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Outline

» Efficiency Trends
» Efficiency Basics
P Multi-Cell Converters
* Parallel (P)-Interleaving
* Series (S)-Interleaving
* Mixed S/P-Interleaving (ISOP etc.)
» Conclusions

ETH ELPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Efficiency
Trends

ETH FLPE
Eidgendssische Technische Hochschule Ziirich e —
Swiss Federal Institute of Technology Zurich
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Drivers for High Efficiency

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

PLUS
PLATINUM

chmate

SRR Savers

smart computing~

> 2000 Mostly Voluntary Efficiency
Requirements for Entire Power
Range (100%, 50%, 20%)

» Main Driving Applications 247 Telecom Power Supplies, PV Inverters

Eidgendssische Technische Hochschule Ziirich EFE

Swiss Federal Institute of Technology Zurich
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Efficiency Improvements
10%
8% ST
Losses 1-1 4o, _::::sﬁx\\\\~ Tol - -
C1CCoIm RCCLIICT
5% \ "\Modules N
4% \ ~
3% ~
PV Inverter\ e
29/ Systems \
m Telecom Rectifiers: Typ. Loss \\\
Red. by Factor 2 over 10 Years 1% =
1990 1995 2000 2005 2010 2015
ETH [FLPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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BUt ... Requirements NOT Limited to Efficiency

Simultaneous ... Efficiency (also @ Light Load)*
Power Density 4
Costs ¥

State-of-the-art
Weight

» Losses Volume <

» Costs Failure Rate

Future

% Search for New Converter Concepts (!)

ETH FLPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich




=1 I Power Electronic Systems 11/49 —
I'— Laboratory /

Efficiency
Basics

ETH FLPE
Eidgendssische Technische Hochschule Ziirich e —
Swiss Federal Institute of Technology Zurich




“1C I Power Electronic Systems
1= Laboratory

12/49

Non-Idealities of Converter Circuits

o

R(s)

Paux

s P, =R, ,+PR, , +P, , =k, +k,P,+k,P;

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Influence of Loss Components on
Efficiency Characteristic

F’2 1 1 PV 5
L +— _______Z
2
n n n
100%* 100%* i 100%+ — |
90% (=" 90% 90% M —— ]
80 % / 80% 80%
70% / 70% 70%
60% 60% 60 %
50% I 50% 50%
40% 40% 40%
30% 30% 30%
20% 20% 20%
10% 10% 10%
0 Ly Ly P
0 02 04 06 08 10 P 0 02 04 06 08 10 P 0 02 04 06 08 10 P
(XX} CE,eq MOSFET Losses (XX} DiOdeS (XX RDS on M.OS.FET
Auxiliary Inductor'Winding

ETH ELPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Efficiency Maximum

100%
90% 1
80% H i A
\
1
1

ﬂmax

70%
60%
50%
40%
30%
20% H—° Pur
10% <L l-1D,

— b

-—-Pv,l"_'

==l —-— - e 2 P 2

0 01 02 03 04 05 06 07 08 09 10 D2

@ Maximum P

VoIl qmax = PV,O ... Equal Const. and Quadratic Losses

ETH FLFE
Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Multi-Cell Converters

—> Parallel Interleaving

ETH FLPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich




=IC I~ Power Electronic Systems 16/49 —
I'— Laboratory

Parallel Operation of Multiple Sub-Systems

i D
+ P o+
L
T Cy
u, E@ l Uy — Uy
_ o—
2L D,

; 2L | . uTb Db =Cvd U
—_— d
! 13| 3|

» Features Phase-Shedding - Equiv. to Adjust. Si-Area! - Part Load Efficiency *
» Features Cancellation of Harmonics - Power Density & Efficiency ¢

Eidgendssische Technische Hochschule Ziirich E[—FE

Swiss Federal Institute of Technology Zurich
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Parallel Operation of Multiple Sub-Systems

» Features Phase-Shedding - Equiv. to Adjust. Si-Area! - Part Load Efﬁcien%f
» Features Cancellation of Harmonics - Power Density & Efficiency ¢

ETH [ELPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Efficiency Optimum Phase-Shedding

