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Global agenda

= 8:30 - 9H Registration and welcome coffee

9H-9H50: SMPS tips and tricks

= 9:55-10:45: Filtering considerations for DC/DC converters WE

= 10:45-11:10: Break — Networking
= 11:10-12:00: Art of Loop Compensation

= 12:00-13:00: Lunch

13:00-13:50: LTspice examples

= 13:55-14:45: Smart selection of inductors and capacitors WE

= 14:45-15:10: Break - Networking
15:10-16:00: PCB board layout optimization
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GLOBAL POWER DESIGN SEMINAR TOUR
SMPS tips and tricks

= SMPS tips and tricks

5 | JULY 4, 2025 ANALOG
TECHNICAL ACADEMY DEVICES
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GLOBAL POWER DESIGN SEMINAR TOUR T
SMPS tips and tricks Vin

)[ I Switch

= MOSFETSs selection

= Gate current consumption
Depending, U (Vgate), Input gate capacitance and frequency of switching

— 1 ~ 1ty ~ 1 ~
16:;.{1 FfOTIC=F Ic-t,
and
e=c.20_,.U u
Ie=c¢ At_C t, Ic
1 U 1 U Ygate
Finaly cancel time: Ic—; C-t—r-trzU-C-;ng-f
ftr  ton YN AT
Ie=U-Cf=Qy f i Tt
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GLOBAL POWER DESIGN SEMINAR TOUR

SMPS tips and tricks —rcm
= Driver limits .
e B Y g
= Power limits ::
* We know how much current is necessary to power the MOSFET gate: 1
? i
= SHDN/UVLO Vin
Ic=U-C-f=Qq4-f

- 122V
» A special care must be observed about power limits of the driver for MOSFET
driving, here an example with an internal LDO; specially at “high” voltages.

. . . . .o INTVee
* Internal quiescent current I, is in general quite small regarding gate driving needs.

Paiss = Win —Vipo) * (ﬁ + Iq)

DRIVER

i GATE !
» Depending overall thermal resistance of the IC mounted on PCB, too much :1 w1
dissipation could lead to thermal runaway or self-protection. =

7 |mrsas DEviCES

Als
47
GLOBAL POWER DESIGN SEMINAR TOUR T {1 swien
Vin
SMPS tips and tricks |
= MOSFETSs selection
= (ate drive capabilities
» Based on some datasheetinfo:
Gate Driver
t; Gate Driver Output Rise Time Cy = 3300pF (Note 5), INTVg = 7.5V 22 ns
t; Gate Driver Qutput Fall Time Cy = 3300pF (Note 5), INTVgg = 7.5V 20 ns
- AU Vgate 7,5
I=C 5= Coae- . —33F20 ~ 1,24
Cgate = Ciss in datasheets
Despite of lack of information maximum drive strength could be retrieved.
Source: LT3758-3758A
ANALOG
8 | ML e DEVICES
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GLOBAL POWER DESIGN SEMINAR TOUR
SMPS tips and tricks

= MOSFETs losses
= (Conduction losses, when closed
= Switching losses, during transitions
= |Leak losses, when open

Consider driver rise and fall timings t,” and t;” insignificant vs MOSFET
Consider MOSFET delays td,, and td,ss as null
Consider I,.,s = I for realistic current ripple

Rds,,=MOSFET closed resistance

U=voltage accros MOSFET
Licaxk=/leakage current

— 2
" Pcond = Rdsgp * Ifms
UTt, , UTtg
2-T + 2:T
" Pleak = U lleak

" PSW ~

U1
Prot = U - lieai + RDSon - Igms + 5 (b + £p)

'y
u
Vgate
7 ST
‘\“[ / tUTl ‘\‘ tf 'Il
/t, ty /
i T t
Ii ,
/ /
Irms \ 'I,
t

ANAL
9 | JTLéIEL‘l:I'IégfiCADEMY D DEV'CoEg
9
GLOBAL POWER DESIGN SEMINAR TOUR
SMPS tips and tricks
= What is the best MOSFET ?!
= Sometimes parameters could confuse designer and make mistakes happen
Most common: speak about RDS gy all other parameters already selected
= What is the best choice for best performances in a converter ?
BSCO66NO6NS BSC028NO6NS
[Parameter | Vaiue | Unit il Parameter | Value ] Unit
\/ds 60 v \/ds 60 v
RDSon 6,6 mQ RDSon 2,8 mQ
Id 64 A Id 132 A
Qoss 19 nC Qoss 43 nC
Qg 17 nC Qg 37 nC
tr 3 ns tr 38 ns
tf 3 ns tf 8 ns
10 | 41422 o > [irss
10
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GLOBAL POWER DESIGN SEMINAR TOUR
SMPS tips and tricks

Example converter with :
4V ;5 SVout; fsw = 250kHz ; Tout = 5A

BSCO66NO06NS _ BSC028NO6NS

U-T-fsw
Proe = U - Ipgs + RDSON-I§M5+T- (tr+1tf)

| 2,3x less RDSyy

195 250kHz
Pro = 24V - 1000 + 6,6mQ - 25 + —————— (3ns + 3ns) Pros = 24V - 10034 + 2,8mQ - 25 +19'5'2ﬂ. (38ns + 8ns)
Pro¢ = 2,4AmW + 165mW + = 238mW Pror = 24mW + +546mW = 618mW

I x2,6 more losses ! q

Despite of more than half RDS,y, dynamic behavior is near catastrophic and no so huge frequency

The best choice is not the one who seems to be

1 1 JULY 4, 2025 ANALOG
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SMPS FILTERING

Why do we need a filter ?

= How to meet EMC standards requirements?

—— Peak measurement
AVG measurement

== Limit_Linel
I == Limit_line2

Amplitude (dBpv)

8 o BT BT 30.00
Frequency (MHz)

1 3 JULY 4, 2025 ANALOG
TECHNICAL ACADEMY DEVICES
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GLOBAL POWER DESIGN SEMINAR TOUR

Filtering considerations

= SMPS filtering
= Common mode
= Differential mode

= Input filtering
= Qutput filtering

ANALOG
DEVICES £ |
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SMPS FILTERING

= Differential mode
Differential Mode

) DC

V_supply

DC

A

= Source from current loop 4/,
= Coupling by inductive way
= More related to main switch frequency and

harmonics
L fo<0.1-f

EMI noises sources and types : Two different coupling schemes exists

= Common mode
Common Mode

—>

DC

DC
-4

V_supply

I =

L

= Source from voltage 4v/,,
= Coupling via capacitive way
= More related to switching noises and ringing

» Filtered by Common Mode Choke filter and Y-Caps

> Filtered b\/ LC filter = = fO <0.1- f:sw *ﬂ—\»\,uuT
1 I I 1 1 L TY
+ 0
= ¢ fo= \ # Lem 1 ]
GCR N H el 2 G) Y S =)
— YN
ANALOG
15 | M022 DEVICES
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WHERE THE NOISE COME FROM
Buck topology
Radiated Emission Conducted Emission
\ < L
N N X i
7 1yl T ... .
Conducted Emission | ... ....lcceeeeeerncfend e % |Conducted Emission
wne PR o
4 Radiated Emission
Source <+ A — AN _— [] Vour
T Cin D : i | Cour Load
E AN\
Conducted Emission
High di/dt cause differential mode currents by magnetic loops
High dv/dt common mode currents through parasitic capacitances
ANALOG

16 | 2045 e P [y
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WHERE THE NOISE COME FROM

Flyback : High dV/dt Nodes

Source

C

High dV/dt common mode currents through parasitic capacitances
(electric dipole and monopole antennas)

ANALOG

17 | JTléLCT-l‘l:l'IégfiCADEMY DEV'CES wi
17
WHERE THE NOISE COME FROM
Flyback : High di/dt Loops
LISN
N
SOV ISV, ST 9.:.‘ o ] 1,.4.,.‘0
' s 4
Source 50Q : : L . |:|
T Load
e 1 T e I Sl 0 | N ‘
50Q
[ A P &
Inductive coupling caused by high di/dt differential mode currents
(magnetic loop antennas)
3 | DIRS  [e]

18
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FILTER TOPOLOGIES FOR IMPEDANCE SYSTEM

Use traditional calculations
block

1 9 JULY 4, 2025 ANALOG
TECHNICAL ACADEMY DEVICES
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GLOBAL FILTERING
SMPS filtering : differential mode

= Quick design : differential mode filtering
= Arule of thumb is to set first -40dB attenuation noises, to set filter frequency % of switching frequency.
1

Lilter= f\2
2-m %) * Cilter

e e e e === === === |
: Lritter | Input Output Lricer
! MY, 1 . « YN
1 [0} 1 [0 [} [0}
1 Source § : g g g
: n + B 'g- 1 ¢ —DC N C 1 §_ B I+
N _ —_T Cfilter g‘ : € - n DC out —— £ E Cfilter —_T
. £ _ | - £
! 2 2 8 2
s | o ° -

L ]

20 | JULY 4, 2025 ANALOG
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OSCILLATION AT CONVERTER INPUT
CE DIFFERENTIAL MODE INPUT FILTER DESIGN

EMI Risk

DC Input Zoyt Of Zn

Filter instability
—O-

DC

DC

= Adding an input EMI filter to converter input can cause oscillation at converter input

= Problem could arise : the converter no longer meets response specification and may even become unstable!!!

Why????

21 B4 bEvicES ]
21
INPUT IMPEDANCE OF CONVERTER (AN EXPLANATION)
CE DIFFERENTIAL MODE INPUT FILTER DESIGN
lin lout
= Input and output power of converter is near the same (efficiency drop) T: : DC T
Ui, Uout RL
= Under stable conditions output power is constant 0O DC
= |f the input voltage falls, the input current increases ;
In
= \oltage-current line has a negative slope 1 Pin ™ Pou
Vin * lin = Vout * lout
AVIAI< 0
Vln l« lln T R‘” <0
‘ Rin = AV/Al < 0
NEGATIVE DC INPUT RESISTANCE
Vi
22 i bEvices ]
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INSTABILITY Take care
CE DIFFERENTIAL MODE INPUT FILTER DESIGN
‘ Effect of negative resis,‘tai'nc‘e with a 24 order filter n
B I _ g
| RDamp = 0.1 ~_ T I n ‘
R I\ L

MU

a\

<'-'_‘::____’_
e

|
Vi

,,,,,,,,,,,,,,,,,,,,,,,,, RN
7777777777777777777777777 RDamp = 0.5,1,2 LN
2 | DEViCES ]
23
FILTERING DRAWBACK SOLUTION
SMPS filtering
= (Caution must be observed with filtering, when inserting magnetics in power lines
= Dampening is necessary to calm down any resonance effect
» A dampening factor ¢ of 0.707 is sufficient
o Cdamp (=L Lfilter
= Arule of thumb is to set few ohms max to R_damp " Chilter " n 2Ry . ,Lf'lt Cinput
am 1ter mpu
* Cdamp Value near to Cippy¢ to avoid high n’ value L P P
o ‘filter
= ‘n’shouldbe 4 or 6 YL
I
. R
+ Possible with different capacitor technologies Source ; Cf‘“er+ damp Copue L pe
T B — /bc -
Cdamp
I
20 B DEViCES 2|

24
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CALCULATING INPUT FILTER COMPONENTS VALUES

Cq=n-Cf withn =4o0r 6

Lf (n+1) 2n2(4+n)
Cy 2+n)(4+3n)

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

& v i ¥
L1 i

1) Calculate damping capacitor

2) Calculate damping Resistor

ANALOG
2 5 #ECHNICAL ACADEMY DEVICES wi
25
Uspice
GLOBAL FILTERING LY

26

SMPS filtering : differential mode

q@ﬂ
47u

/+\V1 T /+\V2
47y Lcs
J7 AC1 J7 % AC1 3;47|.|

PULSE(0 12 0 100n 100n 2m 5m)

.ac dec 100 100 1Meg tran05mO 1y

hj,_,_ou
4T R

c2
T

L

VE

= Frequency domain : = Time domain:
\ind) | Viout2) Mioutd) 20 Vind) Mioutd) Miout2)
s A e | ] |
-9dB-{ -40° 1
-18d8] F.s00
-27dBA [-80°
-36dB- [=100°
-45dB [=120°
-54dB [=140°
-63dBA [#160°
o 1KHz 10KHz 100KHz IMHz “ooms  05ms  toms 15ms  20ms  25ms  30ms  3.5m 4.0m 4.5m: 5.0m:
26 | JULY 4, 2025 ANALOG
TECHNICAL ACADEMY DEVICES
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CE DIFFERENTIAL MODE FILTER DESIGN — BUCK EXAMPLE

uup e -

Viindow_Help

REIEBR $R2ENEE LIP3 XD Cimpidar

4 YES_DCOC ot Fierng m
Rpamp = ESR of Electrolytic o
e SiLn SHRon-0 00601 Rolf-11liog V=3 Vh-0) o
LT8613 - 42V, 6A Synchgpfious St Regulator- wm-l':mvzmsense-»dm PULSE(0 4 9m 1n 1n 20m 30m 3)
5V Step.Down Converter with A Output Current Limit .model SWTrLd SW(Ron=0.000001 Rofi=100Meg V=3 Vh=0)
o 50V 0 20 Outpt @ 6, Fow Tk
Wivee iy s
W
: - H PULSED 4010 0 7 t2m 100
LC mput filter nodel SWDynLd SWH(Ron-0.000001 Rofi=100Meg VE=3 Vi-0)
non o1 )
. . ©
Where is the Damping? e 47T == 70ont [ o
letrl Isp 1 !
I o]
Twss
77— G —
L Synchronous Buck Converter Specification
S s o Vin = 10V
Vo =5V
st 150ty lout = 5A (FL)
lout = 50mA (LL)
Fs = 700kHz

(A0 Lo LI 3.0 | g ANAL

27 sz BE\’?uLc%%

27

‘ij_ LTspice XVI - [VES.DCDC Input Fittering] E=tal ™)
B HT QAR ZHERE sBEM B/ -D 3 2O a4
; i
e e T
1
» . ¥ 1
o A Lt
Sk bt A"
'k r th s Filter. No.0: b to FL Tramsient
o
= V il
,M"/ MWWL«MW HMW ] W i \.,AGW 1 *"‘WWW
T
b P :
WA 4 pa o A A i T A 10 [Ty TR
e A A
T e T AT (A AL JUIUHJUJ\JH]M\L\HHHH‘H\H\WH\\H H!“V i
\ i i
‘ HHV‘VH\“UUUJ\“VV\H‘\[ VJ\J\\YM\ULN/\‘V\/I HJLHV\'\V\HHJVVVV vv\) V(‘VLUUU v \H
| I N - | !
I

e ANALOG
TECHNICAL ACADEMY DEVICES
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FILTER TOPOLOGIES FOR IMPEDANCE SYSTEM

Use REDEXPERT Tool: SMART way

EMI Filter Designer for differential mode:

Project's Title:

Use this application to design a discrete electronic EMI filter for conducted differential noise, for example from your DC-DC converter, and evaluate the realistic response based on real components.

