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Description Features

The TIDA-01415 design is a full color tunable LED * Four Buck Current Controllers Driving RGBW LED
Driver suitable for applications such as stage and Strings at 30 V and String Current of up to 0.75 A
architectural lights. This Tl Design supports three (Also Tested up to 1.25 A)

different LED current control methods such as analog, « LED Buck Current Controllers Efficiency Exceeding
PWM-based enable and disable of buck current 96% at Full Load With Maximum Operating
controller, and PWM-based shunting of LED using a Frequency up to 600 kHz

MOSFET across the LED. « 100% to 0.2% Contrast Setting for PWM Dimming
This TI Design demonstrates the finest range of Method at 30- and 50-kHz Frequencies

individual RGBW LED strings color control and + 100% to 0.15% Contrast Setting and Better
enables development of highly efficient DC-DC LED Linearity for Shunt Dimming Mode at 30- and 50-
luminaires capable of wide color gamut generation kHz Frequencies

with trillions of colors while at the same time being
imperceptible to high-end cameras and video
broadcast equipment.

e High-Resolution PWM Feature of C2000™ With
180-ps Step Enables Current Adjustment With
Resolution > 16 bits for Both PWM and Shunt FET

Resources Methods, Even at 50-kHz Dimming Frequency
* Four-Channel, 12-bit DAC Used for |l,p, Setting of
TIDA-01415 Design Folder Individual LED Strings to Enable Analog Dimming
LM3409 Product Folder . )
DAC7564 Product Folder Applications
UCC27511 Product Folder e Stage Lighting
LAUNCHXL-F28027 Product Folder » Indoor and Outdoor LED Architectural Lighting
CSD19538Q2 Product Folder « Wall Washers
LMR16006 Product Folder L. .
e Full Color Tunable Indoor Luminaire for Education
LM5165 Product Folder and Healthcare Applications
LP5907 Product Folder PP
i | " 'I ASK Our E2E Experts
TI E2E™
Community

Copyright © 2017, Texas instruments Incorporated

TIDUCX9—-June 2017 100-W, High-Resolution, 16-bit Color-Tunable, 0.15% Dimmable RGBW LED 1

Submit Documentation Feedback Driver Reference Design
Copyright © 2017, Texas Instruments Incorporated


http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUCX9
http://www.ti.com/tool/TIDA-01415
http://www.ti.com/product/LM3409
http://www.ti.com/product/DAC7564
http://www.ti.com/product/UCC27511
http://www.ti.com/tool/launchxl-f28027
http://www.ti.com/product/CSD19538Q2
http://www.ti.com/product/LMR16006
http://www.ti.com/product/LM5165
http://www.ti.com/product/LP5907
http://e2e.ti.com
http://e2e.ti.com/support/applications/ti_designs/
http://www.ti.com/solution/led-lighting-general-diagram
http://www.ti.com/solution/lighting_streetlight_arealight_highbay_midbay
http://www.ti.com/solution/led-lighting-general-diagram
http://www.ti.com/solution/led-lighting-general-diagram
http://www.ti.com/solution/led-lighting-general-diagram

13 TEXAS
INSTRUMENTS

System Description www.ti.com

2 An IMPORTANT NOTICE at the end of this Tl reference design addresses authorized use, intellectual property matters and other
important disclaimers and information.

1 System Description

Stage lights have gone far beyond their primary purpose of enhancing visibility for the audience to creating
an overall immersive experience. They are increasingly being used to create a certain mood and
ambience, which would be conducive in directing the audiences’ emotions as desired by the producers.
On the other hand, architectural lighting has become extremely popular for lighting up buildings and
monuments to enhance their aesthetics. For these purposes, the lights must have a wide color spectrum
for creating the precise color as required. These lights must also support a wide range of intensities to
give stage lighting and architecture lighting its dramatic look and feel while at the same time the PWM
dimming frequency being imperceptible to the high end video equipments to avoid any undesirable video
banding during filming. Figure 1 shows a typical implementation of the TIDA-01415 design in a stage light
emitting diode (LED) lighting application.
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Figure 1. TIDA-01415 End Application in Stage Lighting

Using LEDs for these applications has been steadily on the rise because of their advantages such as
energy savings of more than 50%, longer life times, smaller form factor, and extremely low recurring
maintenance costs. One other significant advantage that RGBW LEDs offer is their ability to generate a
very large gamut of colors by mixing different lights together in different proportions. Along with this, LEDs
also have a very high contrast ratio, thereby supporting a wide range of intensities. Figure 2 and Figure 3
show examples of multicolor LED lighting applications.
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Figure 2. RGBY LED Lighting

1.1 Key System Specifications

Table 1. Key System Specifications

Figure 3. Stage Lighting

PARAMETERS | TEST CONDITIONS Y TYP | MAX | UNIT
INPUT CHARACTERISTICS
Input voltage™ 27 28 42 \%
Input UVLO setting for LM3409 — 12 — Y,
OUTPUT CHARACTERISTICS
LED current per string Viy = 28V, at full load 0| 1.25@ — A
Inductor ripple current or LED current per string® | Peak-to-peak — —| 265@ mA
LOAD CHARACTERISTICS®
Red LED string forward voltage Forward current = 700 mA 12.6 15© 17.4 \Y;
Green LED string forward voltage Forward current = 700 mA 19.2 21.6© 25.2 \Y;
Blue LED string forward voltage Forward current = 700 mA 16.8 19.2© 22.8 \Y;
White LED string forward voltage Forward current = 700 mA 19.6| 22.4© 26.6 \%

For

ward current

700 1000 mA

SYSTEMS CHARACTERISTICS

Switching frequency for red LED string Viy = 28V, at full load — 6300 — kHz
Switching frequency for green LED string Viy = 28V, at full load — 5707 — kHz
Switching frequency for blue LED string Vi =28V, at full load — 600" — kHz
Switching frequency for white LED string Viy = 28V, at full load — 5300 — kHz

1)

@)
®)

)
(5)
(6)
@)

The minimum input voltage to the buck LED driver circuit is dependent on the LED string voltage requirement. However, the
LM3409 device is capable of operating up to 42 V, and the LM3409HV can operate up to 75 V.

The output LED current for all the strings at full load

The inductor or LED ripple current is dependent on the inductor value chosen. This inductor value can be increased to decrease

the peak-to-peak ripple current.

The inductor or LED ripple current mentioned for the red LED string, which is the maximum among all the strings.

LED COB part number: 897-LZPLOMD000000
Forward voltage at 25°C

The switching frequency is dependent upon the actual operating point (V,y and Vo)
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2 System Overview

2.1 Block Diagram
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Figure 4. TIDA-01415 Block Diagram
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2.2 Highlighted Products

221 LM3409

The LM3409, LM3409-Q1, LM3409HV, and LM3409HV-Q1 are P-channel MOSFET (PFET) controllers for
step-down (buck) current regulators. They offer a wide input voltage range, high-side differential current
sense with low adjustable threshold voltage, fast output enable and disable function, and a thermally
enhanced 10-pin, HYSSOP package. These features combine to make the LM3409 family of devices ideal
for use as constant current sources for driving LEDs where forward currents up to 5 A are easily
achievable.

The LM3409 devices use constant off-time (COFT) control to regulate an accurate constant current
without the need for external control loop compensation. Analog and PWM dimming are easy to
implement and result in a highly linear dimming range with excellent achievable contrast ratios.
Programmable UVLO, low-power shutdown, and thermal shutdown complete the feature set.

Features:

2-Q, 1-A peak MOSFET gate drive

V\ range: 6 to 42 V (LM3409, LM3409-Q1)

V,y range: 6 to 75 V (LM3409HV, LM3409HVQ1)
Differential, high-side current sense
Cycle-by-cycle current limit

No control loop compensation required

10,000:1 PWM dimming range

250:1 analog dimming range

Supports all-ceramic output capacitors and capacitor-less outputs
Low-power shutdown and thermal shutdown
Thermally enhanced 10-pin, HYSSOP package
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Figure 5. Functional Block Diagram of LM3409
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222 DAC7564

The DAC7564 is a low-power, voltage-output, four-channel, 12-bit digital-to-analog converter (DAC). The
device includes a 2.5-V, 2-ppm/°C internal reference (enabled by default), giving a full-scale output voltage
range of 2.5 V. The internal reference has an initial accuracy of 0.02% and can source up to 20 mA at the
VREFH/VREFOUT pin. The device is monotonic, provides very good linearity, and minimizes undesired
code-to-code transient voltages (glitch). The DAC7564 uses a versatile three-wire serial interface that
operates at clock rates up to 50 MHz. The interface is compatible with standard SPI, Quad-SPI™ (QSPI),
Microwire™, and digital signal processor (DSP) interfaces.

The DAC7564 incorporates a power-on-reset circuit that ensures the DAC output powers up at zero-scale
and remains there until a valid code is written to the range (FSR) device. The device contains a power-
down feature, accessed over the serial interface, that reduces the current consumption of the device to 1.3
pA at 5 V. Power consumption is 2.9 mW at 3 V, reducing to 1.5 uW in power-down mode. The low-power
consumption, internal reference, and small footprint make this device ideal for portable, battery-operated
equipment.
Features:
e Relative accuracy: 0.5 LSB
e Glitch energy: 0.15 nV-s
» Internal reference:

— 2.5-V reference voltage (enabled by default)

— 0.004% initial accuracy (typ)

— 2-ppm/°C temperature drift (typ)

— 5-ppm/°C temperature drift (max)

— 20-mA sink/source capability
» Power-on reset to zero-scale
» Ultra-low-power operation: 1 mA at 5 V
» Wide power supply range: 2.7 to 5.5 V
» 12-bit monotonic over-temperature range

» Settling time: 10 ps to +0.024% full-scale and remains there until a valid code is written to the range
(FSR)

» Low-power serial interface with Schmitt-triggered inputs: Up to 50 MHz
* On-chip output buffer amplifier with rail-to-rail operation

* 1.8-to 5.5-V logic compatibility

* Temperature range: —40°C to 105°C
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Figure 6. Functional Block Diagram of DAC7564

2.2.3 UCC27511

The UCC27511 single-channel, high-speed, low-side gate driver device can effectively drive MOSFET and
IGBT power switches. Using a design that inherently minimizes shoot-through current, The UCC27511 is
capable of sourcing and sinking high peak-current pulses into capacitive loads offering rail-to-rail drive
capability and extremely small propagation delay, typically 13 ns.

Features:

» Low-cost gate driver device offering superior replacement of NPN and PNP discrete solutions

* 4-A peak source and 8-A peak sink asymmetrical drive

» Strong sink current offers enhanced immunity against Miller turnon

» Fast propagation delays (13-ns typical)

* Fastrise and fall times (9-ns and 7-ns typical)

* 4.5-to 18-V single supply range

» Split output configuration (allows easy and independent adjustment of turnon and turnoff speeds) in the
UCC27511 saves 1 diode

e Outputs held low during VDD UVLO (ensures glitch-free operation at power up and power down)
e TTL and CMOS compatible input-logic threshold (independent of supply voltage)

* Hysteretic-logic thresholds for high-noise immunity

» Dual-input design (choice of an inverting (IN— pin) or non-inverting (IN+ pin) driver configuration)
* Output held low when input pins are floating

« Input pin absolute maximum voltage levels not restricted by VDD pin bias supply voltage

e Operating temperature range of —40°C to 140°C

* 6-pin DBV (SOT-23) and 6-pin DRS (3-mm x 3-mm WSON with exposed thermal pad) package

options
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Figure 7. Functional Block Diagram of UCC27511

224 CSD19538Q2

This 100-V, 49-mQ, SON 2-mm x 2-mm NexFET™ power MOSFET is designed to minimize losses in
power conversion applications.

