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The TIDA-00702 is a 60-W, industrial AC-DC power
supply designed for use in industrial and
instrumentation systems such as process controls,
factory automation, and machinery control. This
reference design is a Quasi-resonant (QR) flyback
converter implemented using the UCC28740 CC-CV
flyback controller with optocoupled feedback for
voltage and primary-side regulation (PSR) for constant
current regulation, with all the necessary protections
built-in. Hardware is designed and tested to pass
conducted emissions, surge, and EFT requirements.

The key highlights of reference design:

* Reduced component count design to achieve NEC
Class-2 and Limited Power Source (LPS) norms

 Meets ENERGY STAR® rating and 2013 EU
eco-design directive Energy-related Products (ErP)
Lot 6

* Robust output supply protected for output
overcurrent, output short-circuit, output overvoltage,
and over-temperature conditions

Design Resources

TIDA-00702 Design Folder
UCC28740 Product Folder
UCC24630 Product Folder
LM5050-2 Product Folder
TMP302 Product Folder
CSD18504Q5A Product Folder
m H ASK Our E2E Experts
TI E2E™
Community
85-10 265-VAC e filter + Flyback Sync 23-10 26V DC

FET
rectifier ] > CSD18504Q5A —>

3 )

O-Ring controller
LM5050-2

rectifier power stage

Sync controller
UCC24630

QR-PSR flyback
UCC28740

CV feedback
Temp sensor
TMP302

All trademarks are the property of their respective owners.

Design Features
* Wide Operating Input Range of 85-V to 265-V AC
With Full Power Delivery Over Entire Range

« Designed to Drive Wide Range of Downstream
24-V Industrial Systems and Motor Drives up to
60 W

High Efficiency of > 89% at 115-V AC and > 91%
at 230-V AC for Wide Load Range From 30% to
100% Load; No External Cooling Needed up to
60°C Ambient Operation

¢ Meets Current THD Regulations as per IEC
61000-3-2, Class-A

Precision Current Limit Within 1% Ensures
Maximum Power Delivery for Entire AC Voltage
Range

Very Low Standby Power of < 200 mW

Start-up With High Load Capacitance up to
8500 pF

< Built-in Lossless ORing Feature for Paralleling
Multiple Modules

« Meets the Requirements of Conducted Emissions
Standard — EN55011 Class B, EFT Norm IEC6000-
4-4 — Level-3, and Surge Norm IEC61000-4-5 —
Level-3

e Power Supply With Small PCB Form Factor
(96 x 82 mm)

Featured Applications

¢ Industrial DIN Rail Power
— Process Control
— Factory Automation
¢ Industrial LED Lighting
¢ Medical Power Supplies
e Security Systems
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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.

1 Key System Specifications
Table 1. Key System Specifications
PARAMETER | SYMBOL | TEST CONDITIONS | MIN NOM | MAX | UNIT
INPUT CONDITIONS
Input voltage Vinac 85 115/230 265 VAC
Frequency fune 47 50 60 Hz
No load power P IV'”AC_:OZA?O v 0.17 w
ouT —
Brownout Vv
voltage IN_UVLO
OUTPUT CONDITIONS
Output voltage Vour 23 24 26 \%
Output current lout 25 A
Line regulation 0.3 %
Load regulation 1 %
Output voltage
i pfe 9 VoL 20 50 mv
Output power Pour 60 65 w
Vinac = 115V > 22 ms
Hold-up time thold INAC
Vinac = 230 V > 100 ms
Primary-to-
secondary 4 kv
insulation
SYSTEM CHARACTERISTICS
i Vin = Viom 0
Efficiency n lour = 20%, 40%, 60%, 80%, and 100% full load 89 917 %
Output overvoltage
Output overcurrent
. Output short circuit
Protections
Input UVLO
Thermal shutdown
Output open loop protection
Operating o
ambient Open frame -40 25 60 C
Eower line As per [EC61000-3-2 Class-A
armonics
Conducted
emissions As per EN55022/11 Class-B
EFT As per IEC-61000-4-4, Level-3
Surge As per IEC-61000-4-5, Level-3
Dimensions Length x Breadth x Height 96 x 82 x 40 mm
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85-to 270-V AC

System Description

Industrial power supplies are used in various applications such as process control, data logging,
machinery control, instrumentation, factory automation, and security systems. These AC-DC supplies
provide a convenient means for powering DC operated devices including programmable logic controllers
(PLCs), sensors, transmitters or receivers, analyzers, motors, actuators, solenoids, relays, and so on.
These supplies are convection cooled, so no cooling fans are needed. The AC/DC power supplies can
deliver full load over a wide operating input voltage range from 85- to 265-V AC. The output voltages from
these supplies range from 5 V up to 56 V with power ratings from 7.5 W up to 480 W. Many of these
supplies can be connected in parallel for higher power applications. A typical block diagram of <100-W
industrial power supply without PFC converter is shown in Figure 1.

. . p : :
e fl'lt_er — Aol 3 { quqe —» O/P filter 23-to 26-V DC
rectifier power stage 3 rectifier M 1
A
‘ Current sense ‘ ‘ Voltage sense

A

—>  Brownout > < —i— LPS control
Flyback f‘j—?#z 4¢&— OC and SC protection
> Start-up » controller < ——— CV feedback k_

r‘j—ﬁ?%z Overvoltage protection |[¢——
Open-loop protection }4—

Figure 1. Typical Block Diagram of 60- to 100-W Industrial Power Supply

This reference design is a 60-W industrial power supply, designed with specific focus to meet the NEC
Class-2 and Limited Power Source (LPS) norms. The design consists of a QR PSR flyback DC/DC
converter and synchronous controller for secondary side rectification. Input voltage range is 85-V to 265-V
AC RMS and the output voltage range is 23 to 26 V, with 24-V nominal operation. The output voltage
range is set using the potentiometer present on the board. Industrial power supplies require high efficiency
over their entire operating voltage range and wide load variations from 50% to 100%. This design
demonstrates high efficiency operation in a small form factor (96 x 82 mm) and delivers continuous 60-W
power over entire operating range from 85-V to 265-V AC with >91% efficiency for 230-V AC nominal
operation and >89% for 115-V AC nominal operation.
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85-to 270-V AC

This reference design eliminates multiple feedback loops for open loop detection, current limit and power
limiting, by using a precise CC-CV flyback controller UCC28740. Block diagram of industrial power supply
implemented with PSR and reduced feedback loops is shown in Figure 2. The elimination of discrete
circuitry and associated components, generally used to implement multiple feedback loops for protection
and power limiting, aids in increasing the product life. In addition, the high efficiency of the DC/DC
converter is achieved with the UCC28740 controller’s built-in quasi-resonant valley-switching operation.

EMI filter + Flyback 3 Sync . FET
o 3 o —» O/P filter 23-to 26-V DC
rectifier power stage 3 rectifier ESRIESUE0RS °
O-Ring
Sync controller controller
" Brown o, o ov, UG LM5050-2
output UV, and open loop ~ }
Output constant current limit,
........... OCE Land SCER: L Voltage
QR-PSR rjh/:/ﬁé';gz sense

—»  Statup  —>  ccog740

Figure 2. Block Diagram of Industrial Power Supply Implemented With PSR and Reduced Feedback

Loops

The design has secondary side rectification implemented using the UCC28630 synchronous rectification
controller to achieve high efficiency and optimize power loss. The design has lossless ORing circuit
implemented using the LM5050-2 ORing controller for paralleling multiple modules to meet extended high
power needs. The design has low standby power of < 200 mW and meets ENERGY STAR rating
requirements as well as 2013 EU eco-design directive ErP Lot 6.

The EMI filter is designed to meet EN55011/22 class-B conducted emission levels. The design is fully
tested and validated for various parameters such as regulation, efficiency, EMI signature, output ripple,
start-up, and switching stresses.

