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Outline

Performance Trends

Design Space / Performance Space
Performance Characteristics of Key Components
Feasible Performance Space / Pareto Front

Losses Due to Local Stresses in Ferrite Surfaces
The Ideal Switch is NOT Enough!

Challenges in MV/MF Power Conversion
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Future Prospects
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Introduction

Converter Performance Indicators
Design Space / Performance Space
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» Power Electronics Converter
Performance Indicators

Environmental Impact...

Losses

Power Density [kW/dm?3]
Power per Unit Weight [kW/kg]
Relative Costs [kW/$]

Relative Losses [%]

Failure Rate  [h7]
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[kge /kW]
[kge, /kW]
[kgy /kW]
[em?g; /kW]

\4

Weight / Volume
\ 7

State-of-the-Art

Failure Rate

Future
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» Performance Limits (1)

m Example of Highly-Compact 1-® PFC Rectifier
m Two Interleaved 1.6kW Systems

PO = 3.2kW = Lom Lcm %D % %
Uy =230V+10% — 5 S—an— o c
U, = 400V Us E = [, = U,
f» = 450kHz + 50kHz - N
T TJ:ﬁ J:ﬁ .,J:ﬁ J
- O —

Y 7=95.8% @ p = 5.5 kW/dm?

- High Power Density @ Low Efficiency
—> Trade-Off Between Power Density and Efficiency
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» Performance Limits (2)

m Example of Highly-Efficient 1-® PFC Rectifier
m Two Interleaved 1.6kW Systems

P, = 3.2kW
U, = 230V+10%
U, =365V

fp = 33kHz + 3kHz

Y 17=99.2% @ p = 1.1 kW/dm?

X0 & &

Cy

=

T upEEsEs|

=
EMI Filter

—> High Efficiency @ Low Power Density
—> Trade-0ff Between Power Density and Efficiency
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» Abstraction of Power Converter Design

Performance Space O
Efficiency !
Power Density |

: Costs L > p
Performance Space * Reliability / 77777777777 - ¢ Evaluation Formulas

e, (o7 Lifetime Models
: ey -«
_____________________________ Costs ‘ ( ) ¢ Cost Models
Desian S System ' s ete
eSTgn pace * Phase-Shift DC/DC Conv.
* Resonant DC/DC Conv, Specificati
e DC Link AC/AC Conv. ® Specilications
* Matrix AC/AC Conv. ¢ Operation Limits
. elc. * Converter Topology
e Modulation Scheme
1 m -, Control Concept
Compo-nents 2 . (_J]ﬁEI'ﬁIiﬁll Mode
® Power Semiconductor e Operating Frequ.
« Interconnections  clc.
* Inductors, Transf.
* Capacitors
« Control Circuit ( U |l ¢ Doping Profiles
e ele. m e Geometric Properties
! ¢ * Winding Arrangements
Materials * Magnetic Core Geometries
* etc.

o Semiconductor Mat.
* Conductor Mat,

* Magnetic Mat.

* Dielectric Mat .

. elc,

- Mapping of “Design Space” into “Performance Space”

ETH:zurich
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Derivation of
nN-p-Performance Limit

of Converter Systems Component n-p-Characteristics
Converter n-p-Pareto Front

RS —
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» Derivation of the 77-p-Performance Limit

m Example of DC/AC Converter System

| BB Y

e

L |«

BB
A

o]

m Key Components

— Storage Capacitor

— Semiconductors & Heatsink
— Output Inductor

— Auxiliary Supply

—> Construct 77-p-Characteristics of Key Components
—> Determine Feasible System Performance Space

6/61 —

n-p-Pareto-Front

i Power
Density
i Limit
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» 7-p-Characteristic of Energy Storage

m Electrolytic Capacitors
m Losses (ESR) Neglected

iUy
C
VC
o Xc

R K_JH

a_uc_l P, 1 P, 1 P 1
Moo U, UyUp 20,C 4o, 1CU.. 4o, vV,
P n

| Op = 70 =doya,, 7c=PBcyc= const. A

c Ty 100% ©—
—> Energy Storage Defines a Converter Limit p,,,.< o¢ L > 0

pPc
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» Remark — Active Power Pulsation Buffer

m Large Voltage Fluctuation Foil or Ceramic Capacitor
m Buck-Type (Lower Voltage Levels) or Boost-Type DC/DC Interface Converter

WC, max

[ Y Al
0 02 04 06 08 11 __

CeralLink
&TDK

—> Significantly Lower Overall Volume Compared to Electrolytic Capacitor BUT Lower Efficiency

ETH:zurich Mﬂ@ —
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» n-p-Characteristic of Power Semiconductors / Heatsink

m Semiconductor Losses are Translating into Heat Sink Volume
m Heatsink Characterized by Cooling System Performance Index (CSPI)

m Volume of Semiconductors Neglected

P
=(1-n,)P,=1-1,)—"*
H
AT,
P, = =AT_G,=AT_,CSPI-V,
th Gth

4971

— f_/%
A=) p A7 Cspi-v,
n

P
Pu =V_0 177H
o ( (A=74)

