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BUCK CONVERTER
OVERVIEW




THE BUCK CONVERTER
Continuous Conduction Mode (CCM)
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THE BUCK CONVERTER
CCM Design Equations

(I/zn _I/out)XDxT
L

Vout = DVm VCR = Voltage Conversion Ratio Al =

I/out (I_D) I/out(l_l)min)
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PRACTICAL DESIGN
CONSIDERATIONS &
TIPS




TO BEORNOTTO

BE "SATURATED™?




SATURATION CURRENT : DO WE HAVE A DEFINITION?

How is saturation current defined?

Is it a standard?

Properties Test conditions Value Unit Tol.
Inductance 100 kHz/ 5 mA L 3.3 HH +30%
Rated current AT=40K IR 5.9 A max.
Saturation current IAL/LI < 10% laat /1 A typ.
DC Resistance @ 20°C Rpe 0.013 Q2 max.

DC Resistance @ 20°C Rpe 0.0115 C2 typ.

Self resonant frequency freg 40 MHz typ.
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INDUCTANCE INFLUENCING PARAMETERS

Different Size and Shape

Different Material Number of turns

I (0 Powcer \\\\\\W//// ,

i
y Hyperflux
t'.‘.&‘i‘.’.l ".‘15‘:'151 Fchut-Tima  Mngunace: T ! Nt Ny

I I Suverio
L (HO % “1‘ * Aeff * N2) Mr = relative permeability

WE-PERM

-ﬂ_ Manganese- Zine

T Vo Ay
N = No. of turns

A+ = effective magnetic area

1eff

.z = effective magnetic length

Size of air gap

ly ~ly+ L,

1 2 DCDC PRACTICAL DESIGN - TURKIYE
EXTERNAL | M ALALAMI | 10TH MAY 2026



ARE WE SOFT OR HARD?

Inductance / DC Current (20.0 °C)

12 pH -
10 pH
8 uH -
[}
v}
% = 744053100
+ i = 744778510
é Ll = 74437324100
c 74437321100
4 puH
2 pH A
OH T T T T T T y T y y T
0A 500 mA 1A 15A 2A 25A 3A 35A

Current
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POWER INDUCTORS
Cycle explanation : linear behavior (Buck in Steady State) \
o .
;
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POWER INDUCTORS
Cycle explanation : saturation behavior \
) e - —.
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BUCK DEMO BOARD Input Capacitors:
14,0506 Inductor | Vout |

Overview

General Specification vin L : | &y ©© o

e a2 [ Output Caps Output Capacitors:
= DC/DC Buck Converter YaRch | )14, )15, J18, )16, J17

= (M

= |/ =9-26V

. Vout =5V

. /out,max = 2A

" Foutmax = 10W | Switching

« £, =285kHz — 1.52MHz signal
Vout

= |nductor: 10pH/3A WE-LHMI
74437346100

Injection signal

WURTH ' e Loop compensation:
wi ELEKTRONIK : TECHNICAL

MORE THAN T L J J10, J11, J12

YOU EXPECT ~ K.

DEMONSTRATION BOARD

_ = PN: 600006
Rotary Switch Switching Frequency in kHz v2022.4
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POWER INDUCTORS

Theory : Ripple vs Inductor Saturation

= Buck_Board Setup:

- 19V input
- 5V output
- 510kHz,

- output 1A

V;n RE °
9-26 V0C ,

Jumpar Pork

WURTH
ELEKTRONIK
MORE THAN
YOU EXPECT

Switching Frequency in kH‘z

= REDEXPERT: Compare values for I ;
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1 FGed

Sl putout V(arpﬁs
BCD 3

J TECHNICAL
5 \CADEMY
DEMONSTRATION BOARD

PN: 600006
V2022.4 [

Electrical Properties: 10pH WE-LHMI#74437324100

Properties Test conditions Value Unit | Tol.
Inductance L 100 kHz/ 10 mA 10 uH | £20%
Performance Rated Current ') — =40K 1.95 max.
Saturation Current @ 10% g IALAL < 10 % 1.5 iy
Saturation Current @ 30% baraos | ANl <30 % 315 typ

Electrical Properties:

10pH WE-TPC#744053100

Properties Test conditions Value Unit | Tol.
Inductance L | 100 kHz/ 100 mV 10 pH | =30%
Rated Current ln |AT=30K 15 A | max.
Saturation Current lﬁ“ AL < 35 % 1.4 A typ.

Electrical Properties: 10uH WE-PD# 744778510

Saturation Current @ 10%

AT <10%

Properties Test conditions Value Unit | Tol.
Inductance L 100 kHz/ 250 mV 10 o | £25%
Rated Current Gax |AT=40K 18 A | max
Performance Rated Current V) lpa | AT=40K 2 A | max.
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POWER INDUCTORS

Theory : some calculations

= Maths with formulas (option)
= Tip: take into account Vf of diode 0,5V, more precise calculation onto low voltage (5V)

Vour (+V7) _ 5 (+0,5)

= = 26%~29% with diode A A
Vin 19 Ajrop= ——=T72%  Ayop= —=— = 77% with diode
IL e ILgye
Wi = Vout) * Vour __(19=5)"5 70 _ )1 77 with diod
— — =—=0, ~ U, W1 10de
B foien L+ Vi 510k - 10p-19 97 IL €[0,64;1,36]A IL€[0,61;1,39]4
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POWER INDUCTORS 5
REDEXPERT WE-TPC# 744053100 deviation explanation for 10puH Isat = 1,40A Calculation
=[O

T= 20°C v
AB

:

Current
increase

Inductance
decrease

B Bmax

Inductance / DC Current (Ambient Temperature)

e 750 ma 150

Nt.B_
ote o =H

Inductance

ZA 254

OH T
JA 500 mA

Current
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POWER INDUCTORS

REDEXPERT: Expected AIL ~ 720mA
& 10pH WE-LHMI#74437324100 Isat=1,5A vs  10pH WE-TPC#744053100 [sat=1,4A .

