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Synergetic Control of Non-Isolated 3-® Voltage & Current DC-Link EV Chargers

Abstract — The presentation first identifies Modularization, Functional Integration, Decentralization, Hybridization, and Synergetic Association as
key concepts («X-Concepts») for future performance improvements of power electronics converters. Next, latest research results of the Power
Electronic Systems Laboratory of ETH Zurich in the area of bidirectional three-phase AC/DC converter systems with voltage or current DC-link, i.e.,
boost-buck or buck-boost functionality, are discussed. The realization of both systems is based on “Synergetic Control” of the PFC rectifier input
stage and DC/DC converter output stage and considers 400V line-to-line input, a very wide output voltage range of 200V to 1000V, and 10kW of
rated power. The described hardware demonstrators are featuring high efficiency and power density and accordingly could serve as standard
building blocks of galvanically isolated EV chargers. Moreover, as documented with the results of comprehensive experimental analyses, both
systems are ideally suited as future RCD-based non-isolated EV chargers. The talk concludes with remarks on the urgency of a transition from a
Linear Economy to a Circular Economy, which also needs to be considered for future power electronics converter designs in order to ensure that
the 2050 Net-Zero-CO, target is reached on a sustainable basis.
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Outline

» Introduction

» oltage DC-Link AC/DC Boost-Buck Converter
» Current DC-Link AC/DC Buck-Boost Converter
» Future RCD-Based Non-Isolated EV Charger

» Conclusions
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S-Curve of Power Electronics

m « X-Technologies » / “Moon-Shot” Technologies
m « X-Concepts » > Full Utilization of Basic Scaling Laws & X-Technologies
m Power Electronics 1.0 > Power Electronics 4.0
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« X-Concepts »

Modularization
Functional Integration
Decentralization

Hybridization
Synergetic Association
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A

« X-Concept » Modularization
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Scaling of Multi-Cell/Level Concepts

m Reduced Ripple @ Same (!) Switching Losses
m Lower Overall On-Resistance @ Given Blocking Voltage
m Application of LV Technology to HV
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e Scalability / Manufacturability / Standardization / Redundancy A
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3-® Hybrid Multi-Level Inverter

m Realization of a 99%++ Efficient 10kW 3-O 400V, ,Inverter System

r

m 7-Level Hybrid Active NPC Topology / LV Si-Technology

7 Level

ANPC FC
Stage Stage
(50/60 Hz) (fow)

e 200V Si - 200V GaN Technology Results in 99.5% Efficiency

99.35%
2. 6kW/kg
56 W/in
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Functional

« X-Concept » Integration
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Isolated Matrix-Type 3-® PFC Rectifier (1)
m Based on Dual Active Bridge (DAB) Concept
m Ingegration of 3-® PFC Rectifier & DC/DC Converter Stage
m Opt. Modulation (t,...t,) for Min. Transformer RMS Curr. & ZVS or ZCS
m Allows Buck-Boost Operation
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Isolated Matrix-Type 3-® PFC Rectifier (2)

m Efficiencynn = 99% @ 60% Rated Load (ZVS)
Mains Current THD, = 4% @ Rated Load
m  Power Density p = 4kW/dm?3

P,= 8 kW
U= 400V, > U,= 400V,

f s = 36kHz
Gate Drivers \

ZYNQ 7000

Transformier System on Chip

with Leakage

Input

—— Filter

Direct Matrix Converter
Heat Sink
Full-Bridge

e 900V / 10m() SiC Power MOSFETs
e Opt. Modulation Based on 3D Look-Up Table

ETHzurich
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« X-Concept » Decentralization
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IIoT Starts with Sensors (!)

m Condition Monitoring of DC Link Capacitors M e

m On-Line Measurement of the ESR in “Frequency Window” (Temp. Compensated) Vet

m Data Transfer by Optical Fibre or Near-Field RF Link %Bu\/r;e: Pro;.OFirltl
1enna,
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m Possible Integration into Capacitor Housing or PCB /[~\
m Additionally features Series Connect. Voltage Balancing /\@
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« X-Concept » Hybridization
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Integrated Active Filter (IAF) PFC Rectifier

m Hybrid Combination of Mains- and Forced-Commutated Converter
m 3" Harmonic Current Injection into Phase with Lowest Voltage
m Phase Selector AC Switches Operated @ Mains Frequency — 3-@ Unfolder
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e Non-Sinusoidal Mains Current —> NO (') DC Voltage Control "
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IAF PFC Rectifier & Buck Converter Demonstrator

m Efficiency n > 99.1% @ 60% Rated Load . o
m  Mains Current THD, = 2% @ Rated Load 5 200
m  Power Density p = 4kW/dm?3 & 0
§ -200
P,= 8 kW 400
U,= 400V, > U,= 400V,
fs =27kHz
FPGA Board E
Gate Drivers | 2
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e SiC Power MOSFETs & Diodes 97.5 | Solotilationlps =380V |
o | e Measurement Up,, = 400V
e 2 Interleaved Buck Output Stages . ¢ Measurement Uy, = 380V
e (ontrolled Output Voltage 97.0 Ly A
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Synergetic

