ETHziirich POWER

Underpinning Research

Advanced 3-® SiC/GaN PWM Inverter
& Rectifier Systems

J.W. Kolar et al.

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

July 03, 2019

\

M

\

\
TR




ETHziirich POWER

Underpinning Research

Advanced 3-® SiC/GaN PWM Inverter
& Rectifier Systems

J.W. Kolar, J. Azurza, M. Guacci, M. Antivachis, D. Bortis

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

July 03, 2019




S1C I Power Electronic Systems
= Laboratory

[ J

ETH Zurich ___ Departments
ARCH Architecture
BAUG Civil, Environmental and Geomatics Eng.
BIOL Biology

g(l)g ;lol;el Prizes BSSE Biosystems

roressors CHAB Chemistry and Applied Biosciences

5800 T&R Staff ERDW Earth Sciences

§36 Egg‘sp“ses GESS Humanities, Social and Political Sciences

35% Int. Students HEST Health Sciences, Technology

90 Nationalities INFK Computer Science

36  Languages ITET Information Technology and Electrical Eng.

150t Anniv. in 2005 MATH Mathematics
MATL Materials Science
MAVT Mechanical and Process Engineering
MTEC Management, Technology and Economy
PHYS Physics
USYS Environmental Systems Sciences

Students ETH in total

14’500 B.Sc.+M.Sc.-Students
4’500 Doctoral Students

ETHziirich POWER

Underpinning Research




S1C I Power Electronic Systems
I = Laboratory
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4O MINUTES

Outline

» Introduction

» SiC/GaN VSD Application Challenges
» Adv. PWM Inverter Topologies

» Adv. PWM Rectifier Topologies

» Conclusions
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3-O Variable Speed Drive
Inverter Systems

State-of-the-Art
Future Requirements
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» Applications of Drive Systems

m Industry Automation / Robotics

m Material Machining / Processing - Drilling, Milling, etc.

m Pumps / Fans / Compressors

m Transportation

| etC., etc. Yy EVEI'yWhere ! Source: Eﬁﬁ‘rssm MOTORS

® 60% of El. Energy Used in Industry Consumed by VSDs
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» VSD State-of-the-Art

m Mains Interface / 3-© PWM Inverter / Motor — All Separated
-> Large Installation Space / 338
- Complicated / Expert Installation / $$%
m Conducted EMI / Radiated EMI / Bearing Currents / Reflections on Long Motor Cables

- Shielded Motor Cables / $%3%
—> Inverter Output Filters (Add. Vol.) / $$$

Source: FLUKE

m Drive and drive output Motor and drive train

e High Performance @ High Level of Complexity / High Costs (!)
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» Future Requirements (1)

m  “Non-Expert” Install. / Low-Cost Motors —> “Sinus-Inverter”
m Wide Applicability / Wide Voltage & Speed Range —> Matching of Supply & Motor Voltage

m High Availability

Voltage Stress
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e Single-Stage Energy Conversion -> No Add. Converter for Voltage Adaption
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» Future Requirements (2)

m Red. Inverter Volume / Weight >  Matching of Low High-Speed Motor Volume
m Lower Cooling Requirement = Low Inverter Losses & HF Motor Losses

m High Speed Machines —> High Output Frequency Range

Geol
Source: ‘Tech|/
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o :ffff?ffifff’.ff]ﬂ>98 %fffffff}ff L

S 9Tre > 10kW/kg
,,,,, o s IITn STy PR S ISR !
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0 5 10 15 20 25

Gravimetric Power Density - v (kW /kg)
—> Main “Enablers” — SiC/GaN Power Semiconductors & Adv. Inverter Topologies
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Enabling Technologies & Challenges

WBG Semiconductors
——  Advanced Inverter Topologies ———
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> SiC/GaN

m Very Low On-State Resistance > Low (Partial Load) Conduction Losses

m Very Low Switching Losses —> High Switching Frequencies
m Small Chip Area - Compact Realization
1010 ————
FOM = _ 1 :

ds,on ~<oss

10° 8 2 ANaR

108 F e SiC | :

[ (] Si :

L Y l

107 — :
102

Rated Voltage - Vismax (V)

=> Challenges in Packaging / Thermal Management / Gate Drive / PCB Layout
—> Extremely High Sw. Speed (dv/dt) > Motor Isol. Stress / Reflections / Bearing Curr. / EMI
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> Sivs. SiC

m Si-IGBT > dv/dt=2...6 kV/us (Inverter for Var. Speed Drives / IEC 61800-3)

m SiC - dv/dt = 20...60 kV/us
Si-IGBT / Hybrid-Pack 2 SiC-MOSFET / (scaled for low inductance)
Turn-off @ TJ = 25°C Turn-off @ TJ = 25°C
1000 1000 [— _ . . .
25 nH 16 par. Chips
. 800 6nH 1
< 50 A/ns
£ 800
;-,_ 400 |
£
200 T 33 V/ns
oF e
0 200 400 600 800 1000 0 200 400 600 800 1000
t inns f in ns
E o = 45900 -> 8 kV/us at 400V Eo=4672 W -> 44 kV/us at 400 V

