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200-W, 92% Efficient, Low THD, 10% Dimmable AC/DC
LED Driver Reference Design With Adjustable Output
Voltage
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Description Features

This reference design is a 200-W, dimmable, low THD  * Supports Universal Input AC Range of 85- to 305-V
AC/DC LED power supply with a tunable output and very Low Standby Power of <350 mW at 230V
voltage from 100 to 200 V and designed for use in » High Efficiency Close to 90% at 120-V AC and
outdoor lighting applications such as street lighting, Close to 92% at 230-V, 265-V AC for 196-W Load
road lighting, and so on. This design has a front-end With No External Cooling Required

power factor correction (PFC) circuit designed using
the UCC28180 CCM PFC controller, followed by
guasi-resonant (QR) flyback converter implemented

* Power Factor > 0.98 and THD < 5% at 120-V,
230-V and 265-V AC for 196-W Load

using the UCC28740 CC-CV flyback controller with * <10% Dimming Capability Over
optocoupled feedback for secondary-side regulation 0- to 10-V Analog Dimming Range
(SSR) of output LED current and voltage. » Adjustable DC Output Operation From

100 to 200 V Enabling to Support Different LED

The design supports dimming over a 0- to 10-V analog Loads Without Much Effect on Performance

voltage range and is also tested to pass current THD

regulations as per IEC 61000-3-2, Class C lighting * Meets Current THD Regulations as per IEC 61000-
equipment. 3-2, Class C for 2 22% of 196 V and = 36% of 102-
quip
V LED Load
Resources
Applications

TIDA-01464 Design Folder ¢ Street Lighting
uUcCC28180 Product Folder « Road Lighting
UCC28740 Product Folder . .
INA180 Product Folder * Outdoor Lighting
UCC28910 Product Folder
LM358M Product Folder
LM4040 Product Folder
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An IMPORTANT NOTICE at the end of this Tl reference design addresses authorized use, intellectual property matters and other
important disclaimers and information.

System Description

High-power LED lighting applications such as road lighting, street lighting, and Flood lighting may need
power levels above 75 W to 200 W. For such requirements, generally two stage power supplies are used
to get higher efficiency, lower mains ripple at the output, higher power factor, and low total harmonic
distortion (THD). Two-stage architectures have a PFC stage as a front end, and power architecture like
flyback or resonant convertors like LLC or LCC are used. While resonant converters can help achieving
higher efficiency, generally they are tuned for specific load conditions. However, the LED power supplies
that are sold as a separate unit needs to cater to different voltages of LED strings as the end user might
use different numbers of LEDs or LED COBs in series. In such cases where the output voltage setting can
change widely, the resonant converters efficiency are sacrificed. One of the architectures that can help to
meet the cost, efficiency and design simplicity aspects of LED power supply with adjustable output voltage
is the two switch flyback architecture. This 200-W LED power supply reference design has an output
voltage that is adjustable from 100 V to 200 V. This design uses a CCM PFC front end to achieve low
THD and high power factor. Following the PFC stage is a two-switch flyback architecture that converts
DC/DC with isolation.

Due to its simplicity and low part count, flyback topology is often used in isolated switched-mode power
supplies with an output power of 100 W or less. General operation principles of the flyback converter are
used by power supply engineers for fast creation of new designs. Because of a low part count, designs
can be made with low cost. Due to its versatility and simplicity, flyback topology can be called the 'work
horse' of isolated topologies. Even though Flyback-topology is easily used with different applications, there
are some drawbacks. The voltage stress of the primary-side transistor is high even in an ideal case, where
the leakage effects of the transformer are not considered. When current flows on the secondary side, the
drain voltage of the primary-side transistor rises to the sum of the input voltage and the reflected voltage.

When considering the parasitic ringing caused by transistor capacitances and the leakage inductance of
the transformer, the voltage stress is even higher. Because the amplitude of the parasitic ringing is hard to
predict, the designer must choose a transistor with a high voltage rating. High-voltage MOSFETs comes
with higher on-state resistance compared to lower voltage MOSFETSs. High on-state resistance increases
conduction losses and leads to a reduction of efficiency. Different kinds of snubbers and clamping-circuits
can reduce the transistor voltage stress. For voltage stress, snubbers and clamping-circuits are
reasonable solutions, but the energy stored in the leakage inductance is dissipated in snubber and thus
reducing efficiency.

The typical problems of flyback topology are overcome by using a two-switch flyback topology. When a
second transistor is added between the input voltage and the transformer, the overall voltage stress is
divided equally over both transistors. Instead of turning leakage energy into losses, it is now returned to
the input supply through two diodes. Diodes also clamp drain-source voltages of both transistors to the
input voltage, so the voltage rating of the transistors can be selected according to input voltage without a
bigger margin. Due to these improvements, the two-switch flyback topology is an option over traditional
flyback topology.

2

200-W, 92% Efficient, Low THD, 10% Dimmable AC/DC LED Driver TIDUD96—-November 2017
Reference Design With Adjustable Output Voltage Submit Documentation Feedback
Copyright © 2017, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUD96

13 TEXAS
INSTRUMENTS

www.ti.com System Description

Figure 1 and Figure 2 show examples of high-wattage AC/DC LED power supplies in outdoor lighting
applications.

Figure 1. Street Lighting Figure 2. Flood Lighting
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1.1 Key System Specifications
Table 1. Key System Specifications
PARAMETER TEST CONDITIONS | MIN NOM MAX UNIT
INPUT CONDITIONS
Input voltage (Vinac) 85| 120/230/265 305 VAC
Frequency (fne) 47 50 60 Hz
Standby power 0.35 W
No load power (PNL) Vinac =230 V, Iyt =0 A 1.3 W
OUTPUT CONDITIONS
Output voltage 198 \
Output current 1.1 A
Line regulation 0.5 %
Load regulation 0.5 %
Output voltage ripple 20 50 mV
Output power 200 w
THD Vinac = 85 - 305 V, Poyr > 25% of full load <20 %
. Vinac = 120 V > 30 ms

Hold-up time (tyop)

Vinac = 230 V > 50 ms
::r:rslmg% :]o secondary 4 KV
SYSTEM CHARACTERISTICS
Efficiency (n) Vin =265-VAC, lopyr=1A > 92 %

Output overvoltage (settable)

Output overcurrent
Protections Thermal shutdown (temperature at the sense

point)

Output open loop protection
Operating ambient Open frame -40 25 60 °C
Power line harmonics As per IEC 61000-3-2 Class-C Lighting Equipment
Dimensions Length x Breadth x Height 120 x 82 x 35 mm
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2 System Overview

2.1 Block Diagram
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Figure 3. TIDA-01464 Block Diagram
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2.2 Highlighted Products
This reference design uses the following highlighted products. Key features for selecting the devices for
this reference design are given in the following sections. Find complete details of the highlighted devices
in their respective product data sheets.
221 UCC28180
To implement the low-cost, small form factor, PFC design to meet THD requirements at 200-W power, the
UCC28180 is the preferred controller because it offers series of benefits to meet IEC 61000-3-2 Class C
THD norms and achieve high power factor for wide input voltage range of operation.
The UCC28180 is a flexible and easy-to-use, 8-pin, active PFC controller that operates under Continuous
Conduction Mode (CCM) to achieve a high PF, low current distortion, and excellent voltage regulation of
boost pre-regulators in AC/DC front ends. The controller is suitable for universal AC input systems
operating in 100-W to few-kW range with the switching frequency programmable between 18 to 250 kHz.
This switching frequency allows the device to support both power MOSFET and IGBT switches. An
integrated 1.5-A and 2-A (SRC-SNK) peak gate drive output, clamped internally at 15.2 V (typical),
enables fast turnon, turnoff, and easy management of the external power switch without the need for
buffer circuits.
Low-distortion wave shaping of the input current using average current mode control is achieved without
input line sensing, reducing the external component count. In addition, the controller features reduced
current sense thresholds to facilitate the use of small-value shunt resistors for reduced power dissipation.
This reduced dissipation is especially important in high-power systems. To enable low current distortion,
the controller also features trimmed internal current loop regulation circuits for eliminating associated
inaccuracies.
Key features that make this device unique are:
e 8-pin solution (no AC line sensing needed)
» Wide range programmable switching frequency (18 to 250 kHz for MOSFET and IGBT-based PFC
converters)
» Trimmed current loop circuits for low iTHD
e Reduced current sense threshold (minimizes power dissipation in shunt)
« Average current-mode control
» Soft overcurrent and cycle-by-cycle peak current limit protection
» Output overvoltage protection with hysteresis recovery
* Audible noise minimization circuitry
* Open loop detection
« Enhance dynamic response during output overvoltage and undervoltage conditions
e Maximum duty cycle of 96% (typ)
* Burst mode for no load regulation
 VCC UVLO, low ICC start-up (< 75 pA)
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222 uCC28740
To implement the high-performance, small form factor, flyback design at 200-W power, the UCC28740 is
preferred because it offers a series of benefits to address the needs of the next generation DIN rail power
supply of low reduced feedback loops for precision current limit and power limit. This eliminates the need
of external current sensing on the secondary side and multiple optocoupler feedback loops for open loop
detection and power limiting.
The UCC28740 isolated-flyback power supply controller provides CV output regulation using an optical
coupler to improve transient response to large load steps. CC regulation is accomplished through PSR
techniques. This device processes information from optocoupled feedback and from an auxiliary flyback
winding for precise high-performance control of output voltage and current. An internal 700-V startup
switch, dynamically-controlled operating states, and a tailored modulation profile support ultra-low standby
power without sacrificing startup time or output transient response. The drive output interfaces to a
MOSFET power switch. Discontinuous conduction mode (DCM) with valley switching reduces switching
losses. Modulating the switching frequency and primary current peak amplitude (FM and AM) keeps the
conversion efficiency high across the entire load and line ranges.
Key features that make this device unique are:
» Optocoupled feedback regulation for CV and PSR for CC
* Enables +1% voltage regulation and +5% current regulation across line and load
» 100-kHz max switching frequency enables high power density charger designs
* QR valley switching operation for highest overall efficiency
» Frequency jitter scheme to ease EMI compliance
* Wide VDD range (35 V) allows small bias capacitor
e Drive output for MOSFET
» Enables <10-mW system standby and no load power
» Protection functions: Overvoltage, low line, and overcurrent
» SOIC-7 package
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Figure 5. UCC28740 Functional Block Diagram

