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» Variable Speed Drive (VSD) 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
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® 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 / Cable / Motor — All Separated
- Large Installation Space / 383
- 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 (!)

el APZC.
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» Future Requirements (1)

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

m High Availability

Voltage Stress

LN B |
100 e : UFC.}}“‘\
: R
- =
ue P
Cell i- 3
< ! Ure -
> Low - T
o Voltage B
ErTTT°° - TT T T T T T T T TR0 Ureomin Fuel-Cell  Inverter Motor
=L Operation ) ) A
- Range ' e
- Current Stress
0 : : : ' — : : : !
0 Power (%) 100

e Single-Stage Energy Conversion -> No Add. Converter for Voltage Adaption

‘iri APEC.
ETH:zurich o




5/107 ——

S1C I Power Electronic Systems
I" = Laboratory

» Future Requirements (2)

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

m High-Speed Machines —>  High Output Frequencies

Geol
Source: ‘Tech|/
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—> Main “Enablers” — SiC/GaN Power Semiconductors & Adv. Inverter Topologies
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Enabling Technologies & Challenges

WBG Semiconductors
——  Advanced Inverter Topologies ———

P
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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
10" ———
FOM = _ 1t :
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Rated Voltage - Vismax (V)

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

e APEC.
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> Sivs. SiC

m Si-IGBT / Diode —> Turn-O0ff Tail Current & Diode Reverse Recovery Current

m SiC-MOSFET —> Massive Loss Reduction @ Part Load BUT Higher R,,
6x Si-IGBT 6x SiC-MOSFET
7 6x Si-Diode ® ] | ]
KEoKE KE B Bk
Vie = Z Vi e :

KE O kF o KH -
9.5mm x 10.4mm ' 4.0mm x 6.4mm
2x 3.4mm x 5.8mm ' ‘ Diode (37%)

(100%) -
nalE -]

1200V 100A 1200V 100A
Die Size: 98.8mm? + 39.4mm? Die Size: 25.6 mm?

—> Space Saving of >30% on Module Level (!)
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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-MOSFETs > 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 - 800 6nH |
<C <C 50 A/ns
£ 600¢ £ 600
= 400 | > 400
= =
>
> 200 ¢ 2007 33V/ns
0 OF i
0 200 400 600 800 1000 0 200 400 600 800 1000
t inns t inns
E = 45900 p -> 8 kV/ps at 400V Eoq= 4672 W -> 44 kV/ps at 400 V

-> Extremely High dv/dt —> Motor Insul. Stress / Reflections / Bearing Curr. / EMI
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» SiC System in Package

m Integrated SiC Switching Cell — Bridge Leg + Intellig. Gate Drivers (Bootstrap HS Supply)
m 1200V /35mQ, 31mm x 29.5mm
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-> Extremely High dv/dt —> Motor Insul. Stress / Reflections / Bearing Curr. / EMI
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GaN/SiC
—— VSD Application ——
Challenges
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» PD Motor Insulation Destruction (1)

m High dv/dt —> Uneven Wdg. Voltage Distribution / Reflections — High Voltage Peaks
m loltage Peaks —> Local Insul. Breakdown e.g. in Air-Filled Voids = Partial Discharge (PD)
m PD —> Grad. Destroys Insul. (Impinging Electrons, 0zone Chem. Attack)

Insulation qso:éz €10
Uo
Insulation 100 . :
v Inverter Motor Voltages . _ _ _ measured curve for a 4-KW-motor
. . A ; s ;
(a) Llne'tO'Llne + } with 3 ccils in series
. : k= .
(c) Across First Coil e £
£ B0 pr MR
2 E@®
T § AT
UL AU g 40 -
U AU Y o
P A . J‘Zk \ LE __Y, ‘\ P e e & 20 -
t nll t 0 lL = ) . A
] typical region for low voltage motors
s A 0 == with n > 3 coils in series —
b | 0,050,1 1 10 s 100
a} ) c) Rise time of the voltage at motor terminals t,

e Preventing PD > Ampl. of Voltage Peaks < PD Inception Voltage (PDIV)
e PDIV Parameters —> Temp. / Humidity / Pressure / Insul. Thick. / Type / Wire Diameter etc.
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» PD Motor Insulation Destruction (2)

m dv/dt-Limits Specified by Standards

m National Electrical Manufact. Association (NEMA, Motors Manufact. in USA)
m Intern. Electrotechn. Commission (IEC)

2. e s e e e e B 5 S N B B B B S
o | - ;; B "1 NEMAMGI Part 31 - 400V & 600V
S e SR S EREEI EaE IEC 60034-25 By [£C 60034-17 - Cage Induction Motors
Z 50 | . - - 1 IEC 60034-25 - 500V (A) & 690V (B)
> L T ool R Lo NEMA‘ M:G.l. 31 600V IEC 60034-27 - PD Measurements
% I ‘ : | Lo
ﬁo """""""" RIS b - - —  —p— — — |r— :@Cﬁjoﬁ 25—A-
= 1.5 L : e _—
I B [ S R R R RS R IEC-60034 17
- SRR e D ]
R R A R = B 3,,1,,,NEMAMGl,s,MOOV_
£ 1HlQ--— 1 — —
S / : | o ‘ o S
: i 10kV/us R o = T
0.5 L ! N R B B B B
0 ' 0.2 0.4 0.6 0.8 1 1.2

Voltage Pulse Rise Time (us)

e Ensuring the Limits - dv/dt-Filtering OR Full-Sinewave Filtering
e Relevance of dv/dt-Limits, e.g. for Single-Tooth Windings Under Discussion

‘iri APEC.
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» Surge Voltage Reflections

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

m Long Motor Cable (.= Y2 t, v

(%]

.........................................

=
[ve]
T

1.6 |

1.4} ‘ |

Mator Peak Voltage (p.u.)

108

Cable Length (m)

-> dv/dt-Filtering OR 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 the Bearing (“EDM”)

...................................

Inverter ,
wr !

I!lr'g 1

—————————————— R ey Sl
= C
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I
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:

Edges of pit
cool quickly
and harden

=> (ond. Grease / Ceram. Bearings / Shaft Grndg Brushes / dv/dt- OR Full-Sinewave Filters

ETH:zurich
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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
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=> Higher Influence of Filter Component Parasitics and Couplings
-> dv/dt-Filtering OR Full Sinewave Filtering, Shielded Motor Cables
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» DM & CM Conducted / Radiated EMI

m DM Conducted EMI Pathway Eraquency somvstier
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e EMI Standards (Cond. & Rad.) > Shielded Motor Cables OR Full-Sinewave Filtering
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3-® Pulse-Width Modulated
Inverter Basics

Motor Current Control
——— DM/(CM Equivalent Circuit
CM/DM Filtering
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» Impression of Sinusoidal Motor Current

m Pulse-Width Modulation of Inverter Output Voltage

I
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» Equivalent Circuit (1)

ETH:zurich
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u,=u,+u,

u,=u,+u,

u =u +u,_

u =u +u u +u +u =
a t’l 0 a b

U, =u, +u,

u =u +u,

m Active Voltage Component U/,
m Inactive CM Zero Sequence Voltage u,
m Low-Frequ. & Sw.-Frequ. Components

APEC.
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» Equivalent Circuit (2)
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» Equivalent Circuit (3)

m Sw.-Frequ. Active / DM Voltage
m Sw.-Frequ. Inactive / CM Voltage
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» DM / CM Filtering

m DM & CM Equivalent Circuit
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= DM Inductor / CM Inductor / Phase Inductors
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Inverter Output Filters

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

ETH:(irich APEC
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» Passive dv/dt-Filter & Cable Termination

m f.>fs; = Reduction of High dv/dt of Inverter Output Voltage to 3...5kV/us

p
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m Termination of Cable with Characteristic Impedance & Damping
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e Limited Applicability @ High Output / Sw. Frequencies (Losses) > Sinewave Filter

APEC.
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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 Connection to DC- Optional

|1+
oy
=
a
(9N [=al §=]
1iis
|—
?Q.IGJE

%k % % LT

S0
7
~

I

e Ideally No Damping Resistors
e Increase of Sw. Losses > Low Sw. Frequ. OR High Sw. Speed Semiconductors
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» Staggered/Resonant Switching

m Staggered Sw. Parallel Bridge-Legs > Non-Resonant Multi-Step Transistion

tIJ

| ERER ER =

- Lt

Coc| r
V

JoE % JEP JET} wl e

m 2-Step Switching / Resonant Transition (cf. Active dv/dt-Filter)

V

a

. b

43 i3 e
Vo NZE W 0| !
4 v -—— L i ol — I
CDC__ Vy —-.—I Viw — L T ! i /_ VDC
B3 T |- > J |
& : ° ! t