-> Extremely High dv/dt —> Motor Isol. Stress / Reflections / Bearing Curr. / EMI
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— dv/dt - Challenges —
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> Motor Insulation Destruction

m Partial Discharge Due to Insul. Imperfections (Ionisation & Transient Space Charge Distrib.)
m Partial Discharge Inception Voltage (PDIV) Dependent on dv/dt

2.5 T T T T T T T T T T T T T T T T T T T T T T 1
— IEC 60034-25 B
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o NEMA MG1 31 600V
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; ; i i ; < L
Basic design of a wire insulation § SR BN I Iﬂcﬂoﬂ-zi )
4 IEC 60034-17
Insulation cm:i: o IZE e e e e | e et ml _ iy __
: " NEMA MG1 31 400
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Q e e e
= T
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Voltage Pulse Rise Time (us)

—> dv/dt-Limits Specified by Standards
-> dv/dt-Filtering or Full Sinewave Filtering
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» Surge Voltage Reflections

m Short Rise Time of Inv. Output Voltage
m Impedance Mismatch of Cable & Motor —> Reflect. @ Motor Terminals / High Insul. Stress

m Long Motor Cable (.= Y2 t, v

o

Motor Peak Voltage (p.u.)

1071 10° 10! 10? 10
Cable Length (m)
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-> dv/dt-Filtering or Full Sinewave Filtering / Termination & Matching Networks etc.

ETH:zurich
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» Motor Bearing Currents

m Switching Frequency CM Inverter Output Voltage - Motor Shaft Voltage
m Electrical Discharge in Bearing (“EDM”)

Rotor +
| e — Inner race—]
e N — L
Inverter j / j j oil fil Edges of pit
C, / i Tifm cool quickly
and harden

" T
Ibr 1 |
8 / |
R B e T | -
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|
Cus i
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l

-> Cond. Grease / Ceram. Bearings / Shaft Grndg Brushes / dv/dt- OR Sine Wave Filters
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» SiC vs. Si Inverter EMI Spectrum

m SiC Enables Higher dv/dt —> Factor 10
m SiC Enables Higher Switching Frequencies —> Factor 10
m EMI Envelope Shifted to Higher Frequencies

Source/Idea: M. Schutten / GE

fo=10kHz & 5 kV/us for (Si IGBT)
fs= 100kHz & 50 kV/us for (SiC MOSFET) o
Vi = 800V i, &
<
14 t =
' ' 20, =
T e T e % .
Jow <

o oV @ be

T 103 10* 10° 106 107 108 107
f - Frequency (Hz)

-> Higher Influence of Filter Component Parasitics and Couplings
-> dv/dt-Filtering or Full Sinewave Filtering, Shielded Motor Cables

.o POWER
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» DM & CM Conducted / Radiated EMI

m DM Conducted EMI Pathway

Frequency converter
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\ el e b -

! { I T s foniee AC motor

| R | ¢

! i 0 / Ciwr-wi Cuwewnn |y, Cowniwms Cuwn-wryn

| = - s A ~

I' Ei§ b v * NY\:: i rv*n:: | V1IYY'\:: | IYV\:: .F: ] bl
| L L & &

} Coc C Wt A AL I T A H
! Jlo- fTo-  |Ta- L Jomwens oo lommwownys  lommnwmn, lowezr
/ { _i '| ‘_‘ Tow,Hemc _ lomremM
: - Vou

\ —

e J

m (M Conducted EMI Pathway (Motor Side)

Frequency converter ——F Zshumc
Iy ~ o Cable shield impedance
\ DC+ /
1
! Iomee |/ AC motor
i G
| I N L W B L N B (D N R e e e e e Srvvvvvvey
! i
i L _Custyt__ o~ Conrsmolur - Sowmmny Cown-mryn-1
G & vi
1 — B Y\ Y'Y\ Y'Y\ =l
! = “ 1 X " "
i Coo WA s Al LI RN
I ~" = Y + *
i \
i Jomwesnyt lom s, g speome i e o o o
| Vo |
3 oc-| lemsn £ Jemwnmn lemwnmens lomwompn,
. 4 I
\ - / CM,MF-Gnd EMAE
Cocs,and lom mr-sn = 7
i| [EMF,Gnd
[‘] Gnd

e EMI Standards (Cond. & Rad.) —> Shielded Motor Cables OR Full Sinewave Filtering
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» 3-O DM/CM EMI Measurement & Separation

ETH:zurich

m EMI Measurement @ Inverter Output

m DM/CM Splitting for Specific Filter Design

1+

Input B

DM Output B

DM Output C & Power

Supply

Power
Input

CM Output DM Output A

Inverter

Magnitude (dB)

13/61 ——

e (ap. Coupled Interface Circuit as Replacement for LISN (Var. Output Frequ.)
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Inverter Output Filters

dv/dt-Filters
—— Motor Cable Termination ——
Staggered Switching
Active CM Filtering

ETHz(irich POWER
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» Passive dv/dt-Filter & Cable Termination

m f.>f; = Reduction of High dv/dt of Inverter Output Voltage to 3...5kV/us
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m Termination of Cable with Characteristic Impedance & Damping (No dv/dt-Limit)
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e Limited Applicability @ High Output / Sw. Frequencies (Losses) > Full Sinewave Filter
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» Active dv/dt-Filtering

m Active Control of the dv/dt-Filter Transient Behavior - 2-Step Transition
m Influence of Motor Current - Adaption of Sw. Scheme
m DC- Connection Optional

p iin
00—t
+
1o WY .
1, ellve 7 :I
C
-
— — — T T
In% J9F J<F o[
[«
T

e Ideally No Damping Resistors
e Increase of Sw. Losses > Low Sw. Frequ. OR High Sw. Speed Semiconductors

ETH:zurich
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» Staggered/Resonant Switching

m Staggered Sw. Parallel Bridge Legs > Non-Resonant Multi-Step Transistion
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m 2-Step Switching / Resonant Transition (cf. Active dv/dt-Filter)
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® Adv. for High Power [ Output Curr. Syst. Employing Parallel Bridge Legs & Local Comm. Cap.

