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Outline

» Introduction

» Basic Multi-Objective Optimization Approach

» Component Models incl. Costs

» Converter Optimization / Evaluation — Example I
» Converter Optimization / Evaluation — Example II
» Conclusions
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Introduction

Performance Trends
Performance Space
Pareto Front

Design Space >
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» Power Electronics Converters
Performance Trends

Environmental Impact... [kgg. /kW]
[kge, /kW]
[kgy /kW]
[em?; /kW]

\4

Weight / Volume
\ /

State-of-the-Art

Losses

Failure Rate

m Performance Indices

Power Density [kW/dm3] Future
Power per Unit Weight [kW/kg]
Relative Costs [kW/$]

Relative Losses [%]

Failure Rate [h-1]

ETH:zurich 2018
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» Performance Improvements (1)

1000
‘5 Power Density
S 100 Converter Systems 1] Barrier *
= with H,0-Cooling N JA R
Z 1o m | [31]
~— -
2 |
z ) /] ~e2nl
5 R L= [6]
m Power Density p ~ L sER
= 0.1 —1 Telecom AC/DC T
— Telecom Power Supply Modules: 2 o Converter Modules ﬁ;@‘ggﬁﬂg
Typ. Factor 2 over 10 Years 001 '.
1970 1980 1990 2000 2010 2020 2030
Year
ETHzurich 2018
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» Performance Improvements (2)

10%
8 % TS
Inefficiency (Losses)... 1- o~
— v ( ) g 624’ ~J | Telecom Rectifier |
5% \ "\Modules
4% "~
3% N\ o
PV Inverter\ e
. o 29, Systems 3
m Efficiency ’ \
— PV Inverters: Typ. Loss Red. of \\
Typ. Factor 2 over 5 Years 1% =~
1990 1995 2000 2005 2010 2015
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» Performance Improvements (3)

Source: E‘ 2006

Specific Price [ €/WAc ]
Production Quantity [ 1000 Pieces/a ]

m Costs

— Importance of Economy of Scale

ETH:lrich WiPDA
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» Performance Improvements (4)

m Costs

— Automotive: Typ. 10% / a
— Economy of Scale !

ETH:zurich

8/110

Source: PCIM 2013
cost/part in% parts/year
'y 1\
100 +
10k——
90 |
Gen.-Change
@ 10% p.a. ~30% red.
80 1 (Modularisation + Standardisation)
70 4+
60 4 Gen.-Change 100k——
~20% red.
50 4 Standardisation)
40 1+
30~ 1000k—-
| Gen. 2 | Gen. 3 | Gen. 4 |
I I I I
2011 2015 2019 2023
20185
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» Design Challenge

m Mutual Coupling of Performance Indices > Trade-Off Analysis (!)

Efficiency

Converter

Complexity Switching

Frequency

Initial Costs
Life Cycle Costs

Reliability
Redundancy

/ Size

Operat. Temp.

— For Optimized Systems Several Derating,
Performance Indices Cannot be Redundancy
Improved Simultaneously

Level of
Integration

Costs

ETH:lrich WiPDA
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» Design Challenge

m Mutual Coupling of Performance Indices > Trade-Off Analysis (!)

— For Optimized Systems Several
Performance Indices Cannot be
Improved Simultaneously

ETH:lrich wWiPDA -~
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» Graphical Representation of Performance

m Design for Specific

Performance Profiles /

Trade-0ffs Dependent on

Application

Functional
Performance

Reliability Efficiency

Domestic
Applications

Functional
Performance

ost Size
Reliability Efficiency
Industry
Applications
Functional
Performance

Cost

Reliability Efficiency

Laboratory
Applications

Functional
Performance

Reliability

Information &
Communication Industry

Functional
Performance

11/110

Efficiency

Aerospace
Applications




=IC I~ Power Electronic Systems 12/110 —
I'— Laboratory

» Mutual Coupling of Performances (1)

m Experimental Exploration of the
Power Density Improvement of a Three-Phase
PFC Rectifier System with Increasing

Switching Frequency fr=50 kHz
p =3 kW/dm3
=72 kHz
N w/o Heat Sink p= 4{,,6 kW/dm3
16 l
~ 14 VR5(3|0} AVR10007
2 4,4'/| | fp =250 kHz
3 12 VR250 p =10 kW/dm3
=4 =
T VRt
4
, r fr=1MHz
0 lo) O p= 14.1 kW/dm3
10 30 100 300 1000
Jp (kHz)
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» Mutual Coupling of Performances (2)

m Experimental Exploration of the
Power Density Improvement of a Three-Phase
PFC Rectifier System with Increasing
Switching Frequency f»=50 kHz
p =3 kW/dm3

_fp= 72 kHz
p=4.6 kW/dm3

fp =250 kHz
Consideration p =10 kW/dm3
of a Single
Performance
Indexis NOT fr=1 MHz
Sufficient (!) p =14.1 kW/dms3

ETH:lrich wWiPDA -~
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» Mutual Coupling of Performances (3)

m Consideration of a Single Performance
Index is NOT Sufficient (!)

m Trade-Off of Performances Must be

. e CR fp =50 kHz
Considered = n-p-Performance Limit p =3 kW/dms

98

fr=72 kHz
o i p =4.6 kW/dm3
96 ‘ L WlthOth‘COOIt‘,r
VR—SO(‘) 500 Water Cooledj 00
R A N
§ 94 ‘ Forced Air Cooled fP = 250 ks
= 93 A)n 1000 1000 p=10 kW/dm3
VR-1000
92 |
91 n-p-Performance Space — fo=1 MHz
‘ ' | = 14.1 kW/dms3

p (kW/dm?)

ETH:lrich wWiPDA -~
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» Example of n-p-Trade-0ff (1)
m 1-O Boost-Type PFC Rectifier

» Si CoolMOS, 99m<2/600V
» SiC Diodes, 10A/600V

i
—
3

Co

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

fr=33kHz +3kHz

Two Interleaved
1.6kW Systems

v
* 99.2% @ 1.1kW/dm?

ETH:zurich 2018 _
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» Example of n-p-Trade-0ff (2)
m 1-® Boost-Type PFC Rectifier

» Si CoolMOS
» SiC Diodes

P,=3.2kW
U,=230V+10%
U,=400V

f,=450kHz +50kHz

Two Interleaved
1.6kW Systems

\ 4
% 5.5kW/dm? @ 95.8%

ETH:zurich 2018 _
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Derivation of the
n-p-Performance Characteristic

o—
L i Yo

y D) Dy

: A
s d El} ’

* Semiconductors / Heatsink
* Output Capacitor
* Inductor

ETH:zurich 2018 _
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» Analysis of n-p-Performance Characteristic (1)

m Specifications / Assumptions

Rated Output Power P, ]

Const. Input Current Ripple Ai

Const. Output Capacitance (, iEnergyg_Storage)
Const. T; of Power Semiconductors = T,

Def. Ambient Temperature T,

m Dependency of Component Losses / Volumes on Switching Frequency f,

— Input Inductor T
— Output Capacitor ) -
— Semiconductors /Heatsink

S |!—|-_1} 53|F} ¥

Q

ETH:zurich 2018
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» Analysis of n-p-Performance Characteristic (2)

m Input Inductor iedic

_ ' I
AlocU—oTp—> Al Y% o geel !l
_____ L | LI f, Ay Tp ay fp

Ve 2 Li%e B | g =2 od
_____ 2 fP . ——

______

0]
m Output Capacitor
1 ) P,
V. oc = CUJ =const. = | p. =—==const. P.~0 — |g =0
2 Ve —
ETH:zurich 2013 -
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» Analysis of n-p-Performance Characteristic (3)

m Semiconductors & Heatsink Cooling
System

Performance

Index

w

[CSPI]= [d;ﬁ’}

— Relative Semiconductor Losses

P=P.+P, P +k,f, — |&g ==oc(l+xyf,)
)

— Heatsink Volume / “Power Density”

G
cspl = _ K 1 \&:i:ATS_aCSPIi:ATS_aCSPI -
V, AT,V V. P.
ETH:zurich 2018 -
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» Analysis of n-p-Performance Characteristic (4)

m System Efficiency & Power Density in Dependency of f,

— Efficiency
\i: I:)o _ P| _(PL T Ps) —1_ (PL T Ps) ~1— (PL + Ps) :1_(6,'_ +gs) ‘
R R R F
— Power Density
P, P, 1
P=1 = = —> ,.
VooViVe Ve Vo Vs Ve " o
P, B P - D, |ps
p= (P +pc +ps) - ,
o] i . A
— f» as Parameter of n=n { p } - Characteristic _ SQE} SJEF Z

ETH:lrich wWiPDA -~
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» Analysis of n-p-Performance Characteristic (5)

m Specific Design = Only f, as Variable Design Parameter

m Only the Consideration of

All Possible Designs / Degrees

of Freedom Clarifies the
Absolute n-p-Performance
Limit

X f,=100kHz

[
~

Je

Efficiency [%]

Absolute #-p-Limit

“ ”
Pareto Front Inductor

22/110

Output

Capacitor

100 R |
98
Heat sink &
96 Output Cap.
94 — 3
rp—p—Lm'nt ! Heat sink
for Specific / '
Design .
92 - !
/
!
. !
90 - . T |
0 2 6 8

Power Density [kW/dm?]

