Tl Designs: TIDA-01234
24-W Boost and Boost-to-Battery Reference Design for
Automotive LED Lighting

w3 TeXAS INSTRUMENTS

Description Features
This reference design is a 24-W, high-efficiency (94%), * 24-W Automotive LED Driver Solution
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1 System Description
This reference design is a 24-W, high-efficiency, low-cost, asynchronous boost design for automotive LED
applications based on the LM3481-Q1. This design applies to automotive high brightness lighting such as
headlights, talil lights, and interior LED lighting systems. The design also support analog LED brightness
control and output open protection.
The design is divided into two major configurations:
1. Boost configuration:
e Wide input range from 6 to 18 V,y
e Can drive multiple strings of six to seven LEDs at 1-A constant current
* High efficiency (94%), low cost
2. Boost-to-battery configuration:
¢ Wide input range from 6 to 18 Vy
« Input voltage can either be higher, lower, or equal to required LED strings voltage
e High efficiency (89%), low cost
1.1 Key System Specifications
Table 1. Key System Specifications
PARAMETER SPECIFICATIONS
Vy minimum 6-V DC
Vy maximum 18-V DC
Vour 16 to 24 V (boost only), 8 to 12 V (boost-to-battery)
LED drive current (maximum) 1A
Approximate switching frequency 350 kHz
LED dimming 0 to 1 A with no flickering
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2 System Overview

2.1 Block Diagram
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24W Boost and Boost-to-Battery Reference Design for Automotive LED Lighting
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Figure 1. TIDA-01234 Block Diagram
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Figure 2. Automotive LED Lighting Example Highlighting TIDA-01234
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2.2 Highlighted Products
The following TI products are used in this reference design.

221  LM3481-Q1

* AEC-Q100 grade 1 qualified temperature: —40°C to 125°C operating junction temperature
» Wide supply voltage range: 2.97 to 48 V

e 100-kHz to 1-MHz adjustable and synchronizable clock frequency

» Pulse skipping at light loads

» Adjustable undervoltage lockout (UVLO) with hysteresis

* Internal soft-start

222 INA213-Q1
e AEC-Q100 grade 1 qualified temperature: —40°C to 125°C operating junction temperature
*  Wide common-mode range: —0.3 to 26 V
» Offset voltage: £100 pV (maximum; enables shunt drops of 10-mV full-scale)
* Accuracy:
— %1% gain error (maximum over temperature)
— 0.5-pV/°C offset drift (maximum)
— 10-ppm/°C gain drift (maximum)
* Quiescent current: 100 pA (maximum)
e SC70 package
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2.3

231

System Design Theory

Boost Description

Generally, the output voltage can be programmed using a resistor divider and feedback pins. The output
current depends on the load requirement. But for an LED application, constant current is necessary to
keep a specific lightness. This design used current sensing to achieve constant current by the boost
controller LM3481-Q1.

To keep constant current flowing through LED, there is a current sense resistor, Rg,nT, at the output of
the controller to sense how much current flows through it. This reference design uses a 50-mQ current
sense resistor to generate 50 mV of crossing voltage. This crossing voltage will be amplified by the
INA213-Q1, which provides a gain = 50 V/V. Using an external voltage injected into the current sense
amplifier reference at J1 allows for analog dimming of the LEDs at the output by changing the output
current, as shown in Equation 1:

Vg = [(' ouT X RSHUNT)+ VREFJ x

where:

e Vgis1.275V

*  Rgyunt IS 50 mQ
 R3equal to R4 are 10 kQ

iu b

R3
R3 + R4 @

oz =l-cm3=lond
W

oD TR T

8
%-I”—w

Figure 3. Boost Configuration and LM3481 Schematic

If the output LED burns out or is open at the output circuit, the output voltage will continuously rise. The
TIDA-01234 design provides output open circuit protection. For the boost configuration, a Zener diode
connected between Vo, and VFB_DIV, clapping the output voltage at the Zener voltage Vz plus the
output voltage of the current sense amplifier.
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2.3.2 Boost-to-Battery Description

In order to generate constant current with an output voltage closed to the input voltage, the designer must
use a buck-boost or a SEPIC structure, which is complex and costly. By connecting the cathode of LED
strings to the input instead of the GND, the TIDA-01234 can also be modified to boost-to-battery
configuration. In this configuration, input voltage can either be higher, lower, or equal to the required LED
strings voltage.

h

i

Figure 4. Boost-to-Battery Configuration and LM3481 Schematic

For boost-to-battery, the TIDA-01234 provides another solution for open circuit protection by using
transistor Q2 combined with R5, R6, R7, R8, and D2 to detect differential voltage between output voltage
and input voltage. When the differential voltage rises up to V., where V,, is overvoltage at the output,
Zener diode D2 will turn on and pull the comp pin voltage down by Q3. As a result, the output voltage will
stay low until the load is connected.

