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Motivation
m Reduction of Global Carbon Emissions Required m Transportationin Europe Approx.  25% of All Emissions
m Transportation Sector Responsible for 14 % of CO, Emissions m Transportationin US Approx. 29% of All Emissions

—> Goal: Decarbonization and Implementation of a Sustainable Transportation Sector

% Pantograph

. P
m Railway Systems: Greenest and Cleanest Mode of Transport b
* Performance Improvements Demanded

>
&
m Focus on Pressurized Air Supply System of Railway Vehicles

* Air Brake System

* Door Control System

* Pantograph Lifting

m General Requirements
* Compactness

* High Efficiency

* Reliability

* Redundancy

—-> Unique Operating Conditions

Bogie Brake Equipment Door Control System

[Source: YUJIN]

ETHziirich




Power Electronic Systems
|-I E 5 Laboratory Y 3/44

Application
m Oil-Free Scroll Compressor 7.5kW @ 3700rpm iy B+
* Charge Pressure Tank "'—‘l’— Pressure
+ vy ﬁ
m Variable Speed Operation - E
e Maximum System Performance BO— 2
i G+ _5
m AC-Operation (Grid) 280...530Vrms | 2
* Nominal Voltage 400Vrms @ 50Hz Vo g
* Tertiary Traction Transformer Winding v ©
* Ensure Unity Power Factor Operation G-
Grid/Battery \_ Converter PMSM  / Scroll Compressor
m DC-Operation (Battery) 70....110Vdc
* On-Board Battery ’g‘* 600 — . .
 Startup and Grid Interruption E \ N P = 9kw
= 400 .
m 1® AC/DC-to-3® AC Converter System @ \ AC-Operation
. o]
* Wide-Input Voltage Range = 900 N\ .
* Survive Grid Disturbances and Interruptions ?_,: DC-Operation, P = 1kW
= 0 ' -
= 0 10 20 30 40
- Ultra Compact 1® AC-Supplied VSD System Input Current I; (Arms)
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Challenge

m State-of-the-Art

* Electrical Energy Storage Cpc Avpc Po !

2w 2f Ypc Cpc

ig G+

1AC/DC

Yo

DC
PMSM Scroll Comp.

=]
| B

Pwm

t
TG TG

=1
Y~

m Avoid Electrolytic Capacitors (1ltr.) = Increased Lifetime
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Motor-Integrated Power Pulsation Buffer (MPPB)

m Proposed MPPB Concept

P, 1

* Mechanical Energy Storage J Aw =

_ZTL'ZfG ® JMm

i G+
TAC/DC /}— : , s & (Tacic

Yo

DC

Grid PFC Rectifier Inverter PMSM Scroll Comp.
A A VpC Y
I Yo Vpc i w r v
G ) 2]"
_ 2Avpe L ,
R i T M
Iy - _ L
¢ e ic t '
0 w o——————r 0 -
g Ig Ty e
ot

Pc Py

Y-
Y-~

-> Electrolytic-Less 1® AC-Supplied VSD System
ETH:irich
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Focus of the Talk

PartI: Single-Inverter Topology

i

Lo
o L=

@a@
-

Part II: Dual-Inverter Topology

hh\I*T ﬂﬁﬂwwwjg@?

VSI'1 n-End Winding VSI2

I b1'7‘=’f' B2

sx =il HM.}J LRI

WV 4
DC2 _
CDC2

Part III: dv/dt-Limited PWM-Based VSD Systems
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Part I
Single-Inverter (SI) Topology

VSI

L L 'JT Ty
VDCC_ I

: &
0=—F—0
b~ I~
| ~ 1

g

Iz J$

ETHziirich




“1C I, Power Electronic Systems
I'= Laboratory

SI - Topology
m Two-Stage Implementation

m L. PFC Rectifier

* Boost-Type

* Totem-Pole with Unfolder Leg
* Three Interleaved HF Legs

m Intermediate DC-Link
* Electrolytic-Less

* Nominal: 650Vdc

¢ Maximum: 800Vdc
- 1.2kV SiC MOSFETs

m II. Three-Phase Inverter
* Two-Level
 Voltage Source Inverter (VSI)

- How to Control?

ETHziirich

Grid

Boost PFC Rectifier

PG~ Perc

i L
i X EMI g

VSI

I,

u ]
Yy Lo, ou — = = =
Jax | F JaF JqF In%
S
Interleaved HF Legs ~ Unfolder Leg
Conv. Op. and MPPB Conv. Op. and MPPB MPPB
A b VpC
ic=0A t
: ].‘G—
A
Pc=0W
Ty

