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Agenda 

• Discrete Regulator Design 

– Using WEBENCH for Part Selection 

– Design considerations  

– Selecting inductor, capacitors, and setting Vout 

– Layout example 

• Module Design  

– Design considerations from module designer perspective 

– External component selection 

– Layout example 

– Hidden advantages of modules 

• TI’s Wide VIN DC/DC Step-Down Portfolio for Industry 

4.0 Systems 
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Discrete Regulator Design 
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Design Considerations for a Regulator 

• Design Inputs 

 

• Switching frequency 

 

• Inductor selection 

 

• Setting output voltage 

 

• Input and output caps 

 

• Layout guidelines 
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Regulator Design Inputs:  
24V to 5V Intermediate Bus 
Input Specifications 

• Nominal Input Voltage → 24V 

• Input Voltage Range → 18V to 42V  

• Output Voltage → 5V 

• Maximum Load Current → 2A 

• Synchronous Rectification → Yes 

 

Desired Features 

• Frequency Synchronization pin → Yes  

• Low BOM count “Ease of Use” → Yes 

• Small Solution Size → Yes 
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Access WEBENCH From TI.com 
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Enter Power Requirements 
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Select Power Supply Solution 
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For this example click here 



TI Information – Selective Disclosure 

Initial Device Selection Filter 
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Filter results for parts with Ext Sync 
(frequency sync) 
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Add more feature 

filters 
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Filter results for parts with synchronous 
rectification 
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Synchronous rectification 
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Switching Frequency Selection 

• Size of Inductor 

– Higher frequency allows for a smaller inductor, both electrically and 

physically. 

 

 

 

– Higher frequency → Smaller L → Smaller N → Smaller package size 

 

• Efficiency 

– Higher switching frequency generates more power loss in regulator and the 

inductor; this reduces efficiency. 

 

 

 

– Higher frequency → Increased Loss → Reduced Efficiency 

 

 

 

 

 

 

 

 

 

– Higher frequency → Increased Loss → Reduced Efficiency 
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Switching Frequency Selection 

• EMI 

 

– Some customers require that no harmonics of the DC/DC converter fall in 

the AM radio band. 

• Example: 530kHz to 1.7MHz 

 

– Some systems require that the switching frequency be locked to a system 

clock. 

• Use a regulator with a synchronizing capability 
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LM46002 Switching Frequency Selection 

• LM46002 is optimized for a switching frequency of 500kHz 

 

– Can be adjusted with one resistor to tailor the regulator to the customer’s 

requirements. 

 

– Can be synchronized to and external clock or to another DC/DC converter 

to reduce noise. 

 

• 500 kHz will be used in this example 

 

 

 

 

 

 

 

 

 

 

 

14 



TI Information – Selective Disclosure 

Inductor Selection 

• Inductor selection is one of the most important 

aspects of the DC-DC converter design. 

 

– Inductor characteristics 

• Inductance value  

– Affects size, ripple, transient response, peak 

current, efficiency 

• Winding resistance 

– Affects size, ripple, dropout, efficiency 

• Core material 

– Affects size, core power losses 

• Saturation current 

– Affects size, peak current, overload protection 

• Shielding 

– Affects EMI performance 
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Inductor Selection 

• Electrical value of inductor 

– Determines ripple current 

• Smaller inductor → Large ripple current → increased power loss 

– Impacts maximum load current 

• Large ripple current → large peak current → need higher HS current limit to 

support load 

– Impacts load transient response 

• Small inductance → faster current response → smaller output voltage transient 
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Inductor Selection 

• Electrical value of inductor (cont.) 

