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Outline

Trends of Efficiency Improvement
Converter Loss Components

Efficiency Improvement by

* Design

* Control

* Topology & Control

Highly Accurate Efficiency Measurement
n > 99% Converter Demonstrators
Conclusions
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Power Electronics
Performance Trends

m Performance Indices

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

Relative Losses [%]

Failure Rate [h-1]
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State-of-the-art
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Drivers for High Efficiency

<2000 Increase of Power Density /
Thermal Limitation / Max. Full
Load Efficiency

> 2000 Mostly Voluntary Efficiency

Requirements for Entire Power
Range (100%, 50%, 20%)

State-of-the-art
Weight

Losses Volume <4

Failure Rate

Future
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General Efficiency Trends

10%
8%
Inefficiency (Losses)... 1- i
— o ( ) 6% ~ ——~] Telecom Rectifier |

5% \ "\Modules
N

11

7\

4%
3% \ S~
PV Inverter\ h
204 Systems \
— PV Inverters: Typ. Loss Reduction \\
of Factor 2 over 5 Years 1% s

1990 1995 2000 2005 2010 2015

Eidgendssische Technische Hochschule Ziirich 2@' _—
|
Swiss Federal Institute of Technology Zurich




“1C I~ Power Electronic Systems 8/114 —
I'— Laboratory

Efficiency Basics

Converter Loss Components
Efficiency Maximum
Efficiency vs. Power Factor
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Non-Idealities of Converter Circuits
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Non-Idealities of Converter Circuits
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Influence of Loss Components on
Efficiency Characteristic
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Influence of Loss Components on
Efficiency Characteristic

v
_P_ ~
n_Fl_ P ~l-5 P, =R, +PR  +R =k, +k, P2'|'k|||:>22

100%
gg% " » Only Constant Losses

% /
70%
60%
50%
40%
30%

P
20% V.0 0
10% — 1+ P 1+P ----------

-__.___\

0 02 04 06 08 10 P

Eidgendssische Technische Hochschule Ziirich Mq] _—

Swiss Federal Institute of Technology Zurich




=IC I~ Power Electronic Systems 13/114 —
I'— Laboratory

Influence of Loss Components on
Efficiency Characteristic
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Influence of Loss Components on
Efficiency Characteristic
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Efficiency Maximum pee_ 1 4 B
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Efficiency vs. Power Factor
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» Sensible Compromise e.g. for Three-Phase Systems
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Measures for Efficiency Improvement

Design - Power Semiconductors
- Inductive Components / EMI-Filter
- Auxiliaries

Eidgendssische Technische Hochschule Ziirich Mq] _—

Swiss Federal Institute of Technology Zurich




=IC I~ Power Electronic Systems 18/114 —
I'— Laboratory

Power Semiconductors
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Power Semiconductors
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» On-State Losses 100 4
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Power Semiconductors

» On-State Losses 1

L L3 L3 Ll — 2 2
» Capacitive Switching Losses P\/,T = | DS,rmSRDS(on) + E CE,eq (Uz)Uz fp
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Power Semiconductors

R — DS(on)
DS(on)
ASi
CE,eq = CE qu

P Silicon Area Related Resistance / Capacitance
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Power Semiconductors
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» Optimum Silicon Area - Minimum Losses
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Power Semiconductors - Efficiency Barrier
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Power Semiconductors
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» Selection of Ag;>As;,,, Leads to Lower Efficiency in Whole Operating Range
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Inductive Components / EMI Filter

Eidgendssische Technische Hochschule Ziirich Mq] _—

Swiss Federal Institute of Technology Zurich




=IC I Power Electronic Systems 26/114
I'— Laboratory

Inductive Components - Efficiency vs. Volume
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» Iron and Copper Losses are Decreasing with Increasing Linear Dimensions
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Selection of the Switching Frequency
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» Example of Single-Phase PFC Rectifier Systems
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Selection of the Switching Frequency

- Consider Boost Inductor as Part of EMI Filter
- Calculate Equivalent Noise Voltage @ Switching Frequency

U
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Selection of the Switching Frequency

- Consider Boost Inductor as Part of EMI Filter
- Calculate Equivalent Noise Voltage @ Switching Frequency
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Selection of the Switching Frequency
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» Equivalent Noise Voltage @ Switching Frequency
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Required EMI Filter
Attenuation

» Higher Switching Frequency
Increases Required Attenuation
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Required EMI Filter
Attenuation
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» Higher Switching Frequency Increases Required Attenuation
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Minimize Required EMI
Filter Attenuation