For design calculations and layout examples, see the devices' respective datasheets:
e LM3481-Q1 High-Efficiency Controller for Boost, SEPIC and Flyback DC-DC Converters (SNVS346)

* INA21x-Q1 Automotive-Grade, Voltage Output, Low- or High-Side Measurement, Bidirectional, Zero-
Drift Series, Current-Shunt Monitors (SBOS475)
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3 Testing and Results
3.1 Boost Configuration Test Results

3.11 Thermal Data

The infrared thermal image shown in Figure 5 was taken at a steady state with 12 V,, and full load of a 1-
A load current (current sense comparator reference set to 0 V) for boost configuration.

22.0

06/26/2016 14:26:18

Figure 5. Thermal Image of Boost Configuration

3.1.2 Efficiency Data

3.1.2.1 Efficiency Chart
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Figure 6. Boost Efficiency versus Load Current at Various Input Voltages
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3.1.2.2

Efficiency Data

Table 2. Boost Efficiency Table at 6 V

REF (V) Vin (V) In (A) Vour (V) lour (A) EFF (%)
0 6.004 4.278 23.67 1.009 92.98394
1.0 6.006 2.082 22.20 0.524 93.02897
1.8 6.002 0.835 20.67 0.218 89.91135
2.2 6.000 0.291 19.56 0.075 84.02062
2.5 6.000 0.002 11.63 0 0
Table 3. Boost Efficiency Table at 10 V
REF (V) Vin (V) I (A) Vour (V) lour (A) EFF (%)
0 10.005 2.564 24.11 1.010 94.92563
1.0 10.006 1.251 22.17 0.525 92.98378
18 10.005 0.500 20.71 0.219 90.66447
2.2 10.008 0.181 19.59 0.076 82.19060
25 10.000 0.002 12.53 0 0
Table 4. Boost Efficiency Table at 12 V,,
REF (V) Vin (V) In (A) Vour (V) lour (A) EFF (%)
0 12.006 2.140 24.02 1.010 94.42397
1.0 12.009 1.043 22.18 0.526 93.14427
1.8 12.002 0.423 20.74 0.219 89.46618
2.2 12.000 0.153 19.62 0.076 81.21569
25 12.000 0.002 11.96 0 0
Table 5. Boost Efficiency Table at 15 V
REF (V) Vin (V) In (A) Vour (V) lour (A) EFF (%)
0 15.01 1.687 23.77 1.010 94.81014
1.0 15.005 0.833 22.19 0.526 93.38176
1.8 15.000 0.339 20.76 0.220 89.81711
2.2 15.004 0.114 19.64 0.076 87.26562
2.5 15.000 0.002 14.96 0 0
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3.1.3 Boost Configuration Waveforms

3.1.3.1  Switching and Output Current
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Figure 7. 12-V,, and 0-V Reference on Current Sense Figure 8. 12 V, and 1.2-V Reference on Current Sense
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Figure 9. 12 V, and 2.5-V Reference on Current Sense Comparator Provides Maximum Output Current
NOTE: Ch1 (yellow trace): Switch node voltage, Ch2 (pink trace): Output current
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3.1.3.2  System Startup Waveforms
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Figure 14. Startup Into No Load (Current Sense Figure 15. Startup Into No Load (Current Sense
Comparator Reference Voltage Set to 2.5 V) at 15V, Comparator Reference Voltage Set to 0 V) at 15V,

NOTE: Ch1 (yellow trace): V,,, Ch2 (pink trace): Vo,

3.14 Analog Dimming
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Figure 16. Reference Voltage for Current Sense Comparator versus Load Current

NOTE: Figure 16 shows the current regulation for the boost configuration.
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3.15 Loop Response
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Figure 17. 6-V,y Loop Response Showing a Stable System With Gain Margin: 13.8 dB
and Phase Margin: 86.5°
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Figure 18. 12-V,, Loop Response Showing a Stable System With Gain Margin: 11.4 dB

and Phase Margin: 71.4°
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3.2 Boost-to-Battery Configuration Test Results
3.2.1 Thermal Data

The infrared thermal image shown in Figure 19 was taken at steady state with 12 V,y and full load of a 1-A
load current (current sense comparator reference set to 0 V) for boost-to-battery configuration.