8/44

Scroll
Compressor

Pwu
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SI - Control

m Control Objectives: PFC Operation, DC-Link Voltage and Average Speed Control

9/44

800 -
. . —_ G
* Implemented in Cascaded Fashion = 400 /\
* Based on Grid Power Feedforward and Inner Current Control Loops ?;Zﬂ ’ \/
E -400 -
~ -800
Vs 40 A
- g
< 20 /_ ‘\ 1
175 Ve = 0
Speed Control Ve 7 g \_/
= ‘ ,- 5 f :
5 R * " | * f T ow o * L . RiL. * -40
0] +_ow Tao+ Ty YPy'| P X Omax Ig" ig =i =Y di Vig +
s = =N Am f
= . Lamax 2 30 yan G TN\
BT . T,
@ ' Grid Current Conirol z 20 / \ e / \
——@ Fow PG’ = Vgig x Vo Ve Vpe — Ypc = =3 10k
= r ” =
DC-Link Voltage Conirol Motor Current Control v’,’d 1 J Coe 0
L + Siygg via + Vard al—t 3800 T
g = 0A— = N Rid + d b d, J g 700 n n
Vpe P +1 Py =PG"PC'_,T| {Mﬂ“}‘ Ingg +-ding Vg + Mq d =
- = E — 9 o= 3 3600
- T T ; - &
vogtTp S P 3500
o Ve +170g inig alde T 675 :
d b —~ > /\("DC Ve
. b = 650 V o
Pg’ S DI gﬂ
< = 625
Optional Inductor Voltage Feedforward Term w %' ) P §
= 6000 5 10 15 20
Time 7 (ms)
- Verified by Circuit Simulation for G, = 60 uF - only 8 uF/kW — Voltage / Speed Ripple 34V, / 120 rpm,,

ETHziirich
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Performance Analysis

Source: Siemens

ETHziirich
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SI - Comparative Phase Current Analysis
m Conventional System (ipq = 0 A) Hho o | m Comparison
* Torque-Generating Current hvo XX : X X\<XXXXXX>< XXX . . -
g = o = 22T, ISV VA0V V000, BN B
2hao - 150%
m Electrolytic-Less MPPB (iyg = 0 A) oG T\ . 1229
« Torque-Generating Current Do V/\ M M)\ /\M M 1o
o=ttt reosanreoi-oe PSSP =
“2ho o O Com./MPPBE  Conv./MPPB _ Conv./ MPPD
m dg-Transformation with e = pw t 2L

i =
n A

ol [ e 1 oA AT TR
imp| = [cos(e —2m/3) sin(e — 2m/3) '[iMdl of = "‘"‘\.: ANVAY IS\ £ A1 /7 Ay N\ kS
iMc cos(e + 2m/3) sin(e+2m/3)| LM ] W O M d = 7/’ “\ Y

~IMo \/ V

21

) 0.57, T, 15T, 27, 25T,
Time ¢

m Superposition: iy, = —Iyo [sin(p(B t) + %sin(p(?) t+4nfet) + %sin(pa t—4nfg t)]

-> Harmonic Components @ pw, pw + 4itf; and pw — 471t fg

Source: Siemens
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SI - Phase Conduction Losses

m Harmonic Components: pw, pw + 4rtf and pw — 471tfg

« Standing Waves for p@w = 4mf; (100Hz) and pw = 2mtf; (50Hz)
* Similar to Startup

» Asymmetric Phase Stresses -> Restricted Frequency Ranges

o fra=120Hz fin=100Hz Jio=80Hz fra=50Hz 1,00 -fs.f j;jlj 'ﬁ}:.c fid Semin Semn  Sea See JepJea

MO g i I i Ma i v [\ = —

R R A ER A A A A
o = VPHmax th
£ OMMUMM LW/ 0\ WA VAR VAAVAL B | R D VAN S5 VANV S0 VU S
L E -

} ~Ingq “Ing -Ing -Ing g

SPZIM" S 2.00 i
g VRHO PyMa PvMa ﬁVMa q Pyvm m n é 1.75
£ 6Pypyg A
g 4PVPH0 l\ m H A *‘ I L lx LA ]‘ g 10
§ 2P. P a P. '—T'E\;{éﬁ—"‘_l—n__l' 2&
2 2Pypyo th— S VMo e i e vaabit iR Ty 11 =
E A A K I
0 0.5 1 L5 2 25 0 0.5 1 L5 2 25 0 0.5 1 15 2 25 0 0.5 1 L5 2 25 -150 -100 -50 0 50 100 150
Time ¢/ T Time t/ T Time ¢/ Ty Time ¢t/ T Electrical Frequency f = pw / 21

* Total Conduction Losses Remain

—> Degree of Freedom: Number of Pole Pairs p

ETHziirich
L
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SI - Performance Analysis: Motor and Inverter

< 750 fix
]
m M. Motor \ = Ay = 37001pm
* Conventional System Pymo = Pymm T+ ERSII%IO & 500
* Electrolytic-Less MPPB Pyy = Pymm + stlﬁm 2 250
—
* Relative Loss Increase +25% 5
= 00 5 10 15 20 25
m I IGBT Inverter Load Torque 7, (Nm)
Pyy = 3V¢lpyavg + 3f1swk1lpHavg
* No Additional Losses - High Total Losses 4 M. 1. II. II1.
m II. MOSFET Inverter with dv/dt-Limitation (Miller Capacitor) 150 %
2 125% +17% ek
Py = 3RonIPHrms + 3flsw(ko + kIIPHavg) Yy ’
* Relative Loss Increase +17 % 100%
m III. MOSFET Inverter with LC-Output-Filter 50%
PVI = 3RonI%’Hrms + 3flsw(k0 + kIIPHavg + kZIl%Hrms)
. 0%
* Relative Loss Increase +25% Conv./MPPB  Conv./MPPB  Conv./MPPB  Conv./ MPPB

e Peak Phase Current  +100%

- Implement and Verify Hardware Demonstrator

ETHziirich
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Implementation
and Verification

