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Resonant Capacitors & Inductors for Switched Tank Converters

— U2J Capacitors & Mn-Zn Ferrite inductors
— Leadless Stacks for reduced footprint
— High Current Handling

LC Module for further size reduction

WBG Capacitor Requirements for higher power & voltages

— COG Capacitors
— Leadless Stacks for higher capacitance

Packaging Roadmap
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48V — 12V Step Down Power Conversion with 98.92% efficiency up to 650W [1]

Resonant Capacitors and
Inductors with

- Small Footprint

e Low AC Losses

 High Frequency ~300kHz

[1] S. Jiang, C. Nan, X. Li, C. Chung, M. Yazdani, “Switched tank converters”, Proceedings 33rd Annual IEEE Applied Power
Electronics Conference and Exposition (APEC), San Antonio, TX, USA, March 4-8, 2018, pp.81-90.



YEARS

=
Development of U2J Resonant Capacitors KEMET ~—
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« Change of capacitance with temperature for X7R Is
too large, although K ~ 3500

 COG Dielectric Constant is too low K~ 31

. U2J Developed K~ 82 C=K KO An/t

——U2J] —+-C0G —-X7R Where:

C = Capacitance

o K = Dielectric constant

00 K, = Permittivity of free space (8.854 x 10-12 F/m)

/ \\ A = Overlap Area of opposed electrodes in MLCC
n = Number of active layers in MLCC

t = Thickness of active layers

Temperature (°C)
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[2] J. Bultitude & Y. Saito et al, “Development & Characterization of Resonant Capacitors and Inductors for Switched Tank Converters”,
Proceedings 2018 IEEE International Power Electronics and Application Conference and Exposition, November 4-7, Shenzhen, China 4



YEARS

—\_
‘ Development Leadless Stacked Capacitors KEMET~—

ESTABLISHED 1919

Transient Liquid Phase Sintering, TLPS Is used
to bond the terminals of the MLCC together

__ KEMET

Qo’ KONNEKT" 0.47uF

High Density Packaging

© KEMET Electronics Corporation. All Rights Reserved.
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1.4uF Leadless Stacks have lowest ESR with electrodes perpendicular P = i?’ESR

U2J Part Part Number of | E4980A ESR @ |E4990A ESR @| Solder Pad
Description Number MLCC 300kHz (mQ) | 300kHz (mQ) | Area (mm°)
1812, 0.47uF, MLCC (C1812C474J5JACTU 1 0.4 1.2 24.0
2 x Traditional, 0.94uF|C1812C944J5JLCTU 2 1.4 1.3 24.0
3 x Traditional, 1.4pF (C1812C145J5JLCTU 3 1.7 1.6 24.0
2 X Low Loss, 0.94uF |C1812C944J5JLC7805 2 1 09 24.0
3 x Low Loss, 1.4uF [C1812C145J5JLC7805 3 (0.8 0.4 38.4
—_— —
Traditional Inner Low Power Loss

Electrodes

Circuit Board/ Package

Circuit Board/ Package
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Lower ESR in Low Loss Orientation 1.4uF Leadless Stack has
much lower self-heating at 300kHz 20Ax s

Traditional Orientation Low Power LOSS
~ 65°C Max. Orientation

=~ 35°C Max.

© KEMET Electronics Corporation. All Rights Reserved.



Percent

Leadless Stacks Ripple Current Life Testing

Ripple Life with Bias IR [GQ)]

U2J 1812 1.4pF +/-5% 3-chip stack (C1812C145)5JLC7805)
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* 1.4pF Leadless Stack in the Low
Loss Orientation were tested for

2000

2000hours @ 105°C with 30Agys,
0 300kHz & 25V applied

* IR remains stable and there were
no failures (0/34)

Power Amplifier

Impedance matching
inductance from coil

Sine Wave +

Generator (@

>
>

\

c —
ich DUT

N\ LMa

Coil auto-transformer
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U2J Part Part ESR (mQ) SRF | ESL - - .
Description Number TV 2MHz] 3| (MH2) | (pH) The Low Loss Orientation has:

1812, 0.47uF, MLCC  [C1812C474J5JACTU | 16 | 19 | 2.2 | 83 | 400 . Low ESR
2 x Traditional, 0.94uF [C1812C944J5JLCTU | 1.9 | 24 | 2.9 | 48 | 860
3 x Traditional, 1.4uF [C1812C145)5JLCTU | 2.4 | 33 | 49 | 33 | 1100 | MG A=SE
2 x Low Loss, 0.94pF [C1812C944J5JLC7805 | 1.4 | 1.8 | 2.2 | 75 | 450
3 x Low Loss, 1.4uF ~ |C1812C145J5JLC7805 | 0.7 | 1.0 | 1.2 | 7.5 | 400 * Higher SRF

Impedance (Ohms) ESR (mOhms)
1812 1.4uF 50V 1812 1.4uF 50V
1,000.00 . 1,000.00
Traditional Traditional
10000 ~_ Low.L
Z pail OWLOSS . 100.00 | -=--- Low-Loss
£ 10.00 ~— @
o ~ E -
— "‘-.._“.q. -5 "| I‘,':li‘ n’,-"
g 100 ~_ £ 1000 » hark U
% -.‘-._" "n-:' \.\h ; W
@ 0.10 e A Tvew .
£ A M e - “ 100 o foommr?
= oo01 SV j e R VO TaEiLE
0.00 0.10
1 10 100 1,000 10,000 100,000 1 10 100 1,000 10,000 100,000
Frequency (kHz) Frequency (kHz)




Development of Resonant Inductor
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Core loss reduced with the suitable material
Fringing loss reduced by improved structure

High saturation current

Positive change of inductance with temperature
compensates the negative change of U2J

3
2.5W
Air gap
2 g;‘ingling 1.1
z
.3 Copper loss 0.3 1.1W
1 0.4
0.5 |Ironloss 1.1 0.3
K a Yl =
0
Conventional magnetic structure Improved magnetic structure
— 100 SATURATION CHARACTERISTIC
= 56nH @ 100kHz 0.1V
wo TPI078060L056N
<Z[ o0 —
= 40 W
>
20
a — 25°C — 60°C 100°C
< 0
0O 20 40 60 80 100

DC CURRENT [A]

L. Change | %]

4 ‘
L of variation -1%~+1.2% |
|4 »

2 20 +125C

0 :
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| Temperature [C]
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-4 1
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‘ LC Module

Combine Capacitors and Inductor

to achieve a smaller footprint

Discrete Component
4 MLCCs -
8 Footprints
Inductor

Leadless

Stack

&

Inductor
LC Tank
Module

~124 mm? ~93 mm?2 ~69 mm?2

Bottom Views

LC Module

Sn Plated Cu J-Lead

Connector \
Low impedance

Machine Placeable

1812 4 Chip MLCC
High Cap
Low ESR

Assembled with
KEMET KONNEKT
TLPS Interface
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56nH SMD Chip Inductor

TPl Power Series
High switching frequency
Low Core Loss & DCR

11



Impedance [(2]

Impedance and ESR
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KEWVIET:

Combined Inductor & Leadless Stack Vs. LC Module

Individual Inductor & Leadless Stack
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Leadless Capacitor & Inductor were compared to the LC Module @ 20 Agys, 270kHz
Celsius LC Module (tOp) Celsius

33.6 334
33.1
32.

o LC Module does not
317 reach significantly
07 higher temperatures

287

282
LC Module (side)  celsius
43 4 8 d 5 § &

28
278
26
26

1L

© KEMET Electronics Corporation. All Rights Reserved.



KEMET

Capacitor Requirements for Higher Power ik ¥
Higher Switching Frequencies
20kHz — 100kHz — 10 MHz Ploag
‘ Smaller, low ESR, low ESL low Uripple [Umax = EUDJLE_} 201 il e
loss capacitors with high dV/dt, 2
dl/dt & current handling Capability CAPACITANCE

Higher Operation Voltages
450V — 900V —1200V—1700V

m) Reliable performance at higher voltages

High Junction Temperatures
105°C — 125°C — 150°C— 200°C+

Reliable performance at elevated o 100 1000
> 125°C wi
mmm) temperatures 2 125°C with FREQUENCY kHz
robust mechanical performance
- Packaging close to the hot Example: DC Link for 400V with 10% Ripple
semiconductor to: | FimorElectrolytic  Ceramic
— Lower ESL