» Distribute Harmonic Power
Equal over Frequency Range
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EMI Filter Optimization
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» Equal Partitioning of Total Inductance Provides Max. Attenuation
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EMI Filter Optimization
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» Equal Partitioning of Total Volume between L & C Provides Max. Attenuation
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EMI Filter Optimization

» Impact of Switching Frequency and
Ripple Ratio on Volume

0 +
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EMI Filter Optimization

» Impact of Switching Frequency and
Ripple Ratio on Volume (P,=1.5kW)

Operating Point
Jf 48 kHz
k. 0.075

Attenuation 85 dB

Filter Values

Ly, =1.5mH
Ly, =204 1H
CDM] = CDIM‘Z =64 “F

Volume Partitioning

V.

L DM2

L_DM1
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Total Volume

V [dm’]
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EMI Filter Optimization

> Optimization for Minimum Losses at

Given Maximum Filter Volume

Ve = 0.4dm’
k =0075
f»  =358kHz

» Optimum Values k; and f, are
Close to Volume Optimal Design
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P[W] 20 .

- Optimum
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Measures for Efficiency Improvement

Control - Intermittent Operation
- Interleaving
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Intermittent Operation
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° ° il ]2
Intermittent Operation . | AC >
Un —_ Ug —b-Pg‘avg R
- '/ pcLCl 5
1= Hmax
» Operate Converter ONLY at Maximum s @
Efficiency Power Level b A
2. fimax
» Adjust Delivered Power by Proper Py
Selection of the Duty Cycle S el eeteintelniiaiatetntelets el
0 Ton Trcp
Ton - PZ,aVQ 7 ®)
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R P Soam— g —
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» Energy Storage Requirement ! 90% L1 P
O P— avg P2Ji'max P2~N
()
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Parallel
Interleaving
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Mechanical Version of
“Parallel Interleaving”
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Parallel Operation of Multiple Sub-Systems

| ! °
1P IP
54N E N U2
| | o _
o +
CPN U2
(I=c)Px

P Features Phase-Shedding (Equivalent to Adjustable Silicon Area!)
» Features Cancellation of Harmonics

Eidgendssische Technische Hochschule Ziirich Mq] _—

Swiss Federal Institute of Technology Zurich




“1C I~ Power Electronic Systems 45/114 —
I'— Laboratory

Parallel Operation of Multiple Sub-Systems
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» Equal Sharing of Total Power for Minimal Losses
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Efficiency Optimum Phase-Shedding

» Maximization of Part-Load Efficiency

n{ﬁ PZ,SW} = n{ﬁ PZ,SW}

i n
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Efficiency Optimum Phase-Shedding

» Deactivation of “Cylinders”

n
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Ripple Cancellation o ﬂT
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Ripple Cancellation

Doubling of Effective
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1.0 0
2L D, 0.9 ~ RN
+ ur, :j——o + 0.8 / N
- 0.7 / "\
u JH:jSl Jl—gﬂb Db _I___I_Cd Ud 0.6 // \\
F3| A3 05 // \\
- ° 04
o oaf /Y \
g 1 0.2 / TN n=2 1T \
: o vz \/ \
m=025 m=0.75
_ 0 I | 1 ]

—-'m

0 01 02 03 04 05 06 07 08 09 1.0

» Possible Red. of Input Capacitance C — (/8 -or- Inductance 2L — L/4
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Scaling Laws of
Parallel Interleaving
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» Parallel Interleaving (Homogeneous Power)

m Characteristics — Breaks the Frequency Barrier
— Breaks the Impedance Barrier
— Breaks Cost Barrier - Standardization
— High Part Load Efficiency

B

Usw.1 Usw.z USW.N

)y usw

H. Ertl, 2003

m Fully Benefits from Digital IC Technology (Improving in Future)
m Redundancy - Allows Large Number of Units without Impairing Reliability
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» Parallel Interleaving (Homogeneous Power)

— Multiplies Frequ. / Red. Ripple @ Same (!) Switching Losses & Incr. Control Dynamics

H. Ertl, 2003

h fs 2fs  3fs  4fs  5fs  6fs Tfs  8fs

L || || IlJ_l]JJlI_Lﬂ_IIu_lLIlll.

