2021 — REVISED DECEMBER 2021 www.ti.com
B ! B
= ims 2 :
s | L :
B = = = = = = w3 m m = m o=
R B [ (AR I \ |
i R AR N it
L
. || ‘ |v| I IIIHH il I N ‘u( ’1‘
1' L -] f 2~ e E ] o e [ ] [ -] | | % = =] = ] [ < mm ﬂ! T !ﬂ o
Ll Ly 7 - .

—

Ch1: SW voltage (10 V/div); Ch2: Output voltage (4 V/div);
Ch4: LED current (200 mA/div); Time: 400 ps/div

Figure 8-11. Shunt Dimming (LEDs ON-OFF
Transient)

Figure 8-12. Shunt Dimming (LEDs OFF to LEDs

Ch1: SW voltage (10 V/div); Ch2: Output voltage (4 V/div);
Ch4: LED current (200 mA/div); Time: 50 ps/div

ON)

Ch1: SW voltage (10 V/div); Ch2: Output voltage (4 V/div);
Ch4: LED current (200 mA/div); Time: 50 ps/div

Figure 8-13. Shunt Dimming (LEDs ON to LEDs
OFF)

\l

fl

Ch1: SW voltage (10 V/div); Ch2: Output voltage (4 V/div);
Ch3: Inductor current (200 mA/div); Ch4: LED current (200
mA/div); Time: 50 ps/div

Figure 8-14. Output Short Circuit Fault

g TIITTIeT CIITTTIT]

Ch1: SW voltage (10 V/div); Ch2: Output voltage (4 V/div);
Ch3: Inductor current (200 mA/div); Ch4: LED current (200
mA/div); Time: 40 ps/div

Figure 8-15. Output Short Circuit Fault Recovery

‘plr,‘q,r;.J‘ll MMHH‘""II‘IMWHA‘/}/\/\//-X/}/\/1‘(/\
LAY

Ch1: SW voltage (10 V/div); Ch2:
Output voltage (4 V/div); Ch3: Inductor
current (400 mA/div); Ch4: LED current
(200 mA/div); Time: 40 ps/div

Figure 8-16. Output Open Circuit Fault
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9 Power Supply Recommendations

This device is designed to operate from an input voltage supply range between 4.5V and 65 V. The input can be
a car battery or another preregulated power supply. Additional bulk capacitance or an input filter can be required
in addition to the ceramic bypass capacitors to address converter stability, noise, and EMI concerns.

10 Layout
10.1 Layout Guidelines

The performance of any switching converter depends as much on the layout of the PCB as the component
selection. The following guidelines can help you design a PCB with the best power converter performance:

* Place ceramic high-frequency bypass capacitors as close as possible to the TPS92519-Q1 VIN and PGND
pins. Grounding for both the input and output capacitors must consist of localized top side planes that
connect to the PGND pins.

» Place bypass capacitors for V5D and V5A close to the pins and ground the capacitors to device ground.

» Differentially route the CSP and CSN pins to sense resistor. Route the traces away from noisy nodes,
preferably through a layer on the other side of a shielding or ground layer.

» Use ground plane in one of the middle layers for noise shielding.

» Make VIN and ground connection as wide as possible. This action reduces any voltage drops on the input of
the converter and maximizes efficiency.

10.1.1 Compact Layout for EMI Reduction

Radiated EMI is generated by the high di/dt from pulsing currents in switching converters. The larger the area
covered by the path of a pulsing current, the more electromagnetic emission is generated. The key to minimize
radiated EMI is to identify the pulsing current path and minimize the area of the path. In buck converters, the
pulsing current path is from the VIN side of the input capacitors through the HS switch, through the LS switch,
and then returns to the ground of the input capacitor.

High-frequency ceramic bypass capacitors at the input side provide primary path for the high di/dt components of
the pulsing current. Placing ceramic capacitors as close as possible to the VIN and PGND pins is the key to EMI
reduction.

The PCB copper connection of the SW pin to the inductor must be as short as possible and just wide enough
to carry the LED current without excessive heating. Short, thick traces or, copper pours (shapes), must be used
for high current conduction path to minimize parasitic resistance. Place the output capacitor close to the CSN pin
and grounded closely to the PGND pin.

