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New Products Power Application Trends

Ceramic Dielectric
Plated Sn finish for COG based on CaZrO,

Solderability

Barrier Layer
(Plated Nickel)

Electrothermal MLCC Materials &
Models Performance for Power
Nickel (BME) e oer D)

External Factors Affecting AC Performance Considerations
Performance  High AC Voltages

* |°R Heating
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Power Application Trends
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Wide Bandgap (WBG)
— | sic
: Ll s caN
SR et
(10kHz- > 1MH2)

I LLC Resonant Converters

Resonant Wireless (~ 85kHz)
Power Transfer (WPT)
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Capacitor Basics
MLCC Materials & Performance

Termination Electrodes

_,_/7>
2
—
Ceramic Dielectric Ceramic
Internal Electrode (Ni or Cu for BME, . C = € KA(n-1)
Ag/Pd for PME) Capacitance © = ,

C = Design Capacitance
K = Dielectric Constant

A = Qverlap Area

t = Ceramic thickness

n = Number of electrodes
eO

Termination (External Electrode,
Cu for BME, Ag for PME)

= Permittivity of free space

Plated Sn finish (8.854 x 10 F/m)

for Solderability

Barrier Layer
(Plated Ni)



Class | Vs Class Il MLCCs

Class | Paraelectric low K, Examples COG & U2J ——U2J —+-C0G ——X7R

Class Il Ferroelectric high K, Example X7R

Temperature (°C)

100 140

« Change of capacitance with temperature -55 to
+125°C (Ref 25°C) is a key characteristic:

o X7R +/- 15%
o COG +/- 30 ppm/°C 15
o U2J =750 £120 ppm/°C 20
« X7R MLCCs capacitance is reduced further at

high AC & DC voltages _-

« Some typical values & voltage ratings of KEMET 2400-3700 >1% 6.3 — 3000V
Ni compatible dielectrics are shown in the table COG 31 <01% 6.3— 10000V

u2J 82 <0.1% 6.3-100V

Cap. Change (%)

©KEMET Corporal tion. All Rights Reserved.
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Class | Vs Class Il MLCCs
Attributes for Power Applications

Wide Bandgap Resonant Wireless

LLC Class | BME C0G Class Il BME X7R

Capacitor Requirements / Attributes
P 9 Power Transfer

DC-LINK Snubber
Capacitance Density o o o 0

Capacitance Stability vs Temperature O O

Capacitance Stability vs Voltage o o

Low ESR

Low Inductance o o
High DC Voltages

High AC Voltages

High AC Current

High Temperature Operation (>125C) o

High Frequency Operation (>100kHz) o o

O - Important Characteristic, but not Critical

Capacitor Requirements a Good Match for Class | Ni BME COG Attributes but
capacitance density is a challenge

O©KEMET Corporation. All Rights Reserved. 6



Two mounting orientations Switched Tank Converter

48V to 12V Power Conversion have 98.92%
efficiency In Data Centers

S Sis

STANDARD LOW-LOSS

Low-Loss Benefits
v Lower ESR

v Lower Thermal Resistance
v Lower Inductance

v Higher Ripple Current

N\ IEEE PEAC'2018 Development and Characterization of Resonant

CPSS

'&w The 2nd IEEE International Power Electronics and
Sover s Application Conference and Exposition

Capacitors and Inductors for Switched Tank Converters,

J. Bultitude & Y. Saito et al

O©KEMET Corporation. All Rights Reserved.

Increasing Capacitance — KONNEKT™ Technology
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Ripple Current Heating from ambient at 20Arms

)

Low Loss = 35°C

ESL
Standard

1.6 nH

Low-Loss 0.4 nH

. Lower
/ Losses

Pw = i?R
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Two Considerations for AC Applications

AC Voltage and Current
1000

100
Voltage-Limited Region Current-Limited
Region’
Vrms=229V
—

E 3
> 100 10 _¢&
. et
@
) &
£ :
S o
O 10 1T 0
< <

1 0.1
1 10 100 1,000
Frequency [kHz]

— Ripple Voltage (V) = Ripple Current (I)

Heating due to I°R losses

Current-Limited Region

High AC voltages

Voltage Limited Region

O©KEMET Corporation. All Rights Reserved.
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AC Characteristics
Class | and Class Il MLCCs

Impedance and ESR for Class 1 and Class 2 MLCCs

o ~
1E+4

9- 1E+3
&
L 1E+2 RLC equivalent circuit schematic
©
S 1E+1 ESR ESL C
)
% 1E+0 VVYV ”
D — - 1
1E-1
3 ‘[/W V. =IC-[ESR + jwESL — —
1= jwC
1E-3 1] R .=V
0.1 1.0 10.0 100.0 1,000.0 10,000.0 100,000.0 ¢ c’
[ESR + jwESL — ]
Frequency [kHZ]

Class 1 ESR —Class 1 |Z] Class 2 ESR —Class 2 |Z]
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Heating Due to I°R Losses