Features:

* Ultra-low Q, and Q4

* Low thermal resistance

» Avalanche rated

¢ SON 2-mm x 2-mm plastic package
» Lead and halogen free

*  RoOHS compliant
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225 TMS320F2802x

The F2802x Piccolo™ family of microcontrollers provides the power of the C28x core coupled with highly
integrated control peripherals in low pin-count devices. This family is code-compatible with previous C28x-
based code, and also provides a high level of analog integration.

An internal voltage regulator allows for single-rail operation. Enhancements have been made to the high
resolution pulse width modulation (HRPWM) to allow for dual-edge control (frequency modulation). Analog
comparators with internal 10-bit references have been added and can be routed directly to control the
PWM outputs. The ADC converts from 0- to 3.3-V fixed full-scale range and supports ratio-metric
VREFHI/VREFLO references. The ADC interface has been optimized for low overhead and latency.
Features:
» High-efficiency 32-bit CPU (TMS320C28Xx)
* Up to 22 individually programmable, multiplexed GPIO pins with input filtering
» Peripheral interrupt expansion (PIE) block that supports all peripheral interrupts
» Three 32-bit CPU timers
* Independent 16-bit timer in each enhanced pulse width modulator (ePWM)
e On-chip memory

— Flash, SARAM, OTP, boot ROM available
» Code security module
e 128-bit security key and lock
» Serial port peripherals

— One serial communications interface (SCI) universal asynchronous receiver/transmitter (UART)
module

— One SPI module
— One inter-integrated circuit (12C) module
» Enhanced control peripherals
- ePWM
— High-resolution PWM (HRPWM)
— Enhanced capture (eCAP) module
— Analog-to-digital converter (ADC)
— On-chip temperature sensor
— Comparator
» Advanced emulation features
— Analysis and breakpoint functions
— Real-time debug through hardware
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Figure 8. Functional Block Diagram of C2000
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2.2.6 LMR16006

The LMR16006 is a PWM DC/DC buck (step-down) regulator. With a wide input range of 4 to 60 V, it is

suitable for a wide range of application from industrial to automotive for power conditioning from an

unregulated source. The regulator’s standby current is 28 YA in ECO mode, which is suitable for battery

operating systems. An ultra-low 1-pA shutdown current can further prolong battery life. Operating

frequency is fixed at 0.7 MHz (X version) and 2.1 MHz (Y version), allowing the use of small external
components while still being able to have low output ripple voltage. Soft-start and compensation circuits

are implemented internally, which allows the device to be used with minimized external components. The

LMR16006 is optimized for up to 600-mA load currents. It has a 0.765-V typical feedback voltage. The

device has built-in protection features such as pulse-by-pulse current limit, thermal sensing, and shutdown
due to excessive power dissipation. The LMR16006 is available in a low profile SOT-6L package.

Features:

Ultra-low 28-pA standby current in ECO mode
Input voltage range of 4 to 60 V

1-pA shutdown current

High duty cycle operation supported

Output current up to 600 mA

0.7 and 2.1 MHz switching frequency
Internal compensation

High-voltage enable input

Internal soft start

Overcurrent protection

Over-temperature protection

Small overall solution size (SOT-6L package)
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Figure 9. Functional Block Diagram of LMR16006
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227

LM5165

The LM5165-Q1 device is a compact, easy-to-use, 3- to 65-V, ultra-low |, synchronous buck converter
with high efficiency over wide input voltage and load current ranges. With integrated high-side and low-
side power MOSFETS, up to 150-mA of output current can be delivered at either fixed output voltages of
3.3V, 5V, or at an adjustable output. The converter is designed to simplify implementation while providing
options to optimize the performance for the target application. Pulse frequency modulation (PFM) mode is
selected for optimal light-load efficiency or constant on-time (COT) control for nearly constant operating
frequency. Both control schemes do not require loop compensation while providing excellent line and load
transient response and short PWM on-time for large step-down conversion ratios.

The high-side P-channel MOSFET can operate at a 100% duty cycle for the lowest dropout voltage and
does not require a bootstrap capacitor for the gate drive. Also, the current limit set point is adjustable to
optimize inductor selection for a particular output current requirement. Selectable and adjustable start-up
timing options include minimum delay (no soft start), internally fixed (900 us), and externally
programmable soft start using a capacitor. An open-drain PGOOD indicator can be used for sequencing,
fault reporting, and output voltage monitoring. The LM5165-Q1 is qualified to automotive AEC-Q100 grade
1 and is available in 10-pin VSON and VSSOP packages with a 0.5-mm pin pitch.

Features:
» Wide input voltage range of 3 to 65 V
» Fixed (3.3-V, 5-V) or adjustable output voltages
» Maximum output current as high as 150 mA
* 10.5-pA no-load quiescent current
e —40°C to 150°C junction temperature range
» Selectable PFM or COT mode operation
» Active slew rate control for low EMI
* Integrated 2-Q PMOS buck switch
— Supports 100% duty cycle for low dropout
» Integrated 1-Q NMOS synchronous rectifier
— Eliminates external rectifier diode
» Programmable current limit set point (four levels)
» 1.223-V internal voltage reference
* 900-us internal or programmable soft start
* Monotonic start-up into pre-biased output
» No loop compensation or bootstrap components
e Precision enable and input UVLO with hysteresis
» Thermal shutdown protection with hysteresis
* 10-pin VSON and VSSOP packages
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Figure 10. Functional Block Diagram of LM5165
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2.2.8 LP5907
The LP5907 is a low-noise LDO that can supply up to a 250-mA output current. Designed to meet the
requirements of RF and analog circuits, the LP5907 device provides low noise, high PSRR, low quiescent
current, and low line or load transient response figures. Using new innovative design techniques, the
LP5907 offers class-leading noise performance without a noise bypass capacitor and the ability for remote
output capacitor placement. The device is designed to work with a 1-pF input and a 1-pF output ceramic
capacitor (no separate noise bypass capacitor is required). This device is available with fixed output
voltages from 1.2 to 4.5 V in 25-mV steps. Contact Texas Instruments Sales for specific voltage option
needs.
Features:
* Input voltage range: 2.2 to 5.5 V
e Output voltage range: 1.2t0 4.5V
e Output current: 250 mA
e Stable with 1-uF ceramic input and output capacitors
» No noise bypass capacitor required
* Remote output capacitor placement
» Thermal-overload and short-circuit protection
e —40°C to 125°C junction temperature range for operation
« Low output voltage noise: < 6.5 WVgys
* PSRR: 82dB at 1 kHz
» Output voltage tolerance: +2%
» Virtually zero |, (disabled): < 1 pA
* Very low |, (enabled): 12 pA
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2.3

System Design Theory

High-power LEDSs require a constant-current drive, and the LED driver should be capable of adjusting the
current(illuminance) of the LED to enable dimming. For DC lighting systems, low-voltage DC will be
directly available, which means a current controller with dimming capability is adequate. To enable
dimming and control, one would need a wireless control or wired control system.

The TIDA-01415 uses the LM3409 P-FET Buck Controller for driving high-power LEDs. The device
requires one external PFET that need to be sized based on the power requirements. The LM3409 has a
wide input voltage range, allowing the design to regulate a variety of LED loads. The high-side differential
current sense with a low adjustable threshold voltage provides an excellent method for regulating output
current while maintaining high system efficiency. The LM3409/LM3409HV uses a controlled off-time
(COFT) architecture that allows the converter to be operated in both continuous conduction mode (CCM)
and discontinuous conduction mode (DCM) with no external control loop compensation, while providing an
inherent cycle-by-cycle current limit. The adjustable current sense threshold provides the capability to
amplitude (analog) dim the LED current over the full range, and the fast output enable/disable function
allows for high-frequency PWM dimming using no external components.

The LM3409 is a good candidate for parallel FET dimming because high slew rates are achievable
because no output capacitance is required. This allows for much higher dimming frequencies than are
achievable using the EN pin with linear operation of the LED driver stage. The UCC27511 and CSD19538
(used as gate driver and shunt dimming FET in this Tl Design, respectively) have very low rise time, fall
time, and propagation delays, allowing for linear dimming at frequencies much higher than 30 kHz.

TIDA-01415 PCB is designed to be compatible with C2000 PICCOLO Launch pad "LAUNCHXL-F28027"
hardware that uses the MCU TMS320F28027. The MCU generates four channels of high resolution PWM
signals which is used as a direct dimming input for either LM3409 ICs or as shunt dimming signal via the
jumper selection. So, one can use LM3409 dimming function directly for PWM dimming frequencies up to
30KHz or in case if PWM frequencies more than 30KHz is needed with linear dimming then, the shunt
dimming feature can be utilized. The 4 Channel 12 bit DAC DAC7564 is interfaced with the
TMS320F28027 MCU via SPI interface and this arrangement can generate variable Iref signals to facilitate
analog dimming of LM3409 drivers for individual LED strings. Thus the platform enables one to use either
Analog or PWM dimming or Shunt FET dimming.

DC-DC buck regulator LMR16006 that has a wide input range (4 to 60 V), high switching frequency (700
kHz), and very low standby current (28 pA) is used to power C2000 Launchpad and is configured to
provide 3.4V output. The low-noise LDO LP5907 is used to provide 3.3V to the 12 bit DAC. The
synchronous buck regulator LM5165 is used to generate 10V for the gate driver ICs UCC27511.

The LMT84 (1.5-V Capable, 10-pA Analog Output Temperature Sensor in a TO-92 package) allows the
user to measure the temperature of the LED heat sink, which can in turn enable automatic fold-back
dimming implementation in software in case of over temperature.
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23.1

Design Equations

23.11 Input Undervoltage Lockout (UVLO)

UVLO is set with a resistor divider from VIN to GND and is compared against a 1.24-V threshold as shown
in Figure 11.

LM3409/09HV
Vin
Ruv2
—
ON/OFF 1.24V Ruv1

Copyright © 2017, Texas Instruments Incorporated

Figure 11. UVLO Circuit of LM3409

Once the input voltage is above the preset UVLO rising threshold (and assuming the part is enabled), the
internal circuitry becomes active, and a 22-pA current source at the UVLO pin is turned on. This extra
current provides hysteresis to create a lower UVLO falling threshold. The resistor divider is chosen to set
both the UVLO rising and falling thresholds.

To set hysteresis of 1.1 V, R, can be chosen based on Equation 1:

Vhvs
Ruvz =
22 A (1)
To set a turnon threshold of 12 V (typical), Ry, can be chosen based on Equation 2:
1 24 X R uv2
Ruvi =
Vrurnon — 1.24 )

2.3.1.2  Nominal Switching Frequency

The switching frequency can be set by an off-time resistor and capacitor where the off-time resistor(Rqg¢)
can be calculated based on nominal input and required output voltage using Equation 3 from the device
datasheet as follows:

4 Vour.
nxViy
(COFF +2O pF)XfSW X In[1— 124 \J
Vour

Rorr =

©)
Assuming Cqee = 470 pF, the following values for the off-time resistor (Roee) can be found:

» For setting fg,, = 630 kHz for the red LED string, the value for Rog¢ is 16.4 kQ.

