U.S. Department of Energy

FreedomCAR and Vehicle Technologies, EE-2G
1000 Independence Avenue, S.W.

Washington, D.C. 20585-0121

FY 2005

Oak Ridge National Laboratory
Annual Progress Report for the Power Electronics and
Electric Machinery Program

Prepared by:
Oak Ridge National Laboratory

Mitch Olszewski, Program Manager

Submitted to:

Energy Efficiency and Renewable Energy
FreedomCAR and Vehicle Technologies
Vehicle Systems Team

Susan A. Rogers, Technology Development Manager

November 2005



OAK RIDGE ORNL/TM-2005/264
NATIONAL LABORATORY

MANAGED BY UT-BATTELLE
FOR THE DEPARTMENT OF ENERGY

Engineering Science and Technology Division

Oak Ridge National Laboratory
Annual Progress Report for the Power
Electronics and
Electric Machinery Program

Mitch Olszewski, Program Manager

November 2005

Prepared by the
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37831
managed by
UT-BATTELLE, LLC
for the
U.S. DEPARTMENT OF ENERGY
Under contract DE-AC05-000R22725

UT-BATTELLE

ORNL-27 (4-00)




Power Electronics and Electric Machines Draft FY 2005 Progress Report

Contents
e 10 = SRS v
LI o =TRSO Xi
ACToNYMS and ABDIEVIALIONS.........ccuiiiieeeeee e Xiii
Sl LAV U 001017 Y/ 1
1. TECNNICEl SUPPOIT..... .ottt et eb e b e sn e e e s e enenre e 3
1.1 Power ElectronicS CroSSCUL ANBIYSIS.....couiiiiiieiieitieesteeee e steese st see st sae e sraeste e enesresneenns 3
1.2 Development of aNovel Bi-Directional Isolated Multiple-Input dc-dc Converter .................. 6
2. Thermal Management and SYSIEMS........cceeii et enae s reenesreenne s 8
2.1 THEMEL CONIOL....cuiitiiieiee ettt bbbt e et sse b b 8
2.2 Component CharaCleriZaLION ..........c.uierrireereeeeeeeese e sr e e e ere 24
2.3 Benchmarking of Competitive TEChNOIOGIES...........ccocviiiiiiieccer e 34
3. Electric Machinery Research and Technology Development...........cccoovvvrenenenenereieeseseseneee 45
3.1 Flux Weakening and CPSR Enhancement/TEChNIQUES...........cceovrirerine e 45
3.2 Electric Motor Research and DevelOPMENT ...........ccoeviiieie e 93
3.3 Advanced Traction Motor Development (RFP) ..........ccovoeiiiieie e 105
4. Power Electronics Research and Technology Development ...........ccovveriierenieieieieeesesese e 108
4.1 Wide-Bandgap SemiCONUUCTONS .......ccceiuiiieieiiesiesteeie st eee st sre et st see e st e tesreeeessesneesnas 108
4.2 Integrated dc/dc Converter for Multi-Voltage Bus Systems..........coccovvvvenineneneieeieseseneen 128
4.3 Integrated Inverter for HEVs and Fuel Cell Powered Vehicles...........cooeiiiiiiiciciccncnee, 140
4.4 Z-Source Power Converter for Fuel Cell-Powered Vehicles..........ccoovviviiinineiccccncncieen 154
4.5 dc-dc Converter for Fuel Cell and Hybrid Vehicle.........oooovvieceiiieeecee e 163
4.6 Semikron Automotive Integrated Power Module TESHNG.......c.veerererenienienieeeeeeeesese e 171






Power Electronics and Electric Machines Draft FY 2005 Progress Report

Figures

2.1 Thermal Control
Floating loop diagram (a); floating loop bench top apparatus with pump (b).......cccoeevvveceieennnns
Revised floating loop attached to full-size sedan AC systeminacabinet..........cccoceecvvveieieeenne
Floating |00p/AC SChematiC With FEVISIONS .........coiiiiiieieseeeee e
Conventional die mounting Of INVEITEN..........cccci e
Arrow indicates the conventional heat flux path of the conventional die-mounting inverter .......
ORNL'’s cascaded die MOUNtING CONCEPL .....c.cerrurrirrirtisrertesreee e nre s
Copper foam is used as an example for cascaded die MoUNting .........ccccevviieereieece s
AN XY Stwo-side SOlderalDl@ die..........coviiiiiiece e
A two-side solderable die obtained from Rockwell ScientifiC.........cccooceeeeiieeiiiicer e
(a) Prototype of copper-foam cascade die mounting, (b) two-phase cooling occurs
When the diE iS10B0EA.............ooiie et
11. ORNL 20%-density-copper-foam die-CoOlING tESES. ........ccirerrerieieirere e
12, 25% FOAM ENSITY TS ...ttt r e se e nnenre
13. Example of an ORNL directly cooled film CapacCitor.............ccccvvveeviiiiece e
14. Tapered metal thickneSs 0N filM ......coueiiiiee e
15. Photograph of Array B—2.4-MHZ 8CIUBIOIS ..........cceiieieirenierese e
16. A schematic of the closed-loop WEG micro-jet array impingement cooling system

FOr the SEMIKION INVEITEN ..ottt nbe s
17. ISR spray cooling system for the SEmMiKron INVEITE...........coooeiiinneeee e
18. Refrigerant global warming POtENtial.............cceiririiirisereeee e
19. Latent heat at normal BOIING POINL ......ccoviiieiieci e et

Coo~NoTR~M®ODE

=

2.2 Component Characterization
1. Multilayer glass CeramicC @ —40°C ........cooiiiiiieieie e
2. Multilayer glass CeramiC al 140°C .......cooiiuerieeeeeieeee st r e nre s
3. ASC commercial polyester capacitor a —40°C.........coeieieeieii e
4. ASC commercial polyester capacitor af 140°C........ccecueiiieeieii et
5. Commercia Teflon film capaCitor @ —40° C.......ccocvciiiiiieee e
6. Commercial Teflon film capaCitor af 140° C ..o
7. Dearborn metallized proprietary film capacitor at —40°C.........cccooeiirieireneneseseee e
8. Dearborn metallized proprietary film capacitor at 140°C..........ccoeieieierienenesese e
9. ESR validation Oil Dath tESt SEEUP........ccveiiiririserere e
10. Waker Scientific AMH-40 Automatic Hysteresisgraph...........cceevveeveieeveseece e
11. Ames 2205 bonded magnet demagneti Zation CUNVES ............cooeierreieeieeesese e
12.  Ames 60% MPQ-O and 40% PPS bonded magnet demagnetization CUrVes............cccceceverenennens
13. Argonne sintered magnet NystereSiS graph........c.oceevvieere e e

2.3 Benchmarking of Competitive Technologies

Test cell design, configuration, and actual [aYOUL .............cceeeeiiiicce e
Upper-level flow diagram of Prius controller SysStem ........oooevviieie e
V oltage boost converter components and simplified SChematic ...
Extrapolation of generator back-EMF data for generator speeds of up to 10,000 rpm.................
Drive cycle datafrom ANL showing voltage boost converter reSponSse.........cceecvvveeveveesesieenens
Drive cycle data set showing voltage boost at high speeds (ANL/ORNL data) ..........c.ccceeeevnnene

ocoukrwdrE



FY 2005 Progress Report Draft Power Electronics and Electric Machines

7.
8.

=

12.
13.
14.
15.
16.
17.
18.
19.

20.

coooNoOAM®ODE

Prius locked-rotor data showing torque VS rotor POSITION ..........ccceeeeiieeiieseseese s eee e 43
Prius controller/inverter system operating an |PM-reluctance motor with brushless
L= [0 = =1 o o PP 44
3.1 Field Weakening and CPSR Enhancement Techniques
Field weakening and CPSR enhancement teChNIQUES............cooiiiiieieiinis e 49
Configuration of aZ-source inverter-driven FCV ...t 50
A configuration of an ICE-powered HEV driven by aZ-source inverter ..........cccooeeeveeeenveenene, 51
Axial-gap consequent pole generator weakened and strengthened by external coil ..................... 53
High-strength (magnetic) undiffused brushless axial-gap PM mOtOr ..........cccvvveieieieninieninns 54
Variable flux PM mMOtOr—memOry MOLOF.........ccveverieieerieseeeeseseestesieere e esae e seesresreesesreenee e 55
Using the number of turns per ot to control CPSR ... 56
Concentrated Winding CONfIQUIALIONS.........ccoiriririrrerreseesiee e nre s 60
Basic repeating unit of the 6-kW SPM motor with fractional-dlot concentrated windings........... 61
Configuration of the ORNL model of a6 kW fractional-dot PMSM motor made
With CONCENIIEtEd WINGINGS.......cueieeieeiiiterieste e 63
One phase of the coil winding configuration for the ORNL model of a 6 kW
fractional-slot PMSM motor with concentrated Windings ...........ccecevveeerisiesese e 63
Peak back-emf per phase of 6 KW motor at 800 IPM..........coeiiiiirieiieieeeseeese e 64
Harmonic content in back-emf of 6 KW motor at 800 MPM ..........coeeeerierenireseseseeseeeeeeeseniens 65
Per-phase equivalent circuit of 6 KW MOLOF...........cccoiiiieiiceccecece e 65
RS YLl 1 1 001= o S 65
Fundamental frequency model of per-phase of aPMSM ..o 68
(DAY T @AY a1V/= 5 (= g (o] o] [0 o V2RSSR 70
Per-phase fundamental frequency phasor model for constant power mode...........cccceveveveieennene 70
RMS motor current vs. power output during high-speed operation of Motor 1 with
146.1-V and 203.7-V dc supply voltages, when driven by CPA or by DMIC.........cccccvivnirennnne. 72
RMS motor current vs. power output during high-speed operation
of Motor 1 and Motor 2 with 203.7 V dC SUPPIY ....cevereeriiiririesieieeeeeesesese e 73
Per-phase model used to calculate average and rms deviCe CUITENtS .........ocvvererereeneeieeeseseniens 74

21.
22.
23.
24,
25.
26.
27.
28.
29.
30.
31

32.

Efficiency difference comparison of Motor 2 (with 208 V dc supply voltage) minus
Motor 1 (with 151 V dc supply voltage) when driven by CPA over the full torque

SPEEU ENVEIOPE ...t h e e R R R R n e et nnens 75
Comparison of efficiency difference when Motor 1 dc supply voltageis raised

FrOM L5110 208 V...t bbbttt b bbb bt e ettt n et ns 76
Comparison of efficiency difference when Motor 1 is driven by DMIC and by CPA

using inverter-grade thyristors from a 151-V dc supply VOItage.........cccoovvererencncncieeeneseie 77
Efficiency difference between inverter-and converter-grade SCRs for Motor 1 driven

by DMIC from & 151-V dC SUPPIY VOITBOE........coveeeeieririerieste ettt 77
Standard RM S phasor diagram of a PM motor with flux weakening ...........c.ccocevviiininencicns 80
Inset surface-mMoUNtEd PIM MOLOIS ........coiiiiiiiieieieee sttt 82
V-shaped interior PM MOLOrS (IYPE 4) ..ecvv ettt te ettt st 83
U-shaped interior PM mMOLOrsS (LYPE 6) .....veveveerieiniesiesieste e 83
Amount of PM material in terms of cross-sectional surface areaasa

function of M or yl_1 for each of the three rotor configurations............cccoeeevevvecevieseesceseenns 84
Rel ationship between magnet pitch, M, speed, and

percentage of reluctance torque for the inset PM MOLOX ...........ccooiiiiirincneceeeseee e 84
Magnet torque and total shaft torque of a four-poleinset reluctance-assisted PM

motor for arange of magnet fraCtions. ..........cccv e e 85

Vi



Power Electronics and Electric Machines Draft FY 2005 Progress Report

3.2 Electric Motor Research and Development

1. A sample RIPM-BFE prototype Machine............ccooioiiiieie et 94
2. RIPM-BFE rotOr [amiNation.........cccoeiieieieeese ettt see e te e eeesnesneeseesneeeeseeeneens 95
3. RIPM-BEFE SEELON ..ottt sttt b et st b ettt se et e senne st 95
4. RIPM-BFE MOtOr €XCItation COIl .........ccoiiiiiririeieieinesesie sttt nne s 96
5. RIPM-BEE FOLON ...ttt ettt sttt st e st b e e be e s ae e saeesaeeenbe et e e sbeesanesaneans 96
6. ASSEMDIEd RIPM-BFE FOOF ......cciiiitiieiieieieeeee sttt sttt sae b e 97
7. RIPM-BFE motor housing with excitation coil and spray ring.........cccceveveveeeeieseeceese e, 97
8. Air-gap flux density distribution of RIPM-BFE 2.5-in. core-length motor. ...........ccccceoviniiiinne 98
9. Air-gap flux density distribution of THS Il 3.3-in. core-length motor............cccceeeieirinieninennne 98
10. Machine design with side PMsto produce a strong fixed PM machine
WILhOUL FIEld @XCITALTON. ...ttt e et e e eeas 99
11. RIPM-BFE locked-rotor torque vs rotor angular position without
field enhanCemMent/WEaKENING ...........cceeii et sttt sre e 99
12. RIPM-BFE locked-rotor torque vs rotor angular position with 5 A of field enhancement............ 100
13. Comparison of PM torque components and peak-torque components between
a2.5-in. ORNL machineand a3.3-in. THSII Machine...........cccooveoeiiieene e 100
14. Coronainitiating VOItage tESt SEIUP .....c.eeivi ettt e a e e 101
15. Clean trace without coronafrom O to 9000 Vrms with silicone-sealed lead end.............cccc........ 102
16. Coronainitiating at 1638 Vrms for phase-to-phase and phase-to-ground test ............ccccocevenennene 102
3.3 Advanced Traction Motor Development (RFP)
1. Element mesh for Prius geometry and flux distribution.............cccooriiininenncneeeeeeeee 106
2. Predicted back-EMF waveform of the Toyota Prius traction drive motor ...........ccccceveveeveveennne 107
4.1 Wide-Bandgap Semiconductors
1. Forward characteristics of SIC MOSFET at different temperatures...........covveveieeieeienenenennenn 109
2. On-resistance of SIC MOSFET at different temperatures..........cccoeveeeveieeseseciese e 110
3. Thegate and switching waveforms of the SIC MOSFET .........cccooiiiininneneeeeeeeeeseseeee 110
4. Energy [0SSplot Of SIC MOSFET .......oooiiiiiiiieeeeei e 111
5. SEMIKION INVEITEN UNIT.....c.ciiiiiiiiiisiese ettt et nbe bt 112
6. 75-A Schottky diodes developed DY Cree........co e 112
7. Measure (solid line) and simulated (dotted line) on-state waveforms of
SiC Schottky diode at different temMPEratUreS.........cvevveieeieiiceese e 113
8. Measured (solid) and simulated (dotted) reverse-recovery waveforms of
the SIC Schottky diode from Cree...........ooviiiieeeeieee e 113
9. Comparison of peak-power output vs. efficiencies for hybrid and al-Si inverter
LAY (= === (o O 114
10. R-L load test efficiency curves for one of the load coNditions............ccccvverirenineneneieeeeeene 115
11. Dynamometer test—motoring mode efficiency plotSat 70%C..........ccoovirenirereneneeeeeseeeine 115
12. Dynamometer test—regeneration mode efficiency plotsat 70°C .........cccevvieeveveecese e, 116
13, Al-SIC MOUUIE ...t bbbttt b bbbt e b e e nenbenbe b 116
14. Rockwell SIC JFET measured (solid) and ssimulated (dotted) on-state waveforms at
250C for different gate voltages (Vgs ranging from OV 10 -2.5V)......ccocveiiriiencieicsenenes 117
15. SIC JFET simulated (dashed) and measured (solid) turn-on waveforms at 250C:
(a) gate voltage, (b) drain voltage, and (C) drain CUMENt..........ccooveieeeriereneeesesese e 117
16. SIC JFET smulated (dashed) and measured (solid) turn-off waveforms at 250C:
() gate voltage, (b) drain voltage, and (C) drain CUMTENt...........cceeeeiiveere e 118
17. On-state validation of SIC diode at 25°C — measured (solid) and simulated (dashed) ................. 119
18. Reverse-recovery validation of SiC diode at 25°C — measured (solid)
and SIMUlated (JASNEH).......ccuieeeeeeie et b bt sne b 119

Vi



FY 2005 Progress Report Draft Power Electronics and Electric Machines

19.
20.
21.
22.
23.
24,
25.
26.
27.