Overall, the design meets the key challenges of industrial power supplies to provide safe and reliable
power with all protections built-in, while delivering high performance with low power consumption and low
bill-of-material (BOM) cost.
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85-to 265-V AC

Block Diagram

EMI filter + Flyback Sync FET 23-10 26-V DC

rectifier power stage rectifier CSD18504Q5A

4 t

O-Ring controller

Sync controller L M5050-2

UCC24630

— QR-PSR flyback _ CV feedback
Temp sensor uUCC28740
TMP302

Figure 3. Block Diagram of 60-W DIN Rail Power Supply

3.1 Highlighted Products and Key Advantages
This TI Design uses the following products. This section highlights key features that make these devices
suitable for this reference design. Find the complete details of the highlighted devices in their respective
datasheets.
3.1.1 UCC28740 CV-CC Flyback Controller
To implement the high-performance, small form factor flyback designs up to 100-W power, the UCC28740
is preferred controller as it offers a series of benefits to address the next generation industrial power
supply needs of a reduced number of feedback loops for precision current and power limits, eliminating
the need of current sensing on 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 under large load steps. CC regulation is accomplished through the
PSR technique. 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 start-
up switch, dynamically-controlled operating states and a tailored modulation profile support ultra-low
standby power without sacrificing start-up time or output transient response. The drive output interfaces to
a MOSFET power switch. Discontinuous conduction mode (DCM) with valley-switching reduces switching
losses. Modulation of 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 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
» Drive output for MOSFET
» Enables <10-mW system standby power
» Protection functions: Overvoltage, low line, and overcurrent
* SOIC-7 package
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3.1.2

3.1.3

UCC24630 Synchronous Rectifier Controller With Ultra-Low Standby Current

High-efficiency designs need synchronous rectification to optimize the power loss. The UCC24630 offers
great benefits and simplicity in design, offering near-ideal diode rectifier function.

The UCC24630 SR controller is a high-performance controller and driver for N-channel power MOSFET
devices used for secondary-side synchronous rectification. The combination of the controller and MOSFET
driver emulates a near ideal diode rectifier. This solution not only directly reduces power dissipation of the
rectifier but also reduces primary-side losses as well, due to compounding of efficiency gains. Utilizing Tl's
patented volt-second balancing control method, the UCC24630 is ideal for flyback power supplies over a
wide output voltage range because the IC is not connected directly to the MOSFET drain. The UCC24630
controller offers a programmable false-trigger filter, a frequency detector to automatically switch to standby
mode during low power conditions and pin fault protections. The UCC24630 is compatible with DCM, TM,
and CCM operation. The wide VDD operating range, wide programming range of the VPC voltage, and
blanking time allow use in a variety of flyback converter designs.

Key features that make this device unique are:

» Volt-second balance SR on-time control

e 5-1t0 24-V output voltage flyback converters

e 150-pA IC current consumption at no load

» Auto low power detect and standby mode for minimal standby power impact
» Compact SOT-23-6 package

» Operating frequency up to 200 kHz

» Pin fault protection for open and short

LM5050-2 High-Side ORing FET Controller

Using a diode for the ORing function results in heavy loss due to its high forward voltage drop. As the
ORing function results in continuous power dissipation, it is preferred to have FET for reduced losses. The
LM5050-2 is the best fit as it provides accurate high-voltage ORing FET control in a tiny package.

The LM5050-2 controller provides charge pump gate drive for an external N-Channel MOSFET and a fast
response comparator to turn off the FET when current flows in the reverse direction.

Key features that make this device unique are:

» Wide operating input voltage range, V,: 5to 75 V

» 100-V transient capability

* Charge pump gate driver for external N-Channel MOSFET
e Fast 50-ns response to current reversal

» FET test mode indicates shorted FET

» 2-A peak gate turn-off current

*  Minimum Vg clamp for faster turn-off

» Package: SOT-6 (Thin SOT-23-6)

6
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3.14 TMP302 Easy-to-Use, Low-Power, Low-Supply Temperature Switch

The TMP302 is a temperature switch in a micro package (SOT563). The TMP302 offers low power (15-pA
maximum) and ease-of-use through pin selectable trip points and hysteresis. These devices require no
additional components for operation. They can function independent of microprocessors or
microcontrollers. The TMP302 is available in several different versions.

Key features that make this device unique are:

e Low supply voltage range: 1.4 to 3.6 V

* Low power: 15 yA (maximum)

e Trip-point accuracy: +0.2°C (typical) from 40°C to 125°C
» Pin-selectable trip points

* Open-drain output

* Pin-selectable hysteresis: 5°C and 10°C

3.15 CSD18504Q5A 40-V N-Channel NexFET™ Power MOSFET

For continuous ON ORing functions, it is important to select a MOSFET with low Rpgoyy and compatible
with ORing controller. Due to these requirements, the CSD18504Q5A is the best fit.

Key features that make this device unique are:

* Very low Rpsony Of 5.6 mQ

* Ultra-low Q, and Q4

» Low thermal resistance
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4.1

4.2

System Design Theory

This reference design provides 60 W of continuous power over a wide AC input range from 85- to 230-V
AC. The design has flyback power stage implemented using UCC28740 QR PSR CC-CV flyback
controller to deliver 24 V and 2.5 A. The total system efficiency is over 91% with a 230-V AC input and
over 89% with a 115-V AC input under full load conditions. The design has precise current limit and limits
the power to < 60 W under all fault conditions. In addition, several protections are embedded into this
design, which includes input undervoltage protection and output short circuit protection.

In addition, the main focus of this design is a low EMI, high efficiency, to meet IEC-61000-2-3 norms, and
a protected DC power rail for targeted applications.

QR Flyback Converter With PSR

Flyback converters provide a cost effective solution for AC/DC conversion needs. They are widely used for
AC/DC converters up to 150 W. There are three modes of operation namely discontinuous mode (DCM),
QR Mode (QRM) and continuous conduction mode (CCM). For lower power applications, the DCM or QR
mode is preferred as they have reduced power losses and optimal peak currents in low-power
applications. As the output wattage increases, CCM becomes more efficient due to the reduced peak and
RMS currents.

Flyback converters designed with PSR flyback controllers eliminate the use of conventional optocoupler
based feedback. The PSR flyback controllers sense the voltage feedback through auxiliary winding and
current feedback through the current sense resistor used in series with switching FET. In addition, Texas
Instruments PSR flyback controllers provide a wide range of protections and accurate limiting of both
current and power. The UCC28740 controller has both PSR feedback and opto-feedback, enhancing the
reliability of the system.

Flyback Circuit Component Design

The UCC28740 is a flyback controller that provides both CV mode and constant current (CC) mode
control for precise output regulation. While in CV operating range, the controller uses an optocoupler for
tight voltage regulation and improved transient response to large load steps. Accurate regulation while in
CC mode is provided by primary side control. 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.

The design process and component selection for this design are illustrated in the following sections. All
design calculations are available in "TIDA-00702_Design_Calculator".
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42.1

4.2.2

Design Goal Parameters

Table 2 elucidates the design goal parameters for this design. These parameters will be used in further
calculations to select components.

Table 2. Design Goal Parameters

PARAMETER | MIN | TYP MAX UNIT
INPUT
Vin Input voltage 85 115/230 265 VAC
fune Input frequency 47 50/60 63 Hz
Brown out voltage 70 VAC
OUTPUT
Vour Output voltage 23 24 26 vDC
lout Output current 25 VvDC
Pour Output power 60 W
Line regulation 5%
Load regulation 5%
Fu | o ey .
n Targeted efficiency 85%

Input Bulk Capacitance and Minimum Bulk Voltage

The value of the bulk capacitor used determines the minimum input voltage for the flyback converter. This
in turn determines the primary-to-secondary turns ratio of the transformer.

Input capacitance value, Cgy.« , iS based on the maximum load power, converter efficiency, minimum
operational input voltage, and minimal operational input frequency.

