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History and Development of the 1(
Electronic Power Converter T% LINKOR

LINE

l PP

E. F. W. ALEXANDERSON E. L. PHILLIPI

FELLOW AIEE NONMEMBER AIEE

Figure 1. Electronic converter, dual-con-

version type
HE TERM “electronic power con-
verter” needs some definition. The
object ‘'may be to convert power from

direct current to alternating current for Figure 4 (left),
d-c power transmission, or to convert [ T 1 it Single - conversion-
power from one frequency into another, S = 3 type frequency
or to serve as a commutator for operat-

ing an a-c motor at variable speed, or for changer
transforming high-voltage direct current
into low-voltage direct current, Other
objectives may be mentioned. It is = @ = @ =) Lo @
thus evidently not the objective but the = =

means which characterizes the electronic B

power converter. Other names have i
been used tentatively but have not been
accepted., The emphasis is on electronic Figure 5 (below).
means and the term is limited to con-
version of power as distinguished from
electric energy for purposes of communi-
cation. Thus the name is a definition.

D-c transformer

HIGH-
VOLTAGE

TRANS-
MISSION

Paper 44-143, recommended by the AIEE commit-
tee on electronics for presentation at the AIEE

summer technical meeting, St. Louis, Mo., Ju
30, 1944. Manuscript submitted April 25 h&

+/93-5
made available for printing May 18, 1944,

MOTOR | ¥
LOW-
F VOLTAGE
MOTOR
-@ CIRCUIT
t v
E. F. W. ALexanpersoN and E. L. PHILLIPI are

with the General Electric Company, Schenectady, 654 TRANSACTIONS Alexanderson, Phillipi—Electronic Converter ELECTRICAL ENGINEERING
N.Y.
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United States Patent Office ..., 5% . 1970

3,517,300
POWER CONVERTER CIRCUITS HAVING A
HIGH FREQUENCY LINK
William McMurray, Schenectady, N.Y., assignor to Gen-
eral Electric Company, a corporation of New York
Filed Apr. 16, 1968, Ser. No. 721,817
Int. Cl. HO2m 5/16, 5/30
U.S. CI. 321—60 14 Claims +
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United States Patent (19

Brewster et al.

(1 4,143 414 I
n

ws  Mar. 6fw]l<— 1979

[S4] THREE PHASE AC TO DC VOLTAGE
CONVERTER WITH POWER LINE
HARMONIC CURRENT REDUCTION

[75] Inventors: Roger F. Brewster; Alfred H. Barrett,

both of Santa Barbara, Calif.

[73] Assignee: General Motors Corporation, Detroit,

Mich.
[21] Appl. No.: 894,739
[22] Filed: Apr. 10, 1978
[57] ABSTRACT

A three phase AC to DC voltage converter includes
separate single phase AC to DC converters for each
phase of a three phase source with the DC voltage
output of the three converters paralleled and controlled
to provide necessary regulation. Each of the single
phase AC to DC converters includes a full-wave bridge
rectifier feeding a substantially resistive load including
an inverter and a second single phase full-wave bridge
rectifier. To the extent that each inverter and second
single phase full-wave bridge rectifier approximate a
resistive load, the source current harmonics are re-
duced. Additionally, the triplen harmonics produced in
the three phase source lines by each of the three AC to
DC converters are cancelled by the triplen harmonics
produced in the three phase source lines by the remain-
ing two AC to DC converters.

2 Claims, 1 Drawing Figure
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United States Patent 19
Mitchell '

[
[43]

4,412,277 I
| |

oct. 25[983]<«— 1983

[54] AC-DC CONVERTER HAVING AN

IMPROVED POWER FACTOR

Daniel M. Mitchell, Cedar Rapids,
Towa

{75] Inventor:

Rockwell International Corporation,
El Segundo, Calif.

414,757
Sep. 3, 1982

[73] Assignee:

[21]
(22]

Appl. No.:
Filed:

[57] ABSTRACT

An AC to DC converter utilizes a first power converter
for converting an AC signal to a DC signal under the
control of a control signal. The control signal is gener-
ated by a control circuit that includes a first analog
generator that provides a first signal that is analogous to
the voltage of the AC signal that is to be converted. A
second analog generator generates a second signal that
is analogous to the current of the AC signal that is to be
converted and a third analog generator generates a
third signal that is analogous to the voltage of the DC
output signal. The third signal and the first signal are
multiplied together to obtain a fourth signal. The con-
trol signal is generated from the fourth signal and the
second signal and is used to control the power con-
verter such that the waveform of the current of the AC
signal is limited to a sinusoidal waveform of the same
frequency and phase as the AC signal.