– Impacts physical size 

• Larger inductance → more turns on winding → larger package → higher 

winding resistance 

• Select inductor ripple current 

• ~30% of maximum load current is good compromise for the ripple current 

choice 
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Inductor Selection 

• Winding resistance 
– Resistance causes power loss (I2·R) 

• Small resistance → less loss → larger wire → larger 

package 

 

– Impacts PCB temperature 

• Increased loss → more heat to dissipate → higher PCB 

temperature 

 

– Affects regulator drop-out performance 

• Resistance causes voltage drops between input and output 

– Larger resistance → more headroom between input 

and output needed for regulation. 
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Inductor Selection 

• Core Material 

– Ferrite core 

• Air gap causes “hard” saturation 

– Inductance falls very quickly with 

current, once the saturation value is 

reached 

 

• Small A.C. core loss at >1MHz 

 

– Powdered iron core 

• Air gap is “distributed”; saturation is “soft” 

– Inductance falls slowly with current, 

once saturation value is reached 

» More tolerant of overloads 

 

• Large A.C. core loss at >1MHz 
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Inductor Selection 

• Saturation current 

– Maximum current before inductance drops dramatically 

• Core saturation → air core inductor → very small inductance 

– Very small inductance can damage regulator and other components 

• Small inductance means high current slew rate 

– Protection circuits may not respond fast enough to protect the system 

– Select inductor saturation current based on regulator current limit 

– For a “hard” saturating inductor 

• Select a saturation current ≥ maximum regulator current limit 

– For a “soft” saturating inductor 

• Select a saturation current ≥ typical regulator current limit 

– Impacts physical size 

• Higher current → larger wire in winding → larger package 

• Avoid inductor saturation 
 

 

20 



TI Information – Selective Disclosure 

Inductor Selection 

Shielded Inductor 

• Helps to reduce EMI 

– Reduced external magnetic field 

 

• More core material used for 

shield 

– More A.C. core loss 

– More expensive 

– Physically larger 

 

 

Un-shielded Inductor 

• Large external magnetic field 

– May be issue for some systems 

 

• Minimum amount of core 

material needed 

– Less A.C. core loss 

– Less expensive 

– Physically smaller 
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Inductor Selection w/ LM46002 

• Application Inputs 

– Fs = 500kHz 

– VIN = 42V 

– VOUT = 5V 

– ILOAD = 2A 

– Ripple current = ΔI = 0.3·2A = 0.6A 

 

• Inductor value 

 

 

 

– Use the next closest standard value → 15µH 
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Inductor Selection w/ LM46002 (cont.) 

• Check currents over full input voltage range at full load 

 

 

 

 

 

 

 

 

23 

Input Voltage Ripple Current Valley Current Peak Current 

18V 0.48A 1.76A 2.24A 

24V 0.53A 1.74A 2.26A 

42V 0.59A 1.71A 2.29A 

 

IN

OUT

S

OUTIN

V

V

FL

VV
I 






2

I
II LOADVALLEY




2

I
II LOADPEAK






TI Information – Selective Disclosure 

Inductor Selection w/ LM46002 (cont.) 

• The peak and valley current should be checked against the IC current limit specs. The LM46002 

provides both peak and valley current limit protection 

 

 

 

 

 

 

• The maximum peak inductor current must be less than the minimum specified high-side current limit of 

the LM46002 

– From data sheet → IHS-LIMIT = 3.6A (min) 

– Peak current in application → 2.29A (max)  

 

• The maximum valley inductor current must be less than the minimum specified low-side current limit of 

the LM46002 

– From data sheet → ILS-LIMIT = 1.8A (min) 

– Valley current in application → 1.76A (max)  
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Inductor Selection w/ LM46002 (cont.) 

• The inductor current rating selection depends on its 

saturation characteristics 

– A “hard” saturating ferrite inductor should be rated for the 

maximum peak current limit 

– A “soft” saturating powdered iron inductor can be rated for 

the typical peak current limit, or somewhat less. 