(
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SI - Implementation

m Circuit Schematic 4 m Losses: 703W (91.4%)
¥ Lo Lo Loy Ly =% J:} =& ] 4% % JEl'}.LCMO , [16ow 25%) S34W (75%) |
| i ° B : PVMcap h
e T L CorT 16.6W
* ° ° PVMul VMcond
o —— 296 W 21W

L

1

1L l e e g i N fer C
PE cM2 I CM2 CMI n CMEI:

2 L1 3x48kHz  60pF (Foil) 24kHz =

PVIsw PVIcond
53.6 W 28W
m Motor Integration in Three Layers
m Volume: 8.21tr. (0.91kW/ltr.)
EMI-Filter Encoder Unfolder Inverter
PCB Half-Bridge Half-Bridges 3.31tr. (40%) 4.91tr. (60 %)
137mm 205 mm

155 x 155mm

DC-Link Power and Control and
Logic PCB

CM Inductor CM Inductors Rectifier Boost-
(Motor) (Grid) Half-Bridges Inductors Capacitors Measurement PCB

—> Drive System Performance: 0.91kW/ltr. and 91.4% @ 7.5kW - IES2 Compliant
ETH:zirich
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SI - Hardware Demonstrator

m Motor-Integrated Electrolytic-Less 1d AC-Supplied VSD System

» Time-Domain Waveforms at Nominal Operating Point

 Verification on Motor Test Bench
(Specifically Developed)

- Demonstrator Matches Expected System Behavior
—> Verify Design Models

ETHziirich
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SI - Design Models

m Loss Model m EMI-Model

* Conventional System 600W (92.6%) * (ISPR11/Class A

* Electrolytic-Less MPPB 703 W (91.4%) * DM-Noise: PFC Rectifier @ 288 kHz i

* Drive System Efficiency >90% for P, > 5 kW e (CM-Noise: Inverter @ 168 kHz ‘ ’ ’
PO.N =

800

. : 100 .
Ve = 650V /
{ ]

CISPR 11/ Class A QP Limit

3

8 —_—

Q? 600 + E—

wy

[+ =l

£ 400l =

= ‘ z

= =

g ®  Measurement 2 -
Z 200 | MPPB without Elco (32 mQ Devices) | | k=] — PK, Termy:lal x

o — MPPB without Elco “ a0t PK. Terminal y | -
E Conventional with Elco ©  QP, Terminal y
i | 1 I ; R | H Lol i
0 0
0 2 4 6 7.5 8 0.10.144 1 10 30
Mechanical Output Power P, (kW)
100 Pyx
U T Nlesmees | hvmpee

= 9} S | |

L = T

=

2 90l / ] X

5 / Ds MPPB

5 !ps.conv ’

= [

=85ty

[ PE  Con Iccm CCMI n CCMI
L I 1 B
80y 2 4 6 75 8 = = = = =

Mechanical Output Power Py (kW)

—> In-Depth Model Verification - 103 W of Additional Losses to Eliminate 1 ltr. of Electrolytic Capacitors
ETH:zirich




“1C I, Power Electronic Systems
I'= Laboratory

SI - DC-Link Voltage Ripple

18/44

m LF DC-Link Voltage Fluctuations: 35V m Delay Time Reduction: 23V m Feedforward Term: 10V
* (Caused by Disturbances * Improve Controller Bandwidth * Counteract Motor Magnetization Power

e TELEDYNE Licnor
e

N \

* DC-Link Voltage Ripple matches Simulation

* Increase (= 60pF
* Increase £, = 24kHz

Magnitude (dB)
[o,°]

-> Efficiency, Power Density or Cost Penalty %0

Phase (deg)
\O
=]

=i 2ms DG
div
fBW,conv fiSW,imp
z 40
< 30t ) | |
L E 10
—— CL’ (Conventional) S 0 \/ \/ \/ \/ \/
.16 L| = CL’ (Improved)
B ¢ Measurements —_
¢ | h Z o5 /\ /\ /\ /\ /\
2 EEYY VAR <1V R J
g-o.s f f \ [ \ f [
. . i VAR VA VAV
I~ 40
\0\‘ < 20t i | | .
K 8 0
P}L % 20 A I | 4
! 10° 10° 29k 4.7k 10° 0
- - 0 10 20 30 40 50
Frequency f'(Hz) Time ¢ (ms)

—-> Analyze Grid Interruption Sustainability
ETH:irich
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SI - Short-Term Grid Interruption

m Objective: Ridethrough keeps System Operational

m State-of-the-Art: Covered by DC-Link Energy Storage

m MPPB Concept: Lacks any Electrical Energy Storage m Verification: 100 ms Grid Interruption @ 4.3kW
PFC Rectifierin Idle * Load Torque «Discharges» Kinetic Energy Storage
» Inverter Controls DC-Link Voltage (Recuperation) * Ramp-Up after PLL Synchronization
i e mene s
Grid Detection and Reconstruction Unit div "“v ! :