—> Heatsink Defines a Converter Limit p<p,

CSPI = —

V dm’K

RS —
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» Remark - Selection of Semiconductor Chip Area

m Optimize Chip for Minimum Sw. and Conduction Losses
m Loss Minimum Dependent on Sw. Frequency

m Influence of Power Semiconductor FOM .
R _ DS (on)
R* DS(on) — A
Si
2 2 2 DS (on) * 2 _ *
PH = IH,rmsRDS(on) + %CeqUDC fP = IH,rms AS + %CquSiUDCfP Ceq - CquSi
1 F — * %
ap, =0 > A. ,P, . Pyr oM RDS("")C“’
d AS Si,opt H,min *
|/
\ Jo2>foa
1 7
PH,min=\/EIH,rmsUDC fP FOM* OCPo fP \ /
A77H,mincx: fP B! N R R e 11
. PV.T.min ""'%‘3'\'\‘:‘;3—_————"—_ 3]“'—‘” :
—> Larger Losses for Higher Sw. Frequency Y Y L :
—> Large Ag; / Low Cond. Losses only for ZVS Pt s N !
—> Extreme Efficiency Only for Low Sw. Frequ. 0 bk==r" ; bt bbbk SR
0 Asi Asiopt Asin
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» -p-Characteristic of Auxiliary Supply

m Power Consumption of Control, Fans etc. Independent of Qutput Power
m Power Density Relates Volume of Aux. Supply to Total (!) Output Power

P
Al =
PO
PO
paux - ‘/aux
m A
AN PR . e — = 100%
—> Auxiliary Power Defines Efficiency Limit > )

ETHziirich /e —
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» 7-p-Characteristic of Storage+Heatsink+Auxiliary

m Overall Power Density Lower than Lowest Individual Power Density
m Total Efficiency Lower than Lowest Individual Efficiency

V=V.+V,+V

aux

P | 1
-L =—O = E =L - =
Po pi : I)I P0+iPl 77 77 ZR

|p'1=p51+p;}+p;ix (I+-5)

- Example of Heat Sink+Storage (No Losses)

Pc = ﬂcyc
_ My
Py = ATs_aCSPI —
—— (A-ny)

OH

Beye
(1 - 77}1) a—l

C/ C”H

Pcu =
1+

Mu

—> n-p Characteristic w/o Magnetics
—> Higher Sw. Frequ. Leads to Larger Volume

PCH

ETHziirich /e —
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» n-p-Characteristic of Inductor (1)

m Inductor Flux Swing Defined by DC Voltage & Sw. Frequ. (& Mod. Index)

A u

s J?& , | S
o B
Br k3

m “-1"-Order Approx. of Volume-Dependency of Losses

| ||+
|
<

1
Unc il UDC oc 1 ocl—> P, ocf;‘ABﬂV oc~( )l3

1
AB = . =
NA, fPAE A, l
P, = ImeWocLociz L
— KA, 1 l
42-p) 1 2a-p) 28 28 U I
m ,0”-Order Approx. (N,,) P, = ks VIED 3 28RBS |y o ZDCms
— & f, Vi
A oc [

—> Losses are Decreasing with Increasing Linear Dimensions & Sw. Frequency

ETH:zurich Mﬂ@ —
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» n-p-Characteristic of Inductor (2)

Total Loss 10kHz
m Loss-Opt. of Single-Airgap N87 Core Inductor 10° i L N ARALL
m Consideration of HF Winding and Core Losses . P Winding Loss |
m Thermal Limit Acc. To Natural Convection z N
. . . 2 100 E LF Winding Loss
m Assumption: Given Magnetic Core 3 Ncm Loss
10_1 1 11 11111 1 1 1 11811l 1 1111111
10! 10° 10! 102
100kHz
Natural Convection 10 T T T T T T T T T TTTTT
Thermal Limit Total Loss
; 10! 1
= —~__ LF Winding Loss
§ 10° - Core Loss SNy -
102 ] 10°! L I ““HFVYinc!ing Loss |
10! 10° 107! 1072
= 1000kHz
2 1' 10° TTTTTTT T T T 117777 T T T TT1T11T
L E - 10t To;al Loss
= 1 D = 10" LF Winding Loss
= 1 cﬁ@ % Core Loss
100 ; o?é\ E o r HF Winding Loss [
10! 100 o 106 {\&Qo 101 Lot 1 AT DN 111
Citonii 10 %@\“ 10! 10° 107 10
Pple (p.u.) Current Ripple (p.u.)

—> Higher Sw. Frequ. — Lower Min. Ind. Losses — Overall Loss Red. Limited by Semicond. Sw. Losses

ETH:zirich YD —

Power Sources
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» n-p-Characteristic of Inductor (3)

m Overall Power Density Lower than Lowest Individual Power Density
m Total Efficiency Lower than Individual Efficiency

U,.1I P 2
PL oC = r”f o S 1 (= kL,maxVLs) P 1 1
fPVLS fp VLSP - FL= ( _UL) oc %
P, =(1-n,)P, = (1-1,)=~ o fo Vi
U
PO 3 (1 — )3
pr=ox B ff —3—
L Vi 2 m A
100%
m Natural Convection (S
N \'--. — T eae- fp,;
[P T R
limit Ty,
- n-p Characteristic of Inductors for natm o /!
—> Higher Sw. Frequ. Leads to Lower Vol.  convection ;
—> Allowed Losses Defined by Cooling . > p1

ETH:zurich MZ)@ —
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» Remark - Natural Conv. Thermal Limit (1)

m Example of Highly-Compact 3-® PFC Rectifier
m Nat. Conv. Cooling of Inductors and EMI Filter % op

m Semiconductors Mounted on Cold Plate

P;= 10 kW

U= 230V,+10%

£, = 50Hz or 360...800Hz

U,= 800V, ¢

f= 250kHz ESEE ShE SIS

I S 2

Y 0 =10 kW/dm* @ /7=96.2%

—> Systems with f,= 72/250/500/1000kHz
—> Factor 10in f, - Factor 2 in Power Density