Fr———=—=—-=-=-=-=-=--

Topology:
e
My EMI Filter project i & u
o—mn.___ 5 O N5 o— MM o
Input parameters:
el == - c1 0l 02 =
Operating voltage Operating current Y
120V 500 mA
O (. e QO i
Load / LISN impedance Noise source impedance
1000 100 mQ
L L2 (] 2 U L2
a f 20.0 kHz ¢l I cl _|_I c2 _|_I ci _|_I [ _|_I
Attenuation at Frequency QO T-Filter QO sth-Order LC-LC O uth-Order CL-CL
20.0dB 200 kHz

https://_red_exDert.we—onIine.com/we—redexpert/en/Ti/ngdee;bzdd_ed_

EXPERT

- =

Advanced

SMD components only
Shielded inductors only
O High temperature (125°C)

O shared input capacitor DC/DC converter

29 JULY 4,2025
TECHNICAL ACADEMY

29

D ANALOG
DEVICES

GLOBAL FILTERING

My EMI Filter project

L

Ly

30 JULY 4,2025
TECHNICAL ACADEMY

30

47 uH
SMPS filtering : differential mode y
g o LYY o
= LtSpice and REDEXPERT comparison: same results! -
o ]
8B Vioutt) a7 F -10°
0dB O 8} -20°
-8dB -30°
16dB c1 L 7 v 1 == o
-164 47 pF 254 14.6 mQ -40
-2448 47 pH ssoma 2090 [P0
-32dB -60°
-40dB -70°
-484 -80°
s6ds in1 L3 out1 90°
64dB | 3015_74438335470_47u | 100°
-724B Vi £C4 110°
870025574002_47uF
-80dB SRS Rser=10 F120°
a0 e o
-96dB 140°
100Hz 1KHz 10KHz 100KHz 1MHz

D ANALOG
DEVICES

15
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FILTER TOPOLOGIES FOR IMPEDANCE SYSTEM

Use REDEXPERT Tool: SMART way - EMI Filter Designer

PARAMETERS

EXPERT

Filter Designer

EMI Filter Designer for differential mode:

Use this application to design a discrete electronic EMI filter for conducted differential noise, for example from your DC-DC converter, and evaluate the realistic response based on real components.

Project's Title:

Title

My EMI Filter project

Input parameters:

Operating voltage

120V

Attenuation

40dB

31 JULY 4, 2025
TECHNICAL ACADEMY

Topalogy:
L u u
o—aN Mo
o L Lo
Operating current o &
500 mA
O [ - ek ok
Noise source impedance
100 mQ
L L2 (&} 2 u Lz
0.0 ki c1 I ¢ c2 c1 c2
T . I ol T
at Frequency Q Tr-ilter QO sth-Order LC-LC QO uth-ordercL-cL
500 kHz

Advanced

SMD components only

Shielded inductars onky

High temperature (125

O shared input capacitor

D ANALOG
DEVICES
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FILTER TOPOLOGIES FOR IMPEDANCE SYSTEM

EXPERT

REDEXPERT EMI Filter Designer

Circuit Schematic

=
o— M. o
L

o—d—————0

Bill Of Materials

8 N.. OrderCode

1 C1 875105445006
2 L 744383130082

32 JULY 4,2025

TECHNICAL ACADEMY

Specifications

"My EMI Filter project”

TYPE: CL

Vop: 12.0V

lop: 500 MA

LOAD / LISN IMPEDANCE: 100 2
NOISE SOURCE IMPEDANCE: 100 ma
ILOSS -46.6 dB@500 kHz

\¥ ADD

Value Properties Oty
470puF  Capacitance = 47.0 uF 1
Footprint = 43.6 mm’

Rated Voltage = 200V
Height = 7.70 mm

DC Resistance = 115 mi}

Simulation Responses

Insertion Loss

Filter Designer

SUMMARY

D ANALOG
DEVICES

16
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GLOBAL FILTERING

SMPS filtering : common mode

Quick design : common mode filtering
= To reach around 30dB~40dB attenuation :

1

=> Corner frequency of LC filter < 5~10 time less than converter working frequency.

Lfiter= Y
2-m- 55‘{"0) * Cilter
Lritcer Input Output Lritcer
UM T UAN
Source — — Load
" N\ Cfilter — DC — Cfilter Y
() \‘\\ — Cn Coyr —— /ﬂ: \\ |:i|
- IE! — /Dc
\\\ Cf ilter Cf ilter l “
— MRV,
Leiter Lruter
ANALOG
][ Botics
33
Uspice
GLOBAL FILTERING £ L
£
SMPS filtering : common mode =
o
i 1 L3 4 outt g in 17‘TL4T 4 : out2
Vi ROSSY J_C e V2 = c6 <R1 ‘
2 |73 ¢ c1 o \_J L8 Tin 2 _c2
n 8 les a7y
M_744823305_5m 47y by M_744823305_5! ler Tar
5 @ T, :
—‘71“ 5| 1n
.ac dec 100 100 TMeg outiL Time d & tran05m 0 1y outzL
in . = Time domain:
. Frequencvv(ggmaln ' V(out2) V(out1 outll) V(out2 outdl ) V(int,inL)
e 2 A ‘
-20° ! I
-0 o A IL/\ Ao |
Lo v VA {=1
t-8o° 6 A
o 7 NN
120° 3 v V V v
140° -6\
160° .9
100Hz IKHz 10KHzZ 100KHzZ e ooms 0.5ms. 1.0ms 15ms 2.0ms. 25ms 3.0ms 35ms 4.0ms 4.5ms 5.0ms
ANALOG
L] [ D> ekt

34
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APPNOTE ANPO15

DCDC & ACDC Filter Calculation / LT Spice Simulation / Measurement / Layout

ANPO15

35 JULY 4, 2025
TECHNICAL ACADEMY

APPLICATION NOTE
ANPO15 | 1-Phase Line Filter Design

Andreas Nadler and Stefan Klein

01. INTRODUCTION

The aim of this application note is to provide the reader with a
comprehensive overview of the steps necessary toward a
suitably dimensioned line filter whose format is as compact
as possible. A discrete single-stage line filter is compared
here with a discrete two-stage line filter by means of
calculation, simulation and measurement. The different core
materials of the cammon mode chokes and their properties
are then explained. This application note also addresses the
calculation of: varistors, leakage currents and discharge
resistors. It requires a certain knawledge of passive
components, filters and EMC measurement techniques.

02. PRECOMPLIANCE MEASUREMENT
SETUP

The two different interference current paths have to be
distinguished: common mode (CM) and differential mode
{DM). In an EMC acceptance test, both interference current

Y.

The two measurement outputs (Les and Ngr) of the LISN are
connected to the analog inputs 1 and 2 (50 0) of an

oscilloscope. The mathematical function of the oscilloscope is
then used to determine the interference voltage for DM and
oM

&)}

g + Vs
i . Sl 2
2

For precompliance measurement, a Rohde & Schwarz
RTAL004 ascillascope with 500 MHz analog bandwidth is
used in conjunction with the desktop software R&S EMI
Debug Tool and a CISPR16 LISN (own construction) (setup in
Figure 2).

ANALOG
DEVICES

REAL SHOWCASE

ANALOG
DEVICES

36
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SMPS FILTERING

Real board from a customer support : First release(s)

= Board = Schematic

Battery Voltage
B 1.2

Jooster V'

20.27v L, )
t"
o PO e
i Higren o L
o [ sw =
e ¢ SEDN sw, 2
i § y
= wr

AT0eF | L e
for 55

Startup over 0.9V 17Vin
Shutdown under 0.3V 8Vin
Nominal at 0.6V 11 5vin

ULY 4,202 ANALOG
37 !fECHNICAL Al u DEVICES

37

SMPS FILTERING

EMC conducted emissions

= No filter : no chance to pass EMC

—— Peak measurement
AVG measurement

== Limit_Linel

== Limit_Line2

Amplitude (dBuv)

Bis o 100 ‘ T ko ' 30.00
Frequency (MHz)

ULY 4, 2025 ANALOG
38 | !fECHNICAL ACADEMY D DEVICES
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SMPS FILTERING

Why do we need a filter ?

= Real case: application CM + 2* DM (input / output) = Modifications on the first release

= DM:2* WE-LHMI

<) [ B e DEVICES

DEVICES

39

SMPS FILTERING

Last release

= Board et

Battery Voliage
[ ] Booster V2

Nin+ Vin-Voiil- Vopte
R ok cif

\ Comon Mace Croke Outp

ANALOG
DEVICES £ |

40 JULY 4, 2025
TECHNICAL ACADEMY

40
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SMPS FILTERING

Final results with a filter!

0
§
2
§
a

Booster V2

Marking

= Final version!

%
— Peak measurement
A messuremans
. - Umnit_Linel
Near 40dB gain from no filters to filters oot
70
60 L S S P S [ " ———
L 11119010 T M O
% oA
3
IRV A 5 O HL 58 | E | s
‘; . g s e
2
; a0
g
£

= But what should be improved? W

Tl '
0 L A S Y
i il *ﬂ"m,”‘"'*-“ﬁﬁ‘F,,,\h'wm"NW
815 100 10.00 30,00
Frequency (MH2)
41 | JULY 4, 2025 u ANALOG
TECHNICAL ACADEMY DEVICES

41

EMC SIMULATION

WE

ANALOG
L« DEVICES

A File Egit Hiesichy View Simulste Tools Window Help

CACHRESO ITEBAQRATAZALS O3 =3 ¥Bet 1 Q7 7T h A Q

= The most portable Lab

LTspice’

42
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Uspice!
LTSPICE SIMULATION L7
L.
LISN Tes e l i
BuF cs5
= Schematic 250nF,
. . . Vi Rio R7
Typical schematic for a LISN, very common 5R P
122 D 2*Wires : 21m
RO R8
= Common mode / differential mode R 50
= CM and DM are made from noise nodes Lrf and Nrf j co :570 )
with a sum or difference P“F s T e Rs
N Ny
50pH 1 1m
LISN
B1 i32
< V=(V(Lrf)-V(Nrf))/2*1Meg < V=(V(Lrf)+V(Nrf))/2*1Meg

43 | B o > i es

43
Uspice
LTSPICE SIMULATION L
Fsw=500kHz, Buck LT8612 12-5V 1A
= Schematic
" Vo (V) = YEREIREE 1000 000 Veu (uv) = L2208 4 000 000
dBuV = 20 - log(%?) o 10V = 0dBpV 1V = 1 000 000V = 20 - log(10°) = 120dBpV
L3 7 ¢ V(IN)=12
.- - -
] vi 2 : PCB coupling;
122 * s> : .'m 2 c10
: - J*Wires : zz1m 20F ., | = PG LT Bs11c3 ,_Z‘i}rf_‘> -
g i XS-744821110_10m Mé"“’ (hl e i 1000 Ilnl n -
g 3 B = :1" LT8612 . S " 1 Rioad
L T L s ] o 9
Q:Q : E e i ve - 100nF
i 24k Capacitive coupling to environment
- gnd_out —Pn” Cﬁl
. ; BTN sy || 0In o s =
meas Pin AVG V(IN,gnd_out)*I(Rs) FROM 500 TO 750 .meas TRAN Tsw TRIG V(sw)=0 TD=500p RISE=1 TARG V(sw)=0 TD=500p RISE=2
B1 B2 m ngm :gon\t';’;:d,om)‘l(w) FROM 500p TO. 7501 .meas tran Fsw param 1/Tsw
<5 V=(V(Lrf)-V(Nrf))/ 2% 1Meg <5 V=(V(Lrf)+V(Nrf))/ 2% 1Meg .savebias

ULY 4, 2025 ANALOG
Ly | Tecimicar acapemy D DEVICES

44
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Uspice!
V(dm) V(cm)

LTSPICE SIMULATION LT

80dB
Fsw=500kHz, Buck LT8612 12-5V 1A — g ,;.LPHz Ji o

60dB

40dB |-/ NS
= Time and frequency link &

. 20d8
= Perturbation frequency

0dB"

-20dB

-40dB

-60d|

v 10KHz 100KHz 1MHz 10MHz 100MH:

1.5V V(dm)/1Meg V(cm)/1Meg [&F DM and CM of Bucl.raw x
1.2

Cursor 1
0.9 Viem){iMeg
0.6

. | Hoz:|  500.08811ps Ver:[  88.291814mV
0.3V =
0.0V
-0.3V] (

Cursor 2
l Wicm)41Meg
-0.6' \ Horz 500.12885ps Vert:\ 66.264857mV

-0.9 Diff (fursor2 - Cursor1)
-1.2V]

=
—

Ho = Vert: [ -22.026957mV
'%ixsus 645.0pus  645.2us  645.4us  645.6us  645.8us  646.0us  646.2us  646.4us  646.6us 4.54054 lope: -540553

45 | B0 o > i es

45
Uspice
LTSPICE SIMULATION e = —— ©
Fsw=500kHz, Buck LT8612 12-5V 1A SRR % N | i $
= No filter :extra wideband noises, Fsw main disturbance l R S—

Short Circuit

10KHz 100KHz 1MHz 10MHz 100MHz

ULY 4, 2025 ANALOG
l"6 | !I'ECHNICAL ACADEMY D DEVICES

46
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Uspice!

ye

LTSPICE SIMULATION W
REDEXPERT Selection of the differential Mode Inductor Al =

WE-MI SMT Multilayer Inductor ’PW
0067 to 33 pH 3to 300 mA 0.15t0 1850

= Quick calculation example
1 1
Lilter= 2 = 2

f. 500k -Fl Leaded Toroidal Line Choke
2:m 15—8\]) . Cfilter <2 T 1—0) . 1OI1F WBEJF!‘LLSE’.‘GUST :c‘:: v&:E:LR 1110544 004200260

WE-TI Radial Leaded Wire Wound Inductor
L
filter= 50k)2 100F
Lejlter=11H

1 to 68000 pH 1500 pH 068A 0.01Qto 112000 mQ
Iterative calculation could be used to reach a common
value, frequency does not need to be ultra precise.