‘ . ‘ ‘ . ‘ ‘ . ‘ . . . 0.01 1 |
2A/div 100V/div  25us/div 5A/div 25us/div r T T T T T T T | f
0 50 100 150 200 250 300 350 400kHz
N=3

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

m Redundancy - Allows Large Number of Units without Impairing Reliability
ETH
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» Remark #1 Volume of Cell-Inductors

m Harmonics Cancellation Allows Large ripple of Cell Currents

E; ok Vi
50ml *‘ ! 150cm?
40mlJ 120cm?
Inductor Volume (CCM)
v 30ml] /7 90 cm?
[ ]
U, =300V - U=400v | N ‘73’ e
o——— I —+ ) o T~—eafeniting ep-tesessseeT T _ [ =
J_ J_ H— 1 \ - ! Peak Stored Energy, DCM| ;. 3
ﬁjs T 10m] ‘ — Peak Stored Energy, CCM S0em
1 O O O R B Y Alipy 12
o . - o 0 — = %
0 50% 100% 150%  200%  250%  300% L

P=33kW
300V —400V @ 3.3kW, £, = 48kHz

—> Minimum Volume for 100% Current Ripple (DCM)
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» Remark #2

54/114
Impedance Matching
Ui UI
m Allowed L, Directly Related to Switching Time ¢, L, < T = at, T
_L L
t, z
o=
Ly T I 7
t,=100ns
50ns
IOOrIH y—
10ns
Ui 10nH =L L L L L
- InH : i
0.1Q 1Q 10Q 100Q — Z=

—> Parallel Interl. Allows to Split-Up Large Currents = Increase of Z / Allows Faster Swtchg

ETH
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» Remark #3  Efficiency/Power Density (Pareto) Limit

_ N=2 N=3 N=6
N=1 £=70kHz f,=140kHz f,=140kHz

0
f.=47kHz
99.5% .70kHzl4OkHz,_/7 /
O

. KE
99% BT @
(o]
98.5% B X
. 2% o |
P=33kW

98% — U, =300V > U, =400V
o — L

J TN TEE
97.5% —I— 29

O ¢ O

97 % : ' ' ' ' ' —» p/kW/dm?
0 5 10 15 20 25 30 35

m Parallel Interleaving - Shift of the Pareto Limit - Higher Power Densities

ks compelaou —
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EMI Reduction due to
Parallel Interleaving
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Reduction of EMI
Filter Volume

» Symm. Interleaving - 180°
» Asymm. Interleaving - 90°

2L D,

i
+ Nl'f;. +
2L Uty Cy
) J"_ l Uy
4
Ty

Jo&
T,

ETH

Uz

180dBuV

160dBpvV
140dBpV
120dBuvV
100dBpvV
80dBuv
60dBupV

40dBpv

10k

=

HF == === = = = = = = == = =7

~

—

Jr

i

—

2 e

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

0M 10k £ 2% 3

.
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Measures for Efficiency Improvement

Topology & Control - Single-Stage vs. Two-Stage Conversion

- Synchronous Rectification

- Resonant Transition Mode Switching
- Interleaving

ETH

Eidgendssische Technische Hochschule Ziirich
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Single-Stage vs.
Two-Stage Conversion
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» Single-Stage - Integration of Functions

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

,JH]:,JIJ]:,J % J%J;Jéiudn P

[}
I
OoMn oW Op
(=
Q
Q
=

o
o
A
(e]
o]

ratat | Aty EAE

m Integration Restricts Controllability / Overall Functionality (!) o
m Typ. Lower Efficiency / Higher Control Compl. of Integr. Solution
m Basic Physical Properties remain Unchanged (e.g. Filtering Effort)
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» Two-Stage - Optimal Splitting of Functionality

m Highly Optimized Specific Functionality - High Performance for Specific Task
m Restriction of Functionality > Lower Costs

U
A
.............. — U o 0
max Constant * bC *
(b) Voltage Ui o DC —o U (a)
min [ I/ Step-Down
_____ (i) i ', Ratio i— DC —i— DC —i
> P, U o— DC |—o— DC}— % (b)
U |
DC Transformer
m Example of Wide Input Voltage Range Isolated DC/DC Converter @
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» Two-Stage = Optimal Splitting of Functionality

— Example: DC-Transformer - Isolation @ Constant (Load Ind.) Voltage Transfer Ratio
E.g. adopted by VICOR -

“Sine Amplitude Converter” for k== = —
Fact. Power Architecture 2> - \ A /
Very High Efficiency : \/ \/

