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Outline

» The Google Little Box Challenge

» Little Box 1.0

» Concepts & Performances of Other Finalists
» Analysis of Advanced Concepts

» Optimization of Little Box 1.0

» Little Box 2.0

» Little Box 3.0 [/ Conclusions

e APEC.
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Google
Little Box Challenge

Requirements
The Grand Prize
Finalists & Finals
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. LITTLE BOX
CHALLENGE

Design / Build the 2kW 1-®Solar Inverter with the Highest Power Density in the World
Power Density > 3kW/dm3 (> 50W/in3, multiply kW/dm?3 by Factor 16)

Efficiency >95%

Case Temp. <60°C

EMI FCC Part 15B

V.
c20%  S9<39%  THD,<5% THD,<5%
I \ V;

/
450VT—£’c —’Lo—1|0:(+24/— \ V=340V

+ +
400V \V1 L, +[] -
-t —o———o— S, < 2kVA '
20(3nFj Tr<50mA E)oi(%;H+ZO.7...—O.7 !

m Push the Forefront of New Technologies in R&D of High Power Density Inverters

ETH:lrich APEC.
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. The Grand Prize

e Highest Power Density (> 50W/in3)
e Highest Level of Innovation

$1,000,000

m Timeline - Challenge Announced in Summer 2014
- 2000+ Teams Registered Worldwide
— 100+ Teams Submitted a Technical Description until July 22, 2015
— 18 Finalists (3 No-Shows)

. APEC.
ETH:zurich @D —
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. LiTTLE BOX Finalists *and FH1ZM /.
CHALLENGE e

Cambridge  CE+T
Active
Magnetics

Venderbosch

Univ. of Illinois

4+ Tommasi

Bailly freray

Rompower o . Frerg
VirginiaTech . .

Fraunhofer

IISB

ETH Zunch* \ #ﬁ” N

Schneider
Electric /

’»
- 5 Companies o
- 6 Consultants

- 4 Universities 15 Teams/Participants in the Final @ NREL

. APEC.
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. LiTTLE BOX Final Presentations
CHALLENGE

A
D= -
« »NREL
National Renewable
Energy Laboratory

Innovation for Our Enerqy Future

— Finalists Invited to NREL / USA
— Presentations on Oct. 21, 2015
= Subsequent Testing by NREL

City of

Golden

e APEC.
ETH:zurich @D —
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Little Box 1.0

Converter Topology
Modulation & Control
Technologies /Components
Mechanical Concept

Exp. Analysis

(infineon

Google
[FLFE

—

A~

EPCOS

&TDK

e APEC.
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Derivation of
Converter Concept __
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1-® Output Power
Pulsation Buffer

ETH:zurich
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. Power Pulsation Buffer

e Parallel Buffer @ DC Input

_____

1=

Po ;
Ve A pe

AC

AC

m Parallel Approach for Limiting Voltage Stress on Converter Stage Semiconductors

ETH:zurich
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AV,

° ’ ° 0 02 04 06 08 11
S = 2.0 kVA ’
cos O, = 0.7 A
V. pyox = 450 V A~
= 0 EPCOS
AW Vema™3 % 5 x 493uF/450 V
C=2.46 mF

m C>2.2mF/166 cm®> -> Consumes 1/4 of Allowed Total Volume ! .

e APEC.
ETH:zurich D —
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10°
1000 }
100 L
G,
10t
1y 10 100 1000 10¢ ©
LG
* €= 20 pF
*L[=127mH @ », =400V
m Unacceptably Large Inductor Volume ! . - Electronic Inductor
APEC.
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. Partial Active Power Pulsation Buffer

Vi o

i

VC,aux,_m_ax

VC,aux,min

Jr
Ve aux =

m Low U, = Low Converter Losses
m High Values of C, C,, Required for Low U ,,,
m Full-Bridge Aux. Converter Allows Lower U,

o APEEC.
ETH:zurich D —
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. Partial Active Power Pulsation Buffer

Emax [WS]

Vi o B
100 150 200 250
V G [MF]
C,aux,max
VC aux,max [V]
VC aux,min 250 I
+ 200} (I
V — —_ -
Caux ~ ui 150l ’
o k.? 100 : ‘ VC aux, max =80V
50t
% 100 150 200 250
m Low U.,,, > Low Converter Losses C [LF]
m High Values of Cy, C.ux Required for Low U "o A
m Full-Bridge Aux. Converter Allows Lower U ,,, — Properties of Full-Bridge Aux. Conv.
ETH zlirich APEC
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. Full Active Power Pulsation Buffer

e Large Voltage Fluctuation Foil or Ceramic Capacitor
e Buck- or Boost-Type DC/DC Interface Converter
e Buck-Type allows Utilizing 600V Technology

108 x 1.2 pF /400 V
C, = 140 pF
V= 23.7cm?

CeralLink
&TDK

m Significantly Lower Overall Volume Compared to Electrolytic Capacitor .

e APEC.
ETH:zurich D —
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Output Stage
——— Topology / Modulation

ETH:zurich
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. Derivation of Output Stage Topology (1)

e Inversion of Basic 1-® PFC Rectifier Topology

— Boost-Type
1-® PFC Rectifier

- DC/|AC| Buck Converter &

Mains Frequency “Unfolder”

ETH:zurich
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= am
(«5 A ax =]
R .
& .
BB ®
] 3 =
TR B3 c
- Analysis Only for cos ® = -1

APHC

4 ",“ 4
FARN VA Y,



=IC I~ Power Electronic Systems 13/119 —
I'— Laboratory

. DC/ | AC| -Buck Conv. & Unfolder

e Only Single Bridge Leg for Current Shaping
e Distortion @ Voltage Zero Crossing

1 2S]
-

| +
|

o

F3 BF

” e

g3 g%

m For ZVS TCM Operation of Buck-Stage Bridge Leg |AC| Voltage Cannot be Controlled Down to Zero

e APEC.
ETH:zurich D —
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. Advanced DC/ | AC|-Buck Conv. & Unfolder

e Temporary PWM Operation of Unfolder @ U< U

min

to Avoid AC Current Distortion

v
+ |/minl\
° t
: - |/min_ -
Fj& \70 Vo £ t
]
4 - -
V== s R
+ O
9F V= N
BB o) L
c sal: LA A2 )
Ce f !
"
m CM Component of Output Voltage v, -
m Larger EMI Filtering Requirement Due to Temporary High-Frequ. Switching of Unfolder [less

ETH:zurich
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e Example of (Bidirectional) 1-® Telecom Boost-Type PFC Rectifier
e Low-Frequency Operation of One Bridge Leg
e Interleaving for High Part Load Efficiency
e Si Superjunction MOSFETs

c2 C3

n'% o w2 Ly
99.0 ,,LTa L‘ra
98.8 A E E °
98.6 — L ﬂLTS ﬂLTs
98.4

98.2
98.0

il
il

—— 264V |E='L17 IE:'LTS

97.8 —— 230V
L|3ILT9 F[ﬂ)

97.6 —o— 184V
L'TH |_|'F12
r'L F:L

97.4 — — Limit
97.2
97.0

1000 1500 2000 2500 3000 3500

Po/W

I
Il
=]
I
©

* 72W/in3 (4.5kW/dm?3) incl. Holdup Capacitors @ 98.6%

e APEC.
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m CM Component u, of Generated Output Voltage
m Potentially Larger EMI Filtering Requirement 00

-_—

ETH:zurich
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. Symmetric PWM Full-Bridge AC/DC Conv. Topology

e Symmetric PWM Operation of Both Bridge Legs
e No Low-Frequency CM Output Voltage Component

o

| ||+
+

LR e Ao
N VRN

N e TS /*VCM,max
“ A 1
O V@Vey= 3 Vs

m DM Component of u, and u, Defines Output u,
m (M Component of u, and u, Represents Degree of Freedom of the Modulation (!)

ETH:zurich
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. Remark: AC Side Power Pulsation Buffer

e Full Bridge Output Stage / Full PWM Operation
e CM Reactive Power of Qutput Filter Capacitors used for Comp. of Load Power Pulsation

R
J E
-

NST N

(o]

m CM Reactive Power prop. 2 C
m DM Reactive Power prop. %2 C

e APEC.
ETH:zurich D —
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. ZVS of Qutput Stage / TCM Operation

e TCM Operation for Resonant Voltage Transition @ Turn-On/Turn-Off

Vo

T &+

m Requires Only Measurement of Current Zero Crossings, i =0
m Variable Switching Frequency Lowers EMI

e APEC.
ETH:zurich @
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. CM-Enhanced TCM Modulation

e CM Comp. of u,, u, Changes Sw. Frequency
e Limits Sw. Frequency Variation
e Lower Sw. Losses

BEOREE
€Ly n o o pfilil] P p
- i_—- 2 Yo ~Js'| s s - s1 .
||_. 1 - 1 _L+ ﬁs\ /\ / ,,,,, /\ / “‘. /\ /" N ﬁ
& |!*75 Vi= —sz \/ \/ [N Y N
N t t
ETH:zUrich APE
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. 4D-Interleaving ‘

21/119 ——

e Interleaving of 2 Bridge Legs per Phase - Volume / Filtering / Efficiency Optimum
e Interleaving in Space & Time — Within Output Period _

e Alternate Operation of Bridge Legs @ Low Power
e Overlapping Operation @ High Power

o T Ti
EEEF RB.EF, |, o+ L
11-_171 i
~—
Tpp L
.
T | To 1 - 1 1

m Opt. Trade-Off of Conduction & Switching Losses / Opt. Distribution of Losses

ETH:zurich
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. Remark: iTCM Inverter Topology

e TCM : Challenging Inductor Design - Superposition of HF & LF Currents
e iTCM: Adding LC-Circuit between Bridge Legs = Separation of LF & HF Currents > L>>/;

- TCM - iTCM

o

+

CFr B . s s

m Low Output Current Ripple -> Reduced Filtering Effort
m PWM Modulation Applicable —> Simple Control Strategy
m Dedicated LF and HF Inductor Designs Possible = Improved Converter Efficiency

e APEC.
ETH:zurich D —
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. Selection of Switching Frequency

e Significant Reduction in EMI Filter Volume for Increasing Sw. Frequency

80dBpV | ‘ : l
Digita
Att || att
} 2 [fontrol FCC Part 15 B
-20dB/Dec
40 dBpV || : f
0dB Wi Wi J;
L L } ‘ j} | 0.6L 0.6L
o—ilE . 0 20dB \;\\ O—-T-——o
(== (== \‘\\ _SO;dB/Dec =
NN o.ﬁcT 0.6C
o ) -40dB - ; . LR . . o . 0
Att, @ f, 100k f, 2f, 1M 10M 40M Att, @ 2f.

m Doubling Sw. Fequ. f; Cuts Filter Volume in Half
m Upper Limit due to Digital Signal Processing Delays / Inductor & Sw. Losses — Heatsink Volume

ETH:zurich
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. EMI Filter Topology (1)

e Conventional Filter Structure — DM Filtering Between the Phases
- CM Filtering Between Phases and PE

____________

__________

o
10Q, 4
| |H- |I¢-
| L, L

CMI TIM |

+450V§ v - ) T -—C-I
ol +| /ot

_E(NJf’(MT 1 1' 2 " 2

-
|
1l

It—-

s

s

,,,,,

L 2
L . .
vDMi@ C+ CDm % CD,\u +
2 - s
V.
L'\{i J JEC(:MI JEC(\H R[.I\I\
ﬂ \ /
“T 1 I \ /I L
\

