ing Allowable AC pa
r DC Rated Ceramic Ca

APEC 2015
Charlotte, NC
March 15-19, 2015

Jeremy Coe

Applications Engineer - Ceramic Capacitor Division
TDK Corporation of America
Jeremy.Coe@us.tdk.com

972-409-4510



mailto:Jeremy.Coe@us.tdk.com

Space constraints of modern AC powered applications have
driven the demand for volumetric efficient products.

noticeable application Trends driving the use of high
performing DC rated capacitors

discuss the Difficulties of traditional data support for
these applications

provide Keys to overcoming the obstacles set forth

TDK Ceramic Capacitor Division
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¥ P © v v v

Appilication Ir

TDK Ceramic Capacitor Division © TDK-EPC 2015



Wireless Power Transition Circuit

Diagram of power transition for EV / Hybrid car.
EV / Hybrid car

Key Capacitor Re
Stability with Volt
High Ripple (Low ES
Low Loss (Low D.F.)
Small Area Consumptio
High Reliability

tlw’*“ ) (5

p.

Transmitter Receiver

ic LC Resonant Circuit

4
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N YR ZEAY - | |<< Load/
() ) Rectifier <
S | -'x'a ‘}cfr’ N . . - Battery
I |,/’ . | 1‘
Transmitter Receilver

bedibs %m(sﬁla%ﬁ.k' dielarisishant element here, but can come at a price. Therefore,
MLE@?!%@%WQ%%W closely with design engineers to verify compliance with end
app¥Rhiftinlag srEsRRes AR AR e RRFIRRIIEN is considered while
Sudﬁghi@imﬂ%ﬂ{i@fgr@ﬁiciency loss in power transition

Quality Factor is orders of magnitude higher than COG dielectrics
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Permissive Ripple Current@100kHz

DC Bias Charactenstics Temperature Characteristics 5

b~ —

w— MLCC XTH
= MLLCCIG

w— WLCC H7R
= NLCLC COG
= Film Cap ‘

DC Bias

Capadtance Change
Capactanca Changs
Ripple Current (Arms)

CGA CDG series

Film Cap A
2000vH03

Film Cap B
3000vH03

Mount area [em2)

o L Nm [ 1

Ex: Frequency 100k
Voltage: 3,000Vr

nology Comparison Kt
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Must define AC Voltage ratings

Must provide ESR values in lower frequency range
for key COG[NPO] dielectric products

Must define AC Current ratings

Must offer ancillary data™ to validate use, industry
perception, or confusion in AC power applications

*Including reliability concerns

TDK Ceramic Capacitor Division



Rating MLCCs for AC Voltage use has created an unfamiliar position for MLCC
suppliers as this product’s intended purpose has been DC environments.

-  Measurement
/ \\ %
Data not readily

’ A 4 available
- Testing requires
new equipment

Half-wave rectified

VAV VA VN

Full-wave rectified

TDK Ceramic Capacitor Division



AC VOLTAGE RATING

TDK Ceramic Capacitor Division

1.

Operating voltage across the terminals should be below the rated voltage.

When AC and DC are super imposed, VO-P must be below the rated voltage.
Reference: figures 1 and 2 below.
AC or pulse with overshooting, VP-P must be below the rated voltage.
Reference figures 3, 4, and 5 below.
When the voltage is started/ stopped to apply to the circuit an irregular voltage
may be generated for a transit period because of resonance or switching. Be
sure to use the capacitor within rated voltage during these Irregular voltage

periods.
Voltage (1) DC voltage (2) DC+AC voltage (3) AC voltage
Positional /\/\/\ /
Measurement | Vo Vor Ve g
(Rated voltage) 0 0

Voltage (4) Pulse voltage (A) | (5) Pulse voltage (B)
Positional
Measurement Ver Ver r

(Rated voltage)




V Obtain an AC voltage rating from a DC rated

MLCC by substituting the peak to peak voltage
ﬂ g ’
(Vpp) for the capacitor’s rated voltage and
rTI"IS \f solve for Vrms.

Therefore, a 630Vdc rated MLCC would have the following correlated AC rating:

Vrms: 6320\‘//%‘919 — 222VFI1’151

LIt is worth noting the intention of use is by no means a guarantee for any safety critical AC application
where there is potentially a risk of bodily injury.

TDK Ceramic Capacitor Division



Molecular structure of a Class Il dielectric material (Barium Titanate BaTiO3)

TDK Ceramic Capacitor Division



Low Voltage High Voltage Low Voltage High Voltage

NERRRRRERERE SERNEERRERE
‘l"“-“\ i .‘ _,—_\‘

TDK Ceramic Capacitor Division



Dielectric enlarged view

S

Crystal Structure (CaZrO,)
- Does not have domains

- Zr does not shift

- Less heating affect

y =) 82 4N

= 0 e S -_e e . .