‘1 [

2 |
- 200V 1 NI ‘ |
Grid (AC) div | ‘ ‘ ‘ ’
Mode 2kepm < ‘ | | ‘
i \ w I i

;;; } n’ 1| " il i \

1 % i yu \ V |

\9‘

[

Voc'| | DC-Link Vol. P+ Py "Mm g’ | Motor Cun: avl | 7 ' v
Control | OW I Control ] : s : - - >
Mmax L s

200 V/div 200 Vidiv 10.0 Afciv 2.00 Vidivl

- Not Suitable for Extended Grid Interruptions
ETH:irich
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SI - Long-Term Grid Interruption

m Battery Operation v e | o
* Traditional Approach would be Feasible N b i Bt e v e i b Bt By g e

* Increased Software Development Effort

* Requires Active Switching between AC and DC Operation QY -
m Employment of Identical Control Structure , |
* Verification of DC-Operation at 1.2kW @ 1000 rpm st i | _

Grid Detection and Reconstruction Unit Grid Detection and Reconstruction Unit

Grid (AC)
Mode

X1 249995 ms  AX= 000us
X2Z= 2499995 ms VAX= -

-
o)
=¥

Mode Detection e Mode Detection
PLL Lock/Unlock PLL Lock/Unlock

-f"G' sin(2m/gr)

f‘—.A
N N v
@ Speed Grid Cur. @ Speed
Control Control Control Control
i Vo i A
Yoo Voe! Ve Voc . Vpe! Ve
= =

I . *
‘m Mmaxing | Motor Cur:

Voe'| | DC-Link Volr. Motor Cur. Voe'| | DC-Link Volr.
Control Control Control T‘,’ N Control
“IMmax
3
7Y0q

- Comprehensive Validation of the MPPB Concept n-n idm HH
ETH:z(rich
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L

Part II
Dual-Inverter (DI) Topology

VSI 1 Open-End Winding VSI2
PMSM

viG Cons T ~ (== ‘ ;x: : e
R E} SIS
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DI - Topology

m Dual-Inverter Implementation

i VSI 1 Open-End Winding VSI2 i
DC1 PMSM DC2
i D * D
m Avoids Boost Stage o Loy D1 3 &l & w, 1, &l %] 1_
Ig r—* 2
* No Boost Inductor | - ia_al a2
. I, -
 No HF Bridge-Legs Vf Coni == o o b; o%-%c—bj Yooz o ==
‘be Mc C C.
* Power Buffer Required o
y ok og | KREFIE T o iy
m Apply MPPB Concept ﬁ Py -
. Pc=h Pc2™ P2
* Electrolytic-Less - ' >
. 2A @
m Implementation Effort - 2~ 4 '
. . 2Avpes
* Diodes ) I , Iyt -TI 7 Vpe2 §0C2 Vpe2
~ M )C2
 IGBT Six-Pack Modules T N e * _
3 3 A ! 4 t e ! icp=0 K
* Film Capacitors 0 = o p IR van e - pag
T G G G G
« OEW PMSM = A A A A
EPD I ZPO | [
) Pm .
) Per= P>
- - Py |- A IS A W A P, o .
t t t f Pr=Pcr=0 t
0 0 ' - . - 0 " s .
T, Tq T, T, T,
P, G -Py } G G P, G G

-> Investigate Operation to Ensure p,(t) = 0W

ETHziirich
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DI - Operation
m Ensurep,(t) = v, - iy = O W (Space Vector Representation)
m Casel: Vp < Ulmax(t) =0.5 UG(t) m Casell: Vp > vlmax(t) =0.5 vG(t)
* Ensure v, =0V and v, =jVp * Ensure vy hiy and vi=jVp—1,
| Jq
Vs
Vg V2 JVp =Yy
~ Vimax
V, Jjv
v, YA /4 &
f
0 %%X@?; Vagq - Y1max
TN N AN
-Vl -v i AJIMq
lmax iy NV
. d
Vot -
> Select [v1| = Vimax and v1 |l iy
 VSI 2 Provides No Voltage » VSI 2 Provides Required Voltage Difference but No Active Power

» Zero d-Current Component * Non-Zero d-Current Component

-> Performance Analysis

ETHziirich
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DI - Phase Current Stress

m Implementation With Electrolytic Capacitors m Electrolytic-Less MPPB Implementation

24/446

For Vmin = 360Vrms

m Electrolytic-Less MPPB Implementation

* For V= V,=125V - Grid Voltage Limit * For Vp,=V,=125V For V, =2V, =250V
¢ '[PHOrms =33A ° IPHrms =41A IPHrms =24A
5 /.
=z
o
-y
2
S 0 - \
§ -V Lm0 i

21y Y i=i !
g e
= o ——o ; >
< R ; -1, . . L

oy | VSI 1 Operated Continuously oV [ VSI 1 Operated Continuously |
= <% ! ! ! 0 - ! L
SO A v_“’_lf‘_’fdg _____________ N i v, N"“,’ﬂm \ﬁqg N\ v
— H VvV, =V | H .
— O ; ! Iq V O N H B
(7] — : i
= 'VO V1d 0 i 1 | 'VU i | i | i