® Adv. for High Power [ Output Curr. Syst. Employing Parallel Bridge-Legs & Local Comm. Cap.
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» Comparison of dv/dt-Filtering Techniques (1)

m Active Concepts m Passive Concepts m Hybrid Concepts
1. Miller Capacitor 1. LCR-Filter 1. LC-Filter
2. Gate Curr. Control 2. Clamped LC-Filter 2. Multi-Step Switching
+ +
Cu ‘,ﬂjI |,‘_ vIT %} E
Vbe H;L% ia iy a*

a

3 Voc >
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Ve J Vv, Vas

f t f
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m Output Voltage Waveforms - V.= 800V, P,,, = 10kW L=6.2uH
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)_\ ap i i ARG .
ov / \ 0A
0 Tirntr; t CM = 100pF 0 Time: t
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Power Electronic Systems
Laboratory

==l
In
L

» Comparison of dv/dt-Filtering Techniques (2)

m Passive Concepts

1. LCR-Filter
2. Clamped LC-Filter

m Active Concepts
1. Miller Capacitor

2. Gate Curr. Control
C\1 ‘de |: \/iT
Vi | Lo

o
£
.._mﬁ_
[+]

+

1

. LI
” T i L Qi a*
DC ]
% ct o
=3 ST
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m Hybrid Concepts

1. LC-Filter

2. Multi-Step Switching

N

ey

V L - Lo %*

i v C'_L vl*
v T '

m Losses - V,. = 800V, P,,, = 10kW, f,, = 20kHz, 1200V SiC-MOSFETs (16mQ)
100% ‘
~ I
= 12V/ns InF -
E e
— .-
;5.. 99%, [~ ~~===7T~ 6V/ns -=------+ -
k5
=
=
M 98% | 1 |
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» Active CM Voltage Filters (1)

m Series Compensation of CM-Voltage & DM dv/dt-Filtering
Ty
U LI; :OT _ = Zb:
| c 1 =E Ec’| ” ]

11 C-Jl_J__L =4 | C ::
=l aE 4% 0% é @ ﬁ
o1

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

p

+
BF B3 RFEF )
‘T —1 o
Utk . | = 1 — C,W
d —
il

B3B3 B3 RS T

i

e Residual CM-Volt. Due to CM-Transf. & Sw. Imperfections / Complexity & Missing Zero State
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» Active CM Voltage Filters (2)

m Series Compensation of CM-Voltage & DM dv/dt-Filtering

O0—jq
’ J% J:lj L
a -T oa’
-

T T
% gF bl

'
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mn

e Residual CM-Volt. Due to CM-Transf. & Sw. Imperfections / Complexity & Missing Zero State
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Inverter Systems with
Full-Sinewave Output Filters

Filter Topology
TCM Inverter Operation
—— GaN vs. Si VSD Performance ——
Output Filter Control
Adv. Modulation
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» “SineFormer” Output Filter

m f<<f; DM and CM (!) Output Filter Stage > Sin. Output Voltage / No Sw. Frequ. (M Voltage
m No Shlelded Motor Cables Required
m Reduction of Mains-Side EMI

£TDK
Frequency converter
Power Rectifier o Converter
line DC I|£|ﬂ:uﬁ Motor
: v B —
4 iter Dl = - SineFormer
_|_—T Motor cable
e —
T =
i
w1 -|——— E] ['] = S _—
@ ot U 2 T T T
Lo
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 Filter Cap. Starpoint Connected to PE Not to DC- (Allows Retroflttmg)
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Full-Sinewave Filtering
NFO'

Sinus
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» Full-Sinewave Filtering @ ZVS/TCM Operation

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

-Control A
o

-0ffset

High
Side

AND Driver

}.--

(POWER CONVERSION)

V7

PCIM'Ss :@- 1988!
A)
=

CONFERENCE

DECEMBER 8-10, 1988
TOKYQ, JAPAN

E Y 1
ow
Side
+0ffset m Driver

Comparators

e Widely Varying Switching Frequency - Voltage Headroom and/or Multiple Bridge-Legs
e Rel. High Current Stress on the Power Transistors
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Full-Sinewave Filtering
YASKAWA
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» 3-O 650V GaN Inverter System (1)

m Transphorm 650V GaN HEMT/30V Si-MOSFET Cascode Switching Devices
m Measurement of Sw. Properties —> Turn-On/O0ff 10A/400V

2-in-1
module “—»

G

630V T

Power
Supply
320Vpe

LV Si
FET

15uF

ON: 8V
OFF: 0V &

Gate
Driver

uul

-100

HV GaN
HEMT

400 | .

300 |

Volfs

200 |

100 -

0 W
40nsl

8.98

8.94 9.02

e Factor 10 Lower On/Off Delay & Sw. Times Comp. to IGBTs
o Extremely Low Sw. Losses —> Inverter Sw. Frequency fs= 100kHz
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» 3-O 650V GaN Inverter System (2)

m Transphorm 650V Normally-On GaN HEMT/30V Si-MOSFET Cascode 6-in-1 Power Module

m Sinewave LC Output Filter — Corner Frequency f~= 34kHz (fs= 100kHz)
m No Freewheeling Diodes
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YASKAWA

—> Very Low Filter Volume Compared to Si-IGBT Drive Systems (f= 0.8kHz @ f;= 3kHz)
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» 3-O 650V GaN Inverter System (3) YASKAWA

m Transphorm 650V Normally-On GaN HEMT/30V Si-MOSFET Cascode 6-in-1 Power Module
m Sinewave LC Output Filter — Corner Frequency f~= 34kHz (fs= 100kHz)
m No Freewheeling Diodes
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—> Very Low Filter Volume Compared to Si-IGBT Drive Systems (f.= 0.8kHz @ f;= 3kHz)
—> Lower Size of DC Input Capacitor (-75% vs. IGBT) & -8dB Audible Noise @ 6krpm
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» 3-O 650V GaN Inverter System (4) YASKAWA

m Comparison of GaN Inverter with LC-Filter to Si-IGBT System (No Filter, f=15kHz)
m Measurement of Inverter Stage & Overall Drive Losses @ 60Hz
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> 2% Higher Efficiency of GaN System Despite LC-Filter (Saving in Motor Losses) !
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» 3-O 650V GaN Inverter System (5) YASKAWA

m Sigma-7F Servo Drive — Motor Integration of DC/AC Stage (T0-220 GaN)
m Distributed DC-Link System — Single AC/DC Converter / Smaller Cabinet
m 0.1-0.4kW / 270...324V Nominal DC-Link Voltage

DC Power |
‘\ Network 30 [T
» / Control =~ — 'T
T_ ]
|
Inverter Control __?__T
Stage
Cabinet AC AC AC AC
—> Small Size (0.4 kW @ 70 x 70x 170mm) @ @ @ @
—> Massive Saving in Cabling Effort / Simplified Installation
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Full-Sinewave Filtering
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Vienna | Austria

» 2-Stage Full-Sinewave Output Filter (1) m

m Sinewave Output & IEC/EN 55011 Class-A

m Low-Loss Active Damping of 1%t Filter Stage — Neg. Cap. Current Feedback
|

|

2kW / 400V DC-Link 3-O 650V GaN Inverter (I,=5A), f,.t max = 500Hz
Sw. Frequency fi= 100kHz
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’ H ° endust 60
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Power density in kW/dm®

—> Evaluation of Optimized Inductors — Soft Sat. Toroidal Iron Powder Cores
—> L,=200uH (0D57S) / C,=2.5uF / L,=25uH (0D20S) / C,=2.5uF / L,=33uH / R,=5.6Q)
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WIEN

Vienna|Austria

» 2-Stage Full-Sinewave Output Filter (2) M i

m Neg. Cap. Current Feedback Emulates “Loss-Free” Damping Resistor
m Passive Damping of 2™ Filter Stage

Index ,,0"... No Active Damping
H PI_Type Current Control Tyy ... Closed Loop with PI-Controller
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—— Simulation |

Current in A

— Analytical

- Discret .
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—> Transfer Functions & Step Response
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» 2-Stage Full-Sinewave Output Filter (3) m Ao

Vienn | ustia
m Nonlinearity of MMLC Caps (X7R, 330nF/500V) —> Effect on i.-Feedback
m Symmetric Connection of Filter Capacitors to +/-DC Reduces Nonlinearity
m 15t Resonance of Filter Components @ =5MHz
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e Impedances of Filter Components & DC-Link Capacitor (C,- =120uF)
LR . o]
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» 2-Stage Full-Sinewave Output Filter (4) m
Vienna | Austria

m Exp. Verification — 650V E-Mode GaN Systems Transistors (50mQ)

m Sw. Frequency f;= 100kHz, Efficiency =98%

m 200mm x 250mm

(Hl)’\(H)")\(H \CHL]OD\ I\llun

GaN transistors

WBG-board Capacitor Cc

DC-link
capacitors Cp¢

Filter capacitors
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control board
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Filter capacitors
second-stage C'y/2

ic Measurement
Inductor Lo ¢

N
e Stationary Motor Phase Curr. /Voltage @ 2.5Nm & f,,,=250Hz
e Speed Increase from Standstill to n = 3000rpm in 60ms