2018
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» Determination of the n-p-Pareto Front

m Comp.-Level Degrees of Freedom of the Design

— Core Geometry / Material i o
— Single / Multiple Airgaps L P
— Solid / Litz Wire, Foils ! ’
— Winding Topology l =] D’”
— Natgrag/f:osrce (IZ10nv. Cooling Co
— Hard-/Soft-Switching L =T
L pegr | L
— etc.
— etc.
— etc. n
A n-p-Pareto-Front
m System-Level Degrees of Freedom /
— Circuit Topology :
— Modulation Scheme \ [Pﬁseﬁy
— etc. n - Limit
— etc. !;':
— etc. o
m Only n-p-Pareto Front Allows Comprehensive / :
Comparison of Converter Concepts (!) / — > p
Plim

ETH:lrich WiPDA
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Basic Multi-Objective
Optimization Approach

Abstraction of Converter Design

Component / System Modeling

Design / Performance Space
Pareto Front ___5

ETH:lrich wWiPDA -~
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» Abstraction of Power Converter Design

Performance Space

Design Space

» Mapping of Design
Space into System
Performance Space

ETH:zurich

Performance Space
» Efficiency

* Power Density
* Costs

» Reliability

* ctc.

System

Phase-Shift DC/DC Conv.,
Resonant DC/DC Conv.

Matrix AC/AC Conv.

L]
L]
e DC Link AC/AC Conv.
-
. elc,

Components

* Power Semiconductor
* Interconnections

* Inductors, Transf.
* Capacitors

» Control Circuit
* clC,

Materials

* Semiconductor Mat.
Conductor Mat.
Magnetic Mat .
Dielectric Mat .

.
.
.
. cle,

25/110

Evaluation Formulas
Lifetime Models
Cost Models

etc.

Specifications
Operation Limits
Converter Topology
Modulation Scheme
Control Concept
Operation Mode
Operating Frequ.

ele.

Doping Profiles
Geometric Properties
Winding Arrangements
Magnetic Core Geometries
etc.

WiPDA
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» Modeling and Multi-

Objective Optimization I

of Converter Design

ETH:zurich

Specifications
V;, V(), P(), AV(), CISPR 1 ]/22 A,B

Converter Topology
Modulation Scheme

!

Component Values, f»

26/110

Electric Power Circuit Model

Icrms I 0 Iy s l Lrmg g ii(0) [ vi()
3 [ 4 )
Capacitor Transformer / Inductor Semiconductor CM Noise DM Noise
Type « Windings Geom. Type Model Model .
¢ Wire Type lAfu l/h_*w g
* Core Geom, y — =
* Core Type Offline Optimized DM/CM >
l Loss Model Filter Topology 5
A - - u
('D,U l ('(‘M ﬁ l LD\T/L("H g
Loss Model Reluctance Model T; Filter Filter Inductor 3
Capacitor * Geometry E
l P/ Prns Thermal Model Type * Material E
Min. Loss Model 1 } <
Losses . Wlndmgs RT
B<B « Core " Loss Model Loss Model
=05
T < Thax TT(‘." Tw l Off-line T(./THT %
V< Vitax Optimized . Thermal
Thermal Model Heat Sink I\\;Ilnﬂl Model
| Transformer / Heat Semic
Capacitor | Capacitor Inductor Sink Losses. EMI Filter | EMI Filter EMI Filter | EMI Filter
1 Volume 1 Losses Volume Volume \ "Cap. Vol [Cap. Losses | Ind. Losses | Ind. Vol.
Summation of Component Volumes and Losses
Total Converter Volume / Losses
2018

(b=
v
L@
#
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» Multi-Objective Converter
Design Optimization

m Pareto Front - Limit of Feasible Performance Space

Xi A pi A v

r Pareto Front

Feasible ,""
Performance
Space ’
/’ > p1
Design Space Condition Map Performance Space

%

k= (ki ks, .. ki) p=(pi ps . pi)

X =(x;, X3 ... X,)

Search Evaluate
4 Optimization |

Algorithm
Swifi(x k) =Swip; > Max

ETH:lrich WiPDA
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» Technology Sensitivity Analysis
Based on n-p-Pareto Front

m Sensitivity to Technology Advancements
m Trade-off Analysis

28/110

Design Space

ETH:zurich

Performance Space

> p
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» Converter Performance Evaluation
Based on n-p-Pareto Front

m Performance Indicator m Design Space Diversity
tana. = 1- b Design Variables & Constraints
D Related to Two Adjacent Points
Pp of the Pareto Front
n
A n-p-Pareto-Front Xi pi
100% i v A A
1P
(1-1p) /\k// P )
(x)k)l \
G
(x.k) 1 >
= k] > P
Design Space Performance Space

ETH:lrich wWiPDA -~
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» Converter Performance Evaluation
Based on n-p-Pareto Front

A
100 Triple-Interleaved
TCM Rectifier (33kHz)
+0.15% -
99 { TS~
—_ - — *J
X e N Triple-Interleaved
= 98 ‘ ""ﬁ.}";"_;f TCM Rectifier (56kHz)
>
U O
- . S%
% 97 Double-Interleaved N A
— Double-Boost CCM N © 41
4= Rectifier (33kHz) N m
- N Double-Interleaved
96 | N\ Double-Boost CCM
* Rectifier (450kHz)
95 | | >
0 1 2 3 4 5 6 7
Power density p (kWdm3)
ETH:zurich o
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3D-Performance Space
Including Costs

ETH:lrich wWiPDA -~
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» Industry Perspective

m Priorities 1. Costs
2. Costs
3. Costs

4. Robustness
5. Power Density
6. Efficiency ............ + Modularity /

Scalability /
Ease of Integration into Systems /
etc.

— Basic Discrepancy (!)

* Most Important Industry Figure “Unknown” to Univ.
* Costs Not Considered in Applic.-Oriented Research

ETH:rich wWiPDA -~
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» Requirement for Quantitative Cost Models

m Advantages / Competitiveness of SiC
Can Only be Revealed Considering Full

System Costs State-of-the-Art

—> Si IGBTs

— Considering Only Volumes is Insufficient °
— Initial / Manufacturing Costs = _?J[i}JE?JE?
— Life Cycle Costs -0
A |
— Complexity / Reliability ~pl -0
— Functionality . -0
Tsic > Tsi o JI:R}"JI;}JE}
-]('E;\’L’,Sic > fs‘W,Si All Si 3L
—~ 100-- Advanced
= gl - SiC MOSFETs
8 o —
s L Jh bk
§ 40 B
E 201 = JH J|—< .
S ok o T hh

All Si 3L All SiC 2L All SiC 2L

ETH:rich wWiPDA -~
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» Converter Performance Evaluation
Based on n-p-o-Pareto Surface

m o: kW/$

40

ETH:zurich

34/110

n
~100%

[-99% n-p-c-Pareto

Surface

np-Opt.

