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Outline

» The Google Little Box Challenge
» Little Box 1.0

» Concepts & Performances of Other Finalists

» Optimization & Advanced Analysis
» Little Box 2.0

» Conclusions
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Google
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B LiTTLE Box
CHALLENGE

e Design / Build the 2kW 1-®Solar Inverter with the Highest Power Density in the World
e Power Density > 3kW/dm3 (> 50W/in3, multiply kW/dm3 by Factor 16)
e Efficiency >95%
e Case Temp. < 60°C
e EMI FCCPart15B
!
AV,
—‘< 20% 7< 3% THD,< 5% THD;<5%
v I \ i

/
450 vT_ﬁ’f —"»o—l|0:(|2—o/— \ ) =340V

+ +
400y PrE——— \V .
! T Ync i
t L o o S, < 2kVA '
200nF = . cos®<+0.7..-0.7 I
| = —l—fg<50mA f0=60HZ

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

ETH:zurich SE
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. LiTTLE BOX Finalists *and FHIZM /

CHALLENGE e raza d.0.0.

Cambridge ~ CE+T
Active Venderbosch
Magnetics

Univ. of Illinois

_ OKE Services_

+ Tommasi
Bailly Energy

Rompower Layer

Fraunhofer
IISB

o

Univ. of Tennessee

‘1l~<

Schneider
Electric

- 5 Companies
- 6 Consultants o ) )
- 4 Universities 15 Teams/Participants in the Final @ NREL
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. LiTTLE BOX Final Presentations
CHALLENGE

£ 3
X anl —
« »Ne=L
S :
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

%JJ
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Little Box 1.0

Converter Topology
Modulation & Control
Technologies /Components
Mechanical Concept

Exp. Analysis
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1-® Output Power
Pulsation Buffer
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. Power Pulsation Buffer

e Parallel Buffer @ DC Input

_____

I;
& ——Or >

1=

A 4| DC

AC

AC

m Parallel Approach for Limiting Voltage Stress on Converter Stage Semiconductors
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_ T [ 1 11 AV,
- - ° Ov 0z 0z 06 08 1 Vc,mzx
S, =2.0 kVA
cos @, = 0.7 A
,/C max ~ 450V F‘

AV/V, . =3 %
o Vomar™3 % 934F/450 V

46 mF

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

iri Rl
ETH:urich SE —



=1C I Power Electronic Systems 14/147 —
I"— Laboratory

104

1000

100 |

10}

m Unacceptably Large Inductor Volume ! . - Electronic Inductor
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. Partial Active Power Pulsation Buffer

Vi o

i

|/C,aux,irniax

VC,aux,min

+
VC,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 ,,,

ETHziirich R. _
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. Partial Active Power Pulsation Buffer

Emax [WS]

250

200+

150+

('.aLl)([l“l F]

100§

Vi o o-
0 50 100 150 200 250
V Cy [WF]
C,aux, max
VC aux,max [V]
VC aux, min 250 I
+ 200} |
VC,aux _== ',_E' 150
o k..lg 100 : VC aux, max =80V
50t
00 —"50 100 150 200 250
m Low U.,,, = Low Converter Losses G [WF]
m High Values of Cx. C.ux Required for Low U, "o A
m Full-Bridge Aux. Converter Allows Lower U, ~— Properties of Full-Bridge Aux. Conv.
ETHziirich R. _
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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 uF /400 V
C, = 140 pF
Vo= 23.7cm?

CeralLink
STDK

m Significantly Lower Overall Volume Compared to Electrolytic Capacitor .

ETH:ziirich R. _
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Output Stage
——— Topology / Modulation
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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]

| ||+
+

[e]

V1' B Y TN
N ’ \ TN s *VCM,max
4

G =1
V@Y= Y,

\‘1VCM,min

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

ETHziirich RI
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. ZVS of Qutput Stage / TCM Operation

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

Vo
L% _
J'L L 70
S +
T_ J:]&=_VT ::_Vl
O O

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

ETH:ziirich R. _
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. 4D-Interleaving ‘

Interleaving of 2 Bridge Legs per Phase - Volume / Filtering / Efficiency Optimum
Interleaving in Space & Time — Within Output Period
Alternate Operation of Bridge Legs @ Low Power 1 e Iy,
Overlapping Operation @ High Power wigly

Toper Ty |
T12+I

.

_|
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-
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T | Too ' - T11+

EpRy BREF T T
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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

“Er R, CEE B,

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
ETH ziirich B. _
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. Selection of Switching Frequency

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

80 dBpV _.
Digital
A5{ At control FCC Part 15 B
60 dBuV ] § |
-20dB/Dec
40 dBpV | | : -~ f
()} w
0dB —’ ] < : : -f
L L } 0.6l 0.6L
o—is . < 20dB \i o—is . c
L L .\ % -80dB/Dec 4 L
IRNRE 0.6C| 0.6C
o c -40dB i e , . o c
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

iri Rl
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. EMI Filter Topology (1)

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

L2 L('m Loy,

m (M 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

i RI
ETH:urich SE —
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. EMI Filter Topology (2)

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

~
h-\-q
=
~
I~
~
e~

] | ] - |
, - LN SN

- ] | ] |

J _ ERLISN’J_‘RLISN’J_‘ i E i
.L[)ME . . .

. o] I—-—T—-_
T ! L Internal
CM Current Feedback
L2 / Loy Leovs
+— - ' — . Wy o

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

iri RI
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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

b T ——r—— O—
‘o || |.H3Re 3R F3Es 66T,
| Sk -
Loy =ah n
L& ==
L] | s ana a8
Sj T T U __C () S

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

iri Rl
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Technologies

Power Semiconductors
Cooling
DSP/FPGA

n Auxiliary 5
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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

1f Brid, -

V TLJ% J_ oikliM?%og;d \ 9‘
m ] : ‘ |
. 282 W )
, RS

..

.\ Alu-Block as

..._
(D
L/
|
Ii
Gate Drives
||
1]
N
| —
b
4T
= e
¥
-
[

Heat Sink
al Thermal
/ Isolation Box
steady state DC—Lllnl( |
@ region Capacitor \
F:: ________
g
g Control and
é Gate Drive Board
é Temperature
linear region Measurement
AT
PGy

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
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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 vV, =300V V. =400V
16 16 16
::;_ 14t —SiC 00V, 65mQ ;:“_ 14+ —SiC 900V, 65mQ i 141 —SiC 900V. 65mQ
TI >l —Si 650V, 60mQ 212, —Si 650V, 60mQ :“ 2] —Si 650V, 60mQ
2 ol - GaN 650V, 50mQ 2 ol - GaN 650V, SOmQ 2 | - GaN650V. 50mQ
- —GaN 600V, 65mQ - —GaN 600V, 65mQ 7}) —GaN 600V, 65mQ
£ 8 £ £ 87
Z OF Z 2 O
2 % %
= 4t = = 4
3 2 k=
o, PR W s s, AZ
- ——~-_-_-.['_'_;—__;_-—.—-——-—~o—-—"—-_'—— = -
0 L L " " . L " " 0 I L I L I 1 L I 0 . . . . . .
2 04 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

ETHziirich R. _
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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

500 P
400 /" \\_.._.._/'
300 ]
s ]
7 200 /'
100 u
/ X: 8347
0 » Y- 1103
| dv/dt = 500kV/ps

830 832 B34 B36 838 840
Time (ns)

m CeraLink Capacitors for DC Voltage Buffering

ETHziirich R. _
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. High dv/dt-Immunity Gate Drive (1)

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
e State-of-the-Art Gate Drive with Additional RC-Circuit
P ; id
R; o
13 C
Vi SlJ: Ry C dﬁ_ .
i_-_l A + IS y g Ré’mt -|_ tj — Vas
SZJE? D1 Rg:z 7C-; vgsl Dgs+ Cgs—Jr_F¢ngS
: . . ,
|
. VDgsW
- (, Enables High Gate
Current for Fast Turn-On Vin -
- Ry Discharges ¢, 1,
During Off-State cell
|
S1
Sz ]
tQZO fll

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

ETHziirich R. _
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. High dv/dt-Immunity Gate Drive (2)

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

P e

7D, Ry i °
: C
SlJ:; ]j Re, T o dg ||_
.—lm Iy S bl S SN A

SZ_J'%} D, RE=2 IDK ;gz}i lvgs DgS% Cﬁ%*"o&ﬁ

I+

L— o

0 s Is
v A Ves ! :
- Diode ZD, Quickly P17 (_’
Discharges C, to V;, V- :
@ Turn-Off > !
Veppo—---------- , -
- Diode ZD, Prevents (, A : |
from Complete Discharge 51 ': I
During Off-State 52 | L
10:0 h A IZZTS
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. High dv/dt-Immunity Gate Drive (3)

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

A Ves | ‘
- Diode 20, Quickly ~ 'Pe[ T —
Discharges C, to I, Vin - :
@ Turn-Of% >
Vo —f---------- , St
- Diode ZD, Prevents A ! |
from Complete Discharge 51 '. I
During Off-State 52 i [
I():O h IQZTS

m Fixed Neg. Turn-Off Gate Voltage Independent of Duty Cycle and @ Start-Up !
m RC-Circuitin Neg. Rail Enables Precharge of C, with R,

