..
ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

Three-Phase Unity Power Factor Mains Interfaces of
High Power EV Battery Charging Systems

M. Hartmann, T. Friedli and J. W. Kolar

Swiss Federal Institute of Technology (ETH) Zurich
Power Electronic Systems Laboratory
hartmann@lem.ee.ethz.ch, www.pes.ee.ethz.ch




“IC I~ Power Electronic Systems 2/66 —
I' = Laboratory /

Outline

» EV Charging Levels
» EV Charger Converter Topologies
» Operating Range of 3ph. PFC Rectifier Systems

» Classification of 3ph. Rectifier Systems
» Diode Bridge Rectifiers
» Active PFC Rectifier Systems
m Boost-Type Systems
- VIENNA Rectifier
- A-Switch Rectifier
m Buck-Type Systems
- 6S-Rectifier
- SWISS Rectifier
» Comparative Evaluation

» Conclusions
» Design Equations / References
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Electrical Ratings of EV Chargers

» USA (SAE J1772 Definition)

m Level 1 Charging m Level 2 Charging m Level 3 Charging
e Single-Phase AC Connection e Single-Phase AC Connection e DC Connection
e On-Board Charger e On-Board Charger e Three-Phase Off-Board Charger
e 120VAC,16 A »> 1.92 kW e 204-240VAC,<80A > 19.2kW e 300-—600V,, <80A > 240 kW
1 IN,rms
100 A |
USA Level 2
80 A ® ©

Europe 3-Phase
60 A L » Europe On-Board Charger

e Single-Phase AC Connection

40 A Europe 1-Phase 230VAC,16 /32A > 3.68 /7.4 kW
- - 230VAC,20A - 4.6 kW
S0 A USA Level 1 o Three-Phase AC Connection
° i W 3x 400 VAC, 16 / 32A > 11/ 22 kW
3x400VAC,63A > 44 kW
A -
0 oV 100V 200V 300V 400V 500V VN rms

3-Phase Line-Line
ETH FrPE
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EV Charging — Power Electronics Topologies (I)

m Basic Requirements

Mains Side Sinusoidal Current Shaping
Isolation of Mains and Battery (?)
Output Battery Current Control

m Basic Topologies

Non-Isolated
Isolated Single-Stage (Matrix-Type)
Isolated Two-Stage

e Battery could Integrate a DC/DC Conv.
& Communication Interface (Monitoring,
Distributed Control — SMART Battery)

ETH

Wide Input/Output Voltage Range - Voltage Adaption

Maintainability (No Inverter/Motor Integration)

AC
DC

AC
DC

AC

DC

ELPE
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EV Charging — Power Electronics Topologies (II)

AC Mains I High-Voltage
1-Phase or 3-Phase ! = BatErery
S ¢ o1
| AC +
= Q DC =
' 'Tac,/] [oc A
||_® ? : DC DC | “_"
| 1= e _
AC Py DC +
'I|_® DC ;r’ DC “—D
..|_@ AC ! "
DC } I
C 7 [pC n
"|_@ ) DC : y DC —
||_® : DC bc| | [F “_°
I B |
= DC ? I
|
HO—@ o -
---- Standard g s - T
. AC +
Solutions ke ; o .
- - = |
OFF-Board | On-Board
|
. FLPE
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Operating Range of 3-Phase PFC Rectifier Systems

e Boost Type

e Buck Type
VB 4 5 5 r
B VN, VNI cos(—)
/ ’ 6
/s
600V= == = ——————) 1-Phase Boost
3-Phase Boost__~ " PFC Rectifier
PFC Rectifier )
y . VNI
/ —
VA ﬁ
s /7
s s
o | 3-Phase Buck
S0 PFC Rectifier
200V — - - — 7‘/1—/—/— —————————
/// -7
/////// d
///
0 1' i >
0 320V 400V 480V 530V VN .LL rms