ETH:zurich M]ﬂ@ —
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» Remark - Natural Conv. Thermal Limit (2)

m Example of Highly-Compact 3-® PFC Rectifier
m Nat. Conv. Cooling of Inductors and EMI Filter
m Semiconductors Mounted on Cold Plate oP

Pg= 10 kW ¥y % 4 =
U= 230V, +10% g
fy =50Hz or 360...800Hz
U,= 800V,
C
f= 250kHz ir JE} if J'ﬁ if J:} =
. T,
18
16 Ps
14 VR500 ’VRIOOO_
Qe “J/‘W X
§ 10 VR250
Y 0 =10 kW/dm* @ 77=96.2% Z 8 |
<6 VAT g il
4 L~
—> Systems with f,= 72/250/500/1000kHz 2
—> Factor 10in f, - Factor 2 in Power Density 0 Fo e
10 30 100 300 1000
Jp (kHz)

ETH:zurich M]l)@ —
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» Remark - Natural Conv. Thermal Limit (3)

m Consideration of Different Shape Factors
m Constant Power to be Processed

5Tk Natural Convection — All Sides

‘ — — — Single Side
u(y) | : 1
Qu]l?jic(jent 2 ] \ \—
- y 16794+ o 1k=0.125 =5 =
| o 125\ M —
g ET N o
> e S o | /
/ < 034 l CUBE: = = == o/ __ _
vl a |
-y, v 0 | ‘ ‘ \
0 2.5 5

—> Planar Structure Facilitate High Power Density
—> Cube Shape Shows Low Surface Area @ Given Volume
—> Nat. Conv. Requires Min. Thickness of Boundary Layer (>5mm) which is often Not Considered




19/61 ——

“1C I Power Electronic Systems
I'— Laboratory

» -p-Characteristic of Inductor (4)

m Natural Convection Heat Transfer Seriously Limits Allowed Inductor Losses
m Higher Power Density Through Explicit Inductor Heatsink

AirFlow Fan

- Explicit Heatsink

| 1
pLH,max ~ EPH,max(nL)

- Natural Convection

w N

p=wposkL )

L ,max

2 P
‘/L3 = kL,max (_O
Pr

M
HTC Heat Sink

2 ( ’7L )EPO_E

IOL,max = L,max 1 _
— e natural convection explicit
Prmax € \/f_P mA thermal limit /\/ air cooling
. 100% b / —
o ~ —_— 0 ... e T
’ -

explicit
water cooling

air cooling

: with explicit

> p

—> Heat Transfer Coefficients k; and g, Dependent on Max. Surface Temp. / Heatsink Temp.
—> Water Cooling Facilitates Extreme fLocal) Power Densities

ETHziirich /e —




S1CIT Power Electronic Systems
I'— Laboratory

20/61 ——

» Remark - Example for Explicit Heatsink for Magn. Component

m Phase-Shift Full-Bridge Isolated DC/DC Converter with Current-Doubler Rectifier
m Heat Transfer Component (HTC) & Heatsink for Transformer Cooling
m Magn. Integration of Current-Doubler Inductors

P,=5kW
U, = 400V

Up= 48...56V (300mV,)
T, =45°C

fo=120kHz

Interleaved Snubber diodes

windungs (MBR20H200CT)
Winding spacer
Sef:onld any (leakage inductance)
winding N
connectors
: 2 y
i

High performance
fan

Rectifiers
heat sink

Rectifier diodes

o
+

(APT100520B)

&~

Y 9kw/dm? (148W/in®) @ 94.5%

ETH:zurich

Heat transfer
component (HTC)

" Transformer
2 V! i .
o> N heat sink

“

MOSFETs
Output Connectors (APT81H50L)
(48..56Vdc)
Gate d"l":' a:d Input Connectors
control boar (400Vdc)

oooooooooooo
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» Remark - Example for Explicit Heatsink for Magn. Component

m Phase-Shift Full-Bridge Isolated DC/DC Converter with Current-Doubler Rectifier
m Heat Transfer Component (HTC) & Heatsink for Transformer Cooling
m Magn. Integration of Current-Doubler Inductors

P,=5kW
U, = 400V

Up= 48...56V (300mV,)
T, =45°C

fo=120kHz

o
+

&~

Y 9kw/dm? (148W/in®) @ 94.5%

ETH:zurich
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» Remark - Dependency of Efficiency on Load Condition

m Assumption of Purely Ohmic Losses
m Quadratic Dependency of Losses on Output Power

P, P 1 P

77 =9 — = zl——L
L
P, PB+P 1+i F, g v
Fy A 100% ! —
90 % —— _
80%
70%
60%
50%
40%
30%
20%
P, =R, I’ = k,P. ~ 1-k,P a i
L= Ryl = Kby —> 'y 270 0 -
0 02 04 06 08 10 P,

—> Quadratic Reduction of Losses with Output Power
—> High Part Load Efficiency Despite Low Rated Load Efficiency (Thermal. Limit @ Rated Load)

ETHziirich /e —
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» Overall Converter 77-p-Characteristics

m Combination of Storage{ Heatsink/Auxiliary & Inductor Characteristics
m Sw. Frequ. Indicates Related Loss and Power Density Values !