~
.
-
~ -~

. — i

100%

99%

98%

97%

96%

n

n
r100%

r99%

- 98%

r97%

- 96%

WiPDA
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» Converter Performance Evaluation
Based on n-p-o-Pareto Surface

m Maximum alkW/$ , Related Efficiency and Power Density
m Definition of “Technology Node” = (n%p*,0* f5*)

n
~100%
2 2 o—
no-Opt. o Looy, 1 ﬂ
& 2740 -p-c-Pareto
/4 : /Surface
\. -
\4 \‘:,: ________ np-Opt.
/ = -—._.. lllll :
ap-Opt. :
0 i
20 10 :
30 i P i > fp
40 f*
g 50 P
ETH:zurich 2018
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Modeling of
Components

Efficiency
Power Density

Costs

ETH:zurich 2015
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Power Semiconductors and
Cooling Systems

* Cond./Switching Loss Models
* Thermal Models

* CostModels >

ETH:lrich wWiPDA -~
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» Modeling Tasks and Design Variables

m Design Routine

System Design Variables: | »{__ System Model )
hd fSW

e Component Values L, ('

Comp. Stress:

i), u(t)

¢ Modulation Scheme
Loss Models:

o Switching Losses
» Conduction Losses

m Thermal Model

I

I

I

I

I

I

: e Fan Losses Component Design Variables:
| » Gate Driver Losses + Semiconductor Type

| * T, "Bsc o # parallel / 4,

I ( Thermal Models ) ¢ Cooling System /Ry, pea
I ‘ — Sink Dimensions

: < T <T No — Sink Material

| * Yes — Fan Type

| CostModels ) | — #Fans

! 1

I Store Design:

l o Losses

| » Volumes

: o Costs

I

ETH:zurich 2018 _
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» Conduction Losses

m MOSFET Conduction Losses

Pcond(i(t)vTj) — RdS,on(i(t)vTj) ' i(t)g

l

Take from Data Sheet

80

Conditions:

70 4] Ves=20v

-~

t, <200 ps /
60 -,

T,=150°C /

40

[V —— S — -____—.-_-___4 SN H S E—

T,=25°C
30

T=-357€C

On Resistance, Ry o, (MOhms)

10

b i e — T S S R ———

0 30 60 90 120
Drain-Source Current, | (A)

ETH:zurich

150

On Resistance, Ry g, (PU.)

39/110

Source: CREE

1.8 )

Conditions:
1.6 +--]lbs=50A pode ~

Vgs =20V
14 4 t; < 200 ps P

//
1.2 /’
10 e
S
0.8
0.6
0.4
02 -
0.0
-50 -25 0 25 50 75 100 125 150
Junction Temperature, T,(°C)
2018
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» Switching Losses

m MOSFET Switching Losses

Psw = % . [Eon(lon,z Von,i TJ) + Eoff(loff,ia Vott.i, TJ)}

Layout-Dependent / m Measurement Results
Measurements Required

SiC MOSFET 1200V vs. body diode 1200V

wn
g 100& 7
5 = Y s |g V=400V |
2 £ 075, m £5/4 3 = 14,=800V |1
ERg 1 F —1=25C |
T W 0.50 EPIEP -=-1=125°C|-
2+ AR NES) ]
= * Z [ - | >
2w 025 ]
S “l_ﬂ..—i..r—!lﬂ:f"-".g_._g
30 20 10 0 10 20 30

MOSFET switched current  las  (A)

ETH:lrich wWiPDA -~
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» Semiconductor Costs

m Source of Cost Data

— Distributors
— Better: Manufacturer Data @ M0Q = const.

m Cost Model

ESC — Epack -+ Ochip Achip

1200V Rated Semiconductors

41/110

— Parameters Based on Fitted Data
— Inter-/Extrapolation of Semiconductor Costs

0] e g . < S P s s et e e e —
Ay —T T e T TWETWE 4 Si TWFS IGBT .
g 507 e Si PiN Diode i Fitted Manufacturer Data for MOQ = 50k
w» X SiC Schottky Diode - -
20 | B SiC MOSFET Chip SiT&FS  SiPIN o S Sdi‘)ftky SiC

% = " technology: IGBT diode CcS7 diode MOSFET
E— _________ B VD Vs —— oG (Fem?) 552 246 30.27 46.24 61.14
E 5 === - — . e ————=]  ogy, Fm’) 657 446 86.47 72.01

= . Module  Module Module
5.5 o | i Package type: TO-247-3 SOT-227 (23.2 cm?2) (29.9 em2) (37.6 cm?2)
g

o . S pack, (Smit)  0.55 8.10 7.62 10.01 15.06

0.05 010  0.20 0.50  1.00  2.00

Chip Area A4, (em?)

MOQ ... Minimum Order Quantity
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» Cooling System Modeling

— Fluid Dynamics Models
— Thermodynamics Models

ETH:zurich

<« Geometry, Fans
— Heat Sink Dimensions
— Heat Sink Material
— Fan Type
— # of Fans
— Experimental Verification
BT T T T T T 1T fer. ren
— 2€ R, 5., proposed
Q ‘ @ R, ., measurement
S= 1P
75 ® 9
35 | ® e o * ® -
> 5 2 *
2205 = #® &% -
=k » £ 8 g-
0 I [ I N N NN N N A A
1 2 3 4 5 6 7 8 9 10 11 12
Cooling System
2018
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» Cooling System Costs

L

m Fan Costs

— Distributors
— Better: Manufacturer Data @ M0Q = const.

m Cost Model for Heat Sinks

fc
Esink :Zsmk + Osink - I/Sink

— Based on Fitted Manufacturer Data

an _ .
® :;8 - — Fitted Manufacturer Data for MOQ = 10k
. F — 4

- ()5 E —-'// —-"-—‘—:

e - — — . J

220 F ___.f'-..___.a - —_— Heatsink type: Extruded E;gggigj Hollow-fin
-1 15 ¢ T A Extruded |

=z 10 | _ R g ® Extr./anod.] Osink,o (§dm?) 7.69 9.30 11.94
S 8 ___Jf—if"’ ® Hollow-fin_J3 B o (Gt 0.23 0.25 0.17

0.0 0.5 1.0 1.5 2.0 2.. 3.0

Heat Sink Volume Vg (dm?)

ETH:zUrich wiPDA —
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Magnetic Components

* Core/Winding Loss Models
* Reluctance Models
* Thermal Models

* Cost Models >

ETH:zurich

20185
WiPDA
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» Modeling Tasks and Design Variables

m Design Routine

System Design Variables: ™ "( System Model ]

e Jsw Comp. Stress:

o Component Values L, C Y IL..il), u(t)
7 n)

* Modulation Scheme

( Reluctance Models ]4— Component Design Variables:
« Core

TS T — Type (E-, U-, Toroid,...)
B< B"::n — Dimensions
lng<lng.umx / - # Air Gaps
- » — # Stacked Cores
Loss Models: - }\"Iat‘o“al
v . e Coil Former
o Core Losses : )
* Winding Losses - Dnnen_sums
— Material

f}I:"orm T:vdg ‘PL
( Thermal Models ]

¢ Winding
— Type (Round, Litz,...)
— Dimensions
— # Turns

— Material

e
I\'<1g< —[:\'ng.umx
I‘-ur(» < I-un:umx

Yes
( Cost Models )
Store Design:

o Losses

e Volumes ' www.pack-feindraehte.de
* Costs | www.jiricek.de

ETH:lrich wWiPDA -~
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» Core Losses

m Improved? Steinmetz Equation

1 .
Peore = Veore - T . Z ki ATzl

ABilﬁi

H 10*
=3 1
2 _
- 1 10% r
= ' T eteciuled il
— Improvement (1): Arbitrary Waveforms k: - ]
— Improvement (2): Operating Point-Dependent % g 1
Parameters y | ]
Sl — 10! : : : ;
10 5 102 5 0 50 100 150 200
Frequency f (kHz) DC flux density By (mT)
NS7T A B=25mT -# B=100mT — Tie=25°C
26055A1 Y —= B=200mT - Data sheet =T =100°C
— Requires Extensive Measurements = 108
— Sweeps: 7, B, By Teorer byg 2 [Esi0%
%‘ 103:
‘;f 1,[]'2_
E
z 10'%
=
& 100
> = 10 i i : ull ; ; i
S 11 5 e 2 Yo w0 w0 10 50
Frequency f (kHz) Rel. air gap length Lg (%)
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» Winding Losses

m Winding Losses

Pyag = Rac(Twdg) - 2 i Fskin{ fos Twdg) + Gprox{ fos Twdg) - Hexe iy } * 1)
s A i
50Hz 5 kHz 20 kHz 100 kHz
R ‘ ‘ @ E 400 kA/m?
g =
Skin Effect A -
= 200 kA/m?
— Skin and Proximity Effects H =
Contribute to Winding Losses ext =
— Frequency-, Temperature- and — 1 A 7 ( 9 —
Geometry-Dependency -