» Maximization of Part-Load Efficiency

n{ﬁ Pz,sw} = n{ﬁ PZ,SW}

n n
100%* 100(%)+
99% 99%
N=1 2 N=1] 2 1 3 | 4
98% <—>‘<; --------- 989, [ =|-: =|-: |- >
97% ’,7/- ....... 979% //:—” T et
/ Ok
96% r' 96 % s
1 1
T P2sw PZ,sw I ! ‘/
95% .'/2 - 95% [\
| )
Py, 2P, I / P, 2Py, 3P,
94%, : / v & ! . P 049 L v E i Py
0 01 02 03 04 05 06 07 08 09 1.0 Poyn 0 01 02 03 04 05 06 07 08 09 1.0 Py
ETH FFLPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Efficiency Optimum Phase-Shedding

» Maximization of Part-Load Efficiency

ﬂ{ﬁ Pz,sw} = n{ﬁ PZ,SW}

19/49 —

n
I V V 100%*
/ 99%
’ B N=1_ 12 | 3 I 4 -
i : 98% - '|" |" —|= -
Driving with cylinders idle s &
4-cylinder combustion L ———rO——— O

97% /

96 % /

- -t

=
///
L

95% 1

94% Ll

/ PZ,n 2P2.n 3P2.n
1 1

HONDA 0 0

1

Swiss Federal Institute of Technology Zurich

—
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Ripple Cancellation

» Operation of V=2 Systems
180° Out of Phase

ETH

20/49

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Ripple Cancellation

21/49 —

Doubling of Effective

f _ Uy N A _ U, Switching Frequ. @ Same
max,n=1 g fp L max,n=2 32 fp L Switc ing Losses
—> Ripple Red. by Factor of 4
Alf?rf|=i/?‘Emznuﬁl v
1.0 P S
. I ur, :j—_o N 0.8 / \\
- 0.7 / n=l
u 4 l—g{“ Dy '_—_C’?d Uy // \\
| J3| B3| T 0.0 / \
| 'n 0.5
B ° 0.4 ,/ \\
o 03—/ v \
g 1 0.2 / TN n=3 TN \
y () l 3 (ur, +ury) 01 // B N\ / B \\
m=025 m=0.75
— 0 - - —
0 01 02 03 04 05 06 07 08 09 10

» Possible Red. of Input Capacitance € — (/8

ETH

—or- Inductance 2L — L/4

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

[ELPE
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» Ripple Cancellation - Low Volume of Cell-Inductors

m Harmonics Cancellation Allows Large Ripple of Cell Currents

Ej p Vi

50ml ‘ ! 150cm?

120 cm?

40ml]
Inductor Volume (CCM)
30mJ /7 90 cm?
= 4 .~ _, ~
o - H U2 ° 00V 20ml \ _______ ﬁ _____ - 60 cm’
. \_
J_ J_ l—js s 10mJ \ | | Peak Stored Energy, DCM| 5 s

Peak Stored Energy, CCM

N . 0 I R T N V)

0 50% 100%  150%  200%  250%  300% I
P=33kW

]| <

300V —400V @ 3.3kW, £, = 48kHz

—> Minimum Volume for 100% Current Ripple (DCM)

ETH ELPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Ripple Cancellation - Shift of n-p-Pareto Limit

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

n
A
100 % }/IC‘/‘O
. =47kHz
99.5% i’ TOREZ 4ok ,_/_ /
o]
0 LB
99% Lo 8
98.5% %0
Q % o ‘
P=33kW
98% |- U, =300V U, =400V
° J_- - p 3
97.5% —I— T ‘,JEI} = —
(o] ¢ 0
97% I l 1 L 1 l —» p/kW/dm?
0 5 10 15 20 25 30 35

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

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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General Scaling Laws of
Parallel Interleaving

ETH FrPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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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

Zusw

H. Ertl, 2003

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

ETH FLFE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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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.

e e, fl:‘akJHZ 0.01 1 | |||||I |
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
Eidgendssische Technische Hochschule Ziirich EE—FE

Swiss Federal Institute of Technology Zurich



“1C I~ Power Electronic Systems 27/49 —
I'— Laboratory

Reduction of EMI

Filter Volume O Or
! 4
180dBuv — —
"I Lt e 3B T,
160dBuV [ U T g5 s 20
| gl -3dB
140dBuvV 1 -
I
120dBpV i
|
100dBpV : :
| |
80dBuv ] : Altreq
| | ‘ Attrcq
B N b
» Symm. Interleaving - 180° 60dByY T ! i
» Asymm. Interleaving = 90°  40dBpv I i i ]
10k £ 26 3 I0M 10k £ 26 3 10M