« X-Concept » Association
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3-® EV-Charger Topology

Isolated Controlled Output Voltage
Buck-Boost Functionality & Sinusoidal Input Current
Applicability of 600V GaN Semiconductor Technology
High Power Density / Low Costs

an
18/54 __ i

P . |
S 34 i AC/DC DC/DC o\
Grid Vienna Rectifier Stage i Battery
‘mm- ' . M .
".l-‘ ?'X X | = ZOP
i- ! Dax% % } > DC ——»-0——
usﬁya
l uy L, | T Sas = Uy
| &}0 1 I > M T
8 o -3 i Yz
s : e
O J-_‘! A_l L uyz
-~
i :
g sz f T z DC o |
— - Z
. \-l 5
—> Conventional / Independent OR “Synergetic Control” of Input & Output Stage A

iu%l,)f,‘,’)i

UtahStateUniversity



Power Electronic Systems P
FEE Laboratory g 19/54 _I%I

Conventional Control — 3/3-PWM

Sector |
m Decoupled Control of AC/DC & DC/DC-Stage = 600 ——
m Constant DC-Link Voltage (Equally Splitted) = 300 F ¢o Ue
m Cont. Sw. of All 3 Phases > 3/3 PWM E 30(? ‘ ‘
= 600 - - - : :
~ 60
<
R s = -
g 230 ke e e e
O 60 . . L . !
— 900
= t
= 600 | gy, Us '
‘ ﬁ: 300 f : o
D S X = 0
% i ~ 20 :
£ % & s, c o
gty La g TSy == uy [ A = PM"Y’PMW%
_ ; z
N 1 e Ly = 0
C c el P Séya
B Tk
DZET f T iz Sﬁy@

=> Control Capability & Control DOFs NOT Fully Utilized (!) A
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“Synergetic” Control — 1/3-PWM

Sector 1
m Only Phase with Lowest Current Switched —~ 600 G . .
m Control of 2 Phase Currents by DC/DC-Stage % 300 F U,
m Conduction Losses of the Switches = -80% ¥ 0 ‘ ‘
m Switching Losses =-70% 5 -300 :
m 600V GaN HEMTs Can be Used (!) ~ 0 -
?j’ 30 Fo e P e T e i
3 Or ,a T .\'::E:""
g 230 b O R P et
Y, S 60 - . - : :
~ - —~ 900 : : : : :
- >
- Z T~~~ T
Y , gJD 600 I X ’u z uXZ i '
‘ = £ 300 F = 7 e
1] .
B ~ 20
Saa = 15
2 oq L, 3l Jﬁ—j—'—;saa = Uxy |} | P =
b b < Cph y |y © >
N 'Y R 0
c c 1_5 5_1 Seya I TN T
Baiale et P — ] T
111 Seye I I |
7 0 60 120 18(0) 240 300 360
wt (°
=> Boost Capability Maintained (Transition from 1/3 to 3/3-PWM) A
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“Synergetic” Control — 3-O Unfolder

m  Mains-Frequency Commutated NPCC Unfolder Cascaded by Dual-Bridge SRC
m DBSRC Regulates DC-Link Currents & Ultimately 3-® AC currents
m 93% @ 1.2 kW Bidirectional Power Flow
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e Negligible Unfolder Switching Loss
o L b/ &
e Large DC-Link Voltage & Power Fluctuations A
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1/3-PWM — Analytical Derivation

m KVL of All Three Phases :

1 1
—>Upc = Uy; < Uan + Uem = Uy = S Upg ,

1 1 -~ <
_EUDC=uyZSuBN+uCMSuxy=EUDC -\~
1 1

—5Upc = Uyz < Uen + Ucm = Uxy =7 Upc

m (M Voltage Boundary :

1 1
— > Upc = Unmin = Ucm = 5 Upc — Umax

Umin = min (Uan, Upy » UeN)

Umax = Max (uﬁN:uBN , UeN)

m 1/3-PWM when Satisfying Two Equalities :

UDC,1/3 = Umax — Umin

Ucm = — E (umax + umin)
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DC/DC voltage regulator

Typical EV Charger Structures e e | L

rear axle

E-motor rear axle

m Sustained Transportation Electrification
m More Compact & Efficient EV Chargers

/
0‘0

Typical Structures of Isolated or Non-Isolated EV Charger

W AC i
V| OO0
D W]