= Measurement vs Redexpert !
» Expected HARD saturation effect for I, = 14, P, = 5W

EXPERT Power Inductors

g T4437324100 WE-LsiMI an w  Single 10.0 8 8.4 uH 2152 195A 236K 315A 233 MH: 400V 445 mm 406w

74437324100

Wiaa T
Mage Thw
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POWER INDUCTORS
Practical Measurement: Expected AIL =~ 720mA

= Measurement vs Redexpert !
= Expected HARD saturation effect for I;, = 14, P, = 5W

10pH WE-LHMI#74437324100 |sat=1,5A Vs 10pH WE-TPC#744053100 Isat="1,4A

(]
Practical Measurement

<Y
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BH CURVES MEASUREMENTS

Scope setu I(t
P p H(t) = n-I(t)
leff
Make comparison between two inductors
= |nductor: H is directly related to current
« 1.5A Saturation current " V@) =n- dt & B(t)=n A,
= 10pH WE-TPC #744053100 [5828] dB(t)
 1,4A Saturation current — V() =n-A, 7
= Scope
« X axis (H) dB(t) _ Vi()
* CH3 (current inside the inductor) at n-Ac
= Y axis (B)
Mathl = CH2(Vsw) — CH1(Vout) (Voltage across
the inductor) B(t) = — 'JVL(t) dt
(5

* Math2 = [ Mathl = [CH2 — CH1 = [V, dt
B is directly related to | the inductor voltage
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TEMPERATURE

EFFECT




POWER INDUCTORS

Temperature effect

= Measurement VS Redexpert ! 1.5A load / 5Vout
= Expected HARD saturation effect (Small Air gap WE-PD)
= Expected SOFT saturation effect (Molded WE-LHMI)

10pH WE-PD# 744778510 |sat=1,9A Ambient 25 DegC Vs  10pH WE-PD# 744778510 |sat=1,9A Hot 60-80 DegC

10pH WE-LHMI#74437324100 |sat=1,5A Ambient 25DegC Vs 10pH WE-LHMI#74437324100 |sat=1,5A Hot 60-80DegC

<Y

<Y
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POWER INDUCTORS
REDEXPERT - Temperature effect Ambient 25 DegC

Y OderCode 7 Sires Y St 7 LY S Tpe T L YV LusoBA T My Tk U M@K Y &K T e TN T (W
‘& Sngie ] m,npu\ uwu\ 100m0 | 1904 nsxf 1504 0MH: | mv‘ mm‘ 620
Do wWEUM a2 o Sngl 10.04H AP EmD 1954 228 3954 BIMH: WOV dSmm 06w
v
{ )

ALY 74437324100

WD Wioma e
W W I N5m0
| ————

Lo | 7w ]
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POWER INDUCTORS
REDEXPERT - Temperature effect Hot 60-80 DegC

Y OteCede T Seies Y S T LY S Toe Tl Y lapeBSK T Rig T UM T MrascIBA T b T e % Tt v
109 | esti| 1m0 104 n.sxl mn}
n JOeTRO0  WEUM 20 o Single 1004H A mEm0 1A NI 3154 BIME W00V LdSmm  d4%m
v
L4 )

44778510 X THA3TI20100
WD QT LW e
CTR T 00 13w
[
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POWER INDUCTORS

Practical Measurement - Temperature effect

= Measurement VS Redexpert ! 1.5A load / 5Vout
= Expected HARD saturation effect (Small Air gap WE-PD)
= Expected SOFT saturation effect (Molded WE-LHMI)

10pH WE-PD# 744778510 |sat=1,9A Ambient 25 DegC Vs  10pH WE-PD# 744778510 |sat=1,9A Hot 60-80 DegC

10pH WE-LHMI#74437324100 |sat=1,5A Ambient 25DegC Vs 10pH WE-LHMI#74437324100 |sat=1,5A Hot 60-80DegC

S,
Practical Measurement
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VOLTAGE RATING;

NECESSARY OR A GIMMICK




MOLDED INDUCTOR VOLTAGE RATING
App Note 126

GOV 5 {\ - 1048
GOV o /\J L 7.5A Figure 3: Micrescopic analyze of a powder structure of a molded
inductor [Zoom: Sumj&l
LI
1 4 - SA
V " LR
c c
- -
o’ vV o b L5A b
=2
I | o
I,
W\\‘/ A oA
- - -2.54
[\
N L -5
time [s)
—\V[V] — I[A]