‘iri APEC.
ETH:zurich o




=1C I Power Electronic Systems 39/107 —
I = Laboratory

» 2-Stage Full-Sinewave Output Filter (5) m A

m Modification of Output Filter Structure
m Elimination of Direct Cap. Coupling Between Output and Noisy (') DC+ (Due to R,.)
m For Opt. i -Feedback C, Realized Using =Linear Kemet KC-Link
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e Modified Filter > Compliance to EMI Standard EN55011 Class-A
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Full-Sinewave Filtering
SIEMENS
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» 3-O 900V GaN Inverter System (1) SIEMENS

900V Normally-0ff GaN in T0-220 Package (165mQ))
650V DC-Link Voltage (!) / Sinewave Output Filter
Filter Corner Frequ. f — Geom. Mean of fs & 10f,. max Bode Disgram
Sw. Frequency f.=128kHz ‘
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e Filter Corner Frequency f. = 8kHz (L=320uH, Ai, ,,,,=50% @ 3kW)
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» 3-O 900V GaN Inverter System (2) e SIEMENS

900V Normally-0ff GaN in T0-220 Package (165mC))
650V DC-Link Voltage (!) / Sinewave Output Filter
Filter Corner Frequ. fr — Geom. Mean of fs & 10f,,; max
Sw. Frequency f.=128kHz ’
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® GaN Inverter & Filter > 1% Higher Efficiency Comp. to Si-IGBT System (f;= 16kHz, No Filter)
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Full-Sinewave Filtering

Multi-Objective
Optimization
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» Modulation Methods — CCM / TCM

m Constant (CCM) vs. ZVS Variable (TCM) Sw. Frequency
m 7.5kW 3-® 800V,  PWM Inverter w/ LC Output Filter
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» Modulation Methods — CCM / B-TCM

m Constant (CCM) vs. Bounded Var. Sw. Frequency (B-TCM)
m 7.5kW 3-® 800V,  PWM Inverter w/ LC Output Filter
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40 ’ ! . . . .
Vi > cm 30} O
20F 3
g “1 “\ I mm ” I
Jéj JE}Q °JE'{3 L1 i, o, Q SOl o il '
Cue - ST M 5 ol mu[““”” Wiy ly iy
=r= - =3 ° S -10 F ul \IH H”““Hl ”’ m ‘ ‘MH i
L C XN 3~ (&) i ln\‘l“'“m f “MH“M\‘”\.\ I l‘\\i Iy
S B R 1L 20
Jlﬂj JE th 2 E s e -30F
ov
L
500 : . . .
T » B-TCM
400 f GoM ]
o _
2 300 55
g 200f £
& O
* oot
S min = 70 kHz
0 : : . . . . Ssw,max =400 kHz 4 . : : - " "
0 0.5 1 15 2 2.5 3 0 0.5 1 15 2 2.5 3
Time (ms) Time (ms)
e . | o |
ETHziirich AP=C

2020



44/107 ——

S1C I Power Electronic Systems
I = Laboratory

» Pareto-Optimization of CCM/TCM/B-TCM (1)

m 7.5kW 3-O 800V,  PWM Inverter w/ LC Output Filter
m Loss Breakdown @ Efficiency = 99.0%

B-TCM Loss Distribution CCM Loss Distribution
Switches | Inductor Switches | Inductor

Gate Drive (7.3%)
56 W \

i Wind+Core ('33.1%)
(,‘nn(lurfk'nl ( ' / 40.6 W Conduction (22.4%)
13.3W | 167w ~_4§
Switching (22.2%) ' !
17TW ;

Gate Drive (1.5%)
1.2W N

Wind+Core (39.4%)
29.5W

Switching (36.6%)

L, =20uH 274W L, =170uH
W CCM Design W TCM & B-TCM Design
m +40% Power Density of B-TCM & TCM 100
Ve 99 |
X
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= C g
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= . = e
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» Pareto-Optimization of CCM/TCM/B-TCM (2)

m 7.5kW 3-O 800V,  PWM Inverter w/ LC Output Filter
m Req. 2™ Filter Stage Attenuation
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Remark — Advanced 3" Harmonic Injection (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
\

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

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

e GTHM -> Add. Cap. Reactive Power — (ritical @ High f,,,
e DCCMM —> Unequal Stress on the Power Semiconductors — Critical @ Low f,,,
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Remark — Advanced 3" Harmonic Injection (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

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

Theoretical

0 1 L
0 02 04 06 08 1 115
Ml

e GTHM -> Add. Cap. Reactive Power — (ritical @ High f,,,
e DCCMM —> Unequal Stress on the Power Semiconductors — Critical @ Low f,,,
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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

e APEC.
ETH:zurich 2020
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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
0

LR \Z‘/CQJEBJ.%JQ}
ob

Lx ¥ a3 53

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

P
o

- I

WO kg ma e
Lo =
L | B3RS
e

mn

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

e APEC.
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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
F3 B3 B3

b L
c

i b % 103

m Explicit Front-End DC/DC Boost Stage

TUINKING T JETE JETE Jgj

7 INSIDE \_ o
A T R H
Jo% % 53

-> Analyze Coupling of the Control of Both Converter Stages —> “Synergetic Control”
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> “Synergetic Control” of Boost-Buck Inverter (1)

m DC/DC Boost Converter Used for 6-Pulse Shaping of DC-Link Voltage
m 2 (!) Inverter Phases Clamped (1/3 PWM) = Low Switching Losses / High Efficiency
m Conv. PWM Inverter [ Clamped Boost-Stage Operation @ Low Speed
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e Preferable for Low-Dynamics Drive Systems
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> “Synergetic Control” of Boost-Buck Inverter (2)

m Control Structure & Simulation Results
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e Seamless Transition — Clamped Boost-Stage > Temporary = Full Boost-Stage Operation
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> “Synergetic Control” of Boost-Buck Inverter (3)

m Experimental Verification

U, =40...60V

P =500W

fs =300kHz (200V EPC GaN, 2 per Switch)
fo =5kHz (max.)

M =0...2 (for U=40V)

DTIH

Battery DC/DC Boost Stage

‘m ‘HIC [ i [m.u
’ m,a
(@]
o c
3 Tmb2 n—j Tmcl L2 ———
'—

. m DC link

referenced filter

) s
Tmad &
=

—> Comparison to Conv. U,~const. Operation (PWM of 2/3 Phases or 3/3 Phases)
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» “Synergetic Control” of Boost-Buck Inverter (4)

m Experimental Verification

— Const. DC-Link Voltage & PWM of 3/3 Phases or 2/3 Phases
= PWM of 1/3 Phases > Substantial Loss Saving (!)

— Synergetic Control

Modulation Index M
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Double-Bridge Inverter ———
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» Double-Bridge Inverter (1)

m Alternative to Front-End DC/DC Converter ~ \\./.
m Effectively Doubles the DC-Link Voltage (!) -

ToaJH- Tnhl Trmj
r—j n—j

;E _EDC‘ a 5 I
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o R 187cm3
n
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Time

Fan
\ Housing

Inductor
Heatsink

® Requires Open Winding Motor & Higher Number of Gate Drives
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» Double-Bridge Inverter (2)

m 2" Bridge Switching with Output Frequ. -> “Unfolder” Operation
m Avoids Volume and Losses of Boost Stage - Eff. Single-Stage Conversion
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, Che a
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4 — (- o1 I b (1\\—//\/ / f“; — 1 2 LF Power Board — S
Tj TH Tﬂ L / \ T, T,J Tﬂ
E :3 :j ‘ : ’ : :3 i :3 ‘ HF Power Board 7
' a\\vi - Heatsink ‘

n Inductor

\ / Phase a \
Phase b o ¢ Fan
rd O
=~ —_ Phase ¢ ‘ﬁ\ Housing
—
W

e Only Three Inductive Components
® Requires Open Winding Motor & Higher Number of Gate Drives
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» Double-Bridge Inverter (3)

m 2" Bridge Switching with Output Frequ. > “Unfolder” Operation
m Avoids Volume and Losses of Boost Stage - Eff. Single-Stage Conversion