ETH:zurich
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> Active (M Voltage Filters

m Series Compensation of CM Voltage & DM dv/dt-Filtering
Ty
U ; :OT - =E§E'I 5 g;]i+( : )
| c 1 =. .

11 C-Jl_J__L =4
=l aE 4% 0% é @ ﬁ
o1

m Aux. Bridge Leg > Zero CM Voltage for Active Inv. Sw. States & DM dv/dt-Filtering

p

T
R A
d =
B3 B B3 3 %T 1

i

e Residual CM Voltage Due to Transf. & Sw. Imperfections / Complexity & Missing Zero State
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Inverter Output Filters

S Sinewave Filters —_—
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» “SineFormer” Output Filter

m f.<<f; DM and CM (!) Output Filter Stage > Sin. Output Voltage / No Sw. Frequ. CM Voltage
m No Shlelded Motor Cables Required

m Reduction of Mains-Side EMI ATDK

Frequency converter

Power Rectifier S Converter
line DC I|£|ﬂ:uﬁ Motor
: v B —
4 iter Dl = - SineFormer
_|_—T Motor cable
U1 i —
T =
It
w1 -|——— E] ['] = S _—
@ s u 2 T T T
“Jr-o
A Phase current mmmm Asymmetric current

= Phase to phase voltage

e Large Weight & Volume —> =2 kVA/dm?3 (f;= 4...8 kHz, f,=0...100 Hz)
e fFilter Cap. Starpoint Connected to PE Not DC- (Allows Retroﬁttmg)

ETHz(irich POWER
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» Full Sinewave Filtering @ ZVS/TCM Operation

m ZVS of Inverter Bridge Legs (No Use of the Intrinsic Diodes of Si MOSFETSs)
m High Sw. Frequency & TCM - Low Filter Inductor Volume

NS
-Control A - s
‘I:D PCIM'88 -
Hign (POWER CONVERSION) 3 /
-0ffset B8 AND Side -
} Driver CONFERENCE v
F-- DECEMBER 8-10, 1988
E J TOKYO, JAPAN
Low
C Side
+0ffset } m Driver
Comparators NFO
Sinus

.
N

N

I 11 I

A E
I

e Widely Varying Switching Frequency > Voltage Headroom and/or Multiple Bridge-Legs
e Rel. High Current Stress on the Power Transistors

ETHz(irich POWER
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» Full Sinewave Filtering @ CCM Operation (1)

m DC- Ref. LC-Filter > Max. Ind. Current Ripple @ d=0.5
m DCCMM — Max. DC-Offset M, Shifting Phase Voltages Towards d=0 OR d=1
m GTHM — Max. 3™ Harm. M, for Red. of Sw. Frequ. Harmonic Power

m DCCMM m GTHM
. M=0.9
~
\@
- - s My=0.4
(4
\

gp:_Ll_. JE? Jgj JS}_C/Z—L—LJ_ | T~ /:l’,%:”ﬁ,

w1
0 T/ Tj2 3L/ T 0 T,/4 T2 3T T
Time Time

® GTHM — Results in Add. Cap. Reactive Power - Limited for Higher Frequencies
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» Full Sinewave Filtering @ CCM Operation (2)

m Massive Red. of Current Ripple @ Lower Modulation Index
m DCCMM — Adv. for M =0...0.5
m GTHM — Adv. for M=0.5...1.0

1
B Alpus 0\ — Standard SM

Theoretical

_,L Elf Jq} qu i T T T Motor [;_._Experimentﬂ

0 1 L
0 02 04 06 08 1 115
Ml

® GTHM — Results in Add. Cap. Reactive Power - Limited for Higher Frequencies
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Buck+Boost Inverter

Z-Source Inverter etc.
VSI & DC/DC Front-End
Double-Bridge VSI
—— Phase-Modular Buck+Boost Inverter
(SI & DC/DC Front-End

ETHz(irich POWER
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» “Outside-the-Box” Topologies

m Z-Source Inverter > Shoot-Through States Utilized for Boost Function
m Higher Component Stress Eff. Limits Boost Operation to =120% U,,

p

| L"]C\/?/CJJ}JJ}JJ}

U, = N ob

Lx I3 I3 Jo%

n

m 3-O Back-End DC/AC Cuk-Converter

5 - I

L C,

Y s s s
o i
o | B REES

mn

e Integration Typ. Results in Higher Comp. Stresses & Complexity / Lower Performance