Figure 2: inductor waveform - Delimitation Vs and VT8

Figure & Microscopic analyze of a melted powder structure of a

molded mauctor (Zoorm: 10umn]
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https://www.we-online.com/en/support/knowledge/application-notes?d=anp126-voltage-specification-for-molded-inductors

MOLDED INDUCTOR VOLTAGE RATING

WNEvE'-Z-‘T (0.3 WY, MrSasa0s, (.20 M riicsna: Tus n X EE3 A0 B3 M
App Note 126 - : . ot e
Soa
5w xv
a . LAl ] k| it
M
» EABM0A o 1w EA9B0A muw 1w
0 Agtlam P 0 Agilewt 2.
Ls La ~
9 - 599934 u H 9 - 21 4941 " H Figure & Screen capture of the npple current undamaged campaonent {left) and damaged component (nght)

Rdc | Rde

105.3428 mQ

VAG S8 mV IAC 102 mA
vOC OFF ) e o=

105.0303 m®

VAE S82517mV IAC  0.9038) mA
oS o B0 OFF

Figure 6: ROC and inductance measurement of component without

voltage defect (left) and with voltage defect (nght)

Figure 17: Self-heating recording of the undamaged component (left] and damaged compeonent [right)
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MOLDED INDUCTOR VOLTAGE RATING

Practical measurement

Acquisit
Sample
18bitHD  Hist1

) A W O g @ o ~ Trigger ‘Horizontal
Undo  feo Help ST annotmte preset M measue sure v ? ey ::: mt:, it USS:::’S
= . 2 : Trigger Horizontal Acquisition 2025028
n ¥ @ ,:,, % E' ol o- tdge 15V Auto  400ns/dv  1.2565a/s  Samphe 13:04:39 @
Undo  Hedo Help mm Preset ‘g‘ Measure ¥ F Stop 0s Skpts  1BMEHD  Hist1
Tab1 %
N ,\f'l |'“v x-_,\;'\ s /\.-‘\ l{ \J\,—“/V"‘
| a
* |nput:
| * V,,=1830V
: [ = i ] ' [ e l,=0.654 A
» P,=1197W
B Nt p—— A / = W\
= Qutput:
s N =500V
lo,e= 2.00 A
> Pi=10W
= Power loss:
» Pes=197W
+ = Efficiency: =
" > N=835% a
1 lircq 9879517 kM: 2 M3 PTP; 39167 mA 3 M2 Max: 212A 4 Mean: vy
mm = i T
DCIMA sw ot smw et sww 3 logic Math el Spec Gen  peny
W0 0V m I5A mm (Cacalal 354

DCDC PRACTICAL DESIGN - TURKIYE
EXTERNAL | M ALALAMI | 10TH MAY 2026

37 |

» 3

o

| through (0)

1#74437346100



https://www.we-online.com/components/products/datasheet/74437346100.pdf
https://www.we-online.com/components/products/datasheet/74437346100.pdf
https://www.we-online.com/components/products/datasheet/74437346100.pdf

MOLDED INDUCTOR VOLTAGE RATING

Practical measurement — New Part

W~ O e el | o Trigger Horizontal Acquisition 20250218
. |npUtI - :1 o *‘g% Preset oo Messare —'y? N A TR N e = @
Vi,= 18.30 V F
In—~—AJ) We—n/ p— \/\'—“/\/‘
= | ~0.654A Y =i = =14
> P,_~11.97 W
* Qutput:
B V : 5 OO V c1 e : W/\) I —— -~ — - — W\
|out ~2.00A
» Po=10W
= Power loss: ’
» P~ 197 W
- Eff|C|enC\/ 1 [@Frea: 9679517k 2 MEPTP; 19167mA 3 M Max: 1124 4 EIMean: 194 A
‘ M’“ — S
» N=835% WSy XM S00my WL 500may O logic Meth R Spec Gen pms

W0 0V m I5A mmcmuw I5A

38 | DCDC PRACTICAL DESIGN - TURKIYE

EXTERNAL | M ALALAMI | 10TH MAY 2026




MOLDED INDUCTOR VOLTAGE RATING

Practical measurement — HV Pulsed Part

* [nput: wl o

fdge 15V

~ Trigger

20250218

13:3700 @

‘Horizontal Acquisition
Auto  400ns/dv  1.25GSafs  Sample
Stop 0 Skpts-  18bitHD  Hist1

5 Vm = 18'30 V M Rede
= | =0.691A
> P,=~1265W

* Qutput:
* V=500V
* |,t=2.00A
» Pow=10W G

* Power loss:
» P,.~265W

= Power loss increase
Po<s =1.97W before
> P ~ 680 mW

loss,inc

A JV“]

a

Ead'

-
-

1 B Frec: 9847858 kHz 2 MAPTP: 547.07 mA

M%M B

!0.10\! 8 MI.SA mmtamm

= Efficiency:
> 1=79.1%
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AUDIBLE NOISE




DC/DC CONVERTER AUDIBLE NOISE (BUZZING)

Cause

Excitation in the audible frequency range of an inductor

Audible frequency range is from 20Hz to 20kHz (Depending on your age)