Operating waveforms of SIC module for R-L 10ad teSt.........cccveeeveiieie e 120
Efficiencies comparison plot at 40Hz operation for R-L load teSt..........cccooeieieeiinininescce 120
Forward characteristics of IGBT and JFET inthe S and SIC modules...........ccoooveevvieeicieeenne 121
Forward characteristics of diodesinthe Si and SIC MOAUIES..........ccocevirerireieienre e 121
Temperature profile for 10 KHZ OpEration..........ccueveieeceie ettt st 123
Comparison of static characteristicsfor S IGBT and SIC JFET .......ocooeieieieininenese e 124
Temperature profile for diodes at different operating freqUENCIES..........ccocveeeveveecece e, 124
Temperature profile for switches at different operating freqUENCIES .........ccocveveveeceece e, 125
Plot of temperature profile for power switches at different frequenCies..........cccoceveeeciiiricnenine 125

4.2 Integrated dc/dc Converter for Multi-Voltage Bus Systems

1
2.
3.

4.

5.

7.
8.
0.
10.
11.
12.
13.
14.
15.

A dc/dc converter interconnecting 14-V/42-V/high-voltage bus netsin HEVsand FCVs........... 129
Schematic of the soft-switched bi-directional dc/dc converter ...........coooevvveiinecenenee e 130
Ideal transformer voltage and current waveforms illustrating power flow

control between the 42-V and high-voltage busses at d=1/3...........ccccceeveviiieevesi e 131
Power v.s. phase shift angle at various levels of VHV (n=8, Ls=0.16pH,

FOWZA0 KHZ, VAVZA2V ) .ottt ettt sttt sttt e e e e e nennenns 132
Simulation results showing power istransferred from the low-voltage busses

10 the NIGN-VOITAOE NEL........coeeee s 133
Simulation results illustrating power is transferred from the high-voltage net

1O the |OW-VOIAGE DUSSES ......ceecee ettt st e s ae s reeaesreereennens 134
PhOtO Of the PrOLOLYPE ...ttt st et e e besaeesresreeneens 135
Typical testing waveforms for 42-V to 14-V and high-voltage power transfer ...........cccocevveenee. 135
Typical testing waveforms for high-voltage to 14-V and 42-V power transfer .........coovvevvinenen. 136
Typical testing waveforms for 14-V to 42-V and high-voltage power transfer ...........ccccevvvneenee. 136
EffICIENCY CNAIT ... nne s 137
Photo of the reduced-part CoUNt ProtOLYPE.........eovereeeirieie e 137
Testing waveforms for 42-V to 14-V and high-voltage power transfer at 1.1 kW ...........cccc....... 138
Testing waveforms for 42-V to 14-V and high-voltage power transfer at 1.4 kKW ..........ccccceeeeee. 138
Testing waveforms for high-voltage to 42-V and 14-V power transfer at 0.54 kW ...........ccc...... 139

4.3 Integrated Inverter for HEVsand Fuel Cell Powered Vehicles

1

2.
3.

ol

OO N U

Existing configuration employing two separate three-phase inverter drives for

traction and compressor MOOISIN HEV'S ..ot 142
Possible two-phase motor drive CONfigUIationS...........ccceiieeeriieece e 142
Proposed integrated inverter for driving a three-phase traction motor and a

tWO-PhESE COMPIESSON MOLOT .....ccueevieiteieeei ettt sr et r e s sn e e nenreanas 144

Equivalent circuits showing (@) inverter phase legs as voltage sources and
(b) the zero-sequence circuit of the main motor as the current return path

Of the tWO-PhESE MOLOT ... nre s 144
Dual inverter prototype without the gate driver and control boards............cccceeeevvicevieieeieieenns 146
Dual inverter prototype—complete assembIly .........ccooveeeiieeere e 147
Dual inverter prototype CONNECLE fOr tESING.......cvevrririrririerieiere e 148
Three-phase main PM motor mounted on the motor test bed with a100-HP dyne....................... 148
Two-phase PM motor mounted on a portable 5-HP eddy current dyne motor test bed................ 149
Modification of the three-phase motor into atwo-phase One...........cccceoriiireiencseeeeeeeee 149
The main motor is not running while two-phase motor loaded with 10 N-m

A 505 rPM. LOMS/AIV.. .ottt te e et e s reetesreesaestesneenresreennens 150
The main motor is not running while two-phase motor loaded with 7.5 N-m

A 1000 PM. SMGAIV.c.iiiieeiee et r e sn e s e e e e neenenre s 150

viii



Power Electronics and Electric Machines Draft FY 2005 Progress Report

13. Thetwo-phase motor is not running while the main motor isloaded with
40 N-m at 500 rPmM. LOMS/AIV......ocviieiieieeeieeeen e 151
14. Thetwo-phase motor is not running while the main motor |oaded with
A3 N-M @t 1852 rPM. 2MS/AIV....eecuieiiiieiesie et a e st eestesreeaesreeneens 151
15. The main motor isloaded with 40 N-m at 750 rpm, and the two-phase motor
isloaded with 12 N-m at 505 rpm. 20MS/AIV ....cccooveiiirieiieeee e 152
16. The main motor isloaded with 40 N-m at 1000 rpm, and the two-phase motor
isloaded with 12 N-m at 800 rpm. L2OMS/IV .......ccviieiiiiieiesece et 152
4.4 Z-Source Power Converter for Fuel Cell-Powered Vehicles
1. System configuration using conventional PWM iNVEIEX ..........ccccceiiieeieiiece e 155
2. System configuration using dc/dc boost + PWM INVEITE ..o 155
3. System configuration USiNg the Z SOUrCE INVENTET .........cccuiirerrerrereeeeeeses s 156
4. Calculated effiCienCy Of INVEIMENS.......cceeii et ns 157
5. Caculated efficiency of inVerters pluS MOLOF .........cocveveiiiie i 158
6. Fina Z-source inverter prototype aSteSted ...........oviererieiieieeieeeeesese e 158
7. Measured INVEIEr EffICIENCY ......coviiiriieeeee e nre s 159
4.5 dc-dc Converter for Fuel Cell and Hybrid Vehicle
1. Thenovel interleaved dc-dc converter tOPOIOGY .........coererrerrerieireieeerere e 164
2. A segmented preliminary 2.5-kW dc-dc power module..........coocveiieieveiiese e 165
3. Tested waveforms at Vi=300V, V0=13.35V/197A, Po=2627W, | _Ir=35A .......cccecvsverirrreecnrnens 165
4. Efficiency mapping of the segmented dc-dc power MOAUIE...........ccvvvviiiniriescieeeeese e 165
5. A 5-kW full functional dc-dc power module—aphadesign .........cccoveeeeiiveerieceece e 166
6. A completed 5-kW dc-dc converter—alpha design ........oceeeeieeeese e 166
7. dc-dc power module CoSt diStriDULION ..........coviiiiiiiiiere e 168
8. Alpha dc-dc CONVErtEr UNAEN TESE.........coiieieieeeee e 168
9. Alphaunit tested waveforms at Vi=300.6V, V0=13.31V, Po=5.1kW, N1=93.3%........cecurrrururreus 169
10. Alphaunit tested efficiency at Vi=200V, 300V, 350V and upto 5 kW ......cccevvivecvceeciecneenen, 169
4.6 Semikron Automotive I ntegrated Power Module Testing
1. Topview of SEMIKroN ATPM UNIt........ccooiiiiiiiiecieesses e 172
2. Control computer, power meter, power supply, and SEMiKron UNit.............cccecvveevesesceseseennens 172
3. CAN DUSTISPIAY ..ot n e enenre s 173
4. Inverter efficiency vs output power with 70°C COOlaNT..........cceoveiriiirirese e 176
5. Power meter readings and current waveforms at end of continuous power test
WIth 700C COOLANT. ...ttt b et sttt nb e 176
6. Power meter readings and current waveforms at end of peak power test with 70°C coolant........ 177
7. Inverter efficiency vs motor speed with 70°C COOlaNt .........ccccveeeiieeeieseece e 178
8. Semikron inverter efficiency vs speed at continuous power with 70°C coolant .............cccceveeee. 180
9. Power meter readings and current waveforms during continuous
power test on dyne With 70°C COOIANT............eieieieiieeer e 180






Power Electronics and Electric Machines Draft FY 2005 Progress Report

Tables
Page
2.1 Thermal Control
1. Environmental, ignitability, and health data.............cccoeoviieeiii e 20
2. PRYSICAl PrOPEITIES .. .ottt ettt e ee et e e e see e et e eesaeeneesbeeneensesseeneeneeneeennens 21
3. Dielectric Strength Al €.........ooii e 22
2.3 Benchmarking of Competitive Technologies
1. Summary of DACK-EMF LESE FESUILS......ccuiieieeeee e e 42
2. Summary of motor current and torquUE tESE FESUILS ........ccuviieeie i 43
3.1 Field Weakening and CPSR Enhancement Techniques
1. Stator dimensions and winding data for the 36-dlot/30-pole SPM machine..........c.cccccoeeevirneee 61
2. Rotor dimensions for the 36-90t/30-pole SPM machine.........cccccooeii e 61
3. Calculated inductances for the 36-510t/30-pole SPM MaChINE...........cccoviririnereneseeeeeeeeenine 61
4. Calculated current and magnet parameters for the 36-slot/30-pole SPM machine...........c.ccce.ee. 62
5. Breakdown of material mass for the 36-90t/30-pole SPM maching...........cccceeevvveeveieeceveenns 62
6. VerifiCaliON TESE FESUITS.....ceeei ettt et e et e e e e seesneeneeseeseeennens 62
7. Comparison of 6 kW fractional-slot Motor @aNalYSES.........ceeveieeenrieeereeeee e 64
8. Parameters of MOtor 1 a0 MOLOK 2........ooeiiiierieieieieeeiese st 68
3.2 Electric Motor Resear ch and Development
1. Summary Of test reSUILS Of COMONAL.......ccuiiieiieeee et 103
4.4 Z-Sour ce Power Converter for Fuel Cell-Powered Vehicles
1. Switching device POWEr COMPAITSON. ... .oiuiieeieriereeeieeeeseeeeenteseeeeesteseeseesseeseeseeeneesaesseesesseeneenes 156
2. AcCtUEl PriCE COMPAITSON. ... .eciviitieeeitieeeste et este s e eee s bt st estesseesesteassessesseentesseessessesssessesseensassesreansans 156
3. Required passiVe COMPONENES .........ciiieeieieeieesteseestesteeste s e eseestesreessesseessesresasessesseesesseesessessseses 157
4. Operating conditions at different POWEr [EVEIS ..o 157
5. Comparison of the prototype and the FreedOmMCAR gOalS.........ccveeeieieeieceeeesecee e 160
4.5 dc-dc Converter for Fuel Cell and Hybrid Vehicle
1. Alphadc-dc converter bill of material and cost estimation at 1000 K volume..........cc.cceceveenene. 167
2. dc-dc power module CoSt SPreadshEeL .........ccueeiiiiieiece e 167
3. Up-to-date status summary from the alphadesign..........ccooeeeeieiieieneee e 170
4.6 Semikron Automotive I ntegrated Power Module Testing
1. Short-duration testing of Semikron inverter with 200-Vdc linK.........ccocvvveveve e 173
2. Short-duration testing of Semikron inverter with 250-Vdc linkK...........cccoovieoiiinieiiieeeeeeee 173
3. Short-duration testing of Semikron inverter with 400- and 450-Vdc link ........ccccooeeeevvveeieiieenen, 174
4. Short-duration testing of Semikron inverter with 325-Vdc link...........ccocov e, 175
5. Continuous power testing of Semikron inverter with 325-Vdc link ..o, 177
6. Testing of Semikron inverter at greater than continuous power levels.........cocvvvveeieierr e 177
7. Dynamometer testing of Semikron inverter—speed vsinverter efficiency ........cccoceeevviveieene, 179
8. Specific pOWEr dENSITY SUMMBIY ....ccecueiiiiieeiecie ettt ettt s re e e besraesnesneeaeneas 181

Xi






Power Electronics and Electric Machines Draft

AC

ac
AlIPM
ANL
BDCM
BFE
CAN
CFC
COP
CPA
CPSR
Csl
DAC
d-axis
DMIC
DOE
DSP
EERE
emf
EMI
ESR
FC
FCV
FEA
FVCT
GaN
GT
GWP
HC
HCFC
HEV
HFC
HFE
HSUPM
HVAC
ICE
IGBT
IM

IPM
IPM
I-source
ISR
JFET
JC
mmif
MOSFET
MS
MSU

Acronyms and Abbreviations

air-conditioning

alternating current

automotive integrated power module
Argonne National Laboratory

brushless direct current motor

brushless field excitation

controller area network
chlorofluorocarbon

coefficient of performance

conventional phase advance

constant power speed range
current-source inverter

data acquisition system

direct-axis

dual-mode inverter control

U.S. Department of Energy

digital signal processor

Energy Efficiency and Renewable Energy
electromotive force

€l ectromagnetic interference

eguivalent series resistance

fuel cdl

fuel cell vehicle

finite-element analysis

FreedomCAR and Vehicle Technologies
gallium nitride

Georgia Ingtitute of Technology

global warming potential

hydrocarbon

hydrochlorofluorocarbon

hybrid e ectric vehicle
hydrofluorocarbon

hydrofluoroether
hybrid-secondary-uncluttered permanent magnet
heating, ventilating, and air-conditioning
internal combustion engine

insulated gate bipolar transistor
induction motor

integrated power module

interior permanent magnet
current-source

Isothermal Systems Research

junction field-effect transistor

jet impingement cooling
magneto-motive

metal oxide semiconductor field-effect transistor
methylsiloxane

Michigan State University

Xiii

FY 2005 Progress Report



FY 2005 Progress Report Draft Power Electronics and Electric Machines

NASA National Aeronautics and Space Adminstration
NTRC National Transportation Research Center
ODP ozone-depleting potential

OFCVTs Office of FreedomCAR and Vehicle Technologies
ORNL Oak Ridge Nationa Laboratory

PEEM Power Electronics and Electric Machines
PEEMRC Power Electronics and Electric Machinery Research Center
PFC perfluorocarbon

PMDC permanent magnet direct current

PMSM permanent magnet synchronous motor
PWM pulse-width modulation

g-axis quadrature-axis

R&D research and devel opment

rad/s rotational speed

RFP request for proposals

RIPM reluctance interior permanent magnet
rms root-mean-square

RSC Rockwell Scientific Company

RTFC real time flux control

SDPR switching device power rating

Si silicon

SC silicon carbide

SKAI Semikron Advanced Integration

SMPM surface mounted permanent magnet

SOC state-of-charge

SPM surface-mounted PM motor

THSII Toyota hybrid system (2004)

toff turn-off times

ton turn-on

UWM University of Wisconsin, Madison

VIBE vibration-induced bubble g ection
V-source voltage-source

A voltage source inverter

WBG wide bandgap

WEG water—ethylene glycol

ZSC zero-sequence circuit

ZNS zero-voltage-switching

Xiv



Power Electronics and Electric Machines Draft FY 2005 Progress Report

Executive Summary

The U.S. Department of Energy (DOE) and the U.S. Council for Automotive Research (composed of
automakers Ford, General Motors, and DaimlerChrysler) announced in January 2002 a new cooperative
research effort. Known as FreedomCAR (derived from “Freedom” and “ Cooperative Automotive
Research”), it represents DOE’s commitment to devel oping public/private partnerships to fund high-risk,
high-payoff research into advanced automotive technologies. Efficient fuel cell technology, which uses
hydrogen to power automobiles without air pollution, isavery promising pathway to achieve the ultimate
vision. The new partnership replaces and builds upon the Partnership for a New Generation of Vehicles
initiative that ran from 1993 through 2001.

