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DC to DC Converter Topologies
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 The Buck Converter (Step Down)

– Converts a DC voltage to a lower DC voltage with the same polarity

– Continuous and discontinuous conduction modes (CCM and DCM)

OFFtONt

The Buck Converter
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 Effects of ripple current (ΔIL):

– CCM operation

– Emissions

– Core losses in the inductor

– Output voltage ripple (with the ESR of Cout)
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The Buck Converter – Ripple Current



7Date 22.01.2018    |  Practical EMI Filter    |   Public   | 

© All rights reserved by Wurth Electronics, also in the event of industrial property rights. All rights of disposal such as copying and redistribution rights with us. www.we-online.com

 Calculating inductance value (L):
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The Buck Converter – Inductance Value
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Terms:

 D = Duty cycle

 T = Time period of a cycle

 r = Ripple % of o/p current

 ΔI = Maximum ripple current

 Fs = Switching Frequency
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 Critical inductance value (Lcritical):

– At Boundary of CCM/DCM (ΔI = 2Iout)
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 Calculating capacitance value (C):

The Buck Converter – Capacitance Value
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Terms:

 ΔVOUT = Maximum output tipple voltage.

 ΔI = Maximum ripple current.

 ESR = Equivalent Series Resistance of C.

 Fs = Switching Frequency. 

ΔI

ΔVout

 Consider dynamic response

o Overshoot, Undershoot

o Damping, Leakage

 Think of ripple rating

 Estimate max ESR

 Don’t forget dissipation factor
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V
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Remember:
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 The Boost Converter (Step Up)

– Converts a DC voltage to a higher DC voltage with the same polarity

– Continuous and discontinuous conduction modes (CCM and DCM)

The Boost Converter

OFFtONt
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 Effects of ripple current (ΔIL):

– CCM operation (as with the Buck)

– Output voltage ripple (with the ESR of Cout)

– Core losses in the inductor

– Emissions
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The Boost Converter – Ripple Current
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The Boost Converter – Inductance Value

 Calculating inductance value (L):
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 Critical inductance value (Lcritical):

– At Boundary of CCM/DCM (ΔI = 2Iin and D = 0.33)

Terms:

 D = Duty cycle

 T = Time period of a cycle

 r = Ripple % of o/p current

 ΔI = Maximum ripple current

 Fs = Switching Frequency
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 The SEPIC Converter (Buck-Boost)

– Single Ended Primary Inductance Converter

– Converts a DC voltage to a lower or higher DC voltage with the same polarity

 Single Inductors vs a Coupled Inductor

– A coupled inductor is often selected due to:

• Improved efficiency

• Reduced component count, Reduced circuit area, lower cost

• Lower inductance requirement compared to using two single inductors (half).

• Input ripple current cancellation (resulting in smaller input capacitor and simpler EMI input filter) 

The SEPIC Converter
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o Efficiency and Losses – Core, Copper and AC
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o REDEXPERT – Interactive component selection
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Causes of EM Emissions – Where to look ??

 There are many ways unwanted “Electromagnetic” waves can escape

 Circuit that switches fast can become source of noise

 Every wave have harmonics, except pure sinusoidal

 Square wave have infinite number of ODD harmonics

 Differential noise is caused by flow of circuit current

 Common mode noise is mainly due to parasitic / stray capacitance

 Leakage inductance of transformer

 Track length of  ¼ or Half wavelength 

 Earthing, PCB Ground or power plane

 MCU or FPGA – Clock, Data bus, I2C and SPI … 

 Loose cable – Ethernet, HDMI, RS485, CAN, Mains … 

 Metallic coupling – enclosure, connector, cover, heatsink … 

 LCD – Processor, touch screen, frame, cable, connector … 

No 

need to 

panic
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 Drawbacks of Saturated Inductor

Causes of EM Emissions - Wrong or Missing Filter ??



16Date 22.01.2018    |  Practical EMI Filter    |   Public   | 

© All rights reserved by Wurth Electronics, also in the event of industrial property rights. All rights of disposal such as copying and redistribution rights with us. www.we-online.com

Causes of EM Emissions  Rectangular + Sine wave = Ringing
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Efficiency - Importance

A small efficiency increase

greatly reduce losses !!