ETH:zurich
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. Final Advanced Gate Drive

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

LM5114 § IFX 5893 D
c,
VJ S A % ==
o ' D, R, bl v L HT e,
i’| —— T2 2T
-

I

C
.H D D__‘ es
2 -
S1 S2
Gate-Drive Voltage (f= 1 MHz)
6
4 r-u-..-....
2
E > |
L
g -2
S 4
-6 g s
-8
-10
0 500 1000 1500 2000

Time (ns)

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

ETH:iirich R. _
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. High Frequency Inductors (1)

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

e Magnetically Shielded Construction Minimizing EMI

e 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 pm Copper Foil / 4 in Parallel

- 7 uym Kapton Layer Isolation

- 20mQ Winding Resistance / Q=600

- Terminals in No-Leakage Flux Area A 1,
75“
m Dimensions - 14.5 x 14.5 x 22mm3
ETHziirich RL. _
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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

With
1 Shielding 1 _
o 1=10.5pH R, =120mQ----- -
— 100
= E .
i = i 2 !
— 5 g 50 :
] i 2 !
= m z /f~1MHz
; = ”HHH ” ’ o R, =14mQ :
o o o 0 I
2 2 2 10° 10° 10° 10° 5-10°
800 .
10* L=10.5pH Q7oukm:700""l 11"
=) 5 600
’m 5]
g 1 3
s U;\ 400
1 £
= 0 ’g
E 10 & 200
102 L 0 : {
10° 10¢ 10¢ 10° 107 108 10° 10 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

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

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

ETH:zurich

Temperature [°C]
w I~ I [ w a a
@ o n =1 @ o vl

[
(=]

[
w

20

. High Frequency Inductors (3)

e ———

—
P
/

/ -m-N59, 1 piece, not etched (Sample 17)

=+=N59, 20 pieces, 6um etched (Sample 15)

100

Time [s]
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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
. CVSP][ ’W ] _ th.S—a | K — _
Thermal liﬂatlon B Vol g [liter] RS K] Vol [liter]
| 200 7
CSPI=20 /
_ CSPI =40 TV
T 150 /
&}
?3: Toss =40W
100
[
E
S sof .
AT

0 1 E// 1 ----I --------- |. --------- |
30 50 70 G0 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.

ETH:urich SE
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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 x
& of Heatsink for » | Heatsink : 5
. » : = E
in . s . Using a Fan % | for Blower
f Ll % Vi 2 Vout - 1
€y 1N =
V\Vout - .
40 100 — :
_ Blower (10mm-17mm) Fan =— _ Blower
/ “high pressure” 30 . Fans
- 301 v (lUnnn_—l?mm)‘i 0.2mm Fin Thickness
e = : 0.5mm Fin Spacing
© = 60
5 20 F :‘ ______________________________
5 Fan (10mm-17mm) =
& “high flow rate” G 40t
10
20t
U L L | — 1 A 1
0 5 10 15 20 5 10 15 20 25 30 35 40
Flow rate [l/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:iirich RI
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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
i /\<*A\

30mm Blower
17mm Blower

.
o

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

<
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)

ETHziirich R. _
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. 1=0 Detection

e Analyzed Methods ¢ Shunt Current Measurement ] Various Drawbacks
: _ll\_lleas;\urfimentuo{ Bhe des,on | Losses, No Galvanic Isolation,
: G"."o t|l1V| parat eR 10 t?s 5 Low Signal-to-Noise Ratio (SNR),
1ant flagneto-Resistive sensor Size, Bandwidth, Realization
e Hall Element ]
Effort
e Saturable Inductor
A .
i
e
sat
; o\, &= T/ N _ 1 N " t
2 A
A
vr'
o T %
m Galvanic Isolation, High SNR, \ - 1
Small Size, High Bandwidth, 0 V -------------------
Simple Design y

m Min. Core Volume/Cross Section for Min. Core Losses

:IF
Y
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. 1=0 Detection

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

Current 7 s

m Operation Tested up to 2.5MHz Switching Frequency

ETHziirich RI
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. 1=0 Detection

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

ClI50
RI . .
D3V3  DGND
D3 \'_=<1—|:|——| |T|L):5NL] -
10R
151 H —pano o -
) D3
) 100n Uls BAVI9 15y
RI3 RS6 2 |, TLV3SOIAIDBY - Ras -
{1 Lol RS7 - s
100k / 400V ST i : | ZC 0U1 rmager e
I ESDAXLCG-1BT2 1=1-\ s 10R Cl53 Typs-a: Edge K chi
L — L Offset: -7.36 ps
10p Level: 1.2966 ¥

DGRD  DGND DGND
|
1

R(l'uilllk ,/! ,,,,, 1, ,,,,, [,\ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
]

C1562.2p / NPO

scl: 2 afdiv
Cpl: DG 1M
Dec:Sa | Ta: Off

I

m Operation Tested up to 2.5MHz Switching Frequency

ETHziirich R. _
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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

=

MR Cursor Results 1 ™= ==
" ¥i 0,506 A
w L. A408 &
135 us AV 20,3004 A it
;ﬂ 2 _Hﬂ-’l 74 kHs AV/AE 'ﬁwlll'lll ‘f ':

B e vovetom

!

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

iri Rl
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. Active Power Pulsation Buffer Capacitor

e 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 /2 pF, 650 V CeraLink™ Cap. (PLZT Ceramic) Features High Cap. @ High DC Bias
e Allows 125°C Operating Temp. & Shows Very Low ESR @ High Frequencies

T T T 7T T T — T

17 S Ceral ink = o _;
= |Z] - 2uF CeraLink Top 25°C H

7| - 1uF Ceral.ink

E 100 _# (Datasheet B5803115105M002)

— Ceralink .
— X68 MLCC I 1
= % | / i
= ”‘ 2uF Ceral.ink :
= N0l
a : R 2
- 0.01 ESR - 1uF Ceral.ink o i

00T F (Datasheet B3803113105M002) ;5
0.001 ESR - 2uF Ceral.ink i
caloric measurement H
0,001 t - L ! FEHETH] =t Sl e ——
| 10 100 1000 10 I()l 102 103 IO'l 10° 10° 107

Frequency (kHz) Frequency (Hz)

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

ETHziirich R. _
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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

= 300 V DC Bias

6

< 130[ Rippel-Port2 kvA A

W ippel-Po d

= Operating Point ~£% /“
- 108 x 1.2F /400 V 2 ol L e
- 23.7cm3 Capacitor Volume g * )

O

£ 110} 4

E /

z

=

F 100F &

-

g 280 V DC Bias

= 90

(88)]

g0 3%

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

m Effective Large Signal Capacitance of C =160uF

ETHziirich R. _
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. Active Power Pulsation Buffer Control (1)

e New Cascaded Control Structure
P;

L A A

- o N
uc ! 3 v,
- —

“Th Bs | mERE S

|||+
i
=~
~
Lt
o

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

i RI
ETH:urich SE —
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. Active Power Pulsation Buffer Control (2)

e Multiple Controller Qutputs Combined in a Single Current Reference

Inverter AC Output
Voltage & Current

Current Reference

[y for Power Decoupling
757 + (m-w)?
l Ai Y D
v, = P PWM
vh |_\_| Vb — - b Pl lfh = Vd PI 1 épbdcj?ibﬁ = +Il z
[ [ T, Tew}-2
Current Ref. for Current Ref. for Inverter [
Bias Voltage Cntrl DC Input Voltage Cntrl
Total PPB Inductor
Current Reference

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

iri RI
ETH:urich SE —
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. Auxiliary Supply

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

©
* +
JmE = KN
Vin .”. = Voul,1
I
_ JeF K 78 )
18 100
2 = without SR
5 = A ithout SR
;én Output Voltage E 80 without
SIS Rame oy —ao0v| B AN
5 = 2 70 with SR
% 14 \ll—__“ qu
o s AN
13| S0mV/W V. =380V 60
12 50
o 2 4 6 8 10 1.2 3 4 5 6 7 8 9 10
Output Power [W] Output Power [W] @V, =380V, P, = 10W

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

ETH:zurich SE —
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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

max

Vin .”. _ Vout,1

m 19mm x 24mm x 4.5mm (2cm3Volume )

ETHziirich RL.
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3D-CAD Construction
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. Mechanical Construction (1)

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

Power
Pulsation
Power . B&Jfﬂter
Top Side Heatsink ngiltt]f%? nductor
Cap.

m 88.7mm x 88.4mm x 31mm = 243cm? (14.8in3) = 8.2 kW/dm?

ETHziirich RL. _
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. Mechanical Construction (2)

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

i=0 Power Pulsation Buffer IS\UXﬂEa
Detector Bridge Leg Measurement
Board

[}

&
1
jr_
H“,'.. \

Q 1

St

%l
r J

3
1

A

) St
A
A

1

> e

m 88.7mm x 88.4mm x 31mm = 243cm? (14.8in3) = 8.2 kW/dm?