Maximum AC input power is determined by the Vo, loce, and full-load efficiency targets.
Primary output: Vo = Vgey = 24 V

The converter is designed for 2.5 A of maximum output current on primary output and is designed to limit
the current at 2.5 A for overload conditions. So, locc = 2.5 A.

Total maximum output power need is
Pout = Vout % locc

To calculate component specifications, the minimum targeted efficiency is considered as n =85 %.

P
Py = our | _60.0 _ 70.6 W
n 0.85 )

Equation 3 provides an accurate solution for input capacitance needed to achieve a minimum bulk valley
voltage target Vg «min- Alternatively, if a given input capacitance value is prescribed, one can calculate
the Vgyukmin) €Xpected for that capacitance.

V .
2P, x| 0.25 + - x arcsin| —BYK(min) _
2n V2 x ViN(min)
Cpuk = 2 D)
(2 VIN(min) - VBULK(min) )XfLINE @)
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The minimum recommended valley voltage on the input bulk capacitors is taken as 60% of the peak of the

minimum AC voltage.
VBULK(min) = V|N(min) x /2 x0.6
VBULK(min) = 85 % V2 x0.6=72.14V

2% 70.6W x| 0.25 + - x arcsin| 214V
2m J2x85V

(2 x 85V2 _72.14 V2)>< 50

Cguk

C BULK > 1077 MF

“

To meet the needs of hold up time, bulk capacitance is selected higher than this calculated value. The

bulk capacitor selected is 82 pF x 2 = 164 pF.
Using Equation 3 and Cgy« = 164 pF, Vgyikmin) = 86.7 V.

Calculate input capacitor charge time (t.y) based on Vg min:

1 V2 x Vinmin) ~ VBULK (min)

1-sin”
. V2 x VIN(min)
CH ™~ 4 x 50 Hz
| sin-1| Y2 %85V -86.7V
J2 x 85V
4 x50

To calculate the longest period of the rectified line voltage (full bridge rectification):

o1
RL™ 247

The minimum input capacitor RMS ripple current rating is given by

=10.6 ms

Cauik * (ﬁ X VINGmin) ~ VBULK(min))X A

ICINrippIe = t ¢
RL = *CH

164 pr(\Ex85V—86.7 v)

'cippie = 10.6 ms — 3.6 ms * /3 =1359.4 mA

®)

6

™

For this design, two capacitors (C2 and C3) with a 450-V rating need to be used to meet the maximum AC
voltage rating of 300-V AC. To ensure high temperature long life product, a capacitor load life of 10,000 to
12,000 hours at 105°C operation is recommended. This design uses Nichicon part number

UCY2W820MHDG.
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423 Bridge Rectifier and Fuse Selection
To calculate peak AC input current:

P
2 IN

VBULK(min)

IPKAC - .
ton
tRL
“ 706 W
86.7 V _396A

| = =
PKAC 3.6 ms
21.27 ms @)

The bridge rectifier current rating is determined by current at minimum bulk voltage:

DAPK = | v,
VBULK(min)

2x706 W
lpapk = 867V

2

] =1.63A
9)
As the input AC voltage can go up to 300-V AC, the DC voltage can reach voltage levels of up to 425-V

DC. A higher rated current bridge rectifier can help reduce the power loss in rectifier; therefore, this design
uses a 600-V, 6-A GBUGJ for input rectification.

The bridge rectifier losses are determined by average bridge rectifier current. The average bridge rectifier
current is highest at minimum AC line voltage and is determined by

PiNn
IDA = 2
=% N2 X ViNmin)
T
lpa = 27()& =0.92 A
—x+2 x85
T (10)

Forward voltage drop of bridge rectifier diode, Vep, = 0.90 V.
Estimated power dissipated in bridge rectifier diode (Pp,) is
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42.4

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 QR time determine the maximum primary-to-secondary turns-ratio of the transformer.

First determine the maximum-available total duty-cycle of the on-time and secondary conduction time
based on the target switching frequency, F,.x, and DCM resonant time. For DCM resonant frequency,
assume 500 kHz if an estimate from previous designs is not available. At the transition-mode operation
limit of DCM, the interval required from the end of secondary current conduction to the first valley of the
Vps Voltage is half of the DCM resonant period (tg), or 1 us assuming a 500-kHz resonant frequency. The
maximum allowable MOSFET on-time D,,,x is determined using Equation 12.

tr
D =1-D -F X —
MAX MAGCC ~ FMAX X 5 (12)
where
ety is the estimated period of the LC resonant frequency at the switch node
*  Dpuaccc is defined as the secondary-diode conduction duty-cycle during CC operation and is fixed
internally by the UCC28740 at 0.425
tR = 2 IJS
Dyax = 1- 0.425 — 65 kHz x % = 0.51
When Dy, is known, the maximum primary-to-secondary turns-ratio is determined with Equation 13.
Calculate the total voltage on the secondary winding by adding Vocy, Ve, and Voggce.
N _ Dmax % VBuLk(min)
PS(max) —
(max) Dwmacce X (Vocv + Vg + VOCBC) (13)

Vocac 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). Set V., equal to
0 V if not used. In the current design as post LC filter is used, Voqgc iS considered as voltage drop across
the inductor.

VOCBC = DCRL X lOCC = 675 mQ x 25 A= 16875 mV

0.51x86.7V

N _ = 4.261
PSmax) = 0425 x (24 V + 0.4 V + 0.01688 V)

A higher turns-ratio generally improves efficiency, but may limit operation at low input voltage.

The transformer turns ratio selected affects the MOSFET Vg and secondary rectifier reverse voltage, so
these should be reviewed. The UCC28740 requires a minimum on time of the MOSFET (toygmi,) and
minimum secondary rectifier conduction time (toyminy) in the high line and minimum load condition. The
selection of Fyay, Lp, and R¢s affects the minimum toymin @nd toyminy-

The secondary rectifier and MOSFET voltage stress can be determined by Equation 14 and Equation 15,
respectively.

VIN max XN 2
ML) M +Voev + Vocae
PS (14)

VREV =

For the MOSFET Vg Voltage stress, include an estimated leakage inductance voltage spike (V ).
Vbspk = (VIN(max) x ‘/E)Jr (Voov + Ve + Vocsc )x Nps + Vik

(15)
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Equation 16 determines if toy,, €xceeds the minimum t,, target of 280 ns (maximum tc e5). Equation 17
verifies that tpy,i, €xceeds the minimum ty,, target of 1.2 ps.

L P IPP(max)
X
VIN(max) X \/5 KAM

tON(min) =
(16)

where
* K,y denotes the AM control ratio
ton(min) % ViN(max) * V2
Nps x (Vocv + V) an

To determine the optimum turns-ratio Ng, design iterations are generally necessary to optimize and
evaluate system-level performance trade-offs and parameters mentioned in Equation 14 to Equation 17.
The design spreadsheet provides an easy way to iterate and arrive at the optimum value for Nps.

tDM(min) =

When the optimum turns-ratio Npg is determined from a detailed transformer design, use this ratio for the
following parameters. For this design, Nps = 3.9 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 and Vesrmay defines a CC-regulating voltage factor Vg, which is used with
Nps to determine the current-sense resistor value necessary to achieve the regulated CC target, locc (see
Equation 18).

Veer X Nps
Res = ————— X \MxemR

2loee (18)

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 18. 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 as needed based on each
specific application.

R _0318Vx39x J0.9
cs 2x25A

Veerming 1S the minimum CC regulation factor and device parameter = 0.318 V

=0.235 Q

The standard value of the current sense resistor selected is R.g = 0.26 Q; a parallel resistor to Rcg is
added in the schematic to easily adjust values.

TIDUB51-January 2016 60-W, 24-V, High-Efficiency Industrial Power Supply With Precision Voltage, 13

Submit Documentation Feedback Current, and Power Limit
Copyright © 2016, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUB51
http://www.ti.com/tool/TIDA-00702

13 TEXAS
INSTRUMENTS

System Design Theory www.ti.com

For primary inductance calculation, determine the transformer primary peak current using Equation 19.
Peak primary current is the maximum current-sense threshold divided by the current-sense resistance.

| _ VCST(max)

PP(max) Res (19)
0.81V
0.773V

I =2973 A

PP(nom) = 0.26 Q

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 19. First, determine the transformer primary peak
current using Equation 20. Peak primary current is the maximum current-sense threshold divided by the
current-sense resistance.

