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TheGoogle  Little Box Challenge
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Concepts & Performances of Other Fina|
Analysis of Advanced Concepts
Optimization of Little Box 1.0
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Little Box 3.0/ Conclusions
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. LITTLE BOX
CHALLENGE

0 Design/ Build the2kW tus Solarlnverter with the Highest Power Density in the World
0 Power Density > 3kW/dn> 50W/in3, multiply kW/dn? by Factor 16)
0 Efficiency > 95%
0 Case Temp. <AD
0 EMI FCC Part15B
!
AV
I—]< 20% 7< 3% THD<5°/0 THD <5°/o
v VDC \]'] 1OQ / | \ / A
450\/H ——o—{ 1o =340V
GO0V === -
\Vi — W v t
t oo S,< 2kVA
200nF = T cos®,<+0.7...-0.7 |
I = ?Tg<50mA f0=60HZ

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

> ELECTRONICS SOCIETY
Powering a Sustainable Future
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. The(GrandPrize

0 Highest Power Density (> 50WAN
0 Highest Level of Innovation

$1,000,000

y" Timeline Challenge Announced in Summer 2014

2000+ Teams Register@dorldwide

100+ Teams Submitted a Technical Description until July 22, 2015
18 Finalists (3 NeShows)

v v [RTS
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Bl LirTLe Box Finalists at Err i
CHALLENGE ‘(y Fraza d.o.o.

Cambridge CE+T
Active Venderbosch

Univ. of lllinois Magnetics | OKE Services

Tommasi

Bailly - Energy
Rompower——s : . Layer
> Fraunhofer
L 1ISB
Univ. of Tennessee - . # 2 -
ETH:zlrich* - -
Schneider T 1 '. \'-*-_{(,— 11'\‘”
Electric

- 5 Companies Y. - AMR
- 6 Consultants o _ _
- 4 Universities 15 Teams/Participants in the Final @ NREL

ETH:zurich Pﬁﬁim&ﬁaw
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. LITTLE BOX Final Presentations
CHALLENGE

A~
D= -
« PNREL
National Renewable
Energy Laboratory

Innovation for Our Enerqy Future L

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

City of

Golden
ETH:lirich %
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Little Box 1.0

Converter Topology
Modulation & Control
Technologies / Components
Mechanical Concept

Exp. Analysis

(infineon

Google
[FLFE

—

A~

EPCOS

&TDK
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Derivation of %
Converter Concept_
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1-0 Output Power
Pulsation Buffer
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. Power Pulsation Buffer

0 Parallel Buffer @ DC Input

1=

Po
Vo

Yy Parallel Approach for Limiting Voltage Stress on Converter Stage Semiconductors

ETH:zurich Pis
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X T T AV,
o : o %02 o0z 06 08 1 Vc,mzx

$=2.0 kVA
cosu,=0.7 A
V= 450 V ~

) EPCOS
PY VE max3 %0 5 x 493 F/450 V

C= 2.46 mF

y C>2.2mF /166 crAi A Consumes 1/4 ofAllowed Total Volume ! .

ETH:zurich pis

Powering a Sustainable Future



=IC I~ Power Electronic Systems 8/124 ——
I'— Laboratory

10*

1000 |

100

10t

Yy Unacceptably Large Inductor Volum. A Electronic Inductor
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. Partial Active Power: Pulsation Buffer

O Coupl i ng Elacpamic InduaborProdessihg OnRartial Power

Vi o

i

VC,aux,_m_ax

VC,aux m71r; -

Jr
Ve aux =

y LowU..,A Low Converter Losses
Yy High Values of CC,,Required for LOW 5
Yy FulkBridge Aux. Converter Allows Lowkgr,,

ETH:zurich pis
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. Partial Active Power: Pulsation Buffer

dCoupling Eadpacrboaic&l hduct?®d
200+

150

Emax [WS]