» For setting fg,, = 570 kHz for the green LED string, the value for Ry is 15.8 kQ.

e For setting fs,, = 600 kHz for the blue LED string, the value for Rgg is 16.4 kQ.

e For setting fg,, = 530 kHz for the white LED string, the value for R is 7.8 kQ.

Switching frequency during normal operation is both the function of output voltage and the off-time resistor

used. The off-time resistor for individual strings is selected different since the forward voltage of R, G, B
and W LED strings is different.
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NOTE: Typically, there is a 20-pF parasitic capacitance at the off-timer pin of the LM3409 in parallel
with Cq, which is accounted for in the calculation of fg,, and t,.-. So, assume C,- = 490 pF
to take parasitic capacitance of the off-timer pin into account.

2.3.1.3 Off-Time and Inductor Ripple Current

At the start of off-time (toe), the voltage across Corr (Veorr(t)) is zero and the capacitor begins charging
according to the time constant provided by Rqoer and Coe. The off-time control circuitry is shown in

Figure 12:
Vo
LM3409/09HV
RorF
to
PGATE +
Drive toFr 124V CoFF VCOFF
Control :I: -
Logic .
1 _

Copyright © 2017, Texas Instruments Incorporated
Figure 12. Off-Time Control Circuit

When Voee(t) reaches the off-time threshold (Veoer = 1.24 V), then the off-time is terminated and Voee(t)
is reset to zero. Calculate to using Equation 4:

1.24

ouT (4)
Calculate the inductor value using Equation 5:
L _ Vour xtorr
Ai| _pp (5)
The inductor value chosen for all strings is 47 pH.
Calculate the peak-to-peak ripple current based on the inductor value chosen using Equation 6:
. Vout *torr
Al pp= ———F—
L (6)
2.3.1.4  Average LED Current and Current Sense (Ixp;)
For a buck converter, the average LED current is simply the average inductor current. Using the Cqer
architecture, the peak transistor current (I-yax) iS sSensed, which is equal to the peak inductor current (.
max) given by Equation 7:
| g s NP
L-MAX = ILED > @
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The threshold voltage seen by the high-side sense comparator is affected by the comparator’s input offset
voltage, which causes an error in the calculation of I, ,,x and ultimately | . To mitigate this problem, the
polarity of the comparator inputs is swapped every cycle, which causes the actual I, to alternate
between two peak values (I, yaxn @nd I, .yax ), €quidistant from the theoretical |, \,,x @s shown in Figure 13.
l.ep remains accurate through this averaging.

i(t) &
—————————————— IL-MAX-H
/ \ IL-MA A
—- lL-mAX-L
!
|
s .
| ! P i
I I 1 I 1
| : P I t
0 i : — —
0 torr © ! torF ' '

Copyright © 2017, Texas Instruments Incorporated

Figure 13. Inductor Current i (t) Showing I, _yax Offset

Assuming V,p; = 1.24 V, calculate the high-side sense resistor using Equation 8:

Vapy
R SNS = =1
5XIL—MAX (8)

The chosen sense resistor (Rgys) value for all strings is 0.3 Q.

Because the LM3409/LM3409HV swaps the polarity of the differential current sense comparator every
cycle, a minimum inductor current ripple (Ai_pp) iS Necessary to maintain accurate | ¢ regulation. The
minimum inductor current ripple (Ai_pp.min) Should adhere to Equation 9 to ensure accurate | ¢ regulation:

24 mV
Rsns 9

Al _pp_wiN >

2.3.1.5 Input Capacitance

The minimum input capacitance (C,y.un) IS Selected using the maximum input voltage ripple (AV y.max):
which can be tolerated. AV, yax iS equal to the change in voltage across C,, during toy when it supplies the
load current. A good starting point for selection of C,y is to use AV y.uax Of 2% to 10% of V. First, ty, can
be calculated using Equation 10:

1
ton =7~ torF

SwW (10)

Now, assuming AV y.uax iS 720 mV, C,.un Can be calculated using Equation 11:
ILep X ton

Cin-min =
AV |N_pp (1)

NOTE: An input capacitance at least 75% greater than the calculated C,,,, value is recommended.
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2.3.1.6 P-Channel MOS-FET Selection

The LM3409/LM3409HYV requires an external PFET as the main power MOSFET for the switching
regulator. The PFET should have a voltage rating at least 15% higher than the maximum input voltage to
ensure safe operation during the ringing of the switch node. In practice, all switching converters have
some ringing at the switch node due to the diode parasitic capacitance and the lead inductance. The
PFET should also have a current rating at least 10% higher than the average transistor current (I;) given
using Equation 12:

| D Vourt *ILep
T = X ILED =
nx Vi (12)

The power rating is verified by calculating the power loss (P;) using the RMS transistor current (l1zus) and
the PFET on-resistance (Rps.oy) USiNg Equation 13 and Equation 14, respectively:

. 2
1 [Al__pp
LED

(13)
Pr= IT—RM82 x Rps_on (14)

The dominant switching losses are determined by input voltage, switching frequency, and PFET total gate
charge (Qg). For a given range of operating points, the only effective way to reduce these switching losses
is to minimize Qg. A good rule of thumb is to limit Qg < 30 nC (if the switching frequency remains below
300 kHz for the entire operating range, then a larger Qg can be considered). If a PFET with small Rpg oy
and a high voltage rating is required, there may be no choice but to use a PFET with Qg > 30 nC.

NOTE: PFET should be chosen to meet the Qg specification whenever possible, while minimizing
Rps.on- This will minimize power losses while ensuring the part functions correctly over the full
operating range.

2.3.1.7 Recirculating Diode Selection

A recirculating diode is required to carry the inductor current during to-. The most efficient choice is a
Schottky diode due to low forward voltage drop and near-zero reverse recovery time. Similar to PFET, a
Schottky diode must have a voltage rating at least 15% higher than the maximum input voltage to ensure
safe operation during the ringing of the switch node and a current rating at least 10% higher than the
average diode current (Ip). The required diode current can be calculated using Equation 15:

v
lp =(1-D)x I ep :[1— out }

nxVy (15)
The power rating is verified by calculating the power loss through the diode. This is accomplished by
checking the typical diode forward voltage (V) from the |-V curve on the product datasheet and
calculating using Equation 16 as follows:

Pp=Vp x1p (16)

In general, higher current diodes have a lower V, and come in better performing packages minimizing
both power losses and temperature rise.
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2.3.1.8 External Parallel FET Dimming

2.3.2

When using external parallel FET dimming, a situation can arise where maximum off-time occurs due to a

shorted output. To mitigate this situation, a secondary voltage (Vpp) should be used as shown in
Figure 14.

Vbp

Driver

Copyright © 2017, Texas Instruments Incorporated

Figure 14. External Parallel FET Dimming Circuit

A small diode is connected in series with the off-time resistor calculated for nominal operation from the
output, Roer;. Then connect a small diode from the secondary voltage along with another resistor, Roge,.

The secondary voltage can be any voltage as long as it is greater than 2 V. The value of Ry, can be
calculated using Equation 17:

Rorr1 % Vop

Rorr2 =
ILep *Rps-on a7

Dimming Techniques

2.3.21 Analog Dimming Using l,p;

The LED current can be set, and controlled dynamically, by using the 1,5, setting of the LM3409. In this Tl
Design, the V,p; voltage can be varied from 1.24 V to 0 V for linearly scaling the peak current threshold.
Analog dimming will eventually push the converter in to DCM and the inductor current ripple will no longer

be constant, causing a divergence from linear dimming at low levels. The LED current is related to V,p,
using Equation 18:

T Vaps  Aipp
LED 5XRSNS 2

(18)

The DAC7564 is used to convert data incoming from the C2000 LaunchPad to analog voltage. See
Section 3.3.3 for the set of measurements taken using this feature.

2.3.2.2 PWM Dimming Using EN Pin

The EN pin can be driven with a PWM signal, which controls the external PFET operation. The duty cycle
of the incoming PWM signal from C2000 can be modulated to vary the illuminance of an LED. The enable
pin (EN) is a TTL-compatible input for PWM dimming of the LED. A logic low (below 0.5 V) at EN disables
the internal driver and shuts off the current flow to the LED string. While the EN pin is in a logic low state,
the support circuitry (driver, band gap, VCC regulator) remains active to minimize the time needed to turn
the LED string back on when the EN pin sees a logic high (above 1.74 V). Figure 15 shows the LED
current (I p(t)) during PWM dimming where the duty cycle (Dp,,) is the percentage of the dimming period
(Tom) that the PFET is switching. For the remainder of Ty, the PFET is disabled.
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Figure 15. LED Current I g(t) During EN Pin PWM Dimming

The resulting dimmed LED current (I, ep) iS given using Equation 19:
IDIM_LED = Do X liep (19)

This PWM is generated using the C2000 MCU and the operation of this feature has been tested for PWM
frequency of 30 and 50 kHz. In the application area of stage lighting, high frequency dimming ensures
imperceptible operation of LEDs when captured using high-end cameras. See Section 3.3.3 for the set of
measurements taken using this feature.

2.3.2.3  Shunt FET Dimming

Shunt FET dimming allows for much faster linear PWM dimming that can be attained with the EN pin. No
capacitance at the output of the LED driver stage allows one to achieve high slew rates, which makes the
LM3409 a good candidate for shunt FET dimming.

Low rise time, fall time, and propagation delays of the CSD19532 (shunt FET) and UCC27511 (gate
driver) enable this Tl Design to achieve a wide contrast ratio and linearity at dimming frequency even
greater than 30 kHz. Small packaging with low thermal resistance leads to better thermal management of
shunt FET on the board and save area as well. See Section 3.3.3 for the set of measurements taken
using this feature.

2.3.3 C2000 and HRPWM

When using the PWM or shunt dimming method to control the LED brightness, the frequency and the
resolution of the PWM pulse being used is of prime importance. High resolution allows the user to
generate a wide spectrum of colors by precisely varying the current through the LED strings and the
frequency of switching makes it imperceptible when viewed by naked eyes or through a high-end camera.

Using traditional methods of PWM generation using an MCU, there is always a trade-off between these
two important factors for increasing the frequency leads to a compromise in the resolution and vice versa.
For example, with the MCU operating with a clock of 60MHz and with a 16 bit PWM module, the effective
PWM resolution achievable will be around 12 bits when the PWM frequency is 2kHz. For the same clock if
the PWM frequency is increased to 30KHz, then the effective PWM resolution falls to around 10 bits. To
mitigate this problem and to achieve a higher effective PWM resolution together with fast switching, this Tl
Design uses the HRPWM feature of the C2000 MCU.