No Fan – No bulky heat sink

Advantages of Highly Efficient Design

 Smaller size

 Lower costs

 Higher reliability 

 Longer battery life

 Low thermal losses

 Better performance

 Longer operating life

 Higher power density

 Reduced maintenance

 Less cooling, no fan, small heatsink

 Difficult to copy

 Brand reputation

 Sustainable design

 Customer satisfaction

 Competitive advantage

 “Green” environmentally friendly

𝑃 = 𝐼2𝑅𝑇 ? ?
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INDUCTOR LOSSES

T1 = 58°C   T2 = 69°C   T3 = 50°C
What causes self-heating of the inductor ?

 Can you estimate ?

 Can you reduce ?

TYPE of LOSSES

o Core Losses – Eddy, Flux, Field, µ, etc.

o Copper Losses – RDC, CSA, Current, Length, Litz

o Switching Losses – RDS, ON Time, F, V

o Leakage Losses – Snubber, reflections

o AC Losses – F, DS%, Waveform, Skin, Proximity

o EMI Radiations – CM, DM, C, R, shielding
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Magnetic Fields – The magnetic field
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PcopperPcorePtotal 

Core losses:

Hysteresis losses

Eddy current losses

Copper losses:

DC losses – depending on DCR

AC losses – dep. on winding 

structure

 Skin-Effect

 Proximity-Effect

INDUCTOR LOSSES
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INDUCTOR LOSSES : Copper AC Losses, Skin effect (River Rafting)

d @     50Hz     = 9.38 mm

d @   10kHz     = 0.66 mm

d @ 100kHz     = 0.22 mm

For Copper

𝑖𝑡

Eddy  currents

Φ𝑡

Currents

density

wire

𝛿

𝑓𝑟𝑒𝑞
0 Hz kHz MHz

Terms: 
d = skin depth

𝜌 = resistivity

w = angular frequency 2pf

µ = permeability

𝛿 =
76

𝑓
𝑚𝑚

𝛿 =
2 ∗ 𝜌

𝑤 ∗ µ
𝑚𝑚

@ 100°C

Aeff Pwindingf RAC
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Flat Wire

10mm
1mm

1.8 mm

VishayWE

Flat wire has a higher surface, 

thus less copper losses at higher frequencies !

vs. Round Wire

 Cross section of both wires = 10mm
2

 Flatwire has much more bigger surface

 Flat wire surface = 22mm
2

/ Round wire = 11mm
2

SFLAT =1.9 x SRUND

 High frequency currents only uses the surface  Skin effect

INDUCTOR LOSSES : Copper AC losses, Skin effect
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INDUCTOR LOSSES : DC Copper Losses

𝑃𝑐𝑢 = 𝑅𝐷𝐶 ∗ 𝐼²𝑅𝑀𝑆

A

l
DCR  

m

mm²
10 · 1,786 2- 



RIP rmscu

2

ℓ

𝜜 𝜌

𝑅𝐷𝐶 = 𝜌 ∗
𝑙

𝐴 𝜌 = 1,78 ∗ 10−2
Ω . 𝑚𝑚²

𝑚

• 𝜌 : Resistivity of copper 

• ℓ : Length of wire 

• A : Cross Sectional area 

∅ = 1𝑚𝑚 ∅ = 2𝑚𝑚

A = 0,78 𝑚𝑚²

𝑅𝐷𝐶 = 23𝑚Ω

A = 3,14 𝑚𝑚²
A = 3,14 𝑚𝑚²

𝑅𝐷𝐶 = 5,7𝑚Ω
𝑅𝐷𝐶 = 5,75𝑚Ω

⇒ 4 ∗ 1𝑚𝑚 ∅

1𝑚𝑚 ∗ 4𝑚𝑚

A = 4 𝑚𝑚²

𝑅𝐷𝐶 = 4,48𝑚Ω

Flat wire

Optimization

ℓ=1m

𝑅𝐷𝐶 ↓ ⇒ 𝑃𝑐𝑢 ↓

ℓℓℓℓℓ
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INDUCTOR LOSSES : AC Copper losses, Proximity effect

