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ABSTRACT

The TPS54160 is normally used as a buck voltage regulator. In these applications, a lower dc voltage is
derived from a higher input voltage. The output voltage is regulated by the internal current mode control
circuitry to maintain a constant voltage over varying line and load conditions. The TPS54160 is not limited
to use in the standard buck topology. This application report demonstrates the TPS54160 used as a
high-brightness LED driver. Rather than maintaining the constant regulated voltage of the buck converter,
a current-regulated source is desired. The circuit must maintain a constant current with an output voltage
that varies with changes in the LED forward voltage drop due to variation in the number of LEDs and
temperature. To achieve current regulation, the voltage across a known resistance (R,) is regulated. R, is
connected from the voltage feedback pin (VSENSE) to GND. The LEDs are connected from the output of
the inductor to VSENSE. In addition to these design modifications, the output capacitor must be
connected across the LEDs (load), from the output of the inductor to VSENSE.
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1 Schematic Diagram
The schematic diagram of the LED driver circuit is shown in Figure 1. The input voltage source is a
nominal 24 V. The circuit is designed to drive four LEDs in series with a drive current of 700 mA. When
driving these four LEDs, the nominal output voltage relative to ground is approximately 14.8 V. Provisions
for both analog and PWM dimming of the LED string are provided.
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Figure 1. LED Driver Circuit
2 Design Procedure
2.1 Output Current Set Point
The output current can be set by changing the value of the current sense resistor, R,. The sense resistor
is
R, = VREF
o &)
Note: the power dissipation of this resistor must be considered for package size and is
V 2
% = Pyis
4 @
This resistor R, is considered part of the supply, not the load. For this design example, Vg = 0.8 V and I
=700 mA. Using Equation 1, R, = 1.14 Q. A standard 1-W resistor value of 1.2 Q is used for R,. The
calculated power dissipation using Equation 2 is 0.53 W.
2.2 Output Voltage

The supplied output voltage of the LED driver circuit is approximated by:
Vorep = Niep * Viep * Vrer (3)

Where:

N eo = humber of LEDs
V\ep = forward voltage drop of each LED
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2.3

2.4

Veer = the TPS54160 reference voltage
Using Equation 3, the approximate LED supply voltage is 14.8 V.

Enable and Adjusting Undervoltage Lockout

The voltage on the EN pin sets the status of the device, on or off. The EN pin has an internal pullup
current source, |;, of 0.9 pA that provides the default condition of the TPS54160 operating when the EN
pin floats. Once the EN pin voltage exceeds 1.25 V, an additional 2.9 pA of hysteresis, |y, is added. This
additional current facilitates input voltage hysteresis. A resistor divider from VIN to EN to GND must be
implemented to ensure that the TPS54160 does not turn on until the input voltage is approximately 3 V
above the desired output voltage. Use the undervoltage lockout (UVLO) adjust resistors to provide
consistent power-up behavior. Use Equation 4 and Equation 5 to calculate the two external resistors for

UVLO.
’J_‘ TPS54160

Figure 2. Adjustable Undervoltage Lockout

R, = Vstart — Vstop
lHys “)

R, = Vena
Vsrart = VeEna +1
R1 ! (5)

For this design, the desired start voltage must be 14.8 V + 3V = 17.8 V, and the stop voltage must be
17.8 V -0.5V = 17.3 V. Using Equation 4 and Equation 5, the required values for R, and R, are 172 kQ
and 12.9 kQ. The closest standard values of 174 kQ and 13.0 kQ are used for R; and R..

Switching Frequency

The response time of the converter depends both on the closed-loop bandwidth of the circuit and the
switching frequency. Because this circuit is designed to run under a constant load condition, response
time is not a high priority. Higher switching frequencies enable the use of smaller output filter components
whereas lower switching frequencies tend to have higher efficiencies. The TPS54160 can be operated at
switching frequencies from 300 kHz to 2500 kHz.