WE-5D Rod Core Choke
210 10HH |Ly 104H [1a 310154 [1g 154 57mQ

e ¢

WE-5I Leaded Toroidal Starage Choke
Shield 12t0 1619 uH 11to145A

WE-RCIT Rod Core Inductor THT

2ta10pH |l 31015 A 7to33ma

WE-RCIS Rod Core Inductor SMT
110104 uH 11t033mQ

WE-PD2 SMT Power Inductor
1102200 iH 0009t0530

WE-LQ SMT Inductor
Unshielded |L 1102200 ¢H |1 00410 18A

a®s =0 =

BT | o Gt

47

Uspice
LTSPICE SIMULATION .. —e 4

- e Bl D

LtSpice simulation | = ; Jera

p J AR ’I;ﬂ"

= With DM only : DM filtering action ! * = <
Short Circuit

Lejjter=11H

] 10KHz 100KHz 1MHz 10MHz 100MHz

ULY 4, 2025 ANALOG
l"8 !I'ECHNICAL D DEVICES

48
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EXPERT
LTSPICE SIMULATION
Selection of the Common Mode chokes  (Fsw=500kHz, Buck LT8612 12-5V 1A (I_in > 400mA) . =
" Need AO dB for 744821110 x 744821039 744821120 744821150 744821201 744821240
500kHz and try to e Sz, LR SRR, B, JEmen,
find wide BW : T — -
100kHz to 10MHz Insertion Loss Common Mode @500 =l |
Use REDEXPERT *
WE-CMB - XS wue |
comparison £
10mH 744821110
seems to be well
centered and enough L
attenuation I — .
- o F.'e(u,e:;‘:y ) ” T
ANALOG
49 | JTUELCYl-lll(l'IggfiCADEMY D DEV'CES
49
Uspice
Fori e e L7
L ) Lo i s
LtSpice simulation 2| |3 _
XS:744821110_10m ‘ iR &0 ‘I;'w'
= With DM+CM : Noise killer... Ready to go to EMC Lab!
LCMc=10mH
= 10KHz 100KHz 1MHz 10MHz 100MHz
ANALOG
50 |20 soe P [y

50
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BREAK

Networking : Take a rest !

CLOSE THE LOOP!

ANALOG
DEVICES

52
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ART OF LOOP
COMPENSATION

Control theory and loop

53
POSSIBLE SETUP
Bode plot of the control loop (plant + compensator)
Oscilloscope
R rpsctian 1
1.4 Output _/VW\_IAT Veut
Inpectio
Lontro JT'_ E Tlarlml:urtrnmr
Rt ?k‘."‘
Feedback
stz_[j_m
JULY 4, 2025 ANALOG
54 TECHNICAL ACADEMY DEVICES
54
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55

LOOP COMPENSATION

DIY Injection transformer

= Use a wideband common mode choke as small signal transformer
= BOM:

= (Choke: 35mH WE-CMBNC #7448040435

= Box: Z116PH/RD by Kradex

= Bananas: bil-20-sw & bil-20-rt HIRSCHMANN T&M

= Coax: 4067878 Amphenol RF

55 JULY 4,2025
TECHNICAL ACADEMY

L

ANALOG
DEVICES

56

LOOP COMPENSATION

DIY Injection transformer : flat response from 10Hz to 1 MHz!

56 JULY 4, 2025
TECHNICAL ACADEMY

Bl

ANALOG
DEVICES
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BASICS OF CONTROL THEORY

Open / Close loop transfer function

transfer function (s) =

Input (s)

Output (s)

Error amplifier

Power stage

= Upels): Reference voltage = setpoint
= U, (s): Error voltage = Error
*  Ucompls): Control voltage = system input

= Upyls): Output voltage = system output
= Gs): Transfer function of the

compensator
= Gy(s): Transfer function of the plant

U, (s) W U, (s)( w i
& Err G(s) Comp Gols) target/actual comparison +
Urerls) eror | : | [control .D ‘ Uouls) compensator = Error amplifier
Reference = voltage (Compensator] voltage (Plant) Output
voltage voltage U =
Gor(s) = % = Gc(s) - Gp (5)
N ) » Open loop transfer function
= You(®) _ _Go(s)
Ga(S) = Y = Tr6out
» Closed loop transfer function
Closed Loop / Block-diagram
ANALOG
57 | B0 csoe > it
57
LOOP COMPENSATION
. Bode Plot
Theory refresh el e
Gain
= Cross over frequency (bandwidth) - 7,
= Frequency at which the gain crosses 0dB (,1")
= Phase margin - Py odb -
= Phase left to -180° when the gain reaches 0dB fay A Frea.
= Important note: Y
= If the open loop transfer function is measured in a Phase = Arg|T(jw)]
closed loop configuration (by Frequency Response Phase
Analysis) -180° corresponds to 0° \
= Reasonis the inverting behavior of the error i
amplifier which is automatically considered PM
= The phase margin can be read directly from 0° (this 180 Y -
is the case in all following slides ) Freq.

58

= Gain margin - Gy
= Gain below 0dB when the phase reaches -180° (,-")

58 JULY 4, 2025
TECHNICAL ACADEMY

— solid = gain (dB)
= phase(°)

Typical bode plot — Open loop

D ANALOG
DEVICES

29
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BASICS OF CONTROL THEORY
Identify stability on an open loop bode plot

= Cross over frequency (bandwidth) - £,

Frequency at which the gain crosses 0dB (,1")
Usually a maximum of 1/10th of the switching
frequency is desired

Higher cross over frequency = Faster transient
response

Phase margin - gy

= Phase left to -180° when the gain reaches 0dB

= Should be = 45°(60° preferred)

= Lower phase margin > more oscillating in transient
response (load step)

= Gain margin - Gy
= Gain below 0dB when the phase reaches -180° (,-")
= 10-15dBis considered good
= Gain margin too low = low variation robustness >
oscillations could be the result

50dB.

-80°

aodB{ N e --100°
30dB-| L-120°
20dB-] = L-160°
@y =~ 85°
10dB-] I-160°
4R -180°
A 0°)
f~ 10kHz v
-10dB TTL-200°
Gy =~ 8dB
20dB ! ! 220°
100Hz kHz 10kHz 100kHz
— solid = gain (dB) Go, (s)

--.. dotted = phase (°)

Typical bode plot — Open loop

If the open loop transfer function is measured in a closed loop
configuration (by Frequency Response Analysis) -180° corresponds to
0°. Reason is the inverting behavior of the error amplifier which is
automatically considered. The phase margin can be read directly from
0° (this is the case in all following slides )

JULY 4, 2025 €]
59 | TECHNICAL ACADEMY S
59
Simulation — Buck Demo Board with various compensators
5.03V. V(out) 70dB V(uut)lv(ini')l 105°
60dB- e T e e e | 90°
5.02V-{ rising phase margin
= less ringing 50dB | . L 750
om0 v e
5014 40dB - sing phase margin § ... - 60°
30dB ] TS SN e e L 4s°
5.00V/
20dB
49V o imum 10dB
voltage drop 0°
4.98V- depends 0d8 (-180°)
slightly on / -10d8] -15°
won Ou 1 20dB. 30°
OT | £~ =20kHz . "
4.96V. T T T T T T T T T -30d8 A T Tt A5
Ous  50ps  100ps  150ps  200ps  250ps  300us  350ps  40Ous  45Ops  500ps 100Hz 1kHz 10kHz 100kHz
15— pu=60° — solid = gain (dB) Go, (s) — Pn=15°"— @y=60°
— Py=30°=—— Py=75° «++« dotted = phase(°) — Py=30°=— @n=75°
— ¢m=90° — ¢m=90°
Load step response: /4, 1A > 2A /U;,=19V Bode plot - Open loop: /p,:=2A /U;,=19V
ANALOG
60 | JECK#IZARACADEMY D DEV'CES WE
60
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Simulation — Buck Demo Board with various compensators
5.01V. V(out) SodR V(out)/V(inj) 105°
60dB I g0°
5.00V|
e T —— 5048
4.99V
40dB
rising crossover frequenc
.98V V € quency 3008
4,97V = 20dB L 30°
4,96V ': “~63mV - Can we estimate the voltage drop? 10481 i ;5
‘: 0dB 2 (-180°)
495V H N
': -10dB—{ rising crossover frequency, |--15°
906U -20dB- +-30°
4.93V. T T T T T T T T T 30dB —— — —tr- -45°
Ops 50ps 100ps 150ps 200ps 250ps 300ps 350ps 400ps 450ps 500ps 100Hz 1kHz 10kHz 100kHz
— f=10kHz — solid = gain (dB) GOL (s) — f.=10kHz
= fx=20kHz -+ dotted = phase (°) = fx=20kHz
= f,=30kHz = f,=30kHz
Load step response: /. 1A > 2A /;,=19V Bode plot - Open loop: /y,,=2A /U,=19V

ANALOG
61 | JHECHNIZORACADEMY u DEVICES

61

PLANT TRANSFER
FUNCTION

JULY 4, 2025
62 | TECHNICAL ACADEMY

62
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TRANSFER FUNCTION OF THE PLANT
What does it depend on?

» The plant transfer function depends on:
= Control technique (e.g. voltage- / current-mode control)
= Topology of the converter (e.g. buck, boost)
= Conduction mode (DCM - discontinuous conduction mode, CCM — continuous conduction mode)
= Controller IC (internal gains, compensation ramp)
= Components used (capacitors, inductors, power semiconductors )
= |nput- and output-voltage
= Load

B s P> i es

63

TRANSFER FUNCTION OF THE PLANT

Buck Demo Board ? -

General Specification

= DC/DC Buck Converter
= loltage Mode contro/
= M
= I/, =9-26V
" V=5V
LI/ 2A

out,max =

" P = 10W

out,max ~

* £, =285kHz — 1.52MHz

Output Capacitors:
J14, 115,118, J16, J17

= Inductor: T0pH/3A WE-LHMI
74437346100

Loop compensation:
J10, )11, )12

ELEKTRONIK -
MORE THAN I J TECHNICAL

YOU EXPECT

DEMONSTRATION BOARD

PN: 600006

Rotary Switch Switching Frequency in kHz V2022.4 8

64 | JULY 4, 2025 ANALOG
TECHNICAL ACADEMY DEVICES

64

32



71412025

TRANSFER FUNCTION OF THE PLANT

Schematic and setup - Buck Demo Board

c1s c19 c22
885012207103 | 885012108021 | 875015119006
WCAP-CSGP WCAP-CSGP WCAP-PHGP
REDEXPERT X7R 0805 X5R 1206 H-Chip Polymer
1uF 50V 10pF 25V 220pF 6.3V
ESR @ 20kHz 45m() 22mQ 5mQ

fow = 510kHz

Compensation Type Il

switch position 2

65 JULY 4, 2025
TECHNICAL ACADEMY

65

Couteq = C18 + C19 + €22 = 227.54F
considering DC Bias effect

Resg_eq = 20mQ at 20kHz &
considering jumper resistance, etc.