Like the skin effect, the distribution of 

current inside the wire is reduced 

𝑓 ↑ ⇒ 𝑅𝐴𝐶 ↑

Current in same direction

𝑖1

𝑖2

B2

B2

B1

B1

F1

F2

Current in opposite direction

𝑖1 𝑖2

B2

B2

B1

B1

F1

F2

 Proximity Effect creates more loss than Skin Effect

– Dowell’s curves for simple geometries 

– Bruce Carsten or Charles Sullivan for more in-depth
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o DC/DC Converter Topologies – Buck, boost & SEPIC

o Causes of CM & DM Emissions – LT Spice

o Efficiency and Losses – Core, Copper and AC

o Criteria for selecting Inductor and Capacitor – DC Bias

o Practical Input Filter Design – LC Filter

o REDEXPERT – Interactive component selection
HAPPY
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Inductor Selection Parameters

 Inductor Parameters:

– Rated Current

– Saturation Current

– DC Losses - RDC 

– AC Core Losses

– AC Copper Losses

• Proximity effect

• Skin effect

– Resonant Frequency / Q 

– Inductance vs Current Curve

– Impedance vs Frequency Curve

– Temperature rise vs Current Curve

Imax

Imin

IL
Irated

I

Isat

 Other Criteria:

– Size

– Approvals*

– Availability

– Shielding – E, B, H Fields 

– Material, manufacturing techniques
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Drop of the inductance value  

Inductor Selection Parameters – Saturation Current

http://www.excursionquebecmotoneige.com/plan_ste_anne.htm
http://www.excursionquebecmotoneige.com/plan_ste_anne.htm
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Definition

Wurth Elektronik:

e.g. WE-PD

• the saturation current always refers to a certain inductance drop

∆L= - 30%

Isat = 25 A

Isat = 30 A

Inductor Selection Parameters – Saturation Current
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Induktivität vs. Strom (typ.)
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Material: NiZn

AirGap: big

Material: WE-Perm

AirGap: small

Material: Iron

AirGap: distributed

Material: NiZn

AirGap: small

Inductor Selection Parameters – Material 

 Saturation Current vs material
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=>     Increase temperature with a DC current

Inductor Selection Parameters – Rated Current

Demo

https://youtu.be/XNt0CicKgSU
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The max operating 

temperature of the 

inductor is 125°C 

Can be higher 155°C, 

like PDF series

At 100°C ambient Temp. only 60% of the rated current can be used

Derating of 40 %

Inductor Selection Parameters – Current De-rating
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Capacitor Selection Parameters

 Top 20% :

– Voltage, Operating Temperature

– Expected Life, ESR, Ripple Current

– Leakage Current, Dissipation Factor

 Bottom 80%:

– Impedance, resonance frequency, Q/DF factor

– Drying out of electrolyte, self-healing

– Ambient  Capacitance vs Temperature Curve

– DC Bias  Capacitance vs Voltage Curve

– Durability  Capacitance vs Time Curve

– MLCC Class  1 (NPO/COG, low perm) and 2 (X7R, Y5V)
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Capacitors Selection

Wurth LEDs – Internal Confidential – January 2017 | GPL
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Electrolytic vs Polymer Capacitors

Wurth LEDs – Internal Confidential – January 2017 | GPL

Electrolytic Caps:
 Higher voltage rating up to 600v 

 Relatively lower prices

 Better leakage current behaviour

X  Liquid electrolyte, drying out 

X  Lower volumetric capacity

X  Lower life expectancy

Polymer Caps:
 Lower ESR

 Higher ripple rating

 Solid polymer, No drying out effect

 Longer expected life

 Higher operating temperature

X  Limited can size

X  Not more than 200v
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Electrolytic vs Polymer Capacitors

Wurth LEDs – Internal Confidential – January 2017 | GPL
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MLCC - Classifications

Class 1 ceramics (NP0 = C0G)

 Built with titanium oxide

 Minimum aging behaviour

 Linear temperature dependency

 Low (down to none) voltage dependency

 Low relative permittivity εr smaller capacitance

Class 2 ceramics (X7R, X5R, Y5V)

