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ABSTRACT

This document describes a reference design for multifaceted reflector MR-16 LED lighting by using the
TPS40211 to construct a SEPIC converter. This driver provides 700 mA to a string of three white LEDs
and has the capability to operate with 12 Vac or 12 Vdc. The TPS40211 has been selected for SEPIC
application because it offers many advantages — long lifetime as the discard of E-cap in the design and
good performance in power factor. This document presents a thorough analysis of SEPIC converter
operation and performance along with design optimization guidelines. Experimental results obtained on
10-V/700-mA MR-16 lighting are provided.
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1 Introduction

This document provides the detail description of the implementation of the MR-16 LED lighting design by
using the TPS40211 dc/dc controller. The block diagram of a 10-V, 700-mA, MR-16 LED lighting system is
shown in Figure 1. The input voltage source of the LED driver can be supplied from a 12-Vdc input or a
12-Vac input, which is converted from a universal ac input via an electronic transformer, respectively. In
addition, in order to keep the lumen of LED constant, the lighting system of the MR-16 is made of a
constant current control scheme for the feedback loop circuit.

DC Input .
e LED Driver

: TPS40211110
OR ——— — DCIDC Converter — LEDs
: (SEPIC)

110Vac220Vac  Electronic 12VAC
—_— —

NG I Transformer

(a) MR-16 LED Lamp with Electronic Transformer (b) System Block Diagram
Figure 1. Block Diagram of 10-V, 700-mA, MR-16 LED Lighting System

2 Features
» Power driver without E-Cap design
» Longer lifetime of LED lamp
» Power factor higher than 0.9
» Compatible with 12-Vac electronic transformers without glitter
e Output current accuracy less than 1%
* Improve input inrush current
e« OVP, OCP, and SCP protection
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Application Schematic
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Application Schematic
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Figure 2. MR-16 Design Example — I/P: 12 Vdc/12 Vac, O/P: 10-V at 700-mA LED Driver
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4 Basic Operation

The SEPIC converter topology shown in Figure 3 consists of an input capacitor (C,,), output capacitor
(Cour), coupled inductors (L1, L2), ac coupling capacitor (Cp), power MOSFET (Q1), and freewheel diode
(D1).The SEPIC converter is operated in the continuous conduction mode (CCM) during the switching-on
period shown in Figure 6. The SEPIC converter is operated in the continuous conduction mode (CCM)
during the switching-off period shown in Figure 7. The waveforms of the SEPIC converter switching
voltage and current are shown in Figure 4 and Figure 5, respectively.

Vin © : : Al g °Vour

—
Cn = —ID Q |§ L, T Cour

.|||_

Figure 3. Simple Circuit Diagram of SEPIC Converter

F 3
* VinmaxtVour
V,, |@10on| a1 oFF
DxTs | (1-D)xTs
A L
Vour
Vi - Vi
(Vin<Vour) N
- Vi
Vi Vour
(Vin>Vour) .
F 3
Vour
Vi, =
. Vin

Figure 4. SEPIC Component Voltages During CCM
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........................... Vinax*Vour
Vai Q1 ON | @1 OFF
DxTs | (1-D)xTs
F 3 -
IQ1peak
InFlour
InFlour

Figure 5. SEPIC Component Currents During CCM

4.1 During Switching Turnon

During the switch (Q1) ON time, the voltage across both inductors is equal to V,y. When the switch is ON,
capacitor Cp is connected in parallel with L2. The voltage across L2 is the same as the capacitor voltage,
-V|y- Diode D1 is the reverse bias, and the load current is being supplied by capacitor COUT. During this
period, energy is being stored in L1 from the input and in L2 from Cp.
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L, Cp
1 v 2 Il
Vin© ° L — Vour
—_—p
| K]
L1 +
CIN - I ‘% Lz - COUT
L2 ] -
4

4.2

5.1

.|||_

Figure 6. SEPIC During CCM Operation When Q1 is Switching ON

During Switching Turnoff

During the switch (Q1) OFF time, the current in L1 continues to flow through Cp and D1, and then into
Cour- In the meantime, the Cp is charged and ready for the next cycle. The current in L2 also flows into
Cour and the load, ensuring that C,; is ready for the next cycle.

L, Ce Dy
Vin © 1:””“ 2 +4: - i > Vour
T
I 3
L1 +
® —_
4

.|||_

Figure 7. SEPIC During CCM Operation When Q1 is Switching OFF

SEPIC Converter Design Guide

This SEPIC converter uses current mode control to simplify the stabilization of the control loop. Peak
current in the FET is limited by the pulse current limiting of the TPS40211. Switching frequency is 560
kHz, allowing low output current handling and low output ripple with small inductors and capacitors while
remaining in the continuous inductor current mode. When the converter is operated in continuous
conduction mode and the duty cycle is 50% or greater, the remedy for this condition is to apply a
compensating ramp from the oscillator to the signal going to the pulse width modulator.