Connector

HV compressor

Type 2 CCS port
for AC & DC charging

E-motor front axle
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p - - = < Typical Operating Range of 10kW Charger Module
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. i 5 .
o/ DC 0 - EESHSSSE SRS
— 0 5 10 15 20 25 30

I,y - output current (A)

e 3-O Non-Isolated Bidirectional AC/DC Converter System - Standard Building Block
e Buck-boost Capability : 200V to 1000V A
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3-Level DC/DC Buck Converter Stage

m Simple & Non-Isolated Three-level Rare-End
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High Effective Sw. Frequency - Small Passive Components Volume
Less Sw. Voltage - High Efficiency Operation
Extended Output Voltage Range - 900V Devices for 1200V DC Output
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3-O Bb Voltage DC-link PFC AC/DC Converter System

/ Gate Drivers

¥’ DC-Link Capacitor
VSR-Stage

CM Inductor

Conrol PCB _4afii

1™ Power PCB

i I DC/DC-Stage EMI DM
CM Inductor Inductor
VSR-Stage

DC Output & “
~ DM Inductor

Output / & v
T d \\Filter PCB

Capacitor
DEDC-tnge 3-® Mains Input

DM TInductor

200 ... 800 V, | 10 kW @ 98.8% | 5.4 kW/L
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Loss-Optimal Operating Principles

m Buck-Mode Operation - 400V
m 1/3-PWM
m Pulse-Shape DC-Link Voltage

T -
Tl

VeV o
13 .

- kT

L] | JL .' "*IL‘JI“ "ILH o I

” | R wmmm

e Min. # of Switching Instants & Min. Amplitude of Switched Current
® App. 70% Reduction of Switching Losses
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Loss-Optimal Operating Principles

m Transition-Mode Operation - 540V
m Optimal 2/3-PWM
m Time-Varying DC-Link Voltage

o
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e Seamless & Smooth Transition Between 1/3-PWM & 3/3-PWM
e Fully Utilize DC-Link Voltage Shape
e Avoid LF Current Flowing Through DC-Link Capacitors
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Loss-Optimal Operating Principles

m Boost-Mode Operation — 800V

m 3/3-PWM
m Constant DC-Link Voltage

v v L I—
- S
o :h . -7 _T._& 31 I|‘I )
oo A I
L s -
| I
e Only Require Boost Functionality
e Permanently Turn DC/DC-Stage On > Avoid Sw. Losses
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Synergetic Control Strategy

Output Voltage Control Mains Current Control DC-Link Voltage Ref. Generation Modulation
Wy, v A, Voo Lo~ Vi v -
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[ o I I I I I I Control PCB /
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Buck Transition

1/3-PWM 2/3-PWM-OPT

v, - phase a volt.
100 Vidiv

i - phase a curr.
10 Afdiv

V.. - DC-link volt.

DU

200 Vidiv

V.., = Phase a sw. volt,
200 Vidiv

e (ollaborative Operation of AC/DC & DC/DC Converter Stage I
e Ensure Seamless / Democratic Transitions between Loss-Optimal Modes /-/[E
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Efficiency Measurement Results

m Measurements Covering 200V to 800V & 25% Load to Full Load

«* Loss Breakdown

« Loss-Optimal Operation ¢ Benchmark Operation ¢
o 2 250 — L VSR cond.
@ 200 VSR sw.
100 2 : DC cond.
. s 8 150 + DC sw.
5 = 5100 b _Lacing
. e g 50
'E '5 | oL - oSl R
i € S0 200 400 600 80O 1000 1200
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- Z 250 ————— BRE TR ] VSR cond.
200 50 = 10 A 900 L BuekMode 1 A iR e
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o e o O s gy 00T o Z1so| o o
) Dy 700, - : i
800 0 ol Iy ®00 0 o ¥ =100 AC ind.
Lagn Lo Ojﬁ"’@'@ tas g . B DC ind
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. . o o | i - 1 auxilia
% Loss-Optimal Operation (2D) % Efficiency Improvement L % s 1 6 2 o o
g 800 B ] st 99 8800 - ] - 3 e P, - output power (kW)
59 7”“. 98 g %’70” 2 E 250 B R RS VSR cond.
=600 - = = 600 2 & w200 | BoostMode VSR s,
g 3 S 4 3 b 300V DC cond
- 500 975 4 500 | £ 150 DO
400, o T E00 lg g 100} Do
300 = 1300 % o g B0E i
B 200 ¢ o 95 =7 200 Lo - 0 L e
- 5 10 15 20 25 a 5 10 15 20 25 R~ 0 2 4 6 8 10 12
Ly - output current (A) I, - output current (A) P,y - output power (kW)

e Peak Efficiency of 98.8%
e Upto 3.2% / 0.8% Efficiency Improvement in Buck-Mode / Transition-Mode Operations /[\
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IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 29, NO. 2, MARCH.’AP