TDK Ceramic Capacitor Division

AN o=
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SN\ ~ 1=
YA f;f SN
S = N TH =
¥ /_:‘\\ // f*f*f*
) == ALY

oL} (gr;i):x boundary)

Bold Black Line: Crystal Grain
Thin Lines: Domain

Arrows: Dipoles
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ESR is the key parasitic element of all capacitor technologies used for calculating heat generation

Cp
IL
i1
@ AN G sl
Re ESL e AN ]
Rh

ESR=p * L/(W * d)

Part 1: Purely electrical resistance. Due to terminal and

inner electrodes (metal components)

ESR = (Ry, + Ry; + R, +

R +(Rh)+(R

elec)

elec

W
t
n

Electrode Resistance

Capacitance

Hysteresis Derived Resistance, R/f
Equivalent Series Inductance

resistivity of internal electrode
total length of MLCC

width of internal electrode
thickness of internal electrode
= number of internal electrode

+ R¢, + Ry; + Rg,, = D.F. X X¢

Part 2: Affected by the dielectric loss of the ferroelectric ceramic material

TDK Ceramic Capacitor Division



LOW FREQUENCY ESR DATA

Z| ESR Characteristics

1.00E+04
1 00E+03 Measuring equipment : HP4291A
- N tem; 3220/C0G 220/ 150nF /%
1.
ﬁ 00E+02 ! i
% 1.00E+01
wi [ i i
"E_ 1.00E+00 . 1Z|
1.00E-01 sl - : ESR
1.00E-02 LI i
1.00E-03 Pram Nl
; i
1.00E-04 | I
1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08
e Frequency [HZ]

Due toinaccuraciesinicuerently lavailablerdata, aneasurementsiof ESR in frequency
ranges below-1MHz have been a challenge for all MLCC suppliers.

TDK Ceramic Capacitor Division © TDK-EPC 2015



Modeled vs Actual ESR|Z| vs Frequency

2220/C0G/250V/150nF/5%

Merit: Almost matchingin
+500kHz range

Demerit: Not enough
matching <100kHz range

102

1E+04 1E+ 1E+08
Frequency [Hz)

TDK Ceramic Capacitor Division

parison of Actual and Modeled ESR data

16
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Temperature

ESR at desired measurement frequency

CaseSize | o otficient | 'or9e(V) | CapValue o —— OHz | 20kHz | 50kHz | 70kHz | SOkHz | 100kHz | 200kHz | 300kHz | 400KHz
0402 C0G 50 inF___ |14076.20] 352101 | 394 383 382 382 382 381 382 383
0603 C0G 50 12nF__ [11730.97] 293573 | 4.09 4.00 3.99 3.99 3.99 3.99 4.00 4.00
0803 C0G 50 16nF | 9384.19 | 234800 | 268 261 261 260 260 261 262 263
0603 C0G 50 18nF | 782033 | 195684 | 241 235 234 234 234 235 236 238
0603 C0G 50 22nF | 6399.48 | 1602.08 | 3.00 2.95 295 295 205 295 2.96 207
0603 C0G 50 27nF__ | 521451 | 130551 | 256 252 252 251 251 252 253 255
0603 C0G 50 33nF__ | 4266.18 | 1067.91 | 186 183 182 182 182 183 1.85 187
0603 C0G 50 39nF__ | 261047 | 90424 | 220 217 217 217 217 217 219 2.20
0603 C0G 50 47nF | 299646 | 75087 | 236 234 234 234 234 235 236 237
0603 C0G 50 56nF | 251535 | 63066 | 245 243 243 243 243 243 244 246
0803 C0G 50 6.80F | 2071.03| 51893 | 158 156 156 156 156 157 159 161
0603 C0G 50 82nF__ | 171866 | 43156 | 263 251 251 251 251 252 253 255
1206 C0G 630 10nF__| 140880 | 35337 | 157 156 156 1567 1567 159 163 168
1210 C0G 630 15nF__| 939.46 | 23584 | 131 130 1.31 131 131 135 142 151
1210 C0G 630 22nF | 64069 | 160.95 | 1.05 1.04 1.0 105 1.06 111 119 130
1206 C0G 250 22nF | 64061 | 160.87 | 096 0.96 0.96 0.96 0.97 1.00 1.06 114
1210 C0G 630 33nF | 427.20 | 107.37 | 077 0.77 0.77 0.78 0.79 0.85 0.96 1.0
1206 C0G 100 33nF | 427.30 | 107.47 | 087 0.87 0.87 0.88 0.88 0.92 0.99 1.07
1812 C0G 630 47nF | 20045 | 7589 | 1.04 1.05 1.0 1.06 1.07 115 128 143
1210 C0G 250 47nF__ | 30028 | 7572 | 087 0.87 0.88 0.88 0.89 0.95 1.04 1.16
2220 C0G 630 68nF 14142 | 3587 | 070 0.70 0.71 072 0.72 0.81 0.94 1.09
1812 C0G 450 68nF | 207.38 | 5217 | 044 0.45 047 0.49 0.50 066 0.84 101
2220 C0G 630 100nF | 141.16 | 3561 044 045 0.46 0.47 0.48 061 0.76 0.92
1812 C0G 250 100nF | 141.16 | 3561 044 0.45 0.47 0.49 050 0.66 0.84 1.01
2220 C0G 250 150nF | 9409 | 2373 | 028 0.20 0.31 0.34 0.35 0.50 065 077
1812 C0G 50 200nF | 6431 | 1634 | 035 0a7 0.39 0.41 043 0.60 0.78 0.92