VB .ceece..... Battery Voltage
VN,IL,rms --- RMS Value of Mains Line-to-Line Voltage

ETH -
SN FLPE
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3ph. PFC Rectifier Topologies

ETH FLFE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich




S1C T Power Electronic Systems
==l Laboratory

8/66

Classification of Unidirectional 3ph. Rectifier Systems

| Unidirectional Three-Phase Rectifier Systems

Passive Systems

Hybrid Systems Active PFC Systems

Single Diode Bridge I

Multi-Pulse Rect. System

¢ DC-Side Inductor
¢ AC-Side Inductors
o Passive 374 Harmonic Injection

 (Partial) Transf. Isol. or Auto-Transf.-Based
* AC- or DC-Side Interph. Transformer
 Passive Pulse Multiplication

I I

Electronic Reactance Based

Combination of
Diode Rectifier and DC/DC Converter

Active 3'4 Harmonic Injection

Direct Three-Phase Systems '|

Phase-Modular Systems

* Single Diode Bridge
& DC-Side Electron. Ind.
o Single Diode Bridge
& AC-Side Electron. Ind. or Cap.
* Multi-Pulse Rectifier System
Employing Electron. Inter-

e Passive/Hybr. or Active 3rd Harm. Inject. Network

* Boost- or Buck-Type or Uncontrolled Output

* Diode Bridge or Multipulse System With
Harmonic Inj. (Pulse Multipl.)

* Y-Rectifier
* Delta-Rectifier
* 3/2-Phase Scott-Transf. Based

phase Transf.
Boost-Type

o Single Diode Bridge
& DC/DC Output Stage
 Half-Controlled Diode
Bridge
* Multi-Pulse Rect. System
(Transf. or Auto-Transf.-Based)

with DC/DC Output Stage Empl.

AC-Side or DC-Side Ind.

ETH

Impressed Input Current

Impressed Input Voltage l

Buck-Type (Boost-Type) (Buck-Type)
* Single Diode Bridge I ] I |
& DC/DC Output Stage DCM CcCM DVM | CVM '
* Half-Controlled Diode
Bridge * Single-Switch ¢ Two-Level Converter e Single-Switch * Three-Switch Converter
* Two-Switch —Y-Switch Converter * Six-Switch Converter
— A-Switch

—Y-Arrangement With Mains
Artificial Star-Point Connection
® Three-Level Converter
(VIENNA Rectifier)

ELPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Diode Bridge Rectifier / AC-Side Inductor & Output Capacitor

600 ‘ . -
———————————— e
400 Upn,(2mH)  Ypn,(20mH) 50
=
%: 200 0 2
5 o
c 2
S 0 0 OS
-200 o
400, : - N |20
t (ms)
1.1
—UN,LL N o
I'oo! R i —
» Power Factor | | -
0.8 |
P11 1 / |
A= R cos((ol ) = cos(q)l) A |
1+THD[2 :2mH :2‘0mH
l |
0.60 0.05 0.1 0.15 0.2 0.25
10N X1, Iy

ETH FLFE __
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Diode Bridge Rectifier / DC-Side Inductor & Output Capacitor

L p
] +—>o N = ==~ ]
kX & " TN
<< ala 400 ” 120
)
b N < 200 4 .\,\s ta, (5mH) 102
& ;]\ / +
bl csl=llr 2 .4 :
- RV e 0
C > la,(20mH) Lﬂrﬂ\\_'d O
? ¥ ¥ -200 &;/ -10
¢ —0° -400 -20
n 0 5 10 15 20
t (ms)
1.1
% ﬁpn 1 — /ﬁBn
Upn = T ! 095—————————== -
“Un,LL 0.9 i i
U|_L=3X400V 3 08 |
Ay =50 Hz /} :
P, =2.5 kW (R=125 Q) orl /] |
C= 1mF |/ 15 mH 120 mH
L =5 mH; 20 mH o6l L | L
0 0.05 0.1 0.15 0.2 0.25
I/UNXLf(l)