8 Claims, 2 Drawing Figures
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3 Technology-Eurve

/
/
/
] /
Power Electronics 2.0 !
3 Superdunct. Techn. / WBG Paradigm
Digital Power Shift (?)
Modeling & Simulation '
Performance Replacement 3 Power MOSFETs/IGBTs
T2 2 (Disruptive) 3 Microelectronics
5 £ g i Circuit Topologies
E 7 3 Mod(l:JIat{or} Concep%s
\ l \ ~ SCRs / Diodes Ontrot L-oncepts
SolidState Devices
™~ Existing N /_——__
Technology e
» Effort/ Time * 2025
2014
ETH
Eid.genézsistheTe.chnisd;eHo:hschuleZifrich ﬂFE EgZF;EV\I/QOC:ﬁg&app —_—
Swiss Federal Institute of Technology Zurich



=IC I~ Power Electronic Systems 10/102 —

I'— Laboratory

3 TeCh n Ology-s u rve . Source: Dr. Miller / Infineon

3.5 -
Yy SubSCurves <
b Overall Development Defined by =
Improvement of Core Technologies B 28 P —

= rated switching power: 100kW
E 2 -{{rated short circuit power: 500 kW | ﬁ
o
> [ A/A0 = 0,44

. i

1988 1992 1996 2000 2004 2008 2012
20 1
conventional HYMOS

Yy Importance

Ros(on)*A,max [Ohm*mm?]

1. Power Semiconductors (incl. Package — | | Future

2. Microelectronics/SignafProcessingg ) [2xd o [ 3 oo B

3. Topologies

4. Analysis / Modeling & Simulation " | | | | i
1992 1996 2000 2004 2008 2012
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3 Power Electronics Converters
Performance Trends

[Kgpe kW]
[kgcy kW]
[kgy /kW]
[cm?g; /KW]
N State-of-the-Art

Weight / Volume

Failure Rate

y Performance Indices

b Power Density [kKW/dm?3)] Future
b Power per Unit Weigh%kW/kg] 3
b Relative Costs [kW/$]

b Relative Losses [%] Market

b Failure Rate [h]
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3 Analysis of Performance Limigs Pareto Front

Yy Sensitivityto Technology Advancements (Exampilg-Pareto Front)
Yy Tradeoff Analysis

n
A
_____ P
O N
s = on ;
" oOp |p /
Il > p
Design Space Performance Space
ETH
ROy Corrroiner
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Experimental Verification of
Performance Limits

A 3-ph. VIENNA Rectifier
A 1-ph. PFC Rectifiers
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3 Demonstrator #1A 3-ph. VIENNA Rectifier

y' Specifications

U,.=3x400V
fn= 50 Hz p 60 Hz or 360 Hz pnu 800 Hz
P,=10 kW ) op
U,=2x400V * *
fs =250 kHz
S - 0 &5 £ |5 =
Yy Characteristics i rhl i
d=96.8%
THDP=1.6 % @ 800 Hz
10 kW/dm3 ) c
3.3 kg (C3 kW k
Tl th F
Dimensions: 195 x 120 x 42.7 @m * T on

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

ECPE Roadmap
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3 Demonstrator #1A 3-ph. VIENNA Rectifier

b Switching Frequency &f = 250 kHz2Offers Good
Compromise Concerning Power Density / Weight per
Unit Power, Efficiency and Input Current Quality THD

98

97 -

96
95

1 (%)

94
93
92
91
90

ETH

Experimental Evaluation of Generation 4 of
VIENNA Rectifier Systems

VR 23 25 _ Without Cooler
| . .
| ' 1
VR-500 & 500 Watelr Cooled 500
— | 500
Forced Air Cooled
/ ‘ * 51000
1000 1000
VR-1000
4 6 8 10 12 14
p (kW/dm?)

16

fs= 50 kHz peress

} =3 kw/dm?

fs= 72 k
} = 4.6kw/d

fs= 250 kHz
} = 10kW/dnes

(164 W/in3)
Weight = 3.4 kg

fs=1 MHz
} = 14.1kw/dm3
Weight = 1.1 kg

[FLPE
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3 Demonstrator #28 1-ph. Bridgeless PFC Rectifiers

Uy = 230V

N-p—Pareto Limit
for Ultra Efficient

_7§[| BridgelessPFC
K Exp. Ultra

Efficient System

S)
5
§ 96
E Ultra Compact
95 - Exp. System
- —p-P Limi
94 gc])r % trillr%%ml[r)?lgt
BridgelessPFC
93 T T T T T T
1 2 3 4 5 6 7
Power Density [kW/dm3]

Power Density is Based on Net VolunizsScaling by 0.6.8 Necessary

ETH !,_" L'FE ECPE Roadmap
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3 Pareto Front of Power Semiconductors

Yy TradeOff Between Conduction
and Switching Losses

25
w
w
°
= 20
R=
©
-
-
=
o
- basis (substrate) © 15
=
S=
n- basis (substrate) Collector =
p-emitter =
. s n fieldstop 0 10
Collector» l E’J
p-emitter >
b Improvement Through Changes in

Device Structurd, E.g. Introduction
of Trench Gate and Fieldstop Layer

19/102

600V
IGBT

Low turn off loss

[FLPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

High Performﬁnce Al Generatilon New!
800 1200
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3 Observation

y°Standard» / Relatively High
Performance Solutions for
Nearly All Key Applications
Existing Today !

100% A

Power
Density

Yy Very Limited Room for Further Perform. Improvem&nonly COST Reduction (1)

l P ECPE Roadmap
/=1
Eidgendssische Technische Hochschule Ziirich [ E —

2025 Workshop

Swiss Federal Institute of Technology Zurich
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3 General Remark

There I s No °Moore’'s Law» 1In
Power Electronics !