- 2(Vocv + Ve Vocse ) loce

2
NxFMR X Ipp(max) % Fmax

(20)
2x(24V+0.4V +0.01688 V)x 2.5
0.9 x 2.973 A? x 65 kHz

The actual primary inductance selected is L, = 240 pH.

Lp

=236 uH

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

Vypp(orf) + Vea

NAS =
Vocc + VE (21)
815V +09V
Npg = ———— =~ —0.73
12V +04V
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Transformer Parameter Calculations: Primary and Secondary RMS Currents

With a primary inductance of 230 pH, the absolute maximum switching frequency is calculated from

Equation 20:
2x(24V +0.4V+0.01688 V)x 2.5

=56.72 kHz
0.9 x 2.973 A? x 240 uH

fMAX =

The maximum switching period is
R B
W fax  56.72 kHz

=17.63 s

The actual maximum ON-time is given by

t B IPP(nom) X LP
ON -~ "N
(max) VBULK(min)
2.973 A x 240 pH
tonman) =~ gg7v

=8.23 s

The maximum duty cycle of operation Dy, is

t
Dyax = OtN(max) _ 187.26?;“3 0467
sw 00 us

The transformer primary RMS current (lpgys) IS

<
S
x

leri_rMS = Ipp(nom) * 3

6

\l

IPRl_RMS = 2973 A X

o
w| D

=1173 A

The transformer secondary peak current RMS current (Igpi) is
Isp(max) = IPP(nom) xNpg = 2.973 Ax3.9=11.595 A

The transformer secondary RMS current (Isgys) IS

O
w| S
®

Isec_rums =Isp(max) *

o

425

@I

lsec_rms = 11.595 x = 4.364 A

Based on these calculations, a Wurth Electronik transformer was designed for this application (part

number 750343068), which has the following specifications:
e Nps=3.9

* Npp=5

e Lp=240 pH

e Lx=35pH

e LLK denotes the primary leakage inductance

(22)

(23)

(24)

(25)

(26)

27)

(28)
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4.2.6

4.2.7

4.2.8

Main Switching Power MOSFET Selection
The drain-to-source RMS current, Ips gus, through switching FET is calculated as

IPP max
IDS_RMS = \(/5 ) x \/DMAX

lps Rms = 3118 J0.467 =1.229 A
v (29)

It is recommend to select a MOSFET with five times the Iy gys Calculated in Equation 29.

Estimate the maximum voltage across the FET using Equation 15. Considering a de-rating of 5%, the
voltage rating of the MOSFET should be 650-V DC. The AOTF11S65L MOSFET of 650 V and 11 A at
25°C or 8 A at 100°C is selected for this Tl Design.

The recommended clamping voltage on the drain is
VbRAIN_Clamp = 0-95 x Vpg — (\/E x Vinmax) + Nes x (Voov + Ve + Vocsc ))

VDRAIN_Clamp = 0:95 x 650 V — (V2 x 265 V + 3.9 x (24.4169 V) )= 147.55 V (30)

Rectifying Diode and Synchronous Rectification MOSFET Selection

Calculate the secondary output diode or synchronous rectifier FET reverse voltage or blocking voltage
needed (VDIODEiBLOCKING) Wlth

V2 x VIN(max) + VDRAIN_Clamp

VDbIODE_BLOCKING = +Vour_ove + Vocsc

Nps

VD|ODE_BLOCK|NG = \/E - 265 V hl 14755 V + 30 V + 0169 V = 16393 V

3.9 (1)

The required minimum rectified output current is oy = Ips rus = 4.364 A.

A synchronous rectifier FET is recommended for low power loss and high efficiency needs. This design
uses the IRFI4227PBF-ND to optimize the on-state losses.

Select Output Capacitors

For this design, the output capacitor (C, ) for output was selected to prevent Vo (24 V) from dropping
below the minimum output voltage (Vqorry) during transients up to 0.30 ms and a ripple voltage less than
50 mV.

Vorrm = 23.7V

lout
— x(t
Cour = 2—()
Vour = VorTm
% x (0.30 ms)
(24 - 23.7) 32)

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

VOUT_RIPPLE _ 120 mV
ISEC(max) 11.595 A

lcout_Rvs = \/QSEC_RMS)2 - QOUT)2
lcout_Rus = \/(4.364)2 ~(25Y =3.576 A (34)

An 820-uF x 2, 35-V capacitor was selected on the output. A post LC filter suppresses the differential
mode noise at the output.

ESR = =10.35 mQ

(33)
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429 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 start-up and
between low frequency switching pulses. The largest result of two independent calculations denoted in
Equation 35 and Equation 36 determines the value of Cp.

At start-up, when V) is reached, C,p 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,
Vocc- Now the auxiliary winding sustains VDD for the UCC28740 above the UVLO. The total output
current available to the load and to charge the output capacitors is the CC-regulation target, locc.

Equation 35 assumes that all of the output current of the converter is available to charge the output
capacitance until V.. is achieved. For typical applications, Equation 35 includes an estimated Qgfsymax Of
average gate-drive current and a 1-V margin added to V,pp.

Cour * Voce
QRUN + QGfsw(max))>< ( |
occ

Cvpp 2
VybD(on) ~ (VVDD(ofr) +1 V) (35)
1mA + 2.65 mA 2110 puF x12
Copp > (MA* )< @UOFx12) ) o7

(23V-815V -1)x25A

During a worst-case load transient event from full-load to no-load, Co; overcharges above the normal
regulation level for duration of to, until the output shunt-regulator loading is able to drain Vo ; back to
regulation. During t,,, the voltage feedback loop and optocoupler are saturated, driving maximum Iz and
temporarily switching at fsyqmin. The auxiliary bias current expended during this situation exceeds what is
normally required during the steady-state no-load condition. Equation 36 calculates the value of C, (with
a safety factor of 2) required to ride through the t,, duration until steady-state no-load operation is
achieved

2% puxnL(max) % tov

Cvpp 2

VvoprL — (VVDD(ofr) +1 V) (36)

2% (1.2mA)x (20 ms)

C > = 5.33 pF
VoD = "2V -8.15V - 1) g

To address the start-up of the converter for heavy capacitive loads (which is around 8000 to 10,000 pF), a
higher value of C,p, is needed. This Tl Design uses a 10-pF capacitor.

4.2.10 Open-Loop Voltage Regulation VS Pin Resistor Divider, Line Compensation Resistor

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

R VIN(run) X \/E

S N T

Npa x IVSL(run) (37)
where

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

* Vi is the AC RMS voltage to enable turn-on of the controller (run); in case of DC input, leave out
the V2 term in the equation

*  lysieun IS the run-threshold for the current pulled out of the VS pin during the switch on-time (see
Electrical Characteristics of the UCC28740 datasheet)
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4211

_ 70 VAC x1.414

Rgy = =71.98 kQ
5x 275 pA

A standard resistor of 71.5 kQ is selected.

The low-side VS pin resistor is selected based on the desired V regulation voltage in open-loop
conditions and sets the maximum allowable voltage during open-loop conditions.

Rs1 % Vovprh

Rea, =
* Npg (Vov = Ve = Voverh) (38)
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

* Vo IS the overvoltage detection threshold at the VS input (see Electrical Characteristics).

B 71.5kQx4.6V

S 0.78x(28V -04V -46V)

Rs2 =16.86 kQ

A standard resistor of 16.9 kQ is selected.