ETH:zurich RL
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. Mechanical Construction (3)

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

Bottom Side DSBP({:&GA Gate Driver

Heat Sink Board

m 88.7mm x 88.4mm x 31mm = 243cm? (14.8in3) = 8.2 kW/dm?

ETH:zurich RL. _
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. Mechanical Construction (4)

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

Output Stage

Inductor Coolin Output Stage Output Stage Output Stage
g Tranpsistor eat Poveer Board Inductors
Spreading

m 88.7mm x 88.4mm x 31mm = 243cm? (14.8in3) = 8.2 kW/dm?

ETH:ziirich RL. _
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. Mechanical Construction (5)

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

DM Inductor
Two-Stage
EMI Filter
\ CM Inductor
- L3 - d g
l II

m 88.7mm x 88.4mm x 31mm = 243cm? (14.8in3) = 8.2 kW/dm?

ETH:zurich RL
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FEE Eabora1|:5c|>ryt st /
Experimental Results
Hardware
Output Voltage/Input Current Quality
Thermal Behavior
Efficiency

EMI ____ 5
ETHziirich Rl
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. Little Box 1.0 - Prototype

e System Employing Active Ceralink 1-® Power Pulsation Buffer

- 8.2 kW/dm?

- 8.9cm x 8.8¢m x 3.1cm Yk 135 W/in?
- 96,3% Efficiency @ 2kW
- 7=58°C @ 2kW

AU =1.1%
- NP = 28,
; rHD+RI =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

ETHziirich R. _
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. Little Box 1.0 - Prototype

e System Employing Active Ceralink 1-® Power Pulsation Buffer

2 kW/dm3

- 8.

- 8.9¢m x 8.8cm x 3.1cm Yk 135 W/in?
- 96,3% Efficiency @ 2kW

- T=58°C @ 2kW

- Ach= 1.10/0
- AiDC= 2.80/0
- 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

ETH:zurich RL. _
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. Little Box 1.0 Measurement Results (1)

e System Employing Active Ceralink 1-® Power Pulsation Buffer

DC Link Voltage (AC-Coupl., 2V/div

Output Current (10A/div Buffer Cap. Voltage (20V/div

Inductor Current Bridge Leg 1-1 (10A/div Buffer Cap. Current (10A/div
Inductor Current Bridge Leg 1-2 (10A/div Output Voltage (200V/div

2y
‘TELEDYNE LECROY

m Compliant to All Specifications

ETHziirich RL. _
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. Little Box 1.0 Measurement Results (2)

e System Employing Active Ceralink 1-O Power Pulsation Buffer

Buffer Cap Voltage (50V/div
Output Voltage (50V/div

Piie--

Buffer Cap. Current (5A/div p—
Ind. Curr. Bridge Leg 1-1 (5A/div
m Start-up and Shut-Down (No Load Operation)
ETHziirich RL. _
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. Little Box 1.0 Measurement Results (3)

e System Employing Active Ceralink 1-O Power Pulsation Buffer

Buffer Cap. Voltage (50V/div

Buffer Cap. Current (10A/div

Conv. Inp. Curr. (AC Coupl. 500 mA/div
DC Link Voltage (AC Coupl. 1V/div

FTes Pees

TELEDYNE LECROY 118201595140 AN

m Stationary Operation @ 2kW Output Power

ETH:zurich RL. _
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. Little Box 1.0 Measurement Results (4)

e System Employing Active Ceralink 1-® Power Pulsation Buffer

Buffer Cap. Voltage (50 V/div
Buffer Cap. Current (10 A/div
Conv. Input Current (2 A/div

0ATR015 82217 PU

DC Link Voltage 250 V/divg

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

ETHziirich RL. _
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. Little Box 1.0 Measurement Results (5)

e System Employing Active Ceralink 1-O Power Pulsation Buffer

DC Link Voltage (20V/div) . !
Buffer Cap. Voltage (20V/div G S WD Eip [ A
Buffer Cap. Current (5A/div) | i ; : :
Conv. Input Current (1A/div) Hme2® — S

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

ETHziirich R. _
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. Little Box 1.0 Measurement Results (6)

e System Employing Active Ceralink 1-® Power Pulsation Buffer

w=95.07% Weighted Efficien
100 * i - - - '

97.5 %

(w3 LY
- o La)

™ ]

Ne)
|

S a8
94} 196.3 % | ]
O
g
'S 91f
S=
€3
88| —6— LB 1.0
—— LB 1.0 w/ E-Cap
85 . : : ' L]
400 800 1200 1600 2000
Power (W)
m Compliant to All Specifications
ETH ziirich RL _

SE
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. Little Box 1.0 - Measurement Results (6)

e (CSPI=37 W/(dm3.K)
e 30mm Blowers with Axial Air Intake / Radial Outlet
e Full Optimization of the Heatsink Parameters

24.0

24/07/2015 17:32:38

m (SPI = 25 W/(dm3.K) Considering Heat Distribution Elements
m Two-Side Cooling > Heatsink Temperature = 52°C @ 2kW Output Power (74 W Loss)

ETHziirich R. _
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. Little Box 1.0 Measurement Results (7)

P,.= 400W P,.= 2kW
@ RBA 9 Kz Marker 1 [T1 ] ® RBN 9 Kz Marker 1 [T1 ]
MT 10 ms 39.65 dBv MT 10 ms 55.80 By
Att 10 B PREAVP OFF 154500000000 kit Att 10 dB PREAVP OFF 190.015512208 k2
AV (100 1 MHz 10 MHz v 100 1 Mz 10 MHz
Loo . = -
e: [1 oA
BT | gy ascn o O | gpaken o

4= = (F A [ B 9
g \ [ [ 7T
30 -30-
10 10
[
150 kHz 30 MHz 150 kHz 30 Mz

m Compliant to All Specifications

iri RI
ETH:urich SE —
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. Little Box 1.0 Volume and Loss Distribution

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

MOSFETs Coolmg i

Cooling \ : MOSFETs

Capacitor / .
\ Capacnor\\\
Electromcs Output Filter
———— Housing _ = >
[nductor l ‘ /
¥V — Others Electronics — v '
El
Induclors Inductor / ectronics
" S MOSFETs |
Elcclromcs Oulpul 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

ETHziirich RL.
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a Other Finalists

Topologies
Switching Frequencies
Power Density / Efficiency Comparison 5

i RI
ETH:urich SE —
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. Finalists - Performance Overview

e 18 Finalists (3 No-Shows Note:

e 7 Groups of Consultants / 7 Companies / 4 Universities

IV III II ‘

~ 1000 oI5 . <1000} = Y

] + ag F + b Vg

> ”; A 2 | -

g_‘ _ \\ [l.u- g{:’ g % - 3

E 100 3 (N I?I% w”“:)%:l_) o ‘U: 100 g = B ] ‘\ S

Z X e ) S & )

% ........... & 1+ x5 ..g X

e - 3 %

Z X 2 2

10E : 10k i | -
50 100 150 200 250 300 95 96 97 98 99
Power Density (W/in®) 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)
ETHziirich B. _
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. Finalists - Performance Overview
e 18 Finalists (3 No-Shows

. . . Note:
e 7 Groups of Consultants / 7 Companies / 4 Universities
v III II _
~ 1000} 2 <1000} EENSNNSNL =\ E—
) +I Re =) + o
= e =~ =
X . ‘ "’f g 3 \‘
% (5 .% * [H:}%}T_?} 8 (X (12)5¢ (7) R
‘LT:: 100 ¢ (1) (9}.: ‘:'A SRR ‘U:: 100 r e =
Z X o) 2 & YRR
= * : = X -
3 - ‘.. A B | S 3 v \\
« > X2 « w
10E l 10k i . S
50 100 150 200 250 300 95 9% 97 98 99
Power Density (W / in3) Efficiency (%)
1) Virginia Tech 6) ETH Zurich 11) FH IISB
2) Schneider Electric 7) Rompower 12) Univ. of Illinois
3) EPRI (Univ. of Tennessee) 8) Tommasi-Bailly 13) AMR
4) Venderbosch 9) Red Electric Devils
5) Energy Layer 10) AHED

ETH:zurich RL
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. Finalists - Performance Qverview

e 18 Finalists (3 No-Shows Note: Numbering of
e 7 Groups of Consultants / 7 Companies / 4 Universities Teams is Arbitrary
O 1) Virginia Tech
ogt' 2) Schneider Electric
3) EPRI (Univ. of Tennessee)
971 4) Venderbosch
396 5) Energy Layer
g 6) ETH Zurich
g 95 - 7) Rompower
2 94 = 8) Tommasi-Bailly
= 9) Red Electric Devils
m 93 ] 10) AHED
92 11) FH IISB
91— @ Rated Power —— 1 g Rm‘{ of Ittinois
9 | |

0 L
50 100 150 200 250 300
Power Density (W /in?)

70...300 W/in3

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

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

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

ETH:zurich gl- —
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A% )’1?(
Red Electnc Devils X 145 W/in?