Duty Cycle Consideration

Assuming 100% efficiency, the duty cycle, D, for a SEPIC converter operated in CCM is given by
» Calculate minimum duty cycle

Vour + Vb

Dmin =
Vinmax * Vout *+ Vb
(1)
where V;, is the forward voltage drop of the Schottky diode D1.
» Calculate maximum duty cycle
Dmax = Vour *Vb
Vinmin + Vout + Vb
(2
SLVA442-October 2010 TPS40211 — SEPIC Design for MR-16 LED 7
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5.2 Inductor Selection
The inductance ripple current is to allow approximately 20% to 40% of the maximum input current at the
minimum input voltage. The ripple current is given by
I x (V, +V,
Al = 29T (Vour b) « 40%
ViNmin X N
(3)
To account for load transients, the coupled inductor’s saturation current rating needs to be at least 20%
higher than the steady-state peak current in the high-side inductor, is given by
lout x (Mour +Vb) 40%
IL1peak = v X |1+ —
INmin % N
(4)
_ Al
| 2peak = lout * -
(5)
Ideally, a single core wound the same number of windings; the mutual inductance forces the ripple current
to be split equally between the two coupled inductors. In a real coupled inductor, because the inductors do
not have equal inductance, the ripple currents are not exactly equal. Regardless, for a desired
ripple-current value, the inductance required in a coupled inductor is estimated to be half of what is
needed. With two separate inductors, the inductance is given by
L1=1L2 >VINmin X Dmax
2fs x Al
(6)
The converter is ensured to be operated in a continuous conduction mode (CCM) at light load; the
inductor value L1 and L2 is given by
L1=12> ViNmax_* Dmin
fs % IOUT{ Yout +1}
VINmax
(7)
5.3 Output Capacitor Selection
When the Q1 is on, the output capacitor must provide the load current. The output capacitor, therefore,
must have enough capacitance. In this EVM design, the ceramic capacitors are used, the ESR can be
ignored and the equation is given by
Cour > lout * Dmax
AVrpL * f's
(8)
where AV, is the output voltage ripple which is desired by the requirement of the design.
5.4 Input Capacitor Selection
The input capacitor can be very small, because of the filtering properties of the SEPIC topology. Usually,
C,y can be ten times smaller than Cgy.
_ Cour
10
9)
5.5 Coupling Capacitor Selection
The coupling capacitor, C, sees large RMS current relative to the output power:
8 TPS40211 — SEPIC Design for MR-16 LED SLVA442—October 2010
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_ lour x (Vout * V) N 1 — Dpax

ICPrms

VINmin xn Dmax
(10)
The coupling capacitor C; is given by
= lout X Dpax
AVCP XfS
(11)

where AV is the ripple voltage which is across C.
The maximum voltage across Cp is V.

5.6 Power MOSFET Consideration

This topology places higher stresses on both the Q1 and the D1 than do other PWM topologies. The
power MOSFET, Q1, must be carefully selected for handling the peak voltage and current. The current
rating of the power FET determines the SEPIC converter's maximum output current. The maximum
voltage across the drain to the source is V\ymax + Vour- The peak current is given by:

lour x(Mout + Vo)

lotpeak = + loyt + Al
pes ViNmin % N
(12)
The RMS current of the Q1 is given by
los — Vout * lout
rms
VINmin xn x Dmax
(13)

5.7 Output Diode Consideration

The output diode D1 must be able to handle the same peak current as Q1, lgipes do. The diode must also
be able to withstand a reverse voltage greater than the maximum voltage of Q1 to account for transients
and ringing. Because the average diode current is the output current, the diode’s package must be
capable of dissipating up to Pp; = loyr X Vp.

6 TPS40211 Design Guide

6.1 Current Sense and Overcurrent

Vout
—)

]
A

Figure 8. Current Sense Circuit

The TPS40210 and TPS40211 are current mode controllers and use resistors in series with the source
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6.2

6.3

terminal power FET to sense current for both the current mode control and the overcurrent protection. The
device enters a current limit state, if the voltage on the ISNS pin exceeds the current limit threshold
voltage V q\s from the electrical specifications table. When this happens, the controller discharges the SS
capacitor through a relatively high impedance, and then attempt to restart. The load current over-current
threshold is set by proper choice of R,gys. If the converter is operated in discontinuous mode, the current
sense resistor is given by

fs x L1 x VISNS
\/2 x L1 x fs x 1.5lgyt x (VOUT +Vp - VINmin)

Risns =

(14)
If the converter is operated in continuous conduction mode, the current sense resistor is given by

Visns
lout + Dmax % ViNmin
1 — Dmax 2 xfs xLl1

Risns =

(15)

Soft-Start Capacitor
Because VDD > 8 V, the soft-start capacitor is given by
Css =20 x Tgg x 1078
(16)
where Ty is a timing of soft-start.