2 oevices

TRANSFER FUNCTION OF THE PLANT

Evaluate the transfer function

= How?
= |C datasheet
= Mathematical modeling (MATLAB, Mathcad, etc.)
= Simulation (average model of the plant)
= Measurements

66 JULY 4, 2025
TECHNICAL ACADEMY

66

I: ANALOG
DEVICES
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Plant transfer function - model accuracy
S
WZ,ESR
Gp(s) = Apwu - 3 32
1+ +—
Qo wo * wo?
= simplified transfer function = more detailed transfer function
=  LCdouble pole (complex conjugate pole)
= Plant (in CCM) is basically a second-order response (like a LC-filter) > wy = 1 = = L —— ~ 20,882 - 103#
Cout ESR 227,5uF (142972
= LCdouble pole (complex conjugate pole) \/L oue (HRLoad) \IIOHH 2275w (1+ 250 )
- fo =~ 3,325kHz
5 1 .
7 Wo = V/L-éom = fo= 21 [I-Cout ~fo= Zn,vuou;.zz T 3,338kHz = ESR-zero: 1 "
g wz,ESR: Resw Cque - fz,ENSRSZ ;,;;;E;ZCW
frse = 2m20mA:227 54F o z
> I S 7
= Quality of the LC double pole: OR fzEsr 2m10mQ2310F 68,9kHz
s Rioad 2,50
> Q== 1192 . i .
ﬁ 2;?5’;‘ o Zuahfl of the LC double pole:
0= L R -
(it conlreme (728 )
srad (10pH 20mQ ~1,86
20,8105 m+227,5pF-(20mﬂ+(1+ S50 )~75mn)

As in real life, quality makes the difference!

LY 4,2025 ANALOG
67 | JT%CHNICEL ACADEMY u DEV'CES

67

TRANSFER FUNCTION OF THE PLANT

Bode plot - calculation and measurement (model accuracy)

= The model accuracy depends heavily on
the parasitics included

= Red: Simplified transfer function 60dB V(out)/V(comp) 20°
(Laplace transform) from the slide ?
before 50dB ¢ L o°
= Yellow: Transfer function (Laplace 40dB <
transform) including the damping
effect and the natural frequency shift 30dB
of the double pole due the ESR and
DCR (inductor) 20dB |
= Grey: Measurement of the plant 10dB
transfer function using RTA4000 odB
Oscilloscope.
» The quality is strongly influenced by -10dB 1
the parasitic resistances simulated -20dB -

— solid = gain (dB)

««« dotted = phase (°)

> coloured = Calculated|

= grey = Measured
-40dB T T T T T T T — T T

» The ESL has an effect at higher 100Hz 1kHz 10kHz 100kHz

frequencies

ULY 4, 2025 ANALOG
68 JTECHNICAL ACADEMY D DEVICES

» If you start from the simplification, you  _30dB
get an overcompensated control loop

68
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TRANSFER FUNCTION OF THE PLANT

Frequency response measurement - Bode plot

= Asmallinjection resistor is inserted

YYN
into the feedback voltage divider Un o 1YT © Uout

PWM Cout
comparator
R Q J

S Oscilloscope

» Theinjection resistance is small
compared to the series resistance
of R1(4,32k0) and R2 (8250)

» The test signal (sinusoidal
frequency sweep) is fed in via the
injection resistor with an injection

transformer 1:1 Injection 0SC M
transformer

= The oscilloscope plots the gain and
the phase by measuring the signal sawtooth
input/output ratio at each test
frequency Transfer functi
» Depending on which input/output
ratio is evaluated, the plant, Plant (s) U U
compensator or open loop G comp out
transfer function can be Compensator ~ G(s) Ui Ucomp
determined Open loop Go, (s) Uy Ugye
69 | M2 oy BEvicES
DEVICES

69

TRANSFER FUNCTION OF THE PLANT
Frequency response measurement — Bode plot with RTA4004-K36 (Rohde&Schwarz)

RTAA004; 1335.7700K04; 101217 (01700 2021-11-41)

N 0 Row & ° tead
Rickgangig  Lischen  Zoom BT Markeren » i
4 Start:100Hz Stopp: 100kHz  Points: 100 Pts/. Gen.: Wfl © AmpL-Profil <

" Gain (dB) Phase (°)

Buck Demo Board

=

(e

?powersource ’
" (10mF/25V (&

. Bode-Diagramm: Eingang = C1, Ausgang = C2 B
- gapacitor) &
‘; R | 2 SQ - t 7 102 330z 27.0248 -1.90° 2vpp
Marks Fr Verstarkur Ph:
M (RS > O S X
* 2 100 kHz -28.19.dB. A11.8°
Load —_— o T N Fogog Ausgang St Wedorh. Tauds,  Enstell. Hlep Verasen
an 150 milpp
510 Wobbeln
B »w " e B EI BX 0w 50 1y
*The injection level must be
*An resistive load is mandatory for frequency cf:osen carefully:
Test Setup response analysis because a controlled electronic MeasurEment Too big: wrong result
load affects the measurement (not the small signal behaviour)
Too small: bad SNR (noisy)
70 JULY 4, 2025 ANALOG
TECHNICAL ACADEMY DEVICES

70
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COMPENSATOR
DESIGN

AR -
71
COMPENSATOR DESIGN
Type lll - Compensator
= 1 pole of origin (integrator) o @ R;vpe " (1+L).(1+L)
= High gain at low frequencies I—‘:"R—”T  |Ge = () % LA wz) A wg)
2 ) (14—
» Small static error "1 -—1— (1+wp1) (1+wpz)
Ucomp
= 2 poles &2 zeros Re  Une :l> = Typelll:
1
> on =g
= Gain and phase at crossover > W = 1
frequency can be affected e 22 7 2 -(R1+R3)
_ 1
. \_['wm\ > wpo = R1-(C1+C3)
= Phase boost up to 180 o, > _ _(c1+c3)
» Due 2 zeros @0 o “PLT Rac1c3
» Suitable for voltage mode ¢ > wpr = s
+90° :
= Commonly used for voltage mode QZJX
ANALOG
7 A i ANAQS  [we]

72
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STABILITY INTERACTIONS OF DC/DC-CONVERTERS

= Type | compensation is stable but with small bandwidth (slow time response) due to falling gain profile.
= Type Il compensation extend bandwidth (keep gain) with a little phase margin add-on.

= Type Ill compensation extend bandwidth with high gain (better time response) also with a high phase margin (good
stability)

ANALOG
73 | JT%I&LLI:IIIEEE.ZCADEMY u DEV'CES
Uoue Type lll
COMPENSATOR DESIGN I
T\Ipe 1 - compensator - Design example* *Based on the plant transfer function R1 '%_C"L
of the Buck Demo Board Ucomp
Rl UR“:I>__
= Compensator A (R1=4,33kQ; R2=10kQ; R3=82Q; C1=4,7nF; C2=4,7nF; C3=3.3nF) (LR (T B
R1 4.33E+03 4.33E+03  4.33E+03

= Compensator B (R1=4,33kQ; R2=2.55kQ; R3=82Q; C1=10nF; C2=4,7nF; C3=1.5nF)* R2 1.00E+04 2556403 2.55E+03

R3 8.20E+01 8.20E+01  8.20E+01
= Compensator B + C (R1=4,33k0; R2=2.55kQ; R3=820; C1=10nF; C2=9,4nF; C3=1.5nF) , R Tooeloa Pocion
2 4.70E-09 4.70E-09  9.40E-09
CompA Comp B Comp B+C
a 3.30E-09 1.50E-09  1.50E-09
fz1 3387.99 6244.54 6244.54
fz2 7679.04 7679.04 3839.52
fpo 4596.87 3197.82 3197.82
fp1 8213.32 47874.78 47874.78
fp2 413169.87 413169.87 206584.94
= Different locations for poles and zeros result in different open loop characteristics.
= Optimized performance going from compensator A -> B -> B+C.
JULY 4, 2025 ANALOG
74 TECHNICAL ACADEMY D DEV'CES WE
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75 | JHECHNIZORACADEMY

u ANALOG
DEVICES

75

STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD
Compensator and plant
Compensator A Compensator B CompensatorB + C
oo Vlcomp)/V(inj) V(comp)/V(inj) V(comp)/V(inj) . PR V(out)/V(comp) o
lproe 2084 e - -20°
oo |agoe  104BA - L -40°
) odB -60°
L170
-10dB—] - -80°
I-150°
-20dB— [--100°
+130° o
-30dB 1200
110° 4048 L-140°
(|90°) | e
100Hz Tz 10KkHz — 100kHz ® ;;O-Iz TkHz 10kliz 100K 1:1605
— solid = gain (dB) b—c (S) — solid = gain (dB) Gp (5)
«+-+ dotted = phase (°) ««++ dotted = phase (°)
= coloured = Measured = black = Measured
Bode plot — Compensator X Bode plot - Plant: f,=2A /;,=19V

STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

Load step response - Test setup

RTAA004; 1335.7700K04; 101217 (01700 2021-11-41)

4 I Q w & ° a8 s Norm 50ps/ Fertig

FE]
1510

Rickgangig_Losthen Zoom FI Markeren " 15A 5 GSafs 200ps Einzelwert 57
g

!
i “ ‘;ﬂw”‘”"”ﬁu\ww\\H«limw\t"w!\mﬂuuwu;:m:”‘”wumm\mm‘:u:‘~‘um!!ﬂmmr‘whm‘wmﬂur»:w‘”‘wwhwn‘mww
i W‘

il

\Z“f‘l(‘ Output voltage — AC coupling

\ ‘hﬂﬂw - load step response

[t e

" Low impedance !
| power source

| (10mF/25V

I

- capacitor) § o = —~ Outputcurrent ——-———3_
Buck Demo BoardElectronic C ‘Jéiload stepkfrom ko 2A, n 1_,OUS o

B Vp:51.058mV [ Vpe: clipping*

Load
s BB o SHE i KR

Test setup Measurement

76 | JECHAIZORACADEMY

I: ANALOG
DEVICES

76

L 501e 0 o e ™ T
B2y 2785 ps 575 1/ 173913 ke
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77

STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

Compensator and plant

Compensator A Compensator B CompensatorB + C
20dm____Y(comp)/U(inj) V(comp)/V(inj) V(comp)/V(inj) 120 4B~ V(out)/V(comp) 0°
PBoostmax ~ 124°

25dB 20dB{ L -20°
20484 10dB I -40
odB -60°

15dB|
-10dB— - -80°

10dB{
-20dB- I--100°

5dB-{
-30dB- 11200

]
0dB =" @Boosymax ~ 82° 110" 4545 | F-140°
el (-90°)
5dB. i ! 90° S0dE. ! ! 160°
100Hz 1kHz 10kHz 100kHz 100Hz TkHz 10kHz 100kHz
— solid = gain (dB) b—c (S) — solid = gain (dB) Gp (5)
«+-+ dotted = phase (°) ««++ dotted = phase (°)
coloured = simulated = black = simulated
— gray = measured = gray = measured

Bode plot — Compensator X

77 | JHECHNIZORACADEMY

Bode plot - Plant: f,=2A /;,=19V

ANALOG
DEVICES

78

STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

Compensator A (R1=4,33kQ; R2=10kQ; R3=82Q; C1=4,7nF; C2=4,7nF; C3=3.3nF)

V(out)

V(out)/V(inj)

100°
§e,,,
5.01 40dB— L 80°
5.00 ! 30dB- - 60
20dB-| .' o s
4,99\ NG b e
: 10dB- sues 20°
4.98 ! " oM =~ 20° 0°
d (-180°)
4.97) 3 1 ~
I aT -10dB+ fi~ 20kHz - -20°
1
4.96) fi~ e 20kHz -20dB+ I -40°
1
: " Gu — enough |
& T T T T T T T T T T 1 T T -60
Ops 50ps 100ps  150ps  200ps 250ps  300ps  350ps  400ps 450ps  500ps 100Hz 1kHz 10kHz 100kHz
— red = simulated — solid = gain (dB) GOL (S)
— gray = measured «+++ dotted = phase (°)
= red = simulated
= gray = measured

Load step response: /4, 1A > 2A /U;,=19V

78 | JECHAIZORACADEMY

Bode plot - Open loop: /p,:=2A /U;,=19V

ANALOG
DEVICES
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79

STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

Compensator B (R1=4,33kQ; R2=2.55kQ; R3=82Q; C1=10nF; C2=4,7nF; C3=1.5nF)*

*Design analyzed before

5.0 V(out) . V(out)/V(inj) 100°
5.01 40dB— - 80°
5.00V- |' - - y ! 30dB— L 60
|'| 20dB- - 40°
4,99V | i
| 10dB-| - 200
4.98V- l i 0°
[\ (-180°)
4.97V- ! ~ Z
-10dB f~ 18kHz - -20°
4.96V- -20dB- - -40°
- 2R Gy — enough N
4.95V T T T T T T T T T 1 T T -60
Ops 50ps 100ps  150ps  200ps 250ps  300ps  350ps  400ps 450ps  500ps 100Hz 1kHz 10kHz 100kHz
— green = simulated — solid = gain (dB) GOL (s)
— gray = measured

Load step response: /. 1A > 2A /;,=19V

79 | JHECHNIZORACADEMY

«++« dotted = phase (°)
= green = simulated
T gray = measured

Bode plot - Open loop: /y,,=2A /U,=19V

ANALOG
DEVICES

80

STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

Compensator B + C (R1=4,33kQ; R2=2.55kQ; R3=82Q; C1=10nF; C2=9,4nF; C3=1.5nF)

" V(out) (Vlout)/V(inj)) .
5.0 T 100
4008 L I 80°
e,
30dB- . e ‘ ----- 60°
'
20dB-| - 40°
~ 62
10dB- Ll L 200
dB- 0°
AU ~ 1A . 1 (-180°)
Out ™ 2m - 29kHz - 2310F 2 — 2 c0s(62°) 1odn f~ 29kHz | 2o
~ 23mV 2048 L 400
dB. Gy — enough N
& T T T T T T T T T T 1 T T -60
Ops 50ps 100ps 150ps 200ps 250ps  300ps  350ps  400ps 450ps  500ps 100Hz 1kHz 10kHz 100kHz
— blue - simulated — solid = gain (dB) Go (s)
— gray = measured «+++ dotted = phase (°)
= blue = simulated
= gray = measured

Load step response: /4, 1A > 2A /U;,=19V

80 | JECHAIZORACADEMY

Bode plot - Open loop: /p,:=2A /U;,=19V

ANALOG
DEVICES
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STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

Demo: Load step response

m f o ) Q s f e/ # ~ s Norm 10ps/ Trigh: 15

Delete  SaveSetyp  Cor  Zoom FT Amotation  Demo s, 1.57A 833 MSafs 40ps High Res. s

= 1to 2Amps step
= Comp Type3 (Jump A)
CH2: Vy, AC
: I, Ac through transformer
CH&: 1,,,,DC
.1, Total (AC + DC)

T

7Help

[ Vp+:33306A 503,86 kHz B B Vop: 17531 mV

By 100my M 180 o Bl s00mar . S,

81 | JULY 4, 2025 ANALOG
TECHNICAL ACADEMY DEVICES

81

STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

Demo: Load step response

m #* N R @ B ¥ 5 | r Norm 10ps/ Trigh 35
Delete | SweSetwp G | Zoom BT dmotaton  Demo  setw 157 A 833 \iSafs 40 ps High Res.