uUCC28910

The UCC28910 is a high-voltage flyback switcher that provides output voltage and current regulation
without the use of an optical coupler. This device incorporates a 700-V power FET and a controller that
process operating information from the flyback auxiliary winding and power FET to provide a precise
output voltage and current control. The integrated high-voltage current source for startup that is switched
off during device operation, and the controller current consumption is dynamically adjusted with load. Both
enable the very low standby power consumption.

Control algorithms in the UCC28910 that combining switching frequency and peak primary current
modulation allow operating efficiencies to meet or exceed applicable standards. DCM with valley switching
is used to reduce switching losses. Built-in protection features help to keep secondary and primary
component stress levels in check across the operating range. The frequency jitter helps to reduce EMI
filter cost.

Key features that make this device unique are:

CV and CC output regulation without an optic coupler
+5% output voltage regulation accuracy
+5% output current regulation with AC line and primary inductance tolerance compensation
700-V start-up and smart power management enables <30-mW standby power

115-kHz maximum switching frequency design for high-power density

Valley switching and frequency dithering to ease EMI compliance

Thermal shutdown

Low line and output overvoltage protection
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2.2.5

INA180

The INA180 is a family of cost-optimized current sense amplifiers (also called current-shunt monitors) that
sense voltage drops across current-sense resistors at common-mode voltages from —0.2 to 26 V,
independent of the supply voltage. The INA180 integrates a matched resistor gain network in four, fixed-
gain device options: 20 V/V, 50 V/V, 100 V/V, or 200 V/V. This matched gain resistor network minimizes
gain error and reduces the temperature drift.

The INA180 operates from a single 2.7- to 5.5-V power supply, drawing a maximum of 260 pA of supply
current. All device options are specified over the extended operating temperature range of —40°C to
+125°C and are available in a 5-pin, SOT-23 package with two different pin configurations.
Key features that make this device unique are:
Common-mode range (Vqy): —0.2 to 26 V
» High bandwidth: 350 kHz
» Offset voltage:
— 150 pV (max) at Vg, =0V
— 1500 pV (max) at Vo = 12 V
e Output slew rate: 2 V/us
* Accuracy:
— x1% gain error (max)
— 1-pV/°C offset drift (max)
* Gain options:
20 VIV (Al devices)
50 V/V (A2 devices)
100 V/V (A3 devices)
200 V/V (A4 devices)
* Quiescent current: 260 A (max)

NE

INA180

Copyright © 2017, Texas Instruments Incorporated

Figure 7. INA180 Functional Block Diagram

LM358

The LM358 device consist of two independent, high-gain, frequency-compensated operational amplifiers
designed to operate from a single supply over a wide range of voltages. Operation from split supplies also
is possible if the difference between the two supplies is 3 to 32 V (3 to 26 V for the LM2904 device), and
VCC is at least 1.5 V more positive than the input common-mode voltage. The low supply-current drain is
independent of the magnitude of the supply voltage.
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Key features that make this device unigue are:

Wide supply ranges:

— Single supply: 3to 32V

— Dual supplies: £1.5to £16 V

Low supply-current drain, independent of supply voltage: 0.7 mA (typ)

Wide unity gain bandwidth: 0.7 MHz

Common-mode input voltage range includes ground, allowing direct sensing near ground
Low input bias and offset parameters:

— Input offset voltage: 3 mV (typ)
A versions: 2 mV (typ)

— Input offset current: 2 nA (typ)

— Input bias current: 20 nA (typ)
A versions: 15 nA (typ)

Differential input voltage range equal to maximum-rated supply voltage: 32 V
Open-loop differential voltage gain: 100 dB (typ)
Internal frequency compensation

On products compliant to MIL-PRF-38535, all parameters are tested unless otherwise noted. On all
other products, production processing does not necessarily include testing of all parameters.

| T L 4 T — Vces
=6-pyA =6-pyA =100-pA
Current Current Current
Regulator Regulator Regulator
L ] L 4
T
IN- ou
T~
IN+ =50-pA
Current
Regulator
GND (or Vge-)
——» To Other Amplifier
COMPONENT COUNT
Epi-FET 1
Diodes 2
Resistors 7
Transistors 51
Capacitors 2

Figure 8. LM358 Functional Block Diagram
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2.2.6

LM4040

The LM4040-N is a precision micropower, curvature-corrected, band-gap shunt voltage reference. For
space critical applications, the LM4040-N is available in the sub-miniature SOT-23 and SC70 surface-
mount package. The LM4040-N is designed for stable operation without the need of an external capacitor
connected between the + pin and the — pin. If, however, a bypass capacitor is used, the LM4040-N
remains stable. Reducing design effort is the availability of several fixed reverse breakdown voltages:
2.048V,25V,3V,4.096 V,5V, 8.192 V, and 10 V. The minimum operating current increases from 60
HA for the LM4040-N-2.048 and LM4040-N-2.5 to 100 pA for the 10-V LM4040-N. All versions have a
maximum operating current of 15 mA.

Key features that make this device unique are:

Fixed reverse breakdown voltages of 2.048 V, 2.5V, 3V, 4.096 V,5V, 8.192 V, and 10 V
Wide operating current range: 45 pA (typ) to 15 mA

Stable with all capacitive loads; no output capacitor required

Available in extended temperature range: —40°C packages to +125°C

Low output noise: 35 uVgys (typ)

Small packages: SOT-23, TO-92, and SC70

p—— Cathode

Anode

Figure 9. LM4040 Functional Block Diagram
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2.3 System Design Theory

This reference design provides 200 W of continuous power over a wide AC input range from 85- to 305-V
AC with power factor correction. The UCC28180 controls a PFC boost front-end power stage to generate
DC output voltage, while the UCC28740 QR flyback controller converts the PFC output to isolated 198 V
and 1.1 A. The total system efficiency is over 92% with a 265-V AC input and over 90% with a 120-V AC
input under full load conditions. The design has a precise current limit and limits the power to less than
200 W under all fault conditions. In addition, several protections are embedded into this reference design,
which includes output over-voltage and output over-current protection. High efficiency, high PF, low THD,

and low standby power are the main focuses of this reference design.