Yy Example: Scaling Law of Transformers A A, =2 Pﬂ
ore g T
R kWersBmax f
B..H Very Slow Technology Progress
Jnms M Li mi ted byNoChamgguct i vity
f m Limited by HF Losses & Convert erpnsistors
& General Thermal Limit Pentium 4 Processar] 100,000,000

Pentium® Il Processor

MOORE'S LAW
Pentium® il Processor 10,000,000
Pentium# Processor

4BB™ DX Processor,
4 1,000,000

3B6™ Processor

1 100,000

Yy No Fundamentally New Concepts of
Passivedy We are Left with Progress s

| 10,000

. . . aooa / Vg
in Material Science (Takes Decades) N 1000
1970 1975 1980 1985 1980 1995 2000
Eidgendssische Technische Hochschule Ziirich L[-FE Eng;EV\I/?o?'ﬁg}:T)%p -

Swiss Federal Institute of Technology Zurich
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3 General Remark (2)

Yy Expected (Slow) Technology Progress of Passives

Source: EPCOS

b Foll Capamtors 2000 2005 2010 2015
OPP = Oriented POWDrOperne E_nergy Dehsity ;UFEJF":’U ;T;’U :;g:;b ’1)20%
oHD = Advanced— oPP o — 105 °C 115°C 150 °C iﬁo °C
COC = Cycloolefine Copolymers Max. Temperature

Self Inductance 60 nH 30 nH 15 nH 10 nH

b Cooling —

_ _ | Cooling limits |
Air Cooling 0
Water CoQImg ) - R 1L T S
Refrigeration Technologies s - Power
5 wlo T
O w1 I".L_,f-*'
g B
0
m_ -
N
o[ b . .
i :
K s i mMdgretics f or Year Source: STA
Eidgendssische Technische Hochschule Ziirich ﬂFE Eng;EV\?o?ﬁg&%p —_—
Swiss Federal Institute of Technology Zurich
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Next Evolutional Ste ?
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° Opt 1l NViewst I,C »
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Swiss Federal Institute of Technology Zurich



=IC I~ Power Electronic Systems 25/102
I'— Laboratory

3 Optimistic ViewA BreakThrough (Shift) the Barriersl

y" Degrees of Freedom b Topologies _ l
b Modulation Schemes € only if not Fundamental
E Control Schemes Physical Properties
etc.

Y Remark: Designer's Point of View (Given Semiconductors & Base Materials)

E ECPE Roadmap
Eidgendssische Technische Hochschule Ziirich [FE —

2025 Workshop
Swiss Federal Institute of Technology Zurich
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New Topologies ’? 5
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R. Streit/
D. Tollik 1992

3»Snubbers» (1)

b Example: _-:rlph. Telekom Boost
ype PFC Rectifier

] R

Yy Complexity Increases Exp®ifNat ur al »
Limit of a Technologg Approached

Yy Next Step in Semiconductor Technologies
Makes Snubbers Obsoléie SiC Diodes

ETH

ECPE Roadma
Eidgendssische Technische Hochschule Ziirich HFE 2025 Workshopp

Swiss Federal Institute of Technology Zurich
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3»Snubber s»

b Example: Noisolated Buck+Boost
DGCDCConverter for
Automotive Applications

98% Efficiency
29kwW/dn?

Yy Instead of Adding Aux. Circuits

Change Operation of BASIC (!) Structy
Per f or me

° Natur al »

ETH

(2)-
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T 5 1o se Gl
2G, Lx JE JE}
1 D¥Dy |5, 1 Ds¥Dg sy 4
Vi . = |v,
- G| °
Lx D3 ‘D4 Dﬁ D?
2¢; ] -
t - * L, T h
T * T B “ T I
b)
100
/a)
<~ o{f T
i )
g |l
2 98
=]
&
97
96 T T T
0 2 4 6 8 10
Output Power P, (kW)
l,.f L'FE ECPE Roadmap
2025 Workshop  —
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3 New Converter Topologies

b Another Indication
fora® Nat ur al »

Comparison of various PFC options: complexity @1
Performance Limit

of control vs better semiconductors

P D1 021S Jf;f El— S1 Hl— s3 }f}f ?l_fﬂ - s3
© T\AA&N;J ,J 400Vé © T_W\N.f 400¢ © ® [ 400v
L2 _| _| ® 1 = o L1 ==
”sz 31:1 sztl 7 al_ s2 EI_ s4 al—sz A, s4
o J—

o Za
= sa:s //

g —— Totem pole, GaN, 65 kHz
Y 986
£ — Dual boost, C7 + SiC, 65 kHz
& o9g g
98,2 TCM, P§, 20..120 kHz
Source: 98,0
97,8
Dr. Gera|d Debo 0 100 200 300 400 500 600 700 800
Plenary Presentation @¥ Pout[W]

IECON 2013, Vienna

Yy Minimum Performance Difference for Best Matching of Topology/Semicond./Modulation
Yy Only Use BASIC Topologi€®sts are THE Deciding Criteria (!)