— Analytical Formulas for o
Fyi., G, and H,, Available Proximity Effect A

skins ®prox ext

ETH:lrich wWiPDA -~
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» Thermal Models

m 3D Equiv. Thermal Network

Winding:  hot spot to surface surface to ambient

D e WV

I =) z:a'c[ghs _ = —=I | ,:
'|| \:‘_"y O = I~ z
y l —
wdg
surface to

Tmnh“_ll'

surface
R
C — Pﬁ
||I @ o S o { |
I;.hs L — L ——
Core: hot spot to surface surface to ambient

m Significance m Heat Transfer Mechanisms
— Conduction

— Radiation

— Natural Convection

— Avoid Overheating
— Improve Loss Calculation

ETH:zurich
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» Verification of Multi-Physics Models

m Setup It 2% m Test Inductors
A

}::al
+
+V
— "cal _
o
m Thermal Model Verification
30, 120 100
o~ o HWMeas.
=25 © 100 80 DModel
¢ o [
= 9 o 80 S 6o ol
- 215 £ 60 o
5 - 510 2 40 o 40
w T & 5 & 20 20)
= 0 ] 0! | 0! .
0.3 0.8 1.0 0.3 0.8 1.0 0.3 0.8 1.0
Ipc (A) Ipc (A) Ipc (A)
25 120 100, WMeas
=20 o 100 80 OModel
120 60 =15 o Y 60 (S
15 35 " 210 ) 40
s < 40 &
30 20 ~ 5 & 20 20
0 0 0
110 64 0 20 48 0 20 48 0 20 48
Iy (A) Iy (A) Iy (A)
20185
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» Magnetics Costs
m Model
Xy = ﬁ (Zcore + deg + Z‘]ab)

T

| | > _ AT fc ;
g ch:-re — A’ stack - Zcore + Cl'ccnreI’I' core

\—' deg = Zg.[r:dg + deg IIT‘de

_ yife -
=+ Llab = 25 + Olab Wivdg

Example: Manufact. Data for
Litz Wire for MOQ = 1 Metric Ton

= itn Wi v
B 140 | Litz Wlf‘e Costs |
W 120
m Source of Data 100
o :
— Core Manufacturers = 38
— Conductor Manufacturers E it 1
— Suppliers of Magn. Components S 2 o A s S
= 0 50 100 150 200 250 300
w Strand Diameter dg .4  (um)
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Capacitors

* Loss Models
* Cost Models 5

ETH:lrich wWiPDA -~
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» Modeling Tasks & Design Variables

System Design Variables: T ’( System Model ]

 fan
o Component Values L, C

Comp. Stress:

I, Q)

(>

* Modulation Scheme Y

L]ns < IHDSJDELX
AvP< AV,

C,max

Component Design Variables:
y o Capacitor Type
(Film, Electrolytic,...)

I
I
I
I
I
I
I
: ( Loss Models ) * Rated Capacitance
I
I
I
I
I
I
I
I

Cost Models * Rated Voltage

» # Parallel
o # Serial

Store Design:
Losses
Volumes
Costs

ETH:lrich wWiPDA -~
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» Capacitor Losses

m Electrolytic Capacitor Losses

.........................

Po = Y ESR(f(ny: Tamb) - 313,

n
2.5 T T KALOSG8.C 103 T T 117 KAL0S28-D
ESR, | B43501 Q | B43501
ESR 100 1z Z
2.0 102 \\‘
— N
Take from Data Sheet 4 \ LAY
‘\ N\ +1 68 yF/400V
1.5 101 NN /V, 330 uF/250 V|
\\ A 1NN/ 1500 F/160 V [
\ NN\ \\//, —
1.0 10° EANID:N by
Nl 20 4 \ “\\ e
\ | | | _ N \\n. d‘
0.5 | 107 %
" "‘-..__. >60°C
4
0 1072 . .
10 5 102 5 10° Hz 104 10" 102 10® 10* 10%° Hz 10
— = f -
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» Capacitor Costs
m Cost Models

2
2Ale = bareVr + cale CrV;
2flm = Gflm + baim Vs + CAlmCr  — Parameters Based on Fitted Data

m Source of Cost Data

— Distributors
— Better: Manufact. Data @ M0Q = const. Fitted Manufact. Data for MOQ = 50k

4 H A Alel 250V
e Al el 400V
B Al el. 500V

1=
T

=]

Unit Cost Xale (£)

Unit Cost X', (€)
b

2 ]
A Film MKP 575V ]
1k ® Film MKP 800V |3
B -Film MKP 1100V |4
0 I PRI SRR U S 0 Lo e e e e 1 1]
0 100 200 300 400 500 600 700 0 10 20 30 40 50 G0
Capacitance  (pF) Capacitance  (pF)
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Converter Optimization
Example I

Isolated DC/DC Converter
Topologies/Modulation Schemes
Materials/Components
Optimization
n-p-o-Pareto Surface

Hardware Prototype 5

ETH:zurich 2015 _
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» Application

m Next Generation Residential Energy Management System

DC Loads
—F

e Air Conditioner
® Refrigerator

® Induction Cooker
eV

® LED Lightning

Mains
(T

Battery

— Renewable Energy Sources, Local Storage Systems

— DC Distribution Bus

— Intelligent Load Management Algorithm

— Possible Element of Future Smart Grid System

— DC Microgrids Already Employed in Data Centers, Ships, Airplanes

WiPDA -~
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» Bidirectional Wide Input Voltage Range

Isolated DC/DC Converter

Structure of DC Microgrid

Storage
System

DC Loads

Universal DC/DC Converter
v

PE=5kW @ p_. >98%

Idcl,ma.x = 22A
+O—b— DC +
';i 2 Vi Ve
e 3
Pe = [100,700] V 750V
2 DC Loads DC Bus
m Universal DC/DC Converter m Advantages
— Bidirectional Power Flow — Reduced System Complexity
— Galvanic Isolation — Lower Overall Development Costs
— Wide Voltage Range — Economies of Scale
— High Partial Load Efficiency
ETH:zurich ae1s
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» Converter Topologies

m Conv. 3-Level Dual Active Bridge (3L-DAB)

I Lics
O -0
b * C SOJE? SQJE‘} ifl L, Tr L iafSEJE‘} SEJE‘} *
- 0 7 Vdc;g— l'tl .i l.l ’—':2 =?Vdc2
SIkSIB% 1 SExS x| -
_|skpsEr s |
m Advanced 5-Level Dual Active Bridge (5L-DAB)
ol I
S S de2
Ln:: lE‘} J:} 'i,l Lg TI L i, {)qu_ Sl}J",_' <
Vil ERESE Sep 157 . lac ’ 2 = Vi
0 I;W t 2 3 -{H_HIJ = 9
1 e iy n:l SlJ:q}S?JEﬁ B _
T sk S o
ETH:zurich
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» Modulation Schemes

m 3-Level Dual Active Bridge m 5-Level Dual Active Bridge
_ Dlh' .I;w_
%cl r . DZ Mow . _‘/@cl
n Voot R . 1-Vie
de2 T T ;
Viel A _ Va1 |
-5t N | 2
072 = — 0
©12 | ;
Vel 27 fow - Vel r
—— | 2
12 Ll n-V,
1 de2 1L Uped _ :E;{CQ
~Vaer [ R et T
0 % ):I—E‘S\'\" 0 r}“- ):I;“r

—
—
—

el

Z31paB = (Dip, D1y, D2, 0 ,012) "

SsLDAB = (D1a. Dib. Do, pab, 012) '
\—’ == arg minz [

aCl,rms(n*-. L* . /I’*, ‘,_-::) <—/

with A* = (Vi Vi, Pe)T

C

— Choose Control Parameters = so as to Minimize Transformer RMS Current 7

acl,rms

ETH:zurich 2018 _
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» Modulation Schemes

m 3-Level Dual Active Bridge m 5-Level Dual Active Bridge
—~ 700 — 700
Z =
~ 600 T ~ 600 T
= 500 = 500 |
[ob] N
4007 %cga 400 |
§ 300 t E 200
2 200 Z 200
= 100 = 100

0 1 2 3 4 5 0 1 2 3 4 5
Output Power B, (kW) Output Power B, (kW)

— Significantly Lower RMS Currents of 5L-DAB Due to Higher DOF of Modulation

ETH:lrich WiPDA -~
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» Modulation Schemes - Zero Voltage Switching (1)

w2
[N
T
d+
b
o
S g
[NV e
I
\/
~

______________

> Wiy = Eoss(Vdc) T %Laflz
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» Modulation Schemes - Zero Voltage Switching (2)

ETH:lrich wWiPDA -~
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» Modulation Schemes - Zero Voltage Switching (3)