The Vehicle Systems subprogram within the FreedomCAR and V ehicle Technol ogies Program
provides support and guidance for many cutting-edge automotive and heavy truck technol ogies now
under devel opment.

Research is focused on understanding and improving the way the various new components of
tomorrow’ s automobiles and heavy trucks will function as a unified system to improve fuel efficiency.
Thiswork also supports the devel opment of advanced automotive accessories and the reduction of
parasitic losses (e.g., aerodynamic drag, thermal management, friction and wear, and rolling resistance).

In supporting the development of hybrid propulsion systems, the V ehicle Systems subprogram has
enabled the devel opment of technologies that will significantly improve fuel economy, comply with
projected emissions and safety regulations, and use fuels produced domestically.

The Vehicle Systems subprogram supports the efforts of the FreedomCAR and Fuel and the 21st
Century Truck Partnerships through a three-phase approach intended to
o Identify overal propulsion and vehicle-related needs by analyzing programmatic goals and reviewing

industry’ s recommendations and requirements, then develop the appropriate technical targets for

systems, subsystems, and component research and development activities;

e Develop and validate individual subsystems and components, including electric motors, emission
control devices, battery systems, power electronics, accessories, and devices to reduce parasitic
losses; and

e Determine how well the components and subsystems work together in a vehicle environment or as a
complete propulsion system and whether the efficiency and performance targets at the vehicle level
have been achieved.

The research performed under the V ehicle Systems subprogram will help remove technical and cost
barriers to enable technology for use in such advanced vehicles as hybrid and fuel-cell-powered
automobiles that meet the goals of the FreedomCAR Program.

A key element in making hybrid electric vehicles practical is providing an affordable electric traction
drive system. Thiswill require attaining weight, volume, and cost targets for the power electronics and
electrical machines subsystems of the traction drive system. Areas of development include
o Novd traction motor designs that result in increased power density and lower cost;

o Inverter technologies involving new topologies to achieve higher efficiency and the ability to
accommodate higher-temperature environments,

e Converter concepts that employ means of reducing the component count and integrating functionality
to decrease size, weight, and cost;

More effective thermal control and packaging technologies; and
e Integrated motor/inverter concepts.

The Oak Ridge National Laboratory’s (ORNL’Ss) Power Electronics and Electric Machinery Research
Center conducts fundamental research, evaluates hardware, and assists in the technical direction of the
DOE Office of FreedomCAR and V ehicle Technologies Program, Power Electronics and Electric
Machinery Program. In thisrole, ORNL serves on the FreedomCAR Electrical and Electronics Technical
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Team, evaluates proposals for DOE, and lends its technol ogical expertise to the direction of projects and
evaluation of developing technologies.

ORNL also executes specific projects for DOE. The following report discusses those projects carried
out in FY 2004 and conveys highlights of their accomplishments. Numerous project reviews, technical
reports, and papers have been published for these efforts, if the reader is interested in pursuing details of
the work.
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1. Technical Support
1.1 Power Electronics Crosscut Analysis

Principal Investigator: Sam Nelson

Oak Ridge National Laboratory

National Transportation Research Center

2360 Cherahala Boulevard

Knoxville, TN 37932

Voice: 865-946-1327; Fax: 865-946-1262; E-mail: nesonsscjr @ornl.gov

DOE Technology Development Manager: Susan A. Rogers
Voice: 202-586-8997; Fax: 202-586-1600; E-mail: Susan.Roger s@ee.doe.gov

ORNL Program Manager: Mitch Ol szewski
Voice: 865-946-1350; Fax: 865-946-1262; E-mail: ol szewskim@ornl.gov

Objectives

The aobjective of the Energy Efficiency and Renewable Energy (EERE) Power Electronics Crosscut
task isto organize and implement technology cross-cutting research tasks in power electronics. Potential
areas of research will beidentified that will be jointly funded by two or more offices within EERE
leveraging PEEM research funds. Power electronics and electric machinery applications span many areas
of research currently being funded by a number of agencies of the federal government.

Approach

The approach for this effort is to bring together Power Electronics and Electric Machines (PEEM)
program managers and researchers from within FreedomCAR and Vehicle Technologies (FVCT) sub-
programs, other DOE programs and offices, government agencies, and industry partners who are
interested in pursuing a common goal. The common goal isto improve the performance and reduce the
cost, weight, and volume of PEEM components and systems. Strategic collaboration will be needed to
identify key areas of expertise, gain insights for developing research goals and technical targets, and
establish projects of mutual benefit.

To successfully compl ete the objectives of thistask, several subtasks that define the overall approach
to this task must be accomplished. They include
identifying potential areas of focus
selecting research and development (R& D) projects
identifying funding partners
identifying a potential research organization to perform the R&D
establishing an agreement
monitoring the R&D

M ajor Accomplishments

During FY 2005, the Advanced Power Electronics and Electric Machines technology devel opment
manager funded the tasks required to forge partnerships within EERE, and the FVCT program manager
funded the R& D activity. A crosscut task was identified in silicon carbide (SiC) research to prepare a
comprehensive study and report on the state-of-the-art technology in SiC power electronics and to assess
R& D needs so that full advantage may be taken of this new material for power electronics devices.
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A workshop was held June 8, 2005, with a National Aeronautics and Space Adminstration (NASA)
representative to present an overview of power research and technology at NASA’s Glenn Research
Center.

Technical Discussion

Discussions and interactions occurred among FCV T, Solar Energy Technology, Hydrogen Fuel Cells
and Infrastructure Technology, Distributed Energy and Energy Reliability, Building Technologies, and
other offices about common areas of R&D in PEEM. Several projects were considered, and the SIC
assessment task was selected as atask to be funded in FY 2006.

A workshop was held on June 8, 2005, in Washington, D.C. James F. Soeder, Chief of the Advanced
Electrical Systems Branch at NASA Glenn Research Center, made a presentation to DOE entitled
“Exploration and Power Systems at NASA.” The presentation provided an overview of power research
and technology at Glenn Research Center. NASA' straditional space power systems (i.e., space station,
satellites, and shuttle) are low-power units (i.e., less than 10 kW) and operate at low voltages (i.e., less
than 160 V) in an environment with moderate temperatures. Traditional space power systems are created
from one-of -a-kind components and have limited growth potential. NASA’ s power systems for
exploration distribute high power (i.e., 10 to 1000 kW) and operate in harsh environments with wide
temperature ranges. These systems present many challenges, but they represent growth opportunities for
power electronics. Some technology areasin power electronics might present opportunities for
cooperation in R& D between NASA and DOE. In addition to advanced inverter/converter R&D, SIC
components and high-temperature capacitors are areas of focus for both agencies.

Conclusion

Evaluations have shown a potential for duplication of effort among the various agencies with an
interest in power e ectronics research. Collaboration among organizations with high-risk, long-range
PEEM projectsis highly desired to maximize the leverage gained from working with other organizations
pursuing similar research goals and objectives. The funding of research tasks by multiple funding sources
will result in more effective utilization of research funds. Power el ectronics crosscut analysis has an
obj ective of reducing the duplication of effort by identifying PEEM R& D tasks of mutual interest that can
be jointly funded by organizations with common research interests.

Future Direction

The R&D areas of focus for this task will be identified by the interaction between the program
managers, PEEM researchers, and other interested parties. Discussions and interaction will continue with
DOE programs and offices to identify and fund PEEM research that will advance knowledge and
capability in power electronics technologies.

Some potential candidate tasks for power electronics crosscut research are
Z-source inverters

high-temperature packaging for electronics

dc/dc converters

enhanced inverter control techniques

electric machines with brushless field excitation

permanent magnet R& D

compressed powdered material for stator cores

finite element analysis characterization of motor parameters
improved cooling techniques for inverters and motors
high-diel ectric-strength capacitors
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Thislist isnot dl-inclusive, and there are additional areas of PEEM R&D that should receive
consideration for future research funds.

References

1. R.L.SmithandR. J. Kevala, Power Electronics Crosscut Activities for EERE and OETD, Finad
Report, U.S. Department of Energy, Washington, D.C., September 30, 2004.
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1.2 Development of a Novel Bi-Directional 1solated Multiple-Input dc-dc Converter

Principal Investigator:Laura Marlino

Oak Ridge National Laboratory

National Transportation Research Center

2360 Cherahala Boulevard

Knoxville, TN 37932

Voice: 865-946-1245; Fax: 865-946-1262; E-mail:marlinold@ornl.gov

DOE Technology Development Manager: Susan A. Rogers
Voice: 202-586-8997; Fax: 202-586-1600; E-mail: Susan.Roger s@ee.doe.gov

ORNL Program Manager: Mitch Ol szewski
Voice: 865-946-1350; Fax: 865-946-1262; E-mail: ol szewskim@ornl.gov

Objectives

The abjective isto develop alow-cost, lightweight, high-power-density bi-directional dc-dc converter
to interface multilevel energy storage elements for fuel cell vehicles (FCVs) in order to optimize the
power flow between the fuel cell and on board energy storage elements such as the battery and
ultracapacitors. This topology will result in a system with an increased life cycle, optimized size and
weight for fuel cell and energy storage elements, and improved vehicle system dynamic behavior and
efficiency.

Approach

The proposed converter technology utilizes magnetic flux linkage to provide a controllable way to
combine energy from different input sources, and the transformer makes the converter capable of
connecting three ports: the battery, the ultracapacitor, and the load, with galvanic isolation between the
load and sources. The converter can also be viewed as an extension of a single-input soft-switched bi-
directional dc-dc converter, and so maintains the advantages of soft-switching technologies, along with
requiring a minimum number of devices, and a simple control methodol ogy.

M ajor Accomplishments

o Analyzed the operating principles of the proposed converter and verified them with simulation
results.

Derived the design guidelines of the converter for fuel cell vehicle applications.

Developed the computer software to design and size the proposed converter.

Constructed the 5-kW hardware prototype of the proposed dc-dc converter.

Tested the hardware prototype of the proposed dc-dc converter and derived experimental results to
verify the steady-state power flow control.

Technical Discussion

The proposed converter has the following advantages:

Electrica isolation can be achieved naturaly.

The magnitude of dc input voltages may be low and similar or dissimilar.

The dc sources can deliver power individually, simultaneoudy, and bi-directionaly.
The soft-switching technology is achievable in a wide operating range.
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e The number of devicesis minimal, and control is simple.
e Itislightin weight and has high power density.

The size of this converter is 12x15x7 in. The converter is operated at a switching frequency of
20 kHz or higher. The transformer-turnsratio is 1:12. The current implementation cost of this converter is
$1,950. The power density of the prototype reaches 4 W/in.? (continuous).

Conclusion

A low-cost multiple-input dc-dc converter has been proposed, analyzed, designed, built, and tested. It
uses only six switching devices, leading to significant cost savings and high power density. It requires no
auxiliary circuits or complex control to achieve soft switching. Flexible power flow is obtained by
controllable |eakage inductance and a phase shift angle control scheme. The analysis, smulation, and
experimental results confirmed the operating principles of the proposed converter.

Future Direction

e The power flow from the high-voltage to the low-voltage side needs to be experimentally verified.
e The power flow control scheme during transients—including start-up, acceleration, and

decel eration—needs to be devel oped to optimize the operation of the energy storage elements.
e Theweight and power density can be further improved by advanced power electronics technology.

Publications

Danwei Liu and Hui Li, “A Novel Multiple-Input ZV S Bidirectional dc- dc Converter,” to be
presented at IECON 2005.

Patents
To be filed soon.

References

1. Yaow-Ming Chen, “Multiple-input dc/dc Converter Based on the Multiwinding Transformer for
Renewable Energy Application,” in IEEE Trans. on Industry Applications, 38(4), 1096-1103
(July/August 2002),.

2. L. Solero, A. Lidozzi, and J.A. Pomilio, “Design of Multiple-Input Power Converter for Hybrid
Vehicles,” pp. 1145-1151 in Proc. IEEE APEC’ 04, 2004.

3. Fang Z. Peng, Hui Li, Gui-jiaSu, and J. Lawler, “A New ZV S Bi-directiona dc-dc Converter for
Fuel Cell and Battery Applications,” |EEE Transaction on Power Electronics, 19(1), 54-65 (January
2004).
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2. Thermal Management and Systems
2.1 Thermal Control

Principal Investigator: John S. Hsu

Team Members: Curtis Ayers, Seven Campbell, Jim Conklin, Chester Coomer, Michael Jenkins,
Kirk Lowe, Marshall McFege, Larry Seiber, Michael Starke, Randy Wiles

Oak Ridge National Laboratory

National Transportation Research Center

2360 Cherahala Boulevard

Knoxville, TN 37932

Voice: 865-946-1325; Fax: 865-946-1262 ; E-mail: hsujs@ornl.gov

DOE Technology Development Manager: Susan A. Rogers
Voice: 202-586-8997; Fax: 202-586-1600; E-mail: Susan.Roger s@ee.doe.gov

ORNL Program Manager: Mitch Ol szewski
Voice: 865-946-1350; Fax: 865-946-1262; E-mail: ol szewskim@ornl.gov

Objectives

The goal of this effort isto prove the effectiveness of using thermal methods to reduce the size of the
current 600-V Semikron SKAI inverter by 50% of its current size in 2006, and then reduce it to one-third
of the origina size in 2008 without negatively impacting power density, cost, life expectancy, and
performance of the entire system. This should result in a cost savings for the production of the overal
system.