231 PFC Circuit Component Design

Table 2. Design Goal Parameters for PFC

PARAMETER TEST CONDITIONS | MN | TYP | MAX [ UNIT
INPUT CHARACTERISTICS
Vin Input voltage 85 305 VAC
fune Input frequency 47 63 Hz
Iingpeak) Peak input current Vin = Vingminy lout = lout(max 3.8 A
OUTPUT CHARACTERISTICS
\V/ OUtpUt voltage IOUT = IOUT(max)r fLINE(min) < fLINE = fLINE(max)r 431 434 444 VDC
out VIN(min) < VIN < VIN(max)
. ; lour = |
Line regulation OUT = TouT(max) 5
9 VIN(min) = VIN = VIN(max)
YIN = 85<‘\|/ AC<, fILINE =60 Hz, 5 %
Load regulation OUT(min) = 'ouT = 'OUT(max)
Vy = 230-V AC, f e = 60 Hz, 5 %
S lour S 1 0
IOUT(mm) ouT OUT(max)
< <
lour Output load current XI'Z(E"("'T:)")‘SV'SN‘E \S/I?S:Ex()max) 0 0.507 A
Pour Output power Vinriny S<V'N = X'N(”‘ax) 0 220 W
fLINE(min) = fLINE = fLINE(max)
Output overvoltage _
Voutove) protection Viy = 85-V AC 477 vDC
Output undervoltage
Voutwve) protection 416 vbe
Vinac = 8510 305 V, o
THD Pour > 25% of full load <20 %
CONTROL LOOP CHARACTERISTICS
fsw Switching frequency T,=25°C 130 kHz
feo Voltage loop bandwidth Vy =162-V DC, loyr = 0.466 A 8 Hz
Voltage loop phase _ _ o
margin Viy = 162-V DC, loyr = 0.466 A 68
PF Power factor Vin = 115-V AC, lour = lout(max 0.994
n Full load efficiency Vin = 85-V AC, fine = 60 Hz, loyr = loutmay 90 %
Ambient temperature 25 °C
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2.3.1.1 Current Calculations

The input fuse, bridge rectifier, and input capacitor are selected based upon the input current calculations.
First, determine the maximum average output current, loyrmax:

POUT(max)
Vout 1)

220 W
lout(max) = 434

IOUT(max) =
=0.507 A

The maximum input RMS line current, |,y rusmax IS calculated using the parameters from Table 2 such as
the initial assumptions of efficiency and PF:

| _ POUT(max)

IN_.RMS(max) =~/ . PF
nx VIN(mln) xPF )

220

I =————— =2893A

IN_RMS(max) ™ 0 9 85 x 0.994

Based upon the calculated RMS value and assuming the waveform is sinusoidal, the maximum input

current, liy max, and the maximum average input current, |y avemax Can be determined.

Iingmaxy= V2 x Iin_RMs(max)

Inma= V2 X 2.893 = 4.09 A

| _ 2% IIN(max)

IN_AVG(max) ~ T @)
2x4.09A

IN_Avemax) =54, = 260A

In this reference design, a fuse and bridge rectifier with a 4-A rating is used at the input.

2.3.1.2  Switching Frequency

The UCC28180 switching frequency is user programmable with a single resistor on the FREQ pin (4™ pin)
to ground. For this reference design, the switching frequency, fg,, is chosen to be 130 kHz. Figure 10 can
be used to select the suitable resistor to program the switching frequency, or the value can be calculated
using constant scaling values of f,, and Ryp. In all cases, f;yp is a constant that is equal to 65 kHz, R,y is
a constant that is equal to 1 MQ, and R+ is @ constant that is equal to 32.7 kQ. Simply applying these to

Equation 4 yields the appropriate resistor that must be placed between FREQ and GND:
frvp X Ryvp X Tint

Rereq =
© (fsw xRint) + (Rrvp x fsw ) = (Rryp * frvp) @)
RFREQ _ 65 kHz x 32.7 kQ x 1MQ _16.2 kO
(130 kHz x 1MQ) + (32.7 kQ x 130 kHz) - (32.7 kQ x 65 kHz)
A standard resistor of 16.2 kQ is used for setting a switching frequency around 130 kHz.
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Figure 10. Frequency versus Rggeq

2.3.1.3 Bridge Rectifier

The input bridge rectifier must have an average current capability that exceeds the input average current.
Assuming a forward voltage drop, V¢ gripce, Of 1 V across the rectifier diodes, the power loss in the input
bridge, Pgripce, Can be calculated as:

Pgrince = 2 X VFﬁBRIDGE x |IN7AVG(max)

PBRIDGE =2x1x242=521W

Heat sinking is required to maintain operation within the safe operating area of the bridge rectifier.

2.3.1.4  Inductor Ripple Current

The UCC28180 is a CCM controller, but if the chosen inductor allows relatively high-ripple current, the
converter is forced to operate in DCM at light loads and at the higher input voltage range. High-inductor
ripple current has an impact on the CCM and DCM boundary and results in higher light-load THD, and
also affects the choices for the input capacitor, Rgeyse @nd Cicone Values. Allowing an inductor ripple
current, Algpp g, Of 20% or less results in CCM operation over the majority of the operating range but
requires a boost inductor that has a higher inductance value and the inductor itself will be physically large.
As with all converter designs, decisions must be made at the onset to optimize performance with size and
cost. For this reference design, inductor ripple current is chosen to be 20%.
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2.3.1.5 Input Capacitor

The input capacitor must be selected based upon the input ripple current and an acceptable high-
frequency input voltage ripple. Allowing an inductor ripple current, Algpp e, 0f 20% and a high-frequency
voltage ripple factor, AVgpp e v Of 7%, the maximum input capacitor value, C,, is calculated by first
determining the input ripple current, lzepe, and the input voltage ripple, Vin_RiPPLE:

lrippie = Algippie X IIN(max)

lyppie = 0.2 X 4.09 = 0.818 A

VIN_RIPPLE = AVRIPPLE_IN x VIN_RECTIFIED(min)
where:
*  Vi\_RecTIFIEDMIn) = V2 x Vinminy = V2 x 85=120V
* Vi repe= 0.07 x 120 =8.415V
The recommended value for the input x-capacitor can now be calculated using Equation 5:
I
O = BT * Vi
SW X VIN_RIPPLE (5)
0.818
CN=%"manaais
8x130x8.415

Two standard value 0.22-uF and 0.47-uF Y2/X2 film capacitors are used at the input of the PFC stage.

=0.936 uF

2.3.1.6 Boost Inductor

Based upon the inductor ripple current allowed, the boost inductor, Lggr, is selected after determining the
maximum inductor peak current, | peax:

| - . RiPPLE
LPEAK(max) ~ 'IN(max) 2

6

0.818 _ 4.499 A

| PEAK(max) = 409 +

The minimum value of the boost inductor is calculated based upon the acceptable ripple current, lgpp g, at
a worst case duty cycle of 0.5:

Vout ><D><(1—D)
fsw x lRippLE (7
L ~ 434x0.5x0.5
BST(Min) ~ 130 kHz x 0.818
The actual value of the boost inductor that will be used is 1.6 mH. With this actual value used, the actual
resultant inductor current ripple will be:
Vout xDx (1-D)

LBST(min) =

=1.02 mH

IRIPPLE =

fsw *Last ®)
Vout xDx(1-D
lRippLE = UfT L ( )= 0.52 A
sw XLBsT
I 0.52
ILPEAK(max) = IIN(max) + % =4.09 + T =4.35A (9)

The duty cycle is a function of the rectified input voltage and will be continuously changing over the half
line cycle. The duty cycle, Dy, can be calculated at the peak of the minimum input voltage:

VOUT - VIN_ RECTIFIED(min)

Dyvax = v
ouT (10)
434 -120
434
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2.3.1.7 Boost Diode

The diode losses are estimated based upon the forward voltage drop, Vg, at 125°C and the reverse
recovery charge, Qgg, Of the diode. Although the silicon carbide diode is more expensive, using this as a
schottky diode essentially eliminates the reverse recovery losses and results in less power dissipation:

Poiope = Vr_125¢ X lout(max) +0-5 > fsw * Vout * Qrr 11)

where:

* Veasc=1V

e Qrr=0nC

*  Ppiooe = (1 X 0.507) = 0.507 W

This output diode must have a blocking voltage that exceeds the output overvoltage of the converter and
be attached to an appropriately sized heat sink.

2.3.1.8 Boost MOSFET Selection

The MOSFET switch is driven by a gate output that is clamped at 15.2 V for VCC bias voltages greater
than 15.2 V. An external gate drive resistor is recommended to limit the rise time and to dampen any
ringing caused by the parasitic inductances and capacitances of the gate drive circuit. This external
resistor also helps in meeting any EMI requirements of the converter. This design example uses a 10-Q as
gate resistor. To facilitate a fast turnoff, a standard 100-V, 0.2-A Schottky diode is placed anti-parallel with
the gate drive resistor. A 20-kQ resistor is placed between the gate of the MOSFET and ground to
discharge the gate capacitance and protect from inadvertent dV/dt triggered turnon.