Limited by
max. CM Current

m CM Cap. Limited by Earth Current Limit - Typ. 3.5mA for PFC Rectifiers (GLBC: 5mA then 50mA!)
m Large CM Inductor Needed - Filter Volume Mainly Defined by CM Inductors

ETH:zurich
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. EMI Filter Topology (2)

e Filter Structure with Internal CM Capacitor Feedback
e Filtering to DC- (and optional to DC+)

____________

__________

f I

“CMI DM

i
TIF

: _ T, L
450V v *

Lt
e -l

J}Eﬁ "JEP; CT C% ==’cnjf'c.m-r

O
|
I

L Lan lez
. _L . L
Vuml @ C| T ‘D]-I | - CUMQ -
Internal
CM Current Feedback
L2 Len Loy

. +—o

,,,,,,!,,,,_L -
v, : i )

__________

T T I I

m No Limitation of CM Capacitor C, Due to Earth Current Limit - pF Instead of nF Can be Employed
m Allows Downsizing of CM Inductor and/or Total Filter Volume

ETH:zurich
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. Final Converter Topology

e Interleaving of 2 Bridge Legs per Phase
e Active DC-Side Buck-Type Power Pulsation Buffer
e 2-Stage EMI AC Output Filter

e
fo ||| E2Es E3ER E3ES E2ER,
i IR ‘
:E+ BVB JE];E _?_l
i | F3h RabF FaRs Rabs
T — —h— '
N ) Y

m ZVS of All Bridge Legs @ Turn-On/Turn-Off in Whole Operating Range (4D-TCM-Interleaving)
m Heatsinks Connected to DC Bus / Shield to Prevent Cap. Coupling to Grounded Enclosure

ETHzurich APEC
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Technologies

Power Semiconductors
Cooling
DSP/FPGA

u Auxiliary >

ETH:zurich
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. Evaluation of Power Semiconductors (1)

e Accurate Measurement of ZVS Losses Using Calorimetric Approach
e High Sw. Frequency for Large Ratio of Sw. and Conduction Losses

Isolating Box

J_ Half Bridge
v TLJ"% on IMS Board
H i % Py Q

T e el
| ok }Vu _|_l - &

.._
(D
L/
|
Ii
Gate Drives
||
1l
[k

................. .\ Alu-Block as
— Heat Sink
& Thermal
/‘ Isolation Box
steady state L N

region Capacitor

Z
=
E
2 Control and
%TC:L Gate Drive Board
E.» Temperature
linear region Measurement

AT
P=Cyy—>+ Y

Time ¢

m Direct Measurement of the Sum of Sw. and Conduction Losses
m Subtraction of the Conduction Losses Known from Calibration
m Fast Measurement by C,,.AT/At Evaluation

e APEC.
ETH:zurich D —
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. Evaluation of Power Semiconductors (2)

e Comparison of Soft-Switching Performance of ~60m¢2, 600V/650V/900V SiC, Si MOSFETs
e Measurement of Energy Loss per Switch and Switching Period

V.. =200V V.= 300V V.. =400V
16 . 16 , 16 —
--=SiC 650V, 60mQ --=SiC 650V, 60mQ --=SiC 650V, 60mQ !
_ 4t 14| —SiC 900V, 65mQ 14| —SiC 900V, 65mQ
— S = I =
=120 —Si 650V, 60me Z12f —Si 650V, 60mO P =121 —Si 650V, 60mO
£5 K &J.) K &I) .
g 10} ----GaN 650V, 50mQ i S 10} —--GaN 650V, 50mQ S 10f ---GaN 650V, 50mQ
S| —GaN 600V, 65mQ ’ S| —GaN 600V, 65mQ S| —GaN 600V, 65mQ"
E o 8L ’ B >
5 5 5
2 6r £ 6r 2 6f
4 5 3
& 4r AT T ==F o1 £ 4r & 4t
& YT & A =
2 eyt AT - . 2 2P
0 -~ | | 1 1 1 1 l | |

L L L L L L L L ' O 0 L " " ' " " " L "
2 4 6 8 10 12 14 16 18 20 22 2 4 6 8 10 12 14 16 18 20 22 2 4 6 8 10 12 14 16 18 20 22
Switched Current [A] Switched Current [A] Switched Current [A]

m GaN MOSFETs Feature Highest Soft-Switching Performance
m Similar Soft-Switching Performance Achieved with Si and SiC
m Almost No Voltage-Dependency of Soft-Switching Losses for Si-MOSFET

o APEEC.
ETH:zurich D —
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. Selected Power Semiconductors

o
600V IFX Normally-Off GaN GIT - ThinPAK8x8 & - Infineon
2 Parallel Transistors / Switch %7

Antiparallel CREE SiC Schottky Diodes

1.2V typ. Gate Threshold Voltage
55 mQ Ry ., @ 25°C, 120mQ @ 150°C
5Q Internal Gate Resistance g

500 -
400 /" \\..---u—r/
300 |
s "
7 200 i
100 u
/ X: 834.7
0 » Y1103
| dv/dt = 500kV/ps

830 832 B34 B35 838 840
Time (ns)

m CeraLink Capacitors for DC Voltage Buffering

ETH:ziirich APEC
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. High dv/dt-Immunity Gate Drive

e Low Threshold-Voltage of GaN GIT Devices > Negative Gate Voltage During Off-State Needed
e Internal Diode Characteristic —> Gate Current Limitation During On-State Needed

o State-of-the-Art Gate Drive with Additional RC-Circuit
p

Vi S J:j Ry
A 3

|4 +
-

0
. VDgs N
- (, Enables High Gate
Current for Fast Turn-On Vin-
= R, Discharges C, _chsmf‘_ |
During Off-State :
I
Sy !
Sy I
f()ZO fll

m Duty Cycle and Frequency Dependent Gate Voltage
m Risk of Parasitic Turn-on Due to Switching of Complementary Switch

ETH:zurich




=IC I~ Power Electronic Systems 31/119 —
I'— Laboratory

. High dv/dt-Immunity Gate Drive

e Improved Gate Drive Circuit with RC-Circuit and Added Clamping Diodes
e High Current for Fast Turn-On as Conventional Approach

P e

] ZD; R; | 6
——— ! C

Sl"J: Rg. R, . dEJ|= |'_

.—lm S Iy o s e S SNA

+il_ =
SZ-E}? Dy Ry, Dy ;gzi lvgs Dgs% CgsJ|=+ *VCgs

I +

L— o

0 S 5
% AVes ! ;
- Diode ZD, Quickly Des™ 17T (_'
Discharges C, to I, Vi - :
@ Turn-Of% >
'VZDQ— —————————————————

- Diode ZD, Prevents ( A
from Complete Discharge Si ':
During Off-State 52 f

ETH:zurich
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. Final Advanced Gate Drive

® Fixed Negative Turn-off Gate Voltage - Independent of Sw. Frequency and Duty Cycle
® Extreme dv/dt Immunity (500kV/ps) - Due to CM Choke at Signal Isolator Input

LM5114 § IFX 5893 D
C
+ dg
’J R, ¢, ol Re - H
1l I — I
r I | 1] LT II" Eé‘
o D," R, b v = H C,
' 4+ s| Do
Ll | 5 D, Co
< : ! $2
Gate-Drive Voltage (f= 1 MHz)
6
4 =
: [
<
2 2
i
6 -
-8
-10
0 500 1000 1500 2000

Time (ns)

m Total Prop. Delay < 30ns incl. Signal Isolator, Gate Drive, and Switch Turn-On Delay

. APEC.
ETH:zurich @ —
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. High Frequency Inductors (1)

Multi-Airgap Inductor with Multi-Layer Foil Winding Arrangement Minim. Prox. Effect
Very High Filling Factor / Low High Frequency Losses

Magnetically Shielded Construction Minimizing EMI

Intellectual Property of F. Zajc / Fraza

L= 10.5uH

2 x 8 Turns

24 x 80um Airgaps

- Core Material DMR 51 / Hengdian

- 0.61mm Thick Stacked Plates

- 20 um Copper Foil / 4 in Parallel

- 7 uym Kapton Layer Isolation

- 20mQ Winding Resistance / Q=600

- Terminals in No-Leakage Flux Area DA N L YA
8
\ 75“
‘ . |
m Dimensions - 14.5 x 14.5 x 22mm?3 — RO

. APEC.
ETH:zurich D —
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. High Frequency Inductors (2)

e High Resonance Frequency - Inductive Behavior up to High Frequencies
e Extremely Low AC-Resistance - Low Conduction Losses up to High Frequencies
e High Quality Factor

Without With
Cl> Shielding é Shielding 1 /=10.5uH R_ —120m0- -
: g ;
{1 1 5
I : . : 2
= | =] i =
| 3 ! 3 a2
Sl El
) o o
2 2 2 108 10 10° 10° 5-10°
800
10+ | £=10.5uH 1=10.5uH Q000 = 700 -
o 5 600
S = 3 5
_g f.=72MHz = 400 f=700kHz
g_ 1 ':Z; '
E 10 & 200
10 : 0 : |
10° 104 10° 10° 107 108 10° 104 10° 100 5-10°

Frequency [Hz] Frequency [Hz]

m Shielding Eliminates HF Current through the Ferrite > Avoids High Core Losses
m Shielding Increases the Parasitic Capacitance

e APEC.
ETH:zurich D —
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. High Frequency Inductors (3)

e (Cutting of Ferrite Introduces Mech. Stress
e Significant Increase of the Loss Factor
® Reduction by Polishing / Etching (5 ym)

m Comparison of Temp. Increase of a Bulk
and a Sliced Sample @ 70mT / 800kHz

ETH:zurich

Temperature [°C]
w ' I w w =] @
] o n =] ] =] o

L
[=]

[
[5,]

20

0

| ——

/ =m=N59, 1 piece, not etched (Sample 17)
/ =+=N59, 20 pieces, 6um etched (Sample 15)

100

Time [s]

150

APEC.
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. Thermal Management

e 30°C max. Ambient Temperature
e 60°C max. Allowed Surface and Air Outlet Temperature

e Evaluation of Optimum Heatsink Temperature for Thermal Isolation of Converter

G [ ] 1
) ('SPI[K;;J] _ h.S—al K — — .
Thermal liJlatlon S Vol [liter]  RYS) [ ]-Vol g [liter]
' 200 7
CSPI=20 /
_ CSPI =40 TV
= 150 /
Qo
?3: loss = 40W
7100
L
E
S sof .
;% _________________________________

0 1 E// 1 ----I --------- |- --------- P
30 50 70 90 110 130 150

Cubic Converter Volume Heat Sink Temperature 7, [°C]

m  Minimum Volume Achieved w/o Thermal Isolation with Heatsink @ max. Allowed Surface Temp.