The objectives for FY 2005 included
e assessment of emerging two-phase cooling technologies,
o development of floating-loop technologies using high- or low-pressure refrigerants that can be
operated independently without a compressor,
development of methods of die mounting for better heat transfer and to reduce the inverter size
devel oopment of means of capacitor cooling,
development of inverter/converter packaging techniques, and
development of motor cooling techniques.

Approach

During FY 2005, Oak Ridge National Laboratory (ORNL) assessed three cooling techniquesto
determineif they could be beneficial for power eectronicsin hybrid e ectric vehicles (HEVS). The
technol ogies were vibration-induced bubble gection (VIBE) cooling from Innovative FluidicsGeorgia
Institute of Technology (GT), ajet impingement system from Rockwell Scientific Company (RSC), and a
spray cooling system from Isothermal Systems Research (ISR).

A floating-loop cooling system for automotive applications was devel oped, and a prototype system
was incorporated into an automotive AC system. This system has the capability of using high- or low-
pressure refrigerants to cool motors, insulated gate bipolar transistors (IGBTS), diodes, and capacitors
independently of the compressor.
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M ajor Accomplishments

o Thefloating-loop concept for cooling inverters and motors of HEV s and el ectric vehicleswas
validated through tests.

e ORNL’snovel silicon die mounting and cooling techniques were prototyped and evaluated. These
innovations will allow for potential cost and size reductionsin the inverter. The heat flux of the
copper-foam die mounting structure cooled by R134A refrigerant reached 170 W/cm?.

e Thework on anew direct cooling method for film capacitors was begun. It offers the possibility of a
significant reduction in capacitor size required.

e Theinterim report on the evaluation of emerging two-phase cooling technol ogies was compl eted.

e Thecoolant fluid study (including dielectric strength) was completed.

Technical Discussion

1. Floating Refrigerant Loop Based on R-134a Refrigerant Cooling of High-Heat-Flux
Electronics

The proof-of-concept work conducted on the floating loop is detailed in the report, Floating
Refrigerant Loop Based on R-134a Refrigerant Cooling of High Heat Flux Electronics, ORNL/TM-
2005/223. The concept was successfully proved. Thisloop (based on R-134a) isintegrated with a
vehicle' s existing AC condenser, which dissipates waste heat to the ambient air. Because the temperature
requirements for power electronics and electric machines are not as low as that required for passenger
compartment air, this adjoining loop can operate on the high-pressure side of the existing AC system.
This arrangement also allows the floating loop to run without the compressor and only needs a small
pump to move the liquid refrigerant. For the design to be viable, the loop must not adversely affect the
existing system. The loop should also provide a high coefficient of performance (COP), a flat-temperature
profile, and low-pressure drop.

Pr oof-of -concept

To demonstrate the refrigerant cooling concept for power electronics, three main project goals were
set. Thefirst step was to show that a significant heat 1oad could be removed with no compressor, and the
refrigerant could be moved through the system with aliquid pump or vapor blower, requiring minimal
input power. Thiswould prove that alow-pressure drop, high-temperature, two-phase coolant |oop would
remove sufficient heat by itself.

The second step was to attach a similar loop to an automotive AC system where the loop and AC
system would share the condenser. The objective of the second goa was to prove that the loop could
share the condenser without adversely affecting the inventory behavior or performance of the automotive
AC. Inafull hybrid setup, the loop would operate constantly. The second configuration would
redistically only come into question if the loop was used on an assist motor where the internal
combustion engine runs all the time, and the electric assist is more intermittent.

The last goal was to operate the floating loop and AC simultaneoudly. This test would be indicative of
normal operation of the floating loop in afull hybrid configuration. The loop would be cooling awaste-
heat load from the power electronic components, while the AC system satisfied the passengers
compartment air temperature requirements.

Prototyperesults

Thefirst goa was met with a bench-top setup consisting of a variable-speed pump, heat source, and
condenser (Figures 1aand 1b). This cooling loop removed more than 2.1 kW of heat 1oad with minimal
input power. A vapor blower and pump were both tried with input power of 210 and 48 W, respectively.
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Automotive Air Conditioner Floating Loop

—— @<

Throttling
Device

e

Heat Load

A

Flow
oil Meter

Separator

Compressor

Evaporator Pump

Motor Stator
Liquid Sight For heat load
Pump Glasses

filter \

Condensing

4..' i

_—

S
i
_

Figure 1. Floating loop diagram (a); floating loop bench top apparatus with pump (b).

Both components managed similar loads, but the pump did so with less input power, as expected. The
cooling loop resulted in a COP of 44 with this configuration.

Another advantage of the pump was its compact size compared with the cumbersome fan housing.
Limiting components on this bench-top setup included the size of the condenser and air flow across the
condenser. Other broader issues that became apparent with this test were the flow passages through the
motor housing and conduction-heat transfer from the motor windings to the refrigerant passages. These
issues would need to be given consideration during motor-design stages when the R-134aloop-cooling
method is being implemented.

For the second setup, aloop was attached to the high-pressure condenser section of a commercially
available automotive AC system from a full-size sedan with a 9-kW capacity. The loop-inlet line was
placed at the lowest elevation possible to ensure the pump inlet would remain flooded with liquid without
undue increases in system inventory. A 1-kW test load was initially used to prove loop operation. The
loop maintained the test load near 30°C. This specific system could also have handled alarger load, but
these tests were not necessary for the proof-of-concept prototype.

After running, the loop was isolated from the stock AC system. The AC system produced adeguate
cooling after thistest, which showed the loop had no adverse effect on AC system refrigerant-inventory
behavior or refrigerant migration.

Thefinal test involved operation of both systems simultaneously. The loop cooled the 1-kW test |oad
and maintained it near 40°C. Thisincrease in temperature, as compared to the loop-only scenario, isa
result of the increase in condenser-heat 1oad when the compressor is running.

10
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When the loop runs by itself, the condenser pressure is around 650-720 kPa. When the AC system
and loop are running simultaneously, the condenser pressure is ~1 MPa. One key element in obtaining
these stable results was to provide increased air flow across the condenser. For al tests, the condenser
inlet air temperature was ambient laboratory temperature, ~25°C.

Overall, the floating-loop system met the initial design goals; however, these tests revealed several
issues with the loop/AC dynamics. Oil traps and liquid refrigerant traps had been unintentionally created
during the integration of the loop into the automotive AC system. Liquid migration and flash boiling
during the cycling of the compressor was also discovered to be a problem. Dry-out of the load is
considered to be amajor issue when designing for direct cooling of power electronics. If the liquid level
drops significantly in the load or dry-out occurs, loss of two-phase cooling occurs, and superheated vapor
is produced, which results in significantly reduced heat transfer and rapidly increasing junction
temperatures.

To correct these problems, four major revisions were implemented:

e Move the check valve downstream of the oil separator in a horizontal position.
e Movethe solenoid valve closer to the condenser outlet.
o Move the evaporator fan to blow out of the case instead of through the condenser. Add dedicated

condenser fans (Figure 2).

e Move the pump position within the loop to upstream of the filter and flow meter.

condenser
air out

Evaporator
air out

Figure 2. Revised floating loop attached to full-size sedan AC system
in a cabinet.

During these changes, the original pump performance dropped due to unrelated pump motor electrical
issues. One major design challenge had also been the el ectrical connections to the pump. A new pump
was installed with commercidly available high-pressure electrical terminals.

Results

After these changes were implemented, the loop shown in Figures 2 and 3 was retested at 1 kW,

1.5 kW, and ~2 kW. The 1-kW load had similar results as previous tests. Repeated tests of the cooling
loop by itself resulted in maintaining the load temperature around 35°C with ~1.5 kW of heat.

The AC unit wasincorporated with the loop-test load at 1 kW and at 1.5 kW, and the load was
maintained at 37 and 41°C, respectively. This dightly higher temperature was expected because of the
increase in operating pressure and, thus, higher saturation temperature. The flash-boiling effects were
minimal during these tests, and no risk of load dry-out was obvious. The pump was at full power during
these operations. When the |.5-kW load was decoupled from the AC system, the floating-cooling loop
returned to 34°C.

For test runs at up to 1960 W, the floating-cooling loop maintained the load near 38°C. When the AC
was coupled to the loop, the system continued to run well with the load surface temperature at 49°C with
full pump power. When the AC was turned off, the flash-boiling effects appeared to be minimal.

11



FY 2005 Progress Report Draft Power Electronics and Electric Machines
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Figure 3. Floating loop/AC schematic with revisions.

System dynamics

To ensure amore robust design, the system instabilities previously mentioned were examined. When
the pump was not at full power, several modes of system failure could arise: the pump would not supply
enough liquid refrigerant to the loop in order to keep it wet, the differentia pressure across the loop
would collapse and cause backflow, or the cycling of the compressor would cause dry-out. During typical
operation at 22°C, four operating scenarios were encountered.

The four operating scenarios are steady operation of floating loop, steady operation with automotive
AC, transient start-up of automotive AC with loop, and the cycling off of the automotive air while
maintaining loop operation. Each case presents unique operating requirements for which control methods
are proposed and future design issues are discussed in the ORNL report.

2. ORNL’sNovel Silicon Die Mounting and New Capacitor Design

The current status of the technology of conventional die mounting of the inverter is shown in
Figure 4. Thistechnology was chosen as the baseline for the devel opment comparison. The heat flux path
of the conventional die-mounted inverter isindicated by the arrow shown in Figure 5. There are multiple
layers of thermal resistance in a conventional die-mounted inverter.

Phase A Phase B Phase C

Diode IGBT

Figure 4. Conventional die mounting of inverter.

12
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Figure5. Arrow indicatesthe conventional heat flux path of the
conventional die-mounting inverter.

The specific technical problem(s) addressed at ORNL for improving die cooling is to change the
inverter packaging design for direct-contact, two-phase cooling and implement the design in the floating
loop. The specific measurement at the end of the project is to reduce the inverter size to one-third of the
2005 Semikron inverter size with the same power rating.

The cascaded die mounting invented by ORNL is shown conceptualy in Figure 6.

Two or more
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spacers between
layers, and nuts
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metallic bonds via A
matching CTE \
perforated plate .
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\
metallic bonds \\i:.'|- I|I .
Various types “‘il_- Loe \
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< Third layer
< Second layer

< First layer

Two-side diode

solderable die  9ate

Figure 6. ORNL’s cascaded die mounting concept.

Figure 7 shows copper foams used in the mounting. The reasons to use copper foam for the first
prototype are (1) copper foam is a conductor without the need for heavy current wire bonds, (2) the
dielectric cooling fluid can contact the die and the copper foam directly for two-phase heat transfer, and
(3) it provides possibilities for thermal expansion control. This sample uses 25% density foam with
49 pored/in.

For the copper foam preliminary prototype, Figure 8 shows a two-side solderable silicon die
(IXGD9265) obtained from IXY S Company. Its dimensions are 0.012 x 0.284 x 0.375in. A larger die
obtained from Rockwell Scientific, shown in Figure 9, was also used for the copper foam die mounting.

Figure 10(a) shows the copper-foam cascaded die mounting inside a glass test tube filled with R134a
refrigerant. Figure 10(b) shows that when the die is conducting el ectric current, two-phase cooling occurs.
The hest flux of ORNL’s preliminary copper-foam die mounting reaches 170 W/cn?.

Figure 11 shows the ORNL 20% density copper foam die cooling tests, and Figure 12 shows similar
tests with 25% foam density. The heat flux reaches about 170 W/cm?2 in continuous operation.
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collector o,

Figure 7. Copper foam isused as an example for cascaded die mounting.

Figure 8. An I XY Stwo-side solderable die.

Figure9. A two-side solderable die
obtained from Rockwell Scientific.
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Figure 10. Prototype of copper-foam cascade die mounting (a).
Two-phase cooling occur s when the dieisloaded (b).

CuFoam#l Load Test 7/6/05

g 8 & 8

g
8
Watts and Wattsiem2
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& ]
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Figure 11. ORNL 20% density copper foam die cooling tests.

Cu Foam #2 - Load Test
June 6/29/05

Temp (degC) and 134a Pressure

Test Time Length (min)

Figure 12. 25% foam density test.
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3. Film Capacitor Cooling

It is known that the permissible ripple current of afilm capacitor goes down when the ambient
temperature of the capacitor goes up. Reducing the capacitor size cooling of the capacitor isimportant.
ORNL has a patent pending on the direct cooling of film capacitors with refrigerants. The design of a new
film capacitor prototype is shown in Figure 13.

Copper end

sprayed and — 3.0"Dia —»
pre-tinned

50 A Metallized
0.2-mil
polypropylene

1
1
1
film with !
metal linearly //. 1 3.188"
distributed in !
tapered shape : l
1

(50-250
angstrom)

250 A

400 uFd.
500vDC
film
capacitor

Figure 13. Example of an ORNL directly cooled film capacitor.

In this concept, the hollow center of the capacitor is the space available for the power electronic dies.
The inverter assembly consisting of the capacitor, the dies, and other components are housed in a
container allowing for direct refrigerant cooling. Figure 14 shows how the metal thickness on the filmis
linearly tapered with the thicker side positioned for external connections. Because the current is
accumulating when it goes toward the connection side, this helps to make the current density more
uniformin the metal.

+

Tapered

Film metal

Figure 14. Tapered metal thickness on film.
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4. Assessment of Emerging Two-Phase Cooling Technologies for Power Electronic
Inverters

Details of the assessment are presented in the Emerging Two-Phase Cooling Technologies for Power
Electronic Inverters (Interim Report), ORNL/TM-2005/156. The report presents the findings of two
single-loop, two-phase, water-ethylene-glycol (WEG) cooling systems and a double-loop, two-phase,
transmission oil/dielectric fluid system through the tests of prototypes built by three subcontractors. The
subcontractors are GT/Innovative Fluidics, RSC, and ISR. All three prototype cooling systems were
implemented on a modified WEG coolant, single-phase, single-loop Semikron inverter. The 105°C WEG
coolant was used in GT’s VIBE system and in RSC’ sjet impingement cooling (JIC) system for their two-
phase, single-loop systems. ISR used 85°C transmission oil to cool a second-dielectric fluid loop for
direct-die spray cooling. All three subcontractors’ systems operate below 30-psi pressure.

In thisinvestigation, the potentials and problems of different two-phase technol ogies proposed by the
three subcontractors can be clearly seen. All test results presented in the report were witnessed by ORNL.