For this reference design, a MOSFET with 600-V voltage and 13-A current rating is used. The conduction
losses of the switch MOSFET in this reference design are estimated using the Rpg,, at 125°C, found in
the device data sheet, and the calculated drain-to-source RMS current, lps gys:

_ 2
Pcono = IDSfRMS X RDS(on)125C
where:
* RDS(Oh)lZSC =0.346 Q

| B Pout(max) y \/2 16 % ViN_RecTIFIED(min) 220 < |2 16 x120
DS_RMS = - it __tox1ev
- VIN_RECTIFIED(min) 3nx Vour 120 3nx2.26 A 12)

Pconp = 2.267% x 0.346 = 1.778 W

The switching losses are estimated using the rise time, t, and fall time, t;, of the MOSFET gate and the
output capacitance losses using Equation 13:

2
Psw = fsw (0-5 xVout *linmax) (tr + tr) + 0.5 x Coss x Vour )

(13)
where:
e t=7ns
e t=6ns
o Cogs =34 pF
Psw =130KkHZ (0.5x 434 V x 4.09 x (7 ns + 6 ns) + 0.5 x 34 pF x 434° | =1.8 W 1)
Total FET losses = Pcoyp + Psw = 1.778 + 1.8 W = 3.57 W
The MOSFET requires an appropriately sized heat sink.
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2.3.1.9 Sense Resistor

To accommodate the gain of the non-linear power limit, the sense resistor, Rgense, 1S Sized such that it
triggers the soft overcurrent at 10% higher than the maximum peak inductor current using the minimum
soft overcurrent threshold of the Iggyse PiN, Vsoc, Of lsense €qual to 0.265 V.

VSOC(min)

L_PEAK(max) X 1.1 (15)

R _0.259
SENSE ™ 4 35% 1.1
The peak current limit, PCL, protection feature is triggered when current through the sense resistor results

in the voltage across Rgeyse 10 be equal to the Vi, threshold. For a worst case analysis, the maximum
Vpc, threshold is used:

RSENSE = |

=0.054 Q

VPCL(max)
lpcL = R
SENSE (16)
0.438
| =—=8.11A
PCL 7 0.054

To protect the device from inrush current, a standard 221-Q resistor, Rsense, 1S placed in series with the
lsense PiN. A 1000-pF capacitor is placed close to the device to improve noise immunity on the lggyse pin.

2.3.1.10 Output Capacitor

The output capacitor, Cq, is sized to meet holdup requirements of the converter. Assuming the
downstream converters require the output of the PFC stage to never fall below 300 V, Voyr poroupmin:
during one and half line cycle.

tHOLDUP = 0—5 = 0_5 =10.6ms

fLINE(min) 47 (17)

The minimum calculated value for the capacitor is:
2xPoyt(max) * tHoLpup

COUT(min) 2 v2 RV
ouTt OUT _HOLDUP(min) (18)

2x220x10.6 ms
434% - 300°
De-rate this capacitor value by 10%; the actual capacitor used is 47 uF.

COUT(min) > > 447 MF

Verify that the maximum peak-to-peak output ripple voltage will be less than 5% of the output voltage. This
ensures that the ripple voltage will not trigger the output overvoltage or output undervoltage protection
features of the controller. If the output ripple voltage is greater than 5% of the regulated output voltage, a
larger output capacitor is required. The maximum peak-to-peak ripple voltage, occurring at twice the line
frequency, and the ripple current of the output capacitor is calculated:

Vour_rippLep) < 0.05 X Vour
Vout rippLepp < 0.05 X 434V = 21.7 Vpp
IOUT

V =
OUT _RIPPLE(pp) ~ 5, o fne(min) % Cour 19
0.507
Vour RIPPLE(pp) ~ =18.27V
- 2nx 2x 47 x 47 uF
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The required ripple current rating at twice the line frequency is equal to Equation 20:
| IOUT(max)
couT_2flne = /=
—<ine V2 (20)
0.507
I ine = ——=—=0.358 A
COUT _ 2fline \/5
There is a high-frequency ripple current through the output capacitor:
16 x Vg
lcout_HF = IOUT(max) x \/37c>< Vv o - 1.5
IN_RECTIFIED(min) 1)

lcour e =0.507 x /% ~15-1.09A

The total ripple current in the output capacitor is the combination of both, and the output capacitor must be
selected accordingly:

_ |2 2
lcout_rms(total) = \/' couT _2fine + "cout_HF (22)

2 2
lcout_Rusitotal) = V0-3587 +1.09% =1.14 A

2.3.1.11 Output Voltage Set Point

For low-power dissipation and minimal contribution to the voltage set point, it is recommended to use
1 MQ for the top voltage feedback divider resistor, Rqg;. Multiple resistors in series are used due to the
maximum allowable voltage across each. Using the internal 5-V reference, Vggg, the bottom divider
resistor, Rqg,, is selected to meet the output voltage design goals.

Regy = VRer X Repy
Vout — VRer (23)

Reg, = 5V x0.996 MQ C116KO

434 -5
A standard value 11-kQ resistor for Rgg, results in a nominal output voltage set point of 434 V. A small
capacitor on Vgeyge Must be added to filter out noise. Limit the value of the filter capacitor such that the RC
time constant is limited to approximately 10 ys so as not to significantly reduce the control response time
to output voltage deviations.

FB2 (24)
The closest standard value of 820 pF is used on Vg.se for a time constant of 10.66 ps.

2.3.1.12 Loop Compensation

The voltage error amplifier is compensated with a zero, f o, at the foyy ps Pole and a pole, oo e, placed at
20 Hz to reject high-frequency noise and roll off the gain amplitude. The overall voltage loop crossover, f,,
is desired to be at 10 Hz. The compensation components of the voltage error amplifier are selected
accordingly. The design spreadsheet has all relevant equations for characterization of the compensation
of the UCC28180 device (see Section 4.7).
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Circuit Design of Dual Switch Flyback

The UCC28740 is a quasi-resonant flyback controller that provides CV mode control and CC mode control
for precise output regulation. In this design, the controller uses an optocoupler for tight output voltage and
current regulation and also for improved transient response to large load steps. The UCC28740 uses
frequency modulation, peak primary current modulation, valley switching, and valley hopping in its control
algorithm to maximize efficiency over the entire operating range.

Table 3. Design Goal Parameters for Dual Switch Flyback Stage

PARAMETER | MmN | TYP | wMAX | UNIT

INPUT
Vinoe DC input voltage range (from PFC output) ‘ 300 ‘ ’ 460 | VAC
OUTPUT
Vour Output voltage 199.6 200 201 vDC
lout Output current 1 11 ADC
lece Output overcurrent 11 ADC
Pour Output power (max) 200 w

Line regulation <1%

Load regulation <1%
fuax Maximum desired switching frequency 60 kHz
n Targeted efficiency 90%

2.3.2.1 Input Bulk Capacitance and Minimum Bulk Voltage

Because a PFC front-end is used in this reference design, the PFC output capacitor is the input
capacitance for the flyback converter (C = 47 uF).

The minimum voltage operation of flyback is defined by the holdup voltage of the PFC converter during
brownout conditions (Vyoip_upminy = 300 V).

Considering a maximum of 20-V ripple voltage on the capacitor:
Veuikming = VhoLo_upmin — 20 V =280 V

2.3.2.2 Transformer Parameter Calculations: Turns Ratio, Primary Inductance, and Peak Primary

Current

The target maximum switching frequency at full load, the minimum input-capacitor bulk voltage, and the
estimated DCM Qg time determine the maximum primary-to-secondary turns ratio of the transformer.
Initially determine the maximum-available total duty cycle of the on-time and secondary conduction time
based on the target switching frequency, fy.x, and DCM resonant time. For DCM resonant frequency,
assume 500 kHz if an estimate from previous designs is not available. At the TM operation limit of DCM,
the interval required from the end of secondary current conduction to the first valley of the V5 voltage is %
of the DCM resonant period (tg), or 1 us assuming a 500-kHz resonant frequency. The maximum
allowable MOSFET on-time D,y is determined using Equation 25.

R

Dyax =1-D —fypax —
MAX MAGCC MAX 2 (25)

where:
» tzis the estimated period of the LC resonant frequency at the switch node

* Dyaccc is defined as the duty cycle of the secondary-diode conduction during CC operation and is fixed
internally by the UCC28740 at 0.425

Dyax = 1- 0.425 — 60 kHz x % =0.51
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When Dy is known, the maximum primary-to-secondary turns ratio is determined with Equation 26. The
total voltage on the secondary winding must be determined, which is the sum of V¢, V¢, and Vocge.

Dumax * VauLk (min)

Nps -
29" Dyaace x (Vocv + Vi + Vocsc) (26)

Vocae IS the additional voltage drop of post filter inductor and any other target cable-compensation voltage
added to Vo (provided by an external adjustment circuit applied to the shunt regulator).
Assuming Vgege =0 and Ve = 0.6 V:

0.51x 300

N - —1.794
PS(max) = 0.425 x (200 + 0.6)

A higher turns ratio generally improves efficiency, but may limit operation at a low input voltage. The
transformer turns ratio selected affects the MOSFET V5 and secondary rectifier reverse voltage, so these
must be reviewed. The UCC28740 controller requires a minimum on time of the MOSFET (toymi,) and
minimum secondary rectifier conduction time (toyminy) in the high line and minimum load condition. The
selection of fyay, Lp, and Rcs affects toygminy and toymin. The secondary rectifier and MOSFET voltage stress
can be determined by Equation 27.