Isolation Stage
Operating Frequency e  — i s

Current

12 *Q}f :;?= - —
£S5 08 /w\ — SiL 0 “PEH‘ T,
. N | B
E : /1)) \\Qf\5\ IlI ' ==if Wl
i/ an =R - SR

00 05 1.0 S 2.0

Relative Frequency 5—0

m Resonant Frequ. = Switching Frequ. = Input/Output Voltage Ratio = N,/N,
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Resonant Transition Mode
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Technological Limits of
Hard-Switched CCM Converters

» On-State Voltage of Freewheeling Diodes }UF)
» Capacitive Switching Losses of MOSFETs (Ag; ,,;)

DC Link; 1.1W:
Rest; 2.4W: 15% 7%

Inductors; 3.0W; i ;

19% L o

Dy D
i .
p— Rr
Freewheeling N Co
Diode; 5.0W; 32% MOSFET
1 1 - —
Switching; 2.6W; Ed Sj ¥
17%
MOSFET ' =
Conduction; 1.2W; 8%
Eidgendssische Technische Hochschule Ziirich Mﬂ —
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Zero Voltage Switching - Triangular Current Mode (TCM) Operation

ir

ip L

ing»I ! o+
T Elj T3J

m Synchronous Rectification
m Negative Current Ensures ZVS

Eidgendssische Technische Hochschule Ziirich Mq] _—

Swiss Federal Institute of Technology Zurich




“1C I~ Power Electronic Systems 66/114 —
I'— Laboratory

Zero Voltage Switching - Triangular Current Mode (TCM) Operation

VDs,T2
m Synchronous Rectification V, !
m Negative Current Ensures ZVS
Vint---%---- Sl Gaiehed ekt
o 0 L >

I.D,TI i / QOSS.T] + Qoss,TZ
Cossl

+ —"
/
T : Dy vps i
i L >

N 99—
+ Y ibm \ Ooss.t1 T Doss 12

Coss2
C) Vin e 0SS, + on
T%J D vbsm T, off | I I I |'= ¢
1 i T, o L[] H 1.,
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12kW TCM Buck+Boost EEn o e )
DC/DC Converter n o= - c== w

» Overlapping Input and
Output Voltage Ranges

U,=150...450V
U,=150...450V

» Max. Eff. =99.3% @ 30kW/L
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"Snubbers” vs. TCM —

5y )
J &
C C
— Non-Isolated Buck+Boost A= - =’ |V,
DC-DC Converter for 52 $a
Automotive Applications N J;ﬂ}
Y Y a)
£Loos, Lo s. Gl
2, L JE} Ly
=1 D,/Y¥D; S, 1 s+
Vv, L ‘ = Vo
T C,
‘r_x D3 D4 Dﬁ
26 —
*L (e Jt} L, T i
—l_ SxZ —F'x §2 9)(2
b)

100

99.3% Efficiency Y
30 kW/dm3 = 991 “_-it—))“_
_E 98
m Instead of Adding Aux. Circuits g,
Change Operation of BASIC (!) Structure
“Natural” Performance Limit 06 | | | ,
0 2 4 6 8 10

Output Power P, (kW)
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Measures for Efficiency Improvement

Further Concepts - Partial Power Conversion
- Ride-Through Boost Converter
- Series/Parallel Rearrangement

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Partial Power

Eidgendssische Technische Hochschule Ziirich Mq] _—
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Partial Power Converter

UC
0. = Pc,l Uy,
TR Lty

» Limited Influence of PPC
Efficiency on Total Efficiency

P, (L+gn.)

P (1+)

T]:

ETH

100%

96 %

92%

88 %

84 %

80 %

71/114 —

i U,

" —
N2
Uli) 7e ] l\l "= "

A

o+

l

n preferred
A /\/ operating range
§:--
N \ T —
= NS He = 95 % —1L
N T 7= 90% —
~— 1o =85% —
T T
T e = 80% |
U
_P F
0 02040608 1.0 2.0 3.0 2
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Voltage / Topology Preconditioning

Eidgendssische Technische Hochschule Ziirich Mq] _—
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» Voltage / Topology Preconditioning

] AC m s T | DpC /2
Cy — P
@ = Ly g Dg — U,
> Ride-Through . B T
Boost Converter L .|/ DC - - DC |5
* . 0 +
+ o v L Dl A
B3
P Series-Parallel . t1
Reconfiguration v == r {Er’ = U,
éVoltage:Z AND
tcjlrrent X2 2> ] ] '
Advantage Comp. to o 1
Multi-Level Conv.) - ‘ :ﬁs E D, &
4 o

m S/P Reconfiguration also Applicable for 3-Phase System (Star - Delta Rearrangement)

ks compelsoy —
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» Mixed Interleaving