Switching frequencies >> audible range. Why do we hear it !!! 777

Go to APP NOTE 118 - Acoustic noise & Coil whine effect
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https://witglobal-my.sharepoint.com/personal/wn00147041_wgs_wuerth_com/Documents/Documents/04%20My%20Projects/00%20WE%20POWER%20SEMINAR%202020/000%20PWE%202025/01%20Technical/S1%20First%20Session/Img%202469-1.mp4
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DC/DC CONVERTER AUDIBLE NOISE

ACTIVE EXAMPLE — Selecting the wrong inductance

PARAMETERS
= USing MP8759 Input Output Switch Inductor\b
11.7-143V 480V 700 kHz , 100% J
= Using 1.5uH Inductance value 250A Noit?’
DET!\ILS
= Rather low by our standards at Wurth, we suggest 40% ripple. b s 7 Lo N\ lavo
3.75A ( 1.82 yH ) 250A

= Even MPS in their own datasheet recommend 30-40% ripple e

DC Al ILpeak Ton
0.34 3.21A 4.10A 480 ns

factor yet they recommend 1.5uH!

Selecting the Inductor

The inductor is necessary for supplying a
constant current to the output load while being
driven by the switched input voitage. An inductor
with a larger value results in less ripple current
and lower output rnpple voltage. However, it also
has a larger physical footprint, higher series
resistance, and lower saturation current. A good

rule for determining the inductance value is to e | ; i E—
design the peak-to-peak ripple current in the - /\ /\ ’
inductor to be in the range of 30% to 40% of the '

maximum output current to ensure that the peak ol / \/ }
inductor current is below the maximum switch

T [ R T T B sambium -~ | P

= Using the 1.5uH at 700kHz, will give > 100% ripple.
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DC/DC CONVERTER AUDIBLE NOISE
One Option

Use inductors with low magnetostrictive deformation
» Ferrite-based inductors deform more and can cause noise.
= |nductors made of iron or iron alloy powder (WE-MXGI/LHMI/MAP/XHMI/....etc.) deform very little under the action of
the ripple current and therefore are much less likely to cause noise.
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EFFICIENT POWER

INDUCTOR




INDUCTOR LOSSES

Ptotal = Pcore+ Pcopper

Copper losses:

Core losses:

_ DC losses — depending on DCR
Hysteresis losses
AC losses — dep. on winding structure

- Skin-Effect

- Proximity-Effect

Eddy current losses

most efficient power inductor .
P 1, o WA BREEA. S S s e Bt ddaNs. ¢ v
Bzt S TG AV L AR
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INDUCTOR LOSSES : COPPER DC LOSSES

Q.
Rpyr=p*— p=178+1072 ——

* p : Resistivity of copper

R, -l=Pcu |
bc e £ :Length of wire

e A: Cross Sectional area

Op’rimi72’rinn

Flat wire
. _1lmm x 4mm

A = 3,714 mm?
Ry =5,7mQ

A = 4 mm?
Ry, = 4,48mQ
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INDUCTOR LOSSES : COPPER AC LOSSES

Eddy Currents in Wire

current
densiny
B

currenis

=y
1

< eddy
currenls
i)
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INDUCTOR LOSSES : COPPER AC LOSSES, SKIN EFFECT

5 Currents
‘6\@ density

f5eq
0 Hz kHz MHz o
Eddy currents
76 @ 100°C

2%p d =—mm
o= mm
O = ski Jgétﬁ H For Copper
p = resistivity d@ 50Hz =9.38mm
o = angular frequency 2xf 6@ 10kHz =0.66 mm
—permeabitity 5@ 100kHz =022 mm

f Aeff RAC Pwinding
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INDUCTOR LOSSES : COPPER AC LOSSES, SKIN EFFECT

Comparison: flat wire VS. round wire
1,78 mm
10mm i e

o O

cross section of both wires is 10mm?

BUT: flatwire has much more bigger surface

Flat wire surface : 22mm / round wire 11,18mm Se ar =1,96 X Sgiunp

AND: high frequency currents only use the surface —> Skin effect

Flat wire has a higher surface,

thus less copper losses at higher frequencies !
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INDUCTOR LOSSES : COPPER AC LOSSES, PROXIMITY EFFECQ

fT=2R, 1T

Like the skin effect, the
distribution of current inside
J L L J the wire is reduced

Current in same direction Current in opposite direction

=  Proximity Effect creates more loss than Skin Effect
=  Approximate Calculations
— Dowell's curves for simple geometries
— Bruce Carsten or Charles Sullivan for more in-depth
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INDUCTOR LOSSES : CORE LOSSES

51 |

» Steinmetz formula

P =K-f*B°

core

Error factor

100000

10000

1000

mW/cm?3
—
o
o

10

2 -

0,1

0,5 0,6 0,7

DCDC PRACTICAL DESIGN - TURKIYE

0,8 0,

° T 0,01
Duty Cycle

500KHz padi
250KHz 7~
00KHZ // /l, yd
B A |4
/, -
S
<
pd
==
7
yd
/
JANNA
100 1000

B(peak) in mT
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REDEXPERT — THE MISSING LINK