M + VOCV + VOCBC
PS 27)

VRev =
For the MOSFET Vg voltage stress, include an estimated leakage inductance voltage spike (V ).
Vbspk = (VIN(max) x\2 )+ (Vocv + Ve + Vocac ) x Nes + Vik 29)

Equation 29 determines if toy,i,) €Xceeds the minimum t, target of 280 ns (maximum tcg g5). Equation 30
verifies that toyminy €xceeds the minimum ty, target of 1.2 ps.

t o Lp N IPP(max)

ON(min) VIN(maX) X \/5 KAM 29)
T o J(ON(min) x VIN(max) x/2

PMIn) = Nog x (Vocy + V) (30)

To determine the optimum turns ratio, Ny, design iterations are generally necessary to optimize and
evaluate system-level performance trade-offs and parameters mentioned in Equation 27 to Equation 30.

When the optimum turns ratio Ny is determined from a detailed transformer design, use this ratio for the
following parameters. For this reference design, Npg = 1.5 is selected on optimization.

The UCC28740 CC regulation is achieved by maintaining Dy,ccc at the maximum primary peak current
setting. The product of Dyascc @nd Vesymay defines a CC-regulating voltage factor, Vecg, which is used with
Nps to determine the current-sense resistor value necessary to achieve the regulated CC target, o (see
Equation 31).

0.81

| =% _385A
PP(max) = 21 (31)

Because a small portion of the energy stored in the transformer does not transfer to the output, a
transformer efficiency term is included in Equation 31. This efficiency number includes the core and
winding losses, the leakage-inductance ratio, and a bias-power to maximum-output-power ratio. For
example, an overall transformer efficiency of 0.9 is a good estimate based on 3.5% leakage inductance,
5% core and winding loss, and 0.5% bias power. Adjust these estimates appropriately based on each
specific application.

0.773

lppom) = ¢ 7 = 368 A

Vecrmin 1S the minimum CC regulation factor and device parameter = 0.33 V. The standard value of
current sense resistor selected is R.g = 0.21 Q. Two parallel resistors to R are added in the schematic to
adjust values easily.
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To calculate primary inductance, first determine the transformer primary peak current using Equation 32.
Peak primary current is the maximum current-sense threshold divided by the current-sense resistance:

VCST(max)
IPP(max) = Res 32)
V. 1
Riep_sns = TH = =0.02Q
- IOUT(max) x II\IAgain 1x50
Ve, = Vout X Reao
™ R +R
FB1 FB2 (33)

The primary transformer inductance is calculated using the standard energy storage equation for flyback
transformers. Primary current, maximum switching frequency, output voltage and current targets, and
transformer power losses are included in Equation 34:

L _2x(Vocv + Vk + Vocec ) loce
nxFMR x |2PP(max) x fuax

~ 2x(200+0.6)x1.1

P 0.9x3.85% x 60 kHz

The actual primary inductance selected is L, = 600 pH.

(34)

=551puH

N,s is determined by the lowest target operating output voltage while in CC regulation and by the Vg,
UVLO turnoff threshold of the UCC28740. Additional energy is supplied to Vy, from the transformer
leakage-inductance, which allows a lower turns ratio to be used in many designs.

Voprty * VFA 815+ 0.9 0.925

NAS =

2.3.2.3 Transformer Parameter Calculations: Primary and Secondary RMS Currents

With the primary inductance of 600 puH, the absolute maximum switching frequency is calculated from
Equation 36:

2% (200 +0.6)x1.1
x( - )N o 1k
0.9 x 3.852 x 600 uH (36)

fMAX =

The maximum switching period is:

1 1
tgy =—— =————=18.14 s

The actual maximum on-time is given by Equation 38:
| x L
PP(nom) * =P _ 3.68 x 600 uH ~7.36 s
VBULK(min) 300 (38)

J[ON(max) =

The maximum duty cycle of operation (Dyay) iS:
t
ON(max) _ 7.36 us _ 0.405

Dyiax =
The transformer primary RMS current (logys) iS:

D 0.405
| =| MAX —368x,|—— =1.35A
PRMS = lpp(nom)y| 3 “\ 3 (40)

The transformer secondary peak current RMS current (Isgcmax) iS:
lsecmax = lppmax) X Nps = 3.85 x 1.5 =5.77 A

TIDUD96—November 2017 200-W, 92% Efficient, Low THD, 10% Dimmable AC/DC LED Driver 23
Submit Documentation Feedback Reference Design With Adjustable Output Voltage
Copyright © 2017, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUD96

13 TEXAS
INSTRUMENTS

System Overview www.ti.com

The transformer secondary RMS current (lsec_gus) iS:

[Diax 0.425

Based on these calculations, a Minntronix transformer was designed for this application (part number
4815839), which has the following specifications:

e Nps=15
© Npo=15
« L, =600 pH

* L =3.5puH (which denotes the primary leakage inductance)

2.3.2.4  Main Switching Power MOSFET Selection

The drain-to-source RMS current, Ips rys, through switching FET is calculated using Equation 42:

18] /0.405
Ibs_Rms = IPP(max) X % =3.85x 5 =141A .

Select a MOSFET with five times the I,5 rus Calculated. The maximum voltage across the FET can be
estimated using Equation 28. Considering a de-rating of 25% and leakage spike of around 250 V, the

voltage rating of the MOSFET in a dual switch flyback must be around 1200-V DC. Two STF18N65M2
MOSFETSs of 650 V and 11 A at 25°C / 8 A at 100°C are selected for this reference design.

2.3.25 Rectifying Diode Selection

Calculate the secondary output diode or synchronous rectifier FET reverse voltage or blocking voltage
needed (Vpiope_pLocking):
VIN DC(max)
et Vout_ove + Vocec

PS (43)

460
VDIODE BLOCKING = 15" 200 =506.6 V

VDIODE _BLOCKING =

The required minimum average rectified output current is:

Ipout = lsec_rvs = 217 A

A silicon carbide Schottky diode is recommended for low power loss and high-efficiency needs. For this
reference design, the silicon carbide Schottky diode (C3D04060A) with a 600-V voltage and 4-A forward
current rating is selected to optimize the on-state losses.

24
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2.3.2.6  Output Capacitor Selection

For this reference design, the output capacitor (Cgr) for output is selected to prevent Vo, (= 200 V) from
dropping below the minimum output voltage (Vorry) during transients up to 0.36 V and ripple voltage less
than 100 mV.

lout % (t)

Cour2—=—V——
Vout — Votrm (44)

where:

* Vorew = 199.64 V
11, (333 1s)

Cour 22—~
200 —199.64

Considering the allowable output ripple voltage of 120 mV (5%), the ESR of the capacitor must be:

>50.8 uF

V,
ESR — OUT_RIPPLE _ 120 mV —20.7mO

lsecmay 577 A )

lcouT_Rus = \/QSEC_RMS)Z ~(our ) =417 - (1.1F =1.87 A .

Two 47-pF, 250-V capacitors are selected for the output.

2.3.2.7 Capacitance on VDD Pin

The capacitance on VDD needs to supply the device operating current until the output of the converter
reaches the target minimum operating voltage in CC regulation.

The capacitance on VDD must supply the primary-side operating current used during startup and between
low-frequency switching pulses. The largest result of two independent calculations denoted in Equation 47
determines the value of Cp.

At start-up, when V) iS reached, C,pp alone supplies the device operating current and MOSFET gate
current until the output of the converter reaches the target minimum operating voltage in CC regulation,
Voce- Now the auxiliary winding sustains VDD for the UCC28740 above UVLO. The total output current
available to the load and to charge the output capacitors is the CC-regulation target, Io.c. Equation 47
assumes that all of the output current of the converter is available to charge the output capacitance until
Vocc is achieved. For typical applications, Equation 47 includes an estimated qg*fswmax Of average gate
drive current and a 1-V margin added to V,pp.

Cour * Vocc

(IRUN +0c * fSW(max)) % loce

Cvop 2
Vbb(on) ~ (VDD(off) + 1\/) (47)

94 uF x 201V

(2mA + 9.9 nC x 60 kHz)
11 > 3.87 uF

21-(85+1V)

Cvpp 2

During a worst-case un-load transient event from full load to no load, C,,; overcharges above the normal
regulation level for a duration of t., until the output shunt regulator loading is able to drain Vo back to
regulation. During to,, the voltage feedback loop and optocoupler are saturated, driving maximum Iz and
temporarily switching at fs,,mir. The auxiliary bias current expended during this situation exceeds that
normally required during the steady-state no-load condition.