P
- c Control Board
— — =l 1 _1_ — — _hg
Tﬂ__} T,dﬂ TJ:'} e e T uﬂ*} Ty ,._3 T i] LF Power Board
— I : — —
C. a — a _ HF Power Board %
: g R T W :
S 1 by e — ( MSI\} - by Heatsink U
B T = b o b = eatsin
&} 1 2 Co 2
- -
B — [& — —
T,|= TJ'— T, L G 2 T TJ TJ Inductor
ﬂ:} b2 :3 ) :3 o i :3 b :} o " \
K S — ase a .
. i Phase b N o Fan
n Phase ¢ " Housing
1 1
0 | 0

] = [Total ]

|
5

|
|

® 6-Pulse Operation of the 2" Bridge -> Motor CM Voltage (Bearing Currents)

‘iri APEC.
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» Double-Bridge Inverter (4)

m Hardware Demonstrator

U, =40v

P =1.0kW

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

Voltage (V)

Voltages Phase a
Motor Phase Currents

;'.
de o 19 @ b R (PrsM 1] % - b T
1 1 Z = b, A\ /] b 2 &y :
YRR R R T 70 N ks s
25

n ) o 2 1 (6] 8 10 12 14 16 18 20
Time (ms)

e 6 Winding Terminals —> No Problem for Future Motor-Integrated Inverters

‘iri APEC.
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S1C I Power Electronic Systems
I = Laboratory

» Double-Bridge Inverter (5)

m Hardware Demonstrator

U, =40v

P =1.0kW

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

=
=
=

P i
7 c, 2 ol Boost VSI
JEI,} T JJ} W
e G @ ; - fonsa) 1% 2 ; =
7 ' ) — TR NQVY S W — 4 ) 95
Tk e E e E L A N T E mE T
n ) ‘]40 200 400 600 800 1000
Power (W)
e Single Sw. Stage —> No Boost-Stage Losses

6 Winding Terminals —> No Problem for Future Motor-Integrated Inverters

e APEC.
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Phase-Modular Topologies
Boost+Buck Modules
Buck+Boost Modules
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Laboratory

» General Remarks

m Usually DC-Link Voltage Midpoint Considered as AC Output Ref. Point

59/107 ——

m Open Machine Starpoint - Introduce CM Voltage Shift > Neg. DC-Rail as Reference

NEW POLYPHASE AMPLIFIER

] .
DC CONVERTER |

nurux’{_r:l>—- iy
+
oc cowvenre
mpu'ro;:D—“ P—
=
13 Oosvzmce
mpu'ro;:D—' <>
| T
A

New three-phase switoning amplifien.
Three bidinectional de-dc conventenrs,
with thein own modulatons, driven by a
set of thnee-phase sine waves, constitute
Zthree phase voltages around the
differential Load.

Fig. 8. - la) Line-to-ground and (b} Zine-to-Line
vofiages genenated by Zhe new three
phase power amplifien. The de component
o0f the Eine-to-ground voliages
automatically disappears in Line-to-Line
voltages which are pure ac,

=> Realization of 3-® Inverter Using 3 x DC/DC Converter (Phase) Modules — S. Cuk/1982

ETH:zurich
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2020



I‘| C 5 Power Electronic Systems

Laboratory

60/107 ——

» 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 or Integr. LC Output Filter

Phase a §

-~

|

3 [ I

R [E
i |

ng; Jml??ﬁ

[

' =|_= | |
1T R

|
R R

J
|

iy

Jo# |

13

Phase a \

3

ST

TR

-

I I |
i Fat B

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

ETH:zurich
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I = Laboratory

P

[ W

f [LPE

3-® Continuous Output / Low EMI !
Buck+Boost Operation
Standard Bridge-Legs
ZVS Operation / High Power Density

Wide Input &/or Output Range
Building Blocks

61/107 ——

Phase a\
° 1 1 1 SN B
Jo& 4% % AJ: x| b3 | 3 N7 o R
£l | | 1, I/ N\ ,
T e B PN A
| F — — \“I ," ]
A BFEERE REp Rl | NS
Bridge 1 Bridge 2 " 0 ).5 1 (ms)
JeEE B
Hardware Demonstrator / Exp. Analysis / Comparative Evaluation
ETH:zurich APEC
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» Y-Inverter (1)

e Operating Behavior

o
il
+ T, : A
2U
+ 0
-1 & L
§ Lfil] E:
_ T @)
o g l]u :»::
" - &
ST e 2
e
- 0
+ H
] [ e ][ Buck ] I Boost I[ Buck
+— - H i
Tﬂ.q:i
7e o Q1N .

Current
> o
N

U,y < Uin i

u uam > Uin -2}(, I S T S Y R B . [
m Output Voltage Generation Referenced to DC Minus 0 Tme 1,2 T,
m Switch-Mode Operation of OR Stage JC Boost Buck

‘iri APEC.
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» Y-Inverter (2)

e Modulation Scheme

OR Phase Clamping (DPWM)

o [ | 1 20,
U Upm Uern 1
[}Tin U-D
o U. mffmm - - - -/ - -
a0 m
5
= U, \
>O Ut
0 -
0 Time T, /2 T,
m DPWM

ETH:zurich

~

Voltage Stress Re(_iuction

Voltage Stress Red_uction

63/107 ——

BUT

- Opt. DC-Offset of Output Phase Voltages for Low Mod. Index

J[ Boost ]

Buck

ko]

APEC.
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I = Laboratory /
e Control Structure
(i) : (i) é (i) % (iv) o U
Motor Output Voltage : Inductor Current i “Democratic” Buck-Boost [+ )
dq control : Control : Control : Modulator i Tiin
o .
e I, H B —
Aw T
w O M U
*F- | control r
ontrt
w dq-Axis B,? B @]_._ o
u

Position ;

Sensor

—> Seamless Transition Between Buck & Boost Operation

1 APEC.
ETH:zurich Py
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» Y-Inverter Prototype (1)

e Demonstrator Specifications
Vo [Vrms]

e Wide DC Input Voltage Range - 230f SSW_ W
e Max. Input Current - +15A
0 . I,[Arms]
VolV] e sy Y-Inverter )
0 e -15..[15A 1200V SiC (ﬁ%ﬁf&
_.____‘T\_-_ o— 0..230Vrms
Fx 3 s _J_EFT 15‘3 FE|
) Vi . =
~ 1 3l el
o \ Jo o3 JJ:E:'JE]}T JEQ:TJ;}T
Buck Stage Boost Stage
m Output Voltage Ripple - 3.2V Peak @ Output of Add. LC-Filter
ETH:irich APZC.
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I = Laboratory

» Y-Inverter Prototype (2)

DC Voltage Range 400...750V,

e Max. Input Current = 15A

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

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

Control
Output Filter 3® Qutput Board DC Input

Inductors

et
&>

( LT
”/ _,IIII!!I '
. Main
Inductors
160 x 110 x 42 mm?3
ETH:z(irich APEC
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» Measurement Results (1)
e Stationary Operation

Upy= 400V

U,= 400V, . (Motor Line-to-Line Voltage)

fo = 50Hz

fs = 100kHz / DPWM
100V/div 200V/div
10A/div 1V/div

=> Line-to-Line Output

‘iri APEC.
ETH:zurich o
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» Measurement Results (2)

e Transient Operation

Up= 400V
U,= 400V, . (Motor Line-to-Line Voltage)
o = 50Hz F
fs = 100kHz / DPWM
6A/div
100V/div 6A/div

m Dynamic Behavior

‘iri APEC.
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» EMI-Limits (VSD Product Standard)

—> Product Standard for Variable-Speed Motor Drives
—> Grid Interface (GI) and Power Interface (PI)
—> Residential (C1) or Industrial (C2)

Grid Interface

69/107 ——

Power Interface Power Interface

(GI) . (PI) - (PD)

lSO}(HZ l|0 IIO 30N|IHZ 110 lGIHZ
( Conducted EMI Limits ) ( Radiated EMI Limits )
(—_ GridInterface ), (__Power Interface ) | (" Overall System ) '
(dBpV) . (dBpV) ‘ (dBuV/m)
C | i 5
xn‘—lﬂ C2 73 ! Hih—'m Cl* 74 ! o0 50 C2 -
E . s sy | | I m —
\_'— ! : 5 | i 40
wof 1 €L N 5 s | Cl
150k SUI(lk SM 3[$M ! 150k 5(]I()k SI'Ivl 3‘)‘M : 30M 23(IIM lb
f(Hz) | f(Hz) i f(Hz)

C1: Residential (CISPR Class B)
C2: Industrial (CISPR Class A)

m EMI-Filter Design for

| CI": C1 & Unshielded Cables >2m |

(CISPR Class A+ 1dBuV)

and

C1: Residential (CISPR Class B)
C2: Industrial (CISPR Class A)

APEC.