5 2 DCDC PRACTICAL DESIGN - TURKIYE
EXTERNAL | M ALALAMI | 10TH MAY 2026



WORLD’S MOST ACCURATE AC LOSS MODEL

Wurth AC Loss Model Steinmetz Models

py=K-f® . nBP
Ppc = f(Al, freq, DC, k1, k2) Py=K- f 1. ABBxfT

Py=K- &, - 08P
"% Core Loss & AC Wire Loss

") Core Loss Only

% TIIT /fmw

Point of Operation Approach Major Loop Approach
I triangular current form

only sine wave
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WORLD’S MOST ACCURATE AC LOSS MODEL

Wurth AC Loss Model Steinmetz Models
A Waurth Elektronik A
_'__"):-"—‘"" ——— '{; """""""""""""""""""
> >
(@] (&)
© ©
> >
QO (@]
(@] (&)
< < .
Steinmetz
> >
0,1 0,3 0,5 0,7 0,9 0,1 0,3 0,5 0,7 0,9
Duty Cycle Duty Cycle
Highest Accuracy Acceptable Accuracy at 50%,

over wide DC range even worse for other DC
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GOOD TO KNOW




SATURATION CURRENT VS SHIELDING POSITION

If the production is not controlled the saturation current can change from one inductor to another.

120,000 pH
Saturation current with different position of core in the
shielding ring

100,000 pH

a0.000 1 = - - = | | -

60,000 pH

40,000 pH -

20,000 yH -

0,000 yH | f
0,000 A 0,500A 1.000A 1,500 A 2000 A 2500A 3,000A 3,500 A 4 000 A 4500 A
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w— S 1051
— 1052
—Sefiesd
S 11054
Seriass
e St 1256
— St RS
— S 01058
~Senest

—Series10 ‘

Seriest
—Series1?
—Seriest3
—SeiE514

Senes1s

Senes16

Series17

Series18

Special design helps to optimize the position of the core
in order to reduce the tolerance of the inductance value.




INDUCTOR: SHIELDED VS UNSHIELDED

.“:“-L‘;
i
g shielded  unshielded
00 ®»
‘1. -
Marking 'y smaller éff blgger l;ff

With a shielded inductor the customer has a better chance to pass the EMC test
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=7 ANPO47
LAYOUT RECOMMENDATION —

Start of winding : E shield ! connection switch node
A "EMI hot side” .

-------------

Start End

O e— ..
VN > Winding Winding
20Vi0 59V
— o—‘
T™ ONGFF
A O
PWAM P
—_— VD0  ViDt SGND | PGND 2o
i I I
= —_— = < —
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https://www.we-online.com/catalog/media/o109027v410%20ANP047b%20EN.pdf

CAPACITOR SMART
SELECTION




OUTPUT CAPACITOR: BASED ON RIPPLE VOLTAGE

|deal

iC A
1 0 /\
0 — = > Al,
T, T, \/ \
2 2
+—r < o
TON TOFF
AQzllﬂ.&+l.A1L.T0ﬁ:AIL(Ton+T0ff) AQ = CAV
2°2°2 2°2 72 8
- AIL * Tswitch c AIL * Tswitch
B 8C B 8AV

60 | DCDC PRACTICAL DESIGN - TURKIYE

EXTERNAL | M ALALAMI | 10TH MAY 2026



OUTPUT CAPACITOR: BASED ON RIPPLE VOLTAGE

61 |

|deal

Tswitch * Vout

Vi, —Vout V out
AIL = * Ton = I *Toff AV =
T?. . *xVout
AV = swztéhLC ” (1 . D)

DCDC PRACTICAL DESIGN - TURKIYE
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8LC

«Tof f



OUTPUT CAPACITOR: BASED ON RIPPLE VOLTAGE

|deal

1
21TV LC

fo=

2
T switch * Vout

AV = 3LC *(1—D)
AV—Vout*n—Z*(L)z*(l—D)
- 2 fswitch
 rewiteh 1 20V
= [SwWitcn * — *
! m (1= D)V,
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OUTPUT CAPACITOR: BASED ON RIPPLE VOLTAGE OF ESR

AVTotal = AVC + AVESR

|74
AVesr = Resr * AI, = Resr * Z”t * Tof f

Vout
AVesr =R 1-D
er . fswitch *( )

o <AVesr*L*fswitch Realulish

e =y (1-D)

out
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OUTPUT CAPACITOR: EXAMPLE OF CALCULATION

Max output ripple voltage 50 mV (1%) L = 10uH for 40% ripple
o Vi, =24V
« V=5V D = V;‘f = 0,208
o I, =24
e F,, =535kHz

lout
I Ic 1 Repartition of the ripple voltage

— | AVC B .
AV =50 mV (1%) AVC = 20 mV 40%

|
% Resr AVesr AVesr = 30 mV 60%
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OUTPUT CAPACITOR: EXAMPLE OF CALCULATION