- Low Semiconductor Sw. Losses - High Semiconductor Sw. Losses
A T inductor for foo A d inductor for for
YA VA% \/\\ //\/ yAY
\'\ﬁ) =( == ____x.@ .......... fP =0
\/\ /S iy
Jo2 > foi

storage,

heatsink, t

aux. suppl storage,

% SUPPY heatsink,
aux. supply

—> Low Sw. Losses / High Sw. Frequ. / Small Heatsink / Small Ind. / High Total Power Density
—> High Sw. Losses / Low Sw. Frequ. / Large Heatsink / Large Ind. / Low Total Power Density

ETH:zurich M]ﬂ@ —
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» Overall Converter 7-p-Characteristics - Summary

m Inductor Takes Significant Influence on Efficiency/Power Density Characteristic

m Converters with Inductor - Very Low Losses Only for Very Low Power Density
m Conv. with No Inductor - Very High Power Density @ Low Losses

m Inductor Defines Power Density Limit of Ultra-Efficient Converter Systems !

semiconductor
losses

100 % M\ S -

> p

—> Eff./Power Density Characteristic Strongly Dependent on Converter Type !
—> Variable Speed Drive Inverters — No Inductor (Built into AC Machine) - Very High Power Density

ETHziirich /e —
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Reduction of Inductor Requirement

—> Parallel Interleaving
—> Series Interleaving
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» Inductor Volt-Seconds / Size

m Inductor Volt-Seconds are Determining the Local Flux Density Ampl.  AB o TUnc oc Unc
m Output Inductor has to be Considered Part of the EMI Filter A, f,A

m Multi-Level Converters Allow to Decrease Volt-Seconds by Factor of N2
m Calculation of Equivalent Noise Voltage @ Sw. Frequency (2" Bridge Leg w. Fund. Frequ.)

ul/Vv
6004l
3 JE#E& i 400 |
- '—— -~
Lok g
T T 0 y
- -200 | ST
J:f? Jal} A 400 | "H‘”HNMWUIHIH‘MHMJHMﬁuﬂlﬂlﬂﬂmmﬂmv““‘
Uo )74 J S S S S S S BN
M:U T 024 6 81012141618 //ms
2 M T 20 dB/Dec. & Ufp i
‘ UfP,eq,rms = \/M(; - 7) UDC 40
) HH
- EMI Filter Design Can be Based on Equiv. Noise Voltage 0L
10 100 10k 100k 1M

—>» [/ Hz

ETHziirich /e —
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» Reduction of Inductor Volt-Seconds / Size
m Multi-Level Characteristic through Series-Interleaving .
m Multi-Level Characteristic through Parallel Interleaving A e
AB o
. 0/ dBuvV Ag
ul/v
400 T“’
T 200 | A B 40 L | L
0 & ‘L‘B I ®
-200 mm“_y"" 20
400 t | | E l“ \\.
-600 L Al J— i II
o= U/ dBpV
IV
hj_],??? ! 100 T6O
T 200 | B 40 g L L
0 | AN
— NN ",'ﬂ ; ®
-200 | N~ = 20
-400 = : |“ e |
. 600 L o 0 1 1 1 ”
0246 8101214161820 10 100 1k 10k 100k 1M
—>» ¢/ ms —>» [/ Hz
—> Identical Spectral Properties for Both Concepts AB TW’U%
—> Series Interleaving Avoids Coupling Inductor of Parallel Interleaving ! o« A
E
ETHziirich M]g)@ _
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DC (eg. 350V)

» Multi-Level Converter Approach

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

FIG. 1

1 EP 2779410 A2

(19) pmratehr
0))’ Koo
des brevets

(12) EUROPEAN PATENT APPLICATION Full-Bridge

high frequency
(43)_Date of publication: (51) IntcCl: Topo lO gy or S1A
9 Bulletin 2014/38 HO2M 71483 (2007.07) DC / | AC | Bu ck—Type o
(21) Application number: 14159869.8 + Unfolder Cyp S3A
(22) Date of filing: 14.03.2014 CM” =:C13 S4A
- - - - T 3 S54 low frequency (50Hz)

(84) Designated Contracting States: (71) App\lcan' Solaredge Technologies Ltd.l e 014

ALATBEBG CHCYCZDEDKEEESFIFRGB 45240 Hod Hasharon B S6A

GRHRHUIEISITLILT LULV MC MK MT NL NO T L1

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

Designated Extension States: 45240 Hod Hasharon (IL) ==

BA ME

(74) Representative: Jansen, Cornelis Marinus et al 358 512
(30) Priority: 14.03.2013 US 201313826556 V.0. s10-{_ L L =
Johan de Wittlaan 7 B 3 4
2517 JR Den Haag (NL) o
— 13- AC
(54)  Multi-level inverter out
.

—> Basic Patent on FCC Converter - Th. Meynard (1991) ! FIG. 4

ETH:zurich Mﬂ@ —
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» Example of 5-Level Flying Capacitor Converter

m 5 Qutput Voltage Levels
m 320 kHz Single-Cell Sw. Frequency
m 12pF Flying Capacitors
. Swifor Precharge IBB: Internal Balance
m Improved Phase-Shift PWM Sizfor Operation Booster, 10kQ
S TS TE] Low loss TBDs
Vie ' _m BRE :' j‘ Row L Switching
e RIN==§ ==§ =={§ ==§ [ m @100Hz
# L L | L= :
BBTRITRL o
______ 4] 93| 5o S|
DC Link Counectors
Tnput Ftrechargin g Filter
Tnductor Output Voltage before the output filter
§\500 i T T T ‘ ; ‘ ‘ T ‘
2 400 L
: : < 2300
e sre BE'Rwel b =200 L. . _ : |
» : Z100p e | ,
0L ... ol M . VOth

- Very Small Output Inductor
- Voltage Balancing Challenging in certain Operating Conditions

ETH:zurich /PJ NQ —
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» Required EMI Filter Attenuation (1)

- Higher Switching Frequency
Increases Required Attenuation

ETH:zurich

Urm

)