® No Low-Frequ. Common-Mode Output Voltage Comp. = 7,4 < 5mA (!)
® Buck-Type DC-Side Active Power Pulsation Filter (MLCC Cap. <150uF, 200V )

FILTIN

ACTIVE FILTER L HALF BRIDGE N HALF BRIDGE

fF] Li’IiJ LZFJ Ni’P_IJ N2H
-~ — o~ —o

- —o - —o

i LaL NiL N2L
-1 - — o —e - —s o —
| ,5)1 _ ,51 .':91 .b»l .b|
H lmemal Shield
R4
FILT OUT & L ”%u ||?L§
-_— -3 - @
- cs
g & i
i c2 UJJ
’ T ﬂ'_n I SENSE
N i 1 <
AUX SUPPLY SIGNAL
(RESONANT) | [ conpimoning ucase ERLD

m 2 x Interleaved Bridge Legs for Each Half-Bridge
m DM Inductors (L,/L,andL,/L;) and Series Connected CM Inductor (L,/Ly)
m Single Open-Loop Hall Sensor Qutp. Curr. Measurement + Observer-Based8 Curr. Reconstruction

iri RL
ETH:urich SE —
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. Red Electric Devils X 145 W/in?

® No Low-Frequ. Common-Mode Output Voltage Comp. = i, < 5mA (!)
® Buck-Type DC-Side Active Power Pulsation Filter (MLCC Cap. <150uF, 200V )

EMC Earth Shielding

/
[ 1 /
< R6RS / am_u_uu.’_ln GIN_LZ_IH’JD G.IN_IH_Hig’IJD GAN_N2_High [D G&N_F_Hin’lJD
;’ Gl'T G m Gl'T G''m Gl M
le1s|ce c11[c10 / o S vl o1 —e o
/ iy ! )
L+ (+450Vdc) _,-L;—g—\ ,—ll.,lg-\ ,-Lﬂ'%-\; GAN_L1_Low |D GAN_LP_Low |D  GAN_N1_Low |D GAN_N2_Low [D GAM_F_Low |D
‘ o - EJ ™ qj ™ '.5,,' ™ :r;H| n
c1 - - — —
] ] . Sy 2y 2y | S
L- (0Vdc) RN T - ~
Shielding potential
| -‘} 2 -‘I (£ L Ch
L (240Vac) ,'ﬁn ,thj',.‘ = cjﬂ :3‘.5 =
= [
CZ c1 f ” —
i R . .
J / Differential filter oR
N (240Vac)| ,Lﬁ\ ,152_'2“ >
/rm%m C3
& Commeon mode filter T
ez fcts Jc13fcez c22 |c21

Earth connection (copper enclosure)

m DSP & CPLD Control
m GaN Systems @ ZVS (35kHz ... 240kHz)
m Shielded Multi-Stage EMI Filter @ DC Input & AC Qutput

ETH:ziirich R. _
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. Red Electric Devils X 145 W/in?

3D Sandwich Assembly

Single Ultra-Thin PCB - Power / Control / Aux.

Honeycomb Cu-Heatsink & Al Oxide Inductor Cooling

MLCC Storage Caps Rows Utilized as Heatsink “Fins” (1mm Gaps)

Copper enclosure
Insulation/Thermal interface
Copper shielding
Inductors
P Ceramic inductor gap
PCB interconnection —___
P> Micro spring contacts — __ ‘ |
Silicone foam ¥ m T - FILTER
GAN —— : ' z j
PCB with thermal vias —
Ceramic insulation
Honey comb heatsink —
PCB for storage capacitors —
Active filter Ceramic capacitor —

m 145 W/in?

m 95.4 % CEC Efﬁciency

m i, <5mA(!)

| (?SPI =22.6 W/(dm3.K) - Heatsink & Axial Fan

ETH:zurich glE —
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. Red Electric Devils X 145 W/in3

e 3D Sandwich Assembly

e Single Ultra-Thin PCB - Power / Control / Aux.

® Honeycomb Cu-Heatsink & Al Oxide Inductor Cooling

e MMLC Storage Caps Rows Utilized as Heatsink “Fins” (1mm Gaps)

m 145 W/in?

m 95.4 % CEC Efficiency
m iy <5mA ()

m CSPI=22.6 W/(dm?3.K) - Heatsink & Axial Fan

i Rl.
ETH:zurich SE
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. Sclél}?ider Global Team Yk 100 W/in?

e High Efficiency & Robustness Preferred —> Larger Size
e DC-Side Series (!) Active Power Puls. Filter - Compensates 120Hz DC Link Volt. Variation

1002  Controlled voltage source

ey
@
=

R R
400 W - J o J <
K/ K

350 Vit 0 Q5 8 far

300 ANAN
= 250 ——DC bus voltage ° LINV
5 200 —Ripple filter output voltage 450 V D o CDC C”W
g —Input voltage Vi Viclink .
é dcinput AR

g

; 1 B JEZae B Zas
-0.0015 0.001 0.0035 0.006 O.MS;Tﬁﬁ 0.0135 0.016 0.0185 0.021
S0 TIME (SEC) o
m Cpc = 400uF / 450V m Nanocrystalline CM Choke

m 1/5Volume Comp. to only Bulk Capacitors ~ ® DC-Side & AC-Side EMI/RF Filter
B Vi Ripple <10% (<30V,)) @ Fullload ~ ® Qs - T0247 SiC MOSFETs, 45kHz of Both Legs

i Rl.
ETH:zurich SE
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. Schneider Global Team
gEIectric

e High Efficiency & Robustness Preferred >
e PWM of Both Legs of Output Full-Bridge >
e DC-Side Series (!) Active Power Puls. Filter >

100

’ B
Q1 Q3 o
1 k-]
—1* 3 haks e
— gl | | 5
] | 2
2 ——8 0 Ve t
— 2 £76 | | oG g
—— = =
i & ‘ k .f'g’ﬂ
Q2 ‘ Q4 =
Lar . frd

Crr

[
RIPPLE FILTER Veipple

Coc re=2 X 1500uF/25V, Uy, o=15V

ETH:zurich
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vk 100 W/in3

Larger Size
No Low. Frequ. CM Qutput Voltage Comp.
Compensates 120Hz DC Link Volt. Variation

m i, <25mA (!)
m 972 % CEC Efficiency

u i i i
d : Vin 1 100V/idiv

E : ko 1 2AMiv + AV, :5.1V peak-to-peak
oo Vs 200vdiv - 0 0 0 0 .= Al 0 150mA peak-to-peak | . . =
r : bu :10AMIV S : : : -

1 L 1

Only 52VA Processed Rippié Filter Power @ Rated Output (!)
Q,/Q, &Q./Q, - Ry, ,,= 2.2mQ MOSFETs (40V, 100A), w/o Heatsink, f;= 130kHz of Both Legs
TI Piccolo DSP Control of Entire System / Open Loop Control of 120Hz Comp. Filter

RI.

SE
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. ILLINOIS Prof. Pilawa-Podgurski & Team

UNIVERSITY OF ILLINGIS AT URBANA -CHAMPAIGN

e 7-Level Flying Capacitor Converter e i '
e Series-Stacked Active Power Buffer o
Voo =

6B SSE 4B 3B 2B 1B
Inverter
Ry S e ':
2 . ittt > .
DRAA e S L (— ‘ i
' 1 - 1 =+ .
iliary : L Multilevel -
n 1 | Auxiliary ! Start-up ! Buffer EMC I
r A Power (It | 7 Converter
K DCC) ! Supply — 12V Converter Vius and : : % Foad
' — Unfolder Filter
' — 65V Uk :
|
' [ |
b e e \ ______________ I
Energy Buffer
i,_:},:d-/fa' +
ourc R LGl
o - + L a '-.‘
m 216 W/ in3 R, L;;:v..- . o] __°.u.,
m 100V GaN " ':E'a(_'ﬁ-—' -
m Integrated Switching Cell o { {‘ g
m 720kHz Eff. Sw. Frequ. (7 x 120kHz)

ETH:urich SE —
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. ILLINOIS Prof. Pilawa-Podgurski & Team

e 7-Level Flying Capacitor Converter
e Series-Stacked Active Power Buffer

Y. Lei, C. Barth, S. Qin, W.-C. Liu, I. Moon, A. Stillwell, D. Chou, T. Foulkes,
Z.Ye, Z. Liao and R.C.N. Pilawa-Podgurski “A 2 kW, Single-Phase, 7-Level,
GaN Inverter with an Active Energy Buffer Achieving 216 W/in*3 Power
216 W/in3 Density and 97.6% Peak Efficiency”, IEEE Applied Power Electronics
100V GaN Conference, Long Beach, CA, 2016

Integrated Switching Cell
720kHz Eff. Sw. Frequ. (7 x 120kHz)

ETH:ziirich R. _
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Competition
. Conclusions

Key Technologies
Power Density Limit 5

ETH:zurich
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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/in3 (12kW/dm?3) Achievable 3 Members / Team, 1 Year

300 Man-Years
f, < 150kHz (Constant) 3300 USD / Man-Year
SiC (Not GaN) :
Z\VS (Partial, i.e. Around i=0)
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:ziirich R. _
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Optimization &