Max output ripple voltage 50 mV (1%) L =10uH

Iout

o Vin = 24V IC
VOU r—| "
¢ V=5V D = 7= 0,208 | ™ AVC = 20 mV
mn | |
" four = 24 | AV 30 mV
esr = m
+ F, =535 kHz | o Resr
L1
 ewiteh 1 20V
= I swiicn * — *
0 T |[(1-D)V,, P - AVesr L * fswitch
%k
esr — V 1 . D
PR 2 % 20mV e )
0= 2 r" |1 =0,208) 5 P - 30mV  10uH =535 kHz
*
fo= 17,124 kHz “r— 5 (1-0,208)
Cou = Campoyen = BOMF R,, < 40mQ
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OUTPUT CAPACITOR: EXAMPLE OF CALCULATION

i A ° Iout = 2A IL L IOU'E
L
i * Ripple = 40% c
r—~ 7
———————————————————————————————————————————————————————————————————————————— | | out
imin l l
T T | |
o OFF R | Resr
" D«T  (1=-D)xT : 2 L1
o
AIL
ILmax = lout + T
AIL I¢ pus = \/IZL RMS — Izout
I = lout —— ’ ’
2
2 2
[, = =2,0134 ,
243

66 | DCDC PRACTICAL DESIGN - TURKIYE

EXTERNAL | M ALALAMI | 10TH MAY 2026



OUTPUT CAPACITOR: EXAMPLE OF CALCULATION

Max output ripple voltage 50 mV (1%) L =10uH
I, L lout
o Vi, = 24V W
o Ve =5V i st
e I, =2A : ct |c2 i Vou
. F,, =535 kHz l_?fr_%e_“j |
Coue = 8,64UF C,.=2%47uF
R, < 40m)
Capacitor : C1
I rus = 228 mA C = 4.70F
ESR @20°C = 70m(}
ESL = 5nH
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OUTPUT CAPACITOR: EXAMPLE OF CALCULATION Is th at a| |1?
|

Max output ripple voltage 50 mV (1%) L =10uH
¢ Vi = 24V I, L lout
I}
® Vout - SV I _lC_Cout
_ | )
* oy = 24 | : Vout
« K, =535kHz t1 L c2 |
| esr Resr |
V[out] ©
TP S T T ——
' ' | | ' ' | | ' | Cope = 2*4,7pF
5.08V=-
Capacitor : C1=C2
5,03V~ C = 4,7LlF
ESR @20°C = 70m(}
4'933;*9.4;13 870.4us 871.4us 872.4ps 873.4us 874.4us 875.4us B76.4us B77.4us B78.4us 879.4us ESL = 5nH
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OUTPUT CAPACITOR: TRANSIENT Not \IEt

.I].BI]ms 1.05ms 1.30ms 1.556ms 1.80ms 2.05ms 2.30ms Cout — 9'4MF
= 2 % 4,7uF
Capacitor : C1=C2

C =4,7uF
ESR @20°C = 70mQ

Load transient : 0,5A to 2Ain 1us
Vdrop @ 400mV...... maybe to high

Only Vdrop @ 200mV, can be accepted
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OUTPUT CAPACITOR: BASED ON TRANSIENT

70 |

Capacitor : C1=C2
C = 15uF
ESR @20°C = 70m()

Is that all?

Transient

DCDC PRACTICAL DESIGN - TURKIYE
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Steady state

5. A0V View| Vo)
g .11V

516V
AR
10V
s VA A AN A VAV AV e Ve Va VAN A A A A
ARIELS
RIS
4911V Ripple 31mV

i Vdrop = 210mV PR

- 4.92v4

ALV T T T T T T AW T T T T T T T T T

0. 00mu 105ms 1. 300 1.55ms 1. Mens 2.05ms 2. Mms Bidps 097 2000 0ps 0Lps 909 N2ps R LT Hps 921ps

9240



INPUT CAPACITOR: RIPPLE AND TRANSIENT

Yes but need to consider Input capacitor

Lparasitic sy Switch

IIn

Cin_ripple
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LT SPICE SIMULATIONS

Take it to the next level

:'nu-' |: vcap :I E

Charge and discharge of cap

CAP » 1l4mbpy

- )
—~ L2
‘)%mH

r

R4
ESR
ESR 16 mV,_, 10mR
|2
CAP __22p

-10 mV,_, at low frequencies
25 mV,_, at high frequencies
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LT SPICE SIMULATIONS

For another day

27 2020-3975-Ripple-Input-MD.fft =n =R

V{vin,VinESR) V{vincap)

LI | T T T L | T T T LI | T T T LI B B |
100KHz 100MHz
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CAPACITORS
Aluminum: Electrolytic / Polymer / Hybrid polymer

= Polymer
= Solid electrolyte
= |lowerESR/ESL

= Electrolytic
= \Wet electrolyte
= Higher voltage / values
* Voltage < 450V  \/oltage <100V
» (apacity up to 33000pF « (apacity up to 2000pF
= THT /SMT / Snap in mount = THT / SMT / H-Chip: Low profile & Low ESR versions
= Lifetime

= Hybrid polymer
= Low ESR & Low leakage current
= High ripple current characteristics
= High stability over the temperature range
= High lifetime performance
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2
CAPACITORS 1F

Lifetime

Electrolytic : aging & lifetime with REDEXPERT  calculator

= Aluminum eIectroI\/tic SELECTION
Actual Operating Temperature
TMax_Ta A\p g 3
Ly = Lyom -2 10 T
Applied Frequency
f 510kHz
= Alumlnum p0|\/mer Applied Voltage
20 vV 25V

TMax_Ta

Ly = Lyom - 10 20

Applied Ripple Current

I 500 mA

[ | Do not apply Ripple Current filter

= Example: comparison of two 1000pF/35V 105°C

= ATGS5 general purpose WCAP-ATG5# 860020578018
= AT1H long life WCAP-AT1H# 860240580011
= PTG5 Polymer WCAP-PTG5%# 870025175010
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Expected Lifetime