29/61 ——

180dBuv

F
\=

LI
160dBuv i

140dBuV -

120dBpV

100dBuV

80dBuv CISPR QP limit, |

60dBpV

40dBuv

100 1k 10k fo fiim ;ﬁ: IM

- f/Hz
10M  100M

20dB T m T TTI

.f{t‘w .f&'ll fsm

0dB ] Lt
NI

o0
=}
[=%
o=}
=
=
35}
o
[=%
ow}
~

-20dB | -40dB/Dec X -

-40dB

-60dB ‘

-80dB [

-100dB
100 1k 10k 100k IM

- f/Hz
10M  100M
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» Required EMI Filter Attenuation (2)

Jc/Hz v
100k+ —= _
jé:-fl‘? .f&lll
0k prrananaeg - ‘_‘d_f - - R
b A fem —
20dB TTTT T T 111 10]( ‘-H’— ’1%43'1‘“_ =
JCy JCn JCm { ]I
0dB i T " s
N [T T3 3k Je
\ !
-20dB }-40dB/Dec.\{-80dB/ -120dB/
| Dec. |t Dec \ | A
-40dB \ KV i 1k = = WY JaH
Altreq S i ——— —
-60dB S P—
W N 300 L4
-80dB St Je
-100dB . -z 100 | |] - fHz
100 1k 10k 100k 1M 10M  100M 10k 30k 100k 300k M

—> Higher Switching Frequ. Increases Required Att. - Only Option f, >500kHz

ETH:zurich RAIND —
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Transformers Optimal Operating Frequency

Example of MF/MV Transformer
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» Transformer Operation Frequency Limit

m Dependency of Volume and Weight on Frequency

— Higher Frequency Results in Smaller Transformer Size only Up to Certain Limit (Prox. Eff.)
— Defined Frequencies for Min. Vol. or Min. Weight - Dep. On Strand Diam. & Wdg Width

\4 \4

1 T :-I' A solid wire
solid wire A
~#—  10-svand H Y 0~ 25srard
—0— 254w H —%— &stand
46-5v.and —a&— {&d-strend
—#&— 160ckand —a— w5erend | T
;5- = 405 s¥and — ided
£ ‘ sl 8 H HH
L2 I3 i E 0 o Cawprver He
s 13 g § oy 3
] g
"o 100 1000 10000 "o 100 1000 10000
Frequency (kHz) Fraquency (kHz)
Given Number of Strands, Temparature Rise = 30C, 3FIEE ~ Given of Strands, T Rise = 30C, 3F3 EE
100 3 I 100
L ﬁ AWG #38
=0 AWG#¥38 91 AWG #40
AWG #40 |4 3 —O—  AWG 42
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ETH:ziirich Mﬂ@ —



=IC I~ Power Electronic Systems 32/61 ——
I'— Laboratory

» Future Direct MV Supply of 400V DC Distribution of Datacenters

m  Reduces Losses & Footprint / Improves Reliability & Power Quality
m  Unidirectional Multi-Cell Solid-State Transformer (SS

m AC/DCand DC/DC Stage per Cell, Cells in Input Series?Output Parallel Arrangement

— Conventional US 480V, Distribution Source: ('\@. 2007

—> Unidirectional SST / Direct 6.6kV AC - 400V DC Conversion
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» Example of a 166kW/20kHz SST DC/DC Converter Cell
m Half-Cycle DCM Series Resonant DC-DC Converter

m Medium-Voltage Side 2kV
m Low-Voltage Side 400V
+
E Z
™~ S .
I = MV Side 2kV
g " NPC Half-Bridge
S, 5
o ——
600
400 ‘ by
S 4200 ~ ] i | 4
% < L. ; 2 2
% 0 5 e |
2 g X
s 200 © i LV Side 400V
Full-Bridge
-400
MF Transformer
15 ] 1 ] 1 -600
0 20 40 60 80 100
) Time (us)
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2a-28

=
o f a2

(# of Turns & Op. Frequ.) / Geometric / Material (Core & Wdg) Parameters

/ Therm. Mod. of Key Importance / Anisotr. Behavior of Litz Wire / Mag. Tape

20kHz Operation Defined by IGBT Sw. Losses / Fixed Geometry

DoF - Electric

» MF Transformer Design
Cooling

-l Laboratory
|

“1C I Power Electronic Systems

500

RS —

200
ottom H,0-Cooled Cold Plates

Region III: Prox. Loss Domin.

Frequency (kHz)

/a%

=p,
—> Heat Conducting Plates between Cores and on Wdg. Surface / Top

/ Min. Loss @ P./Py=2/B (Rnc/Roc

- RegionI: Sat. Limited
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» MF Transformer Prototype

=

Z 3
m Power Rating 166 kW Ee
m Efficiency 99.5% S
m Power Density 44 kW/dm3 .
6
< 3
- Nanocrystalline Cores 3.
with 0.1mm Airgaps k|
between Parallel Cores for .
Equal Flux Partitioning .
Water _
- Litz Wire (10 Bundles, _ o <’
950 x 71um Each) e Outlet 0
with CM Chokes for Winding S
Equal Current N
Partitioning Cold | CStaped :
=L
v e’
Terminals 2 MV S 3
= __ Terminal P
Eg;:es Copper 0 25 50 7%]_“:2%”_;]25 150 175 200
\ /Losses I”Ez;minals 1

- by 1 ol
,‘ ¥ 2:%—02
“ jo @ 0 3
————— Cores 40 é/ o 4
1 e > e @ o2
6 Eé:_‘?/—oﬂ

7 7

s
8 8 8

= Cooling
System
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Calculation of Converter

q-p-Performance Limits Go gle Little Box Challenge

Ultra-Efficient 3-® PFC Rectifier
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B LiTLE Box Google IEEE