ETH:zurich

2020
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I = Laboratory 70/107 o
» Conducted EMI-Filter Design (1)
of Conducted EMI
c — SN e
DL - |lc=1uE HC’ZIHF Lo | -—c:;’ -_Ea
H I N 1™
Coc= :} J? c= Cr 50@“
éﬁlm 12uF| LﬂH IuF|  1pF] T -
DCE"" - Ja}}g;ﬁ:;c DJ% 150KH, 500K H: 300
= 80 . I
AL
w| |
|
AN
(1)05 e 105 l“HWi HH - F (Hz)

-> Additional Single-Stage EMI-Filter for

ETH:zurich
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71/107 ——
» Conducted EMI-Filter Design (2)

EMI-Filter on DC-Side &

EMI-Filter on AC-Side
_ ' L200H ‘
— - _ — - ——°
L= Lew |[C1uF ¢
DC+ 10pH 2.3mH Lpc=5uH Il L —20uH — . ob
e e ”C='PF - o oa
J“ J
Cpc= C= Ce= e e
L |2ul' L= SSuH 1uF pF|[ c=1 [ T
Co= Ceico -1 = 2.5uF
1.5pF =54pF
3xl 2kV
DC- 75mﬂ sic
o EEE-E.—o - F ,,,,,,,,,,,,,,,,,,,
Conducted Conducted
EMI Filter EMI Filter
DC Side AC Side
Cs, (on the back)
WES  WED WEDS
74435581000 74435581000 -
D8301 D8525 iy
e o
WESE  WE=e & :
74435581000 74435581000
D8301

74435581000
D8525 D8525

- Low Add. EMI Filter Volume —
—> Total Power Density Reduces —

(740cm?) > (890cm?)
ETH:zurich

APZ=C
2020
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» Experimental Results - Conducted EMI

of the Cond. EMI Noise on the AC-Side (QP, with 50Hz AC-LISN)

fffffffffffffff e ey LISN R,
Low= Lem™ ||E1uF _—
DC+ 10uH 23mH Loc=5uH Il L=20uH -
o - . HC""F —— o—m—
: H
& Jox
‘ Cpc= H H c= Cr === ==
L | + lZuL= L=85uH 1uF 1uF C,=
e 1 '='—Cm _— = = 2.5uF
1.5uF ‘ ~54uF
; = }3xl‘2k\f' H
DC- | 75mQ SiC
S EEE WO - W - F -
k|

150kHz 500kHz 30MTTz
120 : : 1

‘] m hizughy MW“”

MW "W mww

10°
- Small 80uH CM-Ind. Added on AC-Side -
- Conducted EMI with Fulfilled
ETH:zirich APE=C
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» Measurement of Radiated EMI-Noise (1)

e Equipment Under Test (EUT) Placed on
Terminate ALl Cables on AC- & DC-Side (Total (

=1.5m)
e Measurement of Radiated Noise with

cable

4 __]—__—‘: ______________________ a
1 H 1
P K L = -
= T T L '
?; : : D EUT1 c :: ] | ‘ ‘ :
w| | I EUT (BOM) | I: L= o : Antenna

= Iy 2 | U = Measuring distance

i £ I = H L: (3.0 £0,1)m :
i T |
E o [ 17k
| I |
| I ~, |
F .! i (12+0,1)m :
Do 2 |
‘g, ' [
Motor i i ﬁ%}“ N.:EQT; |
| 4 |

S : EMAD 3| g Cmanzt fep ! OATS, SAC: groundplane
) vy Y "
1 [IEC 61800-3]
m Either or Special Needed

m Alternative Pre-Compliance Measurement Method

‘iri APEC.
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» Measurement of Radiated EMI-Noise (2)

are Dominant Source of Radiation

e Relation Between Radiated

to - [ leabie * Iem ES Leap]
r 4 caple
E = C
Ho - IO Aem A
7 Z > lcable
E (dBpV/m) Iem (dBpA)
S0 C2 21 _C2 18
up to 250MHz ' m “_l_
40| 111
’ Cl Cl
Q\ ‘;f\g‘\ 30M £ 12{3;)]\/1 1G 30M £ Izrizzn).\n 1G
C1: Residential (CISPR Class B)
C2: Industrial (CISPR Class A)
m Max. Allow. EL. Field Strength of
m Current Probe Impedance of 6.3Q2 (F-33-1)
ETH:irich APZC.
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ETH:zurich

Laboratory

» Radiated EMI-Filter Design (1)

e Radiated EMI @ 30MHz Still Measureable with LISN,

75/107 ——

Needed to Limit Radiated EMI, i.e. CM-Currents < 3.5uA for f > 30MHz

Radiated EMI Limits

(1f CM-Current measured at 50€2)

Conducted EMI Limits

(dBuv) @ 500

80 *
80 ey C1 74
? 62
29dBl 35 C2 —_—
52
40 45 Cl1
150k 500k SM . 30M 230M 1G
f (Hz) f(Hz)
C17: C1 & Unshielded Cables > 2m C1: Residential (CISPR Class B)
(CISPR Class A+ 1dBuV) C2: Industrial (CISPR Class A)
(dB) f.=3MHz
0
-40dB i.e. -11dB Margin
40|
150k Y 30M s, 230M 1G
f (HZ) \\

m Assume Worst-Case CM-Noise of 74dBuV @ 30MHz

m Considering Additional Attenuation Margin

LISN

loypr oM e Yi
CM.rad

Tmeas = (i{'M,rad+iCM‘HF)/3 = (ia,HF+ih,HF+ic,HP)/3

lemurtlem e

Ineas = lemrad = (Lot ly e ticur) = lomur

Iem,LF

| 1cM rad

APEC.

2020
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» Radiated EMI-Filter Design (2)

e Single-Stage HF CM-Filter on DC-Side and AC-Side
e Plug-On CM-Cores (NiZn-Ferrites)

| Lp=20pH HES i |
Lam= Lew™ E [[C1uF _i_- I %i_oc
DC+ Lue o 10pH 2.3mH Lpc=5uH 1 —20uH —— - i %—&Ob
o—ila J_ i -—-—f—dl'a' - _ 1,_i_- oA
] . s i 1
| - - ! ;
i D Cpc= H fom Cr AR I I N S E e
|| = E : = lz}i: lpF luF : CI'I:__ T T E T T __C\'Z‘AC
@y C= . Cy -1 -1 I 2.5uF =10nF
=10nF 1.5uF L |=54uF
i =
DC T o | Jq}} , ; = ‘
o - .o - — L |
Radiated Conducted ! Conducted Radiated
EMI Filter EMI Filter EMI Filter EMI Filter
DC Side DC Side Y-Inverter AC Side AC Side
CY2,DC (On the baCk) sz (On the baCk)

b

—> Additional EMI Filter Volume Already Considered with Conducted EMI Filter
—> Total Power Density Slightly Reduces — >

ETH:zirich APEC
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» Experimental Results - Radiated EMI

e Y-Inverter Placed in Metallic Enclosure
e Measurement Setup
e Alternative Measurement Principle

L= Lem ||C[*I|,\F
10uH 2‘3mH‘ Lpe=35pH L-205H
| mme L e _—
Cpc
= — 12”;: IpF] k)
C= Chico T ]
L5uF —54yF 3
-l - — T
= all off == DC AC
40, |
G
N
®
>
=
m
=
0 - 3 :
30M 250M 1G
f (Hz)

—> Already Noticeable Noise Floor
—> HF-Emissions Well Below Equivalent EMI-Limit -> Next Step:

‘iri APEC.
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» Efficiency Measurements
e Dependency on Input Voltage & Output Power Level

U,~= 400V / 600V
U = 230V, (Motor Phase-Voltage)
f ‘= 100kHz
“l gﬂ;gggi_ — 08.27%
Filter Filter DSP / Fans / “r DPWM \
Inductors Capacitors Semlconductou Aux111ar1es PCB 85

\

Buck( SW
\

Buck Boost
Inductors

\ Filter

Capacitors

Ll

065 -

System Efficiency n (%)

w
o
2

/ Buck( Cond
Buck-Boost
Inductors Boost(Cond)

-
o

System Power (kW)

> Multi-Level Bridge-Leqg Structure for Increase of Power Density @ Same Efficiency

al APEC.
ETH:zurich ey
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» Alternative Topology (1)

e Phase Modules Based on
OR Discontinuous PWM (DPWM)

- NE J
i1 1¢T ‘ :
b =
SN U ) R L . :
A 1yl 1yl
L e c
(' +== IS v °
- _I —l “.IH
| LIl vy
o ’ ® ® o— o A 5
n :
O
|Uanl

“ |uan| + Udc

m Lower # of Switches Comp. to Y-Inv. / Higher Comp. Stresses

iri APEC.
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» Alternative Topology (2)

e Phase Modules Based on 2-Switch Inverting Buck+Boost Topology
Preventing Oscillations

