v Power Electronic Syst
ETHzirich [1Ch Laol‘;,:)ergtofr:; ronic Systems

~ MotorIntegrated Power Factor Corrected
Singleto-ThreePhase AC/AC Converter Concepts

Michael HaideDominikBortis Johann W. Kolar

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




Power Electronic Systems
|-I E 5 Laboratory Y 2/44

Motivation
Yy Reduction of Global Carbon Emissions Required Yy Transportation iEuropeApprox. 25% of All Emissions
y  Transportation Sector Responsible f&6 d4COEmissions Yy Transportation ilSApprox. 29% of All Emissions

b GoalDecarbonization and Implementation $tiatainable Transportation Sector

— =% Pantograph

Railway Systen@reenest and Cleanest Mode of Transport. .o
Performance Improvements Demanded
P {?{)
Focus oPressurized Air Supply SysieéRailway Vehicles '
Air Brake System
Door Control System

Pantograph Lifting

Do o o<, IS,

General Requirements
Compactness

High Efficiency
Reliability
Redundancy

To o To o<,

b Unique Operating Conditions

Bogie Brake Equipment Door Control System

[Source: YUJIN]
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Application

Yy OilFree Scroll Compressor 7.5kW @ 370pm iy B+
A Charge Pressure Tank . RS Prossure
vy |
Yy Variable Speed Operation =T *B %
A Maximum System Performance 2
. . i G+ .S
y' AGOperation (Grid) 280 8 | S
A Nominal Voltage 400Vrms@ 50Hz Vg §
A Tertiary Traction Transformer Winding v |©
A Ensure Unity Power Factor Operation G-
Grid/Battery \__ Converter PMSM  / Scroll Compressor
y' DGOperation (Battery) 70p.\Mda O
A OnBoard Battery fg 600 | |
A Startup and Grid Interruption E \ NP, 9kW
2T 400 :
y' 13 AC/D@o-3%5 AC Converter System % \ AC-Operation
A Widelnput Voltage Range = 500 NI
A Survive Grid Disturbances and Interruptions ?_,: DC-Operation, P,= 1kW
Q‘* 0 1 1
= 0 10 20 30 40
 Ultra Compactsl AGSupplied VSD System Input Current I; (Arms)
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Challenge

y  Stateof-the-Art

A ElectricaEnergy Storages Yon k

Az Ho rmn
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y  AvoidElectrolyticCapacitorélitr.) A Increased Lifetime
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MotorIntegrated IRowe P RulsationuBuffe MMPPB)

Yy Proposed MPPB Concept
A Mechanic&nergystoragel: yy & —

ic G+
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A Electrolytid_esdllz AGSupplied VSD System
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Focusof thaalalk

Partil: Singleinverterbopology
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Partlll: Dualinvertertopology

VSI'1

n-End Winding
PMSM

1 Jé} JI:'}J

Jri}f}r} g

Partlll: dv/dt-LimitedrPWBased VSEystems
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Pat ]
Singlle Inverter (Sll) Tepblagy
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Sl - Tepolegy

y- TWGStag e Impl em entati on Gll'id Boost PFC Rectifier > , VSI PMSM > Cmic;:)::sor
PG~ Perc
Y |. PFC Rectifier ( 43 =
A BoosiType o x o gi o1, IS
. L
A TotemPole with Unfolder Leg 5
A Three Interleaved HF Legs
Yy olo,ou JI—'
Yy Intermediate DCink ;]3 >
~—
A ElectrOIytiGLeSS Interleaved HF Legs ~ Unfolder Leg
A Nominal: 650dc . . L L - -
A Maximum: 80&dc Conv. Op. and MPPB Conv. Op. and MPPB MPPB MPPB
. ’ A y y vDC + w A @® 2Aw
A 1.2kVSICMOSFETs Py — L) B o
mp n
fG T, M A 4
y Il. ThreePhase Inverter 0 ic= 0A i N '
A TwelLevel il Tg l T T
A A A
A Voltage Source Inverter (VSI). 2P, | oy
Vst P, Pwu AW __ 1
pc=0W K , , 1 t
o T I

b How to Control?
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y" Control ObjectiveBFC Operation,-DiBk Voltage and Average Speed Control