The switching frequency has additional limitations. As the frequency is increased, the on time for a given
duty cycle is decreased. For consistent switching action without pulse skipping, the on time must be
greater than the minimum controllable on time. For the TPS54160, this minimum controllable on time is
typically 130 ns. The TPS54160 also features frequency foldback. During overcurrent conditions, the
output voltage decreases as the overcurrent protection is activated. As the foldback voltage at VSENSE
decreases below 0.6 V, the switching frequency is reduced by 50% of the nominal value. At a VSENSE
voltage of 0.4 V, the switching frequency is reduced to 25%, and finally when the VSENSE voltage falls
below 0.2 V, the switching frequency is reduced to 12.5% of the nominal set frequency. This is done so
that in any individual switching cycle, sufficient time is available for the inductor current to ramp below the
overcurrent threshold. So, the set switching frequency must be less than fsyymax skip) @and

fSW(max shift)*
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I R +V, +V
fsw(maxskip) = 1 [ L X Roc ™ Voep ™ Vb ]
oNmin \ Vinmax — I x Rps +Vp ©
fsw(maxshift) = fdiv [IOUTSC * Rpc +Vourse * VDJ
tonmin \ Vinmax = loutsc * Rps *+ Vp ”

I inductor current

Roc inductor resistance

V nmax maximum input voltage

Vour output voltage

Voursce output voltage during short

loutsc output short circuit current

vd diode voltage drop

Roson) switch on resistance

tonmin minimum controllable on time

fdiv frequency division factor (1, 2, 4, or 8)

Using Equation 6 and Equation 7, the maximum skip and shift frequencies are 3.28 MHz and 1.83 MHz.
Both of these frequencies are beyond the operating range of the TPS54160.

This design uses a nominal switching frequency of 570 kHz to allow for high efficiency while still providing
reasonably sized components. The switching frequency is set by placing a resistor, R;, from the RT/CLK
pin to ground. The value of the R; is calculated by:

206033
R (kQ) = 1.0888
fsw(kHz)" (®)

For 570 kHz, the switching frequency, R; must be 205 kQ.

2.5 Power Dissipation in Low-Side Diode
During the converter on time, the output current is provided by the internal switching FET. During the off
time, the output current flows through the catch diode. The average power in the diode is given by:
V,
Pdiode = [1 - ﬂ] x Vfd x lo
VIN (9)
For this design, the catch diode must dissipate 0.187 W.
2.6 Input Capacitor
The TPS54160 requires a high-quality ceramic, type X5R or X7R, input decoupling capacitor of at least 3
mF of effective capacitance and in some applications a bulk capacitance. The effective capacitance
includes any dc bias effects. The voltage rating of the input capacitor must be greater than the maximum
input voltage. The capacitor must also have a ripple current rating greater than the maximum input current
ripple of the TPS54160. The rms input ripple current can be calculated using:
_ Vorep * (Vinmin — Vout)
Icirms = lout x — —
Vinmin x Vinmin (10)
The input capacitance value determines the input ripple voltage of the regulator. The input voltage ripple
can be calculated using:
AVin = Ioutmax x 0.25
Cin x fsw (11)
For this circuit, the rms current is 340 mA, and the input voltage ripple is 31 mV.
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2.7 Output Inductor
The output inductor must be selected so that the peak-to-peak ripple current is 30% of the output current.
Verify that the RMS and saturation current ratings for the inductor exceed application specifications.
Lo >= Yoep x (Vinmax — Vo gp)
Vinmax x fsw x lo x 0.30 (12)
Once the inductor is chosen, the peak-to-peak inductor current can be calculated using Equation 13.
| o = Voiep * (Vinmax — Vg gp)
LPP Vinmax x fsw x Lg (13)
For the output filter inductor, it is important that the RMS current and saturation current ratings not be
exceeded. The RMS and peak inductor current can be found from
2
V, x (Vinmax — Vout
ILrms = \/I02 + % X { O'\‘E.D ( 3 )]
inmax x Ly x fsw (14)
1 Voled x (Vinmax — Vout)
ILpeak =lo+ — x -
2 Vinmax x Ly x fsw (15)
The required minimum inductor is calculated to be 72 uH. The nearest standard value inductor is 68 pH.
The calculated peak-to-peak, rms, and peak currents are 224.8 mA, 703 mA, and 812 mA. For this design,
a 68-pH Coilcraft MSS1038-683ML__is used. The rms current rating is 1.82 A, and the saturation current
rating is 1.75 A.
2.8 Output Capacitor
The output capacitor is selected to limit the ripple current in the LED string. First, calculate the dynamic
resistance of the LED string using Equation 16.
AV f
teo = o X Neep
Alf (16)
This can be found on the data sheet for the LED used. For this application, the average forward current is
700 mA, and the average forward voltage is 3.4 V for each LED. The slope of the V/I curve for the LED at
that operating point is the LED dynamic resistance. In this case, the dynamic resistance is determined to
be 1.25 Q per LED. For four LEDs, the total is 5 Q.
The output ripple current of the converter is the output inductor peak-to-peak current (ILPP). This ripple
current is shared by the output filter capacitor and the LED string. The impedance of the output capacitor
is given by:
Zco = Rggr + !
21 x fsw x Co (17)
The ripple current in the LED string is:
Z
Al = __¢co
Lep = lpp X Zso +Rigp (18)
And the rms ripple current in the output capacitor is
Icorms = hee x Riep
J12 x (Rigp + Zeo) (19)
For this design, a ceramic output capacitor is used. To estimate the output capacitor impedance, start with
a value of 10 pF for Co. The ESR of this capacitor is small compared to the reactance of the capacitor and
is ignored. The design requirement is to limit the LED ripple current to less than 3 mA. The required
capacitance can be found from Equation 20.
I - Al
Co > LPP LED
2xmn xfsw x R gy x Al gp (20)
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For 3-mA LED ripple current, the output capacitor must be at least 8.48 pF. A 10-uF capacitor is used. For
most LED driver applications, the impedance of the output capacitor is small compared to the impedance
of the LEDs. Most of the ripple current is shunted through the output capacitor Equation 4 rather than
through the LED string.