The UCC28740 maintains a tight CC regulation over varying input lines by using the line-compensation
feature. The line-compensation resistor (R, ) value is determined by current flowing in Rg; and the total
internal gate-drive and external MOSFET turn-off delay. Assuming an internal delay of 50 ns in the
UCC28740:

Kic xRg1 xRgg xtp xNpp

Rie Le (39)
where

* Rgs is the current-sense resistor value

» t,is the current-sense delay including MOSFET turn-off delay, add ~50 ns to MOSFET 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 table of the UCC28740 datasheet).

28.6 x 71.5kQ2 x 0.26 Q x (77 ns + 50 ns)x 3.9
RLC = 240 H = 1097 kQ
n

A standard resistor of 1.21 kQ is selected.

Feedback Elements

The output voltage is set through the sense-network resistors Rgg; and Rqg,. A potentiometer provides
flexibility of setting the range of output voltage between 23 to 26 V. The design spreadsheet has all
relevant equations to characterize the optocoupler and its adjustments of the initial values to
accommodate variations of the UCC28740. Also using the design sheet, the shunt-regulator parameters
can be optimized for overall system performance.

The shunt-regulator compensation network, Z., is determined using well-established design techniques
for control-loop stability. Typically, a type-Il compensation network is used.

18
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4.3 Synchronous Rectifier Controller Component Design

The UCC24630 is a high-performance controller driver for N-channel MOSFET power devices used for
secondary-side synchronous rectification. The UCC24630 is designed to operate as a companion device
to a primary-side controller to help achieve efficient synchronous rectification in switching power supplies.
The controller features a high-speed driver and provides appropriately timed logic circuitry that seamlessly
generates an efficient synchronous rectification system. With its current emulator architecture, the
UCC24630 has enough versatility to be applied in DCM, TM, and CCM. The UCC24630 SR on-time
adjustability allows optimizing for PSR and SSR applications. Additional features such as pin fault
protection, dynamic VPC threshold sensing, and voltage sense blanking time make the UCC24630 a
robust synchronous controller. CCM dead-time protection shuts off the DRV signal in the event of an
unstable switching frequency.

The design procedure for selecting the component circuitry for use with the UCC24630 is detailed in the
following sections.

lout
[ )

1] § R3
Vsec VDD
1:| VPC  VsC [2]7 .
OuUT

R1
R2 UCC24630 —

R
4:| DRV  TBLK |:3 § Ra g PL
GND
51 R5

R

) ) T
Figure 4. UCC24630 Circuit Component Design

1yl

4.3.1 VPC Pin Elements

Determining the VPC and VSC divider resistors is based on the operating voltage ranges of the converter
and Ratioypc.ysc gain ratio. Referring to Figure 4, Equation 40 determines the VPC divider values. For R2,
a value of 10 kQ is recommended for minimal impact on time delay and low-resistor dissipation. A higher
R2 value reduces resistor divider dissipation but may increase the DRV turn-on delay due to the time
constant of ~2-pF pin capacitance and divider resistance. A lower R2 value can be used with the tradeoff
of higher dissipation in the resistor divider. A factor of 10% over the VPC threshold, Vpcgy, iS sShown in
Equation 40 for the design margin.

For minimal power dissipation: R2 = 10 kQ
VIN(min)

\ =V 1.1
Nps OUT(min) VPC_EN %

R1=
Vvpc_EN (40)

where

*  Viymin IS the converter minimum primary bulk capacitor voltage

* Vourmin IS the minimum converter output voltage in normal operation

*  Vypcen IS the VPC enable threshold, use the specified maximum value

* Npg is the transformer primary-to-secondary turns ratio

60

— +22V -045V x1.1
R1=32 x R2 = 765.7 kQ
045V
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4.3.2

A standard resistor of 750 kQ is selected.

The operating voltage range on the VPC pin should be within 0.45 to 2 V. Referring to Figure 4, if Vpc is
greater than 2.3 V, the dynamic range is exceeded and Ratio,p¢ ysc IS reduced; in this condition, the DRV
on-time is less than expected. If V.. is greater than 2.6 V for 500 ns, a fault is generated and DRV is
disabled for the cycle. To ensure the maximum voltage is within range, confirm with Equation 41.

NPS + VOUT(max)] xR2

Vvpo(max) = R1+R2 (41)
where
Vinmay 1S the converter maximum primary bulk capacitor voltage
*  Vourmax IS the maximum converter output voltage at OVP
* Ngg is the transformer primary-to-secondary turns ratio

VIN(max)

(410+26V)x10k§2

3.9
Vypc(max) = e —1.725 V
(S%+22VJX1OKQ
Vpomin = 651 ~0.492 V

Therefore, Vpc is within the recommended range of 0.45to 2 V.

VSC Pin Elements

The program voltage on the VSC pin is determined by the VPC divider ratio and the device's parameter,
Ratioysc ysc- The current emulator ramp gain is higher on the VPC pin by the multiple Ratioypc ysc, SO the
VSC resistor divider ratio is reduced by the same Ratio,q¢ ysc accordingly. Determine the VSC divider
resistors using Equation 42. To minimize resistor divider dissipation, a recommended range for R4 is 25 to
50 kQ. Higher R4 values increase offset due to VSC input current, l,sc. Lower R4 values increase the
resistor divider dissipation. To ensure the DRV turns off slightly before the secondary current reaches
zero, a 10% margin is considered for initial values.

A standard resistor of 47.5 kQ is selected for R4.

R1+R2
R3 = - R2 -1|xR4
Rat|0 VPC_VSC X 1 1
(42)
where
* Ratioypc ysc is the device parameter VPC and VSC gain ratio, use a value of 4.15
(750 + 10) kQ
R3=|—1OK2 41, 475Kk = 743.3 kQ
4.15x1.1
A standard resistor of 750 kQ is selected for R3.
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4.3.3

The operating voltage range on the VSC pin should be from 0.3 to 2 V. Referring to Figure 4, if Vg is
greater than 2.3 V, the dynamic range is exceeded and Ratio,pc ysc IS increased; in this condition, the
DRV on-time is more than expected. To ensure the VSC voltage is within range, confirm with Equation 43
and Equation 44.

R4
—R3 N R4 X VOUT(min) > 03 V (43)
R4
—R3 N R4 X VOUT(max) < 20 V (44)
where

Vourminy IS the maximum converter output operating voltage of the SR controller
*  Vourmax IS the maximum converter output operating voltage of the voltage at OVP
(10kQ)x 26 V

Vvsoma) =750 g - 00V (@5)
(10kQ)x 22V
Vvsemin) =760k - 209V (46)

Therefore, Vs is within the recommended range of 0.3to 2 V.

tek Input

The blanking time is set with resistor R5. Select the blanking time to meet the following criteria based on
minimum primary on-time at high line:

tVPC_BLK = (t PRI X 085)— 120 ns
tvec BLK = (650 ns x 0.85)— 120 ns = 432.5 ns )

To determine the resistor value for t,sc g «, USe Equation 48 to select from a range of 200 ns to 1 ps.
typc_pk =100 ns

18 pF (48)

R5

where
* typc i IS the target blanking time

(432.5ns - 100 ns) ~

R5 = =18.47 kQ
18 pF

A standard resistor of 18 kQ is selected.
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4.4

LM5050-2 ORing Circuit Component Design

The important MOSFET electrical parameters are the maximum continuous drain current ID, the maximum
source current (or body diode), the maximum drain-to-source voltage Vpsmay, the gate-to-source threshold
voltage Vs, the drain-to-source reverse breakdown voltage V gg pss, and the drain-to-source ON
resistance Rpson). The rating for the maximum continuous drain current, ID, must exceed the maximum
continuous load current. The rating for the maximum current through the body diode, IS, is typically rated
the same as, or slightly higher than, the drain current, but the body diode current only flows while the
MOSFET gate is being charged to V). Gate charge time = Qg / lgargon-

The maximum drain-to-source voltage, Vpsmax, Must be high enough to withstand the highest differential
voltage seen in the application. This would include any anticipated fault conditions. The gate-to-source
threshold voltage, Vg, Should be compatible with the LM5050 gate drive capabilities. Logic level
MOSFETSs are recommended, but sub-logic level MOSFETs can also be used.