ITY Quasi-Dual Modulation of/]\
Three-Phase PWM Converters

Johann W. Kolar, Member, IEEE, Hans Ertl, Member, IEEE, and Franz Zach, Member, IEEE

m Duality of Voltage DC-Link & Current DC-Link Converter Circuits
m Unipolar Blocking / Bidir. Current = Bipolar Blocking Unidir. Switches = Appl. of M-BDSs (!)
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e “Boost-Buck” Translated into “Buck-Boost” Functionality / Lower # of Ind. Components /\@41),
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Bidirectional Buck-Boost PFC Rectifier Concepts

m Boost—Buck OR Buck—Boost Combination
m “Synergetic Control” of AC/DC and DC/DC Converter Stage

e AC/DC Buck-Stage Output Inductor Utilized as DC/DC Boost Inductor - Min. # of Inductive Components
/A
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3-O® bB Current DC-link PFC AC/DC Converter System

Gate Drivers

Control PCB

EMI DM
Inductor

CM Inductor

Output
Capacitor

3-® Mains Input

Filter PCB
DC-Link
DM Inductor

200 ... 1000 V, | 10 kW @ 98.8% | 6.4 kW/L
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Loss-Optimal Operating Principles (1)

m Boost-Mode Operation

m Buck-Mode Operation
m 3/3-PWM w/ Zero State m 2/3-PWM w/o Zero State
m Constant DC-Link Current " m Pulse-shape DC-Link Current "~
S : ;EZ o :-zin}12< ] o o r-tir;llg(ms) o
3 of Jo = 3-bBuck CSR-Stage 3 o 5 30 Buck CSR-Stage  3-L Boost DC/DC-Stage
— Fae - 1200 P "w,, Lnr:.p g Tocip T ’ P iwxn.: L, T Lo
0y ‘ fo e T . * 0y
- tite {ing) H |
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Eeg =i“ b . I bb_‘ |‘ lmoy
Lo |1 J( | |
|
f ‘e “=Lm'= ' Toe,
!C,\i .‘Cv:l\'i 777777 !
e Min. # of Switching Instants & Reduced Sw. Voltage > App. 77% Reduction of Switching Losses
e Min. DC-Link Current > 8% Reduction of Conduction Losses A
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Loss-Optimal Operating Principles (2)

m Buck-Mode Operation m Boost-Mode Operation

m 3/3-PWM w/ Zero State m 2/3-PWM w/o Zero State

m Constant DC-Link Current m Pulse-shape DC-Link Current
3/3-PWM 2/3-PWM

[be] [be]

[ca]

[cb]
[ac] active state [ac] active state
[aa] zero state laa} zero state

e Min. # of Switching Instants & Reduced Sw. Voltage > App. 77% Reduction of Switching Losses
e Min. DC-Link Current > 8% Reduction of Conduction Losses A
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Synergetic Control Strategy

m Enable 2/3-PWM with Variable DC-Link Current
m Collaborative Operation of AC/DC & DC/DC Converter Stages

Output Vollage Control

DC-Link Current Relerence Generation DC-Link Current Control i

- : 7 R

v, v, V. ki CSR-Stge [~ S Tuh
Ve by Modulator [ 57, |
s Ieesk = 5Tb,4
o == = ¥1h1
__E i abS max _-T Leh
" l [ =11
(| b P
had - abs/~| max | ‘gTDC,hp
1k i i M= THC v
L abs = may =Y TDem
DC3A =5TDC 0
v, - 100 Vidiv i -8 A/div Ine - 8 Aldiv V.. - 150 Vidiv Vo ™ 100 V/div v . - 50 Vidiv Vom ™ 100 V/div v - 100 V/div
Phase a volt. Phase a curr. DC-link curr.  Total output volt.] CSR sw. volt. CM Cap. volt. Upper sw. volt. Lower sw. volt.
NN N N AN ANE AN A
i‘\/\/\\ /\/\/\/’/ . /\/\/{\ a
! 5 DY 1 NS L LA NS 2 v
. ~900'
i A
| 1. ] S . T~ o~ A - -
2 R B i T T JP s ,/,,K\, ,;/C‘,\, ,,:C,\, //‘ . ,!gtf W ASUL NN AN L
= - » P B \
20 A
\BasaRASE T ~
) e e e e et R e e R --0a
, 04
20 A
POV, 0kW o m . 400V, 2kW | —— ; w00 v
‘ |~ RN S GO0V, 4.5kW sy, sew | o0v) | [
| 46m . ams b Wims Ams | Ebms Wims . . WOm . . 120ms 140 mse

e Ensure Seamless / Democratic Transitions between Proposed Loss-Optimal Modes
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Efficiency Measurement Results