ORNL s assessment of GT/Innovative Fluidics, single-loop, two-phase JI C system

The prototype required roughly 760 VA (720 VA plus fan motor) of apparent power to cool a 380-W
loss during a dc test. Figure 15 shows severe erosion that appeared on the surfaces of the piezoelectric
vibrators and on the metal-cooling chamber of the inverter after an hour of testing. Very little
vaporization occurred due to the high-boiling temperature of the WEG and the low permissible junction
temperature (125°C) of the Si dies. The WEG boils at 106°C at atmosphere pressure. The boiling
temperature increases as the pressure increases.

Although the VIBE technology failed to show its effectiveness from the tests, it may still be worth
revisiting when the permissible junction temperature of the dies can be raised to alow more vaporization.
However, to use this technology, the input power to the piezoelectric vibrators and the cooling fan would
have to be reduced and the erosion problem solved.

ORNL s assessment of RSC single-loop, two-phase JI C system

RSC developed a closed-loop jet-impingement cooling (JIC) technique with 105°C WEG
temperature. The targeted micro-jet array-impingement technique was implemented on a 450-V (dc link
voltage) 400-A (rms current) Semikron module. Figure 16 shows the schematic of the closed-loop WEG
micro-jet array impingement cooling system for the Semikron inverter.

Figure 15. Photograph of Array B—2.4-M Hz actuators.
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Figure 16. A schematic of the closed-loop WEG micro-jet array impingement
cooling system for the Semikron inverter.

The dc testing of the module with ~105°C coolant at 2.25-gpm flow rate (corresponding pressure
drop 24 psi) demonstrated 1623 W of heat dissipation at an allowable 20°C device temperature rise. This
translates to a chip-level power dissipation density of 56 W/cm?, an estimated 1.8x improvement over the
state-of-the-art Semikron cold-plate thermal control scheme prorated to the same 105°C coolant
temperature for comparison.

RSC also estimated that by cutting off part of the heat sink to expose the direct-bonded copper (DBC)
underneath the die to the jets, the heat flux might potentially reach 90 W/cm®.

ORNL s assessment of | SR double-loop, two-phase spray cooling system

Figure 17 shows the ISR double-loop, two-phase spray cooling system. It is designed to use an 85°C
transmission oil loop to cool a second loop containing adielectric liquid for spray cooling. The final ISR
report and ORNL '’ s assessment will be completed upon final testing of the ISR modulesin early 2006

Figure 17. I SR spray cooling system for the
Semikron inverter.
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5. Refrigerant Properties

Detailed basic refrigerant properties are included in the report Potential Refrigerants for Power
Electronics Cooling, ORNL/TM-2005/219.

Cooling power electronic components in arefrigerant requires that the refrigerant meet certain
constraints. First, the refrigerant must be environmentally friendly. Second, the refrigerant must be
effective at two-phase cooling. Thisimplies that the refrigerant has appropriate thermo-physical
properties. Finally, the refrigerant must have high-dielectric strength. The major conclusions are outlined
by the following tables.

A magjor issue with cooling power electronics directly with refrigerant is the didectric strength. High-
didectric strength of afluid enablesit to resist current under high-voltage potential. Because power
electronics are compl etely exposed in the refrigerant, the fluid must not permit the flow of current to
short-circuit and damage power electronics and other components, or to cause malfunction of power
electronics control circuits.

Environmental impact

Table 1 depicts data concerning environmental, flammability, and health concerns of the refrigerants
under investigation. Chlorofluorocarbons (CFCs) have the worst environmental impact with alarge
ozone-depleting potential (ODP) and global-warming potential (GWP) (100 years), and has been
eliminated from use through the Montreal Protocol. The only other refrigerants to have ODP are the
hydrochlorofluorocarbons (HCFCs). Although HCFCs have a much lower ODP value, the Copenhagen
Amendments to the Montreal Protocol call for ending production of ozone-depleting compounds by 2010
[1], eliminating the use of HCFCs in the future.

Figure 18 graphically represents the GWP of different refrigerants in reducing order. Clearly from
Figure 18, CFCs and perfluorocarbons (PFCs) are undesirable refrigerants in terms of the environment
with significantly larger GWP values compared with other refrigerants. A noteworthy observation is the
low GWP values of hydrofluoroether (HFE), hydrocarbons (HC), and methylsiloxane (MS) refrigerants.
Along with low values of GWP, these refrigerants have no ODP and low environmental impact. Still,
water is the optimum refrigerant with no harmful effects to the environment.

Two-phase cooling

Figure 19 depicts the latent-heat values of the refrigerants in reducing order. These and other
important physical properties of the refrigerants being examined are listed in Table 2. Based on
observation of Figure 19, water has the highest two-phase heat-transfer potential, by more than a factor of
6. For this reason, water is often used in indirect cooling because the water does not come in contact with
the electronics. The next highest refrigerants with the greatest two-phase heat-transfer potential are the
HC blends of Table 2. The lowest potential heat-transfer refrigerants are the HFE and PFC of Table 2
with latent-heat values smaller than /23 that of water.

In terms of the normal-boiling point, the refrigerants most suited for cooling electronics are those
with boiling-point temperatures in the range 20-80°C. From Table 2, these refrigerants include PFCs and
HFE type refrigerants. HCFC, hydrofluorocarbon (HFC), CFC, and HC refrigerants require a medium-
pressure container to have both liquid and vapor phases due to the low values of the normal-boiling
points. The MSrefrigerants have high normal-boiling point temperatures requiring a slightly
subatmospheric pressure on the container. This gives PFC and HFE refrigerants an advantage in terms of
safety, operation, and cost.
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Table 1. Environmental, ignitability, and health data

Cooling Fluid
Description
Point OoDP GWP health/ health/
0,
Compeny || FoeE: REme Ve ¢0) LEL ™) | (R11=1) | (20oyr) | flamability | flamability
1,1,1,2 tetra fluorethane| Various HFC-134a No 750 NA 0 1300 1/0 1/0
1,1-dichloro-1-
fluoroethane Various HCFC-141b 325 6 0.086 700 1/0 1/0
1-chloro-1,1-
difluoroethane various HCFC-142b 632 9 0.043 2300 1/0 1/0
Dichlorodifluoro
methane Various CFC-12 No >750 NA 0.82 10600 2/4 2/4
Chlorodifluoro methane] Various HCFC-22 No NA NA 0.034 1700 2/1 2/1
perfluorocarbon 3M Fluoroinert FC-87 No NA NA 0 8900 3/0 0/0
perfluorocarbon 3M Fluoroinert FC-72 No NA NA 0 9000 3/0 1/0
perfluorocarbon 3M Fluoroinert FC-77 No NA NA 0 9000 3/0 1/0
hydrofluoroether 3M Novec HFE-7000 No 415 NA 0 400 3/1 0/1
hydrofluoroether 3M Novec HFE-7100 No 405 NA 0 320 3/1 0/1
hydrofluoroether Novec HFE-7200
Dow
methylsiloxane Corning Cleaning Agent 1 341.1 1.25 0 <10 est 1/3
methylsiloxane 60% Dow
w/alcohol Corning Cleaning Agent 2 . <10 est
De-lonized Water
(butane/isobutane/prop
ane) Duracool Duracool 12a 891 1.95 0 ~20 1/4 1/4
hydrocarbon blend (
propane/butane) Enviro-safe ES-12 863 1.9 0 ~20 1/4 1/4
fluorocarbon blend Technical not
(HFC-134a/HCFC-142b) | Chemical Freeze 12 >150 determined 0.01 1500 2/2 2/2

Global Warming Potential of Specified Refrigerants
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Figure 18. Refrigerant global warming potential.
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Latent Heat of Specified Refrigerants
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Figure 19. Latent heat at nor mal boiling point.
Table 2. Physical properties
Latent Normal
Cooling fluid description heat @ | Specific |Density@| boiling
25°C heat @ 25°C 25°C point
Liquid liquid o
Company Product name kJ/kg (kalkg/K) kg/m? C
1,1,1,2 tetra fluorethane Various HFC-134a 178 1.4 1210 26
1,1-dichloro-1-fluoroethane Various HCFC-141b 226 115 1234 32
1-chloro-1,1-difluoroethane various HCFC-142b 217.8 1.3 1.12 -10
Dichlorodifluoro methane Various CFC-12 139 1 1311 298
Chlorodifluoro methane Various HCFC-22 182.7 1.26 1191 —40.8
perfluorocarbon 3M Fluoroinert FC-87 103 1.1 1650 30
perfluorocarbon 3M Fluoroinert FC-72 88 11 1700 56
perfluorocarbon 3M Fluoroinert FC-77 89 11 1780 97
hydrofluoroether 3M Novec HFE-7000 142 13 1400 34
hydrofluoroether 3M Novec HFE-7100 112 1.17 1520 61
hydrofluoroether 3M Novec HFE-7200 119 1.22 1420 76
methylsiloxane Dow Corning Cleaing Agent 1 194 1.72 850 100
methylsiloxane 60% w/alcohol Dow Corning| Cleaning Agent 2 255 770 98
De-lonized Water [ H,0 413 1002 100
hydfocarbon [l Duracool Duracool 12a 343.5 2.56 526 -31.5
(butane/isobutane/propane)
IBEITERETOR EE Enviro-safe ES-12 354.2 2574 530 -30.4
(propane/butane)
fluorocarbon blend Technical
(HFC-134a/HCFC-142b) Chemical Freeze 12 1807 L4 1ee |
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Dielectric Strength

Because power electronics are to be cooled using two phases, both the liquid and vapor phases require
dielectric-strength testing. The testing temperatures are based on the expected operating temperature of
the two-phase mixtures. Saturated liquid and vapor denote the test pressure of the mixtures. To replicate
the actual placement of power eectronicsin the mixtures, sharp electrodes are used in the dielectric-
strength test. The dielectric strengths of the refrigerants are given in Table 3.

Table 3. Didlectric strength table

Conclusions

Dielectric Strength

Dielectric Strength

Liquid (kV/mil)

Vapor (kV/mil)

Products

Product Name

50 °C/Saturated Liquid

50 °C/Saturated Vapor

1,1,1,2 tetra fluorethane

HFC-134a

7.2

6.7

50 °C/Saturated Liquid

50 °C/Saturated Vapor

1-chloro-1,1-
difluoroethane HCFC-142b 5.9 5.4
50 °C/Saturated Liquid 50 °C/Saturated Vapor
1,1 - dichloro -1-
fluoroethane HCFC-141b 6.1 4.4

50 °C/Saturated Liquid

50 °C/Saturated Vapor

hydrofluoroether Novec HFE-7000 8.0 6.0
80 °C/Saturated Liquid
hydrofluoroether Novec HFE-7100 8.1 7.1

80 °C/Saturated Liquid

80 °C/Saturated Vapor

hydrofluoroether

Novec HFE-7200

7.7

3.8

100 °C/Saturated Liquid

100 °C/Saturated Vapor

methylsiloxane

Cleaning Agent 1

7.6

5.4

100 °C/Saturated Liquid

100 °C/Saturated Vapor

methylsiloxane 60%
w/alcohol

Cleaning Agent 2

6.3

4.4

The concept of the floating refrigerant loop based on R-134a refrigerant cooling of high-heat-flux
electronics was proved through experimental tests. For operation as part of a 9-kW automobile cooling
system, the ORNL floating-loop system has been proven to function well at 2 kW, with avery attractive
COP of >40. The system capacity is easly scalable for larger loads. The operation of the floating cooling
loop resultsin four major running scenarios. Each one has the potential to run stably and reliably, subject
to appropriate component sizing and controls. A solenoid valve located close to the loop
supply/condenser outlet to isolate the passenger AC componentsis crucial to the stable operation of the
floating-cooling loop during AC compressor shutoff. Methods of increasing liquid inventory in the
condenser and floating loop are required to maintain awet load during compressor transients.

The ORNL cascaded die mounting that uses copper foam can achieve 170-W/cn heat flux value.

The work on direct cooling of film capacitors began, and a design for incorporation into the reduced
size inverter was devel oped.
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The assessment of emerging two-phase cooling technologies for power electronic inverters gave
obj ective conclusions through test data. Comparing with pure water, it isrelatively harder to cool an
inverter with WEG. The 105°C WEG was used for the GT's VIBE system aswell RSC's JIC system for
their two-phase, single-loop systems. The 85°C transmission oil was used by ISR to cool a second-
didectric fluid loop for direct-die spray cooling. All three subcontractors' systems operate below 30-psi
pressure. The VIBE prototype took more energy to cool than its ability to extract. The JIC prototype
reached 55 W/cn2 heat flux. The ISR spray system will be tested in 2006.

Therefrigerant property study indicates that the HFC (R134-a) remains a good candidate for hybrid
power electronics cooling with good mechanical properties, strong dielectric strength, nonflammability,
and wide acceptance in the auto industry. The HFE (Novec) fluids show good general properties for
power e ectronics cooling, but are not presently used in automotive applications. The MS material s show
excellent mechanical properties, but exhibit high flammability in conjunction with a high normal-boiling
point at low system pressure and moderate dielectric strength. This creates the need for care in designing
a safe oxygen-free system. The HCFC materials show moderate to poor dielectric strengths and are dated
to be removed from production in the near future due to significant ODP and GWP.

Future Direction

The engineering improvements on the floating loop technology will be conducted for dynamic
conditions asissues arise. The Venturi effect will be introduced into the cascaded die mounting for further
increase of the heat flux. The specially made film capacitor will be tested with the reduced-size inverter.
The ISR spray cooling prototype will be tested.

Publications
Floating Refrigerant Loop Based on R-134a Refrigerant Cooling of High Heat Flux Electronics,

ORNL/TM-2005/223.
Report On Toyota Prius Motor Thermal Management, ORNL/TM-2005/33.

Patents

The available ORNL patents on thermal control are as follows:

e “Cascaded Die Mountings with Spring-L oaded Contact-bond Options,” U.S. Patent 6,930,385,
August 16, 2005.

o “Tota Therma Management System for Hybrid and Full Electric Vehicles,” U.S. Patent 6,772,603,
August 10, 2004.

e “Refrigerant Directly Cooled Capacitors,” Patent pending No. 11/166,502.

e “Floating Loop System for Cooling Integrated Motors and Inverters,” Patent pending No. 10/926,205.

e “Motor Frame and Cooling with Refrigerant and Liquid,” Patent pending No. 60/565,461.

Reference

1. The Challenge: Moving Away From HCFC Refrigerants, HRAI, The Heating, Refrigerating, and Air
Conditioning Institute of Canada, 2005 (http://www.hrai.ca/hcfcphaseout/).
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2.2 Component Characterization

Principal Investigator: Larry Seiber

Oak Ridge National Laboratory

National Transportation Research Center

2360 Cherahala Boulevard

Knoxville, TN 37932

Voice: 865-946-1334; Fax: 865-946-1400; E-mail: seiberle@ornl.gov

DOE Technology Development Manager: Susan A. Rogers
Voice: 202-586-8997; Fax: 202-586-1600; E-mail: Susan.Roger s@ee.doe.gov

ORNL Program Manager: Mitch Ol szewski
Voice: 865-946-1350; Fax: 865-946-1262; E-mail: ol szewskim@ornl.gov

Objective

As capacitor and magnet technologies mature, it isimportant to ascertain their limitations by
subj ecting the components to standardized tests to evaluate their capabilities. Thistesting will determine
their reliability, degradation tendencies, and level of robustness when subjected to accelerated life testing
conditions. Test results will help to predict whether the components are capabl e of meeting the 15-year
service life requirement and help determine their ability to provide improvementsin power electronics
and motor designs to meet FreedomCAR goals.