. APEC.
ETH:zurich D —
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. Thermal Management
e Overall Cooling Performance Defined by Selected Fan Type and Heatsink
- Radial - Axial Fan - Square - Flatand
Blower Cross Section Wide %
. of Heatsink for » Heatsink i
Vin . . Using a Fan ! z | for Blower -
f iy, Vin . ‘ Vout - [
TS / —> ot —
& : ® !% L f ui
\Vout \ 3
ol :
40 100 . ‘
Blower (10mm-17mm} \ Fan =— — Blower
“high pressure” Fans
80 | : ‘
- 30 v) X (10mm-17mm); 0.2mm Fin Thickness
=] = : 0.5mm Fin Spacin,
© Z 60 e
5 207 : ...................... S Blowers - .-
% Fan (10mm-17mm) % ' / {10mm-17mm)
& “high flow rate” O 40F : \
10 '
\ 20 }
0 1 1 n 1 i ! 1 1 1
0 5 10 15 20 5 10 15 20 25 30 35 40

Flow rate [I/min]

Total length of cooling system unit [mm)]

m Optimal Fan and Heat Sink Configuration Defined by Total Cooling System Length
m Cooling Concept with Blower Selected > Higher CSPI for Larger Mounting Surface

ETH:zurich

APEC.
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. Final Thermal Management Concept (1)

30mm Blowers with Axial Air Intake / Radial Outlet
Full Optimization of the Heatsink Parameters

200um Fin Thickness
500um Fin Spacing
3mm Fin Height
10mm Fin Length
CSPI = 37 W/ (dm3.K)
1.5mm Baseplate

Blowers + Heat Sinks (tmin = 0.2mm, smin = 0.5mm)

60

30mm Blower
17mm Blower

.
o

CSPI / W/(I*K)
[g=] s
=] =]

<
T

<

20 25 30 35 40 45 50
Total length of cooling system unit (v +1) / mm

m CSPI= 25 W/(dm3.K) Considering Heat Distribution Elements
m Two-Side Cooling - Heatsink Temperature = 52°C @ 80W (8W by Natural Convection)

e APEC.
ETH:zurich D —
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. Final Thermal Management Concept (2)

CSPI = 37 W/ (dm3.K)

30mm Blowers with Axial Air Intake / Radial Outlet
Full Optimization of the Heatsink Parameters
CSPI.=25 W/ (dm3.K) incl. Heat Cond. Layers

. 24/07/2015

m CSPI.= 25 W/(dm3.K) Considering Heat Distribution Elements
m Two-Side Cooling > Heatsink Temperature = 52°C @ 80W (8W by Natural Convection)

. APEC.
ETH:zurich D —




=IC I~ Power Electronic Systems 40/119 —
I'— Laboratory

. i=0 Detection

e Analyzed Methods ¢ Shunt Current Measurement Various Drawbacks

» Measurement of the Ry, ,, Losses, No Galvanic Isolation,

* Two Antiparallel Diodes Low Signal-to-Noise Ratio (SNR),
* Giant Magneto-Resistive Sensor Size. Bandwidth. Realization

e Hall Element

Effort
* Saturable Inductor
i
| { /
lsat 7777777777777777777777777
-t
i L WGy AN N
—
17 7
4 A
y
AL
m Galvanic Isolation, High SNR, \ -t
Small Size, High Bandwidth, 07 V ffffffffffffff V fffff
Simple Design y
m Min. Core Volume/Cross Section for Min. Core Losses I — — .t
ETH:zirich APEC.
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. i=0 Detection

e Saturable Inductor - Toroidal Core R4 x 2.4 x 1.6, EPCOS (4mm Diameter)
- Core Material N30, EPCOS

Horizontal settings
es: 500 ps /2 GSafs
20 kSa RT

er
Mode:  Normal
Type-A: Edge F cChl

Current 7

Cpl: DC 110
DeciSa | Ta: Off

m Operation Tested up to 2.5MHz Switching Frequency

o APEEC.
ETH:zurich D —
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. Control Board & i=0 Detection

Fully Digital Control - Overall Control Sampling Frequency of 25kHz
TI DSC TMS320F28335 / 150MHz / 179-pin BGA / 12mm x 12mm
Lattice FPGA LFXP2-5E / 200MHz / 86-pin BGA / 8mm x 8mm

- TCM Current

BR®  Cursor Results 1 ==
g o ié -IM: 2
f.".'.- 740.74075-301s Av/ae 20903 MANe [ |
B ook wavetorm \

/ \

W™ Trigger state e / \

A ... |

- el

f STV

m i=0 Detection of TCM Currents Using R4/N30 Saturable Inductors
m Galv. Isolated / Operates up to 2.5MHz Switching Frequency / <10ns Delay

e APEC.
ETH:zurich D —
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. Active Power Pulsation Buffer Capacitor (1)

o Electrolytic Capacitors - Limited by Lifetime-Relevant Current Limit
e 2.2uF, 450V Class II X6S MLCC - Highest Energy Density but Cap. Decreases with DC Bias

e Novel 1 pF ZZ nF, 650 V CeraLink™ Cap. (PLZT Ceramic) Features High Cap. @ High DC Bias
e Allows 125°C Operating Temp. & Shows Very Low ESR @ High Frequencies

4
10 |Z] - 2uF CeralLink Top =25°C
1000
|Z| - TuF CeraLink
10 | | 100 / (Datasheet BS803115105M002)
T =25°C — CeraLink -
op — X6S MLCC G 10
1P~ =
= \\ 7 /
.-E = 1 ESR - 2uF Ceral.ink
S o1} N
= 0 N 0.1
175 7 »
7 \ 0.01 ESR - TuF CeraLink /
0.01F (Datasheet B5803115105M002)
0.001 ESR - 2uF Ceralink
caloric measurement
OOO] L . il Lol sl i 4l Lol bl MR
Frequency (kHz)
Frequency (Hz)

m CeralLink Resonance Frequency at Several MHz
m Small-Signal ESR of CeraLink in MHz Frequ. Range Sign. Lower Comp. to X6S MLCC

e APEC.
ETH:zurich D —
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. Active Power Pulsation Buffer Capacitor (2)

e C(CeraLink - Large-Signal Excitation with 2xLine-Frequ. Reveals Large Hysteresis
- Significantly Higher Losses @ 2xLine-Frequ. Comp. to X6S MLCC
- ESR Drops Significantly @ Higher Temperatures
- 36uF (27pF) Blocks of Prepackaged Single Chips
- Reliable Mech. Construction
e X6S MMLC - Only Available as Single Chips Eg"\ = renill
- Complicated Packaging ST N _ |
S N
= 80
2 6or \
40 N
0.5 : : - : : 20 ~
100 VDC . 350 V DC 0 | |
04| — CeralLink 4 . 0 25 50 75 100 125
: — X6S8 Temperature (°C)
% 03 0.8 CcraLinllc
- g 06 " (I:d‘;l;iliiétﬂelll JSVD\E
< 02} = *
g 04 T,,=60°C
0.1 al
NSCcrall ’ Top =60°C .l
0 : — i : : : i |
-100 0 100 200 300 400 500 600 % 100 200 300 400
Capacitor Voltage (V) Vacop (V)
ETHziirich APHC.
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. Final Active Power Pulsation Buffer

e High Energy Density 2" Gen. 400VDC CeraLink Capacitors Utilized as Energy Storage
e Highly Non-Linear Behavior - Optimal DC Bias Voltage of 280VDC
e Losses of 6W @ 2kVA Output Power

140

o
E
o 1307 Rippel-Port 2 kVA
2 Operating Point

- 108 x 1.2uF /400 V 2 1ol

- 23.7cm? Capacitor Volume &
o
E 110+
(]
2
=]
F 100
e
& 280 V DC Bias
= 90
m

80—

0 50 100 150 200 250 300 350 400
Vac pk—pk@120 Hz (V)

m Effective Large Signal Capacitance of C =160uF

. APEC.
ETH:zurich D —
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. Active Power Pulsation Buffer Control (1)

e New Cascaded Control Structure

—oT g 7? : ' Po
/ i
3 3 JE

~

|||+
U
{

1
=
k
(5
—F
S
11
o
Ty
O<+

“Th BR[| BEEE S

m P-Type Resonant Controller
m Feedforward of Output Power Fluctuation
m Underlying Input Current (i;) / DC Link Voltage (u.) Control

ETH:zurich
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. Active Power Pulsation Buffer Control (2)

e Multiple Controller Outputs Combined in a Single Current Reference

Inverter AC Output P Tae
voltage & Cument V;r 4 Current Reference
+ ol 2K b foo 1+ for Power Decoupling
@__Ta“::mv =y /
© de i,
.\';h -I’l D
— _— ™ i 2
V AV V * AV _P * . * I -
Yy, \1 b — - b PI 5 = - [R] dc+ — 4 [Py 1 b,dc?lb.dc++bw—
‘ N v,
Current Ref. for Current Ref. for Inverter
Bias Voltage Cntrl DC Input Voltage Cntrl el PPE Induct
ota nductor
Current Reference

m Regulation of Mean Buffer Voltage (Bias Voltage)
m Tight Control of Inverter DC Link Voltage also During Transients
m Active Power Decoupling - Rejection of 2xLine-Frequ. Ripple in Inverter DC Input Voltage

e APEC.
ETH:zurich D —




“1C I Power Electronic Systems

51/119 ——

I'— Laboratory

. Auxiliary Supply

e Constant 50% Duty Cycle Half Bridge w. Diode Rect. or Synchr. Rectification (SR)
e ZVS -> Compact / Efficient / Low EMI

18

17

16

15

14

Output Voltage [V]

13

\'_'———-_

12

L =450V

Output Voltage
Range %

T
\5\
- N

SOmV/W v,

0 2 4 6

Output Power [W]

100

L YN *

.”. - Vout,1

NN _

~1 0 =)
< <o <

Efficiency [%]

[=))
<

50

without SR
\/" without SR

A
-+ with SR

1

2 3 4 5 6 7 8 9
Output Power [W]

10

@ V;, = 380V, P, = 10W

m Only Marginal Eff. Gain with Synchr. Rectification for Output Power Levels > 5W

ETH:zurich

APEC.
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. Auxiliary Supply & Measurement Circuits

Constant 50% Duty Cycle Half Bridge with Synchr. Rectification
ZVS -> Compact / Efficient / Low EMI (f,=465 kHz)

10W Max. Output Power
390V...450V Input Operating Range

13.8V...16.8V DC Output in Full Inp. Voltage / Output Power Range
90% Efficiency @ P,,,,

Vin .”. - Vout,1

m 19mm x 24mm x 4.5mm (2cm?Volume )

ETH:irich APE




“1C I Power Electronic Systems
I'— Laboratory

3D-CAD Construction

ETH:zurich
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. Mechanical Construction (1)

e Built to the Power Density Limit @ n=95% / T, < 60°C

Power
Pulsation
Power . Bélffc:r
Top Side Heatsink PUlSéélllt]gf%l: nductor

m 88.7mm x 88.4mm x 31mm = 243cm?3 (14.8in?) = 8.2 kW/dm?

. APEC.
ETH:zurich @D —
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. Mechanical Construction (2)

e Built to the Power Density Limit @ n=95% / T, < 60°C

i=0

Power Pulsation Buffer ..
Detector Bridge Leg Auxilia
Supply
Measurement
Board

.l
o,
e

|
] |
!
A
1 25
) Y

{

m 88.7mm x 88.4mm x 31mm = 243cm?3 (14.8in?) = 8.2 kW/dm?