The HRPWM is based on micro edge positioner (MEP) technology. Using this logic, the MCU is capable of
placing an edge of the PWM very finely by sub-dividing one course system clock of a conventional PWM
generator. Figure 16 shows the placement of the conventional PWM steps and the enhancement offered

by HRPWM.
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MEP step —| l— at 60 MHz CPU frequency = 16.66 ns
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Figure 16. Conventional PWM and HRPWM Timing Diagram

The maximum MEP steps of HRPWM for a particular MCU frequency and PWM frequency can be
calculated as follows:

* MCU clock period = 16.66 ns (60 MHz)

» Maximum number of MEP steps per coarse step at 180 ps = MCU clock period / 180 ps = 16.66 ns /
180 ps

e Maximum number of MEP steps = 92.5

Therefore, when operating at a system clock of 60 MHz and a PWM frequency of 30 kHz, one can
accurately position the edge of the PWM accurately in one of the 92 steps between two system clock
cycles. Not only does this reduce the error in selecting any arbitrary duty cycle of operation, but also
results in a significant increase in resolution (16 bits) without any trade-off in the frequency of operation.
The TIDA-01415 is also tested with the C2000 HRPWM feature to monitor the change in LED current with
a change of 10 MEP steps. The falling edge of PWM signal is controlled to change the duty cycle minutely
through changing MEP steps. Table 2 shows the data captured for the change in LED current with
changing the MEP steps for a PWM dimming frequency of 30 kHz.

Table 2. Change in LED Current With HRPWM Steps for PWM Dimming at 30 kHz at 28-V Input
Voltage for Green LED String

MEP STEPS EXACT DUTY CYCLE lLep (MA) Al gp (MA)

1 50.001% 334.7993 —

11 50.006% 334.8280 0.0287

21 50.011% 334.8647 0.0367

31 50.017% 334.9031 0.0384

41 50.022% 334.9412 0.0381

51 50.028% 334.9827 0.0415

61 50.033% 335.0220 0.0393

71 50.039% 335.0678 0.0458

81 50.044% 335.0969 0.0291

91 50.049% 335.1416 0.0447
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Figure 17. | ¢, versus MEP Steps for Green LED String at 30-kHz PWM Dimming Frequency

Table 3 shows the data captured for the change in LED current when changing the MEP steps for a shunt
dimming frequency of 30 kHz.

Table 3. Change in LED Current With HRPWM Steps for Shunt Dimming at 30 kHz at 28-V Input
Voltage for Green LED String

MEP STEPS EXACT DUTY CYCLE (%) lLep (MA) Al gp (MA)
1 50.001 349.6353 —
11 50.006 349.6610 0.0257
21 50.011 349.6850 0.0240
31 50.017 349.7061 0.0211
41 50.022 349.7293 0.0232
51 50.028 349.7524 0.0231
61 50.033 349.7777 0.0253
71 50.039 349.7948 0.0171
81 50.044 349.8206 0.0258
91 50.000 349.8493 0.0287
349.885
349.835 //

349.785 //
349.735 /
349.685 /
349.635 /

0 20 40 60 80 100
MEP Steps

ILep (A)

Figure 18. |, ¢, versus MEP Steps for Green LED String at 30-kHz Shunt Dimming Frequency

Similarly, LED current for other strings also can be varied with a change in MEP steps to achieve a 16-bit
resolution for the entire system.
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3 Hardware, Software, Testing Requirements, and Test Results
3.1 Hardware
To test and obtain the results for this Tl Design, the following hardware tools were used:
e DC power supply (OV to 42V and OA to 2.8A)
* 6% digit multimeter (x2)
» Isolated oscilloscope (4 channels)
* TIDA-01415 PCB
*  LAUNCHXL-F28027
3.2 Software
To test and obtain the results for this Tl Design, the following software tools were used:
» Code Composer Studio™ version 6.1.2.00015 or higher
» controlSUITE™ for C2000
*  GUI Composer
3.2.1 Setting up Firmware With TIDA-01415 and Detailed Test Procedure
The following instructions assume that CCS and GUI Composer are installed in the PC:
1. Download the firmware from the TIDA-01415 product page. The firmware contains output files for
analog, PWM, or shunt dimming, and an archive file of the GUI.
2. Open CCS and connect the LaunchPad to PC and turn on the power supply of TIDA-01415 PCB to
input voltage above 15 V.
NOTE: Remove jumpers JP1, JP2, and JP3 from the LaunchPad.
3. Click on the "View" option in main toolbar and open "GUI Composer".
4. In the GUI Composer Console window, go to Project and click on "Import project".
5. Browse to select the GUI.zip folder within the downloaded firmware and click "OK".
6. Click on "Preview" at the upper-right corner within the GUI Composer Console window.
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Figure 19. Preview of GUI for TIDA-01415

7. Create a new target configuration with "User Defined File Name.ccxml” through following path: File —
New — Target Configuration File.

8. Select "Texas Instruments XDS100v2 USB Debug Probe" in the "Connection" drop-down menu.
9. Select "TMS320F28027" in the "Board or Device" menu and save the file.
10. Click on "View" in the main CCS toolbar and open "Target Configurations".

11. In the Target Configurations window, select "User Defined File Name.ccxml" under the "User Defined"
menu and run the debugger.

12. In the Debug Console window, right click on "User Defined File Name.ccxml" and select "Connect
Target".

13. Click on the "Run" option in the main toolbar and go to Load — Load Program.
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For analog dimming:

(a) After Step 14, browse for the "Analog Dimming.out" file for analog dimming and click on the "Resume"
option in main CCS toolbar.

(b) Enable the "V ,p;", "Channel Sel", and "Send Command" integer boxes in the GUI Preview window for
analog dimming.

(c) Enter the V,,p; voltage between 0 and 1.24 V depending on the desired dimming and enter the channel
number in "Channel Sel" and set "Send Command" box to "1" after every change in V ,p; voltage.

(d) Increase the input voltage to desired level (< 42 V for LM3409) for normal operation.

NOTE: The default value for "Send Command" is set to "0", and after every successful change in
V.05 VOItage, the send command is automatically reset to "0".

For PWM or shunt dimming:

(a) Set the V,,p, Voltage of all strings or channels to 1.24 V before PWM or shunt dimming by following the
steps in the analog dimming section.

(b) Set jumpers J1, J6, J8, and J12 in position 1 and 2 to perform PWM dimming or in position 2 and 3 on
the TIDA-01415 board to perform shunt dimming.

(c) Browse for the "PWM or Shunt Dimming.out" file and click on the "Resume" option in the main CCS
toolbar.

(d) For PWM or shunt dimming, the "PWM frequency", "Duty cycle" and "HRPWM steps" inputs are
enabled for all the strings in GUI preview.

(e) Increase the input voltage to desired level (< 42 V for LM3409) for normal operation.

(H Vary the duty cycle from 0% to 100% (no brightness to full brightness) to perform PWM dimming and
change the HRPWM steps to achieve a 16-bit resolution for dimming.

(g) Vary the duty cycle from 0% to 100% (full brightness to no brightness) to perform shunt dimming and
change the HRPWM steps to achieve a 16-bit resolution for dimming.
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3.3 Testing and Results

An RGBW LED load with the part number 897-LZPLOMDO00000QO is connected at the output of the
TIDA-01415 for characterization and capturing waveforms.

3.31 Test Setup

Figure 20 shows the hardware interconnections needed for the proper functioning of the TIDA-01415
design.

C2000
LaunchPad

USB Connection
RGBW GUI from PC to LaunchPad

PC with GUI running to set ’ :
Current Level and Control | TIDA-01415 i »
Dimming Level ofLED T TTTTTTTTTTTTTT
Driver RGBW LED Fixture

Copyright © 2017, Texas Instruments Incorporated

Figure 20. Hardware Interconnections of TIDA-01415

The TIDA-01415 connects as a BoosterPack™ upon the C2000 LaunchPad. Both of these boards should
be assembled as shown in Figure 21:

C2000 LaunchPad

TIDA-01415 LED
Driver PCB

Figure 21. C2000 LaunchPad Mounted on TIDA-01415 LED Driver Board
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3.3.2

Test Procedure

Figure 22 shows the test flow followed to perform analog, PWM, or shunt dimming:

TIDA-01415

Step 1

Prepare test board
with C2000™
LaunchPad™

mounted on LED
driver board

Step 2

Connect DC supply
at the input and
LED load at the

output of the
TIDA-01415

Step 3
4

Turn on DC supply
with input voltage
up to 15 V to power
up C2000
LaunchPad

See Figure 21

Set jumpers J1, J6, J8,
and J12 in position 1

and 2 to perform

PWM Dimming or in

position 2 and 3 to

perform Shunt Dimming

PWM or

Step 4

Shunt Dimming

y

Set peak LED
current by setting
IADJ voltage for all
strings

A 4

Flash code for
PWM or Shunt
Dimming into
LaunchPad™ and
run debugger

A 4

Increase input DC
supply voltage to
28 V and vary duty
cycle of strings to
perform PWM
Dimming

IADJ voltage (2nd pin of
LM3409) is set by MCU
through DAC7564

Dimming level can be set
by setting duty cycle of
PWM signal input to EN pin
(3rd pin of LM3409)
through LaunchPad

Connect differential probes
across high-side sensing
resistor to capture LED
current waveform

Analog Dimming

Flash Code Analog
Dimming into
LaunchPad™ and

Vary IADJ pin
voltage through

Run Debugger in
CCSs

»| LaunchPad™ to
perform Analog
Dimming

Figure 22. Test Flow to Perform Analog Dimming and PWM or Shunt Dimming Through TIDA-01415
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3.3.3

Test Results

This section provides characterization data and waveforms for Current control/dimming based on 1)
Analog, 2) PWM and 3) Shunt FET methods

3.3.3.1

Efficiency and Output LED Current With 1,5, Pin (Analog Dimming)

This section provides test data for variations in LED current with a change in 1,p, voltage (second pin of
LM3409) to perform analog dimming for all strings.

Table 4. Analog Dimming Data for Red LED String

Iaps (V) Vin (V) I (A) Vour (V) ILep (A) Pour (W) P (W) EFF
1.240 27.67 0.4740 15.30 0.71500 10.93 13.11 83.41%
1.130 27.70 0.4250 14.95 0.64700 9.67 11.77 82.16%
1.030 27.73 0.3780 14.55 0.57800 8.40 10.48 80.23%
0.950 27.75 0.3430 14.25 0.52400 7.46 9.51 78.45%
0.820 27.78 0.2850 13.69 0.43500 5.95 7.91 75.22%
0.713 27.77 0.2370 13.21 0.37548 4.96 6.58 75.36%
0.712 27.77 0.2370 13.22 0.37489 4.95 6.58 75.30%
0.710 27.80 0.2500 13.33 0.37000 4.93 6.95 70.97%
0.610 27.82 0.2110 12.91 0.30500 3.93 5.87 67.08%
0.500 27.68 0.1760 12.48 0.23700 2.95 4.80 60.71%
0.400 27.73 0.1420 12.02 0.17000 2.04 3.93 51.89%
0.290 27.78 0.1100 11.39 0.10500 1.19 3.05 39.14%
0.189 27.78 0.0740 9.63 0.05328 0.51 2.05 24.96%
0.188 27.82 0.0875 9.72 0.05500 0.53 2.43 21.80%
0.100 27.84 0.0744 8.71 0.02700 0.23 2.07 11.35%
0.080 27.84 0.0712 8.21 0.02100 0.17 1.98 8.62%
0.040 27.84 0.0694 7.89 0.01700 0.13 1.93 6.78%
0.010 27.84 0.0695 7.89 0.01700 0.13 1.93 6.77%

0.8
0.7 L
0.6 P //
05
Sé 0.4 //
"~ 03
0.2 / -
0.1 -
0.0 —
00 02 04 06 08 10 12 14
laps (V)

Figure 23. | gp (A) versus l,p; (V) for Red LED String
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Table 5. Analog Dimming Data for Green LED String