[ VSI 2 Operated Continuously [ [ Op. | Curr. Cuul. [ Op. | |
= 2V, ! 2V, I ! T
g % Vamax | v | | | Vamax; | |
= e : O
= w } Noal i T
> —Vo / 2 qu\ / | \ —VO 1 Zdl; L i 1 I L —Vo 1 1 1
0 0.257; 0575 0.75T7, Ts 0 02575 0575 0.757g Ts 0 0.257; 0575 0.75Tg Ts
Time Time Time
ETHzlrich
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DI - Performance Evaluation

m Degree of Freedom: Motor Voltage %,
m Influence on

 Secondary DC-Link Voltage V;,

* Phase Current Stress Joy, e

m Performance Indices
e (Conduction Losses

— V5 =2360 Vrms

— V5 =480 Vrms [
1

System Specifications
Mech. Output Power
Mech. Speed

Grid Voltage

Grid Frequency
Switching Frequency

7.5kW
3700rpm
360...480Vrms
50Hz

16 kHz

Normalized to State-of-the-Art

Pave = Z( Inavek + Itavek) (with Electrolytic Capacitor)
k
AVG Conduction Losses: -45%
_ 2 2 g 15 ': =360V
Prms= (IDrms,k + ITrms,k) S 4L B : VG:480VrmS -
= G= rms
k E [ e ;
o = * RMS Conduction Losses: -45%
* Switching Losses 1 :
§= ) (rctind, 2
k " i « Switching Losses: -15%
v, 1.57, 25V,

2V,
Motor Voltage Vp

—> Semiconductor Loss Reduction upto 30% @ V, =2V,

ETHziirich
o
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DI - Control

m Control Objectives: PFC Operation, DC-Link Voltage and Average Speed Control | A o oty |
* Implemented in Cascaded Fashion [ VSI20p. | CumCul [ VSI2O0p. | |

« Based on Grid Power Feedforward and Voltage Division S
S
(]
-Vo—0X =] 0
Voltage Division Y ° I =
(=]
Pa’ $Pc $Pa ™ i Via >
3/ ) ") 2 L P o
Vbel 7 Yimax J2, Vilim L Ivilim J_,_t, Mim [ M i i X v iy Lfl z 40
) 2/ o 1= LXT . max . @ . 1=t . = 20
inig ujx_' Mg i té it @— @’Md mq X Viq E
= Vpc1— 3
Vbei — ||
Speed Control { |l
- P =P." . w d [y
@ M e Po Pc | Vig o a %
[ON + o TA’+TM‘ T Vpel Voltage b dy, J 3_.'9
— I& e p2 . Division v v :—g
26 Mg lq 19 q dlc
@® Trp 1762 c
¥ - <
.. c U L S~
Fa |MAF g £ i Ma i Me 3
—p * - - Ma o
o v P “Pc (>+ Ivd Ivd d a . al9 bI9 cl9 . ::;
- Inb i
e ] . nE
I I . . —_
] - Mq ¢ |shve ( E
& p¥m =
) Vv v v . S~ | -
DC-Link Voltage Control bd 1 b a29 b2§ 2 g
* : * 7]
Vbea Jiygg I‘{’;_; Ié Vmd IO Vad d4 2 2
Voot Sv Rv . . * * = ;o Si * b dzb o J E
pe2 | | + Icg Y P [Po+X Pv— o [ihg —Y 0l Vig 4~ Mg =Y vaq o
—= =[ - - O d eh
= N = = P Per T qu 0 n R et E
=)
=

| -
3 Motor Current Control C i
Ve vpg Ve Vb DC2p 2

- Verified by Circuit Simulation for Cpc, = 50 pF - only 6. 7 uF /KW
ETH:irich
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Part IlI
dv/dt-Limited PWM-Based VSD Systems

P ipc dv/ds-Filter: 3...6 V/ns

IEaE BEe L,

CM g*

J I I
Ior v oy SN :
________ [

liCYz CCM__'I:

n

ETHziirich
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Variable Speed Drive (VSD) Systems

m Application Fields

* Industry Automation / Robotics
* Material Machining / Processing
* Pumps / Fans / Compressors

* Transportation

* Etc.

- Account for 60 % of Electrical Energy Consumed in Industry

m Common Specifications

- DC-Link Voltage 600...800V DC-Supply Three-Phase Inverter Machine Mechanical Load
p 1 - J

 Power Range 1...10 kW — o2 (PC

 Switching Frequency 4...16 kHz C) Voo

* Semiconductor Technology Si IGBT + Diode l,
o 3AC |

-> Si IGBT: Limited Performance in Efficiency and Power Density!

ETHziirich
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State-of-the-Art IGBT Inverter

m SiIGBT with Antiparallel Diodes (1.2 kV)

P inc s SiIGBT: 3..6 V/ns
rsrss AV
b*
L -
|
|
CCM__;E
m Performance Characterization
* SiIGBT with Si/SiC Diode Large Chip Area 800 —T—T—T 180
* Bidirectional On-state Voltage Drop High Conduction Losses @ &t ‘ &5
* Low Switching Speed High Switching Losses |
140

20
) i 3 ) 0
0 1(ns) 800

Source: Fuji

—> Performance Improvement with Silicon Carbide (SiC) ?