The dominate MOSFET loss for the LM5050 active ORing controller is conduction loss due to the source-
to-drain current to the output load and the Rpsoyy Of the MOSFET. This conduction loss could be reduced
by using a MOSFET with the lowest possible Rygy). However, contrary to popular belief, arbitrarily
selecting a MOSFET based solely on having low Rpsoy may not always give desirable results for several
reasons:

* Reverse transition detection: A higher Rpsoyy Will provide increased voltage information to the LM5050
Reverse Comparator at a lower reverse current level. This will give an earlier MOSFET turn-off
condition should the input voltage become shorted to ground. This minimizes any disturbance of the
redundant bus.

» Reverse current leakage: In cases where multiple input supplies are closely matched, it may be
possible for some small current to flow continuously through the MOSFET drain to source (that is, in
reverse) without activating the LM5050 Reverse Comparator. A higher Rpsoy) reduces this reverse
current level.

Selecting a MOSFET with an Ry oy that is too large will result in excessive power dissipation.
Additionally, the MOSFET gate will be charged to the full value that the LM5050 can provide as it attempts
to drive the drain-to-source voltage down to the V¢preg) Of 20 mV typical. This increased gate charge
requires some finite amount of additional discharge time when the MOSFET needs to be turned off.

As a guideline, select Rpgoy to provide at least 20 mV and no more than 100 mV at the nominal load
current.

Based on this analysis, this Tl Design uses the CSD18504Q5A.
Power dissipation in MOSFET:

Poiss = 1p° x (R DS(ON))Max (49)

Poiss = 2.5 A2 x 6.6 mQ = 41.45 mW
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Getting Started Hardware

5 Ge

tting Started Hardware

5.1 Test Equipment Needed for Board Validation

1.

ok~ wnN

Isolated AC source
Single-phase power analyzer
Digital oscilloscope
Multi-meters

Electronic or resistive load

5.2 Test Conditions

Inp
AC
2.5

ut voltage range
source must be capable of varying between V. c: 85-V and 265-V AC. Set the input current limit to
A.

Output
Connect an electronic load capable of 40 V and a load variable in range from 0 to 3 A. A rheostat or

res

istive decade box can be used in place of an electronic load.

5.3 Test Procedure

1.
2.

I

Connect the AC source at input terminals (Pin-2 and Pin-3 of connector J1) of the reference board.

Connect output terminals (Pin-3,4 and Pin-1,2 of connector J2) to the electronic load or rheostat,
maintaining correct polarity. Pin-3,4 are Vq; output terminal pins, and Pin-1,2 are GND terminal pins

Set and maintain a minimum load of about 10 mA.

Increase gradually the input voltage from 0 V to turn on voltage of 85-V AC.
Turn on the load to draw current from the output terminals of the converter.
Observe the start-up conditions for smooth switching waveforms.
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6 Test Results

The test results are divided into multiple sections that cover the steady state performance measurements,
functional performance waveforms and test data, transient performance waveforms, thermal
measurements, conducted emission measurements, and Surge and EFT measurements.

6.1 Performance Data

6.1.1 Efficiency and Regulation With Load Variation

Table 3 shows the efficiency and regulation performance data at a 115-V AC input for both constant
voltage (CV) and constant current (CC) operation.

Table 3. Efficiency and Regulation Performance at 115-V AC Input

Vise W) | ac ®) | PuacW) | Vour™ | lor(A) | Pour W) | EFFICIENCY (%)

CV OPERATION
115 0.14 6.7 24 0.25 6.0 89.6
115 0.25 13.3 24 0.50 12.0 90.5
115 0.48 26.9 24 1.00 24.0 89.6
115 0.68 40.5 24 1.50 36.1 89.2
115 0.90 53.8 24 2.00 48.0 89.3
115 1.10 67.0 24 2.50 60.0 89.4

CC OPERATION
115 1.00 60.8 22 2.50 55.1 90.6
115 0.92 55.3 20 251 50.2 90.7
115 0.84 50.0 18 251 45.2 90.6
115 0.76 44.5 16 2.52 40.3 90.5
115 0.68 39.1 14 2.52 35.3 90.3

Table 4 shows the efficiency and regulation performance data at a 230-V AC input for both CV and CC

operation.
Table 4. Efficiency and Regulation Performance at 230-V AC Input

Ve M) | iac @) [ PracW) | Vour(V) | lour (B) [ Pour (W) | EFFICIENCY (%)

CV OPERATION
230 0.09 7.0 24 0.25 6.0 86.2
230 0.15 13.5 24 0.50 12.1 89.5
230 0.26 26.4 24 1.00 24.1 91.1
230 0.38 39.4 24 1.50 36.0 91.5
230 0.50 52.5 24 2.00 48.0 91.5
230 0.63 65.4 24 2.50 59.9 91.6

CC OPERATION
230 0.58 60.1 22 2.50 55.0 91.6
230 0.53 54.7 20 2.50 50.1 91.6
230 0.49 49.4 18 251 45.2 91.5
230 0.44 44.0 16 251 40.2 91.3
230 0.39 38.7 14 251 35.2 91.0
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6.1.2

6.2

6.2.1

100%

Efficiency

Standby Power

The standby power was noted at multiple AC input voltages with a constant no load on the output DC bus.

Table 5 lists the results:

Table 5. Standby Power Loss of Converter

Vinac (VAC) Inac (MA) Pinac (W) Vour (V)
115 18 0.125 24
230 35 0.170 24

No load power is contributed by:
» Resistors used X-capacitor discharge
e Controller operation during No load

Performance Curves

Efficiency With Load Variation

Figure 5 and Figure 6 show the measured efficiency of the system with AC input voltage variation during

CV and CC operations, respectively.

& 230-VAC
+—¢ 115-VAC

95%

90%

g

85%

80%

75%
0 025 05 075 1 125 15 1.75 2 225 25 275
Load Current (A)

Figure 5. Efficiency versus Output Load Current
in CV Mode

Efficiency

100%

& 230-VAC
+—¢ 115-VAC

95%

90%

85%

80%
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12 14 16 18 20 22

Output Voltage (V)

24 26 28

Figure 6. Efficiency versus Output Load Voltage
in CC Mode
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6.2

Regulation

Figure 7. Output Voltage Variation With Load Current

2

Load Regulation in CV and CC Modes

Figure 7 and Figure 8 show the measured load regulation of the PSU.
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& 230-VAC

+—¢ 115-VAC

AN

\

h

A\,

14 16 18 20

22 24 26 28

Output Voltage (V)

Figure 8. Output Current Variation With Load Voltage

in CV Mode in CC Mode
6.2.3 AC Line Regulation and Efficiency With AC Input Voltage Variation
Figure 9 shows the efficiency variation of the PSU with respect to the AC line voltage variation, and
Figure 10 shows the output voltage regulation with AC line voltage variation.

100% 0.5%
0.4%
95% 0.3%
I — 0.2%
> 90% — S 01%

8 L = R I S + 4

o 3

E e g ——s < >

85% x -0.1% — - = =
-0.2%

R 100% Load -8 100% Load

80% 4~ 80% Load -0.3% +—¢ 80% Load

60% Load -0.4% 60% Load

“+—+ 40% Load +—+ 40% Load
75% -0.5%

65 100 135 170 205 240 275 65 100 135 170 205 240 275
AC Input Voltage (V) AC Input Voltage (V)
Figure 9. Efficiency Variation With AC Input Voltage Figure 10. Output Voltage Variation With AC Input
Variation in CV Mode Voltage Variation in CV Mode
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6.2.4 CC-CV Operation, Power Limit, and Foldback

Figure 11 shows the transition of CV and CC modes, and Figure 12 shows the power limiting feature of
the converter with output voltage foldback for high load conditions.