.;‘L &\\
i Sy J:]E{'UQ =Vic IY Vae — /—
l : Uy
. ) } =1

> Wiy = Eoss(Vdc) T %Laflz
ir(t2) =0 > Wt2 — Eoss(vdc) + Qoss(vdc) ' Vdc
> > %Lajlz > Qoss(vdc) - Ve

ETH:lrich wWiPDA -~
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» Modulation Schemes - Zero Voltage Switching (4)

m Achieving ZVS

— L, Usually Provides Not Enough Charge

— Add L., for Additional (Reactive) Current

— At Low Power and/or Too Short Dead Time Intervals Still not Sufficient - Partial ZVS / Add.
Switching Losses

O
© SR L L T Lo SRS

- . O T
— v l l Vaca _ I/;1c2
= C,

del =T acl
— I . — —
m 3-Level Dual Active Bridge o S‘?J:& S"J‘Jﬁ " Sng? qu} G

fon et Lo e J* Syl
2 '_.FH_HI}. Seg 257 - -1 - 2

5 5 |7 T ac2 !
o 85453?5 SE;JE} n:l Sl 'EESSI;ZJ'E& -

m 5-Level Dual Active Bridge —
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» Components and Materials

m Power Semiconductors

m SiIGBT m Si SJ MOSFET m SiC VD-MOSFET
o
. J=p
—O
. J=p
o

— Inexpensive — Conduction Losses Scalable — Cond. Losses Scalable

— 1200V — ZVS But Non-Zero Sw. Losses (!)  — Very Low ZVS Losses
— 1200V

— Cond. Losses Not Scalable — Large Specific C — Low Specific C,

— No ZVS Possible — Only 650V

— Tail Currents — NPC Half-Bridge Necessary — Costs

ZCS Difficult to Achieve Increased Part Count

ETH:lrich wWiPDA -~
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» Overview of Components and Materials

m 3-Level Dual Active Bridge m 5-Level Dual Active Bridge
i — CREE SiC MOSFET 80 mQ 1200V — CREE SiC MOSFET 80 mQ 1200V
: — 2 xon Variable Voltage Side — Scaled 600 V SiC Switch
— 1 x on Fixed Voltage Side — Variable Chip Sizes

— Same Total Semicond. Cost as 3L-DAB

Optimized Aluminum Heat Sinks
Range of Low Power DC Fans

— EPCOS N87 Ferrite E & ELP Cores
— Litz Wire with Range of Strand Diameters

— EPCOS MKP DC Film Capacitors
— 575V and 1100 V Rated

ETH:lrich wWiPDA -~
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» Global Optimization Routine (1)

» Design Space o Constraints & Parameters
 Operating Points /].‘opt,:i * Component Database

J

(F) I=I*] 4 Global System
v

Optimization
Dependent Global > Calculate Dependent Global Design Variables:
Design Variables T = 2.5 % T, n=n
A =2V L=L; %
A=A5, L= Ly 4
¥ Towieis Lois Lugs Coy
[ Calculate WC and Nominal Waveforms J
Wavetorms
Local Component > C‘o‘ginu’ Tr!u:i» m'l lalp,u!llziu” Fi!m '
0 pt-i mization ﬁ_\_-‘%fetﬁ former Inductor | | Inductor | |Capacitars| | FCP

2|3 -0 - R

Dcs, J Drr, j DL,,, j DL,“. Jj Dd;_;‘ DPCB
L]

[ Identify & Store Pareto-Optimal Designs D{% )
J< Jrpies
No

[Identify Overall 7ayg—py0—0p Pareto-Optimal Designs D, AB]

ETH:zurich
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» Global Optimization Routine (2)

m Offline Design Variable Optimization

— L, ,L,, and nDetermine Waveforms
— Optimize with Chip Area Distribution

» ZVS for All Operating Points

» Minimum Semiconductor Losses [
» Design Frequency: 50 kHz

* Operating Points /_l'opm- » Design Space UJI_:;},
» Constraints & Parameters ¢ Design Frequency £

= j=j+1
(Sele(:t 4™ Vector of Design Variables HJD<M

=
Lojy Ty Achip

[ Semiconductor Properties )
ﬁds,on,j-, ﬁth,jc,j: égd,j; C_jds.,j, @gs,j
[ Determine L, : Ideal ZVS ¥V /Topt ; J
Ly, Waveforms
[ Semiconductor Losses J
RBc,s Rucs,j
T< Jon Yes
No r/
( Select IT*= arg ming, P(II) )

ETH:zurich 2015
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» Optimization Results - Pareto Surfaces (1)

m 3-Level Dual Active Bridge

N

50 75 (100 25
Switching Frequency £, (kHz)

ETH:zurich

o
o

o
[vs]

©
=1

o
(@)

o
ot

Average Efficiency 1a, (%)

ok

2 3 4 5 6
Power Density phe (KW /dm?)

[S]
t

.....

[ |

Watts per Euro op (W/€)

1 2 3 4 5 6
Power Density p,, (KW /dm?)

Tp _//)box Pr

o
(=]
o
[
>

o
ot

Average Efficiency 7avg (%)
Ut

10 15 20 25
Watts per Euro op (W/€)

0p (W/E)  proe (KW/dmr)
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» Optimization Results - Pareto Surfaces (2)

m 5-Level Dual Active Bridge

5

0

75 100 [125
Switching Frequency £, (kHz)

o
(=)

(%)

o
(%}

o
=1

o
Ut

Average Efficiency 7ayve

—
ot

5

Watts per Euro ap (V

o
(@]

o
o

o
o0

o
(@]

o
Ut

3L ”d\rf l”box PEF
C———
SL Ua\’g _{)box PT L ) ' “-
*A):
1 2 3 4 5 6

Average Efficiency g (%)

Power Density ppo, (KW /dm?)
3L op

201

—_
o

—Prox PF

1

5L Ip ~ Phox PF 97
<9
9
> 3 1 5 6
Power Density pyo, (kW /dm?)

o
=1

70/110

5 10 15 20 25
Watts per Euro op (W/€)
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» Optimization Results - Component Breakdown (1)

m Lower RMS Currents Overcompensated by Low Chip Utilization

m Higher 5L-DAB Conduction Losses /.

m Lower 5L-DAB Switching Losses £,, and Incomplete ZVS P, Losses
Due to More Uniform Current Waveforms

7
6 Lower Losses of 5SLDAB
= Ideal ZVS } ’ -
51 |
=R |
o) [
g 4 i } B P
2z i } TZVS
= @ ‘
;é % 3 - } '_Psw
_ — . —_gAUX
g 'U e |-
ﬁ 5 9L S _PPCB
| L I | Lm
20 | e e == ————— *PLU
§ 1 i _PTI‘
3L-DAB > 0F, Few 50 75 100 125 150 175 200 225 250 275 300 50 75 100 125 150 175 200 225 250 275 300 P c; < 5L-DAB
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» Optimization Results - Component Breakdown (2)

m Higher 5L-DAB Volume Mainly Due to Higher Capacitance for Midpoint Balancing
m Increase of Magnetics Volume at High £, Due to High Core Losses
m Auxiliary Based on Prototype — Industrial Auxiliary Approx. Half the Volume

1.5 Increasing volume of L -
and cooling system
:‘g/ 1.2+ )
< Gy
=
g 2% S
3= Ln
< g i
- Lo
E =5 "I'r
= =
= 03
o rAUX
- e mmEE s/ [PCB
3L-DAB » 0.0 fsw 50 75100 125 150 175 200 225 250 275 300 50 75 100 125 150 175 200225 250 275 300 T er—rSC « 5L-DAB
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» Optimization Results - Component Breakdown (3)

m Higher £, Allows for Lower Volume of Passives
m However, Magnetics Require More Expensive Litz Wire, Capacitors are Inexpensive

m Main Costs are Semiconductors and Auxiliary

m Auxiliary (incl. Gate Drivers) Based on Prototype - Industrial Auxiliary Approx. Half

the Costs . .
8 vs. 12 Gate Driver Units -
250 -C
o —_/ S
] !!! !é_Lnl
@ 200 = T WL
w - g
o [ | ~Ir
EREl
5 Lq 50 F
=
S Z
< Z o0l LAux
= O o [ [ [ [ [ [ [ [ (o
g = ~PCB
= 50+ -
3L-DAB » 0k +SC « 5L-DAB
Fow 50 75 100125 150 175 200225 250 275 300 50 ' 75 100 125 150 175 200 225 250 275 300
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» Experimental Verification (1)

m Hardware Prototype of
Three-Level Dual Active
Bridge (3L-DAB)

kw

[100, 700] V
750V

=50 kHz

Vb =2.8dm3 (171 in3)