Approach

In order to record and plot capacitor performance data, it has been necessary to develop atest stand
that logs data at predetermined temperature extremes and controls thermal cycling between these
extremes. Thistest stand includes an automated data acquisition system, an environmental chamber, and
the necessary measuring instrumentation.

To understand how the new magnet technol ogies respond to thermal cycling, a hysteresis graph and
BH curves of new magnet materias over the full range of temperatures from —40°C to
140°C will be plotted.

M ajor Accomplishments

To obtain temperature cycling data, the thermal cycling process must continue uninterrupted for
extended periods of time. To accomplish thislong-term testing, an automated data acquisition system
(DAC) using LABView was developed to control the environmental chamber and record data from the
measuring instruments. The DAC will alow the operator to input upper and lower temperature limits as
well as temperature increments to be used during the testing. The program will command a temperature to
the environmental chamber; when that temperature has been reached, it will then monitor a capacitor
parameter for stability. After this parameter is stable, the program will record the capacitor data from the
measuring instruments at each of seven frequencies before another temperature step is commanded.

Technical Discussion

Capacitor Evaluation

In FY 2005, the capacitor testing was limited to thermal cycling. Future testing will be done by
applying aripple current and bias voltage to the capacitors in the environmental chamber. The parameters
recorded during the thermal cycling tests were capacitance value, dissipation factor, and equivalent series
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resistance (ESR). The temperature extremes for all tests were —40 and 140°C. Thetypica increment for a
temperature step was 20°C. At each temperature increment, the parameters were measured at seven
different frequencies. 1, 5, 10, 15, 20, 25, and 30 kHz. All capacitors were tested in an ESPEC
environmental chamber, and their parameters were measured by an Agilent 4284A LCR meter.

Data acquisition system

The data acquisition system consists of a Dell Precision 380 Workstation running LABView 7.1. At
the beginning of the thermal cycling test, the program turns on the environmental chamber, commands a
temperature, and begins monitoring the chamber temperature to determine when that temperature has
been reached. After the target temperature has been reached and a pre-programmed delay time has been
met, the program sends a command to the LCR meter to output the first test frequency and monitors the
ESR from the capacitor under test. When that valueis stable, the data point is recorded and the next
parameter is monitored and recorded.

After all parameters—ESR, dissipation factor, and capacitance value—are recorded at the first test
frequency, the command is given to the LCR meter to output the next test frequency; and the monitoring
and recording process is repeated. After data are recorded at all seven frequencies, the next temperature
step is commanded to the environmental chamber, the frequencies are scanned again, and the parameters
are recorded. The number of temperature steps that can be entered into the LABView programis, for dl
practical purposes, unlimited. The only test limitation isimposed by the LCR meter, which allows only
certain test frequencies to be used.

The pre-programmed delay discussed earlier is to ensure that the temperature of the dielectric has
equalized once the target temperature of the environmental chamber has been reached. When the
difference between the ambient temperature and the target temperature of the chamber is 40° or greater,
the delay isinvoked when the target temperature is reached. This delay value is entered before the
program starts monitoring the temperature. The value is determined by the operator and is based on the
size of the capacitor. A larger capacitor requires alarger delay to ensure that the temperature of the
didlectric isuniform. After this delay time has expired, the program monitors the ESR for a stable reading
before the value is recorded to ensure the ESR readings are accurate.

Five types of capacitors were tested and will be reported on here. Pennsylvania State University
supplied a multilayer glass ceramic capacitor. Sandi National Laboratories supplied a commercial
polyester film and a commercial Teflon film, both manufactured by ASC. The commercial capacitors
were tested, and Sandiawill use the datato aid in the development of its new technologies. The fourth
capacitor tested was a metallized proprietary experimental film capacitor supplied by Dearborn
Electronics. The fifth was amodule consisting of 16 capacitorsin parallel. This capacitor module was
manufactured by Electronics Concepts, Inc., and supplied by Semikron. It is currently in usein the
Semikron 600-V SKAI inverter.

Multilayer glass ceramic

The multilayer glass ceramic capacitor isa 1-yF, 500-Vdc capacitor. It was tested from —40 to 140°C
at 20° increments. Figures 1 and 2 show the data at the temperature extremes. The capacitance value and
ESR decrease as frequency increases at the temperature extremes, but the dissipation factor increases with
frequency at the temperature extremes. The dissipation factor and ESR values are much lower at the
higher temperature, but the capacitance value is higher at the higher temperature.
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Figure 1. Multilayer glass ceramic at —40°C.
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Figure 2. Multilayer glass ceramic at 140°C.

Commercial polyester film

The polyester film capacitor is a 2-pF, 600-Vdc capacitor manufactured by ASC. It was tested from
—40°C to 140°C at 20° increments between the extremes. Figures 3 and 4 show the data at the temperature
limits. The dissipation factor and capacitance value increase with frequency at the temperature limits, but
the ESR decreases as the frequency increases at both temperature limits.
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Figure 3. ASC commercial polyester capacitor at —40°C.
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Figure 4. ASC commercial polyester capacitor at 140°C.

Commercial Teflon film

The Teflon film capacitor tested is a 0.1-uF, 600-V dc capacitor, also manufactured by ASC. It was
also tested from —40 to 140°C at 20° increments. The ESR and dissipation factor are very low on this
capacitor at both temperature limits. The ESR decreases as frequency increases, but the capacitance value
and dissipation factor both increase with frequency (Figures 5 and 6).
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Figure 5. Commercial Teflon film capacitor at —40° C.
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Figure 6. Commercial Teflon film capacitor at 140° C.

Dearborn 200° C capacitor

The Dearborn high-temperature capacitor is ametallized proprietary experimental film 13-pF,
250-Vdc capacitor. It was tested from —40 to 140° C at 20° increments. The ESR on this capacitor islow
at both temperature limits and decreases as frequency increases. Both the dissipation factor and
capacitance value increase with frequency at both temperature limits.
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Deerborn 13 uF High Temperature Capacitor at -40°C
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Figure 7. Dearborn metallized proprietary film capacitor at —40°C.

Deerborn 13 uF High Temperature Capacitor at 140°C
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Figure 8. Dearborn metallized proprietary film capacitor at 140°C.

Semikron capacitor module (electronic concepts)

The Semikron capacitor bank is 1000 uF and consists of sixteen 62.5-pF, 900-Vdc capacitorsin
paralel. The capacitors are metallized polypropylene with a polyester wrap and epoxy end fill. The
capacitor module was being tested at this writing.

ESR Thermal Evaluation

In an effort to accurately evaluate the data from these capacitor components, an independent method
of measuring ESR is being developed. These tests are designed to validate the ESR for capacitors by
guantifying the amount of heat released from the capacitor to its environment. A test stand has been
developed consisting of athermal chamber filled with oil, thermometers to monitor temperatures, a
stirring method to keep the oil bath mixed, and insulation to maintain the temperature inside the container.

The test is accomplished by measuring the mass of the oil bath, capturing the initial conditions for the
oil (specific heat, temperatures), and operating the test specimen for a period of time. The bath heats up as
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aresult of the test specimen’s waste heat. This waste heat in joulesis caculated and related to the test
time length, allowing the heat |oss rate to be calcul ated.

Figure 9 shows the test setup. A LabView virtua instrument program has been written to capture al
the critical data during the extended test period.

I:l Insulated Box

Oil bath

@ A - Test Specimen
B - Magnetic stir paddle

T1, T2 - Temperature Sensors
D,

Figure 9. ESR validation oil bath test setup.

The hest captured in the oil bath is calculated using the following rel ationship:
Q=mgy * Cy,* Atemp

where

Q = Heat captured in the ail

My = mass of thetest oil in the bath

C, = specific heat of the ol

Atemp = change in temperature of the oil (°C) during the test

The bath is being calibrated by supplying a known amount of current into a known resistive load,
measuring the voltage drop across the test resistor, and cal cul ating the power in watts. The program inputs
are then calibrated to produce sound thermal measurements. The thermal results can then be compared to
the capacitor’s eectrical data, including ESR, to show that the electrical parameters measured (which
would result in acertain amount of heat) match what is measured in the thermal bath.

Magnet Evaluation

Three types of new magnet technol ogies were evaluated and are reported here. Ames Laboratory
provided a sample of 2205 MQP-O in a PPS binder; Argonne National Laboratory (ANL) provided a
sintered NdFeB magnet; and Shin-Etsu Magnetics Inc. provided two samples of NdFeB (N43TS and
N41TU). The magnet evaluations reported here are not at elevated temperatures.

The Ames and Argonne magnets were tested using a Walker Scientific AMH-40 Automatic
Hysteresisgraph (Figure 10). This computer-controlled system is used to test, analyze, and evaluate the
hysteresis properties of hard and very hard magnetic materials. The system consists of a PC-based control
consol; two computer-interfaced integrating flux meters; a gauss meter; B and B-H coil sets; two 7-in.-
diameter, variable-gap, water-cooled el ectromagnets with cobalt-iron tipped poles; and a 5-kW, 50-A
programmable power supply. The 1200-1b electromagnets are capable of generating demagnetizing forces
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Figure 10. Walker Scientific AM H-40 Automatic Hysteresisgraph.

of up to 30,000 Orsteads. This system allows the operator to perform five different types of tests: manual
H-field sweep, second-quadrant demagnetization curves, compl ete four-quadrant full hysteresisloops,
recoil minor loops after saturation in the first quadrant, and first-quadrant saturation or demagnetization
of the samples. Also complementing the system is a pul se charger capable of saturating very hard
magnetic materials and aModel TCS2 temperature-controlled water-cool ed fixture for testing materials at
temperatures ranging from —100 to +300° C. Thisfixture is used with a compatible thermocoupled high-
temperature coil set.

Ames Laboratory

Two samples were tested from Ames Laboratory. The sample of 2205 bonded magnet material was
tested using the Walker Hysteresisgraph. The de-magnetization curves were plotted at ambient
temperature and are shown in Figure 11. The sample of 60% MPQ-O and 40% PPS bonded magnet
material from Ames was also tested using the Hysteresisgraph. The de-magnetization curves were plotted
at ambient temperature (Figure 12).

Argonne National Laboratory

A sample of NdFeB sintered magnet material was received from Dr. Cha at Argonne National
Laboratory. This sample was tested in the Hysteresisgraph at ambient temperature. The hysteresis graph
obtained from that test is shown in Figure 13.

Shin-Etsu Magnetics

Two samples of NdFeB (N43TS and N41TU) sintered magnets were obtained from Shin-Etsu
Magnetics for testing on the Hysteresi sgraph machine. These magnets were not magnetized when
received. After the first hysteresis graph was conducted, it was apparent that the magnets were anisotropic
across the diameter. This presented a problem in testing the magnet using the Hysteresi sgraph machine.
The geometry of the coil will not allow the magnet to be placed in the machine so that the magnetization
and demagnetization process can produce the hysteresis graph. At thiswriting, the problemis being
discussed with Shin-Etsu Magnetics.

31



FY 2005 Progress Report Draft Power Electronics and Electric Machines

Br 5.03 kG
BHmax 5.29 MGOe
HC 4.24 kOe
HCi 11.49 kOe
Hmax 22.62 kOe

Figure 11. Ames 2205 bonded magnet demagnetization cur ves.

Ve
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Br 4.46 kG
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Bmax 27.25kG

Figure 12. Ames 60% MPQ-O and 40% PPS bonded magnet demagnetization curves.
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Br 13.42 kG
BHmax 41.27 MGOe

HC 12.13 kOe
HCi 14.84 kOe
Hmax 29.08 kOe
Bmax 40.17 kG

Figure 13. Argonne sintered magnet hysteresis graph.

Future Direction

The testing and characterization of magnets and capacitors will continue in FY 2006 as samples
become available. Dynamic testing will be done on samples received in FY 2005. Temperature cycling
and dynamic testing will be done on samplesreceived in FY 2006. Thermal ESR evaluation will continue
as an independent method of verifying ESR values that are questionable. Alternative methods of
measuring ESL will also be explored.
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2.3 Benchmarking of Competitive Technologies

Principal Investigator: Robert Staunton

Oak Ridge National Laboratory

National Transportation Research Center

2360 Cherahala Boulevard

Knoxville, TN 37932

Voice: 865-946-1351 ; Fax: 865-946-1262 ; E-mail: stauntonrh@ornl.gov

DOE Technology Development Manager: Susan A. Rogers
Voice: 202-586-8997; Fax: 202-586-1600; E-mail: Susan.Roger s@ee.doe.gov

ORNL Program Manager: Mitch Ol szewski
Voice: 865-946-1350; Fax: 865-946-1262; E-mail: ol szewskim@ornl.gov

Objectives

The Benchmarking of Competitive Technologies project conducts electrical and thermal studies of
hybrid electric vehicle (HEV) systems most recently introduced into the automotive market by non-U.S.
companies. This produces data on efficiency, torque, speed, and voltage-current relationships. The full
inspection and characterization of the electric motors and inverters also defines their thermal system
performance in terms of temperature and corresponding sustainable power levels. Testing of these
systems helps to rapidly advance the domestic technology base relative to electric traction drive systems
suitable for HEV applications.

The FY 2005 accomplishments have made it possible to combine test data with design, packaging,
and fabrication assessments to enable analysts to determine how various commercial HEV traction
systems, such as the Accord and the Prius, compare with system and program technology targets (peak-
power-to-weight and volume ratios).

Approach

As domestic vehicle manufacturers develop HEV systems, they are conducting periodic assessments
of the HEV market dynamics, competitive HEV products, and production cost estimates for their own
near-term products. Crucial information for the assessments can be obtained only through detailed
evaluations of competitive HEV systems. Oak Ridge National Laboratory’s (ORNL’s) proposed testing
program will reveal how the HEV systems contribute to vehicle performance, how the systems are
manufactured and packaged, and what performance limitations exist.

Benchmarking of HEV traction drive systems provides detailed electrical and mechanical datafrom
known permanent magnet synchronous motors (PM SMs) and inverters and yields information concerning
their thermal performance. The ORNL testing program reveals how the systems are manufactured and
packaged and what performance limitations exist. Data were obtained by instrumenting the HEV
motor/inverter system and conducting locked-rotor, back—electromotive force (emf), mechanical and
electrical loss, and broad-based thermal and performance tests over the entire design envelope. In essence,
the overall approach of this project was to thoroughly define the systems and then perform a detailed
evaluation of their performance in a controlled laboratory environment. This approach proved to be
technically sound and successful.