3 28
2.75
26
25 g 3 3 — 3¢ %
2.25 24 |——rm— = —it
s 2 * >
@ o 22
g 175 g
S 15 ¥ S 20
5 1.25 <
g 1 g 1
g 1 3
0.75 16
0.5
0.25 |+ 280-VAC 14| & 230-VAC
2 | 93¢ 115-V AC 3¢ 115-V AC
0 12
12 14 16 18 20 22 24 26 28 0 10 20 30 40 50 60 70
Load Current (A) Output Power (W)
Figure 11. CC-CV Operation Figure 12. Power Limit and Foldback Characteristics

6.3 Functional Waveforms

6.3.1 Flyback MOSFET Switching Node Waveforms

Waveforms at the flyback switching node (SW) were observed along with the MOSFET current for
115- and 230-V AC under full load (2.5 A) conditions.

e \’W\ﬂj—‘ MW_WW ]

Aot A b

r - 1 f Yy ’r [r 17

T ‘ e ‘
Figure 13. SW Node Waveform and MOSFET Current at Figure 14. SW Node Waveform and MOSFET Current at
Vpac = 115-V AC, Full Load Viac = 230-V AC, Full Load

NOTE: Red trace: Drain voltage, 150 V/div; Green trace: Drain current, 2 A/div.
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6.3.2 Output Synchronous Rectifier Drain-to-Source Voltage (Vps) Waveforms

Waveforms at the secondary output across the synchronous rectifier were observed along at both
115- and 230-V AC under full load (2.5 A) conditions. The maximum voltage across the synchronous
switching FET is well within the maximum V5 breakdown voltage of FET.

f\ﬁ = ) o, |

i ‘ il
5.00 psfdiv] Stop 822V 5.00 psidiv] Stop 820V
125kS  250Sis|Edge  Positive 125kS 25 GS/s|Edge  Positive]

Figure 15. Output Synchronous FET Vs Waveform at Figure 16. Output Synchronous FET Vs Waveform at

Ve = 115-V AC, Full Load Ve = 230-V AC, Full Load

NOTE: Red trace: Drain-to-source voltage
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6.3.3 Inrush Current Waveform
Inrush current drawn by the system is observed and recorded at maximum input voltage of 230-V AC.

imebase -5.0mg c2]DC
10.0 Aidiv 10.0 ms/div| Single 9
-19.90 A ofst S00kS  5.0MS/s]Edge  Negative

Figure 17. Input Voltage and Input Inrush Current

NOTE: Red trace: Drain voltage, 200 V/div; Green trace: Drain current, 10 A/div

6.3.4 Output Ripple

The output ripple is observed at a 24-V DC output and full load 2.5 A at both 115- and 230-V AC. The
peak-to-peak ripple voltage is less than 20 mV.

90 D¢ Ti b 20019 ag

0.0 P

500ks 25 B 500 k3 g

= m E = =
X2= 12000005 1184 -5.00001 kHz X2= -1200000ps 1i8%= -5.00001 Kz

Figure 18. Output Voltage Ripple at V.. = 115V, Figure 19. Output Voltage Ripple at V\y,c =230V,
Full Load Full Load
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6.4 Transient Waveforms

6.4.1 Turn-On Characteristics
The 24-V output turn on with resistive load (9.6 Q) and a CC load of 2 A at the output.

-

oz ‘ o PR ‘
10.0 Vidiv 50.0 ms/div] Stop 134 A) 10.0 Vidiv] Roll 200 me/div] Stop 1.34 Al
0.00V offset] 500kS  1.0MSis]Edge  Positive 0.00 V ofiset 500kS 250 kSfsjEdge  Positive]
Figure 20. Output Turn ON Waveform With Resistive Figure 21. Output Turn ON Waveform With CC
Load of 9.6 Q Load of 2 A

NOTE: Red trace: Output voltage, 10 V/div; Green trace: Output current, 2 A/div.

6.4.2 Turn-On Characteristics With Heavy Capacitive Load of 8500 pF

Turn-on performance observed with heavy capacitive load by adding additional capacitance of 8500 uF
externally. The behavior is recorded with no load and full load conditions.

A

R R
Figure 22. Output Turn ON Waveform With Additional Figure 23. Output Turn ON Waveform With Additional
8500-pF Capacitance at Output Under No Load 8500-pF Capacitance at Output and Resistive

Load of 9.6 Q

NOTE: Red trace: Output voltage, 10 V/div; Green trace: Output current, 2 A/div.
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6.4.3 Hold-up Time and Start-up Delay Characteristics

Hold-up time is observed at 115- and 230-V AC under full load conditions. The unit can support full load
operation for > ms at 115-V AC and > 100 ms at 230-V AC operation.

X ms
XK= -8.0524ms 1id¥= 439244 Hz " u/ -8.346ms 1A= Rs?MBHz

Figure 24. Hold-Up Time at 115-V AC Figure 25. Hold-Up Time at 230-V AC

NOTE: Red trace: Output voltage, 10 V/div; Green trace: Output current,1 A/div; Yellow trace: Input
AC voltage

Start-up delay time is observed at 115- and 230-V AC with no load conditions. The delay measured is
shown in Figure 26 and Figure 26.

p
= ;
=
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——1
E————
E——

=
=—
=—
E—
==
=—
=
=
==
=
=
=
=——
ﬂi
=
=

P
E——
————

Xi= 2047985 &X=  205080<
K2= 1156ms 1AX= 485555 mHz

Xi= 2170875 &%= 2132539
K2= 11.56ms 1/a%= 458.205 mHz

Figure 26. Start-up Delay at 115-V AC Figure 27. Start-up Delay at 230-V AC

NOTE: Red trace: Output voltage, 10 V/div; Yellow trace: Input AC voltage: 200 V/div.
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6.4.4 Transient Load Response

Load transient performance is observed with load switched at a 0.2-m wire length. The output load is
switched using electronic load.

Vv = 230-V AC, load transient from 0.5 to 2.5 A, and vice-versa performance at a 24-V output.

2.00 Adiv| 2.00ms/div| Stop 136A 2.00 Adiv| 5.00 msidivj Stop 1.36 A

-4.000 A ofst] 500 kS 25 MSis|Edge  Positive -4.000 A ofst, 500 kS 10 MS/sjEdge  Negative]

Figure 28. Output Voltage and Current Waveform, Load Figure 29. Output Voltage and Current Waveform, Load
Transient From 0.5to 2.5 A Transient From 2.5to 0.5 A

NOTE: Red trace: Output voltage, 100 mV/div, AC coupling; Green trace: Output current, 2 A/div.

6.4.5 Overload and Overcurrent Response

The converter is driven to an overcurrent condition by applying a step change in load from a 50% load to a
150% load. The performance of the converter output was observed and shown in Figure 30 and Figure 31.

During overcurrent conditions, the maximum current is limited to 2.5 A, and the output voltage is drooped
to regulate the power within the limits. When the overcurrent condition is removed, the converter recovers
back to CV operation.

NOTE: Red trace: Output voltage, 10 V/div; Green trace: Output current, 2 A/div.

I z
fFrighase 003 (Tigaer  EIGD)
2.00 Afdiv| 50.0ms/div| Stop 200A 2.00 Aldiv|
-4.000 A ofst| 500kS  1.0MSis)Edge  Positive -4.000 A ofst)

Figure 30. Output Voltage and Current Waveform, Step- Figure 31. Output Voltage and Current Waveform, Step-

Load Transient From 50% Load to 150% Load Load Transient from 150% Load to 50% Load
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6.4.6 Short Circuit Response

A short circuit was applied and removed to observe the output turn-off and auto-recovery cycle. When the

short is applied, the converter shuts down and goes into hiccup mode. When the short is removed, the

converter recovers back to normal operation.

-2.98 ¢ (Trigger |
10.0 Vidiv, d Stop 135A
0.00V offset 500 kS Positive

Figure 32. Response During Short Circuit and Auto-Recovery When Short is Removed

NOTE: Red trace: Output voltage, 10 V/div; Green trace: Output current, 5 A/div.
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6.5 Conducted Emissions

Generally conducted emissions will be more at full load. So, this operating point is chosen to measure the
conducted EMI.