22.0

06/26/2016 14:47:42

Figure 19. Thermal Image of Boost-to-Battery

3.2.2 Efficiency Data

3.2.2.1 Efficiency Chart
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Figure 20. Boost-to-Battery Efficiency versus Load Current at Various Input Voltages
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3.2.2.2

Efficiency Data

Table 6. Boost-to Battery Efficiency Table at 6 V

REF (V) Vin (V) I (A) Vour (V) lour (A) EFF (%)
0 6.000 1.918 10.18 1.018 90.05249
1.0 6.000 0.970 9.56 0.545 89.52234
1.8 6.006 0.438 8.97 0.251 85.58679
2.2 6.002 0.188 8.53 0.102 77.10728
2.5 6.000 0.002 0 0 0
Table 7. Boost-to Battery Efficiency Table at 10 V,
REF (V) Vin (V) I (A) Vour (V) lour (A) EFF (%)
0 10.002 1.161 10.17 1.024 89.68129
1.0 10.004 0.577 9.50 0.529 87.06223
1.8 10.009 0.258 8.95 0.239 82.83436
2.2 10.008 0.105 8.49 0.090 72.71326
25 10.000 0.002 0 0 0
Table 8. Boost-to Battery Efficiency Table at 12 V
REF (V) Vin (V) I (A) Vour (V) lour (A) EFF (%)
0 12.006 0.970 10.16 1.020 88.98643
1.0 12.002 0.482 9.49 0.522 85.63199
1.8 12.002 0.215 8.94 0.230 79.68439
2.2 12.000 0.089 8.46 0.082 64.95506
2.5 12.000 0.002 0 0 0
Table 9. Boost-to Battery Efficiency Table at 15 V|,
REF (V) Vin (V) I (A) Vour (V) lour (A) EFF (%)
0 15.002 0.781 10.15 1.017 88.10221
1.0 15.001 0.387 9.49 0.511 83.53259
1.8 15.006 0.171 8.91 0.220 76.39050
2.2 15.003 0.066 8.42 0.073 62.07445
2.5 15.000 0.002 0 0 0
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3.2.3 Boost-to-Battery Configuration Waveforms

3.2.3.1  Switching and Output Current

e Trigger Displa S Analysis Utiliies
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Figure 21. 12-V,, and 0-V Reference on Current Sense
Comparator Provides Maximum Output Current
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Figure 22. 12-V,, and 0-V Reference on Current Sense
Comparator Provides Maximum Output Current
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62212016 4:02:51 PM

Figure 23. 12-V,, and 2.5-V Reference on Current Sense Comparator Provides Maximum Output Current

NOTE: Ch1 (yellow trace): Switch node voltage, Ch2 (pink trace): Output current
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3.2.3.2 System Startup Waveforms
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Figure 25. Startup Into No Load (Current Sense
Comparator Reference Voltage Set to 0 V) at 9 V,,

A\ Trailing number(s) in the filename were truncated to allow auto-numbering.

Figure 24. Startup Into No Load (Current Sense
Comparator Reference Voltage Setto 2.5 V) at 9V,
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Figure 27. Startup Into No Load (Current Sense
Comparator Reference Voltage Set to 0 V) at 12 V,,

A\ Trailing number(s) in the filename were truncated to allow auto-numbering. 6/22i2016 4:57:11 PM

Figure 26. Startup Into No Load (Current Sense
Comparator Reference Voltage Set to 2.5 V) at 12 V,
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ile  Vertical Timebase Trigger Display Cursors Measure Math Analysis Utilities Help File Vertical Timebase Trigger Display Cursors Measure Math Analysis Utilities Help

Vin Vi
Vi Vi

10.0 Vidiv | i msidiv | Stop 730V
1.00 MS 5.0 MSis JEdge. Posive -G
A\ Trailing number(s) in the filename were truncated to allow auto-numbering. BI2212016 45757 PM LeCroy = 6/22/2016 4:49:36 PM
Figure 28. Startup Into No Load (Current Sense Figure 29. Startup Into No Load (Current Sense
Comparator Reference Voltage Set to 2.5 V) at 15V, Comparator Reference Voltage Set to 0 V) at 15V,

NOTE: Ch1 (yellow trace): V,,, Ch2 (pink trace): Vo,

3.2.4 Analog Dimming

3.0
— 8V
— 10 V|N

25 — 12V
S — 15 V|N
o 20
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c
[
L 1.0
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x \

> ‘\

0.0 9

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Load Current (A) D004

Figure 30. Reference Voltage for Current Sense Comparator versus Load Current

NOTE: Figure 30 shows the current regulation for the boost configuration.
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3.25 Open Circuit Protection