ETH EFE ECPE Roadmap

Eidgendssische Technische Hochschule Ziirich 2025 Workshop —_—
Swiss Federal Institute of Technology Zurich
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3 New Converter Topologies

y" Very Large Number of Options !

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 7, NO. 1, JANUARY 1992

b Example  Topologies for Three-Element Resonant Converters

Rudolf P. Severns

b 26 out of 48 Topologies ~ by ot '““-i
are of Potential IIontergest ﬂ }:”: ”;Z E E J TI TI
A 14(3, RESE L ::i*i' **%-"“Pﬁ:r'qq
74, ’L#—t—_"l‘ ts:j i_l_I 19) e 3 I_[_ ._{ i (v ’j_—r qu._.”_. ._“_me
s ITK:]'—‘ a - T!m 1S ';!' |" lj:" I’“"‘:E‘ '_-]_—‘—5‘

“"j‘ I I°

o IND oD CLIpER: T e e

w - Fig. 17. Networks with 2L and 1C. . o = I
VoNT I-N-1 T

Fig. 13. Source-network-load combinations. Fig. 18. Networks with 2C + 1L, 3C, and 3L.

Yy Tools folComprehensive Comparative Evaluatiogently needed ! @
ETH
Eidgené;sischeTechniscl;e Hochschule Ziirich HFE EgzleV\?O?ﬁg&app —_—
Swiss Federal Institute of Technology Zurich
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3 Integration of Functions

b Examples: * Single-Stage Approaches / Matrix Converters
: Multi-Functional Utilization (Machine as Inductor of DC/DC Conv.)
etc.

JH]K,JQ]E_J % J%J;Jéiudn P

[}
I
OoMn oW Op
(=
Q
Q
o]

T

o
o
o

ratat | Aty EAE

Yy Integration Restricts Controllability / Overall Functionality o
Frequently Lower Performance of Integrated Solution
Basic Physical Properties remain Unchanged (e.g. Filtering Effort)

<SS

ETH /,’_'[FE ECPE Roadmap

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

2025 Workshop
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b Highly Optimized Specific Functionaliy High Performance for Specific Task

b Restriction of Functionality Lower Costs
A

High Performance

High Performance
Low Costs . High Costs

Performance /
(Ideal)

Functionality
L
|
| Low Functionality
|
|
I

Low Functionality
Low Costs High Costs

Cost :
Improved Performance Ratio

Costs

Yy Cost / Performance Ratio is a Key Metric for Industry Success (Sales Argurr
2025 Workshop

HFE ECPE Roadmap
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b Example: DCTransformerhA Isolation @ Constant (Load Ind.) Voltage Transfer Ratio

1.0

Adopted e.g. bW/ ICOR
°Sine Amplit-ude Conve -

for Factorized Power
Architecture

0.0

A B
0.5 )

B Jr&é_l“ J;
) ﬁiﬂ T ag "

53 53 tf] !

& H

I+

<
<
I
|

OUTPUT VOLTAGE/IINPUT VOLTAGE

T T T T T T T
0.4 08 08 1.0 1.2 14 1.6 1.8 20

FREQUENCY/RESONANT FREQUENCY

Yy Resonant Freqé Switching Frequd Input/Output Voltage Ratio N,/ N, (Steigerwald, 1988)

ETH /,’_'[FE ECPE Roadmap

Eidgendssische Technische Hochschule Ziirich 2025 Workshop
Swiss Federal Institute of Technology Zurich
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Multi-Cell Converters

A Parallel Interleaving
A Series Interleaving

ETH EFE ECPE Roadmap

Eidgendssische Technische Hochschule Ziirich 2025 Workshop
Swiss Federal Institute of Technology Zurich
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3 Multi-Cell Converters (Homogeneous Power)

Yy Example ofParallelinterleaving b Breaks the Frequency Barrier

b Breaks the Impedance Barrier
b Breaks Cost BarrierStandardization
b High Part Load Efficiency

B

Usw.1 Usw.z USW.N

)y usw

H. Ertl, 2002

Yy Fully Benefits from Digital IC Technolo@ynproving in Future)
Yy Redundancy Allows Large Number of Units without Impairing Reliability

ETH HFE ECPE Roadmap

Eidgendssische Technische Hochschule Ziirich 2025 Workshop —_—
Swiss Federal Institute of Technology Zurich
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3 Multi-Cell Converters

y" Basic Concept @ Example Bérallelinterleaving

36/102

b Multiplies Frequ. / Red. Ripple @ Same Switching Logsdsicreases Control Dynamics

f

1 A Imux
A Um.'lx‘N =A Umux ) 3 A ImaxN = 9
N H. Ertl, 2003
h fs 2fs  3fs  4fs 5fs  6fs Tfs  8fs
II I| |I I||II||II| III.I_I.J_I.ll L
" M
fy = 5kHz |
e e 0.01 1 | Ll | 1 |
2A/div 100V/div  25us/div 5A/div 25us/div T T T T T T T T 1
0 50 100 150 200 250 300 350 400kHz