($))

m Power Density 1.8 kW/dm?
m Peak Efficiency 98.5%
m Average Efficiency 97.6%

Heat Sink &
Fans

ETH:zUrich wiPDA —



=1 I Power Electronic Systems 75/110 —
I'— Laboratory

» Experimental Verification (2)

. . e 700 : : . ‘ ‘ \ \ w —99.0
m Very High Efficiency AN
. . 3 . Loss of Ideal ZVS Pux=0W

Despite High Functionality / os s =
600 [ 1 22

= — 98.0
= 500 f 1 =
= _ High Rel. Magnetic Losses 97.5
2 400 970 2
= i
> 06.5
= 300 50
&) 96.0 &
200 =
05.5 2

100 95.0

20 25 30 35 40 45 50
Output Power [, (kW)

0.5 1.0 1.5

— Peak Efficiencies of 98.8% (Without Auxiliary) and 98.5% (incl. 10W Aux. Power)
— High Efficiency Over Extremely Wide Parameter Range
— ZVS in Most Operating Points

ETH:rich wWiPDA -~
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» Experimental Verification (3)

m Very High Model 700 Vo=
Accuracy . -
600 L. :
—~ Eﬁ
= 2.0 4 2
= 500 ¢ an
',SG | ?
. 3.0 MEQ:
2400
=S 4.0
> o
= 300 -
S 5.0 2
B =
200 60 &
<
e,
O
100 70 =

05 1.0 15 20 25 30 35 40 45 50

Output P (kW
— Average Error  2.5% utput Power [, (kW)

— Maximum Error 7.8%
— Widely Varying Mix of Loss Contributions

ETH:lrich WiPDA -~
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» Experimental Verification (4)

m High Accuracy of
Thermal Modeling

N = O o

=
~
Losses (W)

L i 860, i

L i - 50, i

L i 30, i
6 6 10 11

10 11

: | & oot ]
| " A 707 ﬁﬁ |
ﬁ II 1 £ 500 f
il Iy -1 -] |
3 5 6 3 5 6
L 4 890_ 4
L il ~ 70_ il
A 1] ]|
L i E 30, i
11 12 10

11 12 10

Lm

Losses (W)
O W T

3]
]
—_
—
o

—_
ot

Lo

ot

Losses (W)
=

o

—

.Core Models .\-\Tin(ling Models  EggMeasurement X A easi

— Supports Calculated Loss Modeling
— Temperatures Generally Underestimated — Wiring, Thermal Coupling
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» Experimental Verification (5)

m Accuracy Prediction of
Voltage and Current
Waveforms

— Non-Linear Switching-Transitions
— Incomplete ZVS Transitions

ETH:zurich

System Model

800 . ; :
Finite-Speed Switching — laal
| — Vae2
= 400 ) Non-Linear Current | = faet | |
1y AV //
-, 0 i \
I
E -400 Incomplete ZVS/
~8005 5 10
00 Measurement
I..=3.06 A (-1.5%)
= 400 AV =140.7V (-1.9%)|
_LE AV
) 0 )\
o -
= AV,
— ~400¢ 1
-8 I I I T
'OUO 5 10 15 20

Time (ps)

78/110
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» Experimental Verification (6)

m Comparison to Pareto Surface

— Prototype Development — Improvements with Advanced
Multi-Objective Optimization
* No Optimization Routine *  0.3% Hiah
- .3% Higher Eff. @ Same Volume/Costs
: Ea(r)gf‘;v%mgr Density of * 40% Lower Volume and 20% Lower

Costs @ Same Efficiency

o

e
o
o

7751.\'{3; —0Op PF
"

o
9]

=
07 | Prototype

o
-1

™

96 + * o & |

o
D

)
ot

o
o

Average Efficiency 7avg (%)
Average Efficiency 7ave (%)

T2 3 4 5 6 0 15 20 25
Power Density pp, (kW/dm?) Watts per Euro ap (W /€)

ot
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» Conclusions Example I

3L-DAB Clearly Superior over 5L-DAB

More Efficient (Chip Area Utilization)

Higher Power Density (Capacitors)

Lower Costs (Gate Drivers)

Much Simpler — Reliability

High Functionality (Voltage Range, Galv. Isolation, Bidir.) @ High Efficiency
Could not be Achieved w/o SiC

ZVS

Difficult to Achieve at Low Load and/or High Switching Frequencies
Parasitic Capacitances (Semicond. Package (!) to Heat Sink, Magnetics,
PCB Layout) Become Highly Important Due to Required Add. Charge

m Usefulness of Multi-Objective Optimization Routine

— High Accuracy of Models
— Improvements for Prototype Revealed

ETH:zurich 2018
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Converter Optimization
Example II

DC/AC PV Application
Topologies/Modulation Schemes
Materials/Components
Optimization
Pareto Surfaces

LCC Post-Processing >

ETH:zurich 2015 _
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» Motivation (1)

m Advancements in PV Converter
Design and Development

— 1990s - 2000s

* Main Focus on Efficiency
* Improvements from 90% to >98%

2010 = P
—_ S = =N 41 —_aco
= =2 n=96%

* Econom. Downturn and Slower Market Growth

* Main Focus on Costs (!)
2011
m Ongoing Discussion on Whether and How il n=99%
SiC Can Improve PV-Inv. Performance (!)
Yy Future?

ETH:lrich wWiPDA -~
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» Motivation (2)

m Opportunities of SiCin PV Applications

Higher Sw. Frequ. and Lower Volume @ Same Eff. — Costs?

1) Same Sw. Frequ. and Higher Eff. @ Same Volume — Costs?
3) Other Topologies/Modul. Schemes (e.g. Higher Voltages, ZVS Operation, 2-Level, etc...)

P Systematic Multi-Objective Optimization Imperative!

m State of Research

— Only Very Few Contributions with Multi-Objective Optimization
— Mostly Case Studies of Single Prototype and Single Frequency, Main Inductance etc.

Source: Fraunhofer ISE Source: SMA

. 5kW 2-Level w/o DC/DC

S art) n=96.8% @ 48kHz
0 n=93.0% @ 144kHz

L =0.83 kW/dm?3

20.5kW 3-Level w/o DC/DC
7=98.6% @ 16kHz
p=0.17 kW/dm? @ 52kg

» Optimal? » Optimal?

ETH:zurich A
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» Application and Goals

— Single-Input/Single-MPP-Tracker Multi-String PV Converter
— DC/DC Boost Converter for Wide MPP Voltage Range

— Output EMI Filter

— Typical Residential Application

I
N
N
=

I

mpp,max

Utility

A~

Vi =[400 ,800] V V,=(325+£10%)V

Systematic Multi-Objective n-p-o-Comparison of Si vs. SiC
Exploit Excellent Hard- AND Soft-Switching Capabilities of SiC
Find Useful Switching Frequency and Current Ripple Ranges
Find Appropriate Core Material
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» Topologies - Converter Stages

Loe _ac I}jk
m ALl Si IGBT - Gl sy L s R T
3-LeVE|. PWM 0 7;“- t > - 0
I O (A3 5 i e A
TR _ Sl F e KF
o -— ¢ ol)
- Ly [3(,1“
m AlLSiC MOSFET T AL Su oo [ 1
2-Level PWM == Voo | L "J$"Jj°J'j e .,
I(nverter ) T G gk Ve g} m—ob — Tt
2L-PWM bk G, s
° =L i J Jq} q} o()
CI' i ]-1 H""ﬁ Sip Sy 001
m ALLSiC MOSFET ' el = 12 B 5 Y = = Y T
2-Level Double- \ m L : i P
Interleaved TCM- R L e Ve -, .
Inverter Corr JREF L | -, 1, t
(2 L-TCM) - T ij-‘ ?Jlnl Jr— JI— Jr- Jb—j L
égﬁ T _| it JRRnh Ry
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» Topologies - Filter Stages

; Lcml Ldm2 Lch Ldm3 LcmS L _'l’g_
m 2-Stage DM & CM o= ! — = il
R SR R R R IR
il §li |
C = = = = =
0o H‘ cl-L(' ! i dm1 I(‘ dm2
‘fb ? “cml ? cm2 PE
m 2-Stage DM & (M Oto Coh L t= t=
Filter for 2L-TCM. ’ 1 p 1 Lcl1112 Lch Ldm? LcmB Ly Vs
m TCM Inductor Acting do - -0
as DM & CM Inductance ho - -—— i —Oo— -
co —— L O
Ry '
PEX -F;: g: Cimi l l l
020 T ¢
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» Modulation Schemes - PWM Converters

m Three-Level PWM Inverter (3L-PMW)