 

• For a ferrite inductor select an conservative current 

rating 

– From LM46002 data sheet → IHS-LIMIT = 5A (max) 

– Use inductor with 5A saturation current 

 

• For a powdered iron inductor the current rating can be 

smaller 

– Inductance will not fall much when saturation current is 

reached 

– Use inductor with 3A saturation current 
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Setting output voltage of LM46002 

• From Webench Design Tool 

 

– Feedback divider 

• RFBT = 1MΩ   

• VFB = 1.011V 

 

 

 

 

– Feed-forward Capacitor 

• Can improve load transients and phase margin 

• Easily tailored by customer 

– CFF = 27pF 
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Input and Output Capacitors w/ LM46002 

• From Webench Design Tool 

 

– Input Capacitor(s) 

• Supply pulse currents to regulator 

• Ensure low impedance input for control circuits 

– CIN = 1x 1µF  and 1x 4.7µF,  Ceramic 

 

 

– Output Capacitor(s) 

• Value based on: 

– Output voltage ripple (depends on inductor current ripple) 

– Load transient response 

 

• COUT = 3x 22µF,  Ceramic 

 

 
27 



TI Information – Selective Disclosure 

PCB Layout for example for LM46002 (regulator) 

28 

Minimum Best Practices for 

IC Layout 
 

 Place CIN very close to LM46002 

input and ground pin. Grounding 

for both input/output caps should 

consist of localized top side 

planes that connect to the ground 

pins and PAD 

 

 Make VIN and ground connections 

as wide as possible 

 

 Both feedback resistors should be 

located close to the FB pin 

 

 Use a ground plane in one of the 

middle layers as noise shielding 

and heat dissipation path.  Have a 

single point ground connection to 

the plane. 
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Application Schematic in WEBENCH 
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The schematic (and layout!) can be exported to your favorite CAD tool! 
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Module Design 
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Supplier Considerations for Creating a 
Module 
• Design inputs 

 

• Silicon selection 

 

• Package selection 

 

• Internal component selection 

– Inductor 

– Stability components 

– Programming components 

 

• Setting safe operating limits: electrical & thermal specifications 

 

• External component considerations 
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Design Inputs 

• Support wide input range: 4.5V to 60V 
– Nominal Input Voltage → 24V 

– Input Voltage Range → 18V to 42V  

– Output Voltage → 5V 

• Support common output voltages: 2.5V, 3.3V, 5V 

• Support output current up to 2A 

• Small solution size 

• Low EMI (Meet CISPR22 Class B Radiated EMI) 

• Provide pin for synchronizing to external frequency 

• Low BOM count 

• Operate over industrial temperature range (-40C to 105C 
Ambient) 
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Silicon Selection 

• Selected LM46002 to meet design inputs 

(surprise!) 

– VIN range 3.5V-60V 

– VOUT Range 1.0V to 28V 

– Synchronous Peak Current Mode 

architecture 

– Output current: 2A 

– Precision Enable 

– Default frequency of 500kHz, Adjustable or    

Synchronize from 200kHz – 2.2MHz 

– Power Good output 

– Internal Compensation 

– Operating Junction Temperature: -40 to 125C 
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Package Selection 

34 

Selected BQFN 3D Packaging 

– Better Thermal Efficiency in 40% 

Smaller Package 

• 12-13°C/W (BQFN) vs 15.4-24.4°C/W 

(LGA) 

• Yields up to 50% longer life 

 

– Access to Signal Pins 

• Pins on Outside 

• Easy to route Signals, Vias, Power 

• Easy to inspect solder joints 

 

– High Temp Reflow 
• BQFN capability for 260°C 

• LGA / BGA <250°C otherwise internal solder 

can melt and spread thru delaminated areas 
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Module Internal Component Selection 

• Inductor 

– Single value must cover  

• Input Voltage Range 

• Output Voltage Range 

• Entire Frequency Range 

– Current capability 

• Heating rating 

• Saturation current rating 

• Compensation components 

- Stability 

- Transient response 

• Integrated Programming Components 

- Bypass caps 

- Compensation 

- Features (soft-start, power good) 
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Internal Inductor Selection  
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Fixed Inductance and Frequency Range 

37 



TI Information – Selective Disclosure 

Integrated 10uH Shielded Inductor 

38 

• 10uH selected for best balance of 

performance over VIN, VOUT, and FSW 

range  

 