With 10 pF, the LED ripple current from Equation 18 is 1.47 mA and the output capacitor ripple current
from Equation 19 is 224.8 mA.

The output capacitor is connected across the load, from the output of the inductor (V) to VSENSE.

The rms current in the output capacitor is 65.5 mA. The ceramic capacitor used has an rms current rating
of 3A.

2.9 Compensation
To stabilize the closed-loop circuit, a compensation network is required. The small signal model for the
TPS54160 is rather complex when operating as a current driver. For this design procedure, some
simplifying assumptions are made. The compensation components are connected from the COMP pin to
GND. Many techniques are used to stabilize closed-loop circuits like the LED driver described here.
Stability can be achieved by Type | compensation, which uses a single capacitor from COMP to GND.
Improved performance can be achieved using more advanced compensation topologies such as TYPE I
or Type lll. In any case, to properly compensate the closed-loop circuit, the gain characteristics of the
power stage must be determined. In general, the power stage DC gain, the power stage pole, and the
power stage zero frequency must be known. These terms are defined as follows:
Gain
G = Res x Vin x Fry
Ps~
(Fm > Vin X R)) + Rpc + Rigp + Res (21)
Pole Frequency
fpole = 1 5 \/(Fm x iy x Rj)+ Rpc +Rigp +Rgg
2n Lo x Cq Riep + Resr (22)
Zero Frequency
fzero = L
2 xn x Co(Reep * Resr) (23)
Where:
R, =1/gmps =1/6
R¢s = current sense resistor (R4)
Fm = fsw
[VIN - VOLED] x Ri + Se
Lo
Se =250000
For simple Type | compensation, a single capacitor is used to create a pole at the origin. The unity gain
frequency of the compensated error amplifier is given by:
fo= 1
NT 2 x 1 x Cs x gmea (24)
The unity gain bandwidth of the compensated error amplifier must be at 1/3 the power stage pole
frequency, fpole. The required value of C5 is given by:
_ _gmea x 3
° 21 x fpole (25)
For the design inputs in this example, the required compensation capacitor is C; = 3700 pF. Using the
closest standard value of 3900 pF, the measured closed-loop response is shown in Figure 3.
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Figure 3. Type | Compensation Closed-Loop Response

The closed-loop crossover frequency is 16 kHz, and the phase margin is 60 degrees. To extend the loop
bandwidth and/or increase the phase margin, a Type Il compensation scheme can be employed. This is
the compensation shown in the schematic of Figure 1. For this Type Il compensation, an additional series
resistor (R;) and parallel capacitor (C,) are added with C5 as shown. The design goal is to increase the
closed-loop bandwidth to 27 kHz.

For this design, the modulator gain is 4.107 and the zero frequency is 3.18 kHz. The pole frequency was
previously determined to be 10.4 kHz. By definition, at crossover the gain of the compensated error
amplifier plus the gain of power stage must be unity or 0 dB. The gain of the compensated error amplifier
at the crossover frequency must be:

Fco? x fzero
GcompFCO = 3—f
fpole® xGpg (26)

The required compensation components now can be determined. The compensation resistor R5 is
selected to provide the required gain at the crossover frequency.

