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Agenda YAGEO:

« Short introduction — why

* The object — the film capacitor
 The measurement setup

* Results

» Outlook




Electro Mobility and EMI aspects YAGEO:

» Broadcast cellphone 5G = 0.2W
« 87 Mio Inhabitents in Germany do a cell call at the same time = 16.4MW
« 60,7 Millionen vehicles (Jan 2024)

* Imagine all are BEVs and 10%driving at the same time

 operating up to 850 V /450 A peak
« f=5kHz ... 200kHz




What is behind TESLA? YAGEO:




What is an EMI or X/Y capacitor ? YAGEO:

« aka “Funkentstorer”, Safety capacitor, IEC60384-14, Y-Capacitor, X-Capacitor
« Use in grid applications ( 230VAC, 110VAC) and BEV (400V/800V)

 was originally developed catching transients not for DC

Cy —/— —
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0 N -
L) s Rs R o Rs
el 1] — F—— m— — }—— p—
E Re “|_ y T GND Re --I— ’ 1
| = Leakage current | = Leakage current
to earth to earth
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EMI Filter

—Outl

YAGEO:

Inl) 8 Y & NN #
L1 = L2 =
& o INe— 7 S [ & [ N
In2 ) & TILY, & BE O, &
— CY1 —
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Standards YAGEO:

« Capacitance is defined 1kHz / 1Vrms no DC-bias
DF is also defined at 1kHz
ESR is determined at 100kHz

There is no standard for ESL measurements

Definition of inductance :
The area inside the current loop defines inductance
The component is only a part of the whole loop

| Frequency Trace 1 ESR Trace 2 ESL
:: | Cursor 1 30kHz| 11,997 m0 | 12,142 mQ 5,822 pH 5,813 pH | [l
200 kHz 8918 mQ 575m0| 124848 nH 125,358 nH | [
:: ol Cursor 3 500 kHz 11,011 m2 10,381 m0 15,05 nH 15,353 nH | ]
;i | Cursor 4 | 1TMHz | 14432m0| 14253 m0| 264,714 pH 72,002 pH |l
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Why low ESL an YAGEO:

 Film capacitor widely used for DC-Link capacitors, Snubber and X/Y caps

« ESL cause
 Impact filter performance due shift of resonance frequency
* Ringing in switched application (Inverter, PFC)

Copyright © 2024 YAGEO Group All Rights Reserved



Ringing 1= f(r) YAGEO:
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Ripple current : time variant and frequency domain

YAGEO:

dT’ = Irmsz + ESR(f,T) - Ry,

2,622A 0,3355

000000

13,9%




Film Construction YAGEO:

Molded Plastic Single-sided Metallized
Case Polypropylene Film

/ (First Layer)

Molded Plastic  Self-Extinguishing
Case Resin

f

Single-sided Metallized
Polypropylene Film
(Second Layer)

/

Margin

Metal Contact—

Metal Contact Layer

Layer
2 ]
1% | Single-sided
| | —Metallized
7| Polypropylene
Film
| | Leads ——
L ] eads
2 Sections
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Catalog material

YAGEO:

KEMET

Power and AC Film Capacitors - Printed Circuit Board Mount Power Film Capacitors

C4AQ, Radial, 2 or 4 Leads, 500 - 1,500 VDC, for DC Link (Automotive Grade) aYAGEO company
Table 1 - Ratings & Part Number Reference cont.
Dimensions 2 ey Rth
Cap dv/dt| Ipkr | ESL | 70°Cat | 70°C at Packaging|  PART
Value |VDC (mm) 10 kH 10 kH (HSIAmb) A
(uF) Z Z Quantity NUMBER
T|{H|L| S |S1|V/us| Apk | nH mQ Arms (°C/W)
Ve at 70°C = 1,100 VDC; V,p5; at 85°C = 900 VDC; V,p,o5 at 105°C = 700 VDC
1.5 1,100 11 20 31.5 | 275 \ 24 36 17 26.3 4.8 44 256 C4AQQBU4150ATWJ
2.7 1,100 13 25 31.5 | 275 \ 24 65 22 15.3 6.9 36 234 C4AQQBU4270A1XJ
3.3 1,100 14 28 31.5 | 275 \ 24 79 24 12.9 79 33 96 C4AQQBU4330A1YJ
5 1,100 19 29 31.5 | 275 \ 24 120 25 9.1 101 29 72 C4AQQBU4500A11J
8 1,100 22 37 31.5 | 275 \ 24 193 28 6.6 12.6 23 64 C4AQQBU4800A12J
1,100 20 40 42 37.5 | 10.2 16 190 12 6.3 14.4 20 58 C4AQQBW5120A3FJ
1,100 28 37 42 37.5 | 10.2 16 229 10 5.4 16.3 18 36 C4AQQBW5140A3JJ
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ESR impact by Wires — 0.8mm, 1.0mm and 1.2mm YAGEO:

Loss in transition of Schoopage layer

Additional loss due increasing resistance in lead wire due
skin effect at higher frequencies

Schoopage Layer

e N
ingle-sided
% Vetalized
Polypropylene
fl Film
5 — dV f, tperiod
Wire diameter dt 0 Iy

Copyright © 2024 YAGEO Group All Rights Reserved 13



Skin effect on Cu wires YAGEO:

« At 500kHz the x-section is only a half

0 = deepth of material -

Frequency/ |Loss/ %
kHz

p = specific resistance
@ = angular frequency = 2r freq
u = permeability

A = n(D?* = (D - 6)?) 10kHz 0%

A = wire cross — section 50kHz 15% 0.85
D = wire diameter 100kHz 32% 0.68
0 = deepth of material 200kHz 48% 052

500kHz 65% 0.45

Copyright ©® 2024 YAGEO Group All Rights Reserved
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ESL Value cersus Wire @ and length YAGEO:

ESL [nH]

ESL [nH]

0 05 1 15 2 25 3 35 4
D Wire Diameter [mm)|

ESL [nH]

ESL [nH]

10 15 20 25 30 35 40 45 50
L Wire Length [mm)]
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Specimen for our test YAGEO:

Wirethickness 0.8

Copyright © 2024 YAGEO Group All Rights Reserved



Measurement Principle YAGEO:

U
/==
-1

. X
Z=|Z|e""*? ¢ = arctan (E)
Z = |Z| (cos() +j sin(p))
3 variables R, X;, X, but only two equations

R=\Z|-cos(p)

X=|Z|-sin(p) with X =X;+ X




Does it matter? C = 5uF, ESL = 20nH

Impedance Calculation

ESR 0,01 Q
c 5 uF ESL 20 |nH
: O -
R DS T o
iz NSiE o i i

tan_d | NOIG00S [1]
srr S

I N R

1kHz 0.000126 31.8
10kHz 0.00126 3.18
100kHz 0.0126 0.318

1MHz 0.126 0.0318

YAGEO:

Copyright ©® 2024 YAGEO Group All Rights Reserved
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What we all know .. YAGEO:
- Real capacitor has capacitance, resistance & inductance

2] =
\

+

- ESL depends on length and width of the chip size
- ESL impacts the Self Resonance Frequency

1

D % n*\/L*l

SRF =

Cojfrgt ©2024 YAGEO Group All Rights Reserved



Where to start YAGEO:

Impedance & ESR

Frequency: 5.18 kHz
C4AUPBWA4TOOM3F - Impedance C4AUPBWATOOMAFJ - ESR ' C4AUPBWATOOMSIF. - Impedance /' C4AUPBWATOOMA3F] - ESR [l C4AUPBWATOOMS3FJ

e B C4AUPBWATODMAIF. - Impedance: 4,38 0

'190
e B CAALUPBWATODM3F.) - ESR: 8.09 mi)
| CAALPBWATDOMIF. - Impedance: 4.39 [
B C4AAUPBWATODMAFJ - ESR: 6.09 mi)
\Qo
8 o
H
E
&
'\0‘(@ .
Frequency
Info Legend Tolerance Part Number Cap. Vpc* Dielectric Qty. Bias (V) Amb. (°C) Add Remove
C4AUPBWA4TOOM3FJ 7 uF 1200 PP 1 0 25 R 4
> Vd C4AUPBWA4700M3FJ 7 uF 1200 PP 1 850 25 X
= C4AUPBWA4700M3FJ 7 uF 1200 PP 1 850 90 X

Copyright ©® 2024 YAGEO Group All Rights Reserved




Measurement methode PCB - criteria YAGEO:

* Impedance is between 15mQ .. 300Q
« ESR is between 6mQ and 100mQ

Vv Shunt-Thru

Measure impedance with the Shunt-Thru method.