Setting the Oscillator Frequency

TPS40210/11

Figure 9. Oscillator Components

The oscillator frequency is determined by a resistor and capacitor connected to the RC pin of the

TPS40211. The capacitor is charged to a level of approximately V,55/20 by current flowing through the

resistor and is then discharged by a transistor internal to the TPS40211. The required resistor for a given

oscillator frequency is given by

_ 1

T 58 x 108 xfsx Cr+8x 100 x 52 +1.4 x 107 xfs 15 x 104 +1.7 x 10° xCy — 4 x 100 x C;2
17)

Rt

Where:

R; is the timing resistance in kQ

fs is the switching frequency in kHz

C; is the timing capacitance in pF
For most applications, a capacitor is in the range of 68 pF to 120 pF gives the best results. Resistor
values must be limited to between 100 kQ and 1 MQ as well.

10
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Design Example

6.4 Current Feedback Resistor
The only difference between the TPS40210 and the TPS40211 is the reference voltage that the error
amplifier uses to regulate the output voltage. The TPS40211 uses a 260-mV reference and is intended for
applications where the output is actually a current instead of a regulated voltage. The current in the LED
string is set by the choice of the resistor R as shown in the following equation:
Reg = Vea.
lout
(18)
Where Vg is the reference voltage for the TPS40211 in V (0.26 V typ)
7 Design Example
Design Specifications
1. Allowed maximum input voltage (V): Vinmax = 12 V
2. Allowed minimum input voltage (V): Vinmin =5 V
3. LED series number: Siep =3
4. LED voltage drop: Vigp =32V
5. Output current: lour = 700 mA
6. Converter efficiency: n = 90%
7. Switching frequency: fs =560 kHz
Design Results
A. SEPIC Converter Design Guide
Inductance of L1 and L2: L1=L12>Leey LCCM =7.772 pH
L1 =L2 =10 pH selected
Output capacitance: Cour = 20.902 pF
C3 + C21 = 20 uF selected
Input capacitance: Cn =2.09 uF
C4 = 2.2 yF selected
Coupling capacitance: AC, =0.38 pF
C7 = 0.47 pF selected
MOSFET current and voltage stress
Voltage stress: Voirae = 21.6 V
Current stress: Voipeak = 2.9 AV
Selected 60-V, 6.5-A
MOSFET
Diode current and voltage stress
Voltage stress: Voirae = 21.6 V
Current stress: Vbipeak = 2.9 AV
Selected 40-V, 4-A diode
B. TPS40211 Design Guide
Current sense resistance: Risnscem = 0.044 Q
R1 =50 mQ selected
Soft-Start capacitance (F): Css=1x107
C9 = 0.1 nF selected
SLVA442—October 2010 TPS40211 — SEPIC Design for MR-16 LED 11
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Current FB resistance: R =0.371 Q

R6=R7= 0.7 Q selected
R-C Oscillator
Resistance R; (kQ) R; =402.411

R3 = 402 kQ selected
Capacitance C; (pF): C=68

C8 = 68 pF selected

8 Test Data
12V AC EFFICIENCY 12 V DC EFFICIENCY
77 84
75 82 /‘
73 = /
/ 0
2 X
2 71 >
8 S 78
2 o S /
E &
& / i
/ 76
67 /
65 / 74 /
63 ; 5 3 72 1 2 3
Number of LEDs Number of LEDs
Figure 10. 12-Vac Input Efficiency With ac Transformer Figure 11. 12-Vdc Input Efficiency
OUTPUT CURRENT ACCURACY (12 V AC INPUT) OUTPUT CURRENT ACCURACY (12 V DC INPUT)
708 710
707.5
709.5
707
t £
g ' 709
= 706.5 =
< g
3 706 3 708.5
5 5
g &
S 705.5 S
S \ S 708
° 705 L
707.5
704.5
704 707
1 2 1 2 3
Number of LEDs Number of LEDs

Figure 12. Output Current Accuracy Less Than 1% Figure 13. Output Current Accuracy Less Than 1%
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Test Data

POWER FACTOR

0.96

0.955

0.95

0.945

0.94

Power Factor

0.935

0.93

0.925

0.92 1

2 3

Number of LEDs
Figure 14. 12-Vac Input With ac Transformer

12 V AC INPUT VOLTAGE AND CURRENT WAVEFORM

TekStop | i 1

B e it s PERPHYY
Cpyq 1@ 110y

) : ; 1A 10,0 Hz

@ 100 He

Ch2 Max

1.83A

URY THIEN Tl Ch4 Max

10.7V

Cha 500mAc M10.0ms Al Chl £ 430mA

5.00V 20)ul 2009

10.00 % 13:42:52

Figure 15. CH2: Input Current, CH4: Input Voltage
After Rectifier

12V DC INPUT VOLTAGE AND CURRENT WAVEFORM
1

TekStop | -] ]
e
: o _ (@ 133V
..... e e A 1000 HE
: S ; i@ 100 Hz
[ : : - i Ch2 Max
: S : i 7s0ma
Db b e b Chd M
: o : 1143V
TCha[ 500mAG MT0.0ms A Chd £ 11.6V
5.00V 20)ul 2009
(10,00 % 13:47:20