2L D, 1

; 1
+ ! Uy, + l
T 1
2L un, p Cy
T i
T, Ty
2

Eidgendssische Technische Hochschule Ziirich E[_FE —_—

Swiss Federal Institute of Technology Zurich




=IC I~ Power Electronic Systems 28/49 —
I'— Laboratory

» Impedance Matching

U. U.
m Allowed L, Directly Related to Switching Time t, > L, <—=at,—
I_L I L
t, z
a=0.1
LS T . I /
t,=100ns
50ns
L, - 100nH L
10ns
aU; | | |
U, E+ _ I U 10nH LA A LA L L L
- ity i
S |
iT - InH : . U;
0.1Q 10 10Q 100Q2 — /= I

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

Eidgendssische Technische Hochschule Ziirich EE—FE

Swiss Federal Institute of Technology Zurich
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Ultra-High Efficiency Demonstrator
Systems based on Parallel Interleaving

- 6x Interleaved TCM PFC Rectifier
/:'."_[_'FE - 3x Interleaved TCM PFC Telecom Rectifier

Research Projects of

ETH Zurich Partly Supported
by the European Center

for Power Electronics

ETH ELPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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* 99.36% @ 1.2kW/dm3

low power FPGA

Un “N 4 “““““Zero Current Detection Yo
o
JEES JEEJ'; I E % J%
ra Y
AN = = Y
g _L S A
T T ~ ——
TR = Y
< &
oYY
H H ) H H H H
J:@S J:&Jﬂ}J:&J:&Jﬁ}Jq}
. . . . ® . o

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

ETH ELPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

DC output
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Triangular Current Mode (TCM) Operation - Zero Voltage Switching

m Synchronous Rectification
m Negative Current Ensures ZVS

Vo
Ip.T1
Cossl +
T, i D, v
—_ 1 VDs,TI
iy L
———
+ | iD,Tz

D; vpst2

OF TZJHFC"T .

ETH

0 L >

T, (())3‘ 1 1 [, ,
T?.SET [ [ I_L>t

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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6x Interleaved 3.3kW TCM PFC Rectifier System

Un
n
* PCBC itive;
99.4% apacitive;
0.24W; 1%
99.3 9 3¢ Gatedrive; 1.1W; 5%
’ - " \ | pCLink 17W; 8%
/ . ZCD-Cores,
99.2% e Current Transducer, "\
£/ - PCB; 2.0W; 10%
99.1% )( / Auxiliary; Inductors;
/ il 1.5W: 7% 4.8W: 24%
99.0% Fi =253V ] MOSFET Inverter;
e 230V 1.8W; 9%
98.9% e
— — Limit |]
98.8% ’ — P,/kW
0 0.5 1.0 1.5 2.0 25 3.0 35 MOSFET TCM; 7.4W; 36%

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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3x Interleaved Ultra-Compact/Efficient TCM PFC Rectifier

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

n/%
99.0

98.8
98.6 1 —
98.4

08.2 S

98.0 —— 264V
97.8 e 230V
97.6 —e— 184V
97.4 — — Limit
97.2

97.0
1000 1500 2000 2500 3000 3500

Po/W

X 98.6% @ 4.5kW/dm?

ETH ELPE

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

jj 1

1001 Triple-Interleaved
TCM Rectifier (33kHz)
99
g\i Triple-Interleaved
— 98 TCM Rectifier (56kHz)
>
@ |
c ; N
.C'GJ 97 Double-Interleaved N A
P Double-Boost CCM N <
E Rectifier (33kHz) ~ m
N Double-Interleaved
96 | N Double-Boost CCM
* Rectifier (450kHz)
95 ‘ ! - ! ! —>
o L 2 3 4 5 6 7

Power density p (kWdm?3)

Swiss Federal Institute of Technology Zurich
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» Is Another Step of Massive Improvement Possible ?