* Conventional " — ] —
m Numerous Combinations “ "
(ISOP, ISIS, IPOS, IPOP, etc.)
1l 0
il
T N S
* Input Series ° ]” | - °u
1 2
I
=5
L
.
SR | :
T _ B
* ISOP = T B S
Input Series i :
Output Parallel [ ]
Topology j”i
I
e Low Inp. Voltage / Output Curr. Harmonics B 1
o Low Input / Output Filter Requirement uy) jlli 1
e Impedance Matching o~ L o
Eidgendssische Technische Hochschule Ziirich gq] -

Swiss Federal Institute of Technology Zurich
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Highly Accurate Efficiency Measurement

Concepts - Power Analyzer
- Calorimeter
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Power Analyzer
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Maximum Admissible Power
Measurement Error

» Admissible Error of Loss Determination NOT
Efficiency Determination

2n
VAo
_i 0.25%
n_
P
! 0.20% ™
e =2¢ \
n P _ 0
- 0.15% L ev=10%
—_— 0
n=(1--L) 010% P V=%
P]_ 8\]:5%
|
(1-1) 0.05% =2y =3% \\
g =g, = o= 2% o
n v n 0‘—'—'—-5\,:1% I —
] —--?]
96% 97 % 98 % 99% 100%
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Calorimeter
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Two-Chamber Calorimeter

» Measurements up to 85°C Ambient Temp.
» Relative Error of Loss Measurements < 3.5%@10W

<1.0%@100W
< 0.5% @200W

Eidgendssische Technische Hochschule Ziirich
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Ultra-High Efficiency Converters

Concepts - 2x Interleaved CCM Bridgeless PFC Rectifier
@ 3.3kW - 6x Interleaved TCM PFC Rectifier
- Telecom Rectifier Module

FLPE

Research Projects of

ETH Zurich Partly Supported
by the European Center
for Power Electronics

ks compelsoy —
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o+
== LDM LCM %D % *
+ g N . Cd
UN E . - . E Ud
- =
o o —
- g ek 43 J%B
g - O —
Z (b)
99.2% DC Link; 1.1W;
4 > Rest; 2.4W; 15% 7%
99.1% —— Inductoros; 3.0W;
_— 19%
99.0% //
o«
|l —
98.9% ,// —— 254V Freewheeling \_
i —— 230V Diode; 5.0W; 32% \ MOSFET
:.: I]_?l’6rl\l/t Switching; 2.6W;
98.8% — P,/kW 17%
1.5 175 20 225 25 275 3.0 325 35 MOSFET
( Conduction; 1.2W:; 8%
c)
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* 99.36% @ 1.2kW/dm3

low power FPGA

Un “N 4 “““““Zero Current Detection Yo
o
s s s s s L s
ﬁj& Jf}JF Jf}JF s ﬁ.}
o Y Y g
- & & YY) =
® Pt
S T | -~ T 8
< ;‘“Y‘“Y.“V"-\- Fam Y YY)

g BIRRRIRIEIEF |

m Bidirectional - Supports V2G Concepts
m Employs NO SiC Power Semiconductors -- Si SJ MOSFETs only

Eidgendssische Technische Hochschule Ziirich G©m _—
— ] || S—
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n
i PCBC itive;
99.4% apacitive;
0.24W; 1%
99.3% > Gatedrive; 1.1W; 5%
’ - " \ | pCLink 17W; 8%
/ . ZCD-Cores,
99.29, — Current Transducer, ™\
4 — PCB; 2.0W; 10%
99.1% )( / - Auxiliary; Inductors;
/ 1.5W: 7% 4.8W: 24%
99.0% Fi =253V ] MOSFET Inverter;
e 230V 1.8W; 9%
98.9% ——207V
— — Limit |]
98.8% . — P,/kW
0 0.5 1.0 1.5 2.0 25 3.0 35 MOSFET TCM; 7.4W; 36%
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3.3kW TCM PFC Rectifier System

» Measurement Results

2 5ps50V 3 SpsE5@8Y 4 5ps 08 v [ STOPPED

ETH

]

84/114 —
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3.3kW TCM PFC Rectifier System