Advanced Analy51s Adv. Modulation / Circuit Concepts
Measurement of Buffer Cap. Performance
Measurement of GaN ZVS & On-State Losses
Measurement of Multi-Airgap Core Losses

iri Rl
ETH:urich SE —
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N

. Eff. Optimal f;-Modulation :®“

v
TCM —> ZVS but Large Current Ripple & Wide Frequency Variation
e PWM - Const. Sw. Frequency but Hard Sw. @ Current Maximum

Opt. Combination of TCM & PWM - Optim. Frequ. Variation Over Output Period
Exp. Determination of Loss-Opt. Sw. Frequency f,r, Considering DC/DC Conv. Stage

VDC O—

T Ja&:

e +
T JEE&= Vi = vCO

O O

m DC/AC Properties Calculated Assuming Local DC/DC Operation
m Loss-Optimal Local Sw. Frequ. f,g for Given Vp & Local i, & v,
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N
. Eff. Optimal f;-Modulation ’@“
v
e TCM —> ZVS but Large Current Ripple & Wide Frequency Variation
e PWM - Const. Sw. Frequency but Hard Sw. @ Current Maximum

e Opt. Combination of TCM & PWM - Optim. Frequ. Variation Over Output Period
e Exp. Determination of Loss-Opt. Sw. Frequency f,, Considering DC/DC Conv. Stage

'y P
SN
AN
Ly
Voc o— .‘:{\ FA
T RE: . 3 L
IL L I0 |2jk .
_— o o]
- + 57
T &+ = Y% ]
O O l_Jd T T T T . . —- T -
0 50 100 150 200 250 300 350 Vi, Alyen AI'L”
0
m DC/AC Properties Calculated Assuming Local DC/DC Operation
m Loss-Optimal Local Sw. Frequ. fj, for Given V,c & Local iy & v,
ETHziirich B. _
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. Eff. Optimal f;-Modulation

e Resulting Time-Dependency of Optimal Sw. Frequ. & Power Loss

e Comparison with 140 kHz Const. Sw. Frequency PWM

GO0

(kHz)

OV

Switching Frequen

500 F

S400 T

300

m Higher Average Switching Frequency f, @ Light Loads
m Reduction of £, @ Mains Voltage Peak (for Ohmic Load) for Sustaining ZVS

ETH:zurich

OFM  — 2 kW === 1 kW e 0.25 kW
140 kHz PWM  —— 2 kW === 1 kW e 025 kW
40 F
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a3 : E 30
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(.9; . & & E—’
TN o = AL =
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. Eff. Optimal f;-Modulation

e Optimal Inductor Current Envelope for Diff. Qutput Power Levels

OFM — 2 kW === 1KkW 0.25 kW
. 140 kHz PWM  —— 2 kW === 1 kW . 0,25 kW
P
25 T T - - . . - . .
= 20
Rt .
—~ -al
= 10t L L A e S VI | ]
E J ?i':‘rr ‘B::‘ *x***"*--.‘____ - ...-&"*****'t
B J T 1 T 1 [* P * 7
S of \ - R ey,
'; ) 5,;:—0 ‘-:* 0_2-1-«:3_ - 0= — ‘t'ﬁl‘: -:‘T:::‘ ‘11_‘:'@'00”'°'°":?“‘_‘.'.‘.v-n---.-.‘.'_“::‘a'q-oqﬁo':ﬁ:
‘-: -0 1 r 1T [ S k™ R L
< -10

0 7/s s w2 s otfc m 0 /o s w2 23 56w 0 7o /s vz 23 o/ m

m Higher Average Switching Frequency f, @ Light Loads
m Reduction of £, @ Mains Voltage Peak (for Ohmic Load) for Sustaining ZVS
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Measurements Buffer Capacitor Losses / Cap.

Power Semicond. ZVS & On-State Losses
Ferrite Multi-Airgap Core Losses

iri Rl
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. CeralLink vs. X6S

e Electrolytic Capacitors - Limited by Lifetime Current Limit
e X6S MLCC, 2.2uF, 450V ClassII - Highest Energy Density but Low Cap. @ High DC Bias
e CeraLink™, 1uF /2uF, 650 V - PLZT Ceramic, High Cap. @ High DC Bias

e CeraLink™ Allows Op. @ 125°C > Very Low ESR @ High Frequencies

400 - | vb(tz) a(llgbprox. |
Z 300 ¢
5)
an
8
S 200 - 2
> V(D)

t 2-C
100 - éb( ) b,min
b,min
O Tmp Ta e C °

m PPB Design Optimiz. Requires Large-Signal Capacitance and Power Loss Data in All Operating Points
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. CeralLink vs. X6S

e Electrolytic Capacitors - Limited by Lifetime Current Limit

e X6S MLCC, 2.2uF, 450V ClassII - Highest Energy Density but Low Cap. @ High DC Bias
e CeraLink™, 1uF /2uF, 650 V - PLZT Ceramic, High Cap. @ High DC Bias

e (CeraLink™Allows Op. @ 125°C > Very Low ESR @ High Frequencies

1 aut

- l . "i Laboratory Oven |
ac Vv ’
o dull c._ dut
” 1
D\ |

V dcl L 3
R __(-‘b Vdut

m Experimental Setup for Generation of DC Bias & Superimposed AC Voltage

Y W C o 10 x CeraLin
Temperature Sensor
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. CeraLink vs. X6S

Density ( pF/em3) Loss Density ( Watt/cm3 )

400 = 400

=1

e Variation of DC Bias and

Superimposed AC Voltage o
@ 60°C Operating Temp. 300 Eom i . 300
s B - J A
X Designed Op. Point g0 %200

EPCOS/TDK
CeraLink™ 2uF, 600V »

L o TS T o T o N B o

100 200 300 400 450 0 100 200 300 400 450
VAC,pp (V) VAC,pp V)

Loss Density ( Watt/cm3 )

Capacitance Density ( pF/em3 )

—
=]

400 400

9
8
300F X 300 S 7
I~ 6
2200 5
12 = 4
10 3
100 5
TDK Class II S :
X6S MLCC 2.2pF, 450V » S N e 0
100 200 300 400 450 100 200 300 400
VA(_‘.pp V) VAC.pp V)

m PPB Design Optimiz. Requires Large-Signal Capacitance and Power Loss Data in All Operating Points
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Measurement of
GaN ZVS & On-State Losses 5
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. Analysis of GaN Power Transistor ZVS Losses

o Little-Box 1.0 Experiments Indicated Residual ZVS Losses of GaN Power Transistors
e Losses Cannot be Explained by Remaining i, u, Overlap / Non-Ideal Gate Drive etc.

Vo
TEE |
i, L T
— 2 o
S +
T J:}=_VT ::_Vl
O O

m Potentially Large Measurement Error for Electric Double-Pulse Sw. Loss Measurement
m Accuracy only Guaranteed by Direct Loss Measurement - Calorimetric Approach
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. Analysis of GaN Power Transistor ZVS Losses

o Little-Box 1.0 Experiments Indicated Residual ZVS Losses of GaN Power Transistors
e Losses Cannot be Explained by Remaining iy, ups Overlap / Non-Ideal Gate Drive

400
\\ Vi,
3001 i : ,
4 ITZ _7 lL \
200

wl | o\

[}
[=}

>
Current - i, & i, (A)

(=]

Voltage - v, (V)

/
e
N

I\
S

Power (kW)
=2
S
r
=]
=

’Eon
-0.5

0% 0% 5% 5% 5% +5% _10 01 02 03 04 05 06 07 08 09 1
Time - t (us)

m Potentially Large Measurement Error for Electrical Double-Pulse Sw. Loss Measurement
m Accuracy only Guaranteed by Direct Loss Measurement - Calorimetric Approach
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. Calorimetric Measurement of ZVS Losses

e “Inductorin the Box” —> Accurate DC Inp. & Qutp. Power Measurement, Subtr. on Ind. Losses
e “Bridge Leg in the Box” = Direct Measurement of the Sum of Cond. & Sw. Losses

G

Half Bridge

on IMS Board —
LT
th,hs

g8 9@@ 21D _ch

&
\ Alu-Block as

Heat Sink

th,hsfa

steady state
region

.

m = AT |
L g P R

|© :

linear region

AT
P=Cn gy

|
Gate Drives

Time ¢

m “Bridge Leg in the Box” & Fast Measurement by C,,.AT/At Evaluation
m DC/DC Operation @ High Sw. Frequency for Large Ratio of Sw. and Conduction Losses
m Subtraction of the Cond. Losses from Datasheet or Dir. Measurement
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. Calorimetric Measurement of ZVS Losses

e “Bridge Leg in the Box” & Fast Measurement by C,,.AT/At Evaluation
e Subtraction of the Cond. Losses from Datasheet or Direct Measurement
e DC/DC Operation @ High Sw. Frequency for Large Ratio of Sw. and Conduction Losses