. .
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» Boost Converter DC-Link Voltage Adaption

m Inverter-Integr. DC/DC Boost Conv. > Higher DC-Link Voltage / Lower Motor Current

m Access to Motor Star Point & Specific Motor Design Required

m No Add. Components

a

b

C

I

& Ja% 3

B B

+
]

m Explicit Front-End DC/DC Boost Stage

THINKING
\ ' /_INSIDE

~ rd
— -—
Y&
h—"
v

-> Analyze Coupling of the Control of Both Converter Stages —> “Synergetic Control”
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» Front-End DC/DC Boost Converter

m “Synergetic Control” @ High Output Voltage
m 2 (!) Inverter Phases Clamped = Low Switching Losses / High Efficiency
m  Conv. PWM Inverter | Clamped Boost-Stage Operation @ Low Output Voltage

24/61 ——

ETH:zurich
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e Preferable for Low Dynamics Drive Systems
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» Double-Bridge Inverter (1)

Alternative to Front-End DC/DC Converter > Eff. Doubles DC-Link Voltage
2" Bridge Switching with Output Frequ. -> “Unfolder” Operation

Avoids Volume and Losses of Boost Stage > Eff. Single-Stage Conversion
Only Three Inductive Components

FaEaks,
== I . ob

|
I |1
| Ex T

TEFET B EFETEs
Ll i = ||bmb||

e T EFETES

® Requires Open Winding Motor & Higher Number of Gate Drives

ETHziirich POWER
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» Double-Bridge Inverter (2)

m Hardware Demonstrator

Ugc =40V

P =1.0kW

fs =350kHz (200V EPC GaN, 2 per Switch)
fo =5kHz

Voltages Phase a
Load Currents

*'L'Ts\‘;q-[ *ltj:m- *

ent (A)

Curr

f |
DR

0 2 1 6 8 10 12 14 16 18 20
Time (ms)

® Requires Open Winding Motor & Higher Number of Gate Drives
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» Double-Bridge Inverter (3)

m Hardware Demonstrator

Ugc =40V

P =1.0kW

fs =350kHz (200V EPC GaN, 2 per Switch)
fo =5kHz

98

=]
=1

. ’| |‘
°

CE¥ErEn | IR Es
Tevirar s o

0 200 400 600 800 1000
Power (W)

® Requires Open Winding Motor & Higher Number of Gate Drives

. POWER
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Phase-Modular Topologies

Boost+Buck Modules
Buck+Boost Modules

ETHz(irich POWER
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» General Remarks

m Usually DC Link Voltage Midpoint Considered as AC Output Ref. Point
m Open Machine Starpoint - Introduce CM Voltage Shift > Neg. DC Rail as Reference

NEW POLYPHASE AMPLIFIER

. - _
DC CONVERTER |
"‘"""T"D— -
L
2-
DC CONVERTER
1| e s
Vc I _L_
= 3
DC CONVERTER
WPUTO;:D—' p——t
b
A
Fig. 7. l:_ﬂ thne'e-_pha;éoﬁﬁxﬁugg amplidien. Fig. 8. - \(’g) Lég—;g;gmuzg g;d{&}ﬂﬁne-to;&ne
ee bidine c-dc conventers, £iag erated- thre
with thein own modulatons, driven by a phase power ampiifien. The de component
set of three-phase sine waves, consiitute . 0f the Line-to-gnound voliages _
three phase voltages around the automalically disappears in Line-to-Line
differential Load. vofiages which are pure ac,

=> Realization of 3-O Inverter Using 3 DC/DC Converter (Phase) Modules — S. Cuk/1982
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» Phase-Modular Boost+Buck / Buck+Boost Inverter

m Wide Voltage Conv. Range > Battery or Fuel-Cell Supply & Adaption to Motor Voltage
m Continuous Output Voltage > Explicit / Integr. LC Output Filter

Phase a §

. o ‘J'ﬁ} Jo% J'n_*: k3 I

Do =] | |1,
[

' =|_= 1 |
1T R

|
T Rdhy Tt
. Pha.sea§
[HEa) )

| | |
e TR R R

-> Preference for Low Number of Ind. Components - Buck+Boost Concept — “Y-Inverter”

-~

o
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P

[ W

FLPE

Three-Phase Continuous Output / Low EMI !

Standard Bridge Legs / Building Blocks
ZVS Operation / Extreme Power Density

Buck+Boost Operation / Wide Input &/or Output Range

30/61 ——

Phase a\
° 1 1 1 SN B
Jo%& 9% [9% 33 s % JE;} JE;} Y . e
+] | | T, 17 7\ .
== _— o) ST N
| | | L__ I I | _ | o ’ \ N ,//_
IR N N Gl i R R R A
Bridge 1 Bridge 2 " 0 .5 1 (ms)
][ Boost ] [ Buck )
Hardware Demonstrator / Exp. Analysis / Comparative Evaluation
ETHziirich POWER _

Underpinning Research



Power Electronic Systems 31/61 ——
|-I E 5 Laboratory ? /

w
» Y-Inverter (1)

e Operating Behavior

Duty Cycles

: Boost
Terminal Voltage

] [ Boost ][ Buck - J I Boost I[ Buck

oy
o om

Current
a0 =]
N

u Uy, < Uin -21 I S B I O
| uam > Uin _() Time 'l='“/2 T,
m Output Voltage Generation Referenced to DC Minus [ Boost Jf Buck