• Meets CISPR 22 Class B Radiated EMI 

 

• Powdered iron for soft saturation 

48Vin 

CISPR Class B 10m CISPR Class B 10m 

24Vin 
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Setting Safe Design Limits 

• VIN, VOUT, FS Constraints 

– HS current limit 

– LS current limit 

– Slope compensation 

– Minimum Ton 

– Minimum Toff 

39 

VOUT Range 
(V) 

Switching Frequency Range (kHz) 

PVIN = 12V PVIN = 24V PVIN = 36V PVIN = 48V 

Min Max Min Max Min Max Min Max 

2.5 - 3.5V 200 1000 200 600 200 400 200 300 

>3.5V - 4.5V 200 1000 200 850 200 550 200 400 

>4.5V - 5.5V 200 1000 200 1000 200 750 200 550 

>5.5V - 6.5V 300 1000 200 1000 200 1000 200 630 

>6.5V - 7.5V 300 900 300 1000 300 950 300 800 
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Thermal Safe Operating Area 

• Thermal Performance 

– Based on VIN, VOUT, Airflow 
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LMZ36002 Block Diagram 
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LMZ36002 Internal Tour 

Thermally Enhanced Components on Copper Leadframe = 

Low Temperature, Long Life Power Solution 
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Integrated Programming 

Components 

(Bypass, Comp, Freq, SS) 

High Performance 

Inductor 

Power Pads - 

superior thermals 

Solid Copper 

Leadframe  

NiPdAu Plating 
Pin Edge Copper -

solder fillet forming 

Integrated Power Stage 

- Fully Tested 

All Signals Accessible 

from Perimeter 
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External Component Considerations 

• Inductor 
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External Component Considerations 
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Step 1 Step 2 

Step 3 
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Other, Optional Components 
(Leave Open or Tailor to Application Needs) 
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VIN UVLO 

Setting 

Softstart 

Setting 

Frequency 

Setting 
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PCB Layout example for LMZ36002 
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Hidden Advantages of Modules 

Design Time 

Time to 
Market 

Part Count 

Reliability 

Small Size 

Circuit 
Debug 

High MTBF 

Low Radiated Noise 

Rigorous Qualification 

Less Engineering  

Design Time 

Less Engineering  

Time Debugging 

Less Power Supply 

Design Time,  

Get to Market  

More Quickly 

Fewer Components 

Part Procurement 

Ease Of Use 

Small Footprint 
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LM46002 vs LMZ36002 
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Typical Line Powered Industrial System 
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PMP9483 
7V-36V  5V, 2.5V, 1.8V, 15W total 
20x30mm solution size 

TIDA00783  
4.5V-40V  3.3V, 1.8V, 1.2V, 6W total 
38x38mm solution size 

24V Input 

 
5V/3.3V ≤ 5A 

3.3V 

1.8V 

1.2V 

≤ 6A 

Wide-VIN 

Non-Isolated 

Step-Down 

DC/DC 

Point-Of-

Load Power 

Design Challenges 

• Small Solution Size 

• High Efficiency 

• Low BOM cost 

• Fast Solution 
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Key Power 

Requirement 

1. Small footprint 

2. BOM cost 

3. High efficiency 

1. BOM cost 

2. Small footprint 

3. High efficiency 

1. High efficiency 

2. Small footprint 

3. BOM cost 

1. Fast design 

2. Small footprint 

3. High efficiency 

≤1A LMR23610* LMR14006 

LMR14020 

LM43600 

LM43601 

LMZ14201 

LMZ35003 

2A LMR23625* LMR14020 LM43602 LMZ14202 

LMZ35003 

3A LMR23630* LMR14030 LM43603 

 

LMZ14203 

LMZ23603 

5A LMR14050 LMR14050 LM73605* LMZ23605 

Wide VIN Power Quick Reference Guide 
24V Non-Isolated DC/DC Converter (VIN max 36-42V) 
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Non-Synchronous 