0, e o
197 147 i =
- o I
o » ’e} -
A lvl 1yl
oL e c
(' +== IS v °
- ] o Uan
| L1l s
o — & & o—= Y g
n :
O
|ugnl

m Discontinuous PWM

‘iri APEC.
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DC/DC Buck-Stage &
Current Source Inverter

——  Monolithic Bidir. GaN Switches
Synergetic Control \

e APEC.
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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}
-

Lees s e

(O . M
N ua‘jwa‘} %
c RyEyEy
T a3 R —
L |
i TQIE}T;QE}T;IE;* C

—> Low Number of Ind. Components & Utilization of Bidir. GaN Semicond. Technology

‘iri APEC.
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I = Laboratory

» 3-O Integrated Buck-Boost CSI (1)

m Basic Topology Proposed in 1984 (Ph.D. Thesis of K.D.T. Ngo/CPES)

82/107 ——

m Bidir./Bipolar Switches - Positive DC-Side Voltage for Both Directions of Power Flow

i

- T o
THYIEY 153

+O
= ;
LY

0 d

ob

Up( %E‘ Tﬂ Ej I

oC

Lol Rofe Kol &

i Py Yy

(81)

Panasonic

Veoey, |

((32} Drain/
p- GaN Source
(82)

Vaist Gatet Gatez Vo2
Sourcef (G1)
Drain
i-AIGaN

i-GaN

Buffer layer

Si substrate

—> Monol. GaN Switches > Factor 4 Improvement in Chip Area Comp. to Discrete Realiz.

—> Also Beneficial for Matrix Converter Topologies

ETH:zurich
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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 Impressing Const. DC Current / PWM of CSI for Output Voltage Control

200 [ | 120

100

= 0r

-100 F

-200 H

400

o

200 f

b
Y Ve

=] ]

I.r— -
|
3 E}l
=
ooy
(V)

-200 +

. -400 -
0 5 10 15 20

t - time (ms)

e Conventional Control of Inverter Stage > Switching of All 3 Phase Legs (3/3)
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» 3-O Integrated Buck-Boost CSI (3)

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

400

=

=] ]

O
AS
x
el
Cl"€
~ "u_-. Y~

¢

|

|

[

-
oy

(V)

0 5 10 15 20
t - time (ms)

e (onventional Control of Inverter Stage —> Rel. High CSI-Stage Sw. Losses
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» 3-O Integrated Buck-Boost CSI (4)

m  “Synergetic” Control of Buck-Stage & CSI Stage

85/107 ——

m  6-Pulse-Shaping of DC Current by Buck-Stage —> Allows Clamping of a CSI-Phase

o

-~V Y

ETH:zurich

-

R X

=] ]

-400

200 +

100

0L

-100 H

-200 H

120

400

200 ¢

-200 f

0

10
t - time (ms)

e Switching of Only 2 of 3 Phase Legs = Significant Reduction of Sw. Losses

15 20

APZ=C
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» 3-O Integrated Buck-Boost CSI (5)

m  “Synergetic” Control of Buck-Stage & CSI Stage
m  6-Pulse-Shaping of DC Current by Buck-Stage —> Allows Clamping of a CSI-Phase

400

o

b
Y Ve

=] ]

|

|

|

[

-
oy

V)

0 5 10 15 20
t - time (ms)

e Switching of Only 2 of 3 Phase Legs —> Significant Red. of Sw. Losses (= -86% for R-Load)
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» 3-O Integrated Buck-Boost CSI (6)

m  “Synergetic” Control of Buck-Stage & CSI Stage
m  6-Pulse-Shaping of DC Current by Buck-Stage —> Allows Clamping of a CSI-Phase

200 | ! 120

100

-~ 0¢

-100 H

-200 |

400

o

200 |

b
Y Ve

|
|
|
[
-
oy
o (<]

(V)

o

L] P

400 s
n 0 5 10 15 20

t - time (ms)

e Operation for 30°Phase Shift of AC-Side Voltage & Current
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» 3-O Integrated Buck-Boost CSI (7)

m  “Synergetic” Control of Buck-Stage & CSI Stage
m  6-Pulse-Shaping of DC Current by Buck-Stage —> Allows Clamping of a CSI-Phase

200 | | 120
100

= 0¢

-100 H

-200 H

0 5 10 15 20

400

o

200

b
Y Ve

=] ]

|
sE}l
|— <
oy
v
V. | 4

= Unc

-200

Upn H

-400 .
n 0 5 10 15 20

t - time (ms)

e Operation for 90°Phase Shift (£90° — Limit Case for Buck-Stage Current Control)
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» 3-O Integrated Buck-Boost CSI (8)

m Implementation of “Synergetic Control” .
m DC-Link Ref. Curr. = Max. Value of AC-Side Currents

Speed & Torque
Controller

1400

300

200

3/3 Mod. (ip=const.) >
2/3 Mod. (6-Pulsei,;) =
Partial 2/3 Mod. -

100

Full-Boost Operation =
v, N-100
e Seamless Transition from
Buck to Boost Operation ! \ . 17200
0 20 40 60 80
t - time (ms)
ETH:(irich APEC
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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-® AC/AC Converter
m Multi-Objective Design & Comparative Evaluation

Normally-Off Normally-On
= ~

’{—H’f O E ;[I :[Z -
TR AT, L, .
ok n 4 - :

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

—— Simplified NPC 3-Level Inverter ——
Quasi-2-Level FCC

F £ o ¢
C
B

G, A

N

‘o P
Ha . .
Q
I . «M
3 K
L

i APEC.
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» Hybrid Simplified NPC 3-Level Inverter (1)

m 3-Level Neutral Point Clamped (3L-NPC) Topology Proposed in 1979 (!)
m Simplified NPC Configuration - Reduced Total # of Switches
m Fast/Slow & Low/High Voltage Semiconductors (“Hybrid”)

Three-level
DC Source GTO Inverter

2 3083

C Sas Sq Ss S¢
- 5@5@;

S

o
B

g
I
N

(=3
=)
<o
©w
OL
o

LLIY

o
5]
L

I
L

]

CONTROL +E O -F

—> Realization of the Simplified Concept Using 650V GaN HEMTs & 1200V Si IGBTs
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» Hybrid Simplified NPC 3-Level Inverter (2)

m Application of Low Sw. & Cond. Loss 650V GaN Technology for 800V DC-Link
m Redundant Voltage Vectors Allow Control of Neutral Point Voltage
m Avg. Sw. Frequency of GaN HEMTs & Si IGBT - Factor 6

* GaN 3L-DC-Source |
Lg thie  ip

— - .
: 1 _1 ]
o By §

Tz}? .

1
: ==lvc1
"

m m commutation within 2L- i
m commutation within 3L-circuit

circuit

O Missing Sw. States Comp. to Full 3L-NPC -> 7 Instead of 9 Phase Voltage Levels
m m m Diff. Sw. Schemes - E.g. Commutation of 2L-Stage @ Full DC Voltage Can be Avoided

‘iri APEC.
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» Hybrid Simplified NPC 3-Level Inverter (3)

m Demonstrator Using Top-Cooled 650V SMD GaN Half-Bridges & 1200V Si-IGBT Modules
m Minimiz. of Commutation Loop by Close Placement of 2L-Inverter Stage & 3L-Source
m Vertical Commutation Loop of 3L Input Stage

DC link connection

Top layer Inner layer 1 Via
Inner layer 2 M Bottom layer M Schematic

half bridge with driver

e 10kHz Sampling Frequ. > Avg. Sw. Frequencies: 20kHz (GaN) & 3.33kHz (IGBTs)

‘iri APEC.
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» Hybrid Simplified NPC 3-Level Inverter (4) F2ifs

m Experimental Results > Phase Currents & Phase Voltages - Piepenbreier (2018)

ia lb ic ia— lb ic

10 |

—10 t

UgM UpM UeM UaM UpM - UeM

2/3

1/3 II:] \L " Milll ‘_
$ V3 mumie 3 |
S <178 e = i

213 | | ‘ . ‘ ‘

0 0.5 | 1.5 2 2.5 3
tf

e Analysis for Different Modulation Depths — M=0.49 & M=0.92
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Quasi-2L/3L
—— Flying Capacitor Inverter ——
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» Quasi-2L & Quasi-3L Inverters (1)

m Operation of N-Level Topology in 2-Level or 3-Level Mode
m Intermediate Voltage Levels Only Used During Sw. Transients
m Applicability to All Types of Multi-Level Converters