Ths Rth,hs—a
5 —
Lo
Thermal
Isolation Box i i i
DC-Link
Capacitor steady state
" region
F-::
Control and o
Gate Drive Board f—é P AT |
Temperature 5 R
Measurement
linear region
AT
P=Cin Ry
Time ¢
O oprocon

m Isolated Temp. Measurement with Optical Fiber (GaAs Crystal) Instead of Thermocouple
m (Calibration by On-State of T, and T, & DC Current Operation / DC Power Loss Measurement

i Rl
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. Calibration of “Bridge Leg in the Box"” Setup

e (Calibration by On-State of 7, and T, & DC Current Operation / DC Power Loss Measurement
e Identification of Thermal Cap. C;;, and Thermal Resistance Ry,

Half Bridge

on IMS Board \ lh hs-a
S
9/

QIE @ 2- P]oss @ T Lh hs @‘ Tamh
':_ Alu Block as
Isolation Box Heat Sink 44 . : . . . : :
42+ .
1 = [ 20W 10W 5W 3w
Rison(T) £ w0
P |
i ca = 36 |
@ V\.':ﬂ CP = RPCB(T) g
g 34t
. = Measured
Iul\ RDS,DII(T) ﬁ 32 - Slmulated
klj \ | ], 30

0 100 200 300 400 500 600 700 800
Time (s)

m DC Power Loss Measurement Ensures High Accuracy
m Thermal Behavior for Short Measurement Times Mainly Determined by C;,
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. Accurate On-State Voltage Measurement

e Clamping Diode for Limiting the On-State Voltage Measurement (OVM) to 2V
e Subtraction of the SiC Diode Forward Voltage Drop for High Accuracy (2mV)

e
LDC —0
== T b |owm
==CDC,HS Gate I HS | Circuit
Driver -
Vbe CD —? y _|r_1i_
L o ]
nills
= Tis b | o | [,
TCocys Gate I‘ *H Ls | |Circuit
Driver L
Ugs 1 §) a vds

m Only 50ns Blanking Time — OVM Circuit Can also be Used for Dynamic Ry ., Measurement
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. Accurate On-State Voltage Measurement

e Clamping Diode for Limiting the On-State Voltage Measurement (OVM) to 2V
e Subtraction of the SiC Diode Forward Voltage Drop for High Accuracy (2mV)

_- T T T
L [ 400 20

[ T[;g i_J D OVM g I — Vi 10 g

==CDC,HS Gate » HS | Circuit ;'g @
Driver | §

AN 0 , , l (a)1-20
— M
VDCCD L iy == o o 20 T T |

e +18V
=T p||o™| o ( -

=Coois | Gate [*h 8| |Cirenit| | " 2 ok » 10 =

“ " 5V Fas.on "
Driver l ! 2 S - Vu L— 5
Ugs 14, Ugs i V. —_— Vgh 7
’ 20 v | , - ® ]
0 5 10 15 20
Time - 7 (us)
m Only 50ns Blanking Time = OVM Circuit Can also be Used for Dynamic R Measurement
y DS,on
ETHziirich RI
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. ZVS Loss Measurement Results (1)

e Measurement of Energy Loss per Switch and Switching Period

e GaN Enhancement Mode Power Transistor (600V, 70mQ@25°C)
e Antiparallel CREE SiC Schottky Freewheeling Diode (600V, 3.3A)

Switching Energy, Eon + Eorr

© Half Bridge
31| ¥ Cox = 100pF
o Vpc = 100V
= 25 o Vpc = 200V
2“1 o Vpc = 300V
1:3 0 Vpe = 400V
g 2t
=
=
215t
=
S8
=
47
0.5F
0L

5 10 15
Switching Current (A)

Switching Energy (uJ)

oo
an
T

w
T

L
o

L]
T

—
T
T

—
T

e
&n
T

Switching Energy, Eon + Eorr

000040

Half Bridge
Cext = 100pF
Vpe = 100V
Vbe = 200V
Vbe = 300V
Vbe = 400V

= —
¥y 7

o

10 20 30 40
dv/dt (V/ns)

100/147 —

m Switching w/ and w/o 100pF Parallel Low-Loss SMD Multilayer Ceramic Chip Capacitor (450V)
m dv/dt Measured in 10%...90% of Turn-off Voltage, Behavior @ at Low dv/dt Still to be Clarified
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Laboratory
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. ZVS Loss Measurement Results (2)

e Analysis of a Permanently-0ff Half-Bridge Excited with Switch Node Voltage
e Measurement of Energy Loss per Switch and Switching Period

Switching Energy (uJ)

@
o

(o]
T

g
o
T

b
T

=
w
T

—
T

e
w”

o
T

Switching Energy, Eon + Forr

ma PTO
Vb = 100V
a VDC = 200V
B Vpe = 300V
B Vpc = 400V
— A -
| -
B ~u
.
—a - 1
e — W
10 30 40

m Heating Indicates Losses in the Permanently-Off Devices
m Losses Comparable to the Losses of the Switching Half Bridge for Same dv/dt

dv/dt (V/ns)
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. ZVS Loss Measurement Results (2)

e Analysis of a Permanently-0ff Half-Bridge Excited with Switch Node Voltage
e Measurement of Energy Loss per Switch and Switching Period

3.5F

Switching Energy (uJ)
(V]

Switching Energy, Eox + Eorr

2.5}

1.5}

0.5

ma PTO
Vbe = 100V
a VD() = 200V
B Vpe = 300V
B Vpc = 400V
— e -
|- —
B ~u
e
— -
e g |
10 30 40

m Heating Indicates Losses in the Permanently-Off Devices
m Losses Comparable to the Losses of the Switching Half Bridge for Same dv/dt
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Measurement of
Ferrite Multi-Airgap Core
“Mystery” Losses

5

ﬁnmmwm
\#A‘

FLXA_L

TB
= =
~—
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. Multi-Airgap Inductor

o Ferrite E-Core with 50 x 0.3mm Thick Stacked Plates as Center Post
e Power Loss of TCM Inductors Sign. Higher than Expected

gy
fraza

7v TR 71000 DMR51
— Simulation i PoE : — 1Mk

L ——800kHz
""""" Measurement 10.0

——500kHz -
——300kHz
====Measurement

—Prediction

M ///

ok Tiook M sM 1
Frequency f [Hz]

Inductance L [H]
Quality factor Q
Core Loss (Watt)

Peak Inductor Current (A)

\

m Analysis by ZZ Fraunhofer Shows Up to Factor 10 High Core Losses (!) = “Mystery” Losses

1ZM
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. &=— - Machining Increases Core Losses

e 1964 - E. Stern & D. Temme

e 1987 - S. Chandrasekar et al.

ETH:zurich

9

1974 - J. Knowles, E. Snelling -

1984 - E. Klokholm & H. Wolfe —>

9

Machining / Compressive Stress
Changes BH-Loop of NiZn Ferrite

Compressive stress (MNm=2)

210 ‘10 G[O 8'0 1?0 60 x10°6
. He 40 u
Compressive Stress Incr. 2 pl
tanbp, e
Loss Fact., Reduces L, s 2o §
"

OSCILLATOR
100 kHz.

’7‘1—“2”“0(}&'
40 um Magn. Dead Surface %7 e
i

Layer of MnZn Ferrite AMPLIFER |

X-yY
RECORDER

Lapping Causes Greater Residual Stress than Grinding
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. Ferrite Machining Process A

nanometallurgy

e (Cutting of Thin Plates from Ferrite Rod with Diamond Saw Ground Surface
e Abrasive Machining Introduces Mech. Stress into Surface

Diamond Blade
5000rpm Ferrite Plate

Residual Surface Stress

Machined
Core

SEM Image of *%
Machined MnZn
Ferrite (3F4)

m Ferrite Properties in Surface Altered - Increase of Loss Factor
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. Subsurface Condition of Machined Ferrite @ Empa

Materials Science and Technology

e Focused Ion Beam (FIB) Cut into Ferrite (3F4) Sample & Scanning Electron Microscopy (SEM)
e Polishing of Surface with Grain Sizes 2400 SiC - 4000 SiC > Colloidal Silica Si0,

m Polishing Removes 500um of Surface - Bulk Material Exposed
m Bulk Ferrite also Exhibits Cavities —> Result of (Imperfect) Sintering Process
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. Thermometric Surface Loss Measurement

e Impression of Homogeneous Sin. Flux Density of Desired Ampl. / Frequ.
e Cap. Series Comp. for Lowering Impedance @ High Frequencies
e Measurement of Transient Temp. Change - Calcul. of Losses Sample A

N

Sample B

S~ High Resolution
Infrared Camera

5 10 15 20
Time (s)

HF Amplifier
IE-1125B

®p

m Temperature Rise of AT=1.5°...5°C Sufficient (Accuracy +0.2°C), Fast Measurement (!)
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. Test Fixture / Magnetic Circuit

e E-Type Fixture for Swift Installation of Diff. Samples (7mm x 6.4mm x 21.6mm)
e FEM Optimiz. of Dimensions - Large Core Cross Section / Tapered Outer Limbs