% 99.36% @ 1.2kW/dm3

» Employs NO SiC Power Semiconductors -- Si SJ MOSFETs only

Efficiency 1 (%)

100

99.5

99.0

98.5

98.0

85/114

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

230V, .
(U +10%) ‘ */
- """‘:..----"" IR s ®lemeaa M‘"""‘:-.
‘/"__4- . ___::: | i S| "!"_\3:
- ;7 ___________________________ P
((:N— 15%)
20 40 60 80 100

Percentage of rated output power P (%)
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Ultra-Compact/Efficient TCM PFC Rectifier System

 Input Voltage 184...264V
 Output Voltage 420V,
* Rated Power 3.3kW

n/%
99.0

98.8
98.6 1 —
98.4

08.2 T

98.0

—— 264V
97.8 —o— 230V
97.6 —o— 184V
97.4 — — Limit
97.2
97.0

1000 1500 2000 2500 3000 3500

Po/W

X 98.6% @ 4.5kW/dm?
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Converter Performance Evaluation
Based on n-p-Pareto Front

A
100 Triple-Interleaved
TCM Rectifier (33kHz)
+0.15% %
99
g\i Triple-Interleaved
— 98 TCM Rectifier (56kHz)
>
@ |
c . N
.GGJ 97 Double-Interleaved N A
P Double-Boost CCM N <
E Rectifier (33kHz) ~ m
N Double-Interleaved
96 | ! Double-Boost CCM
Rectifier (450kHz)
95 : : - : >
0 1 2 3 4 6 7

Power density p (kWdm?3)

Eidgendssische Technische Hochschule Ziirich

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

... despite Using “Old”

Si Technology

m Only Basic Topology Employed - Low Complexity
m ZVS Achieved by Only Modifying Operation Mode - No Aux. Circuits
m Active ZVS - No SLow) Switching Losses

- No Direct Limit of # of Parallel Trans.
m Triangular Current Mode (TCM) - Simple Symm. of Loading of Modules

- No Current Sensor (only 1=0 Detection)
m Variable Switching Frequency - Spread & Lower Ampl. EMI Noise
m No Diode On-State Voltage Dro - Synchr. Rectification
m Continuously Guided u, i Waveftorms - No Free Ringing > Low EMI Filter Vol.
m Interleaving - Low EMI Filter Vol. & Cap. Curr. Stress
m Utilization of Low Superjunct. Ry ,, - Low Cond. Losses despite TCM
m Utilization of Digital Signal Proceésﬁlg - Low Control Effort despite 6x Interl.

... the Basic Concept is Known since 1989 (!)

Eidgendssische Technische Hochschule Ziirich Mq] _—
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Alternative Converter Concepts (?)

— Indication for a : : o .
“Natural” Performance Comparison of various PFC options: complexity @1

Limit of control vs better semiconductors

= 4 L
o111 D1 |:.21S Jf;f :'||—S1 l—ss }f}f jl—s1 . s3
© T - 400V ° . 400V © .
VWAMA/G | o = L e X 400V
S ° by, 1 T e T
_'
7 s1c| sz:| 7 [j" s2 [I{l_ s4 I-_-:I—sz A, s4
99,4
09,2 //-_—_-_—_._-——-———
s

99,0

= 98,8 //

g —— Totem pole, GaN, 65 kHz

Y 986

b —— Dual boost, C7 + SiC, 65 kHz

W o9ga
98,2 TCM, P6, 20..120 kHz

Source: 98,0
97,8
Dr. Gerald Debo 0 100 200 300 400 500 600 700 800
Plenary Presentation @¥ Pout[w]
IECON 2013, Vienna

m  Minimum Performance Difference for Best Matching of Topology/Semicond./Modulation
m  Only Use BASIC Topologies - Costs are THE Deciding Criteria (!)
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» Is Another Step of Massive Improvement Possible ?

|
* 99% @ 6kW/dm3
_ ol
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Swiss Federal Institute of Technology Zurich




=IC I~ Power Electronic Systems 91/114 —
I'— Laboratory

Multi-Cell Approach

—> Series Interleaving

Eidgendssische Technische Hochschule Ziirich Mﬂ _—
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Telecom Rectifier Employing Series Multi-Cell Approach

m Specifications Input Voltage 230V, (180V,, - 270V,,,)
Nominal Output Voltage 48 Vp
Output Voltage Range 40-60 V)
Rated Power 3.3 kw
Target Efficiency 98.5%
Target Power Density 3 kW/dm3
Hold-Up Time 10ms at Rated Power
Switching Frequency 220 kHz (per Module)
EMI Standard CISPR Class A and Class B