10.1.1.1 Ground Plane

Tl recommends using one of the middle layers as a solid ground plane. The ground plane provides shielding for
sensitive circuits and traces. The ground plane also provides a quiet reference potential for the control circuitry.
Connect the GND and PGND pins to the ground plane using vias right next to the bypass capacitors. PGND pins
are connected to the source of the internal LS switch. The pins must be connected directly to the grounds of the
input and output capacitors. The PGND net contains noise at the switching frequency and can bounce due to
load variations.
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10.2 Layout Example

Figure 10-1. TPS92519-Q1 Layout Example
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11 Device and Documentation Support
11.1 Documentation Support

11.1.1 Related Documentation

For related documentation see the following:

Texas Instruments, TPS92519-Q1 Evaluation Module User's Guide
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 Support Resources

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

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

11.4 Trademarks

TI E2E™ is a trademark of Texas Instruments.
All trademarks are the property of their respective owners.

11.5 Glossary
Tl 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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PACKAGING INFORMATION

Orderable part number Status  Material type Package | Pins Package qty | Carrier RoOHS Lead finish/ MSL rating/ Op temp (°C) Part marking
@ @ ® Ball material Peak reflow ©)
@ ©)
TPS92519QDAPRQ1 Active Production HTSSOP (DAP) | 32 2500 | LARGE T&R Yes NIPDAU Level-3-260C-168 HR 125 to -40 92519Q
TPS92519QDAPRQ1.A Active Production HTSSOP (DAP) | 32 2500 | LARGE T&R Yes NIPDAU Level-3-260C-168 HR 125 to -40 92519Q

@ status: For more details on status, see our product life cycle.

@ material type: When designated, preproduction parts are prototypes/experimental devices, and are not yet approved or released for full production. Testing and final process, including without limitation quality assurance,
reliability performance testing, and/or process qualification, may not yet be complete, and this item is subject to further changes or possible discontinuation. If available for ordering, purchases will be subject to an additional
waiver at checkout, and are intended for early internal evaluation purposes only. These items are sold without warranties of any kind.

® RoHS values: Yes, No, RoHS Exempt. See the Tl RoHS Statement for additional information and value definition.

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

® msL rating/Peak reflow: The moisture sensitivity level ratings and peak solder (reflow) temperatures. In the event that a part has multiple moisture sensitivity ratings, only the lowest level per JEDEC standards is shown.
Refer to the shipping label for the actual reflow temperature that will be used to mount the part to the printed circuit board.

© part marking: There may be an additional marking, which relates to the logo, the lot trace code information, or the environmental category of the part.

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

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

In no event shall TI's liability arising out of such information exceed the total purchase price of the Tl part(s) at issue in this document sold by Tl to Customer on an annual basis.
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TAPE AND REEL INFORMATION
REEL DIMENSIONS TAPE DIMENSIONS
4 |+ KO [¢—P1—
L Regic oy Rogic e o T
o| |e o Bo W
el |
. Diameter ' '
Cavity —>| AO |<—
A0 | Dimension designed to accommodate the component width
B0 | Dimension designed to accommodate the component length
KO | Dimension designed to accommodate the component thickness
A W | Overal width of the carrier tape
i P1 | Pitch between successive cavity centers
[ [ ]
_f Reel Width (W1)
QUADRANT ASSIGNMENTSFOR PIN 1 ORIENTATION IN TAPE
O O O OO0 O 00 Sprocket Holes
| |
T T
St N Il )
H4-—q--4 t--1--1
Q3 1 Q4 Q3 | User Direction of Feed
[ & A |
T T
N
Pocket Quadrants
*All dimensions are nominal
Device Package |Package|Pins| SPQ Reel Reel A0 BO KO P1 w Pinl
Type |Drawing Diameter| Width | (mm) | (mm) | (mm) [ (mm) [ (mm) |Quadrant
(mm) |W1(mm)
TPS92519QDAPRQ1 |HTSSOP| DAP 32 2500 330.0 24.4 8.8 11.8 1.8 12.0 | 240 Q1
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TAPE AND REEL BOX DIMENSIONS

*All dimensions are nominal

Device Package Type |Package Drawing| Pins SPQ Length (mm) | Width (mm) | Height (mm)
TPS92519QDAPRQ1 HTSSOP DAP 32 2500 356.0 356.0 45.0
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GENERIC PACKAGE VIEW
DAP 32 PowerPAD™ TSSOP - 1.2 mm max height

8.1 x 11, 0.65 mm pitch PLASTIC SMALL OUTLINE

This image is 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
DAPOO032F PowerPAD™ TSSOP - 1.2 mm max height