Y Fully Benefits from Digital IC Technology (Improving in Future)

Yy Redundancy, Allows Large Number of Units without Impairing Reliability

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

[FLPE
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3 Multi-Cell Converters

Yy Example ofSeriesinterleaving b Breaks the Frequency Barrier
"""" b Breaks the Silicon Limit 1+1=2 NOT 4 (!)
b Breaks Cost BarrierStandardization

2
2
AUuaxy _ 7% | fo | 1 b Extends LV Technology to HV
U 32 | fs| N3
T/N Ay U
// X \& \\ N
— T
© ’ : Uy
1
I——Sal
'—\__bi 1
C—) 77777777777777777777777777777?7‘
.
2 N |
| |
: : -
| | , 1
| |
—O—I R r - ‘0
Sab |
: |
— | |
N A A
Sa Sp
ETH
Eidgendssische Technische Hochschule Ziirich HFE EgZZEV\I;QO(:’ﬁgR:)app -
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3 Multi-Cell Converters

b Multiplies Frequ. / Red. Ripple @ Same Switching Losses & Increases Control Dynamics

2
2
AImalx AUmax,N T fO 1
Alyaxn = N2 T: f_ —
S
AU
‘uilulm ,luml N=1 ‘ L l' 'Ul ‘ J.f‘.‘"” l“‘.‘q'\'l N=1 Wﬂ, mm
l|1 |p| ‘[‘ il l‘ " ‘ Alllw' F\‘I'l\, ”rl “
- -1" ”Hif‘“,h |'|’ “* u \h ! LLIW" I ‘J J ”
‘ A | I‘ ra il
| l AN ” A
' l |! """"" NI!I fﬁ“!\ ‘i‘l f, \u \h.{“ ﬂill: _/ \\\ ‘||f

\ / i’—‘ \ — \,\ ‘_/; B \,‘ )

VDN s A
2l \"\‘ / “\,\ 1 [ /—> \ kJ{ /\ \ k,‘ﬁ [ u / N, i J} / A ]
/ \ \ i \ / 0N A A
{ \_/ NG/ = Ny g \ ! \  N=2 / ' 1

NS NS \ / \\ \ / \

1 [ Allw% \_/‘\'=4 e ‘ At.‘am% \ /N=4 \
B60V/div ZOUIuydi\r ‘ 15A/div 200us/div BDVId%v 200us/div I I I I
H. Ertl, 2003

Yy Especially Advantageous for OhmieSate Behavior of Power Switches (!)
Yy Redundancy, Allows Large Number of Units without Impairing Reliability
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3 Multi-Cell Converters

b Scaling o}y ,,0f MOSFETS with Blocking VoltAgd oss Red. by Factor of 8 fgr4

100 | 1.00 &
Rpson ] Rps.on = Ups gr TRFPF50
1 \ | mrpes2 | g9 RFFGSO
10 ST A N -
E P — 4 P B
1 e WwePaso T | e COND v |
] | IRFP360 Rpson=Upspr 4 T
p ° : {\ T
100mQ | 7 7/\ | 0.10
3 IRFP250N '
ny Rps.on > Ups gr ~
. \\? —
—e
10m@ IR:?P!JIO P . L
] N 15
] I‘/IRFPOGIN s
1/
1/, 200W-MOSFETs / T0-247
ImQ L \ I 0.01 H. Ertl, 2003
0 200V 400V 600V 800V 1000V 1 9 3 4 5 6 7 8
Ups.ar N

y' Especially Advantageous for OhmieSate Behavior of Power Switches (!)
Yy Redundancy, Allows Large Number of Units without Impairing Reliability

ETH HFE ECPE Roadmap

Eidgendssische Technische Hochschule Ziirich 2025 Workshop —_—
Swiss Federal Institute of Technology Zurich




40/102 —

“1C I Power Electronic Systems
I'— Laboratory

3 Multi-Cell Converters

O T 7 T
g 10 | 3 le.l 12 ’5.‘_10 . /
® — s o
—~ / I, fj"‘ /
NE 1 / /| L= //
= ===—=C= B A A0 L
G Sz //
; 1 /’ 7 /, .
A SRR
%S 100m | g; Compens. / /¢ e
. Scaling of Specific ] — Limit /7 /
OnState Resistance - 10 =T // RV ‘
3 m %syimit SiC ;imit GaN Limit
1 D.. I /| | I Z/ I I |
(RDs,on3 A)eff OF (RDS,on A) ﬁ‘ 1m / /
10 100 600 1000 10000
M Vbr (V)

Yy Excellent Opportunity for Extreme Efficiency Ul€ampact Converters

ETH ,.t F’L' ECPE Roadmap
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3 Multi-Cell Converters

phase H-bridge output stage '
y iy T || N=1 %VDC d\/dt
‘N |sJap: s aD o
i ¢t dv/dt CE ;
CDc==lVDC “| |||||||||”| | TVDC
Dinusnt] > Av
sz-“::%nz s4_|"/3g1)4 Vs Vi dv/dt

Ve
M &,
| t TVpe
| w > Ig t Is t B t
S
ps ES\\'
A AT, A,
t

|_ \ converter cell :