Converter Cell
Lt
— - —AC —+—DC

0
Ve @ T DC % DC —'——i Vout
€ Care |1

L [AC DC

DC DC

m Input Series Output Parallel (ISOP) Connection
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» First Optimization Results

m Calculation of Opt. Maximum Admissible DC-Link Voltage Drop during Hold-Up Time (10ms)
m Pareto-Optimal for V=6 Cells (PFC Rectifier + Phase-Shift Full-Bridge)

99

9851+
98% @ 3kW/dm?
98 -
. 975) W TSN
g ~
T ol ~
= ~
% -~
96.5 40% :
\
96 - /
955
95 1 1 1 Il 1 1 L 1 ]
05 1 15 2 25 3 35 4 45 5

Power Density (KW/dm®)

m Optimal Performance for 20% Hold-up DC-Link Voltage Drop
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“Conventional” 3.3kW Telecom Rectifier Module

» 3x Interleaved TCM PFC Rectifier Stages
» Full-Bridge Phase-Shift DC/DC Converter / Full Bridge Synchr. Rectifier

n
A
99.0%
X 96.8% @ 2.5kW/dm? 08.3% || gttt
L _‘»___—_—_‘0\.
98.0%
/ =&~ PFC
97.5% y ~+DCDC |
~8— Total

96.5% /
96.0%

95.5% / — P,/kW
0.5 1.0 1.5 2.0 2.5 3.0 35
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Next Gen. “Conventional” 3.3kW Telecom Rectifier Module

» 3x Interleaved TCM PFC Rectifier Stages
» 2x Interleaved Full-Bridge Phase-Shift DC/DC Conv. / Full-Bridge Synchr. Rectifier

X 97% @ 3.3kW/dm?
n/%
97.5

97.0

96.5 -

96.0

95.5

95.0 v T T T T T
0 500 1000 1500 2000 2500 3000 3500

Po/W
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Scaling Laws of
Series Interleaving
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Series Interleaving of Converter Cells

m Characteristics — Breaks the Frequency Barrier
— Breaks the Silicon Limit 1+1=2 NOT 4 (!)
) 2 — Breaks Cost Barrier - Standardization
AUpax. vy _ 7% | fo | 1 — Extends LV Technology to HV
U 32 | fs| N3

Sab
Uyof O 4 C

ETH
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Series Interleaving of Converter Cells

m Series Interleaving of LV MOSFETs (LV Cells) Effectively SHIFTS the Si-Limit (')

O EREL AR AR A
S10 L N1 2 510 4
& 1L ET
= 1 AR /S
g . -/ _’;,;)'; 4
g | 1 | /’7' ". I'.‘PQ //
~ - / ’ I
" 100m | g; Compens. / 7 ° e
- Scaling of Specific £ - Limit awd /
On-State Resistance = 10 =T // ] y '
& UM SiLimit SiC Limit GaN Limit
1 = ! / ! ! :// : —
(RDS,on>< A)eff ~ F(RDS,on>< A) ﬁ\ 1 m / /
A 10 100 600 1000 10000
Vbr (V)

m Excellent Opportunity for Extreme Efficiency Ultra-Compact Converters

9
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Series Interleaving of Converter Cells

phase ) _H-bridge output stage dvidt
) g N =1 Ve
W s{(zp, sz, v
s - t dv/dt VcE :
Cocmp NI e
Ittt > dvld
s, X zxp, s AD Vb Vb v
‘I'::% 2 4‘"‘/35 4 . C '.ITVDC

M Jic 1
| t TVpe
| w >ttt ot
pS ES\\'
A O AT, A,

1 t
|_ \ converter cell
B - Scaling of Switching 1 1
Losses for Equal Ai/I P.. ~ P..._,-
- and dv/dt SN SN=1 (2N2 N3)
' A

m Converter Cells Could Operate at VERY Low Switching Frequency (e.g. 5kHz)
m Minimization of Passives (Filter Components)
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Remarks on
Performance Indices
—> Couplings & Limits

—
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» Power Electronics Converters
Performance Indices

[kgee /kW]
[kgc, /kW]
[kgy /kW]
[cm?; /kW]