OUTPUT

Recommended impedance range: 1 mQ ... 100 Q

g Donot exceed 3.3 Vrms at the output (50 Q).
" Do not exceed 7 Vrms at Channel 2 input (50 Q).

. Z(226Hz) = 100Q
. Z(10MHz) = 680mQ

Copyright © 2024 YAGEO Group All Rights Reserved 21



First shot

Copyright ©® 2024 YAGEO Group All Rights Reserved




The Testboard

Shunt-thru
OSL (50Q) ol
Load is 2x 100Q in parallel B e

SMA — connector

Symmetric layout T —

Film 37.5mm
Testboard V1.0

100Q Caltibration

g - =

VAN Ay

g memg ‘
1 | b |

£ 3y 04409

YAGEO:
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Coupling effects YAGEO:

Current path with a u shaped conductor simulated in CST EMS
100kHz 10kHz 5kHz

e s e R B e EeEm

e R
e il

e

W

ST

ST
[ ——

IR
[ ]

1kHz 500Hz

BRI e G RS R RS R
ek . -

B e RS B R S

1
i
1

Hinhunie

HIHTH e

HHHnE
Copyright Seibersdorf Labor GmbH

[ ——

rt
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Testboards YACEO:

Signal Tuﬁﬁ_

R

oy :
10532 Calibralion

1000 Cal.ib»r‘l'vtiun -

1 =] g
Testboard V1.0

1000 Calibration
[ AR |
4

Copyright ©® 2024 YAGEO Group All Rights Reserved



Testboards

oy
1000 Calibration

KEMET Electronics GmbH
Film 37.5mm
Testboard V1.0

-
L

1000 Calibration
[ AR |
4

Signal

1052 Calibrakion

1000 Calibration
: gt

YAGEO:

Copyright ©® 2024 YAGEO Group All Rights Reserved



The simulation of the Test PCB YAGEO:

 Slot is necessary to drive the current thru the component

» Because of the dimension of the PCB the frequency doesn’t really matter

surface current (f=10) [1] & n surface current (f=100) [1] & n
nnnnnnnnnnnn . v onent A v

Plot attribute Maximum

Copyright © 2024 YAGEO Group All Rights Reserved 27



The simulation of the Test PCB (2) YAGEO:

« The width of the gap controls the current flow

» Adapt to the dimensiomal needs

* Erroris in a range less than 10%

J'