L . , Scaling of Switching .1 1
Losses for Equati/ | P._.°P

r andav/ dt SN “SN=1 ©2N2 N3)

N

y* ConverteCells Could Operate at VERY Low Switching Frequency (e.g. 5kHz)
y" Minimization of Passives (Filter Components)

ETH HFE ECPE Roadmap
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3 Multi-Cell Converters Summary

Yy Advantages Switching Frequency Multiplication @ No Loss Increase

Ripple Reduction @ Input and Output

Distribution of Losse¢Parallel Connect. of Therm. Resistances)
Larger Surface / Volume Ratio of Indiv. Unit (Easier Cooling)
Redundancy Possible (High Reliability)

Deactivation of Units at Part Load (High Part Load Efficiency)

Solves the Impedance Matching Problem @ High | or U

Multiplies U, I Capabilities of Single Devices (Very High U,l possible)
Reduction of Eff. RDS(on) (Shifting-8imit for Series Connection)

Eff. Increase of Switching Speed @ Given du/dt, di/dt

Supports Standardization (Potential Cost Reduction)

Minimizes Tim&o-Market (Allows Platform Solutions)

Supports PCB Realization even for High Current (Current Partitioning)

v v v v v v v v v v v v

y" Challenges . Handling of Control Complexity (Digital Control)
. Overall Complexity Increasing Costs (Economy of Scale?)
. Symmetrization of the Loading of the Individual Units

PCBs with
Embedded Optical
Fibers / Link

Y ldea for Supporting Technology

L a Hi ghly Power f ul Concept with Large

ETH ﬂFE ECPE Roadmap

Eidgendssische Technische Hochschule Ziirich 2025 Workshop
Swiss Federal Institute of Technology Zurich
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ETH

Examples of MukCell Converters

A VRM
A Ultra-Efficient 1ph. PFC
A Telecom Power Supplies

[FLPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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3 Voltage Regulator Module

Yy Multi-Channel / Parallel Interleaving of up to 12 Channels

r-—————- -7~ 1 vIN
! L
I e
I 41
Vot :K+ .
ADC | — Feedback PID|— l o
Vout + |, "R < EN
| |
| Soft Start
I Counter . Vour
" i
High Pass ]zl * e I Dead-time I ic |
lawt 1 Filter S ADC  —| Feedforward Look Up Table I Y
I - e
A H
| Power Train

Yy Coupling Inductors (Interphase Inductors) allows Further Reduction of Ind. Comp. Volume
Yy For OrChip Integration Challenged by Switched Capacitor Converters

ETH HFE ECPE Roadmap
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Bidirectional UltraEfficient
1-A PFC Mains Interface

% 99.36% @ 1.2kW/dr#

45/102

low power FPGA

]
—
R

JE& J%}Jﬁ}J%}J%E@sJ%}

UN “N IYYYY) Zero Current Detection Yo
*» * 3 2 0
[ [ [ [ [ T T
ﬁzs EFEFRFREE ij&
' YL g
LYY

=]
=
—— lg
o
(a]

Yy EmploysNO SiC Power Semiconductoers Si SJ MOSFETSs only

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

J-LPE

ECPE Roadmap
2025 Workshop



=IC I~ Power Electronic Systems 46/102

I'— Laboratory

Bidirectional UltraEfficient
1-A PFC Mains Interface

Yy AGDC Rectifier Single Boost CellMeasurements

U =328V,U_ =400V,t =750ns, L=150uF
in out on
T T

U, =328V,U_ =400V,t =750ns, L=150uF

$1 L1B
Ugye™30
Gate1
iy
S — j'8
| |
—1.4
1.2
-1
—~~ <
< b
~ S~ 08
5 % 1
= £ -06
S
o | 0.4
i 0.2
.‘ al
T TR T T 0
L t 02
10k 0.4
30 S . 4 30 v SE N o
.50 1 1 1 1 1 1 1 1 | 1 L 1 1 1 1 1 1 .06 50 ! L L L L 1 1 | 1 ! 1 1 06
0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9 95 10 105 11 0 05 1 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9 95 10 105 11

Zeit (us) Zeit (us)

b Hard TurrOn (Partial ZVS) b ZVS Tur®Onby Ext. Ofinterval of §, (TCM)

ETH

ECPE Roadma
Eidgendssische Technische Hochschule Ziirich ﬂFE 2025 Workshopp
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Bidirectional UltraEfficient
1-A PFC Mains Interface

% 99.36% @ 1.2kW/dr#

Hardware Testing
to be finalized in
September 2011

Yy EmploysNO SiC Power Semiconducters Si SJ MOSFETSs only

Em " ECPE Roadmap
Eidgendssische Technische Hochschule Ziirich EFE ) —
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Bidirectional UltraEfficient
1-A PFC Mains Interface

% 99.36% @ 1.2kW/drh 100
S 230 Vs
§ 995 (VU +10%) f e
? s N N
W ey
-§ O =" [ T — o
5 | |t
E 98.5 (U 15%)
98.0
. * 60 80 100

Percentage of rated output power P (%)