24

.
=
5 100} §
501 |
100 150 200 250
VC,aux max Ck [IJF]
= VC,aux,max [V]
VC,aux,min 250
" 200}
Ve, aux _=_ LE_‘ 150: '
o k.? 100+ VC,aux,max =80V
50}
% 50 100 150 200 250
Y LowU. . xA Low Converter Losses Ce[uF]
y" High V_aTues of CCxRequired for LoWk- ., (00 N
Yy Full-Bridge Aux. Converter Allows Lowgr,,, “— Properties of FuiBridge Aux. Conv.
ETHziirich b T e
Powering a Sustainable Future
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. Full Active'Power Pulsation Buffer

0 Large Voltage Fluctuatidroil or Ceramic Capacitor
0 Buck or BoostType DC/DC Interface Converter
BuckType allows Utilizing 600V Technology

O<O

108 x 1.2¢ F /400 V
G C140¢F
Vo= 23.7cm

CeraLink
STDK

y" Significantly Lower Overall Volume Compared to Electrolytic Cap: .

ETH:zurich pis
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Output Stage
——— Topology / Modulation
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. Derivation.of Qutput Stage Topology. (1)

0 Inversion of Basic-ts PFC Rectifier Topology

Y

-
R i = 4
, BoostType (5 E} Ei []
1-0 PFC Rectifier o
x % )
&
ST TR AN

DC/|AC| Buck Converter & ' n n
Mains Frequency||[°Unflol der » JE} = —

— - Rz B

hal
% A Analysis Onlyor cost =-1

ETH:zurich Pis
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. Advanced DEA® -Buck Conv. & Unfolder

0 Temporary PWM Operation of Unfolded@U,,,, to Avoid AC Current Distortion

+ |/minl\

o

—
&
'—

'_
tﬁ V =

(==

y' CM Component of Output Voltage -
Yy Larger EMI Filtering Requirement Due to Temporary-Highu. Switching of Unfolde s

ETH:zurich Pis
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0 Example of (Bidirectional) 41 Telecom BoosIype PFC Rectifier
0 LowFrequency Unfolder Operation of One Bridge Leg
0 Interleaving for High Part Load Efficiency .
& Si Superjunction MOSFETs Ao
h/ Ty Iz~ LDuz L, L,
e - °
86l —— " EL“%,U“
98.4 - ca cs ce
98.2 = = =
98.0 e 264V dr e
97.8 ——230 F‘L FL
97.6 —9—1.84\/ . L'LTQ L'[m
97.4 — — Limi ’:
97.2 I:‘ Em Ec:s Ecg
97.0
L'TH L"m
1000 1500 2000 2500 3000 3500 l:,-L FL

Po/W

Y 72W/ind (4.5kW/dn) incl. Holdup Capacitors @ 98.6% Efficiency

ETH:zurich pis
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y  CM Componeng,,of Generated Output Voltage
y Potentialy Larger EMI Filtering Requirement

—
-_—

ETH:zurich Pis
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. Symmetric PWM HBlridge AC/DC.Conv: Topology

0 Symmetric PWM Operation of Both Bridge Legs
0 No LowFrequency CM Output Voltage Component

o

ne
I
|

1 TN T TTTTT Tt P N 7 ”V"
N PN . p
’ \ ~. s CM, max

\\,’ N 1
7Y N =—V.
V@Y= Y

y DM Component ai; andu, Defines Outputu,
Yy CM Component af, andu, Represents Degree of Freedom of the Modulation (!)

IEEE POWER
> ELECTRONICS SOCIETY
Powering a Sustainable Future
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. Remark: AC Side Power Pulsation Buffer

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

R

JaE s

=
II|+

=
| |+
|

NST N

(o]

y" CM Reactive Power prop. 2 C
y" DM Reactive Power prépC

ETH:zurich pis
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. Z\/Sof Output 'Stage'/ TCM: Operal —=——

0 TCMDperation for Resonant Voltage Transition @ TQrmTurnrOff

Vo
T &+ ,
I Ly o
IS SR
"J?f} Jﬁ_ oL + +1Io
V]-J_r—__— ‘ 7L1£ J_g H+V0
1
B Hr T

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

ETH:zurich pis
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. CMEnhanced TCM Modulation

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

BREEE
DJ.'t Jﬁi L i i1
€Ly n o o pfilil] P p
—_— | — o s~Js'| s se s1 .
- B 1 - . + _L+2 B ﬁs\ /\ / ,,,,, /\ "" .“‘. /\ ,"" ‘\\
B3 5E v NS [N N
—o t t
ETHziirich b T e
owering a Sustainable Future
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. 4D-Interleaving .