ETH EPE
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3-ph. Rectifier Common Mode Output Voltage

o
N
o
o

L
1 - g100 A A
A W W B VANEREVAN

2 100 A
C
g, ~ /~ | /~
X112 " |~ S—isme
¢ ¢ :;L 1005 t(1r?1s) 15 20
T Al
S
LA qa L i % 0-| |
)
+ g \— \ \.L:20mH
b C== tpn I:IR '1280 5 10 15 20
h 50 N N
¢ <N/ N/
L O I S NN
n 7100, 5 10 15 20
t (ms)

® Qutput shows Low-Frequency Common Mode Voltage; Load / Battery cannot be
Connected to Ground (Isolation Required)

ETH -
SN FLPE
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Improvement I - Controlled Output Voltage

e S A
u u
N a s o~~~
i £ 400 i 40 <
b u JK C Ef upn[]R F200 - NE 20 g
c SO la 7 03
—*— ¥ ¥ -200 -20
o n 0% 5 10 15 207
t (ms)
U|_|_ =3x400V 25
Pout = 10 kW 20
[ [ ° /E 15
» Remaining Disadvantages =
10
- Block Shaped Mains Currents s
- Maximum Power Factor 4 = 0.952
- Input Current Distortion THD =32 % o, . 16lJ = m
n

Eidgendssische Technische Hochschule Ziirich £ —

Swiss Federal Institute of Technology Zurich
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Improvement II - Purely Sinusoidal Mains Current

» Remaining Disadvantage - No Output Voltage Control

ETH -
SN FLPE
Eidgendssische Technische Hochschule Ziirich R

Swiss Federal Institute of Technology Zurich




S1C T Power Electronic Systems
I = Laboratory

Combination of Improvements I & II

m Boost-Type Topology

+ Controlled Output Voltage
+ Purely Sinusoidal Mains Current

- Power Semiconductors Stressed
with Line-to-Line and/or Full
Output Voltage

ETH

u

[-}o}

"mw.

o

<«

[+ 1}

Current (A)

30

20

-10

-20

-30
0

10

15

20
t (ms)

25

30

35

40

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Boost-Type PFC Rectifier System

e VIENNA Rectifier
e A-Switch Rectifier

ETH -
SN FLPE
Eidgendssische Technische Hochschule Ziirich R

Swiss Federal Institute of Technology Zurich
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VIENNA Rectifier

» Three-Level Characteristic

I S ;

g
<
£
=
| S |
Y

+ Low Input Inductance Requ.
+ Low Switching Losses,
Low EMI

Higher Circuit Complexity
Control of Output Voltage Center Point Required

+

P Difference of Mains Voltage (e.g. u;) and Mains Frequency Comp. of Voltage
Formed at Rectifier Bridge Input (e.g. 7', ) Impresses Mains Current (e.g. 7;)

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Time Behavior of the Components of Voltages wz,uj , uz

i, =i, ti,.
400 ” 40
a o~
g 200 M 208
¥ e
& . =
8 0 ta ¢ s
= -200 -20 3
= 400 B s
- -40
s 400 4000 5 10 15 20
Ug, M
= 0 = ZOOM ,
S @ 0
S 2200 = -200 w
= ) 'S 400
QO
g
S
FELFE
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Cond. States within a Pulse Period / i,,-Formation

V) AN VANSEY /I3
e Considere.g. i, >0,i,<0,i, <0 \\/
04—'—‘—4‘ T;\=1/f ,/\\\ 2Tg ,/A\ 3Tg t
e Switching States (100), (011) are Forming SN N
Identical Voltages uz, uy ,uz but Inverse

Centre Point Currents ing

e Control of 7, by Changing the Partitioning

of Total On-Times of (100) and (011) 011 . (100), . (O11)
(010)1 L'—(OlO)
(000) (000)