CHALLENGE

m Design I{ Build the 2kW 1-® Solar Inverter with the Highest Power Density in the World
m Power Density > 3kW/dm3 (50W/in3)
m Efficiency >95%
m Case Temp. <60°C
m EMI FCCPart15B
!
AT; AV
I—‘ < 20% 7 3% THD,<5% THD;<5%
% 1' ‘
Voc V100 \ r'o/
——o—{ o0
+ + +
— Ve ¥ ‘ +D .
A —
200nF == T cos® < +0.7...-0.7 |
I = L 1g< 50mA fo=60HZ o

—> Push the Forefront of New Technologies in R&D of High Power Density Inverters
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. Selected Converter Topology

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

b T
e | e Jﬁzaaz EERE EER Lo L1l
i BE = 1

| iéf]%ﬁ‘ ==

] | epapapasT 1T
I e O .

—> ZVS of All Bridge Legs @ Turn-On/Turn-0ff in Whole Operating Range (4D-TCM-Interleaving)
—> Heatsinks Connected to DC Bus / Shield to Prevent Cap. Coupling to Grounded Enclosure

ETHziirich /e —



=IC I~ Power Electronic Systems 38/61 ——
I'— Laboratory

. ZVS of Qutput Stage / TCM Operation

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

Vo
T. &+
L i
. o]
IS SR
[e; 0
) 1L
5 1L
= EnEENE
i T A (23 o

EX s

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

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

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

._.
=)
—
=)
—
=)

| —SiC 900V, 65mQ | —SiC 900V, 65mQ —SiC 900V, 65mQ

N
=~
N

| —Si 650V, 60mQ —3Si 650V, 60mQ —Si 650V, 60mQ

i8]
2
\S]

100) GaN 650V, 50mQ

| 1ol GaN 650V, 50mQ
—GaN 600V, 65mQ

1ol GaN 650V, 50mQ
—GaN 600V, 65mQ

——GaN 600V, 65m£2

Soft-Switching Energy (ul)
Soft-Switching Energy (ul)
Soft-Switching Energy (ul)

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)

—> GaN MOSFETs Feature Best Soft-Switching Performance
—> Similar Soft-Switching Performance Achieved with Si and SiC
- Almost No Voltage-Dependency of Soft-Switching Losses for Si-MOSFET
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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 um Kapton Layer Isolation
20mQ Winding Resistance / Q=600

Terminals in No-Leakage Flux Area DA N L YA
B
) 75“
‘ . |
- Dimensions - 14.5 x 14.5 x 22mm?3 ? A

ETH:zurich RAIND —
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. High Frequency Inductors (2)

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

Without With

1 Shielding 1 Shielding 1
Q (o]
)
| = £
' I | = \ S
| = | 8
| : | z
[e] (o) 6
2 2 2 10° 10* 10° 106 5100
800
1ot | Z=10.5uH [=10.5pH
) 5 600
3 10 i ks i
5 f.=72MHz > 400 /=700kHz
qd 1 v'—é )
E 10° < 200
10 : 0 : |
10 10 108 10° 107 108 10° 104 10° 10 5.10°

Frequency [Hz] Frequency [Hz]

—> Shielding Eliminates HF Current through the Ferrite > Avoids High Core Losses
—> Shielding Increases the Parasitic Capacitance
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. High Frequency Inductors (3)

S

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

—> 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

42/61 ——
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. Multi-Airgap Inductor Core Loss Measurements (1)

m Investigated Materials - DMR51, N87, N59

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

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

Auxiliary Winding

Solid N=6  N=20

Y i

Magnetic Circuit

vin
,F" S 1
,ng Jm]} ample
i Flux Sense
Winding

Test Fixture — ¢

JmE s

Lo

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

ETH:zurich RAIND —
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. Multi-Airgap Inductor Core Loss Measurements (2)

m Magnetic Circuit Designed to Concentrate Flux-Density in Sample
m Homogeneous Flux-Density in Sample

m Stray Field in Vicinity of Excitation Winding is Negligible

m Primary Winding: 12 Turns with 270 x 71pm Litz Wire

m Aux. and Sense Winding: 12 Turns with 75 x 50 ym Litz Wire

0.16

|

.

0.14

0.12

N - ———

110.1

10.08

Flux Density (T)

0.06

0.04

l‘ 0.02
—

._._._._._._._._._._.._._._._...._._.._
T e B R e L e S SR e e e R R P
e
B e e e

,F“
;

—> Stationary Flux Density Distribution with B = 150 mT in the Sample Area
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. Multi-Airgap Inductor Core Loss Measurements (3)

m Losses in Sample - Increasing Temperature
m Excitation with 100 mT @ 750 kHz

m Start @ 7=35°C

m Excitation Time=90s

Solid, AT =27.7°C N=20, AT=73.5°C

10/03/2017 10/03/2017
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. Multi-Airgap Inductor Core Loss Measurements (4)

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

50mT ——— 100mT — = —150mT — — —
DMRS1 N59 N87
60 60 60
P
501 50 f _ 50 o
~ 0 Q-
// 1T
= 40} o 40t _° o 40} //’
£ ~® = o - s -
g 3o} _o-" 2 30t - g 30} -0
2 e 3 _e” E o~
20t o_-% St -7 S o0f -7
Sl D J a_—-—o-""7F -7 -7
L. — —_ — 4 L _ - _ —_
IO(Y e O — IO(T.-—'"'-G—— 10()’_/’__9_, ©
08:::-_-._0-——60;———--Q——— 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