ETHziirich
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Next Generation SiC Inverter (1)

m SiC MOSFET with Internal Diodes (1.2 kV)
P inc SiC MOSFET: 60 V/ns

J% 5% Ry

Voltage Spikes at Machine Terminals
(a) Line-to-Line Voltage
(b) Line-to-Earth Voltage

Vb +=CDC b

n J

iCYz

m Performance Characterization
* SiC MOSFET

* Low On-State Resistance

* High Switching Speed

* High dv/dt at Machine Terminals

e Increased EMI-Emissions

- dv/dt Limitation Required!

ETHziirich

(c) Voltage Across First Coil

0 ¢l h&v—
\ su,

c* -
ljLL
| 2zl
[ 0= e
|

YV

i 2)

Smaller Chip Area
Lower Conduction Losses
Lower Switching Losses

Partial Discharge Phenomena
Progressive Insulation Aging

Radiated and Conducted

\ t

c)

—t

Source: Kaufhold et al /2000
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Source: Fuji

Source: Bakran / ECPE 2019
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Next Generation SiC Inverter (2)

m SiC MOSFET with Internal Diodes (1.2 kV) with dv/dt-Limitation
CM Inductor LCM prevents

[_)i])c dv/dr-Filter: 3...6 V/ns (a) CM-Current Sp] kes
( - I (b) Bearing Currents:
JE-‘}JE‘E Ji‘j N : Lo LCM a* Inner race g
a — = Edges of pit
FocsmCoe | b - =" PE
C . T ¢
J.ﬁjjlq} qu} ](é::_-_- : Source:
1:; ________ y | \/\’V\’V\’.est'aegis.cofﬂ
jiCYz CCM_:'E

m Performance Characterization

* SiC MOSFET Smaller Chip Area 1 8001180
. L(?w On—.Stat.e Resistance Lower Covducft]on Losses ¢ook NF’” | 60
* High Switching Speed Lower Switching Losses —t ups (V)
400p | {40
* Limited dv/dt at Machine Terminals Prevent Partial Discharge Phenomena g 200H—f—+—1—120 :
Prevent Progressive Insulation Aging G{)g obl ] in (A) 0
* Reduced EMI-Emissions Radiated and Conducted 0 r(ms) 800 “<

Source: Fuji

- Investigate dv/dt-Limitation Concepts

ETHziirich
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dv/dt-Limitation
Comparison

ETHziirich
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Comparison of dv/dt-Limitation Techniques (1)

m Passive Concept — Capacitive Losses

1.) LCR-Filter
2.) Clamped LC-Filter

o

-

Fall
st,, )
Vo

1
o

C - - '
H— y C 1
J':j bR

m Output Voltage Waveforms — I

=800V, P

oo |
7N\
)

ov

1

-\-u-._.-“-"

o\

0

ETHziirich

Time ¢t
3.8 uH, 2.7 nF, 19()

m Hybrid Concept — Switching Losses (3 £,,)
1.) Two-Step Transition
2.) Multi-Step Transition

e
b

_
—
=
}_

Vp

~

=10 kW, dy/dt=6 V/ns

Ji

i

Ji

ov

L

JL

[

ji

4.1uH, 1.3 nF

L}

33/44
m Active Concept — Overlap Losses
1.) Miller Capacitor Cy,
2.) Gate Current Control
o
L4
Cm - VT
> a b a
a
VDC _-—o
Cy J—_';} Ja
> — |
o O
i T l‘; T Jlll'l
vt

OV i il

oW L

i o
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Comparison of dv/dt-Limitation Techniques (2)

m Comparative Evaluation of
Passive and Active Concept

+
o
=3 [
. T L i a*
nDe - _L - :lr
|
gy, C Vye
SLE g} +
4 O
° b
o F g
L= — J’: a
VDC —I__I—ha—ﬂ-
Cae= =3 v
, sBLEECE 3,
o]

-> Verify Results in the Lab!

ETHziirich

m Specifications: /f,.=800V, P

Part-Load Efﬁciency ?fmv"gkw (%)

Inverter Efficiency gy (*0)

1.2 kV, 16 m() SiC-MOSFET with Kelvin-Soruce

g

r 7 out

=10 kW, £, = 16 kHz

rTsw

dv/df (Vins)
'[ T
& LC-Filter with DRC 12
W Active Concept 0
B

(111) 6

3

1

80 100

Volumetric Power Density p (KW/L)

aopt Ta,max

100
— LC-Filter with DRC ]
— Active Concept 99.6% SiC MOSFET
______ B Gi)- - - -
! ver-
/_- @ |load
ﬁBT Eff. Lm:in_ 98.3%
98
0 10 20 25 30
Peak Phase Current 7, (A)
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Miller Capacitor
Based dv/dt-Limitation

ETHziirich
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MC - Employ External Miller Capacitor C,,

200 \\
10% V- 10% V. -
e —t j

-50 0 50 100 150 -50 O 50 100 150

m Half-Bridge Switching Behavior m Voltage Transients: 1.2kV / 16 mQ 4-Pin SiC MOSFET (C3)
 Positive Phase Current — High Side Transistor initiates Transitions e Turn-on e Turn-off
Po—— > 800 ] N A D it
== [ Cun % 90% Vg 90% Voo —FF P
|E| | &= o 600 11 /
1 j=T)]
R £ 400 / A
Ve 1 - 7
=]
g
a