800
A Implemented i€ascaded Fashion z 40f
. - 0
A Based oGridPower Feedforwaamdinner Current Control Loops @
E -400
~ -800
Yo 40
g 20
- Vg = 0
Speed Control %VG 3 2
o8 @ f 3 -20
5 R * " | f T ow P L . RiL. * -40
[0} + 0w T+ Ty YP| Pe" ¥ Gmax I ig ~ip —Y dip Vig + Veu
%-afé gl S L DOy e e
'IGmax = 30 F
@] Trrr, - <
@ ' Grid Current Conirol z 20
——@ Fw Ps = Vgls Vo Ve g
[} S 10
DC-Link Voltage Conirol Motor Current Control v’,’d 0
Voc” . + O a1 | Y 3800 . .
g =0A— ~Tir I\_— Rid + E mn N
|2 oy RV i Iymax di Vig £ 370
D +_ 01 + M \/
: c e bl e [ ol | |
- i 1q + 2 3600
Ivimax Mgq 2
I T 2
VogtPp 3500
o Voq g 675 :
= Vbe Voot
) T 650 V/\( DC
IMd o
P o
( Fe £ 625
Optional Inductor Voltage Feedforward Term o[ - >
] 600 - -
0 5 10 15 20

9/44

Time 7 (ms)
[ Verified by Circuit Simulation &9g= 60t F- only 8 FkW b Voltage / Speed Rip#éV,,,/ 120rpmy
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SourceSiemens
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Sl - Gompparétive’ RhaseGunrentaAnalysis

25

y  Conventional Systéi®  11!) g | y' Comparison

A TorqueGenerating Current [M: XX XMXX\<XXXXXX>< XXX A j“—ﬁt II"% I;Hpk
vk by NIAVASVEVEAVEAVSL W E

+100%
2L

200%

150%

2L +22%

y ElectrolytidessMPPBQ  1t!)
100%

A TorqueGenerating Current fM; V/\ M M}\ /\M M i

B kB[ OCHOR I « _Imy/\@( JAVATAR N AVIITA
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-210

Conv./MPPB  Conv./MPPB  Conv./ MPPB

Yy dgTransformatiowitht =i < 2l
N
IM

o H ) LRGN AT /z\x\i_m )[Q | /\\ D Ay
o [B®  7Z) nid  7) ¢[ 1 SN AR VAV Fn SST720 W VXN DN A
[EJ [H w7 it 7 )] - _,N: AY R\

-ZIMO

0 0.5T5 Ts . 1.5T, 2T, 257
Time ¢

Yy Superposition:i L [“I (o 4 -TTiGo « P33 -NiGeo « P g]
Harmonic Components-@, =0  J} andes 3}
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Sl - PhaseCGohduetiom tesses

y  Harmonic Componenia, =0  J} and=s

A Sanding Wavésr =&  ZJ} (100Hz) and=d  Z[J} (50H2)
A Similar to Startup

A AsymmetriPhase Stresses A Restricted Frequency Ranges

o fra=120Hz fin=100Hz Jio=80Hz fra=50Hz 1,00 TeaTer Tee Ted Temin Semn  Sea See JepJea
- Mo 7 g inta ing Ia ingg ha [ yhig - . —l P, — Ifor ri= 0.1s
;—-E) Lo u\f Jl /n\ /n\ /m /m\ /,l m /\ [\ o — P::z:z for rt:lh =50s
5 OMMUMM LW/ 0\ WA VAR VAAVAL B | R D VAN S5 VANV S0 VU S

- “IMq “IMg “IMg g Z

SPZIM" S 2.00 i
Y VPHO WL
5 PyMa PvMa PvMa P &
é’ 6Pypro ™ ™ I - m n -ng 175
£ 4Pypmo i\ m H A *‘ I L lx LA ] E 120
3 W _ N5 wnall_ A B 7z
S 2Pvemo - i .{\—3 e e il w i it (- _PXM_al L 8 A " ,' '| .”li " s
E A A K I
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 25 0 0.5 1 15 2 25 0 0.5 1 1.5 2 2.5 -150 -100 -50 0 50 100 150
Time t/ T Time t/ Ty Time t/ Ty Time ¢/ Ty Electrical Frequency f = pw / 21

A Total Conduction Losses Remain

b Degree of FreedoMumber of Pole Pajrs
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Sl - Peffoimanee\ Analysistdviotoranddnverter