m Measurements Covering 200V to 1000V & 25% Load to Full Load

N . . G
¢ Loss-Optimal Operation % Benchmark Operation *  Loss Breakdown
T .5 250 CSR cond.
é 200 CSR sw.
EREUS
S S 5 100
Py = g 500"
g & &0 200 400 600 800 1000 1200
E e Vous - output voltage (V)
b b Z 250 CSR cond.
: . % 200 Buck-Mode CSR sw.
e . T W DC cond.
AR D 21501
Upyy . 1000 0 o QoEe 5 100] DM ind.
g, O, ERaY 4
V) T V) pas” g 50
. N . . ool ’
% Loss-Optimal Operation (2D) s Efficiency Improvement A 9 2 4 6 & 10 12
L0004 e - 2 1000 1= P, - output power (kW)
= “k;ummm:: RO st _ = = & —
e . S o gy 08 ¢ = T CSR cond.
% 800 — 4 E NS = % 06 5 Tn/ - Boost-Mode CSR i::“
g r 2 = RO % 800V DC cond.
% 600 /4 £ Z 600 = g e
A £ & 04 " v
E 400 T2 400 02 & £
S R L7 27 g
=5 200 55200 o - '
e 5 - 5 10 15 20 25 30 & o 2 4 6 8 10

I - output current (A)

Tou - output current {A)

Py, - output power (kW)
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e Peak Efficiency of 98.8%
e Flat Efficiency Characteristic -- Above 98% in Most Area /[\
e Up to 1% Efficiency Improvement in Boost-Mode Operation @
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Extended Synergetic Control
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Two Independently Regulated DC Qutputs

(i) Hybrid (ii) Hybrid (iii) Boost-11 (iv) Boost-1

m Independent Regulation of V. or P — ‘ ——— — ‘
out out | \ o A AL AL A «
m Heavy-Duty EV Battery Charging v, Phase a volt, ;\J\/ ARy A ANTAWARI A LRV AN AL
m Battery Swapping 100 vidiy IV VNV VIV VIV VI VEV Y V]V
i - Phase a curr. f R
5 Aldiv
3-® Buck CSR-Stage 3-L Boost DC/DC-Stage
14 e Locy q Tocp Loy iy - DC-link curr. ety popmppepuspesegty yepl R R
—+-—-_ | ™ 5 Addiv : SRR RN DR : : ‘ R
J TJTH TJ L T + D goms | A20ms | soms | | 4oms Cgs 0 ‘aoms | 0 soms | 120ms 1Om | 204
o= ok ok v AR AR : AN a
' T . SRR R FiYoVaTaVaVaVaVe atavaVlaVaVe W ENURUERSIN NENSENEEAE BN FNYaTa¥atalaVaVatavalar-*0¥
ol o oy m’,u;J = Vv v, - CM Cap.voll. [ €@y napnianmnannia Ml oo 20 NP USRS S DEPY.| YA SRR S
'_l '_i )} I Courr Rnu:p[] A T S S e AR LA EE R e e | : Ty
v, | l : A I N I : A B T B : D aoov
‘ -
'h Y I!—|k I m - g
If IS °
! V. ||J oM + ¥, - CSR sw. volt.
- I 100 V/div
v L, C v
ol o o Tl ¥ ez R Vo
o] .| ol l V.. - Total output volt.
a:_i h:_i C:_i | ? - 100 V/div
e S T
n L - r T IDLI(I'[
[Cn DCh ’ ¥, - Upper HB sw. volt.
100 V/div
v_ - Lower HB sw. vo

e 2/3-PWM are Still Maintained " 100 Vadiv
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Experimental Comparison

Gate Drivers

Control PCB

Y EMI DM
P Oupu Inductor
DC-Link
CM Inductor,
Input
Output .
Capacitor Capacitor
3.0 Mains Input

Filter PCB
DC-Link
DM Inductor

Control PCB

/ Gate Drivers

DC-Link Capacitor
VSR-Stage
/ CM Inductor

Power PCB

DC/DC-Stage -

; EMI DM
CM Inductor Inductor
DC Output N VSR-Stage

L DM Inductor

AWy [T
Output 2

Capacitor

DC/DC-Stage

DM TInductor

Filter PCB
3-@ Mains Tnput

I@l

A
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Buck-Boost | Boost-Buck Demonstrator Systems

10 kW @ 400...1000V, @ 3-® 400V, Mains
U,,, = 200 ... 1000V,

n’= 98. 8% @ 6.4 kW/dm?

AC/DC — £,,= 100 kHz

DC/DC — fsw— 2x 50 kHz/100 kHz eff.

Control PCB e “‘ ,,,,, ’

EMI DM

DC Output Inductor

DC-Link :
CM Inductor =

3-& Mains Input
Filter PCB

DC-Link

DM Inductor

10kW @ 400...800V,, @ 3-® 400V, Mains
U,, =200 ... 800V,

n’= 98.8% @ 5.4 kW/dm?