Iaps (V) Vin (V) I (A) Vour (V) Iep (A) Pour (W) Py (W) EFF
1.240 27.84 0.5900 20.89 0.708000 14.79 16.42 90.04%
1.130 27.64 0.5290 20.62 0.638000 13.15 14.62 89.97%
1.030 27.67 0.4710 20.34 0.570000 11.59 13.03 88.96%
0.920 27.70 0.4140 20.05 0.502000 10.06 11.46 87.77%
0.820 27.74 0.3580 19.75 0.433000 8.55 9.93 86.11%
0.711 27.70 0.3050 19.42 0.366080 7.10 8.44 84.15%
0.710 27.77 0.3040 19.42 0.365000 7.08 8.44 83.96%
0.610 27.80 0.2510 19.07 0.296000 5.64 6.97 80.90%
0.500 27.83 0.2010 18.68 0.228000 4.25 5.59 76.14%
0.400 27.72 0.1530 18.22 0.161000 2.93 4.24 69.17%
0.290 27.78 0.1100 17.31 0.099000 1.71 3.05 56.08%
0.188 27.83 0.0790 15.02 0.054600 0.82 2.19 37.30%
0.100 27.85 0.0662 14.09 0.028300 0.39 1.84 21.63%
0.080 27.85 0.0620 13.80 0.020800 0.28 1.72 16.62%
0.040 27.86 0.0610 13.59 0.016700 0.22 1.69 13.35%
0.011 27.84 0.0690 7.87 0.013883 0.10 1.92 5.69%
0.010 27.84 0.0690 7.87 0.013920 0.10 1.92 5.70%
0.009 27.84 0.0690 7.87 0.013920 0.10 1.92 5.70%

0.8
0.7 //
0.6 /
0.5 /
2 /
@ 0.4 A
2 s yd
e
01 pd
0 —
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Iapy (V)

Figure 24. | ¢, (A) versus lp; (V) for Green LED String
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Table 6. Analog Dimming Data for Blue LED String

Iaps (V) Vin (V) I (A) Vour (V) Iep (A) Pour (W) Py (W) EFF
1.240 27.62 0.5550 18.91 0.70500 13.30 15.32 86.97%
1.130 27.65 0.5030 18.65 0.63500 11.84 13.90 85.15%
1.030 27.68 0.4490 18.38 0.56700 10.42 12.42 83.85%
0.920 27.71 0.3970 18.11 0.49800 9.01 11.00 81.98%
0.820 27.74 0.3470 17.84 0.43000 7.67 9.62 79.69%
0.710 27.77 0.2880 17.56 0.36451 6.40 7.99 80.03%
0.708 27.70 0.2870 17.52 0.36385 6.37 7.94 80.19%
0.707 27.71 0.2870 17.52 0.36348 6.36 7.95 80.07%
0.610 27.80 0.2520 17.26 0.29400 5.07 7.00 72.43%
0.500 27.83 0.2070 16.94 0.22700 3.84 5.76 66.75%
0.400 27.70 0.1640 16.59 0.16100 2.67 4.54 58.80%
0.290 27.76 0.1240 16.02 0.09770 1.56 3.44 45.47%
0.188 27.80 0.0958 14.02 0.05380 0.75 2.66 28.32%
0.100 27.82 0.0843 13.27 0.02660 0.35 2.34 15.05%
0.080 27.82 0.0827 13.19 0.02280 0.30 2.30 13.07%
0.040 27.83 0.0807 13.02 0.01780 0.23 2.24 10.32%
0.010 27.83 0.0805 13.00 0.01720 0.22 2.24 9.98%

0.8
0.7 /,
0.6 /
0.5 //
% s yd
0.2 //
01 /]
0.0 —
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Iapy (V)

Figure 25. | gp (A) versus l,p; (V) for Blue LED String
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Table 7. Analog Dimming Data for White LED String
Iaps (V) Vin (V) I (A) Vour (V) Iep (A) Pour (W) Py (W) EFF

1.240 27.52 0.7340 23.76 0.76881 18.26 20.199680 90.43%
1.130 27.56 0.6600 23.68 0.69776 16.52 18.189600 90.84%
1.030 27.61 0.5880 23.34 0.62695 14.63 16.234680 90.13%
0.920 27.64 0.5220 23.00 0.55903 12.85 14.428080 89.12%
0.820 27.68 0.4580 22.65 0.49220 11.14 12.677440 87.94%
0.710 27.72 0.3958 22.28 0.42370 9.44 10.971576 86.04%
0.610 27.75 0.3391 21.96 0.36019 7.90 9.410025 84.06%
0.500 27.79 0.2760 21.42 0.28731 6.15 7.670040 80.24%
0.400 27.82 0.2210 20.98 0.22073 4.63 6.148220 75.32%
0.290 27.70 0.1690 20.35 0.15473 3.14 4.680000 67.26%
0.188 27.77 0.1235 19.49 0.09115 1.77 3.420000 51.80%
0.100 27.81 0.9330 17.28 0.04643 0.82 2.590000 30.09%
0.080 27.82 0.0885 16.46 0.03744 0.61 2.460000 25.03%
0.040 27.82 0.0896 15.39 0.02539 0.39 2.490000 15.68%
0.010 27.83 0.0905 15.29 0.02530 0.38 2.510000 15.36%

0.8

0.7 //
0.6 »
0.5 /

e pd
F 4 /

0.3 /]

0.2

0.1 v

0.0 "

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Iapy (V)

Figure 26. | o (A) versus l,p, (V) for White LED String

3.3.3.2 Efficiency and Output LED Current for PWM or Shunt Dimming at 30 kHz

This section provides test data for variations in LED current with changes in the duty cycle of the PWM
input of 30 kHz to EN pin (third pin of LM3409) and the gate driver (UCC27511) to perform PWM or shunt
dimming, respectively, for all strings.
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3.3.3.21 PWM or Shunt Dimming at 30 kHz
Table 8. PWM Dimming Data for Red LED String at 30-kHz PWM Frequency
DUTY CYCLE Vin (V) In (A) Vour (V) lieo (A) Pour (W) P (W) EFF
100.0% 28 0.4420 16.7 0.71800 11.991 12.38 96.89%
90.0% 28 0.4010 16.7 0.65100 10.872 11.23 96.83%
80.0% 28 0.3590 16.7 0.57800 9.653 10.05 96.03%
70.0% 28 0.3160 16.7 0.50300 8.400 8.85 94.94%
60.0% 28 0.2730 16.7 0.42900 7.164 7.64 93.72%
50.0% 28 0.2310 16.7 0.35500 5.929 6.47 91.66%
40.0% 28 0.1880 16.7 0.28300 4.726 5.26 89.78%
30.0% 28 0.1470 16.7 0.21200 3.540 4.12 86.02%
20.0% 28 0.1040 16.7 0.14100 2.355 2.91 80.86%
15.0% 28 0.0852 16.7 0.10500 1.754 2.39 73.50%
10.0% 28 0.0673 16.7 0.06880 1.149 1.88 60.97%
5.0% 28 0.0384 16.7 0.02980 0.498 1.08 46.29%
3.0% 28 0.0297 15.7 0.01250 0.196 0.83 23.60%
1.0% 28 0.0247 15.5 0.00200 0.031 0.69 4.48%
0.8% 28 0.0244 15.3 0.00144 0.022 0.68 3.22%
0.6% 28 0.0242 15.1 0.00096 0.014 0.68 2.14%
0.4% 28 0.0241 14.9 0.00058 0.009 0.67 1.28%
0.1% 28 0.0237 14.1 0.00020 0.003 0.66 0.42%
Table 9. Shunt Dimming Data for Red LED String at 30-kHz Shunt PWM Frequency
DUTY CYCLE Vin (V) In (A) Vour (V) lieo (A) Pour (W) P (W) EFF

100.00% 28 0.4700 16.7 0.71700 11.97 13.1600 90.99%
90.00% 28 0.4310 16.7 0.64600 10.79 12.0700 89.40%
80.00% 28 0.3900 16.7 0.57300 9.57 10.9200 87.63%
70.00% 28 0.3490 16.7 0.50000 8.35 9.7700 85.45%
60.00% 28 0.3080 16.7 0.42800 7.15 8.6200 82.88%
50.00% 28 0.2650 16.7 0.35600 5.95 7.4200 80.12%
40.00% 28 0.2240 16.7 0.28100 4.69 6.2700 74.82%
30.00% 28 0.1830 16.7 0.20900 3.49 5.1200 68.12%
20.00% 28 0.1410 16.7 0.13500 2.25 3.9500 57.10%
10.00% 28 0.1010 16.7 0.06180 1.03 2.8300 36.49%
8.00% 28 0.0929 16.7 0.04900 0.82 2.6000 31.46%
5.00% 28 0.0785 16.7 0.02570 0.43 2.2000 19.53%
3.00% 28 0.0709 16.7 0.01260 0.21 1.9900 10.60%
2.00% 28 0.0682 16.7 0.00784 0.13 1.9100 6.86%
1.00% 28 0.0662 16.7 0.00552 0.09 1.8500 4.97%
0.80% 28 0.0629 16.7 0.00383 0.06 1.7600 3.63%
0.50% 28 0.0603 16.7 0.00093 0.02 1.6900 0.92%
0.30% 28 0.6020 16.7 0.00083 0.01 16.8600 0.08%
0.11% 28 0.0591 16.7 -0.00008 — 1.6548 —
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Figure 27. I o (A) versus Duty Cycle (%) for PWM or Shunt Dimming at 30 kHz for Red LED String

Table 10. PWM Dimming Data for Green LED String at 30-kHz PWM Frequency

DUTY CYCLE Vin (V) I (A) Vour (V) leo (A) Pour (W) P (W) EFF

100.0% 28 0.5840 22.2 0.70800 15.718 16.35 96.12%
90.0% 28 0.5120 22.2 0.62700 13.919 14.34 97.09%
80.0% 28 0.4600 22.2 0.55100 12.232 12.88 94.97%
70.0% 28 0.4080 22.2 0.48300 10.723 11.42 93.86%
60.0% 28 0.3480 22.2 0.40900 9.080 9.74 93.18%
50.0% 28 0.2970 22.2 0.34200 7.592 8.32 91.30%
40.0% 28 0.2350 22.2 0.26500 5.883 6.58 89.41%
30.0% 28 0.1840 22.2 0.19600 4.351 5.15 84.46%
20.0% 28 0.1210 22.2 0.12200 2.708 3.39 79.94%
15.0% 28 0.0885 22.2 0.09000 1.998 2.48 80.63%
10.0% 28 0.0569 22.2 0.04780 1.061 1.59 66.61%
5.0% 28 0.0343 22.2 0.01560 0.346 0.96 36.06%
3.0% 28 0.0284 22.2 0.00666 0.148 0.80 18.59%
1.0% 28 0.0246 22.1 0.00115 0.025 0.69 3.69%
0.8% 28 0.0244 21.7 0.00080 0.017 0.68 2.54%
0.6% 28 0.0242 21.1 0.00050 0.011 0.68 1.56%
0.4% 28 0.0240 19.7 0.00025 0.005 0.67 0.73%
0.3% 28 0.0239 18.7 0.00015 0.003 0.67 0.42%
0.2% 28 0.0239 18.1 0.00009 0.002 0.67 0.24%