0 Interleaving of 2 Bridge Legs per Phas®&olume / Filtering / Efficiency Optimum
0 Interleaving in Space & Timéwithin Output Period
d Alternate Operation of Bridge Legs @ Low Power 111 s o,
0 Overlappin@peration@ High Power s
t
Tiger Ty l _ [t
Tiour Ty -1 ' L.t

T T AA |
o Iﬁ = |ﬁ, __L L VY,

Tll é—l ]’l jO
-

- o
T | To ' - T11+r T11-

R e il e o T R s |

I
|
|
|
|
|
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. Remark:i TCMInverter-Topology

0 TCM: Challenging Inductor Desigisuperposition of HF & LF Currents
0 ITCM: Adding t@ircuit between Bridge Leds Separation of LF & HF CurreAts. >>/g

, _iTCM
o]
v T v
L O
» +
I/i LH lB C%vo

iTCM :
y" Low Output Current Ripple A Reduced Filtering Effort
y  PWM Modulation Applicable A Simple Control Strategy

y' Dedicated LF and HF Inductor Designs Posstplemproved Converter Efficiency

> ELECTRONICS SOCIETY
Powering a Sustainable Future
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. Selection-of Switching Frequency

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

80dBpV | ‘ :
Digital
Att, Att
} 2 igontrol FCC Part 15 B
-20dB/Dec
40 dBpV || : f
0dB O?kl (DIkz J;
L L } ‘ } | 0.6L 0.6L
o—ilE . 0 20dB \;\\ O—-T-——o
(== (== \‘\\ _SO;dB/Dec =
IRNRNRE 0.6CT 0.6C
o 0 -40dB - ; . nLY . . o . o
Att, @ f, 100k f, 2f, 1M 10M 40M Att, @ 2f.

Yy Doubling Sw. Fequg Cuts Filter Volume in Half
y" Upper Limit due to Digital Signal Processing Delays / Inductor & Sw. Lostestsink Volume

IEEE POWER
> ELECTRONICS SOCIETY
Powering a Sustainable Future
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. EMI Filter Topology (1)

0 Conventional Filter Structure | DM Filtering Between the Phases
. CM FilteringBetween Phases and PE

. wﬁ; LISN
: 102 4 OJ"' ,,J"'
i : T T L
L4500V .
o .
O 0T L
o L Im
‘JE}E JET}
LLLL i You TC TG

IS

lelted by
max. CM Current

y" CM Cap. Limited by Earth Current Liniltyp. 3.5mA for PFC Rectifiers (GLBC: 5mA then 50mA !)
y' Large CM Inductddeeded, Filter Volume Mainly Defined by CM Inductors

ETHzurich
> ELECTRONICS SOCIETY
Powering a Sustainable Future
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- EMI Filter Topology (2)
0 Filter Structurewith Internal CM Capacitor Feedback
0 Filtering to D€ (and optional to DC+)
[ o T LISN |
A RT 5 ;lj ; ;
i E D%: DJF Tu i, L(‘MI LI)MI L(‘MZ LDMZ E in i
i 450VE v, —-_ . -—-——m—-—: v —m:
{OIE L /| [t ||
i ! T - — - - : o
i i I"‘ Lo L :RI,ISN RI,ISN i
i E Jq’j& DJ::{} ;_Cl__ =£(NJE(MW =gmjgun { ]
L T T S S
L1l I
L Ly, Ly,
L T _ o
"D\dl@ %C| + CD\A] =T CDMZ - RLISN [::I
Internal ’
CM Current Feedback
LLMI L(.'M:
qﬂ) .,
ZC 2C, l w R
—|— CMI1 CM2 LISN
L 1,
s T T*% T T |
y" No Limitation of CM CapacitGrDue to Earth Current Lim/§ pF Instead of nF Can be Employed
y" Allows Downsizing of CM Inductor and/or Total Filter Volume
ETHziirich b T e
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. Final Converter-Topology