*This sheet is calculated by equivalent circuit model for Class | Unit : mQ

- ECM created using ADS simulation e

e
C=C1
- Organized in excel to compare T
Mum=1 . )
g Z-500MD . fogo o
simulated and measured data (at 1" ¢ @ i
. - L DmmmmE o
higher frequency) et R
oS A
- e o “RE=Rfl*detaRl °
- Rf3=Ril*dettaR -

TDK Ceramic Capacitor Division

T deftaR=07 © -

. . Rf4=Rfd*deftaRl .
. Ris=Ri4*deitaR
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Equipment:

Waveform Generator - HP 3312A
- Bipolar Power Supply : NF 4025
0SOILLOSGOPE Oscilloscope . HP infinium 54845A
Waveform Generator infrared (] 9999 Infrared Thermometg_r : TASCO THI-301
Thermometer VIV g g Current Probe/Amplifier  : Tektronix A6032/AM503B
I I COHI OOHZ CCH)S CCH)4 °
Bipolar P ' I
Ipolar Fower - . Amplifier/
Supply _|<- ----- Current Probe
Test Board TDK Land Pattern
5 100 Chip Size a b C
) ° ’ C1005 0.40 1.50  0.50
I |4 T C1608 1.00 3.00 1.20
- [HIES C2012 120 400  1.65
N e UL = C3216 220 500  2.00
\ : J C3225 2.20 5.00 2.90

\ Copper C4532 3.50 7.00 3.70
C5750 4.50 8.00 5.60

C7563 5.50 9.10 6.90

\  Solder resist

Initial Challenge: limited measurement due to lack of equipment investment

TDK Ceramic Capacitor Division



AC CURRENT RATING

AT
Hms K X ESR

For proper calculation of the AC current rating, one must know several parameters.

—~

—~ -~ —~ P ~ -~ r — — —~ ~ P A~ = ~ e R
- — — ~ — o

\\_/ _— ¢ D e = . - _ n . —__
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Series I K (°C/W) - May not be publicly released

CEGS TEK/MN 460 - Can vary product to product, supplier to
(2220+) supplier, material to material
CEGASKEM™ 488 , __ ,
2174 - TDK provides in its SEAT design tool when
simulating for ripple current
——— = - 240 °C/W is used to represent the 2220 package
(1812)
3225 370
(1210)
3216 380
(1206)
2012 470
(0805)
1608 740
(D603)
1005 200
(0402)
D603 200
(0201)
D402 200
(01005)

TDK Ceramic Capacitor Division



Modalo e ensa 517t Fraancy ESR is typically readily available
_ through design tools. However, one
smosom may need to obtain ESR curves from
the supplier.

Impedance (Ohm]
[N A

E+04 1.E+DI
Frequency (Hz)

Referencing the same 2220/C0G/250V/150nF/5% capacitor and an operating
frequency of 100kHz, the ESR was modeled to approximately 0.35mOhm.