Table 11. Shunt Dimming Data for Green LED String at 30-kHz Shunt PWM Frequency

DUTY CYCLE Vin (V) In (A) Vour (V) liep (A) Pour (W) P (W) EFF
100.00% 28 0.6140 22.2 0.711000 15.784 17.19 91.81%
90.00% 28 0.5600 22.2 0.638000 14.164 15.68 90.33%
80.00% 28 0.5060 22.2 0.567000 12.587 14.17 88.84%
70.00% 28 0.4510 22.2 0.494000 10.967 12.63 86.85%
60.00% 28 0.3950 22.2 0.420000 9.324 11.06 84.30%
50.00% 28 0.3400 22.2 0.350000 7.770 9.52 81.62%
40.00% 28 0.2820 22.2 0.275000 6.105 7.90 77.32%
30.00% 28 0.2250 22.2 0.203000 4.507 6.30 71.53%
20.00% 28 0.1670 22.2 0.130000 2.886 4.68 61.72%
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Table 11. Shunt Dimming Data for Green LED String at 30-kHz Shunt PWM Frequency (continued)

DUTY CYCLE Vin (V) In (A) Vour (V) lieo (A) Pour (W) P (W) EFF
10.00% 28 0.1080 22.2 0.057900 1.285 3.02 42.51%
8.00% 28 0.0950 22.2 0.041800 0.928 2.66 34.89%
5.00% 28 0.0800 22.2 0.021700 0.482 2.24 21.51%
3.00% 28 0.0720 22.2 0.011100 0.246 2.02 12.22%
2.00% 28 0.0690 22.2 0.006740 0.150 1.93 7.74%
1.00% 28 0.0660 22.2 0.002930 0.065 1.85 3.52%
0.80% 28 0.0662 22.2 0.003870 0.086 1.85 4.63%
0.50% 28 0.0605 22.2 0.000220 0.005 1.69 0.29%
0.30% 28 0.0604 22.2 -0.000115 — 1.69 —
0.11% 28 0.0591 22.2 -0.000300 — 1.65 —
0.8
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Figure 28. | ¢p (A) versus Duty Cycle (%) for PWM or Shunt Dimming at 30 kHz for Green LED String

Table 12. PWM Dimming Data for Blue LED String at 30-kHz PWM Frequency

DUTY CYCLE Vin (V) I (A) Vour (V) liep (A) Pour (W) P (W) EFF
100.0% 28 0.5320 19.9 0.70900 14.109 14.90 94.72%
90.0% 28 0.4760 19.9 0.63200 12.577 13.33 94.36%
80.0% 28 0.4220 19.9 0.55600 11.064 11.82 93.64%
70.0% 28 0.3700 19.9 0.48100 9.572 10.36 92.39%
60.0% 28 0.3210 19.9 0.41200 8.199 8.99 91.22%
50.0% 28 0.2720 19.9 0.34400 6.846 7.62 89.88%
40.0% 28 0.2230 19.9 0.27700 5.512 6.24 88.28%
30.0% 28 0.1700 19.9 0.20300 4.040 4.76 84.87%
20.0% 28 0.1140 19.9 0.12600 2.507 3.19 78.55%
10.0% 28 0.0621 19.9 0.06000 1.194 1.74 68.67%
5.0% 28 0.0354 19.9 0.01860 0.370 0.99 37.34%
3.0% 28 0.0287 19.1 0.00782 0.149 0.80 18.59%
2.0% 28 0.0263 18.7 0.00397 0.074 0.74 10.08%
1.0% 28 0.0246 18.6 0.00127 0.024 0.69 3.43%
0.8% 28 0.0244 185 0.00089 0.016 0.68 2.41%
0.5% 28 0.0241 18.3 0.00041 0.008 0.67 1.11%
0.3% 28 0.0240 17.9 0.00019 0.003 0.67 0.51%
0.2% 28 0.0239 17.1 0.00012 0.002 0.67 0.31%
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Table 13. Shunt Dimming Data for Blue LED String at 30-kHz Shunt PWM Frequency
DUTY CYCLE Vin (V) I (A) Vour (V) ILep (A) Pour (W) P (W) EFF
100.00% 28 0.5610 19.9 0.70900 14.11 15.71 89.82%
90.00% 28 0.5110 19.9 0.63700 12.68 14.31 88.60%
80.00% 28 0.4620 19.9 0.56500 11.24 12.94 86.92%
70.00% 28 0.4120 19.9 0.49200 9.79 11.54 84.87%
60.00% 28 0.3610 19.9 0.41900 8.34 10.11 82.49%
50.00% 28 0.3110 19.9 0.34700 6.91 8.71 79.30%
40.00% 28 0.2600 19.9 0.27600 5.49 7.28 75.45%
30.00% 28 0.2090 19.9 0.20400 4.06 5.85 69.37%
20.00% 28 0.1560 19.9 0.13300 2.65 4.37 60.59%
10.00% 28 0.1060 19.9 0.05920 1.18 2.97 39.69%
5.00% 28 0.0800 19.9 0.02240 0.45 2.24 19.90%
3.00% 28 0.0720 19.9 0.01070 0.21 2.02 10.56%
2.00% 28 0.0680 19.9 0.00615 0.12 1.90 6.43%
1.00% 28 0.0663 19.9 0.00216 0.04 1.86 2.32%
0.50% 28 0.0602 19.9 0.00061 0.01 1.69 0.72%
0.30% 28 0.0601 19.9 0.00060 0.01 1.68 0.71%
0.11% 28 0.0591 19.9 —-0.00044 — 1.65 —
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Figure 29. | ¢, (A) versus Duty Cycle (%) for PWM or Shunt Dimming at 30 kHz for Blue LED String

Table 14. PWM Dimming Data for White LED String at 30-kHz PWM Frequency

DUTY CYCLE Vin (V) In (A) Vour (V) liep (A) Pour (W) P (W) EFF
100.0% 28 0.6960 25.1 0.710000 17.821 19.49 91.45%
90.0% 28 0.5920 25.1 0.631000 15.838 16.58 95.55%
80.0% 28 0.5290 25.1 0.559000 14.031 14.81 94.73%
70.0% 28 0.4600 25.1 0.481000 12.073 12.88 93.74%
60.0% 28 0.3920 25.1 0.404000 10.140 10.98 92.39%
50.0% 28 0.3270 25.1 0.333000 8.358 9.16 91.29%
40.0% 28 0.2570 25.1 0.256000 6.426 7.20 89.29%
30.0% 28 0.1860 25.1 0.180000 4518 5.21 86.75%
20.0% 28 0.0988 25.1 0.098700 2477 2.77 89.55%
10.0% 28 0.0494 25.1 0.034900 0.876 1.38 63.33%
5.0% 28 0.0324 23.7 0.011300 0.268 0.91 29.52%
3.0% 28 0.0277 22.9 0.005000 0.115 0.78 14.76%
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Table 14. PWM Dimming Data for White LED String at 30-kHz PWM Frequency (continued)

DUTY CYCLE Vin (V) i (A) Vour (V) lLeo (A) Pour (W) P (W) EFF
2.0% 28 0.0259 22.7 0.002700 0.061 0.73 8.45%
1.0% 28 0.0246 226 0.000920 0.021 0.69 3.02%
0.8% 28 0.0244 224 0.000650 0.015 0.68 2.13%
0.6% 28 0.0242 222 0.000400 0.009 0.68 1.31%
0.4% 28 0.0240 220 0.000190 0.004 0.67 0.62%
0.2% 28 0.0239 20.7 0.000065 0.001 0.67 0.20%

Table 15. Shunt Dimming Data for White LED String at 30-kHz Shunt PWM Frequency

DUTY CYCLE Vin (V) I (A) Vour (V) ILep (A) Pour (W) P (W) EFF
100.00% 28 0.7240 25.1 0.74500 18.700 20.27 92.24%
90.00% 28 0.6590 25.1 0.66800 16.767 18.45 90.87%
80.00% 28 0.5950 25.1 0.59200 14.859 16.66 89.19%
70.00% 28 0.5270 25.1 0.51500 12.927 14.76 87.60%
60.00% 28 0.4620 25.1 0.44000 11.044 12.94 85.37%
50.00% 28 0.3930 25.1 0.36200 9.086 11.00 82.57%
40.00% 28 0.3240 25.1 0.28500 7.154 9.07 78.85%
30.00% 28 0.2540 25.1 0.20900 5.246 7.11 73.76%
20.00% 28 0.1830 25.1 0.13100 3.288 5.12 64.17%
10.00% 28 0.1080 25.1 0.05220 1.310 3.02 43.33%
5.00% 28 0.0830 25.1 0.02120 0.532 2.32 22.90%
3.00% 28 0.0745 25.1 0.01100 0.276 2.09 13.24%
2.00% 28 0.0707 25.1 0.00638 0.160 1.98 8.09%
1.00% 28 0.0671 25.1 0.00210 0.053 1.88 2.81%
0.80% 28 0.0663 25.1 0.00168 0.042 1.86 2.27%
0.50% 28 0.0653 25.1 0.00105 0.026 1.83 1.44%
0.30% 28 0.0632 25.1 0.00014 0.004 1.77 0.20%
0.11% 28 0.0591 25.1 —0.00035 — 1.65 —
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Figure 30. I, ¢, (A) versus Duty Cycle (%) for PWM or Shunt Dimming at 30 kHz for White LED String

NOTE: The test results for shunt dimming shows better deep dimming capability and linear
characteristics as compared to PWM dimming at a 30-kHz dimming frequency.
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3.3.3.2.2 PWM or Shunt Dimming at 50 kHz
Table 16. PWM Dimming Data for Red LED String at 50-kHz PWM Frequency
DUTY CYCLE Vin (V) In (A) Vour (V) liep (A) Poyr (W) P (W) EFF

100.00% 28 0.4470 16.7 0.71800 11.991 12.52 95.80%
90.00% 28 0.4090 16.7 0.66200 11.055 11.45 96.54%
80.00% 28 0.3610 16.7 0.59000 9.853 10.11 97.48%
70.00% 28 0.3270 16.7 0.52000 8.684 9.16 94.84%
60.00% 28 0.2790 16.7 0.43500 7.265 7.81 92.99%
50.00% 28 0.2320 16.7 0.35300 5.895 6.50 90.75%
40.00% 28 0.1970 16.7 0.29500 4.927 5.52 89.31%
30.00% 28 0.1600 16.7 0.23000 3.841 4.48 85.74%
20.00% 28 0.1100 16.7 0.14600 2.438 3.08 79.16%
10.00% 28 0.0630 16.7 0.06740 1.126 1.76 63.81%
8.00% 28 0.0510 16.7 0.04630 0.773 1.43 54.15%
5.00% 28 0.0370 16.7 0.02070 0.346 1.04 33.37%
3.00% 28 0.0319 16.7 0.00868 0.145 0.89 16.23%
2.00% 28 0.2990 16.7 0.00445 0.074 8.37 0.89%
1.00% 28 0.2860 16.7 0.00160 0.027 8.01 0.33%
0.80% 28 0.2840 16.7 0.00125 0.021 7.95 0.26%
0.50% 28 0.0280 16.7 0.00074 0.012 0.78 1.58%
0.30% 28 0.0281 16.7 0.00056 0.009 0.79 1.19%
0.20% 28 0.0281 16.7 0.00050 0.008 0.79 1.06%
0.15% 28 0.0270 16.7 0.00041 0.007 0.76 0.91%
0.10% 28 0.0270 16.7 0.00040 0.007 0.76 0.88%