0 Interleaving of 2 Bridge Legs per Phase
0 Active DESIde BucKrypePower Pulsation Buffer
0 2-Stage EMI AC Output Filter

Rl e

D0 e I 1)
fo || | 2B E3E E3Es EBEE | - -
:i JE]SE — |
: e=‘v i
_ J B¥ |
] [ spapapan 11
= E

y ZVS of All Bridge Le@ TurrOn/TurrOff in Whole Operating Range ACMnterleaving)
y" Heatsinks Connected to DC Bus / ShidPrevent Cap. Coupling to Grounded Enclosure

ELECTRONICS SOCIETY
Powering a Sustainable Future
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Technologies

Power Semiconductors
Cooling
DSP/FPGA

Auxiliary 5

ETH:zurich Pis
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. Evaluation-of Power-Semiconduct@rs

0 Accurate Measurement of ZVS Losses (@ahgrimetric Approach
0 High Sw. Frequency for Large Ratio of Sw. and Conduction Losses

Isolating Box
J_ Half Bridge &
v TLJ"% on IMS Board
in " . 9 :
. { »
&\/

.\ Alu-Block as

.._
(D
L/
|
Ii
Gate Drives
I|
1l
N
o
-—
= e
i
-
E‘Z‘

o Heat Sink
7~ Thermal
/ Tsolation Box
steady state DC-Ll.nk TN
2 region Capacitor N
E o
: Control and
2 S S / Gate Drive Board
EJ Temperature A\
linear region Measurement R N
AT
P=Cuzy
Time ¢

y Direct Measurement of the Sum of Sw. and Conduction Losses
Yy Subtraction of the Conduction Losses Known from Calibration
y Fast Measurement I6y,.qol/ g@ Evaluation

ETH:zurich pis
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Soft-Switching Energy (uJ)

Laboratory

. Evaluation-of Power-Semiconductors (2)

d Comparison of Sefswitching Performance e60mY , 600V/650V/900V. SICSIMOSFETSs
0 Measurement of Energy Loss per Switch and Switching Period

V,. =200V V,. =300V V,. =400V

(=)}
=2
=2

(4] —SiC 900V, 65mQ 5 14} —SiC 900V, 65mQ 5 14} —SIC 900V, 65mO
12l —Si 650V, 60me ;;512 | —Si 650V, 60mQ %12 | —Si 650V, 60mQ
10l -+ GaN 650V, 50mQ 2 1ol - GaN 650V, SOmQ 2 1ol - GaN 650V, 50mQ
—GaN 600V, 65mQ - —GaN 600V, 65mQ - —GaN 600V, 65mQ
81 g 8t E 8t
S 5
6 Z 6f 2 6f
[} (%0
4l e & 4 & 4]
--------- 3 A
20T 2Leg7 2%
0 L L L . L L L s s O 1 I 1 1 1 1 1 1 1 0 L L L L s L L 1 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)

y GaN MOSFETSs Feature HighestSsafthing Performance
y  Similar SoftSwitching Performance Achieved with Si and SiC
Yy Almost No Voltag®ependency of Sewitching Losses for S1OSFET

Powering a Sustainable Future
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. Selected Power - Semiconductors

600V IFX NormaH@ff GaN GIT ThinPAK8x 26 infineon ,
2 Parallel Transistors / Switch %7