Other facets of ORNL’s technical approach include the following tasks:

e Provide the auto company partners with a consistent, open-literature source for complete
characterization of HEV technology recently introduced in the marketplace.
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e Continue to use benchmarking information to assist in
program planning, devel oping and executing specific
projects, and supporting the partnership with original
equipment manufacturers at the U.S. Council for
Automotive Research.

e Confirm the realism of performance goalsfor the
technol ogies and components and identify technology gaps.

e Query DOE and industry partners regarding emerging
technol ogy issues and the competitive technol ogies that
hold the greatest technical interest.

e Use benchmarking data to validate multi-project R&D
modeling efforts, thus confirming that the validated
modeling methods can be used appropriately to develop
new technologies.

e Confirm the validity of the project technology thrust and
avoid duplication of existing efforts.

e Based on resources, complete limited benchmarking of
emerging hybrids or other subassembles and components
selected by DOE, EE/TT, and/or industry partners.

e Provide technical insights that can be used to guide research
efforts.

From ORNL’s own technical perspective, thereisan
ongoing need for detailed electrical and mechanical datafrom
known PMSMs and inverter designsto feed into anaytical
models and to support parametric studies. Datafrom
successfully marketed HEV system designs are of special
interest. These data can be obtained by instrumenting the HEV
motor/inverter system and conducting locked-rotor, back-emf,
loss, and broad-based thermal, and performance tests over the
entire design envelope. The results of these tests will be shared
with other ORNL programs, documented, and transmitted to
DOE and domestic vehicle manufacturers on the EE/TT. The
motor controller that was developed during the course of this
project will be avaluable tool for future ORNL projects.

Major Accomplishments

FY 2005 Progress Report

Controller Development
In order to operate the Prius motor outside
the vehicle, a controller system had to be
developed. The following provide
examples of the technical hurdles and
accomplishments related to this effort:

— Since differentiating the
position signal produced spiking, the
approach was modified to measure
the frequency of the sinusoidal signal
from the resolver—with improved
results. It was also necessary to
reduce noise in the current,
frequency, and position feedback
signals.

— Because of a glitch in
Opal-RT program, controller
developers began to perform the
triangle-to-sine-wave comparison in
an external circuit; this made a
dramatic improvement in the stability
of the motor speed.

— Programmers introduced
an enhanced model for motor/inverter
control that considers three ranges of
speed based on actual operating
constraints—each range is rigorously
defined by comprehensive equations
that are designed to maximize torque
per current.

— A new code for a
motor/inverter controller was
completed and verified against a
motor simulation with excellent
agreement. (However, the model did
not have acceptable agreement with
the locked-rotor testing data, likely

The following summarizes the main accomplishments for FY 2005 in approximate chronological

order:

e The Prius motor was prepared for testing on the dynamometer. To ensure full motor loading
capability, machining was required to attain direct coupling to the motor (bypassing the axle gears).
e Thereport Evaluation of 2004 Toyota Prius Hybrid Electric Drive System Interim Report,

ORNL/TN-2004/247, was issued early in December.

o Partialy funded by the benchmarking project, fixed-speed thermal testing of the Prius motor (using
the dynamometer) was completed early in November. The data proved to be of high quality and were
documented in Report on Toyota Prius Maotor Thermal Management, ORNL/TM-2005/33, issued in

February 2005.

e ORNL completed an analysis of Prius motor and inverter packaging, which provided estimates of

peak-power-to-weight and -volume ratios

35




FY 2005 Progress Report Draft Power Electronics and Electric Machines

e Thecode for amotor/inverter controller (see the text box) was completed in July, and it successfully
ran the Prius motor to full speed and demonstrated full torque capability at all speeds. This alowed
final preparation to begin for testing of the Prius system.

ORNL completed an evaluation of Prius boost converter design and packaging.

e Thedata acquisition system was enhanced to write data from the Y okogawa PZ4000 power meter and
numerous other sources to a single spreadsheet.

e ORNL began final performance testing of the Priusin July and August that led to the identification of
hardware and EM|-related issues that were resolved in atimely fashion (see Technical Discussion).

o All required hybrid Accord HEV drive system components/assemblies were purchased during
June/July; other parts required a 3-dimensiona design process and fabrication (in FY 2006).

Much of the year was devoted to various aspects of preparing the test cell for comprehensive testing
under controlled and verified conditions. Thisincluded ensuring (1) versatile control of the
inverter/PMSM system, (2) precise electrical measurements amid high levels of EMI, (3) calibration of all
critical instruments, and (4) the acquisition of approximately 50 channels of data. The test cell block
diagram and corresponding layout are shown in Figure 1.
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Figure 1. Test cell design, configuration, and actual layout.

Technical Discussion

The performance benchmarking of the 2004 Prius PMSM and inverter systems was accomplished
through subassembly inspectiong/evaluations, a review of manufacturing and packaging, controller
development in preparation for full design envel ope testing, and laboratory evaluations.
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Specifically, the subassembly-level performance testing involved

e Collecting back-emf voltage waveforms for both the PMSM and generator

o Performing locked-rotor tests at varying torque angles (over the range of 90 to 134°)

o Determining gear, bearing, and other friction losses for various operating speeds and lubricating oil
temperatures

e Thermal testing at fixed speed (see Thermal Control Studies)

e Mapping motor/inverter performance over the full speed and shaft loading ranges using 50 and 90°C
motor/inverter coolant temperatures (in progress).

Controller Algorithm

The algorithm for the controller was divided into three speed regimes: (1) alow-speed regime where
operation is limited by current, (2) a mid-speed regime where operation is limited by voltage and current,
and (3) a high-speed regime where operation is limited by voltage. In each case, the code was designed to

maximize torque per current in asalient PMSM over awide speed range with an adjustable level of field
weakening.

First, amodel of asdient PMSM was set up and ssmulated in Simulink/Opal. This was developed to
help in verifying the controller algorithm. The machine model in the direct/quadrature coordinate system,
asindicated by d and g subscripts, is given by

di . .
de—? = —Rglg + Npalgig +Uq , (1)
di _ _
qu—f = —Ry, —n,oL i, - K no+u, )
dw . -
I = MoKaa+ N, (L — Ly )igly = 70 . 3)

where Rs = stator resistance, n, = number of pole pairs, o = rotational speed (rad/s), L = inductance, J =

the energy injoules, i = current, u = voltage, K, = the torque constant in the dg frame, and 7, = load
torque.

The field weakening problem is to maximize the torque, that is,

nmeiq + np(Ld - Lq)idiq ,

subject to the following constraints:

Vo= Jui+ul sV, . (4)

| = I§+IZS| . (5)

A controller algorithm was developed that, for any fixed speed, w, derives the values of i4(a@), i4(®),

Ug(@), and uq( @) that maximize torque for motoring, and minimize the torque for braking.
Thisis broken down into three cases:
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2. lg T1g = I'max, y/Ug +Ug =Vimax
2 2 _ [2 .2 _

3. Ig +1g = Imax:y/Ug +Ug =Vmax

This was further developed in aMatlab™ program that solves a static optimization problem. The
control algorithm was used on the simulated PM SM with excellent agreement. This essentially verified
the control algorithm. The next step was to validate the simulation model with data from the Prius
machine.

Having a very high power density, the Prius motor operates well into the saturation régime. This has
added complexity to the motor modeling and controller development efforts. Furthermore, the agreement
between the model and motor operation data has not been as good as expected. Recent research papers
[1,2] indicate that the flux linkage in the q axis depends on both the d and g currents. This a so appears
true for the d axis flux linkage. Late in the year, the model was being revised accordingly so that it
corresponds better with flux saturation levels and the locked-rotor data. Thisis expected to lead to an
improved understanding of how an interior permanent magnet (IPM) motor such as the Prius should be
model ed.

Controller Hardware

The RT-LAB real-time computing platform from OPAL-RT Technologies was used to model and
replace the Prius control system. The RT-LAB system interfaces with the MATLAB SIMULINK
software for quick controller development without tedious programming. The system consists of a host
PC running a user-sel ected operating system and two target PCs running the QN X Neutrino operating
system. One of the PCsis a dual-processor computer with additional counter, encoder, and analog/digital
1/0 PCI boards.

The model of the Prius controller and a user interface was built in MATLAB SIMULINK using both
built-in SIMULINK blocks and RT-LAB blocks, asillustrated in Figure 2. Thisfigure is an upper-level
representation; most blocks can be opened for additional levels of detail. Using the Real-Time Workshop
Toolbox of SIMULINK, the model was converted to C-source code and the executable uploaded to the
target PCs. The controller software runs on two target PCs that communi cate with each other through a
Firewire connection, while the host computer is used to command the controller through an ethernet
connection. The software alows the controller development to be flexible and versatile with the
capability of quickly making required development changes. This approach bypasses some of the more
difficult hardware development efforts required to alow the inverter to be controlled outside the vehicle.
It also enhances the ability to make changes during testing, if required.

dc Converter Assessment

With planning under way for detailed performance testing at ORNL, it was necessary to review data
that made clear the operation of the voltage boost circuit in the Prius. In addition, there was considerable
technical interest in boost converters, including both their packaging and operation. In the Prius HEV
system, the PMSM obtains most of its power from the generator and the rest from the high-voltage-
battery—converter system. Thus the converter’s power rating isless than half of the PMSM’ srating.
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Figure 2. Upper-level flow diagram of Priuscontroller system.

The converter consists of three main components: an Intelligent Power Module, an auto-transformer,
and awater-filled heat sink on which the first two are mounted. The module, smplified schematic, and
transformer are shown in Figure 3. The figure indicates the mass and volume of the components and the
total silicon area of the insulated gate bipolar transistors (IGBTs) and diodes. The boost converter is
unusual in that two IGBTs are used instead of one so that two-way power flow can take place—the
powering of the PMSM and the recharging of the high-voltage battery.

Of high interest is how the generator voltage, which increases with vehicle speed, compares with the
voltage that the ECU directs the converter to produce. In order to determine this, the generator back-emf
data plot was modified as shown in Figure 4 to show, by extrapolation, the voltage-speed relationship at
speeds of up to 10,000 rpm. Also, the vehicle speed is included in the plot so that the data can be
compared with vehicle operation data provided by Argonne National Laboratory (ANL). Note that the
peak voltage developed in the generator isin the variable range of the dc converter when the vehicle is
traveling 25-65 mph. This relationship will prove useful in the discussion below.

ANL generated vehicle drive cycle test data and, at ORNL’ s request, transmitted converter-related
datato ORNL in April 2005. These data helped to characterize the operation of the voltage boost

converter relative to accel eration and vehicle speed.
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Figure 3. Voltage boost converter components and simplified schematic.
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Figure 4. Extrapolation of generator back-emf data for generator speeds of up to 10,000 rpm.

Figure 5 shows data from a drive cycle where the vehicle was accel erated to about 31.5 mph, based
on chassis-dyne data, followed by braking. The plot includes voltage and current output from the
converter, accelerator pedal position output, brake pedal position output, and vehicle speed. A portion of
the y-axis scale is expanded to enlarge/clarify the plots at the bottom of the chart (also making the
depiction qualitative). Asindicated in the figure, there are three instances where a current spike from the
output of the voltage boost circuit preceded or accompanied arise in the output voltage from the boost
circuit. The voltage then remained elevated for different periods and then fell. Two instances occurred
during acceleration and one at the end of the acceleration period. Note that braking causes a maximum
boost to 500 V to support the regeneration battery-charging mode. The data do not appear to provide a
full picture of what is happening; thisis not surprising, since the ECU agorithm is unknown.
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Figure5. Drive cycle data from ANL showing voltage boost converter response.

The operation of the converter is further defined in the drive cycle plot in Figure 6. In this case, the
vehicleis accelerated to about 68 mph. Because the level of acceleration is varied, the voltage boost
swings between min and max several times. From 28.1 mph to 49.8 mph, maximum voltage results from
both the accel eration process and the increasing speed. Between 49.8 mph and 59.7 mph, there is minimal
tendency for voltage to drop below the max level. Above 59.7 mph, voltage remains at the max level.
Notice that the plot also specifies the rotational speed of the PMSM* at specified points.

Figure 6 aso shows the peak back-emf from the generator based on ORNL testing as presented
above. The points are plotted at the cal culated equival ent vehicle speeds, and then approximate
interconnecting lines are added for clarity. The data show how the boosted voltage rarely falls below the
generator’s peak voltage. Although the actual ECU agorithm for controlling the voltage boost is
unknown, this plot and the preceding plot create a partial concept of how voltage is generaly controlled
during acceleration, high speeds, and braking. Because the rating of the converter preventsit from
providing full power to the Prius motor, the converter was not used in performance characterization
testing at ORNL.

Subassembly Testing

Motor and generator testing yielded back-emf voltage and frequency data. During the tests, a
dynamometer drive was used to control motor speed and generator speed. Results of the back-emf testing
are summarized in Table 1. These tests were repeated later in the year to verify that no measurable rotor
demagnetization occurred as aresult of prior thermal testing at elevated temperatures. It was found that
the data agreed quite well (within instrument error).

! The rotational speed of the PMSM (rpm) is 60.66 times the vehicle speed in mph. This is based on the constant
gear ratio of the Prius, wheel/tire diameter, and conversion of units.
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Figure 6. Drive cycle data set showing voltage boost at high speeds (ANL/ORNL data).

Table 1. Summary of back-emf test results

Test conditions Results

Motor back-emf (6000 rpm) 540 Vrms
Motor Volts/Hertz 1.33Vrmg/Hz
Generator back-emf (6420 rpm) 195Vrms
Generator Volts/Hertz 0.46 Vrmg/Hz

A series of locked-rotor tests was performed to determine the general operating capabilities of the
traction motor. In particular, the torque and current were studied during the locked-rotor tests to
characterize the startup torque capability of the motor. Thistest was repeated later in the year using
improved methodology and equipment, since the prior data did not agree well with the Prius motor
model. Figure 7 shows the torque vs rotor position plots for seven different current levels. Based on the
plots, current and corresponding maximum torque values are summarized in Table 2. The new data are
more extensive and of higher quality; however, because the model does not fully account for magnetic
saturation, some discrepancy remains. Finite-element analysis (FEA) studies are ongoing that may help to
improve the model’ s handling of saturation.

Motor Testing

The benchmarking project partialy supported and funded the thermal testing of the Prius motor.
These tests were successful in determining the continuous ratings of the Prius motor design at coolant
temperatures ranging from 35 to 105°C. Thisinformation has not been released by the Toyota Motor
Company. The ratings at base speed (1200 rpm) were projected from test data at 900 rpm. The continuous
ratings were determined to be 15 kW using 105°C coolant and 21 kW using 35°C coolant. These ratings
are well below the 30-kW target of the DOE FreedomCAR Program (see the Thermal Control Studies
section for further discussion).
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Figure7. Priuslocked-rotor data showing torque vsrotor position.