H H
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S1C I Power Electronic Systems
-l Laboratory

1'=
w
» Y-Inverter (2)
e Modulation Scheme

—> Variable Output Voltage DC Offset for Low Mod. Index
OR Phase Clamping as Alternative Concepts

A~ A Voltage Stress Reduction A Voltage Stress Reduction
20, | 20,1 T " T [ i T )
Uam Ubm Ue 1 | 4JOJ3
. - ~ |2
Ui U, |2
o U fem\em o= - = e U. I~—
a0 m m S
g5 < o
o m m
= Ut e
=
=)
00 Time T /2 T OO S ————
0 ° Clamping = ~o
& Reduction of Sw. Losses
POWER
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» Y-Inverter (3)
e Control Structure
(i) (i) (iii) (iv) o U o
Motor Output Voltage : Inductor Current i “Democratic” Buck-Boost I+ )
dq control : Control : Control : Modulator i Tiin
o .
Fln| A_@_,,
Aw T
W Motor U
th- Control +
w dq-Axis S8 @]_._
Position ; l
Sensor -
n
—> Seamless Transition Between Buck & Boost Operation
.o POWER
ETH:zurich ELECTRONICSUK —
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Laboratory

» Y-Inverter Prototype (a)

e Demonstrator Specifications
Vo [Vrms]

e Wide Input Voltage Range > 230f SSW_ W
e Max. Input Current - +15A
0 . I,[Arms]
VolV] e sy Y-Inverter )
70 -15..[15A 1200V SiC (ﬁ%ﬁf&
o [T T o— 0..230Vrms
Fx 3 s _J_EFT 15‘3 GE
Via '
‘ o - 1 _
i & Joa JJ:E JajT JEQ:TJ;}T
Buck Stage Boost Stage

m Output Voltage Ripple —> 3.2V Peak-to-Peak (incl. Add. Output Filter)

POWER
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Underpinning Research

ETH:zurich



“IC I Power Electronic Systems 35/61 ——
I = Laboratory

» Y-Inverter Prototype (b)

e DC Voltage Range

e Max. Input Current = 15A

e Output Voltage 0...230V,,. (Phase)
e Qutput Frequency  0...500Hz

e Sw. Frequency 100kHz

per Switch
e IMS Carrying Buck/Boost-Stage Semicond. & Comm. Caps & 2" Filter Ind.

Control
Output Filter 3® Qutput Board DC Input

Inductors

et
&>

g P
iy
. Main
Inductors
160 x 110 x 42 mm?3 (15kW/dm3, 245W/in3)
ETHziirich POWER _
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» Y-Inverter Prototype (c)

e Measurement Results

Upy= 400V ' /
U,= 400V, . (Motor Line-to-Line Voltage)
fo= 50Hz 4
fs = 100kHz / DPWM
100V/div 200V/div
10A/div 1V/div

-> Line-to-Line Output

ETHz(irich POWER
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I = Laboratory

» Y-Inverter Prototype (d)

37/61 ——

e Demonstrator Performance - Efficiency over Output Power @ Given Input Voltage

U,= 400V / 600V

U,= 230V, (Motor Phase Voltage, rms)
f¢ = 100kHz
g 95 F 98 27%
=l Uin=400V \
Filter Filter DSP / Fans / P> 985 F m—
Tedictais @ o Semlconductou o 1ar1es PCB S i -3 r- - ]
1\co apacito; Auxili g o b \ ,’A =0
© 975 P
Buck( Sg '/ %lrllfililclgt?)gft E o /:/ Um—GOOV
/B o}
/ /
65 b f/
,A. ) ,‘
/ Buck(C nd \Flltcr
Bl o T pest(Cond) CoPactors —t .
Power (W)
> Multi-Level Bridge Leg Structure for Ind. Comp. Volume Reduction
T POWER
ETH:zUrich ELE%HONICSUK —
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» Alternative Topology

e Phase Modules Based on

I _ o
vl 1yl g
| I
o i 4 o
vl 1yl
-1 -1
e o
+ vl lyl
— - 1 - 1
[ll Ll l l C
Yo Y

m

m Lower Number of Switches / Higher Component Stresses

ETHziirich POWER
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DC/DC Buck Stage &
Current Source Inverter

——  Monolithic Bidir. GaN Switches
Synergetic Control \

ETHz(irich POWER
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» Current Source Inverter (CSI) Topologies

m Phase Modular Concept -> Y-Inverter (Buck-Stage / Current Link / Boost-Stage)
m 3-O Integrated Concept > Buck-Stage & Current DC Link Inverter

B |“‘7: h m m

+ | 00

— o)

—0

Lees s e

\ o/
~(0) o -
\; o T, JE‘jTBJE‘j JE‘j
7 EyEYREY
T T —
Ricy ity oy
) TQIE}T;QE}T;IE;* C