6.5.1 With Resistive Load at Output

A 230-V AC input, 2.5-A resistive load is connected to the PSU with short leads. The conducted emissions
in a pre-compliance test setup were compared against EN55011 class-B limits and found to meet the
class-B limits comfortably.

oo

dBy/

100

80

0
150k M Y M
TIDA_D0702_02_12_2015_3
e Lo Detect Hold Ti REW MinAtt |Pre Amp |Pre Sel | TPt il
[MHZ] [P\'1HZ] ep etecion {n] ine I e Amp e el shart Ncilary
015 |30 |AUTO(5KHZ)  |PA 0ms 3kHz 0 |OFF |oFF 0,2
1 55022bav
B5022bqp
Pulse Limiter OM Peak
Ancillary = L2 7010 fiygg  —

rLirits:
5a022bay
55022

Figure 33. Conducted Emissions as per EN55011 Class B

34 60-W, 24-V, High-Efficiency Industrial Power Supply With Precision Voltage,

Current, and Power Limit

Copyright © 2016, Texas Instruments Incorporated

TIDUB51-January 2016
Submit Documentation Feedback


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUB51

13 TEXAS
INSTRUMENTS

www.ti.com

Test Results

6.6 Surge and EFT Test

Surge and EFT testing is done on the boards as per EN55014. The test condition and test results are

tabulated in Table 6.

Table 6. Surge and EFT Test Results

REQUIREMENTS OF |IEC 61000-6- PERFORMANCE

TEST RESULT

Surge, Level-3

+2 kV line to line

BASIC STANDARD PORT 2/EN 50082-2: IMMUNITY STANDARD CRITERION
FOR INDUSTRIAL ENVIRONMENTS REQUIRED
IEC/EN 61000-4-4: : o Passed with performance
EFT, Level-3 ACinput | £2kV, 5 kHz B criterion A®
IEC/EN 61000-4-5: : *4 KV line to earth, o Passed with performance
AC input B criterion A®

@ Temporary loss of function or degradation of performance which ceases after the disturbance ceases
@ Normal performance within limits specified by the design or manufacturer
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6.7 Thermal Measurements

Thermal images are plotted at room temperature (25°C) with closed enclosure, no airflow, and full load
conditions. The board runs for 30 minutes before capturing thermal image.

6.7.1 Thermal Image for Lo-Line (115-V AC) Operation
In Figure 34, the input voltage is 115-V AC, and the load on 24-V DC bus is 2.5 A with a 60-W power

output.
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90

87

-84

81

78

75

72

69

66

63

60

57

54

51

48

45

tifier (BR1) ~42

-39

36

-33

-30

27

-23.1
T
Figure 34. Top-Side Temperatures at 115-V AC Input and 60-W Output
Table 7. Highlighted Image Markers
NAME TEMPERATURE

Ambient 25.1°C
Flyback FET (Q1) 40.6°C
Synchronous rectifier FET (Q2) 67.2°C
Transformer (T1) 65.3°C
Bridge rectifier (BR1) 60.6°C

The temperatures are well contained to low values and have higher margins from respective device
junction temperatures.
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6.7.2 Thermal Image for Lo-Line (230-V AC) Operation

For Figure 35, the input voltage is 230-V AC, and the load on 24-V DC bus is 2.5 A with a 60-W power

output.

-23.0

Figure 35. Top-Side Temperatures at 230-V AC Input and 91.2-W Output

Table 8. Highlighted Image Markers

NAME

TEMPERATURE

Ambient

25.1°C

Flyback FET (Q1)

57.9°C

Synchronous rectifier FET (Q2)

49.1°C

Transformer (T1)

63.6°C

The temperatures are well contained to low values and have higher margins from respective device

junction temperatures.
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7 Design Files

7.1 Schematics
To download the schematics, see the design files at TIDA-00702.
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Figure 36. 60-W, High-Efficiency Industrial Power Supply Schematic
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7.2  Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-00702.

7.3 Layout Guidelines

A careful PCB layout is critical and extremely important in a high-current fast-switching circuit to properly
operate the controller devices and attain the design's robustness. As with all switching power supplies,
attention to detail in the layout can save much time in troubleshooting later on.

7.3.1 Power Stage Specific Guidelines

Follow these key guidelines to route power stage components:

e Minimize the loop area and trace length of the power path circuits, which contain high frequency
switching currents. This helps to reduce EMI and improve converter overall performance.

» Keep the switch node as short as possible. A short and optimal trace width helps to reduce induced
ringing caused by parasitic inductance.

» Keep traces with high dV/dt potential and high di/dt capability away from or shielded from sensitive
signal traces with adequate clearance and ground shielding.

e For each power supply stage, keep power ground and control ground separate. Tie them together (if
they are electrically connected) in one point near DC input return or output return of the given stage
correspondingly.

* When multiple capacitors are used in parallel for current sharing, keep the layout symmetrical across
both leads of the capacitors. If the layout is not identical, the capacitor with the lower series trace
impedance will see higher peak currents and become hotter (i2R).

» Tie the heat-sinks of all the power switching components to their respective power grounds.

» Place protection devices such as TVS, snubbers, capacitors, or diodes physically close to the device
they are intended to protect, and route them with short traces to reduce inductance.

» Choose the width of PCB traces based on acceptable temperature rise at the rated current as per
IPC2152 as well as acceptable DC and AC impedances. Also, the traces should withstand the fault
currents (such as short circuit current) before the activation of electronic protection such as fuse or
circuit breaker.

» Determine the distances between various traces of the circuit according to the requirements of
applicable standards. For this design, follow the UL 60950-1 safety standard to maintain the creepage
and clearance from live line to neutral line and to safety ground as defined in the Tables 2K through 2N
of this standard.

* Adapt thermal management to fit the end-equipment requirements.
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7.3.2 Controller Specific Guidelines

Follow these key guidelines to route controller components and signal circuits:

e The optimum placement of decoupling capacitor is closest to the VCC/VDD and GND terminals of the
device. Minimize the loop area formed by the bypass-capacitor connection and the GND terminal of
the IC.

» Make the reference ground for the control devices, a low current signal ground (SGND), a copper
plane or island.

» Locate all controller support components at specific signal pins close to their connection pin. Connect
the other end of the component to the SGND with shortest trace length.

» The trace routing for the voltage sensing and current sensing circuit components to the device should
be as short as possible to reduce parasitic effects on the current limit and current and voltage
monitoring accuracy. These traces should not have any coupling to switching signals on the board.

» Connect the SGND plane to high current ground (main power ground) at a single point that is at the
negative terminal of DC 10 capacitor respectively.

« If there is an overlap, keep signal traces perpendicular to high-frequency and high-current traces to
signal traces, not parallel to them. Shielding signal traces with ground traces can help reduce noise
pick up.

* Give sufficient PCB trace spacing between the high-voltage connections (such as HV pin of
UCC28740) and any low-voltage nets.

» See the placement and routing guidelines and layout example in the UCC28740 datasheet.

7.3.3 Layout Prints
To download the layer plots, see the design files at TIDA-00702.

7.4  Altium Project
To download the Altium project files, see the design files at TIDA-00702.

7.5 Gerber Files
To download the Gerber files, see the design files at TIDA-00702.

7.6 Assembly Drawings
To download the assembly drawings, see the design files at TIDA-00702.

7.7 Design Calculator Spreadsheet

To download the design spreadsheet calculator for this reference design, see the design files at TIDA-

00702.
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9 Terminology
Tl Glossary: This glossary lists and explains terms, acronyms, and definitions (SLYZ022)

PWM— Pulse width modulation

FETs, MOSFETs— Metal-oxide—semiconductor field-effect transistor
IGBT— Insulated gate bipolar transistor

ESD— Electrostatic discharge

RMS— Root mean square
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