AT 20°C

I, . = | = = 15.46A4
rms K x ESR rms 240°C /Wx0.000350hm rms

TDK Ceramic Capacitor Division



TDK Multilayer Ceramic Capacitor (Estimated Failure Rate FIT)

. Component Hrs. | Est Operating Temp Est Operating Fuailure | MIBF |15 year Lifetime
TDK PN I.C RV Test Temp (°C) | Test Voltage (Vic) |Test Time (hrs) Oy Tested (Hrs) {°C) Voltage (Vdc) Rate (pears) -
105 200 882.15 | 1.29E+02 89%
2220/C0G250V/150nEF /5% CcoG 250 25 300 1000 7 77.000 125 200 3528.62 | 3.24EH01 63%
145 200 14114.48 | 8.09E+00 16%
105 200 882.15 | 129E+02 89%
1812/C0G250V/100nF/5% CoG 250 25 300 1000 77 77,000 125 200 3528.62 | 3.24E+01 63%
145 200 14114.48 | 8.09E+00 16%
105 200 451.66 | 2.33E+H2 94%
1210VCOG/230VI4TnE 5% CoG 250 25 373 1000 77 77,000 125 200 1806.65 | 6.32E+01 79%
145 200 7226.61 | 1.38E+01 39%
105 200 451.66 | 2.33E+H2 94%
1206/C0OG/230V/22nF /5% CoG 250 125 375 1000 77 77.000 125 200 1806.65 | 6.32E+01 79%
145 200 7226.61 | 1.38E+01 39%
105 200 451.66 [ 2.33EH2 94%
0803/COG/230V/100F/5% CoG 250 125 375 1000 77 77.000 125 200 1806.65 | 6.32E+01 79%
145 200 7226.61 | 1.38E+01 39%

Exceading operating temperature is not recommendad or warranted

As temperature increases by 20 °C, the FIT is also increasing at a rate of 4 x while the MTBF is reducing by 4 x

Calculations of failure rate with 60% confidence level

1. Vpltage Acceleranon Coefficient (dv)

T-To

2. Temperatwre Acceleranon Cogfficient (g

W : Test voltage
Vo : Estmated operating voltage

Calculated per the JIS C3003 standard

A=V
Va At=12

10
T : Testing temperature
To : Estimated operating temperature

Lifetime Probability
Eit) = =" (-t MTEF)

3. Failure Rate ( A) 4. Failure Rate with acceleration ( Ag)
o= L

T " Avr At

(FIT)

r : Number of failure 1FIT=1x107°
T t: Total testing time
k : Conztant which i= -ch,a_nged. b}-‘ 1 5. MTBF (Mzan Time Betwaen Failura)

If r=10, thenkis 0.917 MIBF=1/FR

Disclaimer: Calculations provided are estimates of product life based on details above, actual performance may vary. TDK does not guarantee the life of its MLCCs.
The predicted failure rates in failure per billion device-hours (FIT)

)

- A

TDK Ceramic Capacitor Division
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Voltage and temperature are the two main
contributors to an MLCC's reliability over a specific
time period.

AC conditions have a more adverse effect on a DC
rated MLCC than a pure DC voltage.

By not adhering to the guidelines presented into
today’s presentation, the potential failure mode is an
electrical short caused by thermo-electric induced
stress.

TDK Ceramic Capacitor Division



hrough destructive physical analysis (DPA) cross sectioning and inspection
under magnification (50 to 200x), this failure mode is detectable by MLCC
suppliers.

Internal structure examination photos

e found no abnormal spot such as meandering of inner electrodes or voids.
he product is destroyed from inside.
his mode of failure is very similar to that of voltage breakdown caused by application of over-voltage
or destruction by reaching the service life due to overloading.

eEailure Detection J

24
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Multilayer Ceramic Chip Capaictor
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SElection Assistant
of TDK components
2013

- Increased functionality vs website

- Obtain Ripple Current across an entire
frequency range (i.e. 300kHz-10MHz)

- Compare up to 16 products at once (vs 4)

- Added feature of series and or parallel
component combination

This software is protected by copyright law and international treaties. version 5.0.1
Copyright(C)2000-2013 TDK Corporation. All rights reserved. S2100 -4,

0.01 o

Impadance ! ahm

(L e et ——rrrrrr
0.1 | 110 100
Frequency / MegHz

L oo - T T T LI B B | T T
| 10
Ripple Frequency | MegHz

ESR and Ripple Current graphs for a 1812/C0G/50V/100nF/5% MLCC

- -

-1 -~ of & d=21da of ol =

N3 Vo N = =
L 1 A4 1B B L 1 A A _ 1 B _

=

http://p?oduct.tdk.com/en/tec‘hnicalsupport/seat/
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DC rated MLCCs can prove to be a reliable solution for
modern noncritical AC applications, if used with proper
design considerations.

Knowing a product’s maximum AC voltage and current
capability are critical to the optimization of this process and
this presentation has provided a platform to obtain these
values.

Mitigation of reliability concerns and readily available data
will continue to be at the forefront of this movement as the
incorporation of volumetric efficient products are considered.

Suppliers must continue to support data requirements and
readily share via their websites and/or design tools

/

TDK Ceramic Capacitor Division
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