= 1to 2Amps step 4
= Comp Type3 (Jump B+C) AN AN
CH2: V,y, AC
: I Ac through transformer
CH& : 1, DC
.1, Total (AC + DC)

Measure

N

Cursor
. E] I 5 f
[ vp+:3.2247A [E f:504.165 kHz B Vpp: 145.01 mV 4
= e

By AC By 0C
01 LETRRRN

82 | JULY 4, 2025 ANALOG
TECHNICAL ACADEMY DEVICES

M5
500m/ 5y o
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83

BASICS OF CONTROL THEORY

Closed loop transfer function - conclusions

" Ugut(s) = Uges(s) % Uout ® Ugrer =2 No static error
" Ugui(s) = Uges(s) -% Uogut # Uresr 2 Instability > Nyquist stability criterion!

= Task of the Error amplifier:
= high amplification for small frequencies (we need an integrator in the loop = pole at origin)

= keep the open loop transfer function away from -1

TECHNICAL ACADEMY

83 | JULY 4, 2025 D ANALOG
DEVICES

84

LOOP COMPENSATION

Control Loop on real world

]

= Buck board Un ©

LY I
= Use of all caps but Polymer

(better sine response)

PWM
comparator
R Q J

= Measure FRA :,Open Loop

© Uout

Cout

behavior” G,,Generator

S Oscilloscope
Clock
1:1 Injection WS /
osc IR

transformer |

V_out
 Gouls) = T
inj
* Upj = 250mVpp sawtooth
= Uaut (AC) MaT/eiSos
I
Plant Gpls) Ucomp Uout
Compensator  G(s) Ulni Uc‘)mp
Open loop Goy (s) U Uout
84 | JULY 4, 2025 ANALOG
TECHNICAL ACADEMY DEV'CES
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fpL=BOKHZ |1 _u _fpi=10kHz
LOOP COMPENSATION : R A = 1
L fht i }
) . . . 100 - 20 : in5 ‘
POWER : Compensation Type 3, simulation results - | = a
SINE(O 5m {freq}) 3| =, I —t fa1=to0nz |
) AcC 10m 22=2000Hz :_ 150n i
R mE e e
- == =~
Gy T 100 = +40dB 8
Vi fp=———=— = 100Hz Vi ra
z 2m (R2-C1)  2m-10k-150n 0 1%
1 1 s
v = = =
fz2 2m-C2 (RL R3)  2m-20n-(4k+10 ) ZkHz
C1+C3 150n+1n5 151,57° N
Vo fpr= = ua L = — = 10,7kHz
2m-R2-C1-C3  2m-10k-150n-1n5  14,13712
1 1 1 . .tran 200m .param freq 1k
v fPZ = 2mR _-C2 = 2710 *20n = 1256-6 ~ 80kHz 2cdec L0j30 12 .step dec param freq 10 100k 10
} 6o
2748 V(out)/V(in).
\A 2408 | Lo k2o
<o 2148 s b
5 f A\
Uow Type Iil fa o 7 e P /\\
—;;» 15d8 | 4 \
r f 12dB \
) od8 - \/ for
+90° o 6a -
r’ \\ 3dB
Ueory ol £ fe
-90%F--~ = -3dB
E— -6dB T T
[ m o Toonz i o

g5 [wrgams NSE v

85
Uspice
STABILITY THROUGH THE OUTPUT CAPACITOR L7
Compensator A and output capacitor A + B + C: simulations and comparisons; U, = 19V
R L R S s R okt a0, S, O L OO e e o Ko B el b R bk kol o shabualddes By e iac deci100/100/1000; sl bl sliob s b ahdon b sl skl
&E‘ilg!ggmnkaverage friodel '.;2‘",’,,,,=%‘.'§;).,c“,:;§‘=‘.;‘g'§ b seiia i } g&iﬁﬂ!ﬁﬁm* average model 5.’2'&;..3‘,‘:&;(’.5’,‘:;‘5‘.‘3’;’ |

PWM-VM

! PWM-VM
- RDSon
L=

4.9999537V " out

Eov l
Rser=41m. Rser=19m
(C18,C19: ESR@25kHz (~fx)+5mOhm per solder joint

18.959988V
{LBuck}

| Compensator (Opera

| comp=1: Comp A (3P10 closed)

|- Comp=2: Comp B (P11 closed)

} Comp=3: Comp B + C (JP11 + IP12 closed)
| - »param Comp=1

|~ .Param Ci=table(Comp,1,4.7n,2,10n,3,10n)

| .Param C2=table(Comp,1,4.7n,2,4.7n,3,9.4n)

| :Param C3=table(Comp,1,3.3n,2,1.5n.3,1.5n)

| Param R2=table(Comp,1,10k,2,2.55k 3,2.55k)
| .Param R3=82
I

I

|

I

I

|

I

|

Compensator (Operational Amplifier, OPA)

Comp=1: Comp A (JP10 closed)

‘Comp=2: Comp B (JP11 closed)

Comp=3: Comp B + C (JP11 + JP12 closed)
»param Comp=1

Param C1=table(Comp,1,4.7n,2,10n,3,10n)
.Param C2=table(Comp,1,4.7n,2,4.7n,3,9.4n)
.Param C3=table(Comp,1,3.3n,2,1.5n,3,1.5n)
«Param R2=table(Comp;1,10k,2,2.55k,3,2.55k)
.Param R3=82

276.71435mV

Injection noise over Vyyr

DC Simulation(Transient Time Domain) AC Simulation(Frequency Domain)

86 | JULY 4, 2025 D ANALOG
TECHNICAL ACADEMY

DEVICES
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STABILITY THROUGH THE OUTPUT CAPACITOR

Compensator A and output capacitor A + B + C: simulations and comparisons

e
ﬁg: 875075561008 .
—1 WCAP-PSLC
Polymer .
220pF 25V
— -
5.0 V(out) V(out)/V(inj) 150°
1

s~ ar ¥ 90KH 40dB- L 1200
5000 30dB L 90

20dB L 60°
.99V e

10dB-] °or k30
4.98V- 0

(-180°)

4,97V

-10dB{ F-30°
4.96V i -20dB-{ ad

i
4.95\ T T T T T T T T dE- T T -90°
Ops  50ps  100ps  150s  200ps  250ps  300us  350ps  4OOHs  450ps  500ps  100Hz 1kHz 10kHz 100kHz
— Simulated — solid = gain (dB) Go, (s)

«++ dotted = phase (°)

Load step response: I, 1A — 24;U,, = 19V

87 | JHECHNIZORACADEMY

Bode plot -

Open loop: 1,,, = 24;U,, = 19V

ANALOG
DEVICES

88

STABILITY THROUGH THE OUTPUT CAPACITOR

T OrderGode

RedExpert comparison

= 1000pF Aluminum Vs 220pF Polymer
= 5x Less value but...: 10x better in ESR !

I/ Spec [3] Technology '/ Series Description Z@500kHZ ' ESR@S00 kHz

DR R s R

V| series

W lgc@ik.

EXPERT

ZBe

875075561008 -
WCAP-PSLC

Polymer ?
220pF 25V

‘Specified Max. lngple Y Tmm V| Teaw V| Ufetime 7 Asse. ¥

<+ 865080257014 WCAP-ASLI = [E  Alum. Electrolytic SMT - Low Impedance +105°C 1.00mF 120% 100V <19% 118ma 116m0 659 mA 740 mA @100 kHz @105°C 100 pA -55°C 105°C 2000.0h SMT
Impedance / Frequency =0 ESR / Frequency =]
e e

0o 100

i na
8
& o«
g H % e H
L4 w
E

100 ma 100
1mQ 1ma T T T
100 1 10k 100 e i . 100 Mz 100 Hz iz 10z 100k Thanz 10 KMz 100 MHz
Frequency Frequency

JULY 4, 2025
TECHNICAL ACADEMY

88

ANALOG
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JULY 4, 2025
89 | TECHNICAL ACADEMY

89

LUNCH

Bon appétit !

JULY 4, 2025
90 | TECHNICAL ACADEMY

90
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LTSPICE EXAMPLES

ANALOG
DEVICES

91

ANALOG
DEVICES

ANALOG

DEVICES
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SMART SELECTION OF INDUCTORS
AND CAPACITORS

ANALOG
DEVICES

93

INDUCTOR THEORY

47



POWER INDUCTORS N
Inductors : theory of operation
l
= Maths behind physics N-I < -
= Inductor current | make some excitation H 7 = N atur-atlon \
= Physical construction make flux induction B~ B = o - - H region
5 | B Bmax
4B B b
» Physical limits Br —* i
= Inductor magnetic field B is limited by core material properties .
= Math translation is less and less pr form the material
Only physical change related into the equation! bo - tp- N2 -1 Note : g =p
=7
Into saturation region current increase lead to less and less magnetic field
Energy storage start to be inefficient
ANALOG
05 | M2 ey > iy
95
INDUCTORS
Theory : Inductor and parasitic -
= DCLosses: a
= copper losses with average DC current through the component ——
o estimation of DC loss is straight forward: Pye = Rac " I2us
= AC Losses:
= winding losses due to skin effect, proximity effect, etc.
= core losses : eddy current & hysteresis loss in the core due to magnetization
= Relatedto(f B, H)
= EMI losses from leakages and parasitic couplings
= Total Losses:
® Peor = Pac + Fac
ANALOG
3 | e > iy

96

71412025
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INDUCTOR : IMPEDANCE Z

Well known behavior ?!
(&3

fo- resonance frequency

Inductive | Capacitive
part ; part

Impedance

frequency fo f

= Componentitself act as a filter

1
fO - 2*Tr#/L*C

Note: Ry is resistance for f = 0Hz

9 [ e P> i es

97
spice’
REAL CAPACITOR AND INDUCTOR BEHAVIOR
Capacitor
V(in2)/1(V2). 280°
1e+08| 260°
1e+07, 240°
1e+06] 220°
100000 200°
10000 180°
1000 160°
Capacitorregion linductor!

100 140°
10 120°
1 T . 100°
JAc1 04 80°
.ac dec 100 100 1000Meg -80°
1e+07[" -100°
1e+06] -120°
1 2 12 100000 -140°
zZ= \/RDCZ + ( m) zZ= JESRZ + (ESL cw— E) 20000 | .
1000 et -180°
1 100 -200°
|Z;] = m,l:SR =0,ESL=0 10 \Capacitort| 229"
1 -240°
01 - I | o 2600
0.01 T T T T T T -280°

100Hz 1KHz 10KHz 100KHz 1MHz 10MHz 100MHz

98 | TECHNICAL ACADEMY D SEOII-COE%
98
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POWER INDUCTOR
SELECTION

ANALOG
DEVICES

99

HOW TO CHOOSE A POWER INDUCTOR

Key parameters

ANALOG

DEVICES
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SMART SELECTION OF INDUCTORS

101

101

Key parameters and use

= Requirements for customer

Value

= Behavior & tolerances
Currents

DC resistance (DC losses)
AC losses ??

= REDEXPERT!

System voltage
Temperature limits and behavior
= REDEXPERT!

Mechanical aspects
Qualifications and standards

JULY 4, 2025
TECHNICAL ACADEMY

= Product parameters: datasheet

Dimensions: [mm]

80403

12,0 0.3

0.2

Hectrical Properties:

8,0 max.

Properties Test conditions Value Unit| Tol.
Inductance L 100 kHy/ 250V 10 HH | £20%|
Rated CLrrent L o | AT=40K 7 A | max
Performence Rated Qurrert | I T AT=40K 82 A | max
Saturation Crrent @10% | Lo 1 NAI<10% 75 Al oo
Saturation Current @30% L | AAI<30% 97 A | bp.
DCResistance R. |@20°c 15 m| typ.
DCResistance Ry |@20°C 20 m | mex
Self Resonant Frequency fm 18 MHz| bty
Qperating Voltage \ oc 120 V| mex
D referto FC 62024-2-2020
Certification:
RoHS Approval Corvpliart [2011/65/EB2015/863]
REACh Approval Corformor dedared [[ECJ1907/2006]
Halogen Free Corform [JEDECJS7098]
Corrponent Qualification ABC(PO0 Gade 1
Automotive Approval Released
General Informretion:
Aorbient Temperature (refering <40°Cpto+85°C

RP’
Qperating Temrperature -40 °Cupto +125°C
Storage Conditions (in original .
packaging) < 40°C; < 75%RH
Moisture Sensitivity Level (MSL) 1

Test corditions of Bechical Proparties: +20 °C, 33 %RHf ok specfied diferertly

Test conditions of Perforance Rated Qitent: refer to EC 62024-2-2020, Class B (PCB Copper
Width: 40 nmy PCB Copper Thidaness: 35 pm)

ANALOG
DEVICES

INDUCTOR SELECTION

With a specific set up

Electrical Properties:

= |nductance is measured with LCR meter

Inductance value production and quality measurement

= Samples can be ordered with the nearest standard
values

Properties Test conditions Value Unit Tol.
Inductance 1 kHz/ 250 mV L 10 pH =20%
Rated current AT=40K R 71 A max.
Saturation current AL < 10% leat 10.5 A p.
DC Resistance @ 20°C Rpe 0.013 Q typ.
DC Resistance @ 20°C Rpg 0.021 Q max.
Self resonant frequency fres 21 MHz typ.