—> Losses Increase Linearly with the Number N of Introduced Air Gaps
—> Conclusion: Surface Layers Deteriorated by Machining of Ferrite
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. Analysis of Ferrite Surface Condition

m Untreated Samples - Cut with Diamond Saw from Sintered Ferrite Rod
m Etched Samples - 100 pm Etching of Cut Plates with Hydrochloric (HCl) Acid

m Electron Microscopy - 45° Angle and 200 um Resolution
m Focused Ion Beam - FIB Preparation for 5 um Resolution Electron Microscopy
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. Comparison - Untreated Samples

e DMR 51 e N59 e N 87

2017/02/07 NLMD10.1x500 200 um

NL MD10.2x500 200 um

EMPA 2017/02/07 NL MD10.5x500 200 pym EMPA 2017/02/07

ETH:zurich RAIND —
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. Comparison - Etched Samples

e DMR 51 e N59 e N 87

2017/02/07 NL MD12.3x500 200 um EMPA 2017/02/07 NL MD13.0 X500 200 um EMPA 2017/02/07 NL MD10.9 x500 200 um

ETHz(irich M]z)@ _
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. DMR 51 Untreated - FIB Preparation (1)

et
(

10 ym

ETH:zurich
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. DMR 51 ETCHED - FIB Preparation (2)

50/61 ——
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. Multi-Airgap Inductor Core Loss Approximation (1)

Solid 10 Air Gaps 20 Air Gaps
150
DMR51  k,=124e-7  k,=0238 £ 100 ,
=225 oy =1.09 1 p
B=3.16 By =2.63 & 0
s et X e et
Od====%Ecz=C ZZ2E -9 G=ZIzH -
150 /
N59 k,=0.496 kg =0.0025 g 100 / s
a=1.09 o, =1.46 g b /
B =256 B. =258 o’ 50 ; et 3 s 1
gezzzg-—--F gzZziB -
150 y
N87  k,=9.02¢-9  k,=22091 B 10
=232 g =1.04 7 y s
B=1.90 B =3.19 o 50 2 A
g ST B /,/:g,/’:,o
0 - ZZZR TP gzZioo-~
50 100 150 50 100 150 50 100 150
B (mT) B(mT) B(mT)
A A s Dol
m Comp. of Coefficients - DMR51, N59, N87 P, = kof“B'B(VC(A_S)ﬁ +V)+ k f“B*- N-A,
C
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. Multi-Airgap Inductor Core Loss Approximation (2)

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

DMR51 N59 N87

— e T .
_ioomr| Linear Fit of

—__150mT| Measurements

— somrt| Analytical
——100mT| Approximation
——1>0mT O_f Ploss(N)

Ploss (Watt)

# Air Gaps # Air Gaps # Air Gaps

> Ext. of SteinmetzEq. P, = kofaﬁﬂ(Vc(%)ﬁ +V )+ k,f*B’.-N-A, Sufficiently Accurate

C
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. Little-Box 1.0 Prototype

m Performance

- 8.2 kW/dm?
- 96,3% Efficiency @ 2kW
T.=58°C @ 2kW

m Design Details

600V IFX Normally-Off GaN GIT
Antiparallel SiC Schottky Diodes
Multi-Airgap Ind. w. Multi-Layer Foil Wdg
Triangular Curr. Mode ZVS Operation
CeraLink Power Pulsation Buffer

—> Analysis of Potential Performance Improvement for “Ideal Switches”
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. Little-Box 1.0 Prototype

m Performance

- 8.2 kW/dm?
- 96,3% Efficiency @ 2kW
T.=58°C @ 2kW

m Design Details

600V IFX Normally-Off GaN GIT
Antiparallel SiC Schottky Diodes
Multi-Airgap Ind. w. Multi-Layer Foil Wdg
Triangular Curr. Mode ZVS Operation
CeraLink Power Pulsation Buffer

—> Analysis of Potential Performance Improvement for “Ideal Switches”

ETH:zurich
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. Little Box 1.0 @ Ideal Switches (TCM)

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

100

@
(kO 0) :

99

- Zero Output
Cap. and Zero Gate

ks = s, d

s = og | k=Tli=1) 7 Drive Losses

*0.k-1) (051  (k=1.k=1) oy |

d el ~ P

e =
| i Real Switches ,_g 97 i L (k=V/k=1) 1
| i o !
(0, 0.5) " (0.5,0.5) 1(1,0.5) L | S aY < S | —
~ ~ "

---------- O
d : £ 96

(k0. k0)} (05.0) (k=1 k0)

eT i h . =k 954
AN

Ideal Switches

EN) S S S

8 10 12 14 16 18
Power Density p [kW/dm?]

—> Analysis of Improvement of Efficiency @ Given Power Density & Maximum Power Density
—> The Ideal Switch is NOT Enough (')
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. Little Box 1.0 @ Ideal Switches (PWM)

100
§ 99
g
2
2
598
97 !
5 10 15
Power Density p [kW/dm?]
100

Ltficiency i [%]

98

97 Lol L L
0 5 10 15
Power Density p [kW/dm*]

Al

Efficiency n [

99.4

99.3

o
=]
%]

S0uH

6
Power Density p [kW/dm®]

500kHz 900kHz |

Power Density p [kW/dm®]

- L & f; are Independent Degrees of Freedom
—> Large Design Space Diversity (Mutual Compensation of HF and LF Loss Contributions)

ETH:zurich

=
=3

200

Inductance [puH|

Switching Frequency [kHz|

4\

oh~ SO

56/61 ——
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High-Efficiency
3-® Buck-Type PFC Rectifier
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» 3-O Integrated Active Filter (IAF) Rectifier