—> Low Number of Ind. Components & Utilization of Bidir. GaN Semicond. Technology
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» 3-O Integrated Buck-Boost CSI (1)

m Basic Topology Proposed in 1984 (Ph.D. Thesis of K.D.T. Ngo/CPES)
m Bidir./Bipolar Switches - Positive DC-Side Voltage for Both Directions of Power Flow

o '|<'| — _’ DC | Panasonic
A U ey
T
T,! J:J Jm J:ﬂ Ve
T _I::}T _|!1 _I:: ; Voist Gate1  Gate2 V322
Lo : a oa Sourcef (G1) ((32} Drain/
+ T = [ Drain DGaN Source
Upo == 2 n—j 1 ob (s1) (52)
M . I | oc -AIGaN
T ' [ -
oy T Y cal
Buffer layer

i Py Yy

Si substrate

—> Monol. GaN Switches > Factor 4 Improvement in Chip Area Comp. to Discrete Realiz.
—> Also Beneficial for Matrix Converter Topologies
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» 3-O Integrated Buck-Boost CSI (2)

m Monolithic Bidir. Bipolar GaN Switches Featuring 2 Gates / Full Controllability
m Buck-Stage for Const. DC Current / PWM CSI for Output Voltage Control

200 TN\

300 F

| RS N S
o o

2. 200

0

100 |

5 10 15 20
t - time (ms)

> “Synergetic Control” of Buck & Inverter Stage for Red. of Sw. Losses (= -86%)
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» 3-O Integrated Buck-Boost CSI (3)

m Monolithic Bidir. Bipolar GaN Switches Featuring 2 Gates / Full Controllability
m  “Synergetic” Variable DC Curr. Control of Buck Stage & Inv. Stage Clamping —> 2/3 PWM

200 Ya M 50
100\ —. ({25
it B e it e ¥ . -

0 5 10 15 20

400 F

o

| RO JO
o

300 F

2. 200

jnn) 100

|
|
|
[
-
@)
[+]

t - time (ms)

=> Experimental Analysis in Progress (Upcoming Publication)
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» Future Research

m Advanced DC/AC Topologies incl. CM-Filtering
m Extension of 2/3-PWM to Bipolar DC-Link Voltage 3-O AC/AC Converter
m Multi-Objective Design & Comparative Evaluation

Normally-Off Normally-On
= ~

Gy -
+ | ol |
= ﬂ ﬁ TIT TIT 11

e

e Partial Use of “Normally-On” Switches for Freewheeling in Case of Auxiliary Power Loss

ETHziirich POWER
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Further Concepts

—— Integrated Modular Motor Drive

F g o ¢
- -
8

G, A

N

‘o p
He .o
Q
| . M
) K
L
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» Integrated Modular Motor Drive

m Machine/Inverter Fault-Tolerant VSD _]3 JE J}

m Motor Integr. Low-Voltage Inverter Modules CIF o s Jax )

m Very-High Power Density / Efficiency T Y Lo,
m Supply of 3-® Winding Sets / Low C Buffer Cap. (= % JEP 5 \
m Rated Power 45kW / f,,.= 2kHz N @

m DC-Link Voltage 1 kV

l"‘(l, ' N .k . :
DC V, — \_J Y [
bl | @ ~
—o— = : V.n‘] |\
99.5 ; — .|/ AC Ve | )

50 150 250 [0 N =6 Vi, =167V e
i

L E A N=2 Vdc,i =500V Cell, [
S fsw (kHz) 0 N=1 Vi = Vi ——pc /{1

B k .;“'.‘”:’:* 200 . : Vu t—o— .i"‘: ’
g 99 - 4 ‘.. ,::,‘-‘ ° ; 'j_*,i: .w _ ) | () di - AC _O_: Y .
EE ® 0205 0 TR e S v '.'.-::..
M ... " 007 e 2% o %" 3 :o H Sy . o .

98.5 L

30

Gravimetric Power Density (kW /kg)
=> Evaluate Machine Concept (PMSM vs. SRM etc.) / Wdg Topologies / Filter Requ. / etc.
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3-® PFC Rectifier System

Introduction
Buck+Boost Topologies

ETHz(irich POWER
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» High-Power EV Battery Charging

m China - EV Charging Equipment Supplier Qualification Standard
m Extremely Wide DC Output Voltage Range

Boost v
r= Limit 267
it : 7004
l. | } ] \
600+ -—————————————— -

500

400+

S cam—
eotric vehicle
rger—*
®

Old design
— 2017 standard

\J
= Buck ™
S Limit 200
-~
% , 100
e O
&1\7‘]

—> Buck-Boost Functionality & Isolation Requirement

ETH:zurich
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200...750V
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» 3-O Diode Bridge Rectifier

m Conduction States Defined by Line-to-Line Mains Voltages
m Intervals with Zero Current / LF Harmonics
m No Output Voltage Control

pn

u u, u

/ - Wl

L _
-7
N ) b (== lu,m
—

(
§

A

=0

—> Active Mains Current Shaping / Modulation of Diode Bridge Input Voltages
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» 3-O Sinusoidal Input Current Rectifier

m Mains Current Impressed by Difference of Mains & Diode Bridge Input Voltage
m Pulse-Width Modulation of Bridge Legs for Avg. Sinusoidal Voltage Generation

oS

m:

t~

) A—
pulk 3

) S—
IT} )\

Upn

b

. JTA
Egzé - ﬂ )
— $

=o

I
—> 2-Level vs. 3-Level PWM Voltage Generation v
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» 2-Level vs. 3-Level Voltage Generation (1)