Table 17. Shunt Dimming Data for Red LED String at 50-kHz Shunt PWM Frequency

DUTY CYCLE Vin (V) In (A) Vour (V) lieo (A) Pour (W) P (W) EFF

100.0% 28 0.482 16.7 0.71800 11.99 13.50 88.85%
90.0% 28 0.443 16.7 0.64700 10.80 12.40 87.11%
80.0% 28 0.402 16.7 0.57500 9.60 11.26 85.31%
70.0% 28 0.361 16.7 0.50100 8.37 10.11 82.77%
60.0% 28 0.320 16.7 0.42700 7.13 8.96 79.59%
50.0% 28 0.277 16.7 0.35600 5.95 7.76 76.65%
40.0% 28 0.238 16.7 0.28200 471 6.66 70.67%
30.0% 28 0.196 16.7 0.20700 3.46 5.49 62.99%
20.0% 28 0.153 16.7 0.13600 2.27 4.28 53.02%
15.0% 28 0.133 16.7 0.09860 1.65 3.72 44.22%
10.0% 28 0.110 16.7 0.06420 1.07 3.08 34.81%
5.0% 28 0.091 16.7 0.02610 0.44 2.55 17.11%
3.0% 28 0.085 16.7 0.01490 0.23 2.38 9.83%
1.0% 28 0.073 16.7 0.00261 0.04 2.04 1.98%
0.8% 28 0.072 16.7 0.00181 0.03 2.02 1.37%
0.6% 28 0.072 16.7 0.00176 0.03 2.02 1.32%
0.4% 28 0.072 16.7 0.00130 0.02 2.02 0.96%
0.3% 28 0.070 16.7 0.00120 0.02 1.96 0.89%
0.2% 28 0.070 16.7 -0.00011 — 1.96 —
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Figure 31. I ¢, (A) versus Duty Cycle (%) for PWM or Shunt Dimming at 50 kHz for Red LED String

Table 18. PWM Dimming Data for Green LED String at 50-kHz PWM Frequency

DUTY CYCLE Vin (V) I (A) Vour (V) leo (A) Pour (W) P (W) EFF

100.00% 28 0.589 22.2 0.71000 15.762000 16.49 95.57%
90.00% 28 0.513 22.2 0.61700 13.697000 14.36 95.36%
80.00% 28 0.459 22.2 0.54700 12.143000 12.85 94.49%
70.00% 28 0.406 22.2 0.47900 10.634000 11.37 93.54%
60.00% 28 0.345 22.2 0.40100 8.902000 9.66 92.16%
50.00% 28 0.284 22.2 0.32300 7.171000 7.95 90.17%
40.00% 28 0.224 22.2 0.24600 5.461000 6.27 87.07%
30.00% 28 0.167 22.2 0.17500 3.885000 4.68 83.08%
20.00% 28 0.110 22.2 0.10600 2.353000 3.08 76.40%
15.00% 28 0.078 22.2 0.06630 1.472000 2.18 67.39%
10.00% 28 0.053 22.2 0.03390 0.753000 1.48 50.71%
5.00% 28 0.035 22.2 0.01070 0.238000 0.98 24.24%
3.00% 28 0.031 22.2 0.00470 0.104000 0.87 12.02%
1.00% 28 0.028 22.1 0.00081 0.018000 0.78 2.28%
0.80% 28 0.028 21.7 0.00060 0.013000 0.78 1.66%
0.60% 28 0.028 21.1 0.00042 0.009000 0.78 1.13%
0.40% 28 0.028 19.7 0.00022 0.004000 0.78 0.55%
0.30% 28 0.028 18.7 0.00017 0.003000 0.78 0.41%
0.20% 28 0.028 18.1 0.00013 0.002000 0.78 0.30%
0.15% 28 0.027 18.1 0.00004 0.001000 0.76 0.10%
0.10% 28 0.027 18.1 0.00004 0.000724 0.76 0.10%

Table 19. Shunt Dimming Data for Green LED String at 50-kHz Shunt PWM Frequency

DUTY CYCLE Vin (V) In (A) Vour (V) liep (A) Pour (W) P (W) EFF
100.00% 28 0.627 22.2 0.71100 15.784 17.560 89.91%
90.00% 28 0.572 22.2 0.63700 14.141 16.020 88.30%
80.00% 28 0.517 22.2 0.56500 12.543 14.480 86.65%
70.00% 28 0.463 22.2 0.49300 10.945 12.960 84.42%
60.00% 28 0.410 22.2 0.42100 9.346 11.480 81.41%
50.00% 28 0.354 22.2 0.34800 7.726 9.910 77.94%
40.00% 28 0.297 22.2 0.27400 6.083 8.320 73.15%
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Table 19. Shunt Dimming Data for Green LED String at 50-kHz Shunt PWM Frequency (continued)

DUTY CYCLE Vin (V) I (A) Vour (V) ILep (A) Pour (W) P (W) EFF
30.00% 28 0.239 22.2 0.20100 4.462 6.690 66.68%
20.00% 28 0.181 22.2 0.12800 2.842 5.070 56.07%
10.00% 28 0.123 22.2 0.05580 1.239 3.440 35.97%

8.00% 28 0.112 22.2 0.04190 0.930 3.140 29.66%
5.00% 28 0.098 22.2 0.02340 0.519 2.740 18.93%
3.00% 28 0.090 22.2 0.01330 0.295 2.520 11.72%
2.00% 28 0.086 22.2 0.00870 0.193 2.410 8.02%
1.00% 28 0.078 22.2 0.00270 0.060 2.180 2.74%
0.80% 28 0.074 22.2 0.00022 0.005 2.070 0.24%
0.50% 28 0.074 22.2 —0.00015 — 2.072 —
0.30% 28 0.073 22.2 —0.00048 — 2.044 —
0.25% 28 0.073 22.2 —0.00047 — 2.044 —
0.20% 28 0.071 22.2 —0.00036 — 1.988 —
0.8
—— PWM Dimming at 50 kHz
0.7 | = Shunt Dimming at 50 kHz /
0.6
/
0.5
<
a 04
=]
0.3
/
0.2 Zd
. /
0
0 20% 40% 60% 80% 100%

Duty Cycle

Figure 32. |, ¢p (A) versus Duty Cycle (%) for PWM or Shunt Dimming at 50 kHz for Green LED String

Table 20. PWM Dimming Data for Blue LED String at 50-kHz PWM Frequency

DUTY CYCLE Vin (V) I (A) Vour (V) liep (A) Pour (W) P (W) EFF
100.0% 28 0.540000 19.9 0.70900 14.109 15.12 93.31%
90.0% 28 0.471000 19.9 0.61700 12.278 13.19 93.10%
80.0% 28 0.417000 19.9 0.54100 10.766 11.68 92.21%
70.0% 28 0.366000 19.9 0.47000 9.353 10.25 91.27%
60.0% 28 0.315000 19.9 0.40000 7.960 8.82 90.25%
50.0% 28 0.268000 19.9 0.33500 6.667 7.50 88.84%
40.0% 28 0.219000 19.9 0.26600 5.293 6.13 86.32%
30.0% 28 0.171000 19.9 0.20100 4.000 4.79 83.54%
20.0% 28 0.120000 19.9 0.13100 2.607 3.36 77.59%
10.0% 28 0.055000 19.9 0.04100 0.816 1.54 52.98%
5.0% 28 0.036100 19.9 0.01200 0.239 1.01 23.62%
3.0% 28 0.031300 19.1 0.00536 0.102 0.88 11.68%
2.0% 28 0.029690 18.7 0.00272 0.051 0.83 6.12%
1.0% 28 0.028540 18.6 0.00089 0.017 0.80 2.07%
0.8% 28 0.028400 18.5 0.00065 0.012 0.80 1.51%
0.5% 28 0.028180 18.3 0.00030 0.005 0.79 0.70%
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Table 20. PWM Dimming Data for Blue LED String at 50-kHz PWM Frequency (continued)

DUTY CYCLE Vin (V) i (A) Vour (V) lLeo (A) Pour (W) P (W) EFF
0.3% 28 0.028110 17.9 0.00020 0.004 0.79 0.45%
0.2% 28 0.028074 17.1 0.00015 0.003 0.79 0.33%

Table 21. Shunt Dimming Data for Blue LED String at 50-kHz Shunt PWM Frequency

Duty Cycle

DUTY CYCLE Vin (V) In (A) Vour (V) liep (A) Poyr (W) P (W) EFF
100.00% 28 0.5723 19.9 0.70897 14.109 16.02 88.04%
90.00% 28 0.5230 19.9 0.63500 12.637 14.64 86.29%
80.00% 28 0.4730 19.9 0.56300 11.204 13.24 84.59%
70.00% 28 0.4230 19.9 0.49100 9.771 11.84 82.50%
60.00% 28 0.3730 19.9 0.41800 8.318 10.44 79.65%
50.00% 28 0.3211 19.9 0.34700 6.905 8.99 76.80%
40.00% 28 0.2688 19.9 0.27610 5.494 7.53 73.00%
30.00% 28 0.2190 19.9 0.20230 4.026 6.13 65.65%
20.00% 28 0.1683 19.9 0.12970 2.581 4.71 54.77%
10.00% 28 0.1160 19.9 0.05700 1.134 3.25 34.92%
5.00% 28 0.0922 19.9 0.02248 0.447 2.58 17.33%
3.00% 28 0.0845 19.9 0.01233 0.245 2.37 10.37%
2.00% 28 0.0814 19.9 0.00795 0.158 2.28 6.94%
1.00% 28 0.0734 19.9 0.00210 0.042 2.06 2.03%
0.70% 28 0.0730 19.9 0.00170 0.034 2.04 1.66%
0.50% 28 0.0699 19.9 —0.00089 — 1.96 —
0.30% 28 0.0689 19.9 —0.00128 — 1.93 —
0.25% 28 0.0690 19.9 —0.00126 — 1.93 —
0.20% 28 0.0640 19.9 —0.00066 — 1.79 —
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Figure 33. | ¢ (A) versus Duty Cycle (%) for PWM or Shunt Dimming at 50 kHz for Blue LED String

Table 22. PWM Dimming Data for White LED String at 50-kHz PWM Frequency

DUTY CYCLE Vin (V) I (A) Vour (V) lLeo (A) Pour (W) P (W) EFF
100.0% 28 0.7392 25.1 0.77360 19.417 20.70 93.81%
90.0% 28 0.5960 25.1 0.62670 15.730 16.69 94.26%
80.0% 28 0.5215 25.1 0.54350 13.642 14.60 93.42%
70.0% 28 0.4512 25.1 0.46550 11.684 12.63 92.48%
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Table 22. PWM Dimming Data for White LED String at 50-kHz PWM Frequency (continued)

DUTY CYCLE Vin (V) In (A) Vour (V) lieo (A) Pour (W) P (W) EFF
60.0% 28 0.3791 25.1 0.38600 9.689 10.61 91.27%
50.0% 28 0.3074 25.1 0.30730 7.713 8.61 89.61%
40.0% 28 0.2344 25.1 0.22810 5.725 6.56 87.23%
30.0% 28 0.1592 25.1 0.14580 3.660 4.46 82.10%
20.0% 28 0.0889 25.1 0.06030 1514 2.49 60.80%
10.0% 28 0.0519 25.1 0.02130 0.535 1.45 36.79%