Synchronous 

Module 
 

*Sampling now 
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Key Power 

Requirement 

1. Small footprint 

2. BOM cost 

3. High efficiency 

1. BOM cost 

2. Small footprint 

3. High efficiency 

1. High efficiency 

2. Small footprint 

3. BOM cost 

1. Fast design 

2. Small footprint 

3. High efficiency 

≤1A TPS54062 

TPS54061 

LMR16010* 

TPS54060 

TPS54161 

LM46000 

LM46001 

LMZ36002 

LMZ35003 

2A TPS54260 

LMR16020* 

TPS54260 LM46002 LMZ36002 

LMZ35003 

3A TPS54361 

LMR16030* 

TPS54361 TPS54561 

5A TPS54561 TPS54561 TPS54560 

Wide VIN Power Quick Reference Guide 
24V Non-Isolated DC/DC Converter (VIN max >42V) 
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Non-Synchronous 

Synchronous 

Module 
 

*Sampling now 
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40V 
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TI Wide VIN DC/DC Step-Down Portfolio 
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Maximum Input Voltage (VIN) 

1A 

1.5A 

2.5A 

5A 

36V 42V 75V 60V 100V 

150mA 

300mA 

3A 

2A 

LM5576 

LM25005 LM5005 

LM25011 

LM25010 

LM34919C 

LM5574 

LM5007 

LMR14050 
Non-Sync 

Synchronous 

LM5017 

LM5160A 

48V 65V 

LM5575 

LM5010A 

LM43603 

LM46002 

LMR14203 

LM22671/4 

3.5A 

TPS54260 

TPS54160 

TPS54060 

TPS54240 

TPS54040 

TPS54062 

TPS54061 

LM43601 

LM43600 

LMR14030 

LMR14020 LM43602 

LM46000 

LM46001 

LM5018 

LM5019 LM25019 

LM25018 

LM25017 

LM5009A 

LM5008A 

LM25007 

TPS54560/1 

TPS54360/1 TPS54340/1 

LM22672 / 5 

LM22680 

LM22670/3/6 

LM22677/8/9 

TPS54140 

TPS54540/1 

LMR14006 

LMR16006 

LMR23610 

LMR23630 

LM73605/6 

LMR16010 

LMR16020 

LMR16030 
LMZ35003 

LMZ36002 

Module 

LMZ14201/2/3 

LMZ23608/10 

LMZ13608/10 
10A 

LM53600/01 LM26001 

LM26003 

LM53602Q1 

LM53603Q1 Preview 
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Module or Discrete Regulator? 
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Module Solution 
 

Pro 

• Lower total cost of ownership 

• Fewer components for procurement 

• Less engineering time debugging 

• IC, inductor, and passives in module 

qualified to TI’s standard 

• Small solution size 

 

Con 

• Narrower operating range 

• Higher BOM cost 

 

 

   

   

Discrete Solution 
 

Pro 

• More design flexibility 

• Optimize to your design conditions 

• Lower total solution cost 

• Spread heat over larger area 

• Small size with optimized layout 

 

 

Con 

• Requires more design time 

• Higher BOM count 

LMZ36002 LM46002 
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TI.com/WideVin 
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Wide Vin Landing Page: www.ti.com/widevin  Wide Vin Selection Guides 

Wide Vin TI 

Designs 
( Designs, searchable by 

application & end 

equipment) 

TI Information - Selective Disclosure 

http://www.ti.com/widevin
http://www.ti.com/ww/en/analog/power_management/widevin/tools_software.html
http://www.ti.com/lit/sg/slpt042/slpt042.pdf
http://www.ti.com/lit/sg/slpt040/slpt040.pdf
http://www.ti.com/lit/sg/slpt039a/slpt039a.pdf
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TI.com/PowerModules 
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Power Modules Landing Page: www.ti.com/powermodules 
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http://www.ti.com/powermodules
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Thank You! 
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ti.com/WideVin 

ti.com/PowerModules 