AL IR ED
F LY 111 |_, Controlled as |_° Controlled as
single switch single switch
—
. ) Controlled as
High capacitance |_, single switch
flying capacitor
C)lva . 3 q )J,Vm = % E %
a q q — q P
/ Controlled as ///
Only for transient single switch Only for transient
voltage balancing |'° voltage balancing |'°

® Reduced Average dv/dt - Lower EMI / Lower Reflection Overvoltages
e (lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors
o Low Voltage/Low Ry ,,,/Low $ MOSFETs - High Efficiency / No Heatsinks / SMD Packages
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» Quasi-2L & Quasi-3L Inverters (2)

m Operation of 5L Bridge-Leg Topology in Quasi-3L Mode
m Intermediate Voltage Levels Only Used During Sw. Transients

m Applicability to All Types of Multi-Level Converters 3.3kW @ 230V, /50Hz

Equiv. f= 48kHz

ADD ' 3.5kW/dm?
EFF. = 99%

''''' . ﬂ“% T ﬂ“’i -

s G -L;!:'b :d__ _LC o C, _LC

SMD
150V S1-MOSFETs

Mo,

® Reduced Average dv/dt > Lower EMI / Refection Overvoltages
e (lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors
o Low Voltage/Rys,,/$ MOSFETs - High Efficiency / No Heatsinks / SMD Packages

e APEC.
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» Quasi-2L & Quasi-3L Inverters (2)

m Operation of 5L Bridge-Leg Topology in Quasi-3L Mode
m Intermediate Voltage Levels Only Used During Sw. Transients

m Applicability to All Types of Multi-Level Converters 3.3kW @ 230V, /50Hz

Equiv. f= 48kHz

ADD ' 3.5kW/dm?
EFF. = 99%

. ﬂ“’% T ﬂ“"i -

s G -L;!:'b :d__ _LC o C, J_C

EMI Filter

® Reduced Average dv/dt > Lower EMI / Refection Overvoltages
e (lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors
o Low Voltage/Rys,,/$ MOSFETs - High Efficiency / No Heatsinks / SMD Packages

e APEC.
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» Quasi-2L & Quasi-3L Inverters (2)

m Operation of 5L Bridge-Leg Topology in Quasi-3L Mode
m Intermediate Voltage Levels Only Used During Sw. Transients
m Applicability to All Types of Multi-Level Converters

AL IR ED
AW

— Q-FCVoltage (Uncntrl.)

e Reduced Average dv/dt > Lower EMI / Refection Overvoltages
e (lear Partitioning of Overall Blocking Voltage & Small Flying Capacitors
o Low Voltage/Rys,,/$ MOSFETs - High Efficiency / No Heatsinks / SMD Packages
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Ultra-Compact
—— Modular Flying-Capacitor ——
Inverter
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» 9-Level Flying Capacitor GaN Inverter (1) J{ILLINOIS

Rated Power 9.7kW

DC-Link Voltage 1kV

Output Filter - Sinusoidal Output Voltage
Phase-Leg Modularity /Scalability
Interleaving of 2 Bridge-Legs

2-Side Forced-Air Cooling

| Phase B
—Phase A

I Load I—l

Unfiltered output voltages
Filtered output voltage

400 140

20

]
=]
S

Phase B Output
Filter Inductor

Gap Pad Signal Inverter
Isolators Phase B

Phase B
Output Filter
Capacitors

Input Filter
Capactiors

FPGA

Output Current [A]

Output Voltage [V]

b
=]
=]

8x Gate Signals

for Each Phase Input Filter

Inductor

Phase A L 44
Output Filter +30 -400 ~40
Capacitors B \ . ! ‘ ‘ ‘
‘IL..: _
Phase A e Switching et 0.2 0 0.2 04 06 08 1 12 14
ac Output  Output Filter ower Cell with Phase A de Input t [ms]

Inductor Isolators GaN Devices

e High Effective Sw. Frequ. (9x120 = 960kHz) - Very Small Output Filter Source: R. Pilawa et al. (2018)
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» 9-Level Flying Capacitor GaN Inverter (2) J{ILLINOIS

m Rated Power 9.7kW
m DC-Link Voltage 1kV
m Peak Efficiency > 98.6% 17kw/kg Y
m Specific Power  35kW/dm?
m 200x100x16mm3
61 o}{l 5{1,?;;;:3;;%;3?5@( Gap Pad

GF S eeow R E o\
| : N YN A e v N b N o \ .
- ‘

994w |
L

d | it
) S RS I e T W v e -

L e e

Unfiltered output voltages

400 140

Filtered output voltage

Phase B Output Gap Pad Signal
e gna Inverter 200 20
Filter Inductor Isolators Phase B
Phase B
Output Filter Input Filter
Capacitors Capactiors 40

FPGA

|
]
=]

Output Current [A]

Output Voltage [V]

8x Gate Signals

for Each Phase Input Filter

Inductor

Phase A L iy
Output Filter -400 ~40
Capacitors . ! ‘ ‘ ‘ |
- Phase A e Switching e 0.2 0 0.2 04 06 08 1 12 14
ac Output Output Filter i o(i:tglrs Cell with Phase A de Input t [ms]
Inductor GaN Devices

e High Effective Sw. Frequency (960kHz) - Very Small Output Filter Source: R. Pilawa et al. (2018)
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Ultra-Compact
Power Module with
Integrated Filter

——— 650V GaN E-HEMT Technology ———
Js. e 4-8MHz
fout = 100kHZ

‘iri APEC.
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» Integrated Filter GaN Half-Bridge Module (1)

m Minimization of Filter Volume by Series & Parallel Interleaving & Extreme Sw. Frequency
m Handling of DC Output Requires Flying Capacitor Approach for Series Interleaving

‘]—('.\I—l]a T—;\ 400V
. ! o | : fS,ejf= (M'I) ..fS ol i
1/:('
?11 + _‘L + Vgw v I
o ==C,, - =0C, e - -400
V:h'l l
2 {LF % 400V 7
T L;J T 200v} /2.f”“j_ s (M.1)-f
(M-1)b 2b / 1b M=5 - “Iu/‘ sw,eff — T sW
1 FC-Cell (]f 2 4 6 8§ 10 12 f(MHz)
out
T.\Ia ‘‘‘‘‘‘ T‘Ln T;a
v| | JeE 3 e .
2 UN -_| :‘;ﬁum
+ T . : : I"f Vout
o == NL
Uy l
V;lr i NL CT
9 1 4 —
Jax o F e
T.\II: o T‘;h 111])
1 Bra\nch

—> Target: Best Combination of Multiple Levels (M) & Parallel Branches (N)

‘iri APEC.
ETH:zurich e




=1C I Power Electronic Systems 102/107 ——
I = Laboratory

» Integrated Filter GaN Half-Bridge Module (2)

m Analysis of Best Combination of Levels (M) & Parallel Branches (N)
m Application of GaN Semiconductor Technology
m U,=800V, P=10kW, Au,, ,,=1%, fs.~4.8MHz

@ Cg= 90nF =const.

1 Semiconductor Efficiency " - Flying Capacitor Volume - " Inductor Volume
| T ” "' 25 T 45
9t +— 9 ® 20 lr‘/M 9t ’% AN 40
> gl [ M sl £ 50— W20 < 8 3 Gl ] &
0 | 4 \ 15 35 &
[ : 150 | 30
26 6 100~ Rk - £
< 5t L 5 —— 3 Ir = 25 3
g, N IS i | W05 [ | 5
o TP IS A >3 ) 20>
ol |k \I-—// 96 '2 | ms 50 9 | 20@‘1'1'1" 15
et I 95 e S — 10 1— .
2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9
# Levels M # Levels M # Levels M

> L= 1.26uH Fixed in Order to Limit Branch Current Ripple for High N
- Sgiection of M=3 / N=3 Considering Efficiency / Filter Volume Trade-0ff
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» Integrated Filter GaN Half-Bridge Module (3)

m Selection of M=3 / N=3 C(onsidering Efficiency / Filter Volume Trade-Off
m N-L;,=3.3uH of Branch Inductance / Cg, = 90nF
m 650V GaN E-HEMT Technology
B fgon 4.8MHz
V,<15%
I, <30%
fsoi= N = (M-1) - f

d EE - Fllter' Dei51'gn Sp'ace (1\./123, N=3)
T A . TR

ML | ; £ 150 >

N-Lgy, (%9 = £X 1.26pH ]
‘/dc + Ji-"j “" Vout L_Il’t Uout 6 \\
- — X -~ 100 B i
LR = oo
.‘/— 4 lvsw.i \ % 9 U\LU“]”