m Comparison to Standard 2-Level PWM Rectifier & 3-Level VIENNA Rectifier
m 9vs. 5 Volt. Levels & Factor 2...3 Lower Sw. Losses > Factor 4...6 (!) Lower L

p— 4
L
o~ N4
[3_- C —'='—_ Upp
- —
b B
— n
400V =4, 400V gy, o " —_—
0 0
-200V 200V
N4 N4
-400V -400V
0 10ms 20 ms 30ms 40 ms 0 10ms 20ms 30ms 40ms
m Standard PWM Rectifier m VIENNA Rectifier
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» 2-Level vs. 3-Level Voltage Generation (2)

m Comparison to Standard 2-Level PWM Rectifier
m 9vs. 5 Volt. Levels & Factor 2...3 Lower Sw. Losses > 12 kW/dm? vs. 8 kW/dm? @ 22kW

Lt
I T
é L b
L =
-
10A 10A |
ia, (Ia)
S5A |8 S5A
0 0
5A 5A
-10A : -10A
0 10ms 20ms 30ms 40ms 0 10ms 20ms 30ms 40ms
m Standard PWM Rectifier m VIENNA Rectifier
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» Selected EV Charger Topology

m Isolated Controlled Output Voltage

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

3¢ | AC/DC DC/DC I 0\%
Grid Vienna Rectifier 5 Stage i Battery
—R ' . M :
l" x X = op
: - > DC —>-0——

B T

ETE IS

- g i

e
®

+
a ‘a P S i ~~aya T XY

,_ pFigris De '
8 S P ¥
E - =1 T Yz

: : c I

3 J-_a 6_1 LUy,

~

0 A )

& Dzﬁf f T z DC o |

—> (onventional / Independent OR “Synergetic Control” of Input & Output Stage
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I = Laboratory

» Conventional Control

m Decoupled Control of AC/DC- & DC/DC-Stage

m Constant DC-Link Voltage (Equally Splitted)
m Cont. Sw. of All AC/DC Phases > 3/3 PWM

=2,
<]

Y

e

- [1]

e [4]

Xy

yz

Current (A) Voltage (V)

Power (kW) Voltage (V)

7

600

300 F

-300 ¢
-600

-30
-60

900

600 r
300

Sector |
- A -

51/61 ——

-> Control Capability & Control DOFs NOT Fully Utilized (!)

ETH:zurich
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» 3-O Unfolder Rectifier Stage

Sector |
m 100Hz/120Hz Operation of Power Switches Sl —1_ —
m Only Conduction Losses of AC/DC Stage $ 0 -- ¢
m All Current & Voltage Control by DC/DC Stage § -300 i i : ; 1 :
m 600V Semiconductors CANNOT Be Used (!) 2'6%%
S L e e
. A = T
O 60 : L | . .
E 900
< 600 r
ﬁ: 300 F
x X = 0
ETY ' z ¥
) . +uSa}_Sii 1, [:lp \E_/ 15 F
:a & La - Lﬂﬁl_ayaz /T XV v | xy % lg
N S <
¢ \ 4 c L Sayé
Buin = e [H] 5 Styb
Dz f T L2 Séyé
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» “Synergetic” Control

Sector 1
m Only Phase with Lowest Current Switched = o | [ ] | —
m Control of 2 Phase Currents by DC/DC-Stage % o “ ¢
m Low Stresses on Power Switches §-300 i i i . ; . :
m 600V GaN Semiconductors Can be Used (!) ~
<
3 O T e e ]
£ 80 b el | L el el
R \ 7 & 60 . . . | |
- - — 900 " : T . .
= & 600+ UsysUyy, Usg |
e £ 300 F =
i x 2
Dy, > .
PR :
N\ ala Ha g ;"*"""""_ﬂsaa = Uxy [ || B ‘:
g o0 g
b b s h ||y 2
N [':—1—_[—?]_ > 0
¢ | e oh Saya [ T T
L 1 i
| T e [ 2 S TN 1101
1112 Seye I [T |
z 0 60 120 18(0) 240 300 360
wt (°
=> Boost Capability Maintained (Transition to 3/3-PWM)
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» Conventional vs. “Synergetic” Control

m 1/3-Modulation - Significant Red. of Losses of the Power Switches Comp. to 3/3-PWM

u gondtkction Losses =-80% - el Sector
m Switching Losses =-70% z =l - =
-4 L L L ] ] | 1 1 " -
1 P
e Ay S

~
2
g
>
& 0
z
a

50

Voltage (V)

. X% % =
ada Lo Uy ‘] Py E
. 6]
N b b E Yy
c ¢ =
Lo
A A A ; = 95t
Dzﬁ z © 50 i 1 L i i 1 1 I 1 1
7 0 60 120 180 240 300 360 0 60 120 180 240 300 360

wt (%) wt (%)

-> Operating Point Dependent Selection of 1/3-PWM OR 3/3-PWM for Min. Overall Losses
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— “Synergetic” Cascaded
Control Structure

ETHziirich POWER
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> “Synergetic” Control Structure

m Cascaded Control of Output & Input Current (Direct & Through DC-Link Voltage)
m Active Equal DC-Link Voltage Splitting