5 years o

EXPERT

Expected LifeTime

2 years

8 years

g years

3 years

r s
i
/
I
/
I
1
|
I
g
]
!
/
4 25°C
Temperature
860020578018 X 860240580011
WCAP-ATGS WCAP-ATTH
1.00 mF-350V 1.00mk - 350V

\.<

O


https://www.we-online.com/en/components/products/WCAP-ATG5#860020578018
https://www.we-online.com/en/components/products/WCAP-ATG5#860020578018
https://www.we-online.com/en/components/products/WCAP-ATG5#860020578018
https://www.we-online.com/en/components/products/WCAP-AT1H#860240580011
https://www.we-online.com/en/components/products/WCAP-AT1H#860240580011
https://www.we-online.com/en/components/products/WCAP-AT1H#860240580011
https://www.we-online.com/en/components/products/WCAP-PTG5?sq=870025175010#870025175010
https://www.we-online.com/en/components/products/WCAP-PTG5?sq=870025175010#870025175010
https://www.we-online.com/en/components/products/WCAP-PTG5?sq=870025175010#870025175010

OK, BUT WHY NOT A MLCC?

Do you know Bias effect ? Two values two with two packages comparision

r—

\‘l ?L.:f:;u‘um- EXPERT Multitayer Ceramic Chip Capacitors (MLCCs)
p"‘ll"?{ I v Va 2oV 100 ut 2204 15 seder i
Y Ordur Code Spec (3] Sews Owseription Sire Y on e Y Tow Yo Vi N 2500MM2 ¥ AC(Vocwee- ¢ OF 9 Yoo T
n 885012108018 W [¥] WCAP-CSGP  General Purpose 1206 x58 22.0pF 220% 160V »2.00 MO 17.0mo 7425 0% -55.0 °C 85.0°C
B0 aasmizios01a w (51 WCAP-CSGP General Purpose 1210 X858 ROpE 210% 250V >45.00 MO 104ma $74% S0 55.0°C  850°C
n 2 885012107019 w51 WCAP-CSGP  Genernl Purpose 0805 X5R 220pF 220% 250V »2.00 MO 19.3m0 STT RS 0% 55.0 °C 85.0°C
iii‘f > BA5012214004 we 5] WCAP-CSGP Ganerul Purposs 2220 X8 100yF 210% 250V »10.0 MO I mo 218% 25% -55.0 °C 125°C
885012109013 WCAP-CSGP  General Purpose 1210 10.0pF 250V »10.0 M0 34.0m0 ATAN -55.0°C

_ T ST i mmmmm-m-m-mm

885012109015 885012108018 §85012107019% 885012274004 885012109013 885012209073 X
WCARCSGP - IR 1270 WOAP SSGI - X5 - 1900 WEAPCSOI - XS - om0y WEAPCSGY - XJR - 7270 WOCAR CSGIT - XS0 1710 WOASCHOS W 12
2204F 250V VO oV 2204 252V WO 750V W0E 250V o -Saav

e -

mpedance / Fequmcy
jsmower]
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https://we-online.com/re/5syxRGEc
https://we-online.com/re/5syxRGEc
https://we-online.com/re/5syxRGEc

EXPERT

CAPACITORS : BIAS AND PACKAGE -5

MLCC DC Bias behavior : Size impact onto technology

885012210025 X 885012209041 885012208087 885012207098 B85012206095 885012205086

WCAP-CSGP - X7R - 18712 WCAP-CSGP - X/R- 1210 WCAP-CSGP - X7R - 1206 WCAP-CSGP - X7R - 0205 WCAP-CSGP - X7R - D603 WCAP-CSGP - X7R - 0402
100 nF - 500V 100 nF - 500V 100 nF - 50.0 v 100 nF - 500V 100 nF - 50.0 v 100 nF - 500V

Capacitance change / DC-Bias Voltage

10 %
0% https://we-online.com/re/5t07mVB4

-10.0 %
8 -20.0 %
[
S = 885012209041
O -30.0 % m— 885012208087
3 885012207098
[
G -40.0 % 885012206095
S = 885012205086
S .50.0 % = 885012210025
&

-60.0 %

-70.0 %

-80.0 %

oV 10V 20V 30V 40V 50 V 60V
DC-bias Voltage
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https://we-online.com/re/5t07mVB4
https://we-online.com/re/5t07mVB4
https://we-online.com/re/5t07mVB4

EXPERT

A
CAPACITORS : ESR AND FREQUENCY »
MLCC behavior : global impedance and ESR behavior