Gecompe¢,
gmea (27)

C4 is selected to provide adequate phase boost. The compensation zero formed by C4 and R5 is placed
at a frequency 2.5 times lower than the power stage pole frequency. The value of C4 can be calculated
using:

C4

R5 =

_ 25
2 xn x R5 x fpole (28)

C5 is used to roll off the gain of the error amplifier at high frequencies. For ceramic output capacitors,
place the pole formed by C5 and R5 at one-half the switching frequency. The value of C5 is given by:

C5= ;
n x fsw x R5 (29)

For this design, the compensation components are calculated as
Rs = 5.10 kQ
C,=7632 pF
Cs =112 pF

SLVA374—-February 2010 TPS54160 60-V, Step-Down LED Driver Design Guide 7
Submit Documentation Feedback
Copyright © 2010, Texas Instruments Incorporated


http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLVA374

13 TEXAS
INSTRUMENTS

Additional Considerations www.ti.com

Using standard values, the actual components are:

R; = 4.99 kQ
C, = 6800 pF
C, = 100 pF
The measured closed-loop response is shown in Figure 4.
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Figure 4. Type Il Compensation Closed-Loop Response

The closed-loop bandwidth is 45 kHz with 100 degrees of phase margin.

This procedure works well for a string of approximately four LEDs. As the number of LEDs increases, the
peaking of the power stage gain can cause the approximations in this procedure to become less accurate.
Choosing a closed-loop crossover frequency well above the power stage pole frequency can minimize
these differences.

2.10 Slow-Start Capacitor
The slow-start capacitor must be left (open) unpopulated.

3 Additional Considerations

3.1 Open-Load Condition
Buck converters are inherently not susceptible to open-load conditions. If the LED string is opened or
disconnected, no current is in the sense resistor and VSENSE goes to 0 V. The TPS54160 now operates
at maximum duty cycle, and the output voltage goes to Vin minus any losses in the converter. Because
this design uses a buck converter, VOLED cannot exceed VIN as would be the case when using a boost
converter.
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3.2

3.2.1

3.2.2

3.2.3

3.3

3.4

3.5

Dimming

PWM Dimming Using EN

The brightness of the LEDs can be adjusted by applying a PWM signal to the EN pin. The average LED
current is proportional to the PWM signal duty cycle. When EN is greater than V,, ., X R4/ (R4 + R5) the
TPS54160 drives current through the LEDs. When less than V,,, « X R4 / (R4 + R5), the TPS54160 turns
off and stops driving current through the LEDSs. In this case, V. o IS the converter enable voltage, and V,,
o IS the converter disable voltage.

Dimming Using VSENSE

The voltage on VSENSE sets the duty cycle of the converter. Implementing the procedure in SLEA004
allows for dimming on VSENSE. The same method is used to extend battery life by decreasing power
dissipation in the current sense resistor as described in Section 3.3.

Dimming Using SS/TR

The voltage applied to this pin is used as reference if it is below the TPS54610 internal voltage reference
of 800 mV. The following graph was generated with Vin = 24, Vout = 14.8 V and 700 mA as the nominal
output current. Note that the parameters associated with dimming on SS/TR are not characterized, and
therefore analog dimming on SS/TR must be configured on an individual basis.

800

700

600 /

500 //
400 /
300 /
200 //

LED Current - mA

100 /

iy

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
ADIM Voltage - V

Extending Battery Life with the TPS54160 High-Brightness LED Driver

Using the method described in SLEA004, the current sense resistor (Rgs) can be sized to minimize power
dissipation. The same method is used to perform dimming on Vgg.se @s previously described.

Evaluation Module

The circuit presented in this application report is available as an evaluation module, TPS54160EVM-535.
For additional information, see the TPS54160 product folder.

Design Calculator

A design calculator is available on line to assist in LED driver designs for the TPS54160. The design
calculator is an Excel™ spreadsheet and is available in the TPS54160 product folder.