E-Type Magnetic Circuit

Tapered Center Limb

. Comprised of Individual
Cuboid ; ;
” - = Ferrite Cuboids (N87) (# ‘Lcth ¢Rth
MAG Sample Ty
With Flux | P (B.F) 51
Sense Winding -
= — lTamb
el B Excitation
- Winding
3D Printed SRR = Polystyrene Wﬁﬁgfﬁ
Mounting Fixture Thermal 9
With Insulation
Fastening Screws
= —_—
Airgap
[ 4 a L Lattice

m Therm. Insul. & Airgap Lattice Ensure Low Heat Flux to Ambient
m Measurement of Temp. Increase Over Time Allows to Verify Homog. Flux Density in Sample
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. Identification of Therm. Parameters R,;, C;,

e DC Current Impressed in Ferrite, Voltage Control for Const. Power Dissipation as Ry=Rp.(Temp.)
e Temperature Response of Sample Recorded (FLIR A655sc W with Close-Up Lens)
e Emissivity of Ferrite Determined Using Heat Plate (£= 0.86)

TW SW2W IW 0.5W
Sorensen be Ferrite _ 40 : . .
XHR 600-1.7 / Sample o
. R,e(T) 335
~ 2
=
IlFerritc [chrrilc LE g 30
5 — Measurement
Power Feedback Control [<— P, # 25 su

0 50 100 150 200
Time (s)

m R, =37.8 K/W Can be Neglected
m Obtained Parameter C.,=3.831/K Close to C,, Calc. Based on Vendor Data (C,, = 3.6J/K)
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. Surface Loss Measurement Principle | FERRDXCUBE

e Hypothesis: Core Loss Density in Surface Layer Higher than in Bulk
e Thinner Plates - Higher Average Losses / Faster Temp. Rise
e Stacking of Plates Does NOT Affect Temperature Rise (!)

Loss Density - p

Ferrite
45 . .
—_ 140 mT / 500 kHz
S a0l
o Sample B N
d =
! 2 351 Sample A
g g
OB 30} | AT
H
25 Pemea— | |
1 2.5 4 5.5 7 85 10
A"B Ar‘,.\ Time (sec)

m Surface Loss Density Can be Directly Calc. from Mat. Parameters / Geometry & At, and Af,
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. Temperature Rise Recording

e Comparison of Solid 3F4 Sample (1 x 21.6mm) and Stacked Plates Sample (7 x 3mm)
e Sinusoidal Excitation 100mT / 400kHz

3F4 Solid Sample / 21.6mm

330
361
349
337

24

HD Infrared
Camera

Ferrite 21712018 165034122000
Sample

(DUT)

Qvar Comp.

sa o (ISR
o TR S

m Thermal Image shown 25 Seconds After Turn-On of Magnetic Excitation

i Rl
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. Measurement Results — Bulk Losses

e Comparison of Measurement Results and Datasheet Values, 3F4 @ 25°C
e Measurement Error Approx. +10% (Worst Case)

10*

3F4 @ 400 kHz

B =T
: g

Z210% g

5 ;Q:”'

a -

kK vl

1050 100 150 200

Peak Flux Density (mT)

‘ 4

113/147 —

3F4 @ 100 mT
10 - T T
o 1.7
£ " (L)
9 1Hz
= _—1r
= /=>
é x (L)l 1 .’-"";m
2107} 1Hz) . ess
% Sl -./-; S
o R \ f 1.36
2 1= - (l[lz)
Q
—
102 . . *
200 400 600 800 1000
Frequency (kHz)

m Good Agreement with Datasheet Values / Vendor Steinmetz Parameters
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. Measurement Results — Surface Losses

I
e Measurement Error Approx. +25% (Worst Case) E
e Error Determined by Meas. Time & Temp. Reading Accuracy

R

Psury = 0.0615 X ( f )1.13 « (§ )3.47 (mw)

1Hz 1T cm?

R 3F4 @ 400 kHz _ 3F4 @ 100 mT

2 %; 10 . iy

:’}\ ‘ E: L *E—-—,"-—

g . g B -:--—..--,__.—

S 0% 8B

A SRS g I > (E)

3 [ - [ _

° [ ° :

8 3; 3

“5 . . N . . . . . ‘5 . N N N .

« 10 ' @ 10! L

50 100 150 200 200 400 600 800 1000

Flux Density (mT) Frequency (kHz)

m Comp. of Steinmetz Parameters of Surface Losses & Bulk Losses BS >B, aS<a
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. “Critical Thickness” of Ferrite Plates

e “(Critical Thickness” Reached for Equal Losses in Bulk & Surface
e Critical Plate Thickness is INDEPENDENT of Cross Section (!)

3F4 Critical Thickness
for 125mT / 400kHz

.Y=1

| /Total Core Loss

Surface Loss

.1 -100©
x- 7/ Ppuik %
o
S
Peak Flux Densiyt (mT)

/

' ' 50
15} 10 15 20 200 40?: f;5000 (kHS())O 1000
requen ¥4
Plate Thickness (mm) quency

i
0 d

crit

m Dependence on Flux Density Ampl. & Frequency !
m Dependence on Material / Machining Process / Power Processing Treatment
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Little Box 2.0 DC/ | AC I[Converter + Unfolder

PWM vs. TCM Optimization
\- I | -/ np-Pareto Limits

Hardware Prototype

Experimental Results

240 W/in?
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. Little Box 2.0 - New Converter Topology (1)

e Alternative Converter Topology = Only Single HF Bridge Leg + 60Hz-Unfolder
e DC/|AC| - Buck Converter + Full-Bridge Unfolder OR HF Half-Bridge & Half-Bridge Unfolder

10C

=
I==€D l I
T v

ETH:zurich

— — ~ —— —
Buck Unfolder

Ve, Easy to Generate/Control

Higher Conduction Losses Due to FB-Unfolder
Lower CM-Noise (DC & n x 120Hz-Comp.)
C.v=700nF Allowed for 50mA Gnd Current

10Q ine
—:I—i -
B OEF
L k. +
Vi »—-—»-oTo
C
Ct 450V l=£”c Vacr ! lv ccccc
I
DJETES J'@g l lvm::
o o
S~
LF-Lcg HF-Leg
Vv /VACZ

Sy
‘CN-I

m V,; More Difficult to Generate/Control

m Lower Conduction Losses

m Higher CM-Noise (DC and n x 120Hz-Comp.)
m Cy=150nF Allowed for 50mA Gnd Current

RL.
SE
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. Little Box 2.0 — New Converter Topology (2)

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

Yoe f Power -
(t 450V l=(m Pulsation Ve
Buffer l

1 L
Vil lvm; E_MI llec 1| ”ﬁ
Filter | i
—o—

Buck Unfolder

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

ETH:ziirich R. _
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. Little Box 2.0 = Multi-Objective Optimization

o DC{ | AC| - Buck Converter (Single Bridge Leg) + Unfolder & PWM Shows Best Performance
e Full-Bridge Would Employ 2 Switching Bridge Legs - Larger Volume & Losses
e Interleaving Not Advantageous - Lower Heatsink Vol. but Larger Total Vol. of Switches and Inductors

e TCM ~=——PWM === TCM Buck & Unfolder
== TCM interleaved === PWM Buck & Unfolder
® 1.BC Finalists %% Designs with max. Power Density
100
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PowerDensity [kW/dm"]

m p=250W/in3 (15kW/dm3) @ n=98% Efficiency Achievable for Full Optimization
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. Little Box 2.0 — Control Structure

D i

m Each Stage (Buck & Unfolder) Controlled with Cascaded Current and Voltage Loop
m  Without Switching of Unfolder Control Like for Conventional Boost PFC Rectifier
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3D-CAD Construction
of the Final System 5

\

240 W/in3
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. Little Box 2.0 - Final Mechanical Construction (1)

. PPB Capacitor
Output Filter

m 60 mm x 50 mm x 45 mm = 135 cm® (8.2in®) = 14.8 kW/dm?* (243 W/in3)
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. Little Box 2.0 - Final Mechanical Construction (2)

Heat Sink + Fans

. PPB Capacitor
Output Filter

m 60 mm x 50 mm x 45 mm = 135 cm® (8.2in®) = 14.8 kW/dm?* (243 W/in3)
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. Little Box 2.0 - Final Mechanical Construction (3)

Inductors Heat Sink + Fans

(Buck-Stage &
Unfolder)

. PPB Capacitor
Output Filter

m 60 mm x 50 mm x 45 mm = 135 cm® (8.2in®) = 14.8 kW/dm?* (243 W/in3)
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. Little Box 2.0 - Final Mechanical Construction (4)

Power Board

Inductors Heat Sink + Fans

(Buck-Stage &
Unfolder)

. PPB Capacitor
Output Filter

m 60 mm x 50 mm x 45 mm = 135 cm® (8.2in®) = 14.8 kW/dm?* (243 W/in3)
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. Little Box 2.0 - Final Mechanical Construction (5)

Control Board

Power Board

Inductors Heat Sink + Fans
(Buck-Stage &
Unfolder)
PPB Capacitor
Output Filter P

m 60 mm x 50 mm x 45 mm = 135 cm® (8.2in®) = 14.8 kW/dm?* (243 W/in3)
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Experimental Results

Hardware Prototype

Output Voltage/Input Current Quality
Steady-State / Step-Response Waveforms 5

Efficiency

EMI Measurements

Operating Temperature
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. Little Box 2.0 -- Demonstrator Yk 240 W/in?