Iy X gy \ Ly p

! xy [
sz. Dl_vx Dax . dx
— S N g 0y P
L L, 3 Ayl Exy = ¢ +
= + ! _ 4 Xy
up, :é_;,— N
o Ly, b byh by |y r—
- + -_. - .{H} > Myz ”P" -T
ur, _BS T i d
o :
- + ur,, - Uyp |, == l, -
yz
A A A )
Dza Dzﬁ ch Ly n
i, % iyz
Modulator
dsfy?
3-Lev. Duty)
~ e Cyecle Gen. v
* ALY ~ U, Uy U, 2
G= /Lgrid/ugrirl 7;*+ _ ut ia '}b ¢ u T ut
< ~() - e _é | L max [meX .
| .
I+ uf o+ P KL et D
L pn tht ury - Uy, 1 [Umid 4
) + D=L+ mid
S | * o 23"
. o + Ul - YT Ul . Ui
R‘lo 3, > : \: c % min =
B * ¢ L a* g . J
Lo Upn Io §ugri(l ‘igrid Uyy=Uyy ’Illyz {o] Ty, o
Output Current Control Grid Current Control Phase Selector DC-Link Voltage Control

=> Same Control Structure for 3/3-PWM (Full-Boost Mode) Using Diff. Ref. Values
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» AC/D(-Stage Transition to Full-Boost Operation

m Different Operating Regimes ->  Synergetic Partial-Boost Full-Boost

C /3 +3/3+3/3 JC2p+sp JCEa )
Saya rl) [ | | I
Sy o T 1

. 1
Sae g

—~ 400

£ ESSESESSESESSESSE LS

£ ORISR

80 100

-> Intermediate 2/3-0peration for Limiting DC-Link Center Point Current (Low DC-Cap.)
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Isolated Single-Stage

S Matrix-Type Rectifier S
D3AB- Rectifier

ETHziirich POWER
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» Isolated Matrix-Type PFC Rectifier (1)

m Based on Dual Active Bridge (DAB) Concept
m Opt. Modulation (t,...t,) for Min. Transformer RMS Curr. & ZVS or ZCS

m Allows Buck-Boost Operation

Up uy
A
. T
] > —| e
\ ip L /
>
+ +
/
U’P us

» Equivalent Circuit

ETH:zurich

a o '
b — Uy /,i i“ U
¢ o— =

Uac

'
Uge+
+--d--—-—————— tl [

rf:~‘3al‘;

— —t f/T.i
i g 3

[ | \\ | | }

v | [ [ I
/7t3 \ /
_uah___h __fnh __—--LE
_uilc‘ "—'I
—Uac+ t2 :

» Transformer Voltages / Currents
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» Isolated Matrix-Type PFC Rectifier (2)

m Efficiencyn = 98.9% @ 60% Rated Load (ZVS)
m  Mains Current THD,; = 4% @ Rated Load
m  Power Density p = 4kW/dm?3 005 v

. .......... X 990
P,= 8 kW :

) 2
U 400V, =2 U,= 400V g 985 e few — 31kHz
N Ac 0" b 5 v fow = 36 kHz
fs = 36kHz S 980 v v = 30K
5975_ o fow = 50kHz
: . =] qu - 60 kHZ
. 97.0 | | | |
Transformer Gate Drivers ZYNQ 7000 2 6 10 14 18 99

System on Chip

with Leakage Output Current in A

Input 10A/div

. / Filter

Direct Matrix Converter

Heat Sink v )? ‘
Full-Bridge Cac F \ 4 "‘-‘-.\ ‘""-\ ‘/
,f / i / L
™ /\) : N \ ){! "\ «)Jl \
> 900V / 10m(Q) SiC Power MOSFETs Ny ™
» Opt. Modulation Based on 3D Look-Up Table e
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Isolated
——— Dual 3-® Active Bridge
Rectifier
ETHziirich POWER
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» Dual 3-O Active Bridge PFC Rectifier (1)

m HF-Components of Boost Ind. Voltages Utilized for Power Transfer
m Dual Active Bridge Concept W
m ZV/S

Sms 10ms 15ms 20ms

ot ot g g |]

2

» Three-Port System - AC Input / Isol. DC Output / Non-Isol. DC Output
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» Dual 3-O Active Bridge PFC Rectifier (2)

m HF-Components of Boost Ind. Voltages Utilized for Power Transfer
m Dual Active Bridge Concept
m ZV/S

y 2]

upnz

» Three-Port System - AC Input / Isol. DC Output / Non-Isol. DC Output
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—  (Conclusions ——
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» Conclusions

m Future Need for ,, SWISS Knife“-Type Systems

— Wide Input / Output Voltage Range

— Continuous / Sinusoidal Output Voltage

— Electromagnetically , Quiet” - No Shielded Cables
— On-Line Monitoring / Industry 4.0

— “Plug & Play” / Non-Expert Installation

— SMART Motors

m Enabling Technologies

— SiC/ GaN

— Adv. (Multi-Level) Topologies incl. PFC Rectifier

— “Synergetic” Control

— Monolithic Bidirectional GaN

— Intelligent Power Modules

— Integration of Switch / Gate Drive / Sensing / Monitoring
— Adv. Modeling / Simulation / Optimization

m System Level - Integration of Storage, Distributed DC Bus Systems, etc.
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Thank You !
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