102 |

102

JULY 4, 2025
TECHNICAL ACADEMY

ANALOG
DEVICES
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W,
vV
INDUCTOR SELECTION l—» (PSS
i
Inductance value : the buck converter example i .
Vin Switch Ao Vo L Rioad
V —FCin Cout VOut
D =-2 D= _VoutVd .
Vin Vin—Vsw+Vd
D =0,208 D = 0,22
o Vip =24V
(V;, — Vout) - D L, = lout + 2 "
L= 77 peak 2 . V=5V
Fowiten 7 lout Lom = lout ou
o oy =24
r=20% r=40% e Ky = 535 kHz
© V=03V
= Loar =2,4A
IPeak _2'2A peak ° VD = O'BV
L =185uH —19,4pH L=93uH —9,7uH
Standard value : 8,2pH; 10pH, 12pH, 15pH, 18pH, 22pH
ANALOG
L 03 | JT%I&LLI:IIIEEE.ZCADEMY u DEV'CES
103
INDUCTOR SELECTION
Ripple VS Inductance value : . v
- | TL% I ﬂ%
o . Vin = Vour) * Vout 7
Bucky —
S0 U = fswitch L -Tout -V,
46,2% Vi = 24V
37°/n 40,00% r (16%) Vout — SV
30,8% 3000% Toue = 24
Fyy =535 kHz
20,00% Vew = 0,3V
[ Vp = 0,3V
L(uH)
0,00% +/_2;0%
ANALOG
106 | 20427 P [l

104
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RATED CURRENT

WE

ANALOG
DEVICES

105

Heating shown in the Datasheet

= Datasheet sample = Rated current mention in the datasheet
Electrical Properties:
Properties Test conditions Value Unit | Tol.
Ind L |100kHz/ 1V 1 pH | +30%

IRated Current lr [AT =- 5.9 A | max.
Saturation Current Isar | IAU/LI < 30 % 115 A | typ.
DC Resistance Roc | @20 °C 11 mQ | £30%
prrse—— Self Resonant Frequency fe 159 MHz | typ.
Operating Voltage V | DC 120 V | max.
g o
A==
(St T |
== = 1 F e
WE-LQS SMT
Power Inductor BT
= = [+
JULY 4, 2025 ANALOG
106 TECHNICAL ACADEMY D DEV'CES WE

106
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RATED CURRENT

Explained setup

= This value describes the direct current at which the
component self heating increases (AT)

= The method Wirth Elektronik uses to measure the
rated current is based upon section 6 of the IEC
62024-2:2020 standard to provide transparent and
comparable Ir values. A test PCB with a Power Inductor
is contained within a box of roughly 20 cm on each side
and does not contact directly with the surrounding box.
Only natural heat exchange occurs, with no forced heat
transfer applied to the test PCB.

JULY 4, 2025
1 07 | TECHNICAL ACADEMY

107

= Qverall setup

Infrared
/_\‘\
camera [ e

Ii Power supply

IEC | PCB

class

with Power
Inductor Test bench

u ANALOG
DEVICES

Personal

computer

RATED CURRRENT

Definition with temperature rise

= Temperature rise vs Current
100

90 -
80 -
70 A
60
50 A

40

Temperature Rise [K]

30

20 1

0 2 4 6 8 10 12 14
Current (A]

JULY 4, 2025
1 08 | TECHNICAL ACADEMY

108

Losses vs current

= DC current injection is more convenient and very
accurate to define losses and temperature rise
accordingly

_ 2
Ploss - RDC : IDC

Ip [= 7; 3 A | test condition AT = 40K

I: ANALOG
DEVICES
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RATED CURRENT

How I, is defined ?

Irated 1, 36A

rated 1 466 A

| g 1,468 A ‘ .
|, oteq 1,601 /-\ .

rated 1 65 A .
|rated 1 9A \ .
‘ . Same size,

. Same electrical parameter (L, R)

Why different rated currents ?

ANALOG
109 | JT%IEYI—(I:I'IE(A)ESACADEMY DEVICES WE
109
RATED CURRENT
How I, is defined ? lateq 1,36 A
Class B
. Class C ngﬁg'mﬁjﬁ'm % Designed _for 3A
races Dimension: _35 1 | ted ' \ Traces Dimension:
. pm height rate T
- 40 mm width Ir=1.601A - 3 mm width
- 100 pm height i - 35 pm height
Ir=165A Ir=136A
Class?
“Traces” Dimension: -
218 mm width : Designed for5A
- 6.5 mm height g Traces Dimension:
Ir>19A " -5 mm width
- 35 pm height

Ir=1.466A

Designed for 7 A

Designed for 11 A Traces Dimension:

Traces Dimension: Re
- 11 mm width ~=E ﬁmfe‘:g:tss 'y
- 35 pm height e L
Ir=1.468 A
JULY 4, 2025 ANALOG
110 | TECHNICAL ACADEMY DEVICES WE

110
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RATED CURRENT
Impact of the PCB

—Less copper / /
90 _Mllrhrnpppr

Temperature Rise [K]
(<]
o

Lo S

0 10 20 30 40 60

Current [A]
T 32‘(,‘,%%% WE

111

IEC 62024-2:2020

WE Definition and uses of Rated current

= (Class B: Product Series with standard requirement profile
= (lass C: Product which are used in high packing density application
= C(Class D: Products with current capability higher then 30A

PCB for Demo
PN 999 900 96

ANALOG
DEVICES £ |

JULY 4, 2025
1 1 2 TECHNICAL ACADEMY

112
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POWER INDUCTORS
[ECBZOZ&Q:—ZDZO test-ﬁxture

=< @
LEE LR
= =p
Trace [h/rkness 35um . Trace [h/rkness 35 pm
FR4 thickness = Tmm FR4 t/7/[/(/7£'55 mm

ICIass C
ICIass D

Trace th/ckness 705 pm Trace thickness = 1 mm / FR4 thickness = 7/77/77

FR4 [h/(/mess 7mm

WE legacy

[ FRa areas

JULY 4, 2025
1 1 3 | TECHNICAL ACADEMY

113

[l Solderable area
[ Current application areas

Trace thickness = 35 jim / FR4 thickness = 1. Emm . Non-solderable areas

ANALOG
DEVICES

IEC 62024-2:2020

WE Definition and uses of Rated current

Class A: 1 to 22mm pattern width

: Product Series with standard
requirement profile
Class C: Product which are used in high packing
density application
Class D: Products with current capability higher

then 30A

JULY 4, 2025
1 1"‘ | TECHNICAL ACADEMY
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POWER INDUCTORS
Waurth Elektronik current definition ; the truth about it

Electrical Properties:

. Properties Value | unit| Tol
Redefining Rated Current Measurements for Power Inductors L 100k i0m 1 | 220%
= The rated current is related from temperature elevation ————— — L

* 40K is a “standard” common value often the difference between [ [Smtonturert@ios[Lr o [ o <10 154 [ A [

i Saturation Current @ 30% Isaraon | 1AULI <30 % 38 A typ.

component temperature and ambient temperature. 0C Rest Roc |@20 27 |m| w.

. . . i R, o
= 40K is also the maximum temperature rise of the IEC62024- ;ﬁ,,mmmum = — — :;:_

2:2020 standard; practical to evaluate maximum performances.| rtrtocsz2200
§6.4.3 i) into standard page 15

General Properties:

Table 2 — Circuit pattern width and thickness
L Ambient Temperature (referring .
tolg) -40upto +85°C
Rated current Pattern width | Pattern thickness Example application R
class " 3
i i Operating Temperature -40upto +125°C
i | (101022,0)£02 3510 Consumer application (single-sided printed circuit Storage Conditions (in original o o
— 00,5 boards application) packaging) < 40°C;< 75% RH
e 40202 ‘10 Consumer application (double-sided printed circuit
iass 8 e s Moisture Sensitivity Level (MSL) 1
P 40+02 105+ 10 Consumer application (multilayer printed circuit Test conditions of Electrical Properties: +20 °C, 33 % RH if not specified differently
boards application) ”
w— - Test conditions of Performance Rated Current: refer to [EC 62024-2, Class C (PCB Copper Width:
I 400,2 1000 50 Automotive or large current power line application 40 mm; PCB Copper Thickness: 105 ym)
—
NOTE 1 I, , see Figure 2a) Temperature rise is highly dependent on many factors including PCB land pattern, trace size, and
NOTE 2 Fynss Fasss e Tanss o 506 Figure 20) proximity to other components. Thereimzij:‘e(;“?:lum rise should be verified in application

ULY 4, 2025 ANALOG
1 1 5 | JTECHNICAL ACADEMY u DEVICES

115

EXAMPLE CLASS C
7447707033 [1280] size code

= WE-PD Performance variant

Electrical Properties:
Properties Test conditions Value Unit | Tol.
Inductance L 100 kHz/ 5 mA 33 pH | £30%
Rated Current lnapk | AT=40K 94 A | max
E Performance Rated Current 1) lppagk | AT=40K 12.8 A | max.
o Saturation Current @ 10% lsaT 100 | AL < 10 % 17.5 A | tp.
@ Saturation Current @ 30% lsarany, | 1AL < 30 % 17.5 A yp.
DC Resistance Roce 20°C ] mQ | max.
Self Resonant Frequency T 323 MHz | typ.
Operating Voltage v oc 120 v max.
1) refer to IEC 62024-2-2020

Test conditions of Performance Rated Current: refer to IEC 62024-2-2020] Class C |PCB Copper
Width: 40 mm; PCB Copper Thickness: 105 pm)

ULY 4, 2025 ANALOG
1 16 !fECHNICAL ACADEMY D DEVICES

116
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EXAMPLE CLASS C
74439387033 [7070] size code

= WE-XHMI

JULY 4, 2025
1 1 7 | TECHNICAL ACADEMY
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X2,4 less surface than
PD [1280]

Properties
42% more current \ Inductance

,9mm
Electrical Properties:
Test conditions Value Unit | Tol.
L 100 kHZ/ 10 mA 33 pH | £20%
Rated Current lnage | AT =40K 18.2 A max.
Performance Rated Current 1) lppaox | AT=40K 82 A | max.
Saturation Current @ 10% loar 100 | 1AL < 10 % 8.8 A typ.
Saturation Current @ 30% larans | IALLI < 30 % 18.6 A typ.
DC Resistance Rge |@20°C 6.4 ma | typ.
DC Resistance Rpe |@20°C 8.76 me | max.
Self Resonant Frequency fes 23 MHz | typ.

' refer to IEC 62024-2-2020

Width: 40 mm; PCB Copper Thickness: 105 um)

Test conditions of Performance Rated Current: refer to IEC 62024-2-2020] Class C |PCB Copper

SATURATION
CURRENT

WE

ANALOG
DEVICES

u ANALOG
DEVICES
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INDUCTOR SELECTION : L VS CURRENT
Induktivitét vs Strom (typ.) /
Inductance vs Current (typ.)

tooso | ‘ safe operation area

95,00 B <

== <

80,00 AN

75100 \

70100 \

65:00 N\

.o \
:1 50100 \

45100 \

40100 \

35:00 \

= \

15,00 AN total saturation area

ANALOG
119 | 422 e Botics
119

POWER INDUCTORS

LO

Inductance

Inductor value Vs current

= (alculation with estimated reduction of L value (into saturation)

Inductance / DC Current (20.0°C)

-4 — = -50%

REDEXPERT curve

o~ Y 2

= MN\-30%

JULY 4, 2025
1 20 | TECHNICAL ACADEMY

120

AN —

Current

744043100

safe operation area

total saturation area

D ANALOG
DEVICES
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POWER INDUCTORS

REDEXPERT WE-TPC# 744043100 deviation explanation for 10pH Ig,, = 1,0A

B Bmax
Saturation behavior
I3 i
T= 20°C w AB
e 500 mA|
Current | H
10 wm*%ﬁ -+ increase
TN"*“M»AH Inductance |
o M\ decrease | Note : — = m
| ] A“x, |
O S S ) S I
apH \\ |
oA 200 mA 400 mA SO0 mA éf;:;;t 1A 12A 144 18A
Switch ON Switch OFF
ANALOG
121 | A o [3ORARQS  [wr
121
POWER INDUCTORS

Without saturation

= Saturation effect I, (Buck) = 1,04

= Lac

10pH WE-LHMI# 74437346100 original Isat=7,3A

JULY 4, 2025
TECHNICAL ACADEMY

122

122

= Saturation effect : real measurements

| f
’}l\ }r\ /q\
I A\ A
\ 1id / A
" \\ ( \', \\
- \ —
‘,‘ \\ i \\ N e
/ \'\ .,v” v'\\ / X
S S o
/’ el M \w\m /
e = {f/
— ILAC
10pH WE-TPC# 744043100 Isat=1,0A
ANALOG .
WE
I: DEVICES

61
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INDUCTOR SELECTION

Saturation Current

= The current that causes an inductance drop compared
to it initial inductance value. In most cases for our
inductors a drop of 10% is specified.