1[ surface current (f=100) [1] & n

surface current (f=100) [1] & Component Abs e <
z X
mponent Abs

eeeeeeeee

Maximum (Plot) 0 dB Copyright © 2024 YAGEO Group All Rights Reserved 28



Measurement

== KEMET_PCB_Wide_Gap_Cal* - Bode Analyzer Suite

Home Measurement View Cursor v

[ New [ save ’ ’" . % HZM_I:iz ffzf.
0] S
pen E aveas Continuous Single Stop Impedance / Full-Range User-Range
[# Export Report Reflection - M
File Measurement Setup Impedance Calibration
el B
B o ol 1T~aAl> >calc l LUH\LII} - ]
Frequency sweep IEH Fixed [ Frequency Trace 1 ESR Trace 2 ESL H E|
:: ™ Cursor 1 30 kHz 11,997 mQ 12,142 mQ 5,822 pH 5,813 uH |l :: W Trace 2 @ [i] v
Start frequency 100 Hz 200 kHz 8,918 mQ 5,75 mQ 124,848 nH 125,358 nH |l M t l I d = l
Stop frequency : M Cursor 3 500kHz | 11,011mQ| 10381 mQ 1505nH | 15353 nH | @ casurement | mpecance
i v Cursor 4 TMHz|  14432mQ| 14253 mQ| 264,714 pH| 72,002 pH @ Format | Ls v
Center 1,00005 MHz =W Come s I} Voo | 600 mH ~ |
v
Span 1,9999 MHz 0] y | ey
min v
100k : _
! 1 | Y-axis scale l Log(|Y]) v l
Sweep Linear - Logarithmic : i - 100m
10k 1 | 10 :: |l 50R X Rii >
Number of points. | 801 Y —— | D e wietwide £ 08>
| | | i ire-LP-wi
Level Constant IER Variable = 1k | | : 00T :: Ml 2wire-LP-wide X &m>
- c | ~ | | | 3wire-LP-wide X &Sl >
Source level o l ! - 4
Iz ‘ | 0T iesewide & B>
(] s . - - - - - - - - =-=======7 BRSNSt Q
(W) v 1 (9]
Attenuator  Receiver 1  Receiver 2 < .&\ ; : SUTENS-BI :: W Circuit Fit 1 Zem > h
o 1 | o
‘ 9 |
£ | | Ton £ || stored 2025-04-08 06:57:%
. | | - . .
Receiver bandwidth 300Hz ~ ; L I 3 Impedar.me points 801
® | “1ln O Show with [] Trace 1
fd | ! r‘ i Trace 2
= 100m | ‘ ! -100pF
: | ! :: M ESR i omy
°“6"“' /\H/‘a \L _ . i 10P Stored 2025-04-08 06:58:°
Sode 100 10m -F s = = = Impedance points 801
¢ B ! j = - Show with Trace 1
M | } 5 - 100f [ ] Trace 2 -
z Tm - : . d
500k ™ 1,5M 2M
Shunt-Thru Frequency (Hz) Measurement = new memory

:[s

| [ Receiver’ [ [ Receiver2 [ || M= 2025-01-29 | MFS57C v

Copyright ©® 2024 YAGEO Group All Rights Reserved




Measurement

* Try not to use beyond resonance frequency

YAGEO:

Equivalent circuit model VvV | |Fit results v
Select model type: | Model E ¥ g l1+s-RC,+s*-LC,
Automatic best fit s (Cy+ Cy) + 5% (RC,Cp) + 87 - LC,Cy
R Cs L > & a 14,549 mQ 5
_I:l_"_fwv'\_ it I:!" I::-’ E‘ 4572nH §
Start Export Fit  Export SPICE Import ' A «
o— +— i i i netlis ‘onfiauration
" Fit configuration tlist o (" t . 4694 HF :
i Start expc Export Circuit Fit as SPICE netlist
FY
Cp Exports the fit results as a subcircuit 1S feature is a preview. 182,776 nF &
(using .SUBCKT) to a SPICE file.
Fit Model: SIMpic mmem 1 rvewwen S ve Error
Fit parameter Data source: Z{Measurement} - Impedance value in 2 ~ /
Seek passivity: No ¥ ® %15 f
Weighting: 1/]Admittance| v _ I_%'IU / U
5 /
Enter your notes... IS
100 1k . 10k ... 100k ™
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Use in other programs

hy View Simulate

CSGHES> I TERARS

BLLO:x3xlett 1O 7T

-4 Omicron_Bode100_make_circuit 2 Omicron_Bode100_make_circuit T YAG_C

a = | B | £3
- N - c coccoooocooof@oo@ooooooo - - _ O x B
Open Symbol:  C:\Users\oalsge1\0neDrive - YAGEO CORPORATION\Docume | | . ., . . . . . &« « =« o E T = Bode100 X SUBCKT_C1210¢ +
,,,,,,,,,,,, TITYAG T L e 2. @
IDIIIIIIIIiTiiiiiiiiiin .sUecKT CHREUELRIEA pint pin2
Attribute Value Vis B....... . C Pinl N1 4.8081693912220637E-006
Prefix X N I e Rp Pinl N1 5.01549108358449939E+001
L N1 N2 1.2935235186513429E-008 TR
j |Insthame X Rs N2 Pin2 3.9877410604501520E-062 =
| | SpiceModel .ENDS Circuit_Fit_1 E
b o et
Value2
e vi
Spiceline T vac Ln1,Col 22 13 0f192 charact  100% Windows (CRLF,  UTF-8
SpiceLine2
AC1V
.ac dec 100 1k 2M
Cancel OK Jlib "C:\Users\oalsge1\OneDrive - YAGEO CORPORATION\Documents\ LTspice\Bode100_C.cir"