5.0% 28 0.0394 23.7 0.00760 0.180 1.10 16.33%
3.0% 28 0.0359 22.9 0.00350 0.080 1.01 7.97%
2.0% 28 0.0346 22.7 0.00190 0.043 0.97 4.45%
1.0% 28 0.0335 22.6 0.00060 0.014 0.94 1.45%
0.8% 28 0.0334 224 0.00046 0.010 0.94 1.10%
0.6% 28 0.0333 22.2 0.00031 0.007 0.93 0.74%
0.4% 28 0.0331 22.0 0.00014 0.003 0.93 0.33%
0.2% 28 0.0330 20.7 0.00007 0.001 0.92 0.16%

Table 23. Shunt Dimming Data for White LED String at 50-kHz Shunt PWM Frequency

DUTY CYCLE Vin (V) In (A) Vour (V) lieo (A) Pour (W) P (W) EFF

100.0% 28 0.7446 25.1 0.77280 19.40 20.85 93.04%
90.0% 28 0.6793 25.1 0.69680 17.49 19.02 91.95%
80.0% 28 0.6091 25.1 0.61850 15.52 17.05 91.03%
70.0% 28 0.5393 25.1 0.53920 13.53 15.10 89.63%
60.0% 28 0.4697 25.1 0.46010 11.55 13.15 87.81%
50.0% 28 0.3994 25.1 0.38060 9.55 11.18 85.42%
40.0% 28 0.3286 25.1 0.30080 7.55 9.20 82.06%
30.0% 28 0.2520 25.1 0.21810 5.47 7.06 77.58%
20.0% 28 0.1841 25.1 0.14170 3.56 5.15 69.00%
10.0% 28 0.1093 25.1 0.06140 1.54 3.06 50.36%
5.0% 28 0.0784 25.1 0.02720 0.68 2.20 31.10%
3.0% 28 0.0675 25.1 0.01460 0.37 1.89 19.39%
2.0% 28 0.0620 25.1 0.00880 0.22 1.74 12.72%
1.0% 28 0.0573 25.1 0.00330 0.08 1.60 5.16%
0.8% 28 0.0554 25.1 0.00178 0.04 1.55 2.88%
0.5% 28 0.0557 25.1 0.00161 0.04 1.56 2.59%
0.3% 28 0.0482 25.1 —0.00040 — 1.35 —
0.2% 28 0.0457 25.1 —-0.00027 — 1.28 —
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0.9

—— PWM Dimming at 50 kHz
0.8 | —— Shunt Dimming at 50 kHz
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Figure 34. | ¢ (A) versus Duty Cycle (%) for PWM or Shunt Dimming at 50 kHz for White LED String

NOTE: The test results for shunt dimming shows better deep dimming capability and linear
characteristics as compared to PWM dimming at a 50-kHz dimming frequency.
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3.3.33
This section contains various current and switch node waveforms of the TIDA-01415 board for analog

Waveforms

dimming and PWM or shunt dimming.

3.3.3.3.1 Analog Dimming Waveforms
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z 108 e i ]
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- 2 or! : . |
CH1 100mYyEy M 250 us CH1 7 106mY CH1 100mYEy M 2.50,us CH1 ./ 68.0mY
4-kpr=17 16:23 <10Hz 24-Mar-17 19:08 <10Hz

Figure 35. P-FET Current During On-Time at |5, = 1.24 V

for Red String

Figure 36. P-FET Current During On-Time at |5, = 1.24 V

for Green String

e M Pos: =1000us CH2 S M Pos: 0,0005 CH1
1 . . ¥ + : :
: : ; L ' c mﬁm : : : : N am
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Figure 37. P-FET Current During On-Time at |5, = 1.24 V

for Blue String

Figure 38. P-FET Current During On-Time at |5, = 1.24 V

for White String

NOTE: The inductor current waveforms are captured across the high-side sensing resistor(0.3 Q),
which is connected across pin 7 and 8 of the LM3409.
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3.3.3.3.2 PWM Dimming Waveforms at 30 kHz
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Figure 39. Switch Node and PWM Waveform
for Red LED String at 50% Duty Cycle
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Figure 40. P-FET Current During On-Time and PWM
Waveform

for Red LED String at 50% Duty Cycle
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Figure 41. Switch Node and PWM Waveform Figure 42. P-FET Current During On-Time and PWM
for Green LED String at 50% Duty Cycle Waveform

for Green LED String at 50% Duty Cycle
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Figure 43. Switch Node and PWM Waveform Figure 44. P-FET Current During On-Time and PWM
for Blue LED String at 50% Duty Cycle Waveform
for Blue LED String at 50% Duty Cycle
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Figure 45. Switch Node and PWM Waveform Figure 46. P-FET Current During On-Time and PWM
for White LED String at 50% Duty Cycle Waveform
for White LED String at 50% Duty Cycle
NOTE: The inductor current waveforms are captured across the high-side sensing resistor(0.3 Q),
which is connected across pin 7 and 8 of the LM3409.
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3.3.3.3.3 Shunt Dimming Waveforms at 30 kHz
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Figure 47. Switch Node and Shunt PWM Waveform
for Red LED String at 50% Duty Cycle
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Figure 48. P-FET Current During On-Time and Shunt
PWM Waveform
for Red LED String at 50% Duty Cycle
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Figure 49. Switch Node and Shunt PWM Waveform
for Green LED String at 50% Duty Cycle
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Figure 50. P-FET Current During On-Time and Shunt

PWM Waveform
for Green LED String at 50% Duty Cycle
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Figure 51. Switch Node and Shunt PWM Waveform
for Blue LED String at 50% Duty Cycle

Figure 52. P-FET Current During On-Time and Shunt
PWM Waveform
for Blue LED String at 50% Duty Cycle
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Figure 53. Switch Node and Shunt PWM Waveform
for White LED String at 50% Duty Cycle
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Figure 54. P-FET Current During On-Time and Shunt

PWM Waveform
for White LED String at 50% Duty Cycle
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NOTE: The inductor current waveforms are captured across the high-side sensing resistor(0.3 Q),
which is connected across pin 7 and 8 of the LM3409.
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3.3.34 TINA Simulation for TIDA-01415

This section highlights the simulation done for PWM or shunt dimming with the LM3409 LED driver.
Figure 55 shows the simulation circuit for the LM3409 LED driver stage with PWM dimming at 30 kHz.
Figure 56 shows the LED current and switch node waveforms for PWM dimming at 30 kHz.

[PWM Dimming @30kHz|

= Vs WL G W 7 B B 4 W I

00—
1000—

Py k!
000

000

-10.001
2801 —

2799
3000—

Figure 55. Simulation Circuit for PWM Dimming Figure 56. Simulation Results for PWM Dimming
With LM3409 at 30 kHz

Figure 57 shows the simulation circuit for the LM3409 LED driver stage with PWM dimming at 30 kHz.
Figure 58 shows the LED current and switch node waveforms for shunt dimming at 30 kHz.

Shunt Dimming @SOkHz}

-300.00m —
10.00

Shunt PN E|
0.00—

000

000 100.00u 200,004 500,004
Time (5]

Figure 57. Simulation Circuit for Shunt Dimming Figure 58. Simulation Results for Shunt Dimming
at 30 kHz With LM3409 at 30 kHz
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3.3.3.5 Thermal Images at Full Load

This section contains thermal images of the top and bottom side of the TIDA-01415 board with all strings
running at full load.

—50.2

Figure 59. Thermal Image of Top Side of TIDA-01415 Board for PWM Dimming at 2.9-A Total LED Current
(100% Duty Cycle for All Strings)

Table 24. Temperature Details for Figure 59

TEMPERATURE (°C) DEVICE NAME LED STRING
45.5 LM3409 (U2) Red
e
45.5 High-side current sensing resistor (R5)
49.3 LM3409 (U5)
- - - - Green
46.8 High-side current sensing resistor (R19)
50.6 LM3409 (U11) Bl
ue
49.6 High-side current sensing resistor (R43)
50.4 LM3409 (U14) .
- - - - White
50.8 High-side current sensing resistor (U55)
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Figure 60. Thermal Image of Bottom Side of TIDA-01415 Board for PWM Dimming at 2.9-A Total LED
Current (100% Duty Cycle for All Strings)

Table 25. Temperature Details for Figure 60

TEMPERATURE (°C) DEVICE NAME LED STRING

43.3 PFET (Q2)

- Red
42.8 Schottky diode (D2)
44.4 PFET (Q4)

: Green
43.1 Schottky diode (D5)
45.2 PFET (Q6)

- Blue
43.8 Schottky diode (D9)
48.0 PFET (Q8

@ ) White

44.0 Schottky diode (D12)
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~49.8

Figure 61. Thermal Image of Top Side of TIDA-01415 Board for Shunt Dimming at 2.9-A Total LED Current
(100% Duty Cycle for All Strings)

Table 26. Temperature Details for Figure 61

TEMPERATURE (°C) DEVICE NAME LED STRING
44.2 LM3409 (U2) Red
e
41.7 High-side current sensing resistor (R5)
45.7 LM3409 (U5)
- - - - Green
42.8 High-side current sensing resistor (R19)
43.5 LM3409 (U11) Bl
ue
45.1 High-side current sensing resistor (R43)
48.3 LM3409 (U14) .
- - - - White
46.8 High-side current sensing resistor (U55)
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Figure 62. Thermal Image of Bottom Side of TIDA-01415 Board for Shunt Dimming at 2.9-A Total LED
Current (100% Duty Cycle for All Strings)

Table 27. Temperature Details for Figure 62

TEMPERATURE (°C) DEVICE NAME LED STRING
44.2 PFET (Q2)
43.5 Schottky diode (D2) Red
38.8 Shunt dimming FET (Q1)
45.2 PFET (Q4)
42.9 Schottky diode (D5) Green
39.3 Shunt dimming FET (Q3)
45.7 PFET (Q6)
443 Schottky diode (D9) Blue
40.5 Shunt dimming FET (Q5)
49.1 PFET (Q8)
43.7 Schottky diode (D12) White
40.5 Shunt dimming FET (Q7)
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4 Design Files

4.1 Schematics
To download the schematics, see the design files at TIDA-01415.

4.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-01415.

4.3 PCB Layout Recommendations

4.3.1 Layout Prints
To download the layer plots, see the design files at TIDA-01415.

4.4  Altium Project
To download the Altium project files, see the design files at TIDA-01415.

4.5 Gerber Files
To download the Gerber files, see the design files at TIDA-01415.

4.6 Assembly Drawings
To download the assembly drawings, see the design files at TIDA-01415.

5 Software Files
To download the software files, see the design files at TIDA-01415.

6 Related Documentation

1. Texas Instruments, TMS320x280x, 2801x, 2804x High Resolution Pulse Width Modulator (HRPWM),
HRPWM Reference Guide (SPRU924)

2. Mike Wood Consulting, Rolling, rolling, rolling... Camera light sensors react differently to images lit with
PWM-dimmed LEDs, Out of the Wood
(http://www.mikewoodconsulting.com/articles/Protocol%20Summer%202011%20-
%20Rolling%20Shutters.pdf)

6.1 Trademarks

C2000, Microwire, NexFET, Piccolo, Code Composer Studio, controlSUITE, BoosterPack are trademarks
of Texas Instruments.

Quad-SPI is a trademark of Motorola, Inc.

All other trademarks are the property of their respective owners.
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regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
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