Antiparallel CREE SiC Schottky Diodes

O« O« O¢

- 1.2V typ. Gate Threshold Voltage |
55 m RDS'F%? 25/C, 120m @ 150/ C
a

- 5q Intern ate Resistance /
500 ,n",F
400 /" -\\...__/'
s 58
Ei | |
7 200 i
100 u
/ X 834.7
0 » Y1103
| dv/dt = 500kVES

830 832 B34 B35 838 840
Time (ns)

y" CeralLink Capacitors for DC Voltage Buff

ETH:zurich pis
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. High dv/dt-Immunity Gate Drivél)

0 LowThresholevoltage oiGaN GIT Devic&sNegative Gate Voltadzuring OffState Needed
0 Internal Diode Characteristic A Gate Current LimitatioDuring OnState Needed
0

State-of-the-Art Gate Drive with Additional RTircuit
p

Vi S J:j Ry
A 3

|4 +
-

0

Vs - -
. CEnables High Gate ~ *
Current for Fast Tur®n Vin -

, R Discharge€; .7 . -
During OffState cest

Si ]
S2 ]
f()ZO fll

y* Duty Cycle and Frequency Dependent Gate Voltage
Yy Risk of Parasitic Turon Due to Switching of Complementary Switch

ETH:zurich

IEEE POWER
ELECTRONICS SOCIETY
Powering a Sustainable Future
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. High dv/dt:Immunity Gate Driv€2)

0 Improved Gate Drive Circuit with-R@cuit andAdded Clamping Diodes
0 High Current for Fast Tw@n as Conventional Approach

] ZD| R; | °
——— ! C

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

.—lm e s § el oF SN

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

I +

0 S s
% AVes ! :
_ DiodeZQ Quickly ~'PeT— T "
Discharge< to 4, Vin - :
@ TurnOff >
Vmo—---------- | = --
, DiodeZ0) Prevents A ! |
from Complete Discharge 51 ': m—
During OffState 52 | I

ETH:zurich Pis
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. High dv/dt-Immunity Gate Drivé3)

0 Improved Gate Drive Circuit with-REGcuit andAdded Clamping Diodes
0 High Current for Fast Tuw@n as Conventional Approach

. DiodeZ3 Quickly ~ "Pe —
Discharge< to ¥, Vi -
@ TurnOf -1
-VZDZ_ —————————————————

, DiodeZ) Prevents A
from Complete Discharge S1i— 1

During OffState S f
10:0 tl

Yy Fixed Neg. Tur@ff Gate Voltaglndependent of Duty Cycle and @ Stk
y" RCCircuit in Neg. Rail Enabl&echarge of Qvith R,

ETH:zurich Pis
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. Final Advanced Gate Drive

ixed Negative Twoff Gate Voltage- Independent of Sw. Frequency and Duty Cycle

0 F
0 Extreme dv/dt Immunity (50@V/es) - 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)

y" Total Prop. Delay < 30nacl. Signal Isolator, Gate Drive, and Switch T@m Delay

ETH:zurich pis
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. High Frequency Inducto($)

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

0 Magnetically Shielded Construction Minimizing EMI

0 Intellectual Property of F. Zajc / Fraza

L=10.8H

2 x 8 Turns

24 x 8&m Airgaps

Core Material DMR 51 / Hengdian
0.61mm Thick Stacked Plates

20 em Copper Foil / 4 in Parallel

7 em Kapton Layer Isolation

20mq Winding Resistance@ C 6 0 0

Terminals in Nd.eakage Flux Area S 4 N
B
¥ 75,,
‘ . |
y' Dimensions- 14.5 x 14.5 x 22mrh — RO

ETH:zurich Pis
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Tequency Inductors (2

g sonanc quelA igh Frequencies
Extremely Low AResistancé#, Low Conduction Losses up to High Frequencies
High Quality Factor

O« O« O¢

y ShieldingEliminates HF Current through the FerifeAvoids High Core Losses
y" Shieldinglncreases thd”arasitic Capacitance

IEEE POWER
> ELECTRONICS SOCIETY
Powering a Sustainable Future
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