AC/DC — f,,= 100 kHz

DC/DC — f..= 2x 100 kHz/200 kHz eff.

/ Gate Drivers

DC-Link Capacitor
VSR-Stage

/ CM Inductor

Control PCB

Power PCB ]

DC/DC-Stage N
CM Inductor 4

DC Output

EMI DM
Tnductor
VSR-Stage
DM Inductor
€

s

Quiput
Capacitor
DC/DC-Stage
DM Inductor

LA
4 \ Filter PCB

3-d Mains Input

e Min. # of Inductive Components > AC/DC Buck-Stage Output Inductor Utilized as DC/DC Boost Inductor

® Reduced Hardware Manufacture Cost & Complexity
® Reduced Control/Firmware Implementation Efforts

ETHzurich
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Demonstrator Systems Measured Efficiency

7 - efficiency (%)

u - output voltage (V)

-
o

V

Tout - output current (A}

7 - officiency (%)

P - power losses (W)

P - power losses (W)

F - power losses (W)

200

Buck-Boost Current DC-Link AC/DC Converter

0

Ree. cond:
Rec. sw.
DC cond.
DC sw.
DM ind.
CM ind,
L. EMI

200 400 600 800 1000 1200

Vyu - output voltage (V)

CoBuck-Mode

2 4 6 8
Py - output power (kW)

10

0 2

: - Boost-Mode
KOOV

10

4 6 8
Py - output power (kW)

12

Boost-Buck Voltage DC-Link AC/DC Converter

Voui - output voltage (V)

“ Buck-Mode 0

0 2 4 i} 8 10 12
B, - output power (kW)

Boost-Made
RO Y

0 2 4 6 8
P, - output power (kW)

10 12

e Same # of Power Semiconductors & Similar Blocking Voltage Rating
e Current DC-Link : Dominant Cond. Losses = Flat Eff. Characteristic & High Partial-Load Eff.
e loltage DC-Link : 3-L Front-End - High Full-Load Eff.

ETHzurich

0 200 400 600 800 1000 1200

7 - efficiency (%)

Voui - output voltage (V)

00"
98l
961

94)

092
200

1000

B0O| ¢
600
400 e

200

Tout - output current (A)

7 - officiency (%)
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Conducted EMI Pre-Compliance Tests

noise level (dBuV) noise level (dBpV)

Buck-Boost Current DC-Link AC/DC Converter e Boost-Buck Voltage DC-Link AC/DC Converter

[y
o
=

100 F I A A B ! JE A

oo
=
T

b [ =2
= = =
T T

.s}
=
T

(=}
=
T
2]
=
T

.
(=]
T

noise level (dBuV) noise level (dBpV)
ot
=S

B _2oov — 400V —600V —soov —1ooov|

TS
S <
T

Lo
<

- —200V w0V —600V — 800V |

150k oUOk 11\1 al\I 1()1\[ 30M
f - frequency (Hz)

Lower EMI Noise Emission Achieved by Advanced PWM Schemes

Current DC-Link : Output Voltage Independent but Power Dependent
Voltage DC-Link : DC-Link Voltage and Output Voltage Dependent

EMI Filter Redesign is Not Needed When Applying the Advanced PWM Schemes

11\[
J - frequency (Hz)

i,
44/54 Nl
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Future RCD-Based Non-Isolated EV Charger

AC-DC Section Isolated DC-DC Section ’
AC/DC DC/AC AC/DC ‘

AC SOURCE FILTER
i ~ H - ~
— 3 — | || F] =

A
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3-® AC/DC Converter in EV Chargers

Galvanically Isolated EV Charger

Multi-Stage Structure . _

s ' :
50 Hz Or HF Transformer (DAB, LLC, DCX...) 2| | l,
Small Ground Current > End-User Safety < £ il

Bulky & Low Power Efficiency & High Cost

Non-Isolated EV charger

Residual Current Device (RCD) > End-User Safety |
Battery Package Parasitic Cap. up to Several uFs
Min. Ground Current > Avoid Nuisance Tripping
Conv. EMI Filter Suppress HF Ground Current

AC-Bus

PV Inverter - 1% More Efficiency w/ Half Volume
Enable High Power On-Board Charger (0B()

A
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Virtual Grounding Control (VGC)

(i) Conv. (ii) Proposed VGC

m Current DC-Link Rectifier Stage Generates LF CM Voltage
m Use DC/DC to Actively Compensate LF CM of AC/DC

: p Ln(:,nm LD('J‘M q ll_;[fk i
I 7 >y lvl){‘,l)M .
: 1ka vfll“t I"DQCM i
I k |H m m

3-@ Buck CSR-Stage 3-L Boost DC/DC-Stage
i ! T 1, Yoo
L

T, T "