— Symmetric Boost Converter — 3-Level T-Type Converter
— Interleaved Operation — 3-Level PWM Modulation
— Part. Compensation of LF DC-Link — 3rd Harmonic Injection
Midpoint Variation
cI 1pp ﬁc lz(,l"
+ T 3
_._|_,74 (_'r;m: Sdgj = 1513 S;ﬂé J:? ‘J[’} Lt Finy
0 1.t —@—@ -—s—0a \\ /
T -— i
= L P Ok e — NS
T T Sugaga
o _— i¢ o0

m Two-Level PWM Inverter (2L-PMW)

— Standard DC/DC Booster — 2-Level Converter
— Standard Modulation — 2-Level PWM Modulation
— 3rd Harmonic Injection

. M1 SEVEREE 4
A Voo ek J Jo—- Jl—- Ld_ml Liny o? T\M M/
0 It Coi gt . = U !

| gl 00

o()
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» Modulation Schemes - TCM Converter
m Two-Level TCM Inverter (2L-TCM)
— 2-Level/Double Interleaved Booster — 2-Level/Double Interleaved
— Interleaved TCM Operation — Interleaved TCM Operation
— Turn-Off of Branch in Partial Load — Turn-Off of Branch in Partial Load
cjmpp L_dc deﬁ Si1 Sys
#% R = V=== N T
W t L/npp Sdc V, T ’
o L |',: |: d = tob
Ex : T S S| Sy ,_L=:}-oc
R A | R R Rl
TCM
. ogerat,-ng — ZVS for AlL Sw.
PrinG Transitions
rinciple S%JE — Variable f,,
1 L

V. @ S

ETH:zurich

— I, to Limit f,
— Losses Due to I, ;
@ Low Loads

n

WiPDA



“1C I~ Power Electronic Systems 89/110 —
I'— Laboratory

» Components and Materials

3L-PWM V¥ 2L-PWM V 2L-T(M V¥
“n r — 6 x Infineon Si IGBTH3 — 7 x CREE SiC MOSFET — 16 x CREE SiC MOSFET
o 25 A 1200V / PiN Diode 80 mQ2 1200V 80 mQ 1200V
.5 — 6 x Infineon Si IGBT T&F — 1 x CREE SiC Schottky
o3 30 A 600V / PiN Diode Diode 20 A 1200V
3 S — 2 x Infineon Si IGBT T&F
£8 30 A 600 V
= — Infineon Si PiN Diode
2 45 A 600V
(=]
= g ll — Optimized Al Heat Sinks
=33 ;ﬂmm — Range of Sanyo Low Power Long Life DC Fans
oD
=t — METGLAS 2605SA1 — EPCOS N87 Ferrite E Cores
=3 ; Amorphous Iron C Cores Or  — Litz Wire With Range of
= c — Solid Round Wire Strand Diameters

— EPCOS MKP DC Film Capacitors 575V and 1100 V for MPP Cap.

=2 §- — EPCOS Long Life Al Electrolytic Capacitors 500 V for DC-Link Cap.
= — EPCOS X2 (DM/CM) and Y2 (CM) EMI Capacitors
= — gnehcs KoolMu Gapless Powder Cores / Solid Round Wire (DM)
i — VAC Vitroperm 250F/500F Nanocrystallme Toroid

Cores / Solid Round Wire (CM)
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» Global Optimization Routine

m Independent Design Variables

— 3L-PWM
EPWM . r e [6,36] kHz, AT

8ys
— 2L-PWM
2P £ e [12,72] kHz, AP € [5,60] %

sys

€ [5,60] %

Jmax

— 2L-TCM
HszyLsTCM fsw,min S [12:84] kHZ’ kfs“’ € {4’ 12]

m Dependent Design Variables

— Main Inductances Function of £, and AZ, . ..P
— Filter Components Based on CISPR Class B

m European Efficiency
Neuro =0.05 - 1m9.03.p, + 0.1 -n0.1.p +0.2-19.2.p+
0.3-7m0.3.p, +0.5-m05p +1 n1.0p
— Add. Weighted for {525, 575, 625} V MPP Voltage

ETH:zurich

90/110

Dependent Global Design Variables

Independent Local Component Optimization

L [Pa:reto Analysihj (Pareto Analysis) [Pareto Analysis)

« Design Space « Constraints & Parameters
* Component /Material Database » Operating Points
AL Al | i1
F 3LPWM _ T J=.
L™= ( fos AL )
LS =( fuanin: i) 17 ;
[ Calculate Main Inductance Values
‘Ldr.)“ Lam1.j
[ Determine WC Required Filter Attenuation ]
A dm @ fcrin,dm ‘ Acm Q fcrit.cm
( DM Filter Design )
Limajs Lams s Cama ‘ Cama s Cago Bag
( CM Filter Design )
T T PR T
[ Caluclate WC and Nominal Waveforms J

Waveforms

] L
(CS & SC Design] (Inductor Desigﬂ (Capacitor Desiglﬂ

‘ ‘ i

(i) k=t () =kt | ’ f=hi 1
Tes g Ty, T

[ Models J [ Models ] [ Models ]

< Const mi111s>< < (‘nnntrniuth‘>— < (‘nnht.rniuts>—

-

1o 1D 10
PCB Design )]
e
[ ldentify & Store Local Pareto-Optimal Designs D{,

<>
Yes ‘

No

Independent Global Design Variables

(

Identify Global 135y Ppe—0p Pareto-Optimal Designs Dy,

)
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» Optimization Results

2LTCM ¥
99.00

08.75 F

(%)

08.50 f

7’)'511m

98.25 ¢ -

98.00

20 "6 4
o (W/E) 307 pee (KW/dm?®)

R E N

Min. Switching frequency f, . (kKHz)

— No Pareto-Optimal Designs
for £,y min> 60 kHz

— No METGLAS Amorphous
Iron Designs

2LPWMY

99.0

98.5r
98.0 ¢
97.5 ¢

97.0

91/110

- Pareto Surfaces (1)

3LPWM Y

o (We) B gy (kW /dm)
Switching Frequency f, (kHz) Switching Frequency f, (kHz)
— Pareto-Optimal Designs for — Pareto-Optimal Designs for
Entire Considered f,, Range Entire Considered f,, Range
— No METGLAS Amorphous — METGLAS Amorphous Iron
Iron Designs and Ferrite Designs
2018
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» Optimization Results - Pareto Surfaces (2)

09 . ; . -V 2LTCM/N87
s
OB |- : 1

-4;-—

(%)

m 3L-PWM Core Material

— Compact Designs with Amorphous
Core Material @ Low Ripples

— Chear Designs with Ferrite @ High
Ripples Despite Larger Volume

L
SLPWM/|{3LPWM/ X

, 2LPWM /N8T7
N8T{2605S5A1

96+

95

0o 1 2 3 4 5 6 7 8
Power Density pp,, (kW /dm?)

99 . —Y 2LTCM /N87
| _‘-%\ d_ZLPWM
o SLPWM/NST i /N87

96 - s

European Efficiency 7o

Switching Frequency Multiple Ky

m 2L-TCM Core Material

— Only Ferrite for 2L-TCM Due
Large HF Excitations

— Expected Result

(%)

Average Efficiency Nwg (%)

95

0 5 10 25 30 35
Watts per Euro op (W/€)
35

m 2L-PWM Core Material

— Ferrite @ High Ripples Cheaper
AND Smaller - Unexpected Result (!)

— Amorphous Core Material too High
Losses Already @ Low Ri[()lples, High
Flux Density Not Exploite

Y 2LPWM /N87
- L 1) -y -
30 -\\ ‘&

o Y 2LTCM/N87

25 !

3LPWM/{3LPWM/

NS87|26055A1

20 5 6 7 8
Power Pensity p,,. (kW/dm?)

ETH:zurich 2018 _

WiPDA

Max. Current Ripple Aﬂfim

Watts per Euro op (W/€)




“1C I~ Power Electronic Systems 93/110 —
I'— Laboratory

» Optimization Results - Component Breakdowns (1)

4.0

(%)

enuro

3.0

*

2.0

Weighted Losses 1-17)
'—L
o

w =
S S o

b = O
o O
T

Design Variable
IIﬂ 8 (kHZ)

o

____:\fSW N 0! é
—2LTCM — —2LPWM— —3LPWM—
Parametrized Trajectories on Pareto Surface

m Semiconductor Losses Clearly Dominating (35 to 70%)
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» Optimization Results - Component Breakdowns (2)

— 5.0

= I

=

4.0

_fé* 3.0

Q} -

'_‘.% 2.0¢

c.