Current-Limited Region
AC Voltage and Current

t000 =~ == === 00 T S
Voltage-Limited Region 4 Current-Limited \
Region? 1
Vrms=229V :
~3 -
E'.E- 100 I 10 _W :
I
@ | = |
o | o |
gL I 5 |
S : o,
T ! T
Y <L
I I
I I
I I
\ I
1 \ 01/
, 1 10 100~ ———- —17600 — =

Frequency [kHZz]
— Ripple Voltage (V) =——Ripple Current ()
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Heating Due to I°R Losses
Current-Limited Region

If AC Voltage is Held Constant: |

1 .
[ESR _me@] Higher frequencies result in higher AC currents
w=2x+mw+f Higher capacitance results in higher AC currents

I = V¢

Note: ESL ~ 1nH so negligible effect on
AC current until very high frequencies

At higher frequencies and capacitance values, even low AC voltages can generate a lot of AC current:

AC Voltage AC Current

15 nF 100 kHz 0.094 A
10V,
150 nF 1 MHz 9.4A, .

rms

O©KEMET Corporation. All Rights Reserved.
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Heating Due to I°R Losses

Current-Limited Region

. ESR  ESL Cl—o ﬁ

P = I*ESR
Tise = P - Rg

where
Rg = Thermal Resistance of MLCC
P = Dissipated Power (Heat)

Temperature Rise

Temp. Rise vs Ripple Current - CKC33C153KDGACAUTO @ 25°C, 0V, Re = 78.0 °C/W

100000 Hz 500000 Hz |l 1000000 Hz + 5000000 Hz "WODDODD Hz

Increased risk

Medium risk

Low risk

& ————n

O ¥ o s aF s oF s i

Current

P =5%2%0.04=1.01W
T rise = 10 %32 = 32°C

ESR = 40mOhms
[ = 5Arms
Rg = 32°C/W

Temperature Zone

< 25°C above ambient
> 25°C to < 50°C above ambient
> 50°C above ambient

Low Risk
Medium risk, dependent upon application

Increased risk of thermal runaway
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Where do we get Rg?

Ceramic Dielectric
—— - ‘L‘“ po— ~aa e ™ ini COG based on CazZrO
- —at— - } .,  Plated Sn finish for 3

e Solderability

Rg Ceramlc | R:e Ceramic:

Barrier Layer
(Plated Nickel)

= L/(K*A)

K = thermal conductivity

Internal Electrode Termination (External Electrode)
Nickel (BME) Copper (BME)

| - , A = cross sectional area W * T
Active ( parallel plate dielectric layer)

When L=W
P is Dissipated Power (Heat) An effective K is calculated for Rg per square is 1/(K*T)
T, RyMetal RoMetal T2 active region from the parallel --- Re per square
— AAA—AANA—e combination of Rg per square (W/°C*m) | (m) (°C/W)
of Nickel and CaZrO, for the
Re Ceramic gy Ry, Ceramic number of electrodeg and NEee L226 9.26E+03
f actives in MLCC CazrO; 3.0 1.27e-5 2.62E+03
P

APEC 2019, I1IS12: ‘Thermal Modeling Challenges for MLCCs in High Power Density Assemblies’ Allen Templeton et al

©KEMET Corporation. All Rights Reserved.
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External Factors Affecting AC Current Performance

« AC Current depends not only on the I°R losses, but also:

* Ambient temperature
« Thermal characteristics of PCB
» Active/passive cooling of the MLCC

* Proximity of the part to other sources of heat (i.e., other capacitors or
semiconductors on the same PCB)

RB (MLCC)

N

Re (term-to-ambient) Heat Sink

Thermal Interface
Material

O©KEMET Corporation. All Rights Reserved.
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Electrothermal Simulations @ 500kHz & 20Arms
Standard Vs 2-Serial
Standard 3640, 33nF, 650V, COG 2-Serial 3640, 47nF, 1200V, COG

Temperature
[cel]

49.6789
47.8240
45.9691
441141
422592
40.4043
| 38.5493
36.6944
34.8395
32.9845
31.1296
292747
27.4197

25,5648
237000 |

Temperature
[cel]

256121
252614
249106
24.5598

242091

23.8583
. 235076
23.1568
22,8061
22.4553
221045
21.7538
21.4030
21.0523
207015
20.3508
20,0000

Hottest Regions

21.8549

20.0000

- 2 Serial design with more electrodes dissipates heat better than standard
In this example but is a much thicker MLCC

Session T04: ‘Steady-State Heat Transfer in Class | MLCCs for Resonant Power Converter Applications’ Hunter Hayes

©KEMET Corporation. All Rights Reserved. 15
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Thermal Simulations of 5x5 Arrays of 1210 MLCCs @ 0.5W/MLCC

Temperature
[cel]

133.3300
126.2938
119.2075
1121213

105.0350
97.9488
90.8625
83.7763

76.6900
69.6038

55.4313
48.3450
41.2588
34.1725
27.0863
20.0000

625175 |

Cu Thickness (0z/ft?)