. APEC.
ETH:zurich D —
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. Mechanical Construction (3)

e Built to the Power Density Limit @ n=95% / T, < 60°C

Bottom Side DSI;’({:rdGA Gate Driver

Heat Sink Board

m 88.7mm x 88.4mm x 31mm = 243cm?3 (14.8in?) = 8.2 kW/dm?

. APEC.
ETH:zurich D —
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. Mechanical Construction (4)

e Built to the Power Density Limit @ n=95% / T, < 60°C

Output Stage
Inductor Cooling Output Stage Output Stage Output Stage
Transistor Heat Power Board Inductors
Spreading

m 88.7mm x 88.4mm x 31mm = 243cm?3 (14.8in?) = 8.2 kW/dm?

. APEC.
ETH:zurich D —
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. Mechanical Construction (5)

DM Inductor
Two-Stage
EMI Filter 1
==
| |

CM Inductor

m 88.7mm x 88.4mm x 31mm = 243cm?3 (14.8in?) = 8.2 kW/dm?

. APEC.
ETH:zurich @D —
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Experimental Results

Hardware

Output Voltage/Input Current Quality
Thermal Behavior

Efficiency

EMI >

o APEEC.
ETH:zurich D —
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. Little Box 1.0 - PrototypeI

e System Employing Electrolytic Capacitors as 1-® Power Pulsation Buffer

vk 120 W/in3
273cm3
7.3 kW/dm?3
97,5% Efficiency @ 2kW
T=58°C @ 2kW

=

Aup= 2.85%
AiDC= 15.4%
THD+N, = 2.6%
THD+N,= 1.9%

97mm x 90.8 mm x 31mm ( 16.6in3)

m Compliant to All Specifications

. APEC.
ETH:zurich D —
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. Little Box 1.0-I Measurement Results (1)

e System Employing Electrolytic Capacitors as 1-® Power Pulsation Buffer

Ohmic Load / 2kW

DC Input Current
DC Voltage Ripple
Output Voltage
Output Current

m Compliant to All Specifications

. APEC.
ETH:zurich D —
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. Little Box 1.0-I Measurement Results (2)

e System Employing Electrolytic Capacitors as 1-® Power Pulsation Buffer

* Nw= 96.4% Weighted Efficiency

98
o7 1 e BT
9%
95 .
94
é‘ 93 4
é 92
91
90 .
* ¢ Measured Efficiency
12/10/2015 »
0 500 a0 1500 2000 2500
Output Power
m Heating of System Lower than Specified Limit (T ,..= 60°C @ T,,,= 30°C)
- . =
ETH:urich APEC.
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. Little Box 1.0-I Measurement Results (3)

e System Employing Electrolytic Capacitors as 1-® Power Pulsation Buffer

Pou= 400W P, .= 2kW
® H ) <8> Bw o kHz Marker “"
WA [ANINBS ’
ARzl W [ 1L lase
] o S~ | AT

150 k4= ... 30 MHz 150 kHz

m Compliant to All Specifications

e APEC.
ETH:zurich D —
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. Little Box 1.0 - Prototype II (Final)

e System Employing Active 1-O Power Pulsation Buffer

2 kW/dm3

-8, .
- 8.9cm x 8.8cm x 3.1cm vk 135 W/in3
- 96,3% Efficiency @ 2kW -

- T=58°C @ 2kW w

- AuDC= 1.1%
- AiDC= 2.8%
- THD+N = 2.6%
- THD+N, = 1.9%

m Compliant to All Original Specifications (!)

- No Low-Frequ. CM Qutput Voltage Component
- No Overstressing of Components
- AUl Own IP / Patents

e APEC.
ETH:zurich D —
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. Little Box 1.0 - Prototype II (Final)

e System Employing Active 1-O Power Pulsation Buffer

2 kW/dm3

-8, .
- 8.9cm x 8.8¢cm x 3.1cm vk 135 W/in3
- 96,3% Efficiency @ 2kW

- T=58°C @ 2kW

- AuDC= 1.1%
- AiDC= 2.8%
- THD+N = 2.6%
- THD+N, = 1.9%

m Compliant to All Original Specifications (!)

- No Low-Frequ. CM Qutput Voltage Component
- No Overstressing of Components
- AUl Own IP / Patents

. APEC.
ETH:zurich D —
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. Little Box 1.0-II Measurement Results (1)

e System Employing Active 1-O Power Pulsation Buffer

DC Link Voltage (AC-Coupl.)

Output Current Buffer Cap. Voltage
Inductor Current Bridge Leg 1-1 Buffer Cap. Current
Inductor Current Bridge Leg 1-2 Output Voltage

TELEDYNE LECRDY

m Compliant to All Specifications

e APEC.
ETH:zurich D —
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. Little Box 1.0-II Measurement Results (2)

e System Employing Active 1-O Power Pulsation Buffer

* N.=95.07% Weighted Efficiency

98

96

94 P

92

Efficiency
5]

88

86 ¢

Measured Efficiency

84

m Compliant to All Specifications

1000 1500 2000
Output Power

2500

APEC.

ETH:zurich
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. Little Box 1.0-II Measurement Results (3)

e System Employing Active 1-O Power Pulsation Buffer

DC Link Voltage

Buffer Cap. Voltage =

Buffer Cap. Current

Inductor Current Bridge Leg 1-1

m Start-up and Shut-Down (No Load Operation)

e APEC.
ETH:zurich D —
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. Little Box 1.0-II Measurement Results (4)

e System Employing Active 1-O Power Pulsation Buffer

Buffer Cap. Voltage e e :
Buffer Cap. Current g - ’ s T
Converter Input Current (AC Coupled e
DC Link Voltage (AC Coupled .
m Stationary Operation @ 2kW Output Power
ETH:ziirich APEC.

2®17
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. Little Box 1.0-II Measurement Results (5)

e System Employing Active 1-O Power Pulsation Buffer

DC Link Voltage
Buffer Cap. Voltage

Buffer Cap. Current |_ % b s v
Converter Input Current s
m Transient Response for Load-Step of 0 Watt > 700 Watt
ETHziirich APEC.

2®17
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. Little Box 1.0-II Measurement Results (6)

e System Employing Active 1-O Power Pulsation Buffer

DC Link Voltage

Buffer Cap. Voltage s
Buffer Cap. Current | A
Converter Input Current [ &

1 -1.4312
TELEDYNE LECROY

m Transient Response for Load-Step of 700 Watt - 0 Watt

e APEC.
ETH:zurich D —
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. Little Box 1.0-II Volume and Loss Distribution

e Volume Distribution (240cm?3) ® Loss Distribution (75W)
Power Pulsation | Inverter Stage Power Pulsation i Inverter Stage
Buffer 71.3cm’? | 169.1cm? Buffer 28.1W 46.3W
? MOSFETs |

MOSFETs Coolmg i

Cooling \ MOSFETs

e

Capacitor

Electronics A
Inductor — -
""""" Inductors

Eleclromcs

Capacitor —4

e Housing

y — Others Electronics ~—-/

‘ Output Filter
‘\ Electronics
Inductor / '
MOSPET 4

Outpul Filter Inductor

m Large Heatsink (incl. Heat Conduction Layers)

m Large Losses in Power Fluctuation Buffer Capacitor (!)

m TCM Causes Relatively High Conduction & Switching Losses @ Low Power

m Relatively Low Switching Frequency @ High Power — Determines EMI Filter Volume

. APEC.
ETH:zurich @ —
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= Other Finalists
Topologies
Switching Frequencies

Power Density / Efficiency Comparison 5

Detailed Descriptions:
www. LittleBoxChallenge.com

e APEC.
ETH:zurich D —
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. Finalists - Performance Overview

e 18 Finalists (3 No-Shows
e 7 Groups of Consultants / 7 Companies / 4 Universities

o007
S, |
B T i SRR

IV III II

—_
=
<
<

10oF—— +

—_
-
S
"(
X

Switching Frequency (kHz)
—
*
e
Switching Frequency (kHz)
X
X
o

10 i ' 10
50 100 150 200 250 300 95 96 97 98 99

Power Density (W/ in3) Efficiency (%)

m 70...300 W/in?

m 35 kHz...500kHz...1 MHz (up to 1MHz: 3 Teams)

m Full-Bridge or DC/|AC|Buck Converter + Unfolder

m Mostly Buck-Type Active Power Pulsation Filters (Ceramic Caps of Electrolytic Caps)
m GaN (11 Teams) / SiC (2 Teams) / Si (2 Teams)

. APEC.
ETH:zurich @D —
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. Finalists - Performance Overview

e 18 Finalists (3 No-Shows
e 7 Groups of Consultants / 7 Companies / 4 Universities

99

—O~-— wettla,
08 ':d)‘: ’E&-ﬂ
o e o
97t 9] o '
3 96 ©
2 95
E
'é, 94 —
[ 93
92
91
90 @ Rated Power
50 100 150 200 250 300
Power Density (W/in?)
m 70...300 W/in?
m 35 kHz...500kHz...1 MHz (up to 1MHz: 3 Teams)
m Full-Bridge or DC/|AC|Buck Converter + Unfolder
m Mostly Buck-Type Active Power Pulsation Filters (Ceramic Caps of Electrolytic Caps)
m GaN (11 Teams) / SiC (2 Teams) / Si (2 Teams)
ETHziirich APEC.
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. Category I: 300 - 400 W/in? (1 Team)
e “Over the Edge”
e Hand-Wound Overstressed & Too Small Electrolytic Capacitors (210uF/400V)
e No Voltage Margin of Power Semiconductors (450V GaN, Hard Switching)
e 50V Voltage Source for Semicond. Voltage Stress Reduction
e Low-Frequ. CM AC Output Component
] T |
GaN \¢=1MHze=/GaN  /\
+Vin b—e— . ‘ > 4x 154H _T_ . —— AC1
2x — Y g .F'X_/ -
% —3 T Sic T180uF AN N 3
=] IS [ § TS
~Vin b ’ 1'\1'42 250H GaN \HlMHzo—)(GaN s
—o—\ > ]
GaN
2x
e Alternate Switching of Full-Bridge Legs
e Input Cap. of Full-Bridge Used for Power Pulsation Buffering
® 256 W/in3 (400 W/in? Claimed) / 1MHz
e Multi-Airgap Toroidal Inductors (3F46, C,=1.5pF )
e Bare Dies Directly Attached to Pin-Fin Heatsink
e High Speed Fan (Mini Drone Motor & Propeller)
ETH:ziirich APEC.
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. Category I: 300 - 400 W/in? (1 Team)

e “Over the Edge”

e Hand-Wound Overstressed Electrolytic Capacitors (210uF (?)/400V)

e No Voltage Margin of Power Semiconductors (450V GaN, Hard Switching)
e 50V Voltage Source for Semicond. Voltage Stress Reduction

Y

|
o) |

Power stage and control | rer chokes

T ‘ ; = |
{00 (LA LY CLL LY L7 ELtrtk lt IIII LLLLY LLARY LRARHARARY (AURNLRRAN AARARARRAN LARRARALRY LAALQURAA ARRRVARAL fARMANA

Alternate Switching of Full-Bridge Legs
Input Cap. of Full-Bridge Used for Power Pulsation Buffering