0 L, Cover =

. . e =
4 o

: - &
S b 75 i = = L] VIH. %
. 1 <
¢ ’ L I = - e G
L7 =

g 5 5 7 n an L v )

Fluke CDMJ Crm : CDM,\C(:M 1 :]'_ butn oo .
prl

368 FC T, .- ‘) g

: C. = :
i R = ;
PE = Lncow Tocan, _.l._ . e M B
C e 0 20 40 k60

! - lime (ms)

® Reduced LF CM Noise Emission - Time-Varying (150 Hz) Output Capacitor Voltage
e Similar DM Operations > Constant Output Voltage & 2/3-PWM

ETHzurich

an
47/54 __ Nl

A

iu%l,)f,‘,’)i

UtahStateUniversity



S1C I Power Electronic Systems %
I = Laboratory 48/54 Tl

Experimental Verification

m Output Midpoint Virtually Grounded to Input Capacitor Neutral & Mains PE
m Increased Output Capacitance > High Cost & Low Power Density

. . . . .
¢ Conventional Synergetic Control ¢ Proposed Virtual Ground Control
(i) TO0V - Conv. Synergetic | (i) 700V = 1000V - Conv. Synergetic (iii) 1000V - Cony. Synergetic (i) OOV - VGC ' (i) 00V = 1000V - VGC (ifi) LOOOV - VGC
v, - Phase a volt. v, - Phase a volt.
100 Vidiv 100 Vidiv
i Phaseacurr. B DN ™ N AN AN AN AN AN oy i, - Phase a curr.
swid PR :f“"V;f“*\Q?‘"*{;7'"Y;F'"‘"f""K*f'*K:ﬁ $ Wil
I I CoT DT o SN D Ngga
Vim ™ Upper HB sw. volt.

Vim ™ Upper HB sw. volt.
100 Vidiv

100 Vidiv

v.,, - Lower HE sw. volt.

¥, - Lower TIB sw. volt.— - L
100 Vidiv

100 Vidiv

AMAARAL

v, - CSR sw, volt.

o v = CSR sw. volt.
100 Vidiv

" o0 vidiv

y i . : R
V- CM Capovolt. 5 M sl Do M
50 Vidiv i K

¥ - CM Cap. volt. e
50 Vidiv

vvvvvvvv

iy - DC-link curr,
5 Aldiv

iy - DC-link curr, Kadi i B di e o i 4 v

5 Afdiv AR IR

V., - Total output volt.
150 Vidiv

V., - Total output volt.
150 Vidiv

e (losed-Loop Regulation of the Ground Current A

i
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Ground Current Control (GCC)

m Hard Connection between Output Midpoint & PE
m Direct Measure & Feedback Requlate Ground Current

3- Buck TCSR-Stage 3-L Boost DC/DC-Stage
20 - -
P e P ¢ T by pes : R i : : :
J P S £ 1 T = o L Vo = 700V
2 T“J}J_TL Tb.J T\JJ Ly ¢ ‘* T E FRRE N NN | Vo = 1000V
; o e e | C, =15l [ : . . :
rx‘, 1 3_‘;_ DJ;_ DJ;_ Tm,‘\gJ - £V , wne 5 B : . . . . .
2 | o] o
® Lines L Lpsr Fann v \ ’ | &
L - —— u }_| ! =}
. - = . 2 JU AT N T D DI
£ , iJ g —— } k H L . = 10+ : :
48 - - BB e Z - - :
& 5 J_ J_ J_ - J_ ( ' ‘ " E; : : S TN-system = = @ |
CTSR06-P == == Ll Ll 4L " T AR DA 2o R N R
N . s - e =V - . .
e ST TT WITTTTRedTT P on ™ RRervle Le e g
R, 368 FC T, ¢ T, T, ! - 5 : [ = - - s
IS S Lol be. S limgmen? T
el + S R T P O P :
fpeim TDL‘Ln I 0 ' : -
s c 0 2 4 6 8 w12
h¢-
= I’E P,y - output power (kW)
1) 700V - GCC H (i} FOOV — 1000V - GCC ‘ {11 1000V - GCC (@) 700 - GCC i) 700V — 1000V - GCC (i} 1000V - GCC
el [ S ALV AN (VAN WV AN s 2V 4 \/\ / \// \\J% . CSE am st
Vidiv A 7 / / fidiv
160 i TR TR TG SN Anv
20 . s . . s . H s
i,-Phaseacurr, 3 N /\\ /"’\ /-\ 'd r/\ // /f ;2& i - Ground curr. ~
C s Adiv C - NN Faua A '\’\:/’," ’\’\;’/’/” ’\Q‘" - ;’f” N '\"”m: 0.5 Addiv Y R T - )
o By R B A NS \V{zdk N O Lo -
o e i A B bl Bl
¥, - Upper 115 sw. volt. i - DC-link curr. rclgv » ey b e a s e i i bl il R 1::
100 Vidiy 5 Addiv > N
204
k ; ‘ ‘ : i I L ] . 1201y
¥, = Lower HB sw. volt—o, ; | ; ; ; ; ¥,..- Total eutput volt.;—, T e T o :ﬁ
100 Vidiv | | 150 Vidiv kb N R Lo Lo oM
Bomi Soms 40 ms -20ms L 03 20ms 40ms 60-ms Boms [