4

PLASTIC SMALL OUTLINE

8.3

|-
@ 79 TYP
PIN 1 ID AREA 30X O o5
1 :f =32 lﬁ
— 1
—: —
| — —
—/ —
—/ —
111 —/ —
10'9 —/ — ox
NOTE 3 —] —
—/ —
—/ —
—/ —
—/ —
—/ —
—/ —
16— —— =1 J
L 17 1 0.30
32X 0.19
6.2
IJ% S — & [01@ [C[A]]

i

(

J\'-/’
SEE DETAIL A

(0.15) TYP
ot
T

—] —
—] —
—] 411 —
— 3.29 — EXPOSED
—] { THERMAL PAD
| p—
— —
—] / —
4.06 —] —
3.16 —] —
—] —
| — — +
—T —_ 1
2X (0.9) 44 F — 2x(0.15 08 0.50 0.05
NOTE5 ——
—] — NOTE 5
— — DETAIL A
— — TYPICAL
4226056/A 07/2020
NOTES: PowerPAD is a trademark of Texas Instruments.

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. This dimension does not include mold flash, protrusions, or gate burrs. Mold flash, protrusions, or gate burrs shall not
exceed 0.15 mm per side.
4. Reference JEDEC registration MO-153.
5. Features may differ and may not be present.
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EXAMPLE BOARD LAYOUT
DAPOO032F PowerPAD™ TSSOP - 1.2 mm max height

PLASTIC SMALL OUTLINE

(5.2)
NOTE 9 SOLDER MASK
(4.11) DEFINED PAD

32X (1.5
5 SEMM SEE DETAILS
I e -

b i 32
32X (0.45) j CD ! |
4% 1 !
30X (0.65) — ! ‘
b o
SYMM | | 1)
(ti,@,%ei,%+ o J (4.06) NOTEO
i e} o ! f
1 i
|
(R0.05) TYP ‘
@0.2) TYP ! !
VIA 16 o 0 ‘ 17
(0.65) TYP 4
METAL COVERED | (1.3)TYP
BY SOLDER MASK @5
LAND PATTERN EXAMPLE
EXPOSED METAL SHOWN
SCALE:8X
SOLDER MASK: SOLDER MASK: METAL UNDER
OPENING \ METAL OPENING‘\ SOLDER MASK
'O )
EXPOSED METAL EXPOSED METAL— | ‘
L 0.05 MAX #L 0.05 MIN
ALL AROUND ALL AROUND
NON SOLDER MASK SOLDER MASK
DEFINED DEFINED

SOLDER MASK DETAILS
NOT TO SCALE
4226056/A 07/2020

NOTES: (continued)

6. Publication IPC-7351 may have alternate designs.

7. Solder mask tolerances between and around signal pads can vary based on board fabrication site.

8. This package is designed to be soldered to a thermal pad on the board. For more information, see Texas Instruments literature
numbers SLMAO02 (www.ti.com/lit/sima002) and SLMAO004 (www.ti.com/lit/sima004).

9. Size of metal pad may vary due to creepage requirement.
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DAPOO32F

EXAMPLE STENCIL DESIGN
PowerPAD™ TSSOP - 1.2 mm max height

PLASTIC SMALL OUTLINE

32X (1.5) ﬁ
L I

(9

32X (0.45) T

=

(4.11)
BASED ON
0.125 THICK
STENCIL

|
|
|
|
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|
|
|
|
|
|
|
|
|
|
|

w
N

o0y

a0x(065)— [ ] ) {
[ I I e
T = e
STENCIL
CE] o) ) ! ) s CI:]
L. )

METAL COVERED
BY SOLDER MASK [

o

SEE TABLE FOR
DIFFERENT OPENINGS
FOR OTHER STENCIL
THICKNESSES

D
p

[N
~

SOLDER PASTE EXAMPLE
EXPOSED PAD
100% PRINTED SOLDER COVERAGE BY AREA

SCALE:8X
STENCIL SOLDER STENCIL
THICKNESS OPENING
0.1 4.60 X 4.54
0.125 4.11 X 4.06 (SHOWN)
0.15 3.75 X3.71
0.175 3.47 X 3.43

4226056/A 07/2020

NOTES: (continued)

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

design recommendations.

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

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

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

These resources are subject to change without notice. Tl grants you permission to use these resources only for development of an
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