256 W/in3 (400 W/in* Claimed) / 1MHz
Multi-Airgap Toroidal Inductors (3F46, C,;=1.5pF )
Bare Dies Directly Attached to Pin-Fin Heatsink
High Speed Fan (Mini Drone Motor & Propeller)

e APEC.
ETH:zurich D —




=IC I~ Power Electronic Systems 72/119 ——
I'— Laboratory

. Category II: 200 - 300 W/in? (4 Teams) - Example #1

“At the Edge”
High Complexity |
7-Level Flying Capacitor Converter vl =
Series-Stacked Active Power Buffer

Inverter
Ry S e ;
i |_._________.':
A A — |
| : - 1 + .
ili L1 Multilevel =
T 1 | Auxiliary ! Start-up ! Buffer EMC |
r A Power Lo E___ ! 7 Converter
K DCC) ! Supply — 12V Converter Vous and - : % Load
' — Unfolder Filter | _
! — 65V - :
|
' [ |
e e ——— = \ ______________ |
Energy Buffer
1}.,=1:(+ﬁi + ;
m?rcle R A J_ dim"
° b L a -
m 216 W/in? SR - ol 7
m 100V GaN L : L T
m Integrated Switching Cell o z ? ]
m 720kHz Eff. Sw. Frequ. (7 x 120kHz)
s s |
ETH:iirich APEC.
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. Category II: 200 - 300 W/in3 (4 Teams) — Example #2

e “At the Edge”
e Very Well Engineered Assembly (e.g. 3D-Printed Heatsink w. Integr. Fans, 1 PCB Board, etc.)
e No Low-Frequ. Common-Mode AC Output Component

6x CREE 900 V SiC MOSEFT b = * ) Sl
Bl sl e o
g = i 7= (2| Q] .
S o
Com Lov  Lom Ly M H < L H =
I 9 31 Cd a
Vacd, I 2x 40 uH —am—e v, |T—— | XV,
)G Wl . Ve, 40 uH < |z
22 U%LcM l?\jLDM Cl C2 2 p t 93__ L—_ OE 2
P — T
eg sl s T T |5 Y
=5 do R 8 > S 2 o v | L v
’ ® ® “e ' 3 o—mm—oO
(all capacitance values are nominal values)
m 201W / in?

m Multi-Airgap (8 Gaps) Inductors
m 900V SiC @ 140kHz (PWM, Soft & Hard Switching)
m Buck-Type Active DC-Side Power Pulsation Filter / Ceramic Capacitors (X6S)

e APEC.
ETH:zurich D —
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. Category III: 100 - 200 W/in? (8 Teams) — Example

ETH:zurich

“Advanced Industrial”

Sophisticated 3D Sandwich Assembly incl. Cu Honeycomb Heatsink

Shielded Multi-Stage EMI Filter @ DC Input and AC Output
No Low-Frequ. Common-Mode AC Output Component

EMC Earth Shielding

%“%RS Gmymdn GAN_L2_High |D GAN_N1_Hiu’IJD GAN_NZ_Hiu’JD GAN_F_I-in’IJD
6l m 6l m 6l m 6l T 6l 11
C15|C14 Cc11|C10 - - - - -
= == = = o szb‘s S2 s sbzb‘s 531_.;,5 SEI__?’
L+ (+450Vdc) ,'%lgﬁ ,'%1%’-\ L1z “sm_u_uv’;_}n GAN_LP_Low |D GAN_N1_I.o’uﬂD GAN_NR_Low |D GAN_F_Low
: ° ’ 6l T ol 1 ¢l (Lsﬂrn Er
C18| - - - - -
] L1 ] s2L, sa, o sal, szl sa,
L- (0Velc) 15 iz0 | imi
B AR AN e ——
e Srs Shielding potential
L (240Vac) L13 L21 L1719 5 L'ﬂ i}uﬂ s =
ac 8 |c7 s p . : L6
AT T MR T T u S %
c2q i c19 i 1
14 T 122 T z ;l o = IL:s
N (240V
(280vac)l | S Lo T A
R? 3
ez jc1s c13|c12 Je22 |c21
T7T T T T
Earth connection (copper enclosure)
143 W/in?

GaN @ ZVS (35kHz...240kHz)
2 x Interleaving for Full-Bridge Legs
Buck-Type DC-Side Active Power Pulsation Filter (<150pF)

74/119 ——
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. Category ITII: 100 - 200 W/in3 (8 Teams) - Example

e “Advanced Industrial”

e Sophisticated 3D Sandwich Assembly incl. Cu Honeycomb Heatsink
e Shielded Multi-Stage EMI Filter @ DC Input and AC Output

® No Low-Frequ. Common-Mode AC Output Component

Copper enclosure
Insulation/Thermal interface -
Copper shielding
Inductors

P> Ceramic inductor gap E e
PCB interconnection C

P> Micro spring contacts - EMC
Silicone foam 1 - FILTER
GAN —
PCB with thermal vias
Ceramic insulation
Honey comb heatsink —
PCB for storage capacitors e il
Active filter Ceramic capacitor

143 W/in3

GaN @ 2VS (35kHz...240kHz)

2 x Interleaving for Full-Bridge Legs

Buck-Type DC-Side Active Power Pulsation Filter (<150pF)

e APEEC.
ETH:zurich @D —
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. Category IV: 50 - 100 W/in3 (1 Team)

o “Industrial”

e 400V, Full-Bridge Input Voltage

e DC-Link Cap. Used as Power Pulsation Buffer (470uF)

e GaN Transistors / SiC Diodes (400kHz DC/DC, 60kHz DC/AC)

e Multi-Stage EMI Filter @ AC Output and L, + Feed-Trough C., @ DC Inp. (Not Shown)

( DC/DC Stage DC/AC Stage Filter Stage
e e e I
Rip l Vin (450V rated) Vae (400V rated) vi ( 3
AMA - - . - | |
Harmonic
Y _R3 J} T |
Y Y YN\
V, | Cin | : e [l I
—— I — y | — | ‘l' Filter o
r I 8, | & | Y Y
| I |
1 |
L& ______________ L WE——
m =70 W/ in3
m 98% CEC Efficiency
® 4.4% DC Input Current Ripple
m 54°C Surface Temp. / Cooling with 10 Mirco-Fans
ETH:iirich APEC.
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Competition
: Conclusions

Key Technologies
Power Density Limit 5

ETH:ziirich APEC
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H co gle Little Box Challenge Summary

Overall

Engineering “Jewels”

No (Fundamentally) New Approach / Topology

Passives & 3D-Packaging are Finally Defining the Power Density

Careful Heat Management (Adv. Heat Sink, Heat Distrib., 2-Side Integr. Cooling, etc.)
Careful Mechanical Design (3D-CAD, Single PCB, Avoid Connectors, etc.)

Clear Power Density / Efficiency Trade-Off

100+ Teams

200W/in® (12kW/dm?3) System 3 Members / Team, 1 Year

300 Man-Years
f, < 150kHz (Constant) 3300 USD / Man-Year
SiC (Not GaN) "
Z\VS (Partial)
Full-Bridge Output Stage
Active Power Pulsation Buffer (Buck-Type, X6S Cap.)
Conv. EMI Filter Structure
Multi-Airgap Litz Wire Inductors
DSP Only (No FPGA)

ETH:zurich APEC
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ETH:zurich

Analysis of
Advanced Concepts &
Technologies

X6S Capacitors

Series Power Pulsation Buffer

Opt1mal Fre%uency Modulation
Flying Cap. Converter Topology

Autotrafo-Based Inverter

APEC.
2@17
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. Eff. Optimal Frequ. / Current-Ampl. Modulation (1)

TCM -- Enables ZVS but Suffers From Large Current Ripple & Wide Frequency Variation
PWM -- Const. Sw. Frequency but Hard Switching Around AC Current Maximum

Optimal Combination of TCM and PWM - Optim. Frequ. / Curr. Ripple Variation Over Mains Period
Experimental Determination of Loss-Opt. Sw. Frequency f,\ Considering DC/DC Conv. Stage
DC/AC Properties Calculated Assuming Corresponding Local DC/DC Operation

t. rd
Ve o v 7t

ey . \I
T+ J:]-(‘= . ‘ I N ) 7/

. +
T J:ji= ==_VCO

(o7 O

_
SO0 O
N
o
3

0 50 100 150 200 250 300 350 vCO

ETH:zurich
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. Eff. Optimal Frequ. / Current-Ampl. Modulation (2)

e (alculated Optimal Sw. Frequ. & Power Loss as Function of the Position in a Mains Half Cycle

e Comparison with 140 kHz Const. Frequency PWM

OFM
140 kHz PWM

— 2kW---
— 2kW---

=)
]
S

ot
o
o
T
B

.
o
(=]

(4
janl
o
e

b
o
o
©
o
3
o

Switching Frequency (kHz)

-
o
S

%..... I.......-. ! |

0 WG

1r/"3

11'}2

wt

'
271'/3

S‘Ir/ﬁ

™

1 KW e
1 kW

Power Losses (Watt)

m Higher Average Switching Frequency @ Light Loads
m Reduction of £, Around Peak of Mains Voltage (for Ohmic Load) in Order to Sustain ZVS

ETH:zurich

APEC.
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. Eff. Optimal Frequ. / Current-Ampl. Modulation (3)

e Resulting Inductor Current Envelope for Different Output Power Levels

OFM  —— 2kW === 1 kW = .25 kW
— 140 kHz PWM —— 2 kW --- 1 kW e 0.25 kW
= 25 - oo 25 I
Q
15 20 t
S 15t |
L% *yﬂ'-‘;.-—._ — _‘_:\_‘_‘g_‘*
s 0] | [ 2% e | [ e, Tt
Z 5t ] - )eg‘a “ox | L _*.* 'E.’@‘"0-_._.___‘_*‘___‘_._‘.'6“0.0 *'*. |
CE; 0K A ;’D == %\ ;’f@.?oo'@ '&"{*oc}'_
= I 9‘:.1:.-:_‘24-53- - 80— — :‘m\ﬁ.’::—::r ’.%:-w-o o-o-e.o..;:._____“*‘_._‘:_‘_.i__,a_o.o-a.m_-.:.w
% 2 |1 1 [ **wer™ TR ]
5
E -10 0 /6 w/a =2 2x/3 snfs m O 7/ 7/3 =/ 2x/3 omjc m ( Ts 7z w2 2nj3 onfe

wt wt wt

m Higher Average Switching Frequency @ Light Loads
m Reduction of £, Around Peak of Mains Voltage (for Ohmic Load) in Order to Sustain ZVS

. APEC.
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. Ceralink / X6S Large-Signal Analysis (1)

e 2.2 yF/450V Class IT X6S MLCC (TDKs) Features Highest Energy Density
e Performance Comparison with Novel CeraLink Capacitor

400 | rb(tz) 'agpro.x.
= % b,min L
Z 300+
Q
50
8
S 200 7|
> N WD)
2-Cp i
100 \Eb(t) b,min
b,min
e Experimental Setup for Generation of 0 | | .
DC Bias & Superimposed AC Voltage 0 T /2 Tm 8Tom /o
Tdut
VaCl @”iv l . Laboratory Oven ]
dut (._ dut
Ll ¥V N | B ===y
P 565
Vdi = T gt '
R Cy Vdut N
Tdut =
/\S/S\S/é/\ T emperarufe Sensor

m PPB Design Optimiz. Requires Large-Signal Capacitance and Power Loss Data in All Operating Points

. APEC.
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. CeraLink / X6S Large-Signal Analysis (2)