; 7 Y ; 7 SN ; YN ; Kk X &
g = ¢, gy | | = al £ ala M
b L M b b M b i iy b i i
Cic L c A e b L Cic 1
PO W Y O WY 7 N W ¥ X % % T
(000), i\, =0 (001), i, =1, (010), iy = -i, (011), iy =1,
. i 7 Y Y Y L i 7 Y Y Y J__. o Y Y Y ; X %3
e Corresponding - T e e T e .
Switching States = *-mm Y S - W D LS
and Resulting S i. 3w L S I - L
Currents Paths ttt I} 173 L I Y |
(111), iy=0 (110), iy =1, (101), iy, =i, (100), i, = -i,

ETH FrPE

Eidgendssische Technische Hochschule Ziirich
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» Experimental Analysis

m Generation 1 - 4 of VIENNA Rectifier Systems f =50 kHz

e Switching Frequency of f; = 250 kHz offers a
Good Compromise Concerning Power Density, Weight,

Efficiency, and Input Current THD Js = 12 iz
ciency, and Input Curren p = 4.6 kW/dm3
100 |
50 kHz -
e f. =250 kHz
S e ._;E.kH_ 250 kHz p= 10 kW/dm3
< z i — 164 W/in3
= 9 500 kHz R /i)
S \ Weight = 3.4 kg
.§ \1 MHz
g 92
= fs=1 MHz
90 p =141 kW/dm3
o Weight = 1.1 kg

2 4 6 8 10 12 14 16
Power Density p (kW/dm3)

ETH FLFE __

Eidgendssische Technische Hochschule Ziirich
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» Demonstrator - VR250 (1)

e Specifications

U|_|_=3X400v

fu= 50 Hz ... 60 Hz or 360 Hz ... 800 Hz

P, =10 kW
U,=2x400V
fs =250 kHz

e Characteristics
7 =96.8 %
THD; = 1.6 % @ 800 Hz

10 kw/dm3
3.3 kg (=3 kW/kg)

Dimensions: 195 x 120 x 42.7 mm3

Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich
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» Demonstrator - VR250 (2)

e Specifications

U|_|_ =3x400V
fn= 50 Hz... 60 Hz or 360 Hz ... 800 Hz
P, =10 kW
U,=2x400V
fs =250 kHz

e Characteristics

i =96.8 %

THD; = 1.6 % @ 800 Hz
10 kW/dm3

3.3 kg (=3 kW/kq)

Dimensions: 195 x 120 x 42.7 mm3

Eidgendssische Technische Hochschule Ziirich L

Swiss Federal Institute of Technology Zurich
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» Mains Behavior @ f, = 50 Hz

ETH

5A/Div
200V/Div
5ms/Div

P, = 4kW

U, = 230V
£, = 50Hz
U, = 800V
THD. = 1.1%

~

7T

VR

NN N

Y/ | N

N Sms250 YV 1 5ms LD.Om

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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» Demonstrator Performance (VR250)

e Input Current Quality @ fy = 800 Hz 10 N

8

9 \

<6

=

T 4
2 ~e-

ﬁ—-’_._

0

\O
(¢S]

e Efficiency @ fiy =800 Hz

|
f
|

5
N

Efficiency 7 (%)
O O O
(9] (o))

O
w

921
Py (kW)

ETH ELPE

Eidgendssische Technische Hochschule Ziirich
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» Demonstrator (VR250) Control Behavior

e Mains Phase Loss

250 V/cﬁﬁ S etesamaaa
AN A A

Inanannannaa L E VALY
AR A AR AN AN

Ny
5 A/div I M" M

M L
VELLEA AN
VTR

Y 20 ms/Div |

e Mains Phase Return

Uo |
250 V/div

IN

swer T

TV caeannenhen
T
AWK

Lt L

20 ms/Div |

ETH FLFE __
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» Demonstrator (VR250) EMI Analysis

e Total Emissions e DM Emissions e CM Emissions

‘ “ i m.iri: ‘ H ‘ - r
i;‘u = v 1§ ] ‘ I‘ th‘ ’ 1 W%W j !L'ul | ‘ M i | }M‘JN JO’ ]\LIL_ L—L I | m III
«; P il 12520001 NASESLER Y ILY I JV*ﬁW