3 EmploysNO SiC Power Semiconducters Si SJ MOSFETSs only

ETH ﬂFE ECPE Roadmap

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Converter Performance Evaluation
Based on -} -Pareto Front

A
1001 TripleInterleaved
TCM Rectifier (33kHz)
+0.15% %
99
§ TripleInterleaved
c 98 TCM Rectifier (56kHz)
>
@
c . 2
'GGJ 97 | Doublelnterleaved N o
= DoubleBoost CCM N © >
- Rectifier (33kHz) ~ m
- N Doublelnterleaved
96 | N DoubleBoost CCM
%  Rectifier (450kHz)
95 + } } f } } >
o 1 2 3 4 5 6 7

Eidgendssische Technische Hochschule Ziirich

Power density p (kWdm?3)

FLPE

Swiss Federal Institute of Technology Zurich
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3 KEYS for Achieving the Performance Improvement

Basic Topology

Active ZVS

Triangular Current Mode (TCM)
Variable Switching Frequency

No Diode Oistate Voltage Drop
Continuously Guided u, i Waveforms
Interleaving

Utilization of Low Superjunct. &
Utilization of Digital Signal Processing

Y
v
y
y
%
y

t he

5

~despite Using ©°OlI
Si Technology

Low Complexity

ZVS Only Achieved by Modified Operation ModeNo Aux. Circuits

No (Low) Switching Losses

No Direct Limit of # of Parallel Trans.
Simple Symm. of Loading of Modules
Spread & Lower Ampl. EMI Noise
Synchr. Rectification -

No Free Ringing Low EMI Filter Vol.

~ Low EMI Filter Vol. & Cap. Curr. Stress

Low Cond. Losses despite TCM

_ Low Control Effort despite 6x Interl.

Basic Concept i s Kn

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

ECPE Road
FLPE SR8 ronamap
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3 Is Another Step of Massive Improvement Possible ?

99% @
| ‘ 10kw/dn?

e

l P ECPE Roadmap
/=1
Eidgendssische Technische Hochschule Ziirich [ E —

2025 Workshop

Swiss Federal Institute of Technology Zurich
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3 Solution: |SO Ruutii-cell Approacll)

Isolated 380V/48V Telecom-DC Converter
8 x 300W 48V/48V VICOR Modules _
Yy 96.5% Efficiency @ 16kW/I Power Density Hayashi, NTT; 2012

Parameter Value
Total Output Power 2400W
Rated Input Voltage 384V
Rated Output Voltage 48V
: : 5 : B i Manufacturer VICOR
Parallel inputseries output isolated DC-DC converter P~ Part Number VO4SF480T006
J T|_ —': _____________________ Rated Power 336W
. _ — i — H— — Size (W, D, Ht) 22mm, 32.5mm, 6.73mm
L S 7 — Input Voltage 26V - 55V
|: _ FU |: A [ - Output Voltage 26V - 55V
\ ] i P : i Efficiency 96.4% (at Full Load)
7 e L 8 L
|: /— = |: //— Series input -E [ //—
— 11 — | i jparallel output |} L . N
) /i L ////i “isolated DC-DC, ///— v 160111111/ Mo e 8
Vi |: |: converters [ aur . “«\\\\ &
o 4 _ W e L & 3
- — "
42mm
: —~ [ | —~ 1 : . i
/7 — b //7 s L+ -~ |

r 8x8 Modules
380V/380V

_i;f’/:. Isolated DC-DC converter module

m ECPE Roadma
Eidgendssische Technische Hochschule Ziirich HFE 2025 Workshopp

Swiss Federal Institute of Technology Zurich
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3 Solution: |SO Ruutii-cell Approacll)

Isolated 380V/48V Telecom-DC Converter
8 x 300W 48V/48V VICOR Modules
y 965% Eff|C|ency @ 16kW/ | Power Denﬁt)/ *Normal Flow Operation #®Reverse Flow Operation

98
97 g
_ e, |
= o6 = .
2 os
: : = : i =
Parallel inputseries m}rrpunsolated DC-DC converter b é o4
4': _____________________ P
. J _/ 1 |—-— 7 1 | — 93
[l == = 2
= | 4 _F " _
: [} ! g : S 0 20 40 60 80 100 120
— 71U — v : = Load Factor [%]
|: /— ¢ |: //— Series input : [ //—
11 Ui paralleloutput {4
) 7i L :///i “lisolated DC-DG ///— v
vt [ ikl | onverters | [ o
] —
| § | 42mm
L _/i e L _/7‘ - 7//: _J
4 U 1] [ x8 Modules
380Vv/380V

.;;/i. Isolated DC-DC converter module

m ,_L'FE ECPE Roadmap
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°© Ki I|-$emiconductor Technologies

ELI MARTINEZ

WBG Power Semiconductorg?