The current design uses 10-pF and 2.2-pF capacitors.
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2.3.2.8 Open-Loop Voltage Regulation versus Pin Resistor Divider, Line Compensation Resistor

The resistor divider at the Vg pin determines the output voltage regulation point of the flyback converter.
Also, the high-side divider resistor (Rg;) determines the line voltage at which the controller enables
continuous DRV operation. Rg, is initially determined based on transformer auxiliary-to-primary turns ratio
and desired input voltage operating threshold.

VIN(run) x/2

R1= Npa x|
PA 7 lVSL(min) (48)

where:
* Np, is the transformer primary-to-auxiliary turns ratio

*  Viyun is the AC RMS voltage to enable turnon of the controller (run); in case of DC input, leave out the
\2 term in the equation

* lysieun IS the run threshold for the current pulled out of the VS pin during the switch on-time (see the
Electrical Characteristics section of the UCC28740 data sheet)

390 V

g=—V  _110kQ
15 % 275 A

A standard resistor of 110 kQ is selected.

The low-side VS pin resistor is selected based on the desired Vq regulation voltage in open-loop
conditions and sets maximum allowable voltage during open-loop conditions.
Re, = Rs1* Voveth

NAS X (VOV — VF)— VOVPTH (49)

where:

* Vo is the maximum allowable peak voltage at the converter output
* V¢ is the output-rectifier forward drop at near-zero current

* Njs is the transformer auxiliary-to-secondary turns ratio

* Rg, is the VS divider high-side resistance

*  Voupmy IS the overvoltage detection threshold at the VS input (see the Electrical Characteristics section
of the UCC28740 data sheet)
110kQ x 4.6 3277 kO

527 0.1x(201-0.6)— 4.6

A standard resistor of 33.2 kQ is selected.

The UCC28740 maintains tight CC regulation over varying input line by using the line-compensation
feature. The line-compensation resistor (R c) value is determined by current flowing in Rs, and the total
internal gate drive and external MOSFET turnoff delay. Assuming an internal delay of 50 ns in the
UCC28740:
RLC _ KLC X Rs1 X RCS X tD X NPA

Lp (50)

where:

» Rgs is the current-sense resistor value

* 1y is the current-sense delay including MOSFET turnoff delay
* Np, is the transformer primary-to-auxiliary turns ratio

* L, is the transformer primary inductance

» K¢ is a current-scaling constant (see the Electrical Characteristics section of the UCC28740 data
sheet)
Ric =25><7‘|.5kQ><0.21><46nS><15 _7200
600 puH

A standard resistor of 590 Q is selected.
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2.3.2.9 Feedback Elements

In this reference design, the secondary side CC-CV control is implemented using two op amps where LED
current regulation is achieved using the INA180, which is used for sensing output LED current through
sensing voltage across sense resistor. Output voltage regulation is achieved using feedback based on the
resistor divider (R221, R223, and R225). The value of the LED current sensing resistor can be calculated
using Equation 51 based on INA180 gain (50 V/V), reference voltage setting (1 V), and full-load LED
current (1 A).

Vi -1 _o020

Riep sns = I

The output voltage is set through the sense network resistors Rz, and Reg,. The value of feedback
resistor can be chosen based on desired output voltage by Equation 52.

Vout XRes2

Reg1+Res2 (52)
where:

« V=1V

Assuming Rgg; = 224 kQ and setting Vo = 200 V, the value of Rgg, as calculated per Equation 52 is
1.23 kQ.

The op amp compensation network, Zg, is determined using well-established design techniques for
control-loop stability. Typically, a type-Il compensation network is used.

Vg =
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3 Hardware, Testing Requirements, and Test Results

3.1 Required Hardware
» Isolated AC source (0- to 305-V AC /3 A)
» Single-phase power analyzer
» DC power supply (0- to 10-V DC /0.3 A)
» Digital oscilloscope
» Digital multimeter
» High-wattage LED load

3.2 Testing and Results
3.21 Test Setup

3.2.1.1 Test Conditions

» Input voltage range: The AC source must be capable of varying a Vy.c between 85- and 305-V AC.
Set input current limit to 3 A.

* Output: Connect an LED load capable of 200 V and a load variable in range from 0 to 1 A.

» External DC input voltage: External DC signal up to 10 V is required to turn on or off the PFC stage in
the power supply reference design.
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3.21.2 Test Procedure

Figure 11 shows the flow followed to test the reference design PCB and perform 0- to 10-V dimming.

TIDA-01464

Place jumper J201 in
position 1 and 2 for
non-dim operation
and in 2 and 3 for
dimmable operation

Set Jumper position
for dimming or non
dimmable operation

Turn on PSON
signal power |

r Dimming

H operation

! v *

1

] } Connect PSON Connect 0 -to 10-V dimming

Non-Dim 1 signal power interface to jumper J202 and set
operation | supply to enable initial analog dimming voltage or set

! PFC stage analog voltage using external power

! supply between 0 to 10 V

h 4

supply between |
0-to 10-VvDC

A 4

Turn on input AC
power supply and
increase input voltage
to required operating
voltage between 85- to
305-V AC

Connect input AC supply
at J100 terminal
connector and LED load
at J200 output connector

Non-Dim i
operation

Constant illuminance
at full load

Dimming
operation

Vary external
analog voltage
fromOto 10 V to
perform dimming

NOTE: PSON signal can be pulled low to
turn off TIDA-01464 LED power supply

Copyright © 2017, Texas Instruments Incorporated

Figure 11. Test Flow for TIDA-01464
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3.2.2 Test Results

The test results are divided into multiple sections that cover the steady state performance measurements,
current harmonics measurements, functional performance waveforms and test data, transient performance
waveforms, and thermal measurements.

3.2.2.1  Performance Data With 196-V and 102-V LED Loads With Input Line Voltage Variation at Full

Load
Table 4. Test Data With 102-V LED Load at Full Load
Vin (V) FREQ (Hz) Vrus (V) Irvs (A) P (W) PF Atip Vour (V) Ieo (A) Pour (W) EFFICIENCY
85 50 84.07 1.39 116.9 0.998 3.36% 102 1 102 87.25%
100 50 109.09 1.06 115.8 0.997 3.40% 102 1 102 88.08%
120 50 120 0.964 114.9 0.997 3.60% 102 1 102 88.77%
180 50 179.5 0.636 112.8 0.989 4.31% 102 1 102 90.43%
230 50 230.05 0.502 113.2 0.976 4.47% 102.1 1.01 103.121 91.10%
265 50 265.61 0.443 112.7 0.963 4.53% 102.2 1.01 103.222 91.59%
Table 5. Test Data With 196-V LED Load at Full Load
Vin (V) FREQ (Hz) Vrus (V) Irws (A) P (W) PF Atip Vour (V) Ieo (A) Pour (W) EFFICIENCY
85 50 83.92 2.69 225.2 0.995 11.18% 195.9 1 195.9 86.99%
100 50 98.9 2.23 220.8 0.997 7.20% 196 1 196 88.77%
120 50 118.97 1.86 2185 0.998 4.30% 196 1 196 89.70%
180 50 179.5 1.19 214.8 0.995 3.50% 196 1 196 91.25%
230 50 230.1 0.936 213.2 0.991 3.80% 196 1 196 91.93%
265 50 265 0.811 2125 0.986 3.90% 196.2 1 196.2 92.33%
3.2.2.1.1 Functional Performance Graphs With Input Line Voltage Variation at Full Load
240 94%
—— 102 V LED Load
220 93% | — 196 V LED Load
200
o 92% —
< 180 g -
[ -
S 160 Z 9%
= —— 102 V LED Load Z /
T 140 —— 196 V LED Load = 90%
F g i
5 120 T 89%
] S 4
> 100 = /
W 88%
80 /
60 87%
40 86%
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Line Voltage Line Voltage
Figure 12. Line Voltage versus V; at Full Load Figure 13. Line Voltage versus Efficiency at Full Load
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Figure 14. Line Voltage versus LED Current at Full Load
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Figure 15. Line Voltage versus THD at Full Load
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Figure 16. Line Voltage versus Power Factor at Full Load