885012205086 X 885012206095R 885012206095 885012208087 885012209041 885012210025 885012207098
WCAP-CEGP - XTR - D402 WOAP-CSGE - X7/ - 0603 WOAP-CSGE - XFHR - 0603 WOAP-CSGE - X[ - 1206 WOAP-CSGE - X7/ - 1210 WOAP-CSGE - XFR - 1812 WOAP-CSGE - XPR - 0805
100 nF - 5000V 100 nF - 50.0 100 nF - 50.0'V 100 nF - 500 100 nF - 50.0 ¥ 100 nF - 50,0V 100 nF - 500
L J o 33 |
Impedance / Frequency = D ESR f Frequency = D
10k 10.0 Mz |
Tk 4 100 & \
100 <2 1 100
5]
= 1001 4 .
= (73] 1 i}
= L
=
- 10
100 mi 1
100 mo -
10 mi:
10 Mt
1 mQ T T T T T T 1 1 mb T T T T T 1
100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz 1 GHz 100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz 1 GHz
Freguency Freguency
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CAPACITORS : ESR AND FREQUENCY & s

Aluminum caps behavior : global impedance and ESR behavior -
8260020721027 X 860020780025 860020778021 860020775019 860020775015 860020773013 860020773011 860020772009 860020775017
WCAP-ATGS WCAP-ATGS WCAP-ATGS WOAP-ATGS WCAP-A TGS WCAP-ATGS WCAP-ATGS WCAP-ATGS WCAP-ATGS
1.50 mF - 63.0V 1.00 mF - 630 A0 pF - 630V 220 pF - 630V 100 i - 630 W A7 pF - 630V 220 pF - 630V B.AO pF - 630V 150 gk - 630V

e J b [ —— |
Impedance / Frequency = O ESR / Frequency =04
1kQ ' 1kQ
100 2 A ! 100 © 1

100 A

@
o
5 x
w
= L
=
100 mQ
10 mQ ! 10 mQ
1mQ Y ' Y Y Y \ 1mQ Y ' Y Y \
100 Hz 1 kHz 10 kHz 100 kHz T MHz 10 MHz 100 MHz 100 Hz 1 kHz 10 kHz 100 kHz T MHz 10 MHz 100 MHz
Frequency Frequency
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CAPACITORS : ESR AND FREQUENCY » Q

Aluminum Polymer caps behavior : global impedance and ESR behavior

870025375010 870025375009 870025375008 870025374007 870025374006 870025374005 870025374004 870025374003 870025374002 870025374001 X
WEAPP TGS WCAPP TGS WEAPPTGS WEAPP TGS WCAPP TGS WOAPP TGS WOAPP TGS WEAPP TGS WCAPP TGS WCAPPTGES
H20 pF - 160 V 680 pF - 16.0 V 560 pF - 16.0 V 470 pF - 160V 300 pF - 16.0V 330 pF - 160V 270 pF - 160V 220 pF - 160V 180 pF - 160V 100 pF - 16.0 V
. J 5 T — |
Impedance / Frequency = 0 ESR / Frequency = |0
1kQ 1kQ
E E
100 0 | 100 0 |

100
@ N A
E NN |
© 8 ’ o
8~ Q > | w 10
g N \ i w
N /4 ’ A 4
S & \
100 mQ NN N " 100 mQ
\\ ' o ’
N N & : N
™\
N \ - |

N : ‘
= ~ 7 E
10mQ - ~-— - ! 10mQ -

1mQ Y Y Y Y Y \ 1mQ Y Y T T Y \
100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz 100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz
Frequency Frequency
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RI PPLE C U R R E NT Y  Order Code Y Series Y Spec Technology Y Series Description W € % Te. %W Vg S DF 5
<: 860020473008 WCAP-ATGS I [+] Alum. Electrolytic THT - General Purpose +105°C 100 pF +20% 250V <14 %

L e N e e K K

= Aluminum Electrolytic Capacitors Aluminum Polymer Capacitors
= Recommended for mains rectification / filtering » Lower ESR and high frequency dedicated
* Low frequency
L d . Best
ower eratlng ESR / Frequency
Multiplier Factor for Ripple Current / Frequency 1kQ
25X
- 100 Q |
g 2X
3 I@20 °C @100 kHz 7 100
Q.
“g — 450A 560020473008 B L TN
S 1x —— —870025574005
b 100 mQ|
g
§0.5 X
— 10 mQ |
100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 1mo
Frequency 100Hz 1kHz 10kHz 100 kHz 1 MHz 10 MHz 100 MHz

Frequency
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GOOD TO KNOW




CAPACITORS

Some other technologies and structure

= Spap-in and screw...

https://www.we-

online.com/en/components/products/pbs/capacitors/aluminium _electrolytic capacitors/
aluminium _electolytic_snap-in_capacitors

https://www.we-
online.com/en/components/products/pbs/capacitors/aluminium _electrolytic _capacitors/
wcap_screw _capacitors

= Non polar
https://www.we-online.com/en/components/products/\WCAP-ASNP
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https://www.we-online.com/en/components/products/pbs/capacitors/aluminium_electrolytic_capacitors/aluminium_electolytic_snap-in_capacitors
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CAPACITOR

Vibration-proof Aluminum Electrolytic- and Aluminum Hybrid Polymer Capacitors!

= (apacitors with high base plates are available on request for Aluminum
Electrolytic- and Aluminum Hybrid Polymer Capacitors, as project parts.

= What are the benefits? - The SMT capacitor is surrounded by a high base
plate that also has larger soldering pads, due to that, the results in
vibration tests improve and the parts can withstand up to 30G.

= Ask eiCap BU for more information « High Baseplate »
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COK TESEKKUR EDERIM

Mohamed Alalami
Technical Specialist
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