150 kHz 30 MEz 150 kHz

ETH -
SN FLPE
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A-Switch Rectifier

» 2-Level Characteristic

n
"EE_? = ”E — -
AC Side E—F TR T
Equivalent
Circuit U = U — 1
» Phase Current Control: Output of the Phase Current Controllers are

Transformed into A-Quantities

ETH -
ki FLPE
Eidgendssische Technische Hochschule Ziirich R

Swiss Federal Institute of Technology Zurich
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A-Switch Rectifier
» Modulation
200 TeNT 7
R N NS
pd e
U|_|_ =115V (400”2) :>Z 0 / N \)/ N
Po =5 kW 100 = \ \ ~—_ y
Up=400V -200
fs = 72 kHZ 400 V12 Voa Va1
g 200 i e -~ P e
Power Density: 2.35 kW/dm?3 o ,%\ /)<\
[
- EMI filter T ——— re—— M— "
-400
PWIN; 3 [AMAMAALALULAAMACA — .' . P
s, ' S T
pwmsg f 1
pwmgg I
pwmpy SR ;
Wiz gAML [ I I 1 TUVINVINARARL AR
30
20 .MM.INI WWNZ Mu m{}ii
= 10 i
- S, X LN M><
Boost inductors . . s o ﬂ ‘N /7/ N% l/‘ff Yy
Semiconductors utput DC-lin
Controller board capacitors -20 M " W*‘MN’ WM %w-. WAWWV‘M
0T 0.2 04 06 0.8 1 12
t (ms)
ETH
Eidgendssische Technische Hochschule Ziirich EFE  —

Swiss Federal Institute of Technology Zurich
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A-Switch Rectifier

» Experimental Analysis

U|_|_ =115V (400”2)
P, =5 kW

U, = 400 V

fs=72 kHz

Power Density: 2.35 kW/dm?3 THD, = 2.3%

||||||||||||||||||||||||||||||||||||||||||||||||

V- ; R : ; S
EMI filter : : : T Z . . . ]
_F,f"‘-' .........................
100V/D1V> ,,,,,,,,, :
LI I Iy :
10 A /Divy/ "‘ 3
Boost inductors . /| 2 : _I .
Semiconductors Output DC-link T S ST PR S
Controller board capacitors CH1 100V CH3 10A

CH2 10A CH4 10A

Eidgendssische Technische Hochschule Ziirich E[—FE

Swiss Federal Institute of Technology Zurich
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Buck-Type PFC Rectifier System

* 65-Buck Rectifier
* SWISS Rectifier

ETH -
SN FLPE
Eidgendssische Technische Hochschule Ziirich R

Swiss Federal Institute of Technology Zurich
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6S-Buck Rectifier

» Derivation of the Circuit Topology - Insertion of Switches in Series to the Diodes

i D Inc p
>

L HEET L A

s Eﬂfﬂ?

+ DC Current Distribution to Phases a, b, ¢
can be Controlled 3. - Pulsating Input Currents / EMI Filtering Requ.
+ Control of Qutput Voltage 0 < u < B U - Relatively High Conduction Losses

ETH -
SN FLPE
Eidgendssische Technische Hochschule Ziirich gy

Swiss Federal Institute of Technology Zurich
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Experimental Results

» Ultra-Efficient Demonstrator System

UL =3 x400V (50 Hz)
P, =5 kW

Up,=400V

fs=18 kHz
L=2x0.65 mH

n = 98.8% (Calorimetric Measurement)

ETH

Eidgendssische Technische Hochschule Ziirich

Input Phase Currents (5 A/Div)