H Not a Merit of Pwer Electronics
of Power Semiconductor Research

E ECPE Roadmap
Eidgendssische Technische Hochschule Ziirich [FE —

2025 Workshop

Swiss Federal Institute of Technology Zurich



=IC I~ Power Electronic Systems 55/102
I'— Laboratory

3 WBG Power Semiconductors

b Example: SiC Schottky Digde_
Zero Recovery Rectifiers

T=125°C, V=400 V
=6 A, di/dt=200 A/ys

\_/J
\/

-

y  General Capabilities

: o — SiC Schottky diode: SDBOGSE0
- Higher Switching Frequency | — Sipin double diode (2°300V)
- Higher Operating Temperature — UtiafastSipindiode o a0
- Higher Blocking Capability L .
Eidgendssische Technische Hochschule Ziirich ﬂFE D625 Wy -

2025 Workshop

Swiss Federal Institute of Technology Zurich
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B ut LiToday the Capabilities of SiC
Cannot be Utilized

b Fast Switching Capability
b High Temp. Capability
b High Blocking Capabllity

<

Limit by Package (Layout) Parasitics

Missing High Temp. Package (Therm. Cycles)
Missing High Temp. Passives

Multi-Level Topologies !

Missing MV / Low Inductance Package

NUININUDIWN

ETH /,’_'[FE ECPE Roadmap

Eidgendssische Technische Hochschule Ziirich 2025 Workshop —_—
Swiss Federal Institute of Technology Zurich
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3 Higher Switching Speed

100V/Div . lVDS Ww\

e
10A/Di MMMM
S O
Gate drive BS50ns 1.00V 450 ns 100V )
50ns/Div

. MOSFET

3 Missing HF Package
3 Missing Integrated Gate Drive (Active Control of Switching Trajectory)

Em ,_L'FE ECPE Roadmap
Eidgendssische Technische Hochschule Ziirich 2025 Workshop
Swiss Federal Institute of Technology Zurich
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3 Active Closed Loop Gate Drive

VrieliG
O
VeurliG
O
O
Vref d/dt +
. Single OpAmp as RController
VCE
Ve VEe.clip |?\' VEe ;
© o—— clipping circuit
y' Continuous (!) Control of the Switching Trajectory incl. Short Circuit
y" Options for Monitoring / Reliability Prediction etc.
ETH
Eidgendssische Technische Hochschule Ziirich ﬂFE EgZF;EV\I/QO(:’zgm)app -

Swiss Federal Institute of Technology Zurich



=IC I~ Power Electronic Systems 59/102 —
I'— Laboratory

3 Hardware Prototype

dz PCB Dimensions 50 mm x 130 mm (2 inx 5.11in)

Output Stage

di/dt -Feedback

) vi 1
j~_9ﬁﬁ.l5.lu e
| “ags ®ges Bgiy o *O0
- I!. o \'.o'.

©

dv£dt -Feedback

Control Circuits

ETH !,_" ['FE ECPE Roadmap

Eidgendssische Technische Hochschule Ziirich 2025 Workshop
Swiss Federal Institute of Technology Zurich
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3 Experimental Results Individual Variation of References

I Power Electronic Systems
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dz TurnrOn: Variation of di/dt

700

600 |
500 F
400
300
200 |
100 |

.'r(/'\) ‘ YeE (\/)

0
—-100

ie (A) | vee (V)

Eidgendssische Technische Hochschule Ziirich

Yce

3 kA/us
2 kA/ps
1 kA/ps
0.67 kA/us

0 0.5 I

dz TurnrOn:

1.5 2 2.5 3 35

Variation of dyZdt

ic

2 kV/us
1 kVips | 7
0.5 kv/ps | ]
0.25 kKV/ps

1.5 2 2.5 3 3.5
Time (ps)

ic (A)

ic (A)

dz TurnOff: Variation of di/dt

60/102

700 T T T . T . . 840
600 1720
Vce
S00F g 600
400 e 1480 8
300 2 kA/us 360 &
200} [ ka/us | 1240 ~
100l 0.5 kA/us | | 120
0 . . ‘ i . l ] 0 (b)
0 0.5 1 1.5 2 25 3 35 4
dz TurrOff: Variation of dy/dt
600} ! ! ' | ! 1720
VCE
500 ¢ 600
400 1480 _
RV, -
300+ 2 kV/us 1360 =
1 kV/us <
200F 0.5 kV/ps 1240
100} 1120
0 ‘ L . | ‘ 0 (a)
0 1 2 3 4 5 6

Timé (1s)

J-LPE
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3 New Wireless Measurement Technology

y" Bandwidth 100 MHz
y  Sampling Rate 400 MS/s (8 Bit)
Yy Bluetooth Communication aner
Yy NO dcydt Limit (1) TroNnics
vee (V)
151 =J 600
10t - 1500
¢ _ ! _
& G| > \ Wireless Voltage Probe 400
Gae |+ Or 1300
VDCCD ch=§“ Driver _ _e < E 5t \ 1200
5} HZM :::g Ve Reference Voltage [1]00
2 0 2 4 6 8 10
Time (ps)
Em FLPE  Sorepoaanap

Swiss Federal Institute of Technology Zurich
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GEPlanar PowerPolymer
Packaging (P4

Oriented Toward High Power Devices

<2400V / 100ApnS500A
<200W Device Dissipation

Wire-Bonded Die on Ceramic Substrate
Replaced witlPlanar PolymeBased
Interconnect Structure

Direct HighConductivity Cooling Path

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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