Dimming Data for 196-V and 102-V LED Loads

Dimming Data With 196-V LED Load at Different Operating Line Voltages

Table 6. Performance Data With Dimming at 120-V/50-Hz Input AC Voltage

lans (V) lrus (A) P (W) PF Atip Vour (V) lour (A) Pour (W) | EFFICIENCY
10 1.848 218.5 0.997 4.26 196 1 196 89.70%
9 1.62 192.6 0.997 3.69 193.9 0.891 172.7649 89.70%
8 1.425 169.3 0.997 3.36 192.3 0.79 151.917 89.73%
7 1.236 146.8 0.997 3.26 190.6 0.691 131.7046 89.72%
6 1.05 125.1 0.997 3.45 188.7 0.594 112.0878 89.60%
5 0.874 103.8 0.996 4.03 186.7 0.496 92.6032 89.21%
4 0.698 82.9 0.995 4.8 184.2 0.399 73.4958 88.66%
3 0.525 62.25 0.991 6.87 181.1 0.301 54.5111 87.57%
2 0.356 41.9 0.983 9.87 176.8 0.202 35.7136 85.24%
1 0.193 21.96 0.951 15.88 170.7 0.101 17.2407 78.51%
0.8 0.158 17.74 0.935 16 169.1 0.081 13.6971 77.21%
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Table 7. Performance Data With Dimming at 230-V/50-Hz Input AC Voltage

lans (V) lrus (MA) P (W) PF Ao Vour (V) lour (A) Pour (W) | EFFICIENCY

10 937.8 213.2 0.99 3.87 196 1 196 91.93%

9 826.4 187.9 0.989 3.76 194.1 0.889 172.5549 91.83%

8 729.2 165.5 0.987 3.76 192.5 0.789 151.8825 91.77%

7 635.9 143.9 0.984 3.92 190.8 0.691 131.8428 91.62%

6 545.4 122.9 0.979 4.29 189 0.593 112.077 91.19%

5 456.6 102.2 0.972 4.86 186.9 0.496 92.7024 90.71%

4 369.9 81.76 0.96 5.86 184.4 0.399 73.5756 89.99%

3 284.2 61.42 0.935 7.22 181.2 0.301 54.5412 88.80%

2 198.8 41.8 0.891 11.36 177.1 0.203 35.9513 86.01%

1 126.1 21.3 0.733 20.5 170.9 0.101 17.2609 81.04%

0.8 109.1 17.33 0.689 20.75 169.2 0.081 13.7052 79.08%
Table 8. Performance Data With Dimming at 265-V/50-Hz Input AC Voltage

lans (V) lrus (MA) P (W) PF Arip Vour (V) lour (A) Pour (W) | EFFICIENCY

10 802.2 2125 0.985 3.96 196.2 1 196.2 92.33%

9 711.2 185.6 0.982 3.85 193.5 0.885 171.2475 92.27%

8 629.6 163.7 0.979 3.86 191.9 0.786 150.8334 92.14%

7 550.8 142.5 0.974 4.02 190.2 0.689 131.0478 91.96%

6 474 121.8 0.966 4.36 188.4 0.592 111.5328 91.57%

5 399.2 101.3 0.955 4.97 186.4 0.495 92.268 91.08%

4 326.1 81 0.935 5.7 183.9 0.398 73.1922 90.36%

3 252.5 60.7 0.904 8.77 180.9 0.301 54.4509 89.70%

2 182.8 40.4 0.832 16.24 176.6 0.202 35.6732 88.30%

1 118.3 20.8 0.665 23.4 170.4 0.101 17.2104 82.74%

0.8 106.6 17.1 0.604 28.4 168.8 0.081 13.6728 79.96%

3.2.2.2.1.1 Performance Graphs With 196-V LED Load

94% 1.0 _—
g —
9 92% 15
g = | N/
= 90% | s o /
o |
> 88% s 2 /
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4 / '/ g 0.6
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s /4 2
£ 84% fa)
5 /] 2 04
g 82% /// §
& 8% | T oo
ke / — 120V AC 5 O — 120VAC
& 78% / — 230V AC H — 230V AC
— 265V AC a — 265V AC
76% 0.0
0 50 100 150 200 250 0 50 100 150 200 250
Output Power Output Power
Figure 17. Output Power versus Efficiency at Different Figure 18. Output Power versus Power Factor at
Line Voltages Different Line Voltages
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3.2.2.2.2 Dimming Data With 102-V LED Load at Different Operating Line Voltages
Table 9. Performance Data With Dimming at 120-V/50-Hz Input AC Voltage

laps (V) lrws (MA) P (W) PF Atip Vour (V) lour (A) Pour (W) | EFFICIENCY
10 964 114.9 0.997 3.60% 102 1 102 88.77%

9 857.6 101.8 0.996 4.02% 101.3 0.891 90.2583 88.66%

8 753.4 89.4 0.995 4.61% 100.4 0.785 78.814 88.16%

7 655.7 77.7 0.994 5.35% 99.5 0.686 68.257 87.85%

6 561.8 66.5 0.992 6.32% 98.6 0.59 58.174 87.48%

5 470.6 55.5 0.989 7.59% 97.6 0.494 48.2144 86.87%

4 380.9 44.7 0.985 9.23% 96.4 0.398 38.3672 85.83%

3 292.7 34.1 0.976 11.50% 95.08 0.301 28.61908 83.93%

2 205.4 23.4 0.956 15.10% 93.24 0.203 18.92772 80.89%

1 104.6 12.4 0.913 18.70% 90.62 0.101 9.15262 73.81%

0.8 91 9.6 0.888 20.18% 89.9 0.082 7.3718 76.79%

Table 10. Performance Data With Dimming at 230-V/50-Hz Input AC Voltage

laps (V) lrws (MA) P (W) PF Atip Vour (V) lour (A) Poyr (W) | EFFICIENCY
10 502 113.2 0.976 4.47% 102.1 1.01 103.121 91.10%

9 449.5 100.5 0.971 4.88% 101.4 0.893 90.5502 90.10%

8 397.4 88.2 0.965 5.47% 100.5 0.786 78.993 89.56%

7 348.8 76.7 0.955 6.04% 99.6 0.686 68.3256 89.08%

6 302.3 65.6 0.942 6.85% 98.6 0.589 58.0754 88.53%

5 257.5 54.6 0.922 7.17% 97.6 0.494 48.2144 88.30%

4 210.9 43.6 0.899 9.69% 96.5 0.397 38.3105 87.87%

3 166.4 32,6 0.851 15.50% 95.1 0.301 28.6251 87.81%

2 131 22,6 0.752 20.20% 93.28 0.203 18.93584 83.79%

1 89.7 11.8 0.573 25.20% 90.6 0.101 9.1506 77.55%

0.8 79.4 9.7 0.531 31.80% 89.96 0.081 7.28676 75.12%
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Table 11. Performance Data With Dimming at 265-V/50-Hz Input AC Voltage
laps (V) lrws (MA) P (W) PF Ao Vour (V) lour (A) Poyr (W) | EFFICIENCY
10 443 112.7 0.963 4.53% 102.2 1.01 103.222 91.59%
9 397 100.68 0.954 4.97% 101.2 0.897 90.7764 90.16%
8 348 87.33 0.942 5.49% 100.2 0.783 78.4566 89.84%
7 308.1 75.9 0.927 5.85% 99.39 0.685| 68.08215 89.70%
6 268 64.8 0.91 6.69% 98.47 0.588| 57.90036 89.35%
5 2285 53.9 0.888 9.68% 97.48 0.493| 48.05764 89.16%
4 191.5 43.2 0.849 16.60% 96.34 0.397 | 38.24698 88.53%
3 160 32.9 0.775 20.80% 95 0.301 28.595 86.91%
2 123.7 22,5 0.684 25.40% 93.2 0.203 18.9196 84.09%
1 89.1 11.6 0.494 38.60% 90.57 0.101 9.14757 78.86%
0.8 84 9.5 0.425 45.00% 89.89 0.081 7.28109 76.64%
3.2.2.2.2.1 Performance Graphs With 102-V LED Load
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Figure 21. Output Power versus Efficiency at Different Figure 22. Output Power versus Power Factor at
Line Voltages Different Line Voltages
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Figure 23. Output Power versus THD at Different Line Figure 24. External Dimming Signal versus LED Current

Voltages at Different Line Voltages
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3.2.2.3  Input Harmonic Currents Tested as per IEC 6100-3-2

Table 12. EN 61000-3-2 Class C Limits for System Power > 25 W

HARMONICS ORDER MAXIMUM VALUE EXPRESSED AS A PERCENTAGE OF THE
n FUNDAMENTAL INPUT CURRENT

<2%
< 30 A%W
10%
<7%
< 5%
<39 < 3%

S|lo(NlOalwiN

11<

® % = Power factor

3.2.2.3.1 Input Current Harmonics Tested at 22% Load With 196-V LED Load

Table 13. Test Conditions for 22% Load With 196-V LED Load

Iaps (V) Vin (V) FREQ (Hz) I (MA) Py (W) PF Atrp Pour (W)
2.2 230 50 216.79 45.043 0.902 8.10% 39.54
0.30 L L L
; 9% Harmonic Content at 22% Load
Class C Limit>25W