File  Vertical Tim Trigger D & Measure Math A Utilities Help
LED corinect |
v v
| Woid .
—N —
1 1 I 1
1 1 I 1
A A
Output apen
fout
c2
A
Rall 2.00 sidiv | Stop 222%
1.00MS 50 ks § Edge Negative

Figure 31. Boost-to-Battery Open Circuit Protection
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3.2.6 Loop Response
Mag [B/A] (dB) | LM3481 Backlight Boost to Battery Phase [B-A] (deg)
50.000 200.000 =
40.000 160.000
30.000 120.000
20,000 —— 80.000
10.000 | 40.000
0.000 0.000
10.000 -40.000
-20.000 -80.000
-30.000 -120.000
-40.000 -160.000
-50.000 I -200.000 -
100 k
L 1
Data I | M2 - w1
Frequency 168 kHz 53.90 kHz
Magnitude -0.002 dB -10.017 d&
Phase 93951 deg -94.012 deg
Figure 32. 6-V,, Loop Response Showing a Stable System With Gain Margin: 10.0 dB
and Phase Margin: 93.95°
Mag [B/A] (dB) | LM3481 Backlight Boost to Battery Phase [B-A] (deg)
200.000 =
160.000
120.000
80.000
40.000
0.000
-40.000
-80.000
-120.000
-160.000
I -200.000 -
100 k
[ 1
Data | n1 | w2 - w1
Frequency 213 kHz 7341 kHz
Magnitude -0.008 dB -3.891 dB
Phase 99714 deg -99.721 deg
Figure 33. 12-V,, Loop Response Showing a Stable System With Gain Margin: 8.9 dB
and Phase Margin: 99.7°
20 24-W Boost and Boost-to-Battery Reference Design for Automotive LED TIDUC83A-August 2016—Revised August 2017

Lighting

Copyright © 2016—2017, Texas Instruments Incorporated

Submit Documentation Feedback


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUC83A

I

TEXAS
INSTRUMENTS

www.ti.com

Design Files

4

4.1

4.2

4.3

43.1

4.4

4.5

4.6

6.1

Design Files

Schematics
To download the schematics, see the design files at TIDA-01234.

Bill of Materials

To download the bill of materials (BOM), see the design files at TIDA-01234.

PCB Layout Recommendations

Layout Prints
To download the layer plots, see the design files at TIDA-01234.

Altium Project
To download the Altium project files, see the design files at TIDA-01234.

Gerber Files
To download the Gerber files, see the design files at TIDA-01234.

Assembly Drawings

To download the assembly drawings, see the design files at TIDA-01234.

Software Files

To download the software files, see the design files at TIDA-01234.

Related Documentation

This reference design did not use any related documentation.

Trademarks
All trademarks are the property of their respective owners.

About the Author

SHAQUILLE CHEN is a field application engineer at Texas Instruments where he is responsible for major
account in Taiwan. Shaquille earned his master of technology (M.Tech) from the National Taiwan

University of Science and Technology in Taipei.
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IMPORTANT NOTICE FOR TI DESIGN INFORMATION AND RESOURCES

Texas Instruments Incorporated (‘TI”) technical, application or other design advice, services or information, including, but not limited to,
reference designs and materials relating to evaluation modules, (collectively, “Tl Resources”) are intended to assist designers who are
developing applications that incorporate TI products; by downloading, accessing or using any particular TI Resource in any way, you
(individually or, if you are acting on behalf of a company, your company) agree to use it 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 TI Resources.

You understand and agree that you remain responsible for using your independent analysis, evaluation and judgment in designing your
applications and that you have full and exclusive responsibility to assure the safety of your applications and compliance of your applications
(and of all TI products used in or for your applications) with all applicable regulations, laws and other applicable requirements. You
represent that, with respect to your applications, you have 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. You agree that prior to using or distributing any applications that include TI products, you
will thoroughly test such applications and the functionality of such Tl products as used in such applications. Tl has not conducted any
testing other than that specifically described in the published documentation for a particular TI Resource.

You are authorized to use, copy and modify any individual TI Resource only in connection with the development of applications that include
the Tl 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 TlI 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 TI 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 YOU 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 TI 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 TI HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.

You agree to fully indemnify Tl and its representatives against any damages, costs, losses, and/or liabilities arising out of your non-
compliance with the terms and provisions of this Notice.

This Notice applies to TI Resources. Additional terms apply to the use and purchase of certain types of materials, Tl products and services.
These include; without limitation, TI's standard terms for semiconductor products http://www.ti.com/sc/docs/stdterms.htm), evaluation
modules, and samples (http://www.ti.com/sc/docs/sampterms.htm).
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