Output Filter ——— PPB Capacitor
Inductors
ﬂ%‘;ﬁ:‘;{gg?e & ——— Heat Sink + Fans

Power Board
Control Board

m 60 mm x 50 mm x 45 mm = 135 cm® (8.2in®) = 14.8 kW/dm?* (243 W/in3)
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. Little Box 2.0 -- Demonstrator Yk 240 W/in?

PPB Capacitor —— PPB Capacitor
. Inductors

Heat Sink + Fans (Buck-Stage &
Unfolder)

—— Power Board
—— Control Board

m 60 mm x 50 mm x 45 mm = 135 cm® (8.2in®) = 14.8 kW/dm?* (243 W/in3)

ETH:urich SE



=1C I Power Electronic Systems 130/147 —
I"— Laboratory

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

e Voltage Zero Crossing Behavior With (Right) & Without (Left) Switching of Unfolder

i —
5 : it i i

Output Voltage (200V/div)
Output Current (10A/div)

Buck Inductor Current (10A/div)
Unfolder Output Voltage (200V/div)

m Output Voltage & Current Fully Controlled Around Voltage Zero Crossings
m Slope of Buck Conv. Outp. Curr. can be Decreased - Adv. for React. Loads (No Step-Change of DC Curr.)
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. Little Box 2.0 - Measured Waveforms (1)

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

m Resistive Load m Inductive Load m Capacitive Load
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. Little Box 2.0 — Measured Waveforms (2)

e Step-Response Waveforms for 600 W Load Step

ACcurrent(SA/dlv "|l|'l|||||||||||||||||

AC voltage (200 V/d'IV
Buck Inductor Current (10 A/div

X
5,00 Al
10,0000 A

m Good Performance of Output Voltage Controller
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. Little Box 2.0 - Measured Waveforms (3)

e Step-Response Waveforms for 600 W Load Step
e DC-Side and PPB Waveforms

w. TELEDYNE LECROY
Bvorywhoreyoulook”

AATAVAVAY)

Buffer Inductor Current (10 A/div V\l f’ :
DC-Link Voltage (AC Coupl. 5V/div) : . ! ! —

Buffer Voltage (100V/div) -
Conv. Input Current (2A/div
m Transients Settle Within 50 ms
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. Little Box 2.0 - Efficiency Measurements (1)

e Performance of LB 2.0 with X6S Power Pulsation Buffer
e 140 kHz PWM
e High Speed Fan for Improved Cooling

100

97.5

o
o

Efficiency (%)
Qo
W]
[V}

90 t
87.5 —— LB 2.0 (Turbo Fan) [
? LB 1.0
85 i

400 800 1200 1600 2000
Power (W)

7.4 Peak Efficiency @ 2kW
6.12 % CEC Efficiency with Conv. Fans
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. Little Box 2.0 - Efficiency Measurements (2)

e Performance of X6S Power Pulsation Buffer
e Performance of Inverter with Electrolytic Capacitors

100 —— “l .........
97.5} :*,:‘_‘}:3
e i 99.1 %
& 95¢ /97.4 %]
> [ 97.9 %
S 925}
Q [
g :/
& 90t '
~ ; —6— LB 2.0
8751 —¥— LB 2.0w/E-Cap| |
N0 LB 2.0 - Buffer
85 ........................... l .........

400 800 1200 1600 2000
Power (W)

m 99.1% Peak Efficiency of PPB
m =98% Peak Efficiency of Inverter
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. Little Box 2.0 - Thermal Management

e Steady-State Operating Temperature @ 2 kW
e CSPI=53 W/(dm3.K)

Power Stage

Control PCB

Buck Stage \

Inductor EMI Filter Pom%rugléf_fer Power Stage Buffer  Heatsink Buck Stage

Capaci[or Inductor

m 60°C- 65°C of Exposed Surfaces
m 85°C Winding Temperature
m CSPI=37.5 W/(dm3.K) Including Air Duct
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. Little Box 2.0 - EMI Measurements

100
=) — LB2.0qp
2. — LB1.0gp
- ‘
= 80f — Class B Limit
2
b5)
A .
-
z 111
z 4o0p \
o
=
<

20 . ;

10° 106 107

Frequency (Hz)

m Compliant to FCC Part 15 B EMI Limits
m Compliant to Revised 50 mA Ground Current Limit
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. Little Box Comparison - Volume and Loss Distribution

B Cooling [ Housing || Others [l Power Transistor [ Output Filter [ Electronics Inductor M Buffer Capacitor

Power Buffer Inverter Stage Power Pulsation Inverter Stage
71.3em? 169.1cm? Buffer 28.1W 46.3W
316cm' | /
2.0cm’ \ 62N 15.1W

63.6 cm®

3
231 em 173 W

22cem’ .
3 - P—— 5.8 cm’ e g W
104 cm’ = v / %
TW— S
2.5 em’ — S22 Vors 3w
16.6 cm® 17S5em 29Ws |
19.0em - 16.5 W
Tot. Volume: 240.5 cm3 Tot. Losses: 74.4 W
Power Buffer Inverter Stage

484 em® 89.5 cm* 15W i
144 cm’® T 38 W

39c¢m? 321 em? 121 W

19.9 ¢cm?*

0.5¢m’

9.8 cm’

9.8 cm’

Tot. Volume: 137.9 cm3 Tot. Losses: 56.4 W
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. Finalists - Performance Overview Revisited

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

99

—— . —

o 0*
AN

1*' Price

[ ETHLB 1.0 Google 1.BC

O
oo

2
o

(@)Y
%

=

Efficiency (%)
8L 099

(98}

O O
e

9050 100 150 200 250 300

Power Density (W/in®)

70...300 W/in3

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

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

Mostly Buck-Type Active Power Pulsation Filters (Ceramic Caps of Electrolytic Caps)
GaN (11 Teams) / SiC (2 Teams) / Si (2 Teams)
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‘ Overall
_ Summary
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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 Industrial Inp. Overvoltage Requirem. would Signific. Reduce Power Density

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

Specific Systems for Testing > Devices Equipped with Integr. Measurement Functions
Convergence of Sim. & Measurem. Tools - Next Gen. Oscilloscope

New Multi-Obj. Multi-Domain Simulation/Optim. Tools
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Biographies
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Johann W. Kolar (F 10) received his Ph.D. degree (summa cum laude) from the Vienna University of Technology,
Austria. He is currently a Full Professor and the Head of the Power Electronic Systems Laboratory at the Swiss
Federal Institute of Technology (ETH) Zurich. He has proposed numerous novel PWM converter topologies, and
modulation and control concepts and has supervised over 60 Ph.D. students. He has published over 750 scientific
papers in international journals and conference proceedings, 3 book chapters, and has filed more than 140
patents. He has presented over 20 educational seminars at leading international conferences, has served as IEEE
PELS Distinguished Lecturer from 2012 through 2016, and has received 25 IEEE Transactions and Conference Prize
Paper Awards, the 2014 IEEE Power Electronics Society R. David Middlebrook Achievement Award, the 2016 IEEE
William E. Newell Power Electronics Award, the 2016 IEEE PEMC Council Award, and the ETH Zurich Golden Owl
Award for excellence in teaching. He has initiated and/or is the founder of 4 ETH Spin-off companies. The focus of
his current research is on ultra-compact and ultra-efficient SiC and GaN converter systems, wireless power transfer,
Solid-State Transformers, Power Supplies on Chip, as well as ultra-high speed and ultra-light weight drives,
bearingless motors, and energy harvesting.

Dominik Neumayr (SM10 ) started his academic education at the University of Applied Sciences (FH) for
Automation Engineering in Wels and received the Dipl.-Ing. (FH) degree in 2008. He was with the Center for
Advanced Power Systems (CAPS) in Tallahassee/Florida working on Power/Controller Hardware-in-the-Loop
simulations and control systems design for AC/DC/AC PEBB based converter systems from ABB. He continued his
academic education at the Swiss Federal Institute of Technology in Zurich (ETH Zurich) and received the M.Sc.
degrees in electrical engineering and information technology in 2015. Since spring 2015 he is a PhD student at
the Power Electronic Systems (PES) Laboratory, ETH Zurich. His current research focuses on ultra-high power
density converter systems.

Dominik Bortis (M"08) received the M.Sc. degree in electrical engineering and the Ph.D. degree from the Swiss
Federal Institute of Technology (ETH) Zurich, Switzerland, in 2005 and 2008, respectively. In May 2005, he
joined the Power Electronic Systems Laboratory (PES), ETH Zurich, as a Ph.D. student. From 2008 to 2011, he
has been a Postdoctoral Fellow and from 2011 to 2016 a Research Associate with PES, co-supervising Ph.D.
students and leading industry research projects. Since January 2016 Dr. Bortis is heading the newly established
research group Advanced Mechatronic Systems at PES.
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Thank You !
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