Injection of 3" Harmonic Ensures Sinusoidal Input

Six-Pulse Output of Uncontrolled Rectifier Stage

Buck-Type Output Stage Generates DC Output from Six-Pulse Rectifier Output
Three Devices in the Main Conduction Path

U.. = 400V -
U‘“ - 400VAC Integrated Active Filter
o~ bc Activated @ 180°
P, = 8KW ed @
\4
600 I T T T I
Uz
>
Current B
Input Voltage Selector  Injection Buck Converter &
Dix| Dy | D = ! E
ax bx cx (3
£ Tk %k Saya & Dyx Sxy Sk
a = 7 . -
1 Jog | JE
b o Gy | v Linj Lo io b <
¢ byb{" 5 ¢__ A ) g
A R
: 2 iy n 30 | 1 1 1 I
0 60 120 180 240 300 360
wtin

uuuuuuuuuuuu
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» 3-O® IAF Rectifier Multi-Objective Optimization

m  Multi-Objective Optimization - Max. Efficiency / Max. Power Density / Min. Life Cycle Costs
m  Life Cycle Costs: (i) Initial Costs & (ii) Electricity Costs of Converter Losses

. . \ : 3 )
S.10(12.6 W) - ICT (0.25 dm”) =4 i~ L. (0.25 dm?)

Linj (0.09 dm®) —
D12 (5.5 W) — _— IVS(14.9W)
o
Sxy/Syz (4.6 W) — ‘
L,(55W) ——
[(T(6 TW) —

Sxy Dz, Sxy.yz
(0.08 dm®)

—— IVS (0.10 dm®)
EMI Filter 3
o B ', (0.06 dm”)
i &
PCBs (6.0 W) (0.45 dm?) ~ C.y, (0.07 dm®)

“— Other (6.0 W) ’
“— Unused (0.27 dm?)

sy (LB~ \ EMIFilter 9.0 W) Control (0.30 dm®) —/
Current Interlevead Buck |
Input Voltage Selector Injection Converter

P g i J B 995 I I I | 1 [ I 15.0

xa be Sxe x X _ ix l 13.5
,JJ} J* Jé Szya Sxy| Sxi| Sx2 < 99.0 1 28 49292 27 .zs/fs“’ in kHz N 12.0 %
2 f&[—fw e 3 5 'R g & 105 .3
g — [ % 4040. I27. 28.'30 .34 9.0 -
=\ — i |y Lin . Loi 98.5 8 _ ©
=1 = Er=—rp 8 s gmr e | W70 E
= g - Linj r 9 58 m37 6.0 S
é B byb e ICT E ’ .43 =
1 R S < C,—= = 98.0-| ® Nanocrystalline co W39 45 2

o . g D..lD m Amorphous
Jﬂjs J JEFS SEyé vz 21| Yz2 Upn ¢ Ferrite 3.0
iy 7 n 975 1 | 1 1 I I | | 1.5

az sz

SEZ

Ji N I
Cyy ,TET

—> 10 Years of 24/7 Operation Demands n = 99% for Min. LCC
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» 3-O IAF Rectifier Demonstrator

99.5 T T T T T T T T
m Efficiency 7 >99% @ 60% Rated Load
m  Mains Current THD, = 2% @ Rated Load 980 - T
m  Power Density p = 4kW/dm3 >
ol 98.5 - -
5
g 98.0 - -
[25) —— Calculation Up,, = 400V
——— Calculation Upy, = 380V
Da5 - ° | @ Measurement Uy, = 400V |
" I ¢ Measurement Up, = 380V
FPGA Board 97.0 I 1 I 1 I I 1

00 10 20 30 40 50 60 7.0 80 90

Gate Drivers
Output Power in kW

DC Output

>
=]
= 5
- @
‘ =Ts]
=

: | N 3
Auxiliary Co
Supply
EMI Filter <
Ly Injection & =
Buck Converter =]
Switches
£
S
- SiC Power MOSFETs & Diodes -20 L ! L ! L
0 60 120 180 240 300 360

wtin ©
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| Overall
j __ Summary

ETH:zurich Mﬂ@ —



=IC I~ Power Electronic Systems 60/61 ——
I'— Laboratory

» Future Prospects of Power Electronics

MV / MF Power
Electronics

Smart Microgrids,
/\ DC Distribution

Standard / - 100kW
Integrated e
Solutions T
10w 7 System
J Applications
Micro Power

Electronics

Microelectronics Technology,
Power Supply on Chip

—> Future Extension of Power Electronics Application Area
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» Future Prospects of Magnetics

m Side Conditions

— Magnetics are Basic Functional Elements (Filtering of Sw. Frequ. Power, Transformers)
- Non-Ideal Material Properties (Wdg. & Core) Result in Finite Magnetics Volume (Scaling Laws)
- Manufacturing Limits Performance (Strand & Tape Thickness etc.) @ Limited Costs

m Option #1: Improve Modeling / Optimize Design

Core Loss Modeling / Measurement Techniques (Cores and Complete Ind. / Transformer)
Multi-Obj. Optimiz. Considering Full System
Design for Manufacturing

m Option #2: Improve Material Properties / Manufacturing

- Integrated Cooling
- PCB-Based Magnetics with High Filling Factor (e.g. VICOR)
— Advanced Locally Adapted Litz Wire / Low-p Material (Distributed Gap) / Low HF-Loss Material

m Option #3: Minimize Requirement
= Multi-Level Converters

- Magnetic Integration
- Hybrid (Cap./Ind.) Converters

—> Magnetics/Passives-Centric Power Electronics Research Approach !
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m End
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