= i

T 10¢

%

C%.

0.0
<
= ﬁSD
£ 560
53
— 40

& ¢ :
= 8 20 5=
ER T e e N ]z

—2LTCM — —2LPWM— —3LPWM—
Parametrized Trajectories on Pareto Surface

m DC Caps of 3L-PWM Largest Because of Midpoint Variation / Balancing
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» Optimization Results - Component Breakdowns (3)

800

""'\—f B - ';La.
W 0

—2LTCM — —2LPWM— —3LPWNM—
Parametrized Trajectories on Pareto Surface

m Higher Gate Driver Costs (incl. in Aux.) of 3L-PWM Compensates Lower Si Semicond. Costs
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» Optimization Results - Semiconductor Losses

Weighted Conduction losses P, (%)
' ' 60 ,

m Sensitivities of 1200

<
. : 50 ! 1
Semiconductor Losses 1000F ¢ 10 ' )
&< )
800 5 20 C - |
600+ 207 I ,,_,—m'*
i 10} L ]
400 .
g 1900 Weighteﬁ% Switching losses P o (%)
— 2L-TCM 50t
. < 1000
* Wide Sw. Frequency Range / N 407
Lower I, Results in Lower <= 800y 30¢
Conduction Losses £ i
§ 600 02 O3 20 )
o 10}
— 2L-PWM 2 400 _
* High Ripple Operation 2 1900 Weighted Totg(l] Semiconductor losses P . (%)

Lower Switching Losses Due ZVS sl

40t
30t
20+
10 {5
40012 28 44 60 76 12 24 36 48 60 72 6 12 18 24 30 36

Design Variable /Ly (kHz)
2LTCM i 2LPWM i SLPWM i
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1000F
— 3L-PWM 300t
* No ZVS for IGBTs

* High Ripples are Causing
Higher Cond. Losses
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» Extension to Multi-Objective Optimization Approach

m Performance Space Analysis m LCC Analysis
— 3 Performance Measures: 1, p, ¢ — Post-Processing of Pareto-Optimal Designs
— Reveals Absolute Performance Limits / — Determination of Min.-LCC Design
Trade-0ffs Between Performances — Arbitrary Cost Function Possible
( )
z; 8 e Neuso (70) Cost LCC (€)

Pareto Function

Surface

- 'P 3‘ 'euro’ X
g (UP Teuros o )_‘E___

= 0, N (kW /dm?)

Performance Cost
Space Space

\. J

-1
Component /
Models

» Which is the Best Solution Weighting 1, p, o, e.g. in Form of Life-Cycle Costs (LCC)?
» How Much Better is the Best Design?
» Optimal Switching Frequency?
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» Post-Processing
m LCC- Analysis (1)

1.5

=}
(==}

65

e %efr;.rcnce kf.,
— « Designs B30
0] — 20
213} = 50 1 S 60} . A
S ™ = [ =
S 3LPWM ~ . ® e
BES = a0t { St
O OLTCM = =
< 0.9 T OE 3¢ 1 E 0t o
j;__ - . f;w._min = PP |'/
© . & ° / 2 AL
L"E‘ L i Z I L |'|I . é 5k .
£ 07 £ 2 =| / s 45
SLPWM / I'|_\_
) fon
D.D | | | | - 10 | | | | — 40 | I | |
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Cost of Energy oy, (Ecents/kWh)

— Simple Life-Cycle Costs (LCC) Function for Mapping into 1D Cost Space
— Initial Costs, Capital Costs and Lost Revenue (=Losses) Based on Net-Present-Value (NPV)

Analysis N
LCC = Z’tot + Z{q 'Ztot. + Zlosses (neuro)} : ﬁ
n=1
— Assumptions g=05%/year N=10 years
ETH:zurich 2018 -
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2LPWM 3LPWM
o AL” . =50% kp, =12
» Post-Processing RSk =
?@?LW % Prot=2.79%

3

m LCC - Analysis (2)

Weighted Loss Share (%)

Vbox,tot =1.75 dm?®

Ly
g Diot=402 €
5 9 10 “l‘ N
= Best System : é
2L-PWM @ 44kHz & 50% Ripple A Q
— 22% Lower LCC than 3L-PWM Hsc .AUX/I.PCB WS Wi Wi Wi HEvi- WS
— 5% Lower LCC than 2L-TCM
_ Simplest Design - LCC =806 € LCCj77O€ LCC =984 €
— Probably Highest Reliability o
— Volume Advantage Not = *
Considered Yet (Housing!) 5 »
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» Conclusions - Example II

m SiC Systems Superior to State-of-The-Art Si System

— Generally Higher Efficiency and Power Density of SiC

Initial Costs only Marginally Lower (SiC 2L-PWM) or Higher (SiC 2L-TCM)

— TCM Operated System More Complex but With Highest Potential for
Further Improvements

m LCC Analysis to Determine Optimal Design

— SiC 2L-PWM @ 44 kHz vs. Si 3L-PWM @ 18 kHz - 22% Lower LCC of SiC
— Initial Costs 5% Lower
— Smaller Housing and Higher Reliability Not Considered Yet

m Usefulness of Multi-Objective Optimization Routine

— SiC can Improve 7, p, and ¢ Simultaneously
— Optimal Switching Frequencies Lower than in Previous Publications

— Results/Findings Not Possible with n-, p- or n-p-Optimizations or
Single Prototypes

ETH:zurich 2018 _
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» Overall Summary

m Only Full System Level n-p-o-Optimization Reveals Full Adv. of SiC (!)
* Adv. Cannot be Identified for 1:1 Replacement or only 1D-Optimization

m Rel. Low Optimum SiC Sw. Frequencies Calculated Compared to Literature
* 44kHz for 2L-SiC Inverter vs. 18kHz for 3L-Si-IGBT Inverter
* Frequently Incomplete Models Employed in Publications

m Advantages of SiC Concerning Efficiency, Power Density & Costs

* Lower System Complexity (2L vs. 3L) / Higher Reliability
* Saving in Passives Overcompensates Higher SiC Costs

m SiC Allows Massive n-p-Gain vs. 1200V Si for High-Frequ. DC/DC Converters
* Design for Minim. Parasitic Cap. to Ensure ZVS @ Low Effort
* Research on HF Magnetics / TCM ZVS Schemes / Packaging Mandatory

® — Higher Efficiency / Power Density @ Same Costs
'I % — Lower Complexity / Higher Reliability
— Higher Functionality
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» Future Design Process

m Main Challenges: Modeling (EMI, etc.) & Transfer to Industry

2015

Hardware 80 % —
pototping 20 | —

2025

Reduces Time-to-Market

More Application Specific Solutions (PCB, Power Module, and even Chips)

Only Way to Understand Mutual Dependencies of Performances / Sensitivities (!)
Simulate What Cannot Any More be Measured (High Integration Level)

ETH:zurich 2018 _
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Future

CHALLENGES
Research *

AHEAD
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» Future Challenges

m Consider Converters like “Integrated Circuits”
m Extend Analysis to Converter Clusters / Power Supply Chains / etc.

— “Converter” > “Systems” (Microgrid) or “Hybrid Systems” (Autom. / Aircraft)
— “Time” —> “Integral over Time”
— “Power” - “Energy”

O ip(t)dt

Power Conversion > Energy Management / Distribution

Converter Analysis —> System Analysis (incl. Interactions Conv. / Conv. or Load or Mains)
Converter Stability —> System Stability (Autonom. Cntrl of Distributed Converters)

Cap. Filtering - Energy Storage & Demand Side Management

Costs / Efficiency > Life Cycle Costs / Mission Efficiency / Supply Chain Efficiency

etc.

ETH:zurich 2015 _
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» New Power Electronics Systems

Performance Figures/Trends

m Complete Set of New
Performance Indices

— Power Density [kW/m?]

— Environm. Impact [kWs/kW]

— TCO [$/kw]
— Mission Efficiency [%]
— Failure Rate [h1]

ETH:zurich

\4 \4
2?5)52;?0 f:/laln Manufacturing & State-of-the-Art
Energy Loss Recy dl’?g Efjort Floorspace
Requirement

lotal Cost of

F R
0wnersth ailure Rate

v/ Future
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