 Built with barium titanate

 Higher relative permittivity εr  higher capacitance

 Aging behaviour

 High voltage dependency

 Piezoelectric effects can result in microphonic noise

 Not linear (and stronger distinct) temperature dependency

Wurth LEDs – Internal Confidential – January 2017 | GPL
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MLCC – DC Bias Effect  ΔC/C0 vs DC Voltage

Wurth LEDs – Internal Confidential – January 2017 | GPL
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Temperature Dependency of Ceramic

Wurth LEDs – Internal Confidential – January 2017 | GPL
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EIA-RS-198 Coding for Ceramic Caps

Wurth LEDs – Internal Confidential – January 2017 | GPL
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Self-Healing of Film Capacitors

Wurth LEDs – Internal Confidential – January 2017 | GPL

X & Y Safety Classes 

According IEC 60384-14 / UL 60384-14:
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o DC/DC Converter Topologies – Buck, boost & SEPIC

o Causes of CM & DM Emissions – LT Spice

o Efficiency and Losses – Core, Copper and AC

o Criteria for selecting Inductor and Capacitor – DC Bias

o Practical Input Filter Design – LC Filter

o REDEXPERT – Interactive component selection
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Oscillation At Converter Input

DC

DC

ZIn

EMI 

Input

Filter

ZOut RLDC
Risk

Of

instability

 Adding an input filter may cause oscillations

 Converter no longer meets response specs, and may become unstable

 Why?
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(DC) Input Impedance Of Converter (an explanation)

 Input and output power of converter is near the same 

(efficiency drop)

 Under stable conditions output power is constant

 If the input voltage falls, the input current increases

 Voltage-current line has a negative slope

DC

DC

RL
UOutUIn

IoutIIn

PIn ~ Pout

VIn * IIn = VOut * IOut

∆V/∆I < 0

IIn ↑ RIn < 0VIn ↓

NEGATIVE DC INPUT RESISTANCE
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What could happen?

 Simplified model

 RL: Rdc of the inductor

 ESR: serie resisistance of the capacitor

 Input impedance of the buck converter (looking negative – see previous slide)

 This is a LC filter loaded by a negative resistance!!!!! 

 NICE WAY TO CREATE OSCILLATORS
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Calculating Input Filter Components values  Fx

Gain-Bandwidth product:

Give the right filter cutoff freq to have the attenuation required with the choosen filter topology (order)

𝑓𝑐𝑜 = 𝑓𝑠𝑤 ∙ 10(
−𝐴𝑑𝑏
𝑛∙20

)

• Adb: attenuation required

• n: filter order

• Fsw: switching frequency

• Fco: filter cut off frequency

Our design:

Adb: 32 dbuV

2nd order filter

Fsw: 150kHz

F0calc: 23 kHz 
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Selection of the L and C value:

Different values for L and C occurs. In our design we can choose as follows:

In order to have

Calculating Input Filter Components values  L + C 

≈ 21kHz 
(20,65kHz 

calculated)

Overshoot
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*See Input Filter Design for Switching Power Supplies, Michele Sclocchi – National App Note 2010

Keeping the same values of undamped filter, we can add an Rd and a Cd as follows:

1) Calculate damping capacitor

2) Calculate damping Resistor 𝑅𝑑 =
𝐿𝑓
𝐶𝑓

(𝑛 + 1)

2𝑛

2𝑛2(4 + 𝑛)

(2 + 𝑛)(4 + 3𝑛)

𝐶𝑑 = n ∙ 𝐶𝑓 𝑤𝑖𝑡ℎ 𝑛 = 4 𝑜𝑟 6

Calculating Input Filter Components values  Cd + Rd 
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Calculating Input Filter Components values - Damping
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Check using LT Spice Simulation 

Modeled Part Numbers:

Inductor: PD1280 744 770 127 27uH

Capacitor C1: 885012210032 MLCC1206 2,2uF

Capacitor Cd: 885012209028 MLCC1210 10uF

Resistor R: 4 OHm

LTSpice_SIM/LC_filter_2016.asc
LTSpice_SIM/LC_filter_2016.asc
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EMI Component for DC/DC Converter
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Calculate Required Attenuation