Time 7 (ns) Time 7 (ns)
* Negative Phase Current — Low Side Transistor initiates Transitions
Po _ ~ 13 P —— ' |
CJ__ Comn & / = S5A
088, wy — -
M : © 10 l / = 40 A
el .
| Re Tl 4 g 5 / N
dc 1 .—d
. — OpF/ OR
k< g — olEaoRL
T | 8 0 0 pF/30 R
oF &k E — 50 pF/10 R
S C l’ wn I I
| RgVesTy[ “ossTl & -5
ne ! o g 05 0 05 1 15 05 0 05 1 15

Time 7 (ps) Time 7 (ps)

-> Slows down Switch-Node Voltage Transient — Negligible Effect on Gate Transient

ETHziirich
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MC - Current Dependency

m Turn-on fepN s m Component Effort

10.0
» Voltage Slope Model I? = . 10 247-4
dvps - dvps . * (ate Driver

g
2
~ | S : .
dt lon  dt g 7 * Miller Capacitor (pF)
- .
° 50 * Gate Resistor
m Turn-off )
* Voltage Slope Model gn 251 e 0pF
Ioff dvps f § 20 pF
dvps I de - lor < ki % 1]5 30 45 0 15 30 45
dt loff dvps if Ioff > Ik Turn-on Current 7, (A) Turn-off Current I 4 (A)
dt =

dvDs
ff dt

« With the Kink Current I, = C,

" / /
/ /

Drain-Source Voltage vpg (V)

m Turn-off @ Very Low Current 400 / / - Negligible Capacitor Volume
200 o — 1A}

* Incomplete ZVS / _,._-—"""'/ sa

* Inherently Covered 0 L e |

* dv/dt-Limitation Still met -100 0 100 200 300 400 500

Time 7 (ns)
—> Design Gate Drive for ZCS (Turn-on) and Maximum Turn-off Current

ETHziirich
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MC - Voltage Slope Model

. 30
m Turn-Off @ 45 A with &, 4 and G, .
dvps _ VM —VG,off 25 —— ;g Pllz ]
dt loff  RGoffCM+RGoffCGDFRintCGD+Toff 20 o 50 ﬁF =

15

1: \\$

* Miller Voltage u,
* Sweep & ,and ¢
- Model match Measurement

Voltage Slope dvy,g/ df (V/ns)

H
0

0 20 40 60

Turn-off Gate Res. Rg o4 (Q)

m Turn-On @ 0 A (ZCS) with £; ., and (, 30 J

—&— (pF
dvps — UG,on~Vth 25 —®— 10pF |7

dt lon RG,onCM+RG,onCGDtTRintCGD+Ton —&— 20pF
20 —8— 50 pF|]

* Threshold Voltage v,
* Sweep £, and
- Model match Measurement

i
i

Voltage Slope dvpg/ df (V/ns)
o

<o

q—fm—b

)

20 40 60
—> Voltage Slope Limit depend only on Gate Drive Turn-on Gate Res. R o, (Q)

-> Switching Loss Dependency on Gate Drive Configuration?

ETHziirich
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MC - Loss Model and Verification

m Loss Measurements m Switching Losses in CCM Operation — Piecewise Linear Loss Function

e Turn-off e Turn-on ]

Z 20 [ ' VpcQtot + konIsw if Iy < Iy
‘2‘:15 d Egw(Isyw) = ]

%10 - VDCQtot + konlsw + koff(lsw - Ik) if Isw = Ik
2

3 4 10 Vins . 1.35 d 1 d

g’ A || o With kop = 2V / S25| and kop = 3V / 2|

= 00 0 20 30 0 10 20 30 40 0 0

> Turn-on Current 7, (A)

Turn-off Current I (A)

m Verification for Sinusoidal Phase Current @ 15V/ns

g’ * oo o Inverter Efficiency: up t0 99.4% @ £, = 16 kHz
3 & 20pF K . . . _
E : & sopF Loss Reduction of up to 8 % by Miller Capacitor (¢, = 50 pF)
- 1 I ~_
@ = 40 : 7 100
= 0 PR 0 Iy 20 30 40 \é M Measurement| — - ;61 -
k10 ~
Turn-off Current I,y (A) Tum-on Current [, (A) Q" 30 99
v S—
fé‘ 3 T % i
= B OpF S 20 98 2
& oo M 20 pF|- ° R
Z B 50pF 50 2
— | T :'E
- L 0 30 20 0 Iys 20 30 40 q'c—;
kLS Turn-on Current [, (A) T 0 96

Turn-off Current [ (A)

40
Peak Phase Current ;'\(A)
- Excellent Matching and Superior Performance
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Passive Filter
Based dv/dt-Limitation

pn

3 BT
. a i, L D i oa*®
[ ] La & P fa
A IR B S
J: v:m Co . Vyry
23 T gz
1l & ’ * ]

ETHziirich
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PF - Theory

m Topology and Waveforms

I}-ﬂ

J:3 Ry G
l—

a i Ln DP [ 3.*
VD —I-L‘—I-

c ' =—o
J:}"’:m CDJ‘ Pu Voo
T i

=1

ne . I

=

/| Lo\ Vam

- Implementin Hardware

ETHziirich

Mag [dD]