—~ TL,N
Yy M. Motor %2 . nN:3700|rpm
A Conventional System |l e  |ker v -4k < 500
A ElectrolytilessMPPB  |ie et -9k g 250
A Relative Loss Increas@5% 5
= % 5 10 15 20 25
Yy L. IGBT Inverter Load Torque 7, (Nm)
e 1w BB S v w
A NoAdditional LossedHigh Total Losses A M I Il. 1.
Yy Il. MOSFHiiverter withdv/dt-Limitation (Miller Capacitor) 150 %
+25% 0 125%
FTEEISL"SIEN X1 kez 1) H 0% e
A Relative Loss Increask7% 100%
y  lll. MOSFET Inverter withQu@putFilter 50%
"‘ﬁ g =|T ||=Es AR ‘ | I‘Ea H7 "HE I=E8 gy 'l')“l
A Relative Loss Increas@50%6 O oy, / MPPD Conv./MPPB  Conv./MPPB  Conv./ MPPB

A Peak Phase Current+100%

b Implement an¥erifyfHardware Demonstrator
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Sl - Implementation

r

y  Circuit Schematic
, 5% % 53 ]

| 53 B3 B3,

a

RS

FAEIAELS
TR meE
i CMZ_ICMZ CMI

3 X 4&Hz

y" Motor Integratiomn Three Layers

Unfolder
Half-Bridge

EMI-Filter Encoder

PCB

Boost-
Inductors

Rectifier
Half-Bridges

CM Inductors
(Grid)

CM Inductor
(Motor)

60t F(Foil) 24kHz

Inverter
Half-Bridges

Power and
Measurement PCB

DC-Link

Capacitors

Control and
Logic PCB

b Drive System Performaric81kWitr. and91.4% @ 7.5kW- IES2 Compliant
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Yy Losses: 703W(91.4% )
|169W (25%) 534W (75%) |
A _ A -
3P. P
Sw o Dvem 16.6W
3P VRind 9.6W P VMnl VMcond
284W Pygemi 296 W 221W

10.6 W

P VIcond
28W

PVIsw
53.6 W

Yy Volume

PVEL
12W

8.2Itr. ( 0.91kWiItr.)

3.31tr. (40%)

4.91tr. (60%)

205 mm

137mm

155 x 155mm

Converter System

. —

PMSM (1FT7-084)
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Sl - HantlwarehBemanstrator

Yy Motorintegrated Electrolyticess k AGSupplied VSD System

A TimeDomain Waveforms at Nominal Operating Point

A Verification on Motor Test Bench
(Specifically Developed)

b Demonstrator Matches Expected System Behavior
b Verify Design Models
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S - Designiodels

Yy Loss Model Yy EMiModel
A Conventional System BO(D2.66) A CISPR 11Class A
A Electrolytid_ess MPPB TW3I91.46) A DMNoise: PFC Rectifier
A Drive System Efficiency %9fbr B> 5kW A CMNoise: Inverter
800 : ’ Pox 100
3 >
2 00 ) — SOW CISPR 11/ Class A QP Limit
& T ‘ 2
@ 4]
2 2 60
S 400t | g
LE’ ®  Measurement f 40r
& 200k MPPB without Elco (32 mQ Devices) | | & — PK, Terminal x
o ——— MPPB without Flco “ a0t PK., Terminal y | -
-g Conventional with Elco ©  QP, Terminal y
i | 1 I ; R | H Lol i
% 2 4 6 75 8 010144 1 10
Mechanical Output Power P, (kW) Frequency f (MHz)
100 ; ; PO.N
_ os| L= T -7 _’?cg—mpa IRCAY | x .LCMZ .Lcm Lout Ly JE} J,ﬁ J:
£ | o—"mmm - - -
L % Lt/ AEE
90} - ‘ - 2 1
-g ," Nps.conv Tos e i—.- —|— ‘. —|—
= = = — —
S e R R R
[ PE CCM?,_— Con  Cou
80 ' ; < = 1 l
0 2 4 6 75 8

Mechanical Output Power Py (kW)

b In-Depth Model Verificatiod03Wof Additional Losses to Eliminatt.Jof Electrolytic Capacitors
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SI - DGLink WoltagerRipple

Yy LF D&ink Voltage Fluctuations:\85 y  Delay Time ReductionM23
A Improve Controller Bandwidth