S Jex| | T P ol | & 1 T
- ; — Usw eff = N 0 0.5 1 1.5 2 2.5 3

Inductance Value Lg, (nH)

e Design for Max. Output Frequency of f,,. = 100kHz (!) @ Full-Scale Voltage Swing
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» Integrated Filter GaN Half-Bridge Module (4)

m Demonstrator System 800V

coov L ﬂU“WU[LLﬂmm 133.33V _
— 650V GaN Power Semiconductors apov/ UL LU T ﬁ Moz Usws
— Volume of =180cm? (incl. Control etc.) ¢ JJ[I]DH]
— H,0 Cooling Through Baseplate

Vi A
200V swl Uswefl | ||

ov : : - —
800V - : 70A
—/—:‘\/Unul
60OV / N ) 35A
400V N 0A
325V ; ’
* = 50kW/dm?3 200V | N e 1g5A
OV 1 | Z()lll{ =
30A

LA Ty i

oAl sum
“10A + T;\\‘.oﬂ'/N

20A} 5
-30A - : : . L3l ,
0 2 4 6 8 t (ps)
100V +
10V}
1V ,\f /3'fout fsw.off\: 481\’.1sz 4
0.1V E out it 2: sweeff
e Operation @ f,,,=100kHz (fs ..~ 4.8MHz) LR BV 5
. 0.1 1 10 f(MHz)
ETH:zlrich APEC
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Motor-Integrated
Modular Inverter

==
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» Motor-Integrated Modular Inverter

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

_’6_ 2 %vm] ‘ \
99.5 . o\ AT o |

50 150 250 [0 N =6 Vi, =167V e
a N=2 Vdc,i =500V

few (kHz)

Cell,

Y |
o N=1 Va;=Va —{pc /A,
N e Sele e : (D Vdu AC E: )
o - 1 —o— —o—
PR bl S AR TR A

Efficiency (%)
©
RS

98.5 L

30
Gravimetric Power Density (kW /kg)

—> Evaluate Machine Concept (PMSM vs. SRM etc.) / Wdg Topologies / Filter Requ. / etc.

e APEC.
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» Motor-Integrated Inverter Demonstrator

m Rated Power 9kW @ 3700rpm
m DC-Link Voltage 650V...720V

m 3-O Power Cells 5+1

m Outer Diameter 220mm

v

Axial Stator Mount

200V GaN e-FETs
Low-Capacitance DC-Links
45mm x 58mm / Cell

—> Main Challenge — Thermal Coupling/Decoupling of Motor & Inverter

el APZC.
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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.

e APEC.
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Power Semiconductor Characteristics
On-State Voltage
Switching Losses
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» On-State Voltage Measurement (1)

m Device / Load Current / Gate Voltage / Junction Temp. > On State-Resistance Ry,

10

- B e
& 1ol . . . 7 (@)
______ Vie=06BVy =]
i s ' BVa, ]
ook . 1 ()
- dRoy L} .
s o —r 1@
tl t2
12 T T ]
10 v 4 v
gl | [ . 1 (D
-5 -2.5 0 2.5 5
Time - t (ps)

e Decoupling High Blocking Voltage and (Very) Low On-State Voltage (=1V << BV/)

‘iri APEC.
ETH:zurich o




=IC I~ Power Electronic Systems A2/5 ——
I = Laboratory

» On-State Voltage Measurement (2)

m High Accuracy —> Compensation of Decoupling Diode Forward Voltage
m Fast Dyn. Response —> Valid Measurement 50ns After Turn-On

[Ch. T ]
1V/div
DC50Q
Ch. 2:
200 V/div
DC 1 MQ
[Ch.3: ]
4V/div
DC 1 MQ
Horizontall
40ns/div
20ps SGS
0 40 80 120 160 200
' fon Time - ¢ (ns)
|
| : : >0 o QKhqu
- o]
_ o 4R (T) 18} 1.8 “L\Q-.ﬂ 1.8
3 poo s ———— s 3 s By
E = 1.6 o 1.6 1.6 B
& 3 @ 1017
2 - o0 %9 kH;
:_} Rao(T}) B 14} e 0.2BV, 1.4 1.4
ol T g e 0.4BV, e 50kHz e 5.0A
1.2 s 1.2 1.2
R (25°C g o 0.6 BVy, e 100kHz e 10.0A
Lo Rae(25°0) i e 08BVy|l 1lo 200kHz 1lee 15.0A
5 0 5 10 15 40 60 80 100 40 60 80 100 40 60 80 100
Time - ¢ (ps) Case Temp. - T, (°C) Case Temp. - T, (°C) Case Temp. - T. (°C)

e Example — Dyn. Rys(,,) of GaN HEMTs > 2x Ry ,,) @ 100kHz - 0.6BV;g
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» Hard- & Soft-Switching Losses

m Hard-Switching m Soft-Switching (ZVS)
UDC R — [N —
- 1 h r‘l_—_ = 1 |

em | ke || B | RE
== A »—ll—-l; ] ity :Ig H'_i_: — >

T, Jolit EE | AR mET

0 ’ T ! - I\____;r—Q:r Qoss .

T, Iy ———————

T, J —
& a

2> E,=Q,Up+kI,+kI,7?

1-"sw 2 sw

e High Sw. Speeds > Overvoltage & Ringing / Probe Intrusiveness / etc.
e Low ZVS Losses > High Accuracy Only for Calorimetric / Direct Loss Measurement
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» Switching Loss Measurement

m Heat-Sink Temp.-Based Transient Calorim. Method = 15 min / Measurement

°
T_‘ T Tamb [__—'-i &_Q._\N
' ’,/
Heat sres ? =
Spreader Thermal F'U
¢ Insulating Heat & "E .
Box Sink " —— Measurement
Insulating =~ /j% 5 —— Model
Box Heat Sink = - - :
Ty 0 250 500 750 1000
Time - £ (s)
m Case Temp.-Based Ultra-Fast Method - 15 sec / Measurement
= 100
g BW oo
o B B & gl P
g 7 6.4 W
(" ’
Heat g S B - E 60F = = = High-Side |
Spreader cu - Sy € - G T'hermal qé —— Low-Side
ating He: Pad =} 1
I”\llld;n:, Hcal ﬁ 40 + - Measurement
ox Sink @
2 === Model
S 20 - ' -
0 20 40 60 80
Tamb .
Time - ¢ (s)
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» Example Measurement Results

m 650V GaN (ZVS)

4 , : :
. W/O Cr‘xt
3L v w Coxt AQQQ
= (] ?,QQV
&
\; 2t oy lggj/
: R
/.
Y /’
| w—
0 vl i ; I |
0 10 20 30 40 50
Switched Voltage Slope - dvgs/dt (V/ns)
= 0.6

0.5

e <
[

Switching Losses - F,, (m
o o
— o

(==

Switched Current - I, (A)

m 1.2kV SiC (Hard-Sw.)

ETH:zurich

Qoss UI)C

Switching Losses - Ey, (pJ)

Vs (V)

200V Si vs. GaN (Hard-Sw. & ZVS)

A5/5 ——

180 —_—
@& OptiMOS 3 FD
—e— EPC 2047

150 |

120 ¢

e @ Tj.-based
90 H e T.-based

60 |

30
0h.®. 0 0. 0. s gees®”

T T T T T

-30 -25 -20 -15 -10 -5 0

5 10 15 20 25 30

Switched Current - Iy, (A)

200 ] 200
— OptiMOS 3 FD
160 — EPC 2047 160
120 120
80 Z g
:
40 ¥ 40
0 0
0 40 80 120 0 40 80

Time - ¢ (ns)

Time - ¢ (ns)
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3-® DM/CM
——  (Conducted EMI Separation ——
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» 3-O DM/CM EMI Measurement & Separation

m EMI Measurement @ Inverter Output
m DM/CM Splitting for Specific Filter Design Ry

C'n ck.a R.(., Re 4| R

50Q UDM,out,a
C“"p & trim.a Ry
DM Output B C” k.b le b R Al R
) — 1 5 t,
. 1 0 P D ‘l)o
i e 500 UDM,out,b
':.' C'(” " Rty

Supply
: A|; Rmn.(-
— o
50Q UDM,ont,c

, EAT Roue.om
500 UCM,ont

D

Input B

CJ"

DM Output C &

Power

¢ Chiocke Riop,e
Input

— }—E
le’-(‘ %1 rim,c

CM Output DM Output A

Inverter o}
= ! 17dB i
DC+ m _20 :___________________________________.i!o-r--l
| ) — CMRR A A
@ — CMRR B . e
+ = 40 + ) Passive— = eI !
Vbo == E CMRR C b ao Ay - Fo 1
v L o= I
$ B 60 == = f——" .464B
o—t 2 el ol o T s A / i
- R tive
DC- 80 - IL ctive J
10° ! 10° 107 |
150kHz Frequency (Hz) 30MHz

e Cap. Coupled Interface Circuit as Replacement for LISN (Var. Output Frequ.)
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