\4

Weight / Volume
v/

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]
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» Design Challenge

m Mutual Couplings of Performance Indices - Trade-Offs

— For Optimized System Several
Performance Indices Cannot be
Improved Simultaneously
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Abstraction of Power
Converter Design

n
Performance Space
» Efficiency
* Power Density .
* Costs / > P
* Reliability e Evaluation Formulas
Performance Space . o, o uaten '
. f(x k) <« ° Lifetime Models
——————————————————————————————————————— Costs 1 e Cost Models
o < m ® etc.
Design Space Syste
¢ Phase-Shift DC/DC Conv.
¢ Resonant DC/DC Conv. .
* DC Link AC/AC Conv. * Specifications
* Matrix AC/AC Conv. e Operation Limits
. clc, e Converter Topology
* Modulation Scheme
f -, Control Concept
m;y it k
Components s Operation Mode
* Power Semiconductor * Operating Frequ.
« Interconnections * cte.
* Inductors, Transf
* Capacitors
« Control Circuit [ A 1[ e Doping Profiles
¢ ele. m s Geometric Properties
! -, Winding Arrangements
. . Materials * Magnetic Core Geometries
> Mapp.lr.lg Of DeSIgn ¢ Semiconductor Mat. ° ete
Space into System e Conduetor Mat.
* Magnetic Mat .
Performance Space « Diclectric Ma
. clc.
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Mathematical Modeling Specilcations

and Optimization Of Vi.¥o. Po, Avo, TISPRII,’zz AB
Converter Design Sroiea T,
1

Electric Power Circuit Model

Component Values, f»

Ie rms I 7 Iy s l Lons g (1) fvi(f)
3 [ 4 )
Capacitor Transformer / Inductor Semiconductor CM Noise DM Noise
Type « Windings Geom. Type Model Model .
. ?:N'lre gype lA:u l/l!_*w g
* Core Geom, =
* Core Type Ofline Optimized DM/CM =
| l Loss Model Filter Topology 5
CD,U l C(‘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 « Windings R,T,
B<B + Core Loss Model Loss Model
=05
T2 Ty TT(J Ty l Off-line o I e
V= Vigax Optimized . el
Thermal Model Heat Sink %Inl Model
ol.
. Transformer / Heat Semic
Capacitor | Capacitor Inductor Sink Losses. EMI Filter | EMI Filter EMI Filter | EMI Filter
1 Volume 1 Losses 1 Volume Volume \ "Cap. Vol [Cap. Losses | Ind. Losses | Ind. Vol.

Summation of Component Volumes and Losses

l

Total Converter Volume / Losses
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Multi-Objective Optimization
m Identifies Performance Limits - Pareto Front

— Sensitivities to Technology Advancements (Example: n-p-Pareto Front)
— Trade-off Analysis

n

A

N~ P
/] i
" oOp |p /

/ >p

Design Space Performance Space

Eidgendssische Technische Hochschule Ziirich Mq] _—

Swiss Federal Institute of Technology Zurich




106/114 —

“1C I Power Electronic Systems
I'— Laboratory

» Analysis of Performance Limits = Pareto Front

m Clarifies Influence of Main
Components and Operating

Parameters o |
Ideal #-p-Limit Output Diode +
|

100 MOSFETs & Inductors
— 50kHz | /
= —_— — |
f,=20kHz ~. B~
98 100kHz l\ |
/ Output
kHz ! i Capacitor
°\'? 96 y Heat sink & .
g Output Cap.
.g ‘ [ 1
=
o— n-p-Limit /.I Heat sink
Uo ' for 80% 7 / '
Construction
= |:] R 92 - Volume ‘
Teo ' Utilization
[ [ 7
o 90 T L T T T
0 2 6 8 10
Power Density [kW/dm?]
ETH
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» n-p-o-Pareto Surface

m 0. kW/$

no-Opt.
P
/4
ke
\.N e
ap-Opt.
10
20
30
40
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Efficiency vs. Power Density

100% m

o +
D \

» FOM = Ratio of Relative Losses and Power Density
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Observation

» Very Limited Room for Further
Performance Improvement !

100% A

> P
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Observation
» Very Limited Room for Further
Performance Improvement !
. . Power
Efficiency Density

m General Challenge in Power Electronics
m Cost Models are Becoming Mandatory - Even for University Research(!)
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Conclusions

» No Magic New Topology
» Technological Limits (Magnetics!)

» System Oriented Analysis — Architecture & Energy Management
» Adv. Packaging & Thermal Manag. for High Eff. Power Density
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Questions

-
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o
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w*
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