Capacitance Density ( pF/cm3) Loss Density ( Watt/cm3 )

400

(=]

e Variation of DC Bias and

Superimposed AC Voltage :
@ 60°C Operating Temp. 3008 300
> F ‘ -
X Designed Op. Point gy %200
>

EPCOS/TDK RN
CeraLink 2uF, 600V »

S = N W kA LV NN 0 O —

0 100 200 300 400 450 100 200 300 400 450

VAC,pp V) VAC,pp V)
Capacitance Density ( pF/cm3 ) Loss Density ( Watt/cm3 )
400 = p— 10
24 5
...... 22 8
20
300
18 -1
116 S 6
14200 5
12 > 4
10 3
..... .
TDK Class II B :
X6S MLCC 2.2uF, 450V » NN : 0
100 200 300 400 450 100 200 300 400 450

Vac,pp V) Vacpp V)

m PPB Design Optimiz. Requires Large-Signal Capacitance and Power Loss Data in All Operating Points

e APEC.
ETH:zurich D —
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. Power Pulsation Buffer - Partial-Power Approach (1)

e Performance Comparison of Full-Power and Partial-Power Power Pulsation Buffer (PPB) Concepts
e Hybrid Approach (IV) Employs Red. Size Electrolytic DC-Link Cap. and Series-Conn. Partial-Power PPB
e Capacitor Volumes are Incl. Heatsink Vol. for Loss Dissipation (CSPIL.= 25 W/(dm3.K))

V} ll;i i Vi ii I
I) Buck-Type ° o M o (II)
II) Boost-Type s f
III) Partial-Power Series-Stacked L, "] |
IV) Partial-Power Series-Connected -— £
Vy i:: C, EE J? Vy ir_: Cb
, am* Vi (1)
B Capacitor Volume [ Cooling Volume b L . L 4 N c +H . ! s
IC
'@23' 331 Com=t o3 | _kJ Cc
%ig 18.6 ,_21(7}7 27.8 ! 1.7 " J:i Jt}E vuux;:, i = ="V
g B ,—J\T e ] Vaux :(: — - '“":J'_‘ JH
- 20 I = 7 - aux |4 4
= 1o} | M ﬂ
0 e O o o]
X6S X6S X6S E]i(g[rsof;ﬁ .
Buck Boost Series-Stacked Series-Conn.
*Pilawa
. . ** Schneider
m Buck-Type PPB Realized with 2.2F/450 V X6S MLCC Features Smallest Cap. Volume Electric
ETH:iirich APHC.
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. Power Pulsation Buffer — Partial-Power Approach (2)

e Performance Comparison of Full-Power and Partial-Power Power Pulsation Buffer (PPB) Concepts
e Partial-Power Concepts Feature Higher Efficiency Especially @ Light Load

100.0 Series-Connected
(D Partial Power . Buck-Type
99.5 Serios.Stacked with CeraLmI§
S 99.0 2) Partial Power Vol.= 269.86 ;T
‘O; ' 3) TCM Buck-Type n=98.7 %
2 985 (X6S) - Estimated
= ' 1y TCM Buck-Type
S “
= 9%.0 (CeralLink)
4] . .
975 Series-Conn.
: Partial-Power
0 500 1000 1500 2000 2500 n= 99.5 %

Power (Watt)

m Peak Efficiency of 99.75% Reached with

Series-Connected PPB @ 600 Watt Series-Stacked
Partial-Power*

m Part-Load Efficiency of Buck-Type PPB Vol.= 80 cm3
Expected to be Higher with PWM n=98.9 %

ETH:zurich
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. Performance of Series-Type Partial-Power PPB (1)

m Stationary Operation @ Rated Power of 2 kW

Input Voltage, v;
Filter Voltage, I‘/f
Input Current, 7;
Pulsating Current, i

* TELEDYNE LECRDY
Everyatereyouonk”

W’“MM‘MWW%

ANNNANNNNNNNS

J\/\/\/"u\/\/\/\,u\/\u'\

Buffer Voltage, v,
DC-Link Voltage, v, b"f
Filter Voltage, v;
Filter Current, i;

”w e

1 o Thase _ -30.0 mg [Trigger _C2 OC
5.00 Ay
~15.000A

ETH:zurich

.
=] FE O Tbase  -15.3 ms|[Trigger 3 OC
50 Vidivl
-399.460 V]

APEC.
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. Performance of Series-Type Partial-Power PPB (2)

Buffer Voltage, v, Buffer Voltage, v,

D_(i'-Link Il/oltage, ":2’,‘( Input Voltage, I/,b ol

Filter Voltage, v; Filter Voltage, v

Filter Current, i Filter Current, Is

e e ; nEmmay

/ //h“v |
/ | e I

J/ _ N A AP

'\ [ ! v VOV I~ MY

h L -
| B oo Tbase  49.8 me[Trigger 04 b ‘ [C4] FeD|  [Tbase -10.0mdg[Tngger C1DC
200 Vidiy 200 Al
-1.000V -2.0000A

m Startup of the Converter m Load Step 2kW - 1kW

. APEC.
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. Multi-Airgap Inductor Core Loss Measurements (1)

e Investigated Materials - DMR51, N87, N59

e 30 um PET Foil with Double Sided Adhesive Between the Plates

e Varying Number N of Air Gaps Assembled from Thin Ferrite Plates
e Number of Air Gaps:

Solid N=6  N=20

Y i

Auxiliary Winding

Magnetic Circuit

vin
,F" S 1
,Jm; JaE ampe . B
i Flux Sense :
— Winding

Test Fixture — ¢

JmE s

Lo

m Sinusoidal Excitation with Frequencies in the Range of 250 kHz ...1MHz

e APEC.
ETH:zurich D —




=IC I~ Power Electronic Systems 88/119 ——
I'— Laboratory

. Multi-Airgap Inductor Core Loss Measurements (2)

e High-Q Low-Pass Filtering of 50% Duty Cycle Volt. Ensures Sinus. Excitation JR—
e Operation @ Resonance for High Measurement Accuracy -
e No Phase Displacement of Sensed Voltage and Current
e Flux Density Adjusted by Input Voltage Level
Flux Sense Voltage
Auxiliary Voltage v,,,
Primary Current 7
| ‘://_\\\ N 7 ’/_\ ‘\\.,/" /,.\ .\‘\y/’/ .!/\\\ “'\_d-////\\ \'\_g,.
- " SN
mF od : \_/ NN N NS
. L, . Py A ' /46»‘\ PN s
VI)C I = el b ° s “\ ™\ ™ 17 e
0..30v|"_ T T - PR ‘ \ \
setup '-'Ii {\"- - A ‘ ~ ¢ )
4 C’ﬁll::lvml Rcun—: va“x ’;’// l"\:;/‘f .A\\”"J/ ‘7\\” ! \.‘\ ‘J"j \‘\
Mm% & i
C 1
rcs‘_l_ 1
Lo o : ;
o Sl R
L -2.0000 A
- . =
ETHzirich APEC.
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. Multi-Airgap Inductor Core Loss Measurements (3)

e Total Core Loss in Sample with Varying Air Gaps and Test Fixture
e Excitation @ 500 kHz

50mT — — — 100mT — — = 150 mT — — —
DMRS51 N59 N87
60 60 60
~P
50t 50 50t -7
=Y 27
£ 40p o 40} e’ o 40} ///
s ~P = o ~" K -
£ 30 _o-" 2 30t - g 30} -0
2 e 3 _e” E o~
20 o_-"0 b -7 20t ///
-7 b Ce———9 - _o-——"%
10('7/ [ o———9 10(;‘H____G____.Q—— 1001‘_/”9_’__0—-
0 P G fm——rO——@———Q0-———® e ——0———9-———9
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
# Air Gaps # Air Gaps # Air Gaps
m Losses Increase Linearly with the Number of Introduced Air Gaps
m Conclusion -- Surface Layers Deteriorated by Machining of Ferrite
- . =
ETHz(irich APEC.
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. Sw. Frequ. Auto-Transformer Approach

e Multi-Tap Switching Frequ. Multi-Air-Gap Autotransformer Realizing a Multi-Tap Voltage Divider
e Tap Switch & Series Active Filter for Gen. of Sinus. Output Voltage from Multi-Step Waveform
e Low-Voltage Power Semiconductors

Input
+450V
% HF AC->DC transformers ACtIV€_1_2_O_|'_|§ BJEE'?_Q@'IQG_"?E'?"
10R i |
i Blend2 | [ i
: = :
}, A_J Cstore I |
) i Tapsel2 —
ph=90° L
Output Voltage Generator
L_{+400V ! = ' T T
== | Blendt [ : — ACT
3 : Equ. : g Output
‘ =E | J ! 240 Vac
(& — 1 1 = 60 Hz
in U = 1 A 2 kVA
3 I ! e—

— Reverser AC2

AL AAAAYY oo o o i hhechhhAyAh v A
Digital controller - with ADC / PWM

m Concept Presented by “Cambridge Active Magnetics” @ Final '
m Power Density Unclear (Presentation @ Final: 159W/in?, 290W/in? Shown as Targetm Report)
m Efficiency Unclear (10W of Losses @ 2kW in Documentation, Equal to Only R = 150mQ) in Total?)

e APEC.
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. Multi-Tapped Sw. Frequ. Auto-Transformer (1)

e Multi-Stage Multi-Level Inverter e DC-AC-DC (I) Resonant ZVS Half-Bridge
II) Multi-Tapped Auto-Transf.
— N IIT) Voltage-Doubler Rectifier
DC — e DC-AC IV) PWM Tap-Selector
—° V) Output Filter
PV el Full- N VI) Full-Bridge Unfolder
Tap- Bridge Vinains
DC Selector Unfolder -
Y T
S‘ln=1°J Lﬁller Lout
Sunr J5& Sz J5%
Dom 2 ?Etsi? vmainsl
o - N, +{:}—{:}7' Cer =
Sin-zJ Clevel 2 _+ g
USRS Sous JE Sout [
ST
DC. o R . R J
T v v VI

ETH:zurich
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. Multi-Tapped Sw. Frequ. Auto-Transformer (2)

e yp-Pareto Optimization of the Converter System

e Efficiency 97.7% @ 2kW (97.4% CEC)
e Power Density 120W/in3 (7.4kW/dm3)
icp
"
99 100 ¢ Soes!
n*=97.7% _ 0 — o :
) 90 | Hceco 974/0 Hok 979/6 Ve b oulpk 77777777777
= 98t |/ A - ;-J lﬁ“" l“!
E T : N Tevel.2 |- - - - un ;AR A R oo 1y — — - -~ -
ﬁ @ 97 [ 1 E V(f\eve\ Your |I|~|1,L“‘
@ 2 5 T B
;\E’,\ 957 i i E I fir I ‘
= M9 | !
93t Do ! :
92r ¢ o
, [ }
8 500 1000 1500 2000
p (kW/dm?) Output Power (W) St . ‘ i
Ste2 L NINAIIITMSANAWNI
{ t

Smﬂﬂnl——ﬂm i
m Efficiency of Resonant Multi-Level DC/DC Stage > 99% S 1 I

ETHzurich APEC.
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DC (eg.350V)

. Multi-Level Converter Approach

e Multi-Level PWM Output Voltage - Minimizes Ind. Volume
e Flying Cap. Conv. — No Splitting of DC Inp. Voltage Required
e Low-Voltage GaN or Si Power Semiconductors

FIG. 1

1 EP 2779410 A2

(19) :0))) e-.m.mm:.