— Minimize COOImg Costs Source: Modified from Prof. R. Kennel,
Technical University Munich, Germany

© KEMET Electronics. All Rig



Higher Voltages - Automotive Power Requirements

Power (kW) 12V > 48V
100 : :
* Provide higher power
« While current lowered
s0 | « Brake recuperation
* Air and heaters
BEV « Hybrid motor
o0 T 450V -> 900V
Full HEV
* Provide higher power
40 t « While current lowered
« Faster charging
20 HICE « MLCC using U2J dielectric are currently
l Mild Charger limited to < 200V temperatures to 125°C
HEV « Development of COG Ni BME MLCC
0 .
10 100 1000

Source: ZVEl/Infineon

Voltage (V)

© KEMET Electronics. All Rights Reserved.

KEMET

CHARGED:
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3640 0.22uF Ni BME COG has: 1oy, _Accelerated Testing @ 600V, 200°C __Modulus of Rupture
) ® [ =m=ni BME c0G 0.22pF No Lead
Better accelerated life S e | ——memecocosar 0 17/20 0 | o oes]
Stable cap. with temp. & voltage s NI BVE COS 0.470F g Flex. Term. Or Lead
_ ] 3 go% | —e—cupzTpF 5 0o |
Less ripple heating g s [ —
High MOR 5 / 12/60 £ 100
> 0.22uF with Leadless Stack Solutions £ 2% i'.7_/_---——"' “4/60 % I
i Y
e 0% - - .—0& 0 3640 c zzzgv 2731
. 250 750 1000 ase Size
600 Capacitance at 500V, 25 to 200°C ° n,ﬁi’ ?hours)
350 Ripple Current Heating @ 105°C, 100kHz, 400V,

s o

—8— Cu PLZT 1pF; Cap. = 0.54uF
T 400 _® 0=324C/W
g 350 == £ 30 | —=—Ni BME COG 0.22¢1F;
E 300 — 2 25 0=14.5C/W
[*] [
& 250 g 20
(- =
[ | i i i | i i i £
S 200 . £ 15
- el o
100 s=fl==Ni BME COG 0.22uF ﬁ
= Ni BME COG 0.33uF 5
50 == Ni BME COG 0.47pF 0
0 I I I I 0 2 4 6 8 10 12
25 45 65 8 105 125 145 165 185 205

Ripple Current (Apys)
Temperature (°C)

[3] J. Bultitude et al, “An evaluation of BME COG multilayer ceramic capacitors as building blocks for DC-Link capacitors in 3-D power

electronics”, Proceedings 3D Power Electronics Integration and Manufacturing, June 13-15, 2016, Rayleigh, NC, USA. 16
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NI BME COG MLCC 3640 0.22uF 500V 150°C KEMET
ESR & Current Handling @ 150°C 100kHz Feranniien grg T

Lower DF & ESR reduce the power dissipated St ==
2 & < §  ESl
i d W4 ooE-01 M
P = — i2R E ESR <3 mQ 7
anc -g 1.00E-02 ""(
E =' —
P = power dissipated 1.008:08 |
| = current
d e dISSIDatlon factor . 1.00E+05 1.00E+06 1.00E+07 1.00E+08
Frequency (Hz)
f = frequency
C=c apac itance Temp. Rise Vs. Current @ 150°C Ambient, 100kHz
25.0
R - reSIStance’ ESR 20,0 THERMAL RUNAWAY 170°C
Ripple Current Life Testing % 150
No failures after 1000hrs @150°C E
15Agys 100kHz g o
10Agys 100kHz with 400V Bias g o,
0.0
0.0 5.0 10.0 15.0 20.0 25.0
Ripple Current (Agys)

17



3640 0.22uF 500V Ni BME COG for 150°C

Temperature Accelerated HALT

MTTF, minutes

MLCC were HALT tested at 260°C
at 1000, 1100, 1200 & 1300V
(n =40, with Au term.)