0.25

0.20
=]
©
o
= 015
X
N

0.10

0.05

0.00

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39
230 VAC
Figure 25. Harmonic Test Results at 230-V AC and 22% Load
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3.2.2.3.2 Input Current Harmonics Tested at 100% Load With 196-V LED Load
Table 14. Test Conditions for 100% Load With 196-V LED Load
laps (V) Vin (V) FREQ (Hz) I (MA) P (W) PF Atip Pour (W)
10 230 50 936.71 213.2 0.99 3.87% 196
0.35 . . .
g % Harmonic Content at 100% Load
Class C Limit > 25 W
0.30
0.25
§ 020
=
o
S 0.15
0.10
0.05
0.00

1 3 5 7 9 1 13 15 17 19 21 23 25 27 29 31 33 3 37 39
230 VAC

Figure 26. Harmonic Test Results at 230-V AC and 100% Load

3.2.2.3.3 Input Current Harmonics Tested at 36% Load With 102-V LED Load

Table 15. Test Conditions for 36% Load With 102-V LED Load

Iaps (V) Vin (V) FREQ (Hz) I (MA) P (W) PF Attp Pour (W)
3.8 230 50 202.68 41.65 0.893 9.62% 36.56

30% | | |

% Harmonic Content at 36% Load
Class C Limit > 25 W

25%

20%

he]
[
o
= 15%
=X
3
10%
5%
0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39
230 VAC
Figure 27. Harmonic Test Results at 230-V AC and 36% Load
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3.2.24 Functional Waveforms

Hardware, Testing Requirements, and Test Results
This section comprises of various functional waveforms such as the PFC output ripple, output current, and
voltage ripple waveforms at various input line voltages.

3.2.2.4.1 PFC Output Ripple

WA\,

NV

A WAl
VV VA

AN NN
VvV VV

A A

A A
VAVAY

vV V

NN NANN
VV VWV

A 5
V.

V.V VNV

P1:pkpk(C3)
293V

P1:pkpk(C3)
4.0V

a Trigoer  (COES
100 msfdv Stop 380 mA
100kS 1.00MS/s Edge Positive

Figure 28. PFC Output Ripple at 120-V AC With
196-W LED Load

Figure 29. PFC Output Ripple at 120-V AC With

196-W LED Load
3.2.242

Output Voltage and Current Ripple

e Verical Timebase Trigger Display Cursors Measure Math Analysis Utilities Help

e Vertical Timebase Trigger Display Cursors Measure Math Analysis Utilities Help

[
Measure P1:pkpk(C1) P2pkpk(C2) P3:--- [ PS5~ PG~ Measure P1:pkpk(C1)
value 400 mA T4v value
status v v
10.0 Vidiv|
20,40V ofst

i
P2pkpk(C2) P3:--

368 mA Tov

status

2 Pa--- PB---
v v
10.0 Vidv| 200msidiv|Stop 2.
20.40 V ofst) 2.00MS 100 MSis]Edge Negative]
517/2005 11:09:05 PM

Figure 31. Output Voltage and Current Ripple With
196-W LED Load at 230-V AC

Figure 30. Output Voltage and Current Ripple With
196-W LED Load at 120-V AC
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Utilities  Help

File Vertical Timebase Trigger Displs

'y
Measure P1:pkpk(C1) PZpkpk(C2) P3--- P4--- P&--- PG:---
value 352 mA ov
v v

status

Figure 32. Output Voltage and Current Ripple With 196-W LED Load at 265-V AC

3.2.2.5 Transient Waveforms
This section presents transient waveforms such as start-up and turnoff waveforms at various input line

voltages.

3.2.25.1 Start-up Waveforms at No Load and Full Load

Voltage at PFC output stage

I Voltage at PFC output stage
T —— A ———— - | S s il L s
v - B e S , 4 ng,ﬁm:'}&,‘,‘.«‘h AR
| 4 i L
A / \
| £ § V4 \
' 7 ; *v,x*
| / PSON signal ,,-" PSON signal
r
! i b ! Mt it sd
e P

% Ay
( Jout across jumper J200

| f I Vout across jumper 1200

Roll 200 msidv Stop. 100V
100kS 500kSis Edge Positive

[rimecase suo ]
Roll 200 ms/giv Stop 100V
100kS 50.0kSis Edge Positive

Figure 33. Start-up at 120-V AC With No Load at Output Figure 34. Start-up at 120-V AC With 196-W LED Load
at Output
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Voltage at PFC output stage —— 1 Voltage at PFC output stage
R Wt otsosmes W, s s sosnsovs, | AR N i
| i v m‘,‘,‘#f"-!‘
| / ¥
i - . A S ’v-:f‘_'“"ﬂﬁ_'ﬁ__ﬁ_‘\ PSON signal
- L -
of % i ( / '\I'QUE‘BUOES?:JFW})@Y JQCE)
i3 ——
005 50074 Eote  Posis R i o0
100kS 50.'(;'!@!5 Edge Positive

Figure 35. Start-up at 230-V AC With No Load at Output

Figure 36. Start-up at 230-V AC With 196-W LED Load
at Output

Voltage at PFC output stage

PSON signal

Vol

——— QJH‘.@WH!«“M‘!&W R R
e

e at PFC output stage

PR

=
S

PSON signal |

Vout actoss jumpet 1200

Setaidhnd

Vout across jumper 1200

i
R Sop 100V
100kS 50.0kSis Edge Positive

Figure 37. Start-up at 265-V AC With No Load at Output

100 Vi R 100V
2000Volst 20 100K 500kSs Edge  Positive

Figure 38. Start-up at 265-V AC With 196-W LED Load
at Output
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3.2.2.5.2 Turnoff Waveforms
Voltage at PFC output stage Voltage at PFC output stage
PaVal oW, Wb o Vel el 0 PRSI,
.v“ "\
\\ \\
'”M%\ N
PSON signal PSON signal ™
Vout across jumper J200 . \ out acrogs jumper J200 \

20,0 msidn
100kS  500kSis Edge Negatie

Figure 39. Turnoff at 120-V AC With 196-W LED Load

mebase 0.0 ms] Trigger  CAES
200msidy Stop 135V
100kS  500kSis Edge Negatie

Figure 40. Turnoff at 230-V AC With 196-W LED Load

at Output at Output
I ; Voltage at P_FC out'pui' stage
RTATATA AT A" aVaVaVal
L PSON signal
by [

b .4t i s o AL A s,
e e Py v Ao T

e R e
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o
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20.0 msidn Stop. 135V
100kS  500kSis Edge MNegative

Figure 41. Turnoff at 265-V AC With 196-W LED Load at Output
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3.2.2.6  Thermal Images at Full Load

Max = 48.6

Mex= 74.5 I

Figure 42. Thermal Image of Top View of TIDA-01464 PCB With 196-W Load at 230-V Input AC Voltage

=389 Max = 46.5

Table 16. Max Temperature for PCB Components

Highlighted in Figure 42

MAX TEMPERATURE (°C)

DEVICE NAME

74.5 NTC at the input (RT100)

186 Brid_ge rectifier, PFC MOSFET, and
diode (D102, Q100, and D100)

334 PFC inductor

38.9 Two-switch flyback MOSFETs

39.9 Flyback transformer

46.5 Secondary-side rectifier diode
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Figure 43. Thermal Image of Bottom View of TIDA-01464 PCB With 196-W Load at 230-V Input AC Voltage

Table 17. Max Temperature for PCB Components

Highlighted in Figure 43

MAX TEMPERATURE (°C) DEVICE NAME
45.7 RT100 bottom
51.1 D102 bottom
44.3 UCC28180
38.9 UCC28740
35.9 LM358
55.7 Q207
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4 Design Files

4.1 Schematics
To download the schematics, see the design files at TIDA-01464.

4.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-01464.

4.3 PCB Layout Recommendations

4.3.1 Layout Prints
To download the layer plots, see the design files at TIDA-01464.

4.4  Altium Project
To download the Altium project files, see the design files at TIDA-01464.

45 Gerber Files
To download the Gerber files, see the design files at TIDA-01464.

4.6 Assembly Drawings
To download the assembly drawings, see the design files at TIDA-01464.

4.7 Design Calculator Spreadsheet
To download the design calculator spreadsheet for PFC stage, see the design files at TIDA-01464.

5 Related Documentation
1. Texas Instruments, Improving the Performance of Traditional Flyback Topology With Two-Switch

—Approach Application Report

5.1 Trademarks
E2E is a trademark of Texas Instruments.
All other trademarks are the property of their respective owners.
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