Full—Bﬂdge high frequency
(12) EUROPEAN PATENT APPLICATION TOpOl.Ogy or
(43c;ﬂﬁnz orass Rl DC/ | AC | Buck-Type
9 | 17.09.2014 | Bulletin o)
+ Unfolder

(21) Application number: 14159869.8
(22) Date of filing: 14.03.2014 low frequency (50Hz)
(84) Designated Contracting States: (71) App\icanww e

ALATBEBG CHCYCZDEDKEEESFIFRGB 45240 Hod Hasharon

GRHRHUIEISITLILT LULV MC MK MT NL NO

PL PT RO RS SE SI SK SMTR (72) Inventor: Yoscovitch, llan SRR

Designated Extension States: 45240 Hod Hasharon (IL) o

BA ME B $12

(74) Representative: Jansen, Cornelis Marinus et al s10- L L 1
(30) Priority: 14.03.2013 US 201313826556 V.0. B M
Johan de Wittlaan 7 5 s1
2517 JR Den Haag (NL) $13- AC
aut

(54)  Multi-level inverter
m Basic Patent on FCC Converter - Th. Meynard (1991) !  FIG. 4

e APEC.
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. Multi-Level Conv. Approach - Flying Cap. Conv. (1)

e 5Voltage Levets

e 320 kHz Single-Cell Sw. Frequency Sina [S7 [S5 [92 o | O 1oss 1B BB Tnternal Balance

e 12yF Flying Capacitors IE@ L ’

e Improved Phase-Shift PWM VD%D L 5 g‘ o I ) Switching
- 5 e e T ————

“ @100Hz
Spifor Precharge |

O |0
. L L
Spofor Operation it} _EJ__EJ_
pc  Precharging Resistors FB output ol 9
C Cells 3/4 FCC Cells 1

CFc

Input

FB signal Stage

connector

Output EE)OO r
2 400 .
2300
= 200 |
~ 100 -

DC Link Counectors
Tnput Precharging
Clireuit Flying Capacitor

Tilter
Inductor

Output Voltage - Output Current

)
S
) =

200 - 110

0 L

-200 .
\/lv}'ll‘Iml‘

-400 | 7 Yout ot | _oq

=95 =20 -15 =10 =5 0 5 10 15 20 25
Time (ms)

Voltage (V

I
—
o

=
Current (A)

. APEC.
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. Multi-Level Conv. Approach - Flying Cap. Conv. (2)

e Analysis of Symmetry of FC Voltages During Start-Up, Shut-Down, Stand-By, Output S.C. Missing
e Inverter & Rectifier Operation

FC Voltages

(I) Rectifier Operation — No Load, PWM Disabled M = L -
@ t=0, FCs Discharging over Balance Resistors, 2300 E
Voltage Symmetry Maintained, PWM Re-Enabled e s S M
@ t=150ms, U, Control @ t=300ms >12(» (777 VecVecaVeaaVou
(II) Rectifier Operation Under Load, Loss of Mains 150 Srlieh Yoitages |
or PWM D-isabled Load St-ill Present)’ FCS g —  liepular shut-down —=— I’recharge - Method B—bi
Discharging over Diodes — Voltage Unbalance, 2100 W
Bridge Leg Re-Enabled @ #=150ms, Dedicated 2 I
Control Procedure Requ. for Regaining FC Volt. S 50 | | I VA NN
Symmetry 0 50) 100 1T){]mC (?1(1];(5 250 300 350
(II) 500 FC Voltages
= 400 0
(IIT) Inverter Operation - Start-Up form DC-Side, :*E{ﬁl\
Pre-Charge Resistors Bridged @ t=500ms o001
3ol
; ~ 130 : | | /7 e e Woahie
- 288 | 150 . | Switlch Voltages
P e Remlar e Prcharge - Method A
%30() r \; 100 shutodown : |
; 200+ ijf
=100 - - § 50 + ]
0 | VeakebeasV (111) o | . | S e Ve VT
0 100 200 300 400 500 600 S0 50 100 150 200 250 300 330
[ime (ms) Time (ms)
ETH:irich APEC.

2®17



“1C I Power Electronic Systems
I'— Laboratory

Optimization of
Little-Box 1.0
np-Pareto Front
TCM vs. Large Ripple PMW
The Ideal Switch is Not Enough (!)
Design Space Diversity
ETH:iirich APEC.
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. Multi-Objective Optimization

e Detailed System Models - Power Buffer/Output Stage/EMI Filter
e Detailed Multi-Domain Component Models gncl. GaN & SiC)
e (Consideration of Very Large # of Degrees of Freedom

Converter Specifications
[ ll' ) Iteration of System Variables
]
[ System Variables J
Lo Lowae S Coe Coor Coppe CS:’L # Interleaved Bridge-Legs, ...
Converter Model
Calculate Voltage/Current Waveforms for selected Converter Topology and Modulation Scheme
1
v v v
( Quasi Peak Spectrum ] Semiconductor Optimization Inductor Optimization Additional Components
| E— | I
Output Filter Optimization Design Variables Design Variables ¢ Measurement Circuits
L] *MOSFET Type *Core (Voltages, Currents, ZCD)
Design Variables (Si, SiC, GaN) _ (Tipe, Material, # Air Gaps)
*# Filter Stages *# Parallel Devices/Chips * Winding * Logic and Control
+max. Reactive Power (Litz, Foil and Solid, # Turns) (DSP. FPGA, ...)
*max. Earth Current
+ Filter Inductors * Auxiliary Circuit
(Tipe, Material, #Turns) Loss Model ~ Reluctance Model ‘ (24V, 12V, 3.3V, 1.8V, ...)
* Capacitor (Foil, Ceramic) « Conduction * Air Gap Length
* Switching (Loss Map) ‘ * Fans
Loss Model * Gate Drive Loss Model
* Winding / Core « Core (Loss Map) + PCB, Connectors, Housing
* Dielectric (Loss Map) T P « Winding
fT Filter.act * P Filter.act * Tlx\d.m *‘P Ind.act
Thermal Model Thermal Model Thermal Model Thermal Model
+ Heat Sink * Heat Sink » Heat Sink * Heat Sink
PF\I\(‘V /VFilmr PSﬂm /Vsemi P[nd /Vlml Pmld/ VAJJ
Save Design
Total Losses, Boxed Volume and Design Data
1
1
[ Optimal Design J

m Pareto Optimization Shows Trade-Off Between Power Density and Efficiency

e APEC.
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. Little Box 1.0 np-Performance Limits

e Multi-Objective Optimization of Little-Box 1.0 (incl. CeraLink = X6S)
I) - DSP/FPGA Power Consumption

e Absolute Performance Limits
IT) - Heatsink Volume @ (1-n)

m Further Performance Improvement for Triangular Current Mode (TCM) - PWM

ETH:zurich

100

99

o
Go

e}
~1

Efficiency 5 [%]

96

95

97/119 ——

——‘-h-s_,h(b)/(c) R B

=

T e eSSV |

+1.95 e

+0.65% __|

=

.
Realized LBC
Prototype

4 6 8 10 12 14 16

PowerDensity p [kW/dm’]

b) CeraLink Power Pulsation Buffer
Power Pulsation Buffer

APEC.
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. Power Pulsation Buffer (PPB) vs. Electrolytic Capacitor (1)

e Lower Volume Comp. to Electrolytic Caps only for AV/V < 6%
e No Efficiency Benefit of PPB (!) X6S PPB Y

CeraLink PPB i

200 - - 100
bmmmmgm e m oo —
I 1 - electrolytic capacitors
S N e
n - (P2)
150 : {99 =
—~ T R (R N N e-\/
y |- -------------------- >
i 5 - @6) 5
% 100} | log 5
g I Volume - (P6) =
o I | 83
~ S0 ' 197
] T
I | ~Volume - (P2)
\ : (A3)| \Vol. - electrolytic capacitors
° ° 0 < 96

0 5 10/ 15 20 25 30 35
LBCAV limit  current limit AV /V (%)

m Electrolytics Favorable for High Efficiency @ Moderate Power Density
m Electrolytics Show Lower Vol. & Lower Losses if Large AV/V is Acceptable (e.g. for PFC Rectifiers)

e APEC.
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. Power Pulsation Buffer (PPB) vs. Electrolytic Capacitor (2)

e Analysis for Google Little Box Challenge Specification AV/V < 3%
e Efficiency Benefit of PPB only for p > 9kW/dm?3

= TCM — PWM %0 Designs with max. Power Density
100
with Electrolytic Caps.
99 e
. L
S with PPB
U ==3z=s ]abg //
(9] =
§ I8 / --ﬁ"!rl.‘
5 — f ‘nu T
& 7 = fr\"m
S [ / "'I‘ U
97 '-’/ I'- o'
" :---- l-"
" --'pﬂ L
96 e
4 6 8 10 12 14

PowerDensity [kW/dm?]

m Electrolytics Favorable for High Efficiency @ Moderate Power Density (4%= +0.5%)
m Electrolytics Show Lower Vol. & Lower Losses if Large AV/V is Acceptable (e.g. for PFC Rectifiers)
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. Little Box 1.0 -- TCM - PWM

e Very High Sw. Frequency f; of TCM Around Current Zero Crossings
e Efficiency Reduction due to Remaining TCM Sw. Losses & Gate Drive Losses Reduction
e Wide f; -Variation Represents Adv. & Disadvantage for EMI Filter Design

fo!
+ C C
T—tJ'H:-]?E oss ==ext
i é i
e - ‘e}
T_Ji ;Ecoss =gm t; ==+v
s T "
o o ’o)
TCM
boundary

il
~w- 1] ©

turn-off { (s) ® (h) ® (s) Ll
ATEng (p-h) @ (p-h)  (p-h) (p-h)
m PWM -- Const. Sw. Frequency & Lower Conduction Losses
m PWM @ Large Current Rippel -- ZVS in Wide Intervals
APEC.
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. Little Box 1.0 -- TCM - PWM

e Optimization for GaN GIT & No Interleaving
e Resulting Opt. Inductance of Output Inductor L=10pH (TCM), L=30pH (PWM)
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m PWM vs. TCM -- Slightly Higher Max. Power Density @ Same Efficiency
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Switching Frequency f, [kHz]

p=12.5kW/dm?3
n=97.4%
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The Ideal Switch is
Not Enough (!) o
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. Little Box 1.0 @ Ideal Switches

e Multi-Objective Optimization of Little-Box 1.0 (X6S Power Pulsation Buffer)
e Step-by-Step Idealization of the Power Transistors
o Ideal Switches: k=0 (Zero Cond. Losses); k=0 (Zero Sw. Losses)

100 l ;
I)—
Zero Qutput Cap.
f _ and Zero Gate
s = 98 Drive Losses
(0K 05D (kL k) =
T A N
: i Real Switches % 97
0,05) | (0.5,0.5) i(1,0.5) A |
AN & &7
Ideal Switches PN L R
e ““Cle\b (fc—o, ks—())i/(o.5,0) i gcc—l,kS—O) i

- > . 95
e i h 4 6 8 10 12 14 16 18

Power Density p [kW/dm?]