MTTF Vs. Voltage was recorded
Voltage exponent ~ 19 @ 260°C
Calc. MTTF @ 500V ~ 8500 years

CKC33C224KCGAE DC Link
MTTF vs Voltage @260°C

100000
15662

10000 NG

1000 - N

132
100
y = 7.13E+59x-186
10 : : : 3
500 750 1000 1250 1500 1750

Voltage

Percent

YEARS
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CKC33C224KCGAE
Time to Failure, 1100V and 260°C

Lognormal - 95% CI
Right Censored at 3000 minutes

______________________

MTTF = 2934 min.

|
|

LS SR Sl D (A S A
. ® ‘ . ‘

1 10 100 1000 10000 100000
TTF, minutes

© KC-LINK

DC LINK CAPACITORS 48
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0.88UF Leadless Stacks (4 X 3640 0.22uF 500V) KEIWET%

Orientation: Traditional Vs. Low Power Loss ESTABLISHED 1919

Impedance

1.00E+01 T

Low Loss Orientation —Traditional

haS —Low Power Loss
- Higher SRF \

1.00E-01

Traditional Low Power Loss

Impedance (Q2)

* Lower ESR

1.00E-02

5.7 MHz
3 MHz |

ESR 1.00E+05 1.00E+06 1.00E+07 1.00€+08
Frequency (Hz)

=—=Traditional
2.5 =L ow Power Loss

100 200 300 400 500 600 700 800 900 1000
Frequency (kHz)

[4] J. Bultitude et al, “Development Challenges for DC-Link Capacitors for Wide Band Gap Semiconductor Applications”, 3D Power
Packaging Industry Session, APEC 2017, March 26-30, Tampa, FL, USA. 19
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0.88uF Leadless Stacks (4 X 3640 0.22uF 500V) KEMET —

Ripple Current Heating: Traditional Vs. Low Loss Mounting ESTABLISHED 1919

39.7
392

At 20Agys @ 300kHz Low Loss
Orientation has:

384
 Lower Temperature 374

* More even heating %4

Low Loss Traditional
= =
3 =
= =
|_ Circuit Board/Package _l |_ Circuit Board/Package —l

20
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Thermal Modeling - M/J'
S
3640 0.22uF 500V; 2 & 4 chip Leadless Stacks KE!MG@MT—M

R 7 OC/W Temp (Celsius)
S]

34.41

Ro Versus # of MLCCs in Stack

35 33.63
30 Traditional Measured L Zz::
s 2 \ Traditional Model .
-g-.. 20 \ ) ; o
& 15 owLoss Measure -
2 10 - LowLoss Model [ s
- 5 ----—-—-_--_ | 28.13
. 27.34
U 26.56
1 2 d 25.77
24.99

# of MLCCs

Low Loss Mode

Study thermal resistance with other
boundary conditions

« Forced air cooling or dielectric fluids UNDER
- Embedded in package

KEMET

[5] A. Templeton et al, “Thermal Modeling Challenges for Multilayer Ceramic Capacitors (MLCCs) in High Power Density Assemblies”,

To be presented 3D Power Packaging Industry Session, APEC 2019, March 17-21, Anaheim, CA, USA. 21



CHARGED:

KEMET

DC-LINK

Lower Frequency Switching

cooled areas further from SIiC
Long lifetime @ < 105°C

M1
NMOS
Package Electrolytics/Films in

Reactor
L1
L

Ceramic

Battery Voltage Boost
C1

Inverter Capacitor Trends
DC-Link Hybrid Inverter & Snubber

22
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Packaging Roadmap

KONNEKT &
KC-LINK
KONNEKT

u2J

KONNEKT @

FF% é&g”
‘ - Modules
PR & <z
Commercial & KONNEKT @
Specialty Integration

KEMET

CHARGED:

' Y KONNEKT"

\O High Density Packaging

© KEMET Electronics. All Rights Reserved.

23



100..... /7=
KEMET —

ESTABLISHED 1919

Thank You!

John Bultitude, Ph.D.
Vice President ,Technical Fellow - Ceramic Innovation Center
KEMET Electronics Corporation
Office Phone: +1-864-963-6450
johnbultitude @kemet.com