Electrical Properties:

Properties Test conditions Value Unit Tol.
Inductance 1 kHz/ 250 mV L 10 pH +20%

Rated current AT=40K IR 7.1 A max.

Saturation current AUL < 10% Iiﬂl 105 A yp.

DC Resistance @2°C Roc 0.013 Q yp.

DC Resistance @ 20°C Roc 0.021 Q max.

Self resonant frequency freg 21 MHz p.

28 [ e Botics

123

INDUCTOR SELECTION : SATURATION CURRENT

Inductance / Current

103A| 11.3A] 122A|

Inductance (uH)
~

\ W 7447709100
6

0 2 4 6 8 10 12 14
WE-PD definition SR 1034 1134 12,24 |
Isat @AL/L; = 10% !

Isqr depends on the definition

ULY 4, 2025 ANALOG
124 | JTECHNICAL ACADEMY D DEVICES

124
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GOOD TO KNOW

ANALOG
DEVICES

125

INDUCTOR SELECTION : CURRENT

= Buck
I ~
L, | [ L | ~ 1 out
I
Lpeak__T\I‘__________________H__ Isat > ILpeak = Boost
{ '\.‘ / ‘\“
% f 4 Vout
/ ’ \l': ’."‘ “I"\‘I ‘I‘.“I i IR > IL | IL | z V : Iout
|11, T 7 in
/ Electrical Properties:
v Properties Test conditions
Inductance 1 kHz/ 250 mV L
. Rated current AT =40K IR
time Saturation current IAULI < 10% lsat
1 26 JULY 4, 2025 ANALOG
TECHNICAL ACADEMY DEVICES

126
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EMC: SHIELDING VS. UNSHIELDING

unshielded shielded

00

Shielded

bigger lerr smaller lozr

Maorking

-

JULY 4, 2025 ANALOG
127 | TECHNICAL ACADEMY DEVICES
127
=, ANPO47
LAYOUT RECOMMENDATION =
Start of winding : E shield ! connection switch node
“EMI hot side” Marking .
R Start End
" J- Winding Winding
28V 85V
" O—
ONOFF
T S—
PAMPEM
128 | JULY 4,2025 ANALOG
TECHNICAL ACADEMY DEVICES
128
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DIFFERENT TECHNOLOGIES

All shielded : WE-SI fully symmetrical , WE-MAPI WE-PD with start dot WE-HCF flat wire

ANALOG
DEVICES

INDUCTOR SMART
SELECTION

ANALOG
DEVICES

130
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SMART SELECTION OF INDUCTORS

Various tools same results, old VS smart method

= Datasheet

Typical Inductance vs. Current Characteristics;

\

EXPERT

BT

JULY 4, 2025
1 31 | TECHNICAL ACADEMY

131

= REDEXPERT
Typical Impedance Characteristics: - 74477010 - 74477010
amn Inductance / DC Current (20.0°C) Impedance / Frequency
/‘\ 12k 10kQ
a0
i \\ 10
// N 1kQ
g @ = 8 uH
2
§ o 3 g
71 c £100Q
E /! s S
® . g0 3
7 2 a
i 2 E
s =4
1 // uH 100
/ 2
01 T
001 01 1 10 100 10

Current

2 oevices

TEMPERATURE VS LOSSES

JULY 4, 2025

Y

TECHNICAL ACADEMY

132

Why does the component heat up ?

= Losses from energy transit

P loss

= Temperature rise specification
= The overall behavior is :

Pss = Ppc + Pyc

= To be able to simplify measurement only DC is used:

How estimate overall losses?

= launch:

Rpc - Ipc?

REDEXPERT

I: ANALOG
DEVICES

66
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INDUCTOR : SATURATION AND PACKAGE
Losses with REDEXPERT Tool

< Calculate Losses

74437321010

WE-LHM - 4012

EXPERT

ET

74438334010

WEMAPL 3012

74479287210

WE-PMCI - 1008

74405031010
WE-LGSH - 3012

JULY 4, 2025
TECHNICAL ACADEMY

133 |

133

PARAMETERS 1.00 pH - 41.0 mi 1.00 pH - 47.0 m 100 pH - 45.0 md 100 pH - 427 mid
[ i L
Frequency Setup Inductance / DC Current (Ambient Temperature). =01
f 80O kHz Duty cycle 0.4 T= 209 ¥
12pH
Inductor L
type  Single v Show Suitable w
1uH
Winding 1
oy 2A Al hd 1A 800 nH
g
e =
26A ———————————— £ o0+
2z %
. E " [P W Poe ¥ |-Prov ATror T
400 nH 4 i 847 pW 188 mW 189 mw 547K
I 18ImW  168mW  186mW  7.80K
: 200 nH —
i gEEEE
aH
oA 24 ca 6a 8A 104 12ZA
et I 230mW  180mW  203mW 327K

ANALOG
DEVICES

>

INDUCTOR : RATED CURRENT, TEMPERATURE R

ISE AND LAYOUT

Temperature rise : REDEXPERT Tool

< ‘Custom Rated Current Calculator

74437321010

WEAHME a2

2Be

74438334010
WEMAPL 3012
1.00 pH - 42.1 mQ

74479287210
WEPMCE 1008

74405031010

WELQSH 3012
1.00 pH - 45.0 mO

]

RANETERS 1.00 pH  41.0 m 1.00 yH  47.0 mQ
‘ Temperatre rise / DC current
w 1 :
= &3 PCB: 1.75mm? {ﬂ Ambient Temperature: 20 °C
¢ " &
120K
100 K
7
Temperature N
o =
Ambient Temperature Max. temperature rise g
20°C 40K [id
(=22 [ B
S @K |
(%) CALCULATE RATED CURRENT g,
E
2 sk
Length (L) Width (W)
10mm Smm
Copper Thickness {H) 20K
35pm
oA 18 = A EXS

Current

JULY 4, 2025
TECHNICAL ACADEMY

134

134

54
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SMART SELECTION OF INDUCTORS

= LtSpice simulation

L1

1 Y

1280_74477010_10u

ok

AC1

.a¢ dec 100 10k 100Meg

JULY 4, 2025
1 35 | TECHNICAL ACADEMY

135

Various tools same results, just choose your preferred

U
= Impedance Z = o
L

Vo s EXPERT

Bl

7&7010 109

10 MHz!

CAPACITOR
SELECTION

ANALOG
DEVICES

ANALOG
DEVICES

136
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CAPACITOR THEORY

137 | k& rchoem
137

CAPACITORS

Theory : capacitor and parasitic L —

= The equivalent circuit for a capacitor is as follows: S ESR
= parasitic elements

= ESR - Equivalent series resistor

= Causes self-heating P =ESR - I23ys
= Maximum value is typically specified at 120Hz and 20°C (typ.)

= (an be calculated as follows:

tan § 1 1
ESR = 27 fC =tand - XC XC = a = 2 fC

= ESL - Equivalent series inductor

X, =2-m-f-ESL

ULY 4, 2025 ANALOG
1 38 JTECHNICAL ACADEMY DEVICES wi

138
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CAPACITOR : IMPEDANCE Z

Well known behavior ?!

Rieu

ESL ESR ¢

fo- resonance frequency

Inductive
part

Capacitive
part

i

1

1

I

I

)
ESR

] Xc
=
= Z=\ESR2+ (X,—X()? ks
g
E i
2 fi
. Z=JESR2+(ESL-w—£) w=2-mf requency fo f
) fo- resonance frequency
" o= svme z |
S0 0y 1 -
Note: the ESR of any capacitor have a certain frequency 8
dependance § P
aQ _.-7
E _= ) 1
frequency fo f
ANALOG
139 | MY > it
139
CAPACITORS

Ceramic : Multi Layer Ceramic Capacitor

= Different classes
= (Class 1:NPO, COG
= (lass 2: X7R, X5R...

= Low ESR:few mQ
= Ultra Low ESL : =x100 pH

= Soft termination versions (aid to prevent cracks)

JULY 4, 2025
1 40 | TECHNICAL ACADEMY

140

Termination Finish
(100% Mattg Sn/SnPb - 5% min)

Barrier Layer
(ni)

Dielectric Material
(cazrd,)

Inner Electrodes
i)

Extemal Electrode
(Cu)

u ANALOG
DEVICES

70
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CAPACITORS

= Electrolytic
= Wet electrolyte
= Higher voltage / values
» Voltage =< 450V
» (Capacity up to 33000pF
= THT /SMT / Snap in mount

= Hybrid polymer
= Low ESR & Low leakage current
= High ripple current characteristics

= High lifetime performance

JULY 4, 2025
1 41 | TECHNICAL ACADEMY

141

= High stability over the temperature range

Aluminum: Electrolytic / Polymer / Hybrid polymer

= Polymer
= Solid electrolyte
= Lower ESR/ESL
» \oltage <100V

» (Capacity up to 2000pF

= THT / SMT / H-Chip: Low profile & Low ESR versions

= |ifetime

u ANALOG
DEVICES

CAPACITORS

= Physical construction

Aluminum Electrolytic

+

Anode
{Aluminum Foil)

Cathode
{Aluminum Foil}

Separator Paper

(Soaked with Liquid Electralyte)
Dielectric — — Liquid Electrolyte
(Oxide Layer)

JULY 4, 2025
TECHNICAL ACADEMY

142

142

Aluminum: Electrolytic / Polymer / Hybrid polymer

Aluminum Hybrid Polymer

+ -
Anode B Cathode
(Aluminum Foil) (Aluminum Foil)
Separator Paper
(With Conductive Polymer and Liquid Electrolyte)
Dielectric Conductive Polymer and Liquid Electrolyte
(Oxide Layer)

Aluminum Polymer

+

—

Anode Cathode

(Aluminum Foil) (Aluminum Foil)
—— Separator Paper

(With Conductive Polymer)

Dielectric — Conductive Polymer

(Oxide Layer)

I: ANALOG
DEVICES

71
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CAPACITORS
Lifetime
Electrolytic : aging & lifetime with REDEXPERT Calculator
Expected LifeTime =0

< Expected Lifetime
15 years
SELECTION
e e ——

= Formula:
= Aluminum electrolytic
TMax _Ta Actual Operating Temperature i y F,
LX = Lnom -2 10 e ,‘f /
/ f
Applied Frequency . f.’ ‘J
f 510 kHz é kS - - 7& ”
= Aluminum Polymer Applied Voliage 3 N l]'
= 5 s /1 /
; ; 20 v 25V | / | 'I‘
IMax—"a ied Ripple Curren ! 4
LX — Lnom .10 20 ':\P|‘!I .5R:p| Current 3/ i //
L 500 m. I‘,
Da not apply Ripple Current filter :—__‘_’T
= Example: comparison of two 1000pF/35V 105°C - - pEa— -
= ATGS5 general purpose WCAP-ATG5# 860020578018 SEOOIE e X
= AT7H long life WCAP-AT 1H# 860240580011 = SR0IA0SNO0T]
= PTG5 Polymer WCAP-PTG5# 870025175010 et Ploariipie
x
CIAMES

1 43 | TECHNICAL ACADEMY

143

CAPACITOR SMART

SELECTION

WE

ANALOG
DEVICES

-IIED

144
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HOW DO YOU FIND THE BEST FITTING INPUT CAP FOR DCDC?
e.g. fsw: 500kHz / Vin: 12V - https://we-online.com/re/5syv8W1)

EXPERT

Alum. Electrolytic / Alum. Polymer / Hybrid Polymer Capacitors

¥ ftera

srombing Tochnology - ST %[RRI 160V < Ve
o -
4F Order Code 7 Seres V. ¢ Spes [I] Technology Series Description Ak S Ve T DOF Z@S00kz ¥ ‘Specified Max. |
875105445008 WCAPPSLE @ Lel  Aum. Polymer SMT - Low Profilo aTopr 20w 200V <80% W9ma  zera 267 A @100 KHz @105°C
© 875105348007  WOAP-PSLP ww [E Alum. Polymer SMT - Low Profile 560 uF 18OV <80% nzma 2.20 A @100 kHz @105 °C

uwmnumn_mmmM|

S875115452001  WCAP-PSHP we 3 Aum. Polymer SMT - High Ripple Current 6BOWF  420%  Z00V  <80% Nama am 3.50 A @100 KHz @105 °C
875115452002 WOAP PSHP we [0 Aum, Polymer SMT - High Ripple Current 820 4F 0% WOV <80% M4m0 3504 3.50 A @100 kHz @105°C
LB7STISSSZ00  WOAPPSHP = A, Potymer SMT - High Ripple Current saopF  i20n 250V <80% nsma asoa 350 A @100 Kz @105°C
875115560004  WCAP PSHP we (D AumPolymer SMT - High Ripple Current 100 uF 0% 250V <10% usme  ai0a 310 A @100 KHz @105 °C
<
875103359012 X
[y
W aoY

ANALOG
DEVICES

JULY 4, 2025
TECHNICAL ACADEMY

145

145

e.g. fsw: 500kHz / Vin: 12V - https://we-online.com/re/5syxRGEc EXERT

OK, BUT WHY NOT A MLCC?