m Analysis of Improvement of Efficiency @ Given Power Density & Maximum Power Density
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. Little Box 1.0 @ Ideal Switches -- TCM

o Any=+0.5% @ p=6kW/dm3 - Main Benefit from Zero Conduction Losses (k~=0)
o Any=+1.5% @ p=12kW/dm? - Add. Benefit from Zero Sw. Losses (ks=k=0)

100 T ™ E MOSFET gaiedrive  E1INDUCTOR mrPB I MOSFET H ELECTRONICS
: n—r B MOSFET conduction M OUTPUT FILTER I INDUCTOR mrPB
A A a— S | A R B MOSFET switching ~ BIELECTRONICS BOUTPUTFILTER ~ EHOUSING
e O LA Tl 350
AT R ) —— T T “w ./ ¢c5 - |
99 ld % - ] [ | |
e 300
? pllL’L\'C
=98 40 250
§ / . \"pnmx..a %30 EZOU
297 i (k=Vk=D) 3 £
) S 2150
| c
(1) 20 S
100
96 +
! " 50
J
i
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4 6 8 10 12 14 16 18 "B E B ¢ © o o ®.@
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o [S60KT 211 IMTTZ 560K1121990K11z 60kl Tz 1 1MIT7360kT1z 1 M1z ;oo S60KIEz 1 1MITz 560KI1z 990KT1z S60KILz 1. IMIIz|S60KI11 3MIL2
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—_— e —
E=07k=0  E=07k=1  k=1/k=0 k=17k=] k=00k=0  k=07k=1  k=17k=0  k=l/k=I

m Minor Improvement of Max. Power Density - p= 12kW/dm3 > 15kW/dm? (PPB Cap. & Inductors)
m Finite Remaining Volume & Losses = The Ideal Switch is Not Enough (!)
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. Little Box 1.0 @ Ideal Switches -- PWM

o Ay=+1.0% @ p=6kW/dm* - Benefit from Zero Cond. & Zero Sw. Losses ék5= k= Og

o Any=+1.75% @ p=12kW/dm3 - Benefit from Zero Cond. & Zero Sw. Losses (k= k=0
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K=0/E=)  k=0/k=1 k=1ik=0 h=l7k=l k=0/R=0  k=0/k=1  k=l/k=D  k=l/k=1

m 50% Improvement of Max. Power Density - p=12kW/dm3 - 19kW/dm3 (PPB & Inductors)
m Finite Remaining Volume & Losses = The Ideal Switch is Not Enough (!)
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. Little Box 1.0 @ Ideal Switches -- PWM

100 - 100
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m L& f; are Independent Variables (Dependent for TCM)
m Large Design Space Diversity (Mutual Compensation of HF and LF Loss Contributions)
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Little Box 2.0

DC/ | AC IrConverter + Unfolder
PWM vs. TCM incl. Interleaving
np-Pareto Limits for Non-Ideal Switches

e APEC.
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. Little Box 2.0 - New Converter Topology

e Alternative Converter Topology - DC/ J AC | - Buck Converter + Unfolder
e 60Hz-Unfolder (Temporary PWM for Ensuring Continuous Current Control)
e TCM or PWM of DC/ TAC | - Buck-Converter

10Q  inc
—:I—i -
JoE
(-
V- -
| Power + OJ.L IZ§ OJL K+ Low C=]= CQ: iac
C" 450V l=DC Pulsation veo AT NS o ! |
T Buffer 1 EMI Nt
l Co o lvm: Filter ac |
3 et e
> > T oT

Buck Unfolder

m Full Optimization of All Converter Options for Real Switches / X6S Power Pulsation Buffer

e APEC.
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. Little Box 2.0 — Multi-Objective Optimization

e DC/|AC|- Buck Converter + Unfolder & PWM Shows Best Performance

e Full-Bridge Employs 2 Switching Bridge Legs - Larger Volume & Losses
e Interleaving Not Advantageous - Lower Heatsink Vol. but Larger Total Vol. of Switches and Inductors

== TCM — PWM == TCM Buck & Unfolder
=== TCM interleaved === PWM Buck & Unfolder
@® [BC Finalists %% Designs with max. Power Density — 4D-Interleaving Considered for TCM
100

(P2)

w

Efficiency [%]

.~ (Pareto front Iwﬂh CeraLllﬂk) T T [T ] T 1.t

4 6 8 10 12 14 16
PowerDensity [kW/dm?]

95

m p=250W/in3 (15kW/dm3) @ = 98% Efficiency Achievable for Full Optimization

. APEC.
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. Little Box 2.0 - Volume & Loss Distribution @ (P1...5)

M Unfolder M Housing M Cooling Output filter M Electronics M Inductor B MOSFETs EPPB
200 " 1771 60
—_ =g 100.1 50
160 =-8.6 =4 1427
e
= 40
5120 163 | S
E | 84 730 =23
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—10.0
40 0
0 0
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po (128 1KW1 KW g 0kW g KW Nl 975% | 97.9% | 97.4% | 980% | 98.1%
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- - - . i ot - 3 . b (=
Full-Bridge = 5 2 35 35 Full-Bridge = 3 z %3 35
= 58 o o c.g et = E 3 -y @2 @ ©
al Z5 25  Buck+ - Z5 =5  Buck+
- k- =% Unfolder = - &< Unfolder
m Volume Dominated by Heatsink & PPB (Power Pulsation Buffer)
m Losses for Buck+Unfolder Dominated by Switches & PPB
- . =
ETH:zirich APEC.
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Experimental Results
Control Block Diagram
Output Voltage/Input Current Quality
Efficiency — >
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. Little Box 2.0 — Control Structure

m Each Stage (Buck & Unfolder) Controlled with Cascaded Current and Voltage Loop
m  Without Switching of Unfolder Control Like for Conventional Boost PFC Rectifier

. APEC.
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. Analysis of DC/ | AC| -Buck Converter & Unfolder

e Voltage Zero Crossing Behavior With & Without Switching of Unfolder

e

| i .
|
i i i
T
a0
AL

m Output Voltage & Current Fully Controlled Around Voltage Zero Crossings
m Slope of Buck Conv. Outp. Current can be Decreased — Adv. for React. Loads (Step-Change of DC Current)

e APEC.
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. Little Box 2.0 — Measured Waveforms

e DC/|AC| Buck-Stage Output Voltage & Inductor Current

" AN OV NV NV

m Resistive Load m Inductive Load m Capacitive Load

. APEC.
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. Little Box 2.0 - Preliminary Efficiency Measurements

e Performance of First DC/ | AC | - Buck Converter + Unfolder Prototype
e PWM Operation
o Without Power Pulsation Buffer

100
_ 98 . —a
° Se— '
[ +
> 06 _ e
Q
2 Resistive Load
'S RL-Load (cosg = 0.7)
E 94 RC-Load (cosp = -0.7)
e
g
% 92
=

90

88

200 400 600 800 1000 1200 1400 1600 1800 2000
QOutput Power [W]

m 98% for Res. Load Achievable for Red. of Cond. Losses of PCB (Copper Cross Sect.) & Unfolder (R, )
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Little Box 3.0

5...10MHz Switching Frequency
Performance of Low-u HF Magnetic Materials
Electrolytic Caps vs. Power Pulsation Buffer

. APEC.
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» Magnetics Operation Frequency Limit (1)
e Serious Limitation of Operating Frequency by HF Losses Source: Prof. Albach, 2011
— Core Losses (incr. @ High Frequ. & High Operating Temp.) 3
— Temp. Dependent Lifetime of the Core F, pd
— Skin-Effect Losses 2 /1(P
— Proximity Effect Losses Tl v
A
r,= riNN 0 \J Prps
0 1 2 3 4 5
— 1/
- — 5
— . [ E’_Lif:e 10\ ///
= \ NIV
1000 BNV 20.Y/ /)
b S ‘\ 3 40—~ 7
mT
T Supermendor >\%0°- 5 N=1 100 ///
) e e 3 >
Oﬂﬂogonol = NiFe 50% \ ,——\/ g/
Permaloy = NiFe 80% 1
2714° = Co based AS = 0’8
10 Ferrit 0 \ | |
0.1 1 10 100 1000 10 100 1000
— f/kHz — [/kHz
m Adm. Flux Density for given Loss Density m Skin-Factor F, for Litz Wires with N Strands
ETHziirich APEIC.
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» Magnetics Operating Frequency Limit (2)

e (Modified) “Core Material Perform. Factor” F; ;.= B, .f°7° Defined for Def. Core Loss
e Performance Factor prop. to VA Handling Capablhty Mm Vol. @ Max. of Fj ;5
o Little Benefit of Increased f; for Conv. Ferrites in 200kHz...2MHz
e Peak Performance of Low-u HF Core Materials @ 5-10 MHz
Source:
Hanson et al.
ECCE 2015
Modified Performance Factor v v
50 | - 3 - | :t:Fﬂr:E[:gl Inductor Volume vs. Frequency
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—de—  C2050 9
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H.O] I — l!J.] “ 1 I‘ H]ﬂ ‘ B ]Iﬂﬂ
Frequency (MHz) Fair-Rite 67 (ﬂr=40)
All Inductors w. @= 200
m f; in the MHz-Range Results in Very Low EMI Filter Volume
ETHzirich APEC.
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» TCM Digital Control / Timing Challenges @ f; > 1MHz

e Dead Times Required for Res. Transition (ZVS)
e i=0 Detection Time Delay
e Signal Isolator & Gate Drive Time Delays " N
e Rel. Large Cond. Losses @ Low Qutput Current Vi 1) VT,
‘ N =
”””””” N
o II
+ — “oss “ext ( ) QDSS\EH
T _tJ: S == . t
i L i T ‘
v o——E =0 di+ - mi 3 AT
i 1 C C + 1 Y (R ., e R
— 0ss ext n
T _J:} % == Vr = " I, | ;
[ o o . [
Tdt.p Toff Tdt,.u Ton Tdt.p
m New High Speed / Low-Volume / Low-Loss i= 0 Detection Concepts Required
m Integrated Gate Drive w. (Hysteresis) Current Control Functionality Required
ETHziirich APEC
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. Performance Limits / Future Requirements

220...250W/in3 for Two-Level Bridge Leg + Unfolder

250...300W/in3 for Highly Integrated Multi-Level Approach

Isol. Distance Requirements Difficult to Fulfill

Fulfilling Ind. Overvoltage Requirements would Signific. Reduce Power Density

Low Frequency (20kHz...120kHz) SiC vs. HF (200kHz...1.2MHz) GaN
Multi-Cell Concepts for LV Si (GaN) vs. Two-Level SiC (GaN)

New Integr. Control Circuits and i=0 Detection for Sw. Frequency >1MHz
Integrated Gate Drivers & Switching Cells

High Frequency Low Loss Magnetic Materials

High Bandwidth Low-Volume Current Sensors

Low Loss Ceramic Capacitors Tolerating Large AC Ripple

Passives w. Integr. Heat Management and Sensors

3D Packaging

New U-I-Probes Required for Ultra-Compact Conv. R&D

Spec. Testing Devices Equipped with Integr. Measurement Functions
Convergence of Sim. & Measurem. Tools = Next Gen. Oscilloscope
New Multi-Obj. Multi-Domain Simulation/Optim. Tools

. APEC.
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