35/49

— Indication for a
“Natural” Performance
Limit

Source:

Dr. Gerald Debo
Plenary Presentation @¥
IECON 2013, Vienna

Comparison of various PFC options: complexity
of control vs better semiconductors

Gafineon

= 5 =
o TP st DZT Jf;f :'||_S1 Fss }f}f jl—s1 |, s3
od——- ° 400V © . 0oV @ ~ .
e 1 i A 1
_| _l © — 1 I— © L,
T s1| s2 7 nl— s2 s |'_':|_32 AL s4
99,4
99,2 /_——_
99,0 //
‘:; e —— Totem pole, GaN, 65 kHz
Y 986
£ — Dual boost, C7 + SiC, 65 kHz
& o9g g
98,2 TCM, P6, 20..120 kHz
98,0
97,8
0 100 200 300 400 500 600 700 800
Pout[w]

m  Minimum Performance Difference for Best Matching of Topology/Semicond./Modulation
m  Only Use BASIC Topologies - Costs are THE Deciding Criteria (!)

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Is Another Step of Massive Improvement Possible ?

|
* 99% @ 6kW/dm3
_ Joll

... Series Interleaving ?

ETH ELPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich




“1C I~ Power Electronic Systems 37/49
I'— Laboratory

Multi-Cell Approach

—> Series Interleaving

ETH ELPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Telecom Rectifier Employing Series Multi-Cell Approach

m Specifications

Input Voltage

Nominal Output Voltage
Output Voltage Range

Rated Power
Target Efficiency
Target Power Density

Hold-Up Time

Switching Frequency

230V, (180V,, . -270V,,,)

48V
40-60 Vp

DC

3.3 kW
98.5%
3 kW/dm3
10ms at Rated Power
220 kHz (per Module)

N0
_g Vout

EMI Standard CISPR Class A and Class B
Converter Cell
Ly
— - AC 1 DC
AC 1 DC
W@ T AL
g ™ [_ DC DC
L Tac —+—{DC
DC - DC

m Input Series Output Parallel (ISOP) Connection

ETH

[ELPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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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 -
085t
98% @ 3kW/dm?
o8
L 975 W N
g 97 \\
“ g5l 40% T~
\
96 - \
955+
95 1 1 1 Il V 1 L 1 ]
05 1 15 2 25 3 a5 4 45 5

Power Density (KW/dm®)
m Optimal Performance for 20% Hold-up DC-Link Voltage Drop

ETH ELPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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“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

0 500 1000 1500 2000 2500 3000 3500
Po/W

ETH [ELPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Scaling Laws of
Series Interleaving

ETH FrPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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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

Sub
Uyof O o

ETH ELPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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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

ETH FLFE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Series Interleaving of Converter Cells

phase ) _H-bridge output stage . : dv/dt

I N=1 1y
LFT DC
S D, S D

ch==lVDc ‘-|||||||”|| ”I t dv/dt
‘|II l

Il
sz-n(:%nz S4-|"/3§D4 “ |

1
Ve

2 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)

ETH FLPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Mixed S/P-Interleaving

ETH ELPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Mixed Interleaving

* Conventional " mlEE —
m Numerous Combinations " !
(ISOP, ISIS, IPOS, IPOP, etc.)
1l 0
il
——
* Input Series ] ]” ] _"_"u
1 ?
I
=5
L
e i
X - —
* ISOP = T B i
Input Series i ?
Output Parallel [ y |
Topology j”i
I
e Low Inp. Voltage / Output Curr. Harmonics [ A
e Low Input / Output Filter Requirement u,) j”i I8
e Impedance Matching o~ I .
ETH FLFE
Eidgendssische Technische Hochschule Ziirich e

Swiss Federal Institute of Technology Zurich



“1C I Power Electronic Systems

=

Eidgendssische Technische Hochschule Ziirich

Conclusions

» Multi-Cell Converters - Step Towards “Homogeneous” Power

— Minimization of Passives @ Low Cell Switching Frequency
— High Efficiency / Control Dynamics / Power Density

— Harmonics Cancellation Instead of Filtering

— Impedance Matching

» Control Complexity > Digital Signal Processing
» Hardware Complexity = Advanced Integration

» Parallel-Interleaving

— Regularly Used (High Part-Load Efficiency)
— Optimum Coupling Still to be Explored
» Series-Interleaving

— Currently Mostly in High Power (Voltage)

— DOF of ISOP Converter Control - Still to be Explored

— Power Circuit Complexity —> Advanced Packaging Mandatory
— Comparable Reliability Still to Be Verified - Redundancy

» Interleaving Concepts also Applicable e.g. to AC/AC Converters

[ELPE

Swiss Federal Institute of Technology Zurich
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Questions

R 4

o
. d

&

i

ETH FrPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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