e Ground Current: < 6 mA, Far Below 30 mA Limit "
e Pre-Compliance Test Accord. to UL 2202 & IEC 61851 Considering TT & TN Systems A
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Conclusion & Summary

ETHzurich

Advanced PWM Schemes

Current DC-Link: 2/3-PWM

Voltage DC-Link: 1/3-PWM & 2/3-PWM-0OPT
Enables Optimal Clamping Operation
Synergetic Control Strategies

Loss-Optimal Buck-Boost Operation
Seamless & Smooth Transitions Between Different Modes

Independent Output Voltage/Power Control

Fully Leverage Hardware Capacity
Allow Loss-Opt. Operation for Voltage or Power Asymmetry

Ground Current Control Strategy

Target Future RCD-Based Non-Isolated EV Chargers
Closed-Loop Regulation of Ground Current
More Compact & Efficient EV Chargers

7 - efficiency (%)

100

N} Ne) o] ©
[\Y] _— (@] Qo

Qo
o

EMI DM

50/ 54 _I%l

== non-isolated

isolated

e vol. density
% w/o vol. data

‘ = : f
o R [53] o B : (
[52] | 160]
2 N
o
Eissiexiast 20 56 P
: [58]""[59]' .[54]? i
. ; l. % —
SO I e 1 e 1
e
Bl |
i e e s |
0 1 2

AV / Vii - buck-boost capability

3
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r

PHEV

HYDRO HYDRO
NUCLEAR LARGE-SCALE POWER PLANTS NUCLEAR
comBusTION F ##  comBusTION
HVDC
T ==l i
HVAC HVAC
TRANSMISSION (1 TRANSMISSION
L R i

T}‘ﬁvmn ﬁﬁpuev
S R

o ok
w

AC DISTRIBUTION

T
LOADS
»
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AC nanoGRID

CONSUMER
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— All-Electric Society

25°000 GW of Installed Renewable Gen. & 15000 GWh Batt. Storage
4x Power Electronics Conversion Stages btw Generation - Load
100°000 GW of Installed Converter Power

20 Years of Useful Life

5°000 GW,, = 5°000°000°000 kW, of Electronic Waste / Year ()

A3 Texas INSTRUMENTS

~ Early life
(infant
. mortality)

Normal (useful) life Intrinsic wear-out

Failure |
Rate |

2020 Time 2050
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The Paradigm Shift

m “Linear” Economy / Take-Make-Dispose - “Circular” Economy / Perpetual Flow of Resources
m Resources Returned into the Product Cycle at the End of Use

RAW MATERIALS
m Qatar
_— » Indonesia
mDRC

RECYCLING &
MATERIALS ®
RECOVERY 3 Oil refining
%‘g\ms 2 = Philippines
\g g 2 e = China
4 ’ £ 1o coon I
& / Saudi Arabia
CoLECToN [ S CIRCULAR A Copper | = Russia
I Sy
.8 f_, ECO N O M Y mlran
= Y Chile
[x-] ety
=) © mJapan
QA g Cobalt Myanmar
MATERIALS ‘f = = Peru
ossE =] R
CONSUMPTION PRODUCTION & Belgium
3 Malaysia
0% 20% 40% 60% 80% 100%  Estonia

Share of top three producing countries, 2019

A

m Geographically Concentrated Production of Many Energy Transition Critical Minerals o
|Ia
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Power Electronics 5.0

m Power Electronics 1.0 -> Power Electronics 5.0
m X-Technologies & X-Concepts
[ [ ,
m New Main Performance Indicators (!) > Circular Economy Compatibility IA
» Cognitive Digital Twins
AI-Supported Design & Operation

5.0 ﬁ
« X-Technologies » /_J |
« X-Concepts » 4.0

» Super-Junct. Techn. / WBG
P » Digital Power J Ly

Modeling & Simulation 3 0

Performance

Replacement > Power MOSFETS & IGBTS /— /

t . 3 (Disruptive) » Circuit Topologies
5 Z ¢ JooR Microelectronics
E 2 3 >Modtcjlatlonl (CZoncepts 2.0
. ontrol Concepts
Sl soio S5 S —/
3 olid-State Devices
™ Existing N 1.0
Technology i /
» Effort / Time [ ] * 2050

A

1958 2015
&
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