A Caused by Disturbances

18/44

y Feedforward TerrQV
A Counteract Motor Magnetization Power

e TELEDYNE Licnor
e

VG |
W L Iill !
0w’ : VWMWWWMN

8

f BW.conv fiSW,imp

A DGLink Voltage Ripple matches Simula%on

0

L 4

8L

A Increaseg= 60 F
A Increasd,,= 24kHz

216 |

Magnitude (

—— CL’ (Conventional)
—— CL’ (Improved)

B ¢ Measurements

A Efficiency, Power Density or Cost Penalty'ii

0

L 4

-90

Phase (deg)

-180

-270

hAnalyze Grid Interruption Sustainability '°'
ETH:irich
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Sl - ShottTermtGriddntenrpption

Yy ObjectiveRidethroughkeepsSystem Operational
y Stateof-the-Art: Covered by bk Energy Storage
y' MPPB Concept: Lacks any Electrical Energy Storage Y Verification: 10tsGrid Interruption @ 418N

A PFC Rectifier in Idle A Load Torque «Discharges» Kingtic Energy Storage
A Inverter Controls ElGnk Voltage (Recuperation) A RampUp after PLL Synchronization
v P e
Grid Detection and Reconstruction Unit dv /‘ . . ‘ . ‘
uu\w I 'u\\mr : \ ! \ \M \ ‘ H H \ ‘} i ,\” ,| M .
g ' I |
| HH u’ H i ,!] \‘

Voc'| | DC-Link Voir. ! P+ _\PM‘ - I\M“‘”‘, g | Motor Cur:
Control  |OW7 — i 7 Control ‘
Mmax 1s

b Not Suitable for Extended Grid Interruptions
ETH:irich
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Sl - Long TermdGriddntetrpption
y Battery Operation v o | e
A Traditional Approach would be Feasible N b i Bt e v e i b Bt By g e

A Increased Software Development Effort ‘_
A Requires Active Switching between AC and DC Operation -

y Employment of Identical Control Structure |
A Verification of DOperation at 1}2V @ 100Gpm S0, 2 | -

Grid Detection and Reconstruction Unit Grid Detection and Reconstruction Unit
Grid (AC) i 7 T
Mode 2ms -
div

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

-
o)
=¥

Mode Detection e
PLL Lock/Unlock

-f"G' sin(2mfr)
%
N N v
@ Speed Grid Cur. Speed
Control Control Control Control
v, . Ve N N Ty
pc . Vpc/Voc pc  Vpc!/ Ve
= =
Voc'| | DC-Link Volr. | Motor Cur, Voc'| | DC-Link Volr. ! Pe + Pmtm {M"“"‘, ’.Mq‘ Motor Cur.
Control Control Control | 0W 7 — i 7 Conftrol
“IMmax
Vg

' Comprehensive Validation of the MPPB Concept n_n O e
ETH:z(rich
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Du@tinverter (DI) Topoiggy

VSI'1 Open-End Winding VSI2
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Dl - Topolagy
y' Duatinverter Implementation o
inct VSI 1 Open-}l?ﬁlsﬁmdmg VSI2 inca
Yy Avoids Boost Stage , D& D JG Jf} JI:‘} ol J[} J[’} | |
] x EMI M I}
A No Boost Inductor = | - Iva_al f—* a2 ©
i L . IO —OC B
A No HF Bridgeegs | 65_:? Comt = 0,5 e zzc MY —VAS ner o ==
A Power Buffer Required 0 rirs rirs
Y
% 0t SICEN==IN (T
y" Apply MPPB Concept ? ﬁ Py -
. Pc™ P Pc2™ P2
A Electrolytid_ess - ' >
Y Implementation Effort . 1 1
; Vs 27T . 2A vy,
A DIOdeS “°L TM -\‘D(-ﬂ DcC2 - chz
A IGBT SiRack Modules s L ] e t
A Film Capacitors 0 0 T rg
A OEW PMSM Lo | A N )
A 2P, | 2P| I
Vs P, Pm P, Pca™ P2
(; , ! Pr=Pcr=0 1
_ e >
-Py | -Py | © G

b Investigate Operation to Ensiike <«

i
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Dl -
Y Ensurgas(4 o (Space Vector Representation)

y Casel: g © i 1G94

8 og(d
A Ensure o i and o

° Ere

A VSI 2 Provides No Voltage
A Zero dCurrent Component

b Performance Analysis

y Casél: e © 9
A Ensure o Z'¢  and o Ergl o

A Selecio |
A VSI 2 Provides Required Voltage DifferensieAative Power
A NonZero dCurrenComponent