Figure 16. CH2: Output Current, CH4: Input Voltage
After Rectifier
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12V DC OUTPUT VOLTAGE AND CURRENT WAVEFORM
Tek Stop | Hi——— ]
T T T T T T A 200my
. : Lo S : @ 118V
! L Al 50.0H2
_________________ : : A I : @ 1504z
N ' i Mean IR T 1 AR
----------------- g oY R Chi Mean
\ ; o — : 550y
ﬁ\ t ’ Ch2 Mean
j | 729mA Ch2 Mean
: 728mA
I Cha Mean gy .....
9.83v - : Lo - : : Ch4 Mean
ol : : S : 120V
‘ f T
5007 Cha Soomac Mio.oms A Cha F 430mA R T T A
Chdl 10.0V 20 Jul 2009 chi 5.00V [Ch2] 200mAG M[20.0ms A| Ch1 S 9.30V
110,00 % 13:40:21 5.00V 20 Jul 2009
[10.00 % 13:20:01
Figure 17. CH1: Output Voltage, CH2: Output Current, Figure 18. CH1: Output Voltage, CH2: Output Current,
CH4: Input Voltage After Rectifier CH4: Input Voltage After Rectifier
12 V AC INPUT Q1 DRAIN TO SOURCE VOLTAGE STRESS

Tek Stop | I i ]
e TA: 200mV
- : : : ; : : @ 200my

| B BB TA- 25.0H2

Chd4 Max
3.6V
' Ma4.00ms A Chd J 32.0V
5.00V 20 Jul 2009
1150.40% 13:33:21

Figure 19. CH4: Q1 V¢

9 EVM Assembly Drawing and Layout
A two-layer, printed-circuit board (PCB) was designed using the top and bottom layers. The dimensions of
PCB are 12mm x 10mm, and the other PCB diameter is 21mm, with a design goal of maintaining all
components to be a height less than 12mm that is measured from the surface of the top layer. Figure 20
shows the top-side driver photo placement for the EVM, and all other layers are also shown in Figure 21
through Figure 25, respectively.
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Figure 20. MR-16 Driver Photo on Top Side

Figure 24. Bottom-Side Component Assembly Figure 25. Bottom-Side Signal Trace Layer

10 Bill of Materials

Table 1 lists the EVM components as configured corresponding to the schematic shown in Figure 2. Part
types and manufacturers can be modified according to specific application requirements.
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Table 1. Bill of Materials
Count | Ref Des Description Part Number MFR
1 D1 SHTKY, 40V, 3A, SMA SX34 PANJIT
1 L1 WITH L2 10.7UH, 2A APS-12706-NL AXIS
1 Q1 60V 6.5A 30MOHM, SO-8 PJ4438 PANJIT
2 C21,Cc3 10UF, 25V 1210 X7R PANASONIC
1 R1 70M, 2512 WSL2512R0150FEA YAGEO
2 R6, R7 0.7, 1206 WSL2512R3600FEA YAGEO
1 c7 0.47UF 25V 0805 PANASONIC
1 U1 TPS40211 TPS40211 Tl
3 C10, C12, C15 10UF, 25V 1210 X7R PANASONIC
1 c11 1UF, 25V, 0805 X7R PANASONIC
1 D8 SHTKY, 40V, 1A, SOD-123 SS1040FL PANJIT
1 R3 402K, 0603 YAGEO
1 cs8 68P, 25V 0603 NPO PANASONIC
1 C9 0.1U, 16V 0603 X7R PANASONIC
1 R13 30.1K, 1% 0603 YAGEO
1 R4 14.3K, 1% 0603 YAGEO
1 c5 1UF, 25V X7R, 0805 PANASONIC
1 Cé 0.022UF, 50V X7R, 0805 PANASONIC
1 R23 1K, 0603 YAGEO
4 D3,D4,D5,D7 SHTKY, 40V, 3A, SMA SX34 PANJIT
1 L3 10UH, 2A APS-11644-NL AXIS
1 R11 1K, 0603 YAGEO
1 C13 2200PF, 16V 0603 X7R PANASONIC
1 D2 ZENER 15V SOD-123 MMSZ5245A PANJIT
1 R24 10K, 0603 YAGEO
1 R2 3.01, 0805 YAGEO
1 R27 10K , 0805 YAGEO
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