Swiss Federal Institute of Technology Zurich
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Experimental Results

35

» Ultra-Efficient Demonstrator System Freewheeling Diodes
30
—~ 25
Uyr=3x400V (50 HZ) % 20 - Series Diodes
Py =5 kW z
Uy, =400V 2 15
fs=18 kHz =~ 1o
L=2x0.65mH - MOSFETs
n = 98.8% (Calorimetric Measurement) 0 e .
Conduction Turn-on Capacitive
Losses Losses Losses
99.0  G— .
_ X L
=X / A
- 98.0 ://
qq_) X
'S
£ 970 ——207V ]|
M -B-230V
A-253V
96.0 '

1000 2000 3000 4000 5000
Output Power (W)

ETH FLPE

Eidgendssische Technische Hochschule Ziirich
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Extensions / Modifications of 6S-Buck Circuit Topology

» 3S-Buck / Buck+Boost Topology ' e
[ [ [ e
e Internal Filtering of CM Qutput T
Voltage Component . b
1o 1 1
| T LT T
fa a b c
Q@ ©
e Integration of Boost-Type , PN
Output Stage
e Wide Output Voltage ; [ [ K célupn[]R

Range, i.e. also U > E(,_.-'

e Sinusoidal Mains

Current also in Case of - - .
Phase Loss 1. 1 L
T AT T
] a b c
» Modifications also for 6-Switch Topology &« @ 9

ETH ELPE

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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SWISS Rectifier

o r, L p
NX -
o %% = | =
o .
b | | L .
-4 A o ]
c L 4 g
11 J_ 3—. ;— 'y
1 1 1 u,
LITxx% . < |
T .V 1, n
+ Controlled Output Voltage
+ Purely Sinusoidal Mains Current p 4
ot c|0,—
+ Low Current Stress on the r L
Inj. Current Distribution — K . em 7
Power Transistors / High Eff. Ua T A A l
+ Low Control Complexity g
- Higher Number of Active b W 2 C== [upn []R
Power Semiconductors than o e i
Active Buck-Type PWM Rect. J_ i
(but Only T,, T_ Operated with ===
Switching Frequency) ) | T
L

ETH -
ki FLPE
Eidgendssische Technische Hochschule Ziirich R
Swiss Federal Institute of Technology Zurich
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SWISS Rectifier

» Control Structure

R(s) 4

p L
[ Bg 6.0 O

» Gating of T,, T: - Synchronous Control Minimizes i -Ripple / Maximizes Ripple of i,
- Interleaving Minimizes Ripple of i, / Maximizes i -Ripple

ETH

=
e FLPE
Eidgendssische Technische Hochschule Ziirich R —

Swiss Federal Institute of Technology Zurich
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SWISS Rectifier

» Simulation Results — Mains Period and 60°-Wide Section

UN,LL= 400 Vrms
Upn =400 V¢
P=10 kW

iS4
]%ﬂﬂﬂf”ﬂﬁﬂﬂfﬂﬂﬂgmfﬂr o

. U
. H o AU b WIRIRiE SR
@ - TV
: AL

PRI S oWl B oA 2w wd
883 o3 8 88 B 23 o 2 B HE
Wm L [
EEESS BLE
ZE §ie
(]
EH

SSSSSS

ETH FLFE __
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Comparative Evaluation

* VIENNA / A-Switch Rectifier
* SWISS / 6S-Buck Rectifier

ETH -
SN FLPE
Eidgendssische Technische Hochschule Ziirich gy

Swiss Federal Institute of Technology Zurich
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Performance Indices

» Diodes

1 B znVD,max,nID,max,n

Diode VA - Rating =

1D P,
Ip
Diode Conduction Losses = Z” V8.1
10
» Power Passives
2 InL
Percentage Reactance = FNINLy
Vn
Iy AT L
Rated Inductor Power = —= L.plpk I s
PO
Zn IC,rms,n