100mHz

Ix(X1:a)

Editing component: X1

14°C
Sonnig

‘ -
1 Q Search

. = ENG
Lk = v 5 W s & = Ui

16:02
08/04/2025
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ESL reduction YAGEO:

Capacitor Bobbin : SuF 6,7um x 37,5 mm

1 Wire/Standard Profile 1 Wire/Low Profile

12.1 5.3 56% less

ESL [nH]

©KEMET Corporation. All Rights Reserved.
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Specimen for our test YAGEO:

 More wires reduce ESL and ESR

ESL/nH
(2MHz)

ESR/mQ /
(100kHz) 7.8 4.2 3.1 24
SRF/MHz 0.638 1.1 1.29" 127 .

KK]

1 ) Capacitance was at the lower limit Copyright © 2024 YAGEO Group All Rights Reserved



What about pressfit YAGEO

GROUP

* The restring disconnect the hole from the copper

* For wire use lots of solder

* Wire Pressfit contacts | messed it up — new PCB already ordered

'-“'"Ipun

Cawatar;/% aneo = A
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Low ESL: Low profile 4 pins DC Link YAGEO:

Table 1 - Ratings & Part Number Reference cont.

. . Irms*
Ca Dimensions ESR, o Rth )
P = dv/dt| Ipke | ESL | qon, | 95°Cat | ion ) |Packaging|  PART
Value | VDC a 10 kH .
(WF) z Quantity | NUMBER
T|H|L| S |S1|Vps|Apk] nH mQ Arms | (°C/W)
Vyoc 3t 85°C = 900 VDC; V,,lks at 105°(| = 800 VDC: V.5 at 125°C = 720 VDC
1.2 900 11 20 32 27.5 \ 40 48 17 35.0 3.8 44 256 C4AKOBU4120A3WJ
1.5 900 13 22 32 27.5 \ 40 60 22 28.0 4.6 39 208 C4AKOBU4150A38.)|
2.7 900 14 28 32 27.5 \ 40 108 24 16.0 6.6 33 96 C4AKOBU4270A3YJ
1 W| re 5 900 19 29 32 21.5 \ 40 200 25 9.0 9.5 29 72 C4AKOBU4500A31J
8 900 22 37 32 275 \ 40 320 28 6.1 12.8 23 64 C4AKOBU4800A32J 2 W
Ires
Vioc 2t 85°C = 900 VDC; Vol at 105°(| = 800 VDC; V.5 at 125°C = 720 VDC

T5_ | 900 | 21 | 125 ] 32 [ 275 \ | 40 50 M 786 X, 76 157 CAAKOLUAT50A31J]
2.5 900 24 15 32 275 \ 40 100 13 17.1 59 39 168 C4AKOLU4250A32)
48 900 3 19 32 275 \ 40 192 16 9.2 9.1 30 80 C4AKOLU4480A39J
3.8 900 24 15 42 375 | 10.2 20 76 7 21.2 5.8 33 132 C4AKOLWA4380A34)
5 900 24 19 42 37.5 | 10.2 20 100 8 16.2 7 29 48 C4AKOLW4500A33.
10 900 35 24 42 375 | 203 20 200 9 8.1 1 23 60 C4AKOLWS100A36J
14 900 43 25 42 37.5 | 20.3 20 280 B9 4 5.9 14.3 19 48 C4AKOLWS5140A38J

1 Wire 2 Wires
Low Profile Low Profile

Copyright © 2024 YAGEO Group All Rights Reserved



Wrap up YAGEO:

* [t was fun to work on my own first testboard
 Very helpful to have a community and contacts you can talk with
* The pressfit will be investigate when the new boards arrive

* There a lot more to do on the components characterization and ...




Enough material for future investigations

YAGEO
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Acknowledgement YAGEO:

 Melanie Klenner,iKK@2>I Prime for the excellent simulation of the PCB

 Florian Hammerle, Wﬂ% for thehints and support for the investigation

» Federico Fantini and Robert Airi YAGE QO for the insight and samples




Thank you! S ZH{R!

Axel.Schmidt@yageo.com
+49 172 89 25 284
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YAGEO

Thank you! ZiZ{R!

inX @9 fQ
WWW.YAGEO.COM
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