 Know input voltage, output voltage and ripple voltage

 Calculate required attenuations using formula

 E.g. to design an input filter for a 12v to 5v converter

– Vripple = 0.5v, Vmax = 7v  13dB Attenuation(+)  

|Attn|dB = 20 Log
Vripple

1µV
− Vmax

* Vmax is difference between Vin and Vout (differential noise)
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Calculate Cf, Lf and Cd

 Cf = EMI Filter Capacitance (greater of Cfa or Cfb, 100nF)

 Lf = EMI Filter Inductance (key EMI resonance value, 5uH) 

 Cd = Damping Capacitance (four times bigger than Cin, 330nF)

Fosc=
1

2 𝜋 𝐿 𝐶

LF=
1

𝐶 (2𝜋𝐹)2
Lf uH 2xPi Fs KHz 2PiF |Att|dB Attn/40 10^ Cf nF Cd uF

5 6.28 500 3140 13 0.325 2.11 91 0.36

10 6.28 500 3140 13 0.325 2.11 45 0.18

100 6.28 500 3140 13 0.325 2.11 5 0.02
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o DC/DC Converter Topologies – Buck, boost & SEPIC

o Causes of CM & DM Emissions – LT Spice

o Efficiency and Losses – Core, Copper and AC

o Criteria for selecting Inductor and Capacitor – DC Bias

o Practical Input Filter Design – LC Filter

o REDEXPERT – Interactive component selection

www.we-online.com/redexpert
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REDEXPERT – Demystifying EMC
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Buck Demo Kit for REDEXPERT

Test 

Conditions
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Switching Frequency: 200KHz vs 2MHz 

Ambient 

SAT

22.9˚C

9Vin, 

5Vo, 

2.5W, 

200KHz

9Vin, 

5Vo, 

2.5W, 

2MHz
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REDEXPERT

 http://we-online.com/re/3bJFP7JE

200KHz vs 2MHz

http://we-online.com/re/3bJFP7JE
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User Interface

Graph 2

Graph 1

STORAGE

SELECTION TABLE

Design

Tools
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World‘s Most Accurate AC Loss Model – Wave Signal 

Simple Class-D Amplifier Complex Setup to Measure

Sine Wave 
Generator

Amplifier
Measurement 

Conversion

To DUT

Complex Setup to true 
Measurement

Limitation on 
Permeability

Wurth AC Loss Model Steinmetz Models



61Date 22.01.2018    |  Practical EMI Filter    |   Public   | 

© All rights reserved by Wurth Electronics, also in the event of industrial property rights. All rights of disposal such as copying and redistribution rights with us. www.we-online.com

B

H

World‘s Most Accurate AC Loss Model – Signal Loop

Point of Operation Approach

Triangular current form

Major Loop Approach

only sine wave

Wurth AC Loss Model Steinmetz Models

Core Loss & AC Wire Loss Core Loss Only

PAC = f ( ∆I, freq, DC, k1, k2 )
PV= K ∙ f

α
∙ ∆B

β

PV= K ∙ f
α−1

∙ ∆B
β×f

r

PV= K ∙ feq
α

∙ ∆B
β
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World‘s Most Accurate AC Loss Model – Duty Cycle

Highest Accuracy

over wide DC range
Acceptable Accuracy at 50%,

even worse for other DC
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Wurth AC Loss Model Steinmetz Models
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World‘s Most Accurate AC Loss Model

Wurth AC Loss Model:

 Based on real time application set up and measurements

 A pulsating input voltage is applied over the real inductor 

 The input and output power is measured

 This process is repeated over wide range of parameters

incl. variation of peak flux density swing to produce our own empirical data

 This empirical data is used to create the equation for Wurth AC Loss Model

Advantages:

 Accurate calculation of losses for any given Duty Cycle

 Accurate over wide range of frequency (10 kHz to 10 MHz)

 Considers even small change in core material and winding structure
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All Inclusive – Full On Board Dc/Dc Modules

OR

Keep It Simple
& Let the 

MAGIC 

Begin

https://www.youtube.com/watch?v=49O1F-0fNlU
http://www.we-online.com/web/en/electronic_components/produkte_pb/application_notes/ans007.php
https://www.youtube.com/watch?v=49O1F-0fNlU
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Thank you

Any Questions