Capacitive Current Stress =
o

ETH

38/66 —

» Transistors
Z n Vr ,max,nl T ,max,n

Transistor VA - Rating =

Ur P,
i : I7 rims.n
Transistor Conduction Losses = =" I’ ’
0
It Vr
Transistor Sw. Losses Boost = Z” ave.n Ton
P0
It V1
Transistor Sw. Losses Buck = Z” AL
P0
» Conducted Noise (DM, CM)
Ve +Vy +Ve

VNoise = VDM + VCM
2 2 2
Vom =V .cor = VN .rms

2 2 2
Vem =Vem o —Vem, LF

JFLPE __

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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Comparative Evaluation (I)

» Boost-Type
VIENNA / A-Switch Rectifier

VL|_ =400V (50 HZ)
P, =10 kW
U,=720V
fs=72kHz
Trans. VA-Rating
(O

Diode VA-Rating
(up)!
N
G

Transistor
Cond. Losses \3~

; /
Vienna Rectifier
/ / r

Transistor g /
Switching Losses
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» Buck-Type
SWISS/ 6-Switch Rectifier
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Comparative Evaluation (II)

» Design Space

Semiconductor Type, Data
Thermal Properties

EMI Specifications
Converter Topologies, Load
Modulation Scheme
Control Scheme

etc.

ces s » Outputs (Post-Processing)
» Specifications

Operating Range (e.g. Us, U.,) * Performance Indices
Lo AN -fiys Virtual PFC Rectifier * Operating Efficiency
- Mission (Charging) Profile Evaluation Platform * Mission Efficiency
* Limit Values * Volume, Weight, Power Density
* etc. * Costs
. etc.

m Comprehensive Evaluation of PFC Rectifier Systems Based on Required Total Chip Area,
Total Volume | Weight of Power Passives and Conversion Efficiency
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Conclusions (1)

» 3 Decades of Research have Identified the most Advantageous
3ph. PFC Rectifier Topologies

m Unregulated Output / Sinusoidal Input Current (KOREA Rectifier)

+ Low Current Stress on Power Semicond. _ p
In Principal No DC-Link Cap. Required
Control Shows Low Complexity

Sinusoidal Mains Current Only

for Const. Power Load

Power Semicond. Stressed with

Full Output Voltage

Does Not Tolerate Mains Phase Loss

+ +
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Conclusions (2)

m Boost-Type PFC Rectifier Systems

Controlled Output Voltage

3-Level Characteristic

Tolerates Mains Phase Loss

Power Semicond. Stressed with 0
Half Output Voltage

- Higher Control Complexity

+ + + +

+ Controlled Output Voltage
+ Relatively Low Control Complexity
+ Tolerates Mains Phase Loss

- 2-Level Characteristic
- Power Semiconductors Stressed
with Full Output Voltage
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Conclusions (3)
m  Buck-Type PFC Rectifier System

0sU<3/2 U

0 Upn

! Tm:
Q
Y

+ Allows to Generate Low Output Voltages
+ Short Circuit Current Limiting Capability 0

- Power Semicond. Stressed with LL-Voltages
- AC-Side Filter Capacitors / Fundamental =
Reactive Power Consumption

S

m Buck+Boost-Type PFC Rectifier System

Uz0

0 Upn

+ See Buck-Type Converter i

Wide Output Voltage Range

+ Tolerates Mains Phase Loss, i.e. Sinusoidal =
Mains Current also for 2-Phase Operation

- See Buck-Type Converter (6-Switch Version
of Buck Stage Enables Compensation of AC-
Side Filter Cap. Reactive Power)

+
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Appendix A

Design Equations
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Current Stresses — VIENNA Rectifier
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Current Stresses — A-Switch Rectifier
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Current Stresses — KOREA Rectifier
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Current Stresses — SWISS Rectifier
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Current Stresses — 6S Buck Rectifier (1)
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Current Stresses — 6S Buck Rectifier (2)
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