Angle [deg]

Selected Components for 5 V/ns

Filter: [,=11.2 uH, C,=1.12 nF
Damping Network: R,=R, =150, (=(=10nF

Transistor: 1.2 kV, 16 m() SiC-MOSFET with Kelvin-Soruce

Measurement |

- — — - Model
80 I

10* 10 10°

Frequency [Hz|

41/44
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PF - Hardware and Measurement Results

Encoder Interface m Waveforms: Motor Currents @ 4 000 rpm, 25 Nm

Zynq SoC

m Hardware Prototype

DC-Link Capacitors

MOSFETs

i “ ..l | ;\'."l.“ ‘ -LLI v ‘ .. \
Damping Networks N’X . o ) :;fj \H‘\' i
Y i Y i o

4‘“’ ‘\\ﬁh 'J'f R¥ “'. ‘l“"-,“ .-l‘“’ ‘f\) Jfl
W

W . e Wy \
Vg™ - Wt Mgyt 1

Filter Capacitors i
"Wt

Filter Inductors

LxBxH =10 x 9 x 3.9 cm > 28.5 kW/L and 99.0 % ol i

m Voltage Transition - Motor Terminal U vs. PE: <5 V/ns due to Machine Capacitance

File t Help File

800V |/
Neg. Transition

Pl
F'y

800V o
Pos. Transition

esults

Meas 1 Fall Time Ch1 13587ns  12207ns  160.00ns  5.4092ns 1000
Meas2  Falling Slew Rate Ch 1 -4.7100 W/ns -5.2383W/ns -4.0007 Vs 216.6 mVins 1000
Ch1 38834V 39158V 40835V 32639V 1000
€h1 39BESV 40834V 39SV 1913V 1000

Meas 1 Rise Time. Ch1 13606ns 12031ns  15600ns  63074ns 1000
Meas2  Rising Slew Rate Ch1 47089 Vs 41032 Vins 53163 Vins 233.76 mvins 1000
Chi 39930V 33157V 40832V 24570V 1000
Chi 39958V 40835V 39159V 18950V 1080

4 40 s (1) stAcq
: 6. oise Reje 16 Dec 2021
FL 250 kpts ¥ 50% 12:15:17 am|

Stopped

stidcg
15 Dec 2021
11:57:21 PM)
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Results & Conclusions

Part I: Single-Inverter Topology

m MPPB Concept
e Elim. Electrolytic Capacitorsin 1® AC-Supplied VSD Systems
e Performance Analysis: Motor and Inverter

m Motor-Integrated Hardware Demonstrator
e Achieving 8 uF/kW within the DC-Link
® Drive System Perf.: 0.91kW/ltr. and 91.4% @ 7.5kW
e In-Depth Validation

Part II: Dual-Inverter Topology
m Dual-Inverter Employing the MPPB Concept

e Low Effort Implementation
e Analysis of Operation and Control Structure
e Semiconductor Loss Reduction of up 30%

Part III: dv/dt-Limited PWM-Based VSD Systems

m Miller Capacitor Based dv/dt-Limitation
e Protection of Motor Winding System

® 99.4% Inverter Eff. @ 15V/ns and 16 kHz
ETHzurich
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@ 1.5 T
1.0 B P
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15
e SO
0.5

— V5 =1360 Vrms | |
— V=480 Vrms
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; Tmmw"""""m"mmmmmm

1
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Motor Voltage V'

i
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Outlook - Research Topics regarding VSD Concepts

1) Passive dv/dt-Filter 2) S-TCM Zero-Voltage-Switching Inverter
* Improved Performance at low dv/dt-Limits * Low Sw. Losses / Limited Sw. Freq. Variation / Sin. Motor Voltages
- g ~ = 20 P,=0%
P Th [ ks b . i = 2 = ' I ,
J;} Jf} Jf} a iy a m 20 | {l[mee g -18Bﬂm['mmmhwmlwuurum’m“|mumﬂw|uluﬂmvunlu]u'm'i
Ues=  |iep — b % 0 o
— C il al ; = Y, ™ ~
nk3 b br oLl L ¥ ¥ A 2NN N
n = = P o I 4 < '0|-n,=<)°/., ~P.=50% —P,=100%)
& 0 Time T 0 Time T
3) 3-® AC/AC Current Source Converter — .
 Sin. Motor Voltage / Low # of Mag. Components M’_ Monolithic Bidirectional
p L2 Lom LA 600 V GaN Transistors

i-GaN p-GaN
/ Buffer Laver
e
ol

o

e |1

:

¥

»I—‘

i
“'1

EMI
T OQutput

_}_ 1 J_C Filter
TIT™ +

I

a—+— EMI 1
1| b + Input T ]
C———— Filter ’

RN
7T

i

) E

Same EMC Requirements at Grid and Motor Interfaces ————

ETHziirich (Operation with Unshielded Motor Cables)
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Thank You!