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

eramic Chip Capacitors (MLCCs)

V spec [ Seres U Description size [ .V e ¥ eV v T R 2@500kHE BoiViom~- ¥ [0F %@ T o
n - sss012108018 W [0 weapcsop Genersl Purposs 1206 xsR 20pF 120% 160V >200M0 172.0me a2 wa s @soc
@ 885012100015 w [ WeaP-cSoP  GeneralPurpose 1210 xse. 2208 0% 2500 >500M0 13.4m0 74n sox ssore msore
Hasm2107015 Wi [ WCAP-CIGP GonecalPupsse 0805 xR 2008 2208 250v >200M0 193 m0 e 0% T
@ - £95012214004 wr [ WCAP-CSGP  GenealPupess 2220 x7m 100pF 108 260V -100M0 Hama 2188 25% socc 1280
sssor2109013 WCAP-CSGP  GeneralPupase 1210 10,0 250V >100M0 310m s ssece ssoce
e e e il i ] e e = e
<
885012209073
WeARCS T30 WM 1k 00 st a0 cson a0 Wb X 10 w10
i 20 Crug 10 o 1500 oy 156 Tos 250V "o san

ANALOG
DEVICES

JULY 4, 2025
TECHNICAL ACADEMY

146

146
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JULY 4, 2025
TECHNICAL ACADEMY

147

147

EXPERT
P
MLCC DC Bias behavior : Size impact onto technology e
885012210025 X 885012209041 885012208087 885012207098 885012206095 885012205086
-XTR-1812 WCAP-CSGP - X7R- 1210 WCAP CSGP - X7R - 1206 WCAP-CSGP - X7R - 0805 WCAP-CSGP - X7R - 0603 WCAP-CSGP - X7R - 0402
100 nF - 500V 100 nF-50.0V 100 nk - 500V 100 nF - 500V 100 nF - 50.0V 100 nF - 500V
: M
Capacitance change / DC-Bias Voltage
10 %
0% https://we-online.com/re/5t07mVB4

-100% |
& -200% |
E === 885012209041
O -300% | 885012208087
§ = 885012207098
« -40.0 % | 885012206095
S == 885012205086
S-500% | === 885012210025
O

600% |

700% |

-80.0 %

oV 10V 20V 3OW 60V
DC-bias Voltage

ANALOG
DEVICES

JULY 4, 2025
TECHNICAL ACADEMY

148

148

'
S A
MLCC behavior : global impedance and ESR behavior -
885012205086 X 885012206095R 885012206095 885012208087 885012209041 885012210025 885012207098

WCARCSEP - XTR - 402 WCAP-CSEP - X7R - 0603 WCAPCSCE - X7R - 0603 WCAPCSGP - X/ - 1206 WCAPCSEP - X7R - 1210 WCAP-CSGI - X/R 1812 WCAP-CSER - X/R - 0805

100 nF - 50.0V 100 nF - 0.0V 100 nF - S0.0V 100 ¥ - 50.0V 00 k- 500V 00 nF - 50.0V 00 0k - 50.0V

Impedance / Frequency =0 ESR / Frequency =0
- — - -
~ ™
Tk 10 \‘

1000 b1+ Nl
3
% 10 -
E @ 10
= 104

100 ma2
100.m0
10 ma
1oma
1ma - T T 1ma - T T
100 Hz 1kHz 10 kHz 100 &z 1MHz 10 Mz 100 MHz 1GHz 100 Hz 1hHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz 16Hz
Freguency Freguency

ANALOG
DEVICES

D
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CAPACITORS : ESR AND FREQUENCY

Impedance

1oma

100 kHz 10 MHz 100 MHz

Frequency

1kHz 10 kHz T MHz

JULY 4, 2025
TECHNICAL ACADEMY

149

149

Aluminum caps behavior : global impedance and ESR behavior

EXPERT

860020781027 X ML PETTIF 860020778021 860020775019 860020775015 860020773013 860020773011 860020772009 860020775017
WCAPATES WCAP-AIGS WCAPAIGS WCAP-AIGS WCAP-AIGS WCAIMATGS WCAP-AIGS WCAP-ATGS WCAP-AIGS
1.50mF- 630V 100 mE - 630V AJ0F 630V 220 4 630V 100 pF - 63.0 V AFOPF 63DV 270 630V 6.0 630V 150 pF 630V
Impedance / Frequency =0 ESR/ Frequency =0
1k0 160
1000 1000
woa

|

100 mi

10 ma

1kHz

10 kHz

100 khz
Frequency

1MHz

10 MHz 100 MHz

ANALOG
DEVICES

CAPACITORS : ESR AND FREQUENCY

870025375010 870025375009 870025375008 870025374007 870025374006
WCAPHIGS WCAPPTCS WEAP IS WCAP#IGS WEAPPICS
20 160V 680 4 160V 6l 160V amu 160V 380 160V

Impedance / Frequency =0
160

Impedance
5

100 mQ

10ma

1 kHz 10 kHz 100 kHz 10 MHz 100 MHz

Frequency

1 MHz

JULY 4, 2025
TECHNICAL ACADEMY

150

150

Aluminum Polymer caps behavior : global impedance and ESR behavior

EXPERT
E3

870025374005 870025374004 870025374003 870025374002
WEAPPTGS WCAP PGS WEAPPTCS WCARHIGS
330 pF 160V Zi0uF 160V 220 k- 160V 180 160V
ESR/ Frequency = [
1k
100
1m0
o
@ 10
w
100 m
10.ma
1ma v
100 Hz 1kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz
Frequency

ANALOG
DEVICES

D
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MLCC (MULTILAYER CERAMIC CAPACITOR)
Aging of MLCCs

= Aging process due to changes in crystal structure
= Decreased permittivity cause capacitance loss

= Class 1 (NPO) no aging

= (lass 2 has different aging

= Behavior depends on ceramic materials

0.0% -
885012108001 / 4.74F / 6.3V / 1206 / DateCode 2014
25% SHIE -
5.0 uF
-5.0% A
4.81F 4
s 0% B460F
S 6F -
S 100% £ !
4_12.5% 1 EM;JF-
-15.0% + S a2y 4
175% - L04F
-20.0 % T T 1 3.8F T T T
1h 10h 100 h 1000 h 0 10 20 30 40
Sample Number

Operating time
— NP0 —X7R — X5R — Y5R

1 51 JULY 4,2025

TECHNICAL ACADEMY

boundary 180° domain

1 1
L COOLING v

Check the
Application Note

SNO011 for more
information about
MLCC Aging

—+-885012108001 after Reflow ~ ——885012108001 before Reflow

ANALOG
DEVICES

151

RIPPLE CURRENT [ i ssies 7 6

860020473008 WCAP-ATGS ]

= Aluminum Electrolytic Capacitors
= Recommended for mains rectification / filtering
* Low frequency

JULY 4, 2025
1 52 TECHNICAL ACADEMY

Technology ' Series Description Y e Y| S (Y Y| DE Y

Alum. Electrolytic THT - General Purpose +105°C 100 pF 20% 25.0V <14%

e e e e T [

Aluminum Polymer Capacitors
= Lower ESR and high frequency dedicated

ESR / Frequency

)

. Best
Lower derating
Multiplier Factor for Ripple Current / Frequency 1kQ
25x i
|
— | 100 Q
s |
g 2x 1
3 I@20°C @100 kHz '/ 100
Q
§1 5x
S 450 A % 10
"g . ==860020473008
gix | —870025574005
k= } 100 mQ
2 |
205x }
2 } 10mQ
|
0x |
100 Hz 1kHz 10 kHz 100 kHz 1 MHz 1mQ
Frequency 100Hz 1kHz

10kHz 100 kHz 1 MHz 10 MHz 100 MHz

ANALOG

Frequency

DEVICES
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CAPACITIVE POWER
SUPPLY

JULY 4, 2025
153 | TECHNICAL ACADEMY

153

CAPACITOR

Special use and simulation

= (Capacitive Power Supplies: with FTXH series
WCAP-FTXH_2

Cinput: fixed impedance act as current source
Rinput: inrush current limiter V. = 325V and Vout = 0V
Rbleed: security discharge resistor

Rbleed

}7

Cinput

~Cout |Load

\|

JULY 4, 2025
1 5"‘ | TECHNICAL ACADEMY

154

Uspice

LT

= LtSpice Schematic

Capacitive Power Supply (Transformerless capacitive voltage dropper)
Wiirth Elektronik eiSos GmbH & Co.KG
890414026001CS_0.33uF

Fen

230Vrms,50Hz '}‘;}I“d
vin 9

.ic V(VouT)=0

I_LED=20mA

Cout LED
-‘- 865080545012_100uF Y/

ZenerDiode
BZX84C20VL

3014158301227 n=6

890334025034CS_330nF %

: DS ui
Cm_ﬂL$ i B X
HL-BWO2 n=8 <,3014_158301227A

.meas IRinrms RMS I(Rin) from start to end
.meas ICinrms RMS Ix(Cin:1) from start to end
.meas IRblrms RMS I(Rbleed) from start to end
.meas VCin RMS V(cin_1,cin_2) from start to end
.meas VRin RMS V(cin_1,L) from start to end

.meas Vz RMS V(VOUT) from start to end f&z%fgfé—_ﬁ“mzn D(
.meas Icout RMS Ix(Cout:1) from start to end + N-4.0378

.meas Iout AVG 1(d1)+I(D2) from start to end T RS=11.199E-6

.meas PCout AVG V(VOUT)*Ix(Cout:1) + IKF=1.10256-6

.meas ILoad AVG I(R_LOAD) from start to end + CJO=1.0000E-12

.meas PRload RMS V(VOUT,V_led)*I(R_LOAD) from start to end + M=.3333

.meas PRin RMS V(cin_1,L)*I(Rin) from start to end TVI=7s

.meas PRbleed RMS V(cin_1,cin_2)*I(Rbleed) from start to end +BV=5

.meas Pzener RMS V(VOUT)*I(Zenerdiode) from start to end + IBV=5.00E-6

+ TT=5.0000E-9)

No 'n' instances supported with LED in LIB (SUBKT) :
Extraction of .model from LIB WL-SWTP

.meas PD1 RMS(V(cin_2,VOUT)*I(D1)) from start to end
.meas PD2 RMS(V(N,VOUT)*I(D2)) from start to end
.meas PD3 RMS(V(cin_2)*I(D3)) from start to end

.meas PD4 RMS( V(N)*I(D4)) from start to end

[ oelicss

7
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CAPACITOR

Capacitive Power Supplies

= Log results (truncated)
"CTRL L" to display log file for
measurements

Simulate: transient analysis
.tran 600ms startup

; Power Efficiency Calculation

.meas start PARAM 300ms

.meas end param 600ms

.meas PRectAgain param PD1 + PD2 + PD3 + PD4

.meas PCin param (V(cin_1,cin__ 2)*Ix£Cm :1)) from start to end
.meas Plosses param PRectAgain + PCout + Pzener + PRbIeed + PRin
;.meas Pin_S RMS V(L,N) * RMS I(VIN) from start to

;.meas Pin p param Pout/(Pout+Plosses) from start to end
.meas Pin_P AVG (-I(Vin)*V(L,N)) from start to end

.meas Pout AVG V(VOUT *I(R LOAD) from start to end
.meas Effic param Pout/|
;.meas Effic2 param PoutIPln
; Power Factor Calculation

.meas Irms RMS I(VIN) from start to end
.meas Vrms RMS V(L,N) from start to end
.meas Pin_S param Virms*Irms
.meas PF param Pin_P/Pin_S

JULY 4,2025
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start: 300ms

end: 600ms 0.6

prectagain: pd1+pd2+pd3+pds 0.0515952

pcin: (v(cin_1,cin_2)*ix(cin:1)) -0.148631

plosses: prectagain+pcout+pzener+prbleed+prin 0.174153

pin_p: AVG(-i(vin)*v(l,n)) 0.492995 FROM 0.3 TO 0.6
pout: AVG(v(vout)*i(r_load)) 0.388436 FROM 0.3 TO 0.6
effic: pout/pin_p 0.78791

irms: RMS(i(vin)) 0.0233345 FROM 0.3 TO 0.6
Vrms: RMS(v(l,n)) 229.81 FROM 0.3 TO 0.6
pin_s: vrms*irms 5.36251

pf: pin_p/pin_s 0.0919336
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Capacitive Power Supplies

= Scopes of main current and voltages :

Uspice

LT

20.3V V(v_led) V(vout)
19.6V T
18.9v T
18.2v - Va“a 0 I S e e e e e A e e S e S
17.5V T
16.8V -
16.1V T
15.4V -
14.7V T
14.0V T
13.3V -
;;.:X IR _load) V(VOUT)*Ix(Cout:1) 540mW.
20mA - - 4s0mw
18mA  —| - 360mw
16mA TN i ‘,\ N AT - - 270mwW
tma Mmp‘ ARIRINARIVARINAAmAAVARANANARANA s
12mA  — H‘\H H\\w“\‘w‘h‘ FEHH - somw
10mA  — ‘ ' ‘ r{" | H Ty ‘\‘ | ‘W} i omw
8mA A IRIRIRIS IR ‘ - ‘ kb -oomw
bmA ] i ‘ ‘ i ‘ -t i ‘ ‘ -1 1 l | T ‘ - F1somw
4mA  — A L ‘ (I ‘ - Het ‘ —270mw
2mA - = A VU Essomw
OmA T T T T ~450mW
Oms 60ms 120ms 180ms 240ms 300ms 360ms 420ms 480ms 540ms 600ms
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Some other technologies and structure

= Snap-inand 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

JULY 4, 2025
1 58 | TECHNICAL ACADEMY

158

>
® ¢

-

4

I: ANALOG
DEVICES

79



71412025

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 us for more information about the High Baseplate
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