2

PCB Dielectric Thermal Conductivity (W/m-K) 0.35 0.35

Max. Array Temperature (°C)

Temperature

©KEMET Corporation. All Rights Reserved.

133.4 130.9

Temperature
[cel]

43.1146
41.1883
39.2621

w2 | m
4 2

2
50.8

Circuit Board Thickness = 1.5mm; MLCC Separation 2mm

16
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Class | COG MLCCs for Resonant Applications

Stable capacitance

Capacitance Change vs Temperature

High ripple current performance S
| 5 °
Typical AC Current Performance g8 0
R ——. . G
[ \Voltage Limited Region ——220nF s00v o S
| |
— 20 | - — 150nF 650V O -10
£ I I -55 -35 -15 5 25 45 65 85 105 125 145
< | l >6nF 1000V Temperature [°C]
E Py | memm=m=—=——" 47nF 1200V
= ! l — = 22nF 1700V Capacitance Change vs AC Voltage
o 10 a1/, ' i = 10
Q@ 1/ | _——=========% - -82nF1700Vv
S 5y L - - 75nF1700v O
e 1Y, | S &
e 1 4.7nF 1700V S
0 o -5
0 200 400 600 800 1000 <
O .10
Frequency [kHz] 0 50 100 150 200 250 300 350

AC Voltage [V,n]
https://content.kemet.com/datasheets/KEM_C1039 KC-LINK_COG.pdf

O©KEMET Corporation. All Rights Reserved. 17
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High AC Voltages
Voltage-Limited Region

1000 - - 100
/’ Voltage-Limited Region \\ Current-Limited
f \ Region!
| Vrms=229V
— I —
(7)) W
E'.E- : 10 _]
® I =
(=] | @
S : £
= =)
> ' ] O
($) ' O
< I <
I
1
1 0.1
1 10 100 1,000

Frequency [kHZ]

- Ripple Voltage (V) =-——Ripple Current (l)
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High AC Voltages
Voltage-Limited Region

1 .
Ve=1I,- [ESR +W_@] ‘ If AC Current is Held Constant:
w=2xmxf  Lower frequencies result in higher AC voltages
| - » Lower capacitance results in higher AC voltages
Note: ESL ~ 1nH so negligible effect on

AC current until very high frequencies

Even if ripple current does not cause excessive heating, peak AC voltage needs to be considered

O©KEMET Corporation. All Rights Reserved.



Two AC Voltage Rules

Rule #1:
4
Vo +Vde < Vigteape Vp= 2%

Vrated DC

\__________======Z
Vp+Vdc/'_

Rated DC Voltage (V,ateq pc) e
Peak AC+DC Voltage (V,+Vdc) = = =

©KEMET Corporation. All Rights Reserved.
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Rule #2:

V <
Vp < > rms 2 \/E

Ated DC ——pom = o o -

Vr

Rated DC Voltage (V,eq pc) - T
Peak AC Voltage (V,) -



Two AC Voltage Rules

Rule #2 example:

Vrated DC

%

‘/p/_ _____________

TAteAd DC — —pm o o o o o o

Rated DC Voltage (V. eq pc) -
Peak AC Voltage (V) -

KEMET

a YAGEO company

Example:
CKC21C123KEGAC

EIA 2220/ 12nF / 1,200V / Class | COG

V, = 520V

Vrated DC
2

2V, = 1,040V < Vi, gteda nc
87% of DC Rating

520V <

https://content.kemet.com/datasheets/KEM_C1039 KC-LINK_COG.pdf
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New Products — Reduced Heating in Voltage Limited Region

- Vol Enhan 2 3640 15nF 2000V, Rated VEU2J MLCC
SIS anced U2, Ripple Current H[e)gtlng @ 85kHz 25°C
(VEU2J) MLCCs have
been developed with s P T
reduced ripple current ’ 159% of DC Rating
heating o P = 81A?
- Patents are Pending :
B 10 Vp =1060V 6Arms 2Vp = 2120V > V,,
* C3640C153IGJACTU Wil § o™ o o o eting
be released June 2022
0 10 20 30 40 . ::llours] 60 70 80 90 100

Circuit Board Rg = 12 °C/W
No cooling, static air

©KEMET Corporation. All Rights Reserved.
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Summary

* The electrical characteristics of Class | MLCCs make them suitable for many
high-power applications

» The performance of these MLCCs in AC voltages depends on their ripple
current heating at higher frequencies and voltage capability at lower
frequencies but...

» The circuit board design & application environment with respect to heat
dissipation must be considered

- Better models of electrothermal performance are giving us better insights into
these factors

- New MLCCs are being developed using patent pending technology that can
have reduced heating at higher AC voltages
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Any Questions?
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