SLVA374—February 2010 TPS54160 60-V, Step-Down LED Driver Design Guide 9
Submit Documentation Feedback

Copyright © 2010, Texas Instruments Incorporated


http://www.ti.com/lit/pdf/SLEA004
http://www.ti.com/lit/pdf/SLEA004
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLVA374

IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, modifications, enhancements, improvements,
and other changes to its products and services at any time and to discontinue any product or service without notice. Customers should
obtain the latest relevant information before placing orders and should verify that such information is current and complete. All products are
sold subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

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

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

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

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

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

Tl products are not authorized for use in safety-critical applications (such as life support) where a failure of the Tl product would reasonably
be expected to cause severe personal injury or death, unless officers of the parties have executed an agreement specifically governing
such use. Buyers represent that they have all necessary expertise in the safety and regulatory ramifications of their applications, and
acknowledge and agree that they are solely responsible for all legal, regulatory and safety-related requirements concerning their products
and any use of Tl products in such safety-critical applications, notwithstanding any applications-related information or support that may be
provided by TI. Further, Buyers must fully indemnify Tl and its representatives against any damages arising out of the use of Tl products in
such safety-critical applications.

Tl products are neither designed nor intended for use in military/aerospace applications or environments unless the TI products are
specifically designated by Tl as military-grade or "enhanced plastic." Only products designated by TI as military-grade meet military
specifications. Buyers acknowledge and agree that any such use of Tl products which Tl has not designated as military-grade is solely at
the Buyer's risk, and that they are solely responsible for compliance with all legal and regulatory requirements in connection with such use.

Tl products are neither designed nor intended for use in automotive applications or environments unless the specific Tl products are
designated by Tl as compliant with ISO/TS 16949 requirements. Buyers acknowledge and agree that, if they use any non-designated
products in automotive applications, TI will not be responsible for any failure to meet such requirements.

Following are URLs where you can obtain information on other Texas Instruments products and application solutions:

Products Applications

Amplifiers amplifier.ti.com Audio www.ti.com/audio

Data Converters dataconverter.ti.com Automotive www.ti.com/automotive

DLP® Products www.dlp.com Communications and www.ti.com/communications
Telecom

DSP dsp.ti.com Computers and www.ti.com/computers
Peripherals

Clocks and Timers www.ti.com/clocks Consumer Electronics www.ti.com/consumer-apps

Interface interface.ti.com Energy www.ti.com/energy

Logic logic.ti.com Industrial www.ti.com/industrial

Power Mgmt power.ti.com Medical www.ti.com/medical

Microcontrollers microcontroller.ti.com Security www.ti.com/security

RFID www.ti-rfid.com Space, Avionics & www.ti.com/space-avionics-defense
Defense

RF/IF and ZigBee® Solutions  www.ti.com/lprf Video and Imaging www.ti.com/video
Wireless www.ti.com/wireless-apps

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2010, Texas Instruments Incorporated


http://amplifier.ti.com
http://www.ti.com/audio
http://dataconverter.ti.com
http://www.ti.com/automotive
http://www.dlp.com
http://www.ti.com/communications
http://dsp.ti.com
http://www.ti.com/computers
http://www.ti.com/clocks
http://www.ti.com/consumer-apps
http://interface.ti.com
http://www.ti.com/energy
http://logic.ti.com
http://www.ti.com/industrial
http://power.ti.com
http://www.ti.com/medical
http://microcontroller.ti.com
http://www.ti.com/security
http://www.ti-rfid.com
http://www.ti.com/space-avionics-defense
http://www.ti.com/lprf
http://www.ti.com/video
http://www.ti.com/wireless-apps

	TPS54160 60-V, Step-Down LED Driver Design Guide
	1 Schematic Diagram
	2 Design Procedure
	2.1 Output Current Set Point
	2.2 Output Voltage
	2.3 Enable and Adjusting Undervoltage Lockout
	2.4 Switching Frequency
	2.5 Power Dissipation in Low-Side Diode
	2.6 Input Capacitor
	2.7 Output Inductor
	2.8 Output Capacitor
	2.9 Compensation
	2.10 Slow-Start Capacitor

	3 Additional Considerations
	3.1 Open-Load Condition
	3.2 Dimming
	3.2.1 PWM Dimming Using EN
	3.2.2 Dimming Using VSENSE
	3.2.3  Dimming Using SS/TR

	3.3 Extending Battery Life with the TPS54160 High-Brightness LED Driver
	3.4 Evaluation Module
	3.5 Design Calculator