Table 2. Summary of motor current and torquetest results

Current, A Maximum torque, Nm

50 74

75 118
100 154
125 199
150 221
200 286
250 337

Thefina testing of the Prius was the mapping of motor/inverter performance over the full speed and
shaft loading ranges using 50 and 90°C motor/inverter coolant temperatures. Successive attempts at
accomplishing this test during July and August were useful in identifying and ultimately resolving
lingering barriers. In summary, excessive vibration was resolved by shaft realignment, a data-related
discrepancy was resolved with arecalibration of the torque cell, and higher-than-expected temperatures
led to areview of the test plan and modifications to dlow safe testing at a higher temperature limit
(200°C). In the most recent test run, data showed unrealistically high 99% inverter efficiency (however,
the error may be as small as one percentage point). This led to an investigation that ultimately pointed to
EMI-induced noise introduced in the CT output circuitry as the most likely cause. Preliminary testing
using fully shielded CTsindicated a significant improvement—a potentially complete resolution of this
problem. Further testing in FY 2006 is required to verify these findings.

Conclusion

The Prius HEV system was fully evaluated by design inspection, disassembly, physical and electrical
measurements, fabrication and packaging studies, and a series of laboratory spin and loss tests. In
addition, thermal testing over a broad temperature range proved to be effective in determining the
limitations of the continuous and peak power operation of the PMSM.

The importance of having developed afully functional controller algorithm/code during the year
cannot be overemphasized. ORNL now has a highly versatile tool that will enable laboratory testing of
essentially any PMSM as long as position and speed sensors exist. The controller can adjust and explore

43



FY 2005 Progress Report Draft Power Electronics and Electric Machines

varying levels of field weakening to determine the most efficient operating point. As shown in Figure 8,
this controller system has already been put to use in another project to operate an experimental |PM motor
even before completion of Prius testing. It is highly likely that this code will be used to operate a variety
of motor designs for many years to come.

, Prius Inverter

Figure8. Priuscontroller/inverter system operating an |PM-reluctance
motor with brushlessfield excitation.

It is estimated that 1-2 more weeks of testing in the test cell will produce all the data needed to map
the entire speed vs torque range (full design envelope) of the Prius. Since the final Prius report draft is
lacking only these data (and discussion), the data/report will be published early in FY 2006 and
immediately disseminated.

Future Direction

During FY 2006, ORNL will perform benchmark testing of the hybrid Accord traction drive system.
Thetest data and design, packaging, and fabrication assessment will be combined to enable analyststo
determine how the Accord system compares with the Prius system and program technology targets (peak-
power-to-weight and -volume ratios). Other hybrid systems will be considered for limited analysis based
on resources and DOE/EETT interest. A decision will then be made by DOE in concert with the original
equipment manufacturer partners regarding the need for further benchmarking.

Hybrid SUV's are emerging on the market and may represent significant deviations from existing
hybrid technology. There may be some innovations in the drive system that merit benchmarking studies.

Publications

Evaluation of 2004 Toyota Prius Hybrid Electric Drive System Interim Report, ORNL/TM-2004/247,
Oak Ridge National Laboratory, December 2004.

Report on Toyota Prius Motor Thermal Management, ORNL/TM-2005/33, Oak Ridge National
Laboratory, February 2005
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3. Electric Machinery Resear ch and Technology Development
3.1 Field Weakening and CPSR Enhancement Techniques

Principal Investigator: John W. McKeever
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Objectives

e Toreview, study, and evaluate recent progress in methods of flux control, both flux strengthening to
increase torque at low speeds and flux weakening to extend the constant power speed range (CPSR).
These features are being explored to extend motor design capability in order to develop motors that
can meet torque/power/speed requirements without a gearbox. Success can result in a motor with
higher power density (>10%) at lower initial cost (80%) than existing integral slot motors.

e To determine the conditions for maximum benefit using Oak Ridge National Laboratory’s (ORNL’s)
dua mode inverter control (DMIC) to minimize current at high speeds under partial load and to
quantify that benefit.

Approach
For thistask, the research areas of field weakening and extending the CPSR were subdivided into

(2) voltage contral, (2) flux control, (3) inductance control, (4) inverter control, and (5) reluctance control.

e Voltage control. Asan example of benefits derived from voltage control, the Toyota Prius has
cornered the HEV market with its THS || model by adding a boost converter to the earlier THS
model, to deliver 50% more power from the electric motor [1]. The increased voltage delivers more
power with the original current so that the motor did not require redesign. The Z-source inverter [2]
was developed to provide the voltage boost required by the fuel cell in an HEV. The Z-source inverter
eliminates the shoot-through problem in transistors, which can destroy them in traditional inverters,
and actually uses what formerly was dead time to boost the voltage. It makes better use of the
inverter’s pulse-width modulation (PWM) circuitry. The use of thisinverter was explored and found
to be inappropriate for an HEV powered by an internal combustion engine (ICE) because of the
voltage drop across the diode. The sameistrue for its use with all electric vehicles.

e Flux control. Several methods of real-time flux control were explored, including traditional vector
control [3], flux weakening in a consequent pole generator [4], flux control using an external coil [5],
magnetic polarization variation (memory motors) [6], magnetic strength variation by thermal field
weakening [7], actively switching the number of turns per coil while in operation [8], and gap control
[9].

e Inductance control. Some earlier motor design experience implied that it is difficult to design
sufficiently high inductance in integral-slot surface-mounted permanent magnet (SPM) motors to
allow high-CPSR operation. Motor designers such as Toyota have focused their design on internal
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PM motors, which bury the magnet in the silicon steel rotor to increase their saliency [10]. ORNL
teamed with the University of Wisconsin, Madison (UWM) to look at opportunities for PM
synchronous motor (PMSM) cost reduction. Their report highlighted some significant benefits
associated with fractional-slot PM motors with concentrated windings [11]. In particular, its
inductance would be high because of the concentrated windings, and its structure could lead to
material savings and ease of assembly. Because this design could achieve increased inductance along
with other benefits, ORNL entered into collaboration with the University of Wisconsin to build and
test a 6-kW fractional-slot PM motor with concentrated windings [12, 13]. The measured inductance
of the windingsis as high as the analysis had predicted. The structure of the motors facilitated |ow-
cost assembly with high slot utilization. ORNL has collaborated with UWM by modeling the 6-kW
motor and by preparing preliminary models of a 30/55-kW motor that meets FreedomCAR
specifications. The notation 30/55 refers to continuous and intermittent power delivery. UWM has
successfully tested the 6-kW motor to 4000 rpm. ORNL will receive the motor in FY 2005 to test a
control scheme that promises a 7-8% increase in efficiency at partia load [14]

e Inverter controal. It iswell known that the ability of the PMSM to operate over awide CPSR
depends upon the motor’ sinductance. Early approaches to extending the CPSR included adding
inductances in each phase [15] and using anti-parallel thyristorsin each phase [16]. The motor control
method that requiresincreased inductance is compatible with a voltage source inverter controlled by
PWM and is called conventiona phase advance (CPA). The thyristor method is called DMIC. The
fractional-slot motor with concentrated windings, which is being explored as part of this task, has the
potential to make the PMSM motor compatible with CPA without external inductance and, if
successful, will make the PMSM an attractive option for applications requiring high CPSR. The
approach of this task was to model two PMSMs, one with the characteristic inductance that would
allow operation at infinite CPSR and a second with a higher value of inductance equal to the value
that was measured on the 6-kW fractional-slot motor with concentrated windings. Following this,
integration of the motor model with models of the CPA and DMIC inverters was performed to
explore their performance and find regions of performance where the cost-to-benefit ratio would
justify the additional cost of the thyristors required by DMIC.

e Reluctance control. When vector control is applied to field-weaken amotor for operation at high
CPSR the power and torgque equations have two terms. The prominent term involves the interaction of
the PM’ sflux linkages with the current in the coilsand is the PM torque. A second term involves the
difference between the stator inductance along an axis through the magnet, L4, and the stator
inductance along an axis displaced 90 electrical degrees, L4, and isthe reluctance torque. Rotors for
which L¢/L4 is greater than 1 are salient rotors, and the ratio is the saliency ratio. PMSMs with
surface-mounted motors have uniform inductance around their periphery, so the saliency ratiois 1,
which means they are non-salient. Laboratory measurements have indicated that the reluctance torque
for non-zero saliency motors can be significant. Thistask was initiated to seeif additional torque
could be obtained with a reluctance-assisted PM motor at low speeds while extending the CPSR
without sacrificing performance. If it is successful, less magnet material would be required, which
would lower the cost of the motor. The type of motor used in the study was an inset PM motor, which
embeds the magnetsin the rotor’ s silicon steel core so they are flush with the rotor surface. The
magnet fraction isthe ratio of the magnet pitch to the pole pitch. An early plot for afour-pole inset
PM exhibited a magnet fraction at which the reluctance torque passed through a maximum, which
was very close to where the total torque passed through a maximum. Encouraged by that result, this
task was initiated to examine the performance response of the reluctance-assisted inset PM motor as
the magnet fraction is varied.
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M ajor Accomplishments

Voltage Control

Reviewed the technology of boost converters with emphasis on the Z-source inverter, finding that
itisexcellent fuel cell vehicle (FCV) technology, whose present configuration does not migrate
naturally into conventional |CE-powered HEV configurations.

Presented the review and evaluation of the Z-source inverter in report ORNL/TM-2005/531.

Flux Control

Reviewed seven methods, two originating at ORNL and five presented in open literature, that
may be used to increase the CPSR of PMSM motors while they are in operation without reducing
their efficiency.

Presented the results in report ORNL/TM-2005/175.

Inductance Control

Collaborated with UWM in designing 6-kW and 30/55-kW fractional-slot PMSMs with
concentrated windings, which have potential to reduce material and assembly costs, increase slot
utilization, and increase inductance for optimal CPSR.

Built a 6-kW motor with concentrated windings and tested it at UWM to 4000 rpm.

Compared anaytical and measured results, which agreed reasonably well.

UWM prepared preliminary 30/55-kW motor designs with fractional-slot concentrated windings.
ORNL prepared preliminary 30/55-kW motor designs with integral slot windings, which will be
compared with UMW’ s fractional-slot designs.

Summarized and revised results in report ORNL/TM-2005/183.

Inverter Control

Developed an andytical per-phase fundamental frequency phasor model of a PMSM driven by
CPA, including winding resistance and rotational |osses.

Developed an analytical per-phase fundamental frequency phasor model of a PMSM driven by
DMIC, including winding resistance and rotational 1osses.

Developed an anaytical model for blocking losses and conduction losses in transistors, thyristors,
and diodes; for switching lossesin transistors; and for reverse recovery lossesin diodes and
thyristors.

Affirmed the analytical model with adetailed PSPICE time domain simulation showing that
results from the analytical model are sufficiently accurate for comparing the performance of
different motor/inverter combinations.

Applied the analytical model to two PMSMs, one with characteristic inductance, the lowest value
that allows infinite CPSR, and one with the much higher inductance equal to the value measured
on the 6-kW PMSM with fractional-slot concentrated windings to search for performance regions
at partial load and to quantify the improved efficiency.

Detailed resultsin report ORNL/TM-2005/184.

Reluctance Control

Completed a preliminary analysis to show the benefits derived from controlling reluctance in
PMSMs.

Applied SPEED software to analyze three configurations of interior PM motors (IPMs) to explore
the impact on the performance of varying the magnet fraction. The configurations included an
inset PM motor, an embedded V-shaped PM motor (type 4), and an embedded layered U-shaped
PM motor (type 6).

Applied the design equations of a reluctance motor to explore relations between variables and to
develop a methodology for determining values of parameters that would result in optimum
performance.

o The optimum number of turns per coil for maximum power delivery as afunction of speed.
o The optimum magnet fraction for power delivery as afunction of speed.

— Summarized resultsin report ORNL/TM-2005-185.

47



FY 2005 Progress Report Draft Power Electronics and Electric Machines

Technical Discussion

1. Voltage Control

HEVs are driven by at least two prime energy sources, such as an |CE and propulsion battery. For a
series HEV configuration, the ICE drives only a generator, which maintains the state-of-charge (SOC) of
propulsion and accessory batteries and drives the electric traction motor. For a parallel HEV
configuration, the ICE is mechanically connected to directly drive the wheels as well as the generator,
which likewise maintains the SOC of propulsion and accessory batteries and drives the electric traction
motor. Today the prime energy sourceis an ICE; tomorrow it may be afuel cell (FC). Use of the FC
eliminates a direct-drive capability, accentuating the importance of the battery charge and discharge
systems. In both systems, the electric traction motor may use the voltage directly from the batteries or
from a boost converter that raises the voltage. If low battery voltage is used directly, some special control
circuitry, such as DMIC, which adds a small cost, is necessary to drive the electric motor above base
speed. If high voltage is chosen for more efficient motor operation or for high-speed operation, the
propulsion battery voltage must be raised, which would require some type of two-quadrant bi-directional
chopper with an additional cost.

Two common dc-to-dc converters are (1) the transformer-based boost or buck converter, which
inverts adc voltage, feeds the resulting ac into a transformer to raise or lower the voltage, and rectifiesit
to complete the conversion; and (2) the inductor-based switch-mode boost or buck converter [17]. A
benefit of the transformer-based boost converter isthat it isolates the high voltage from the low voltage.
Usually the transformer is large, further increasing the cost. A useful feature of the switch-mode boost
converter isits simplicity. Itsinductor, which is responsible for its main cost, must handle the entire
current. The new Z-source inverter technology [18, 19] boosts voltage directly by actively using the zero
state time to boost the voltage. In the traditional PWM inverter, thistimeis used only to control the
average voltage by disconnecting the supply voltage from the motor. The purpose of this study is to
examine the Z-source’ s potential for reducing the cost and improving the reliability of FC HEVs.

The additiona cost of aboost converter adds a significant cost penalty to the control system.
Apparently this penalty has not discouraged the engineers at the Toyota Motor Corporation, because in
September 2003 Toyota introduced a second generation of the Toyota Hybrid System (THS 1), which
boasted a 50% improvement in motor power output [20], enabled by the use of atwo-quadrant bi-
directional chopper placed between the inverter’ s system voltage and the batteries’ output voltage.

Recently, a new power converter topology was introduced that modifies a standard voltage-fed or
current-fed PWM inverter and may be controlled to buck or boost not only dc-to-dc, but also dc-to-ac, ac-
to-dc, and ac-to-ac. It is caled a Z-source inverter [18, 19], and it adds a network of impedance to
eliminate the problem of shoot-through. Shoot-through, which shoots the supply voltage through an
inverter’s upper and lower semiconductor switches, destroys the switches. It must be prevented by time
delaysin the control circuit. The Z-source inverter actually uses shoot-through to boost the voltage.

The research objective of the Z-source inverter was to provide a monolithic inverter to connect an FC
with the traction drive of an HEV. The boost feature is essential for FC operation because the static
characterigtics of FCs exhibit more than a 30% reduction in the output voltage between no-load and full-
load current draw [21]. The buck feature in the opposite direction is needed because the storage batteries
SOC must be maintained.

Technology for the two traditional inverters, which are voltage-source inverters (V SIs) and current-
source inverters (CSls), has been advanced by the invention of the Z-source inverter, which employs an
impedance circuit to couple a power source to the input of an inverter [18, 19]. The Z-source inverter
provides a power conversion process that may be used to synthesize waveforms with voltages above and
below the source voltage. Its use eliminates the switch or switches required by a boost converter. It can be
applied to al dc-to-ac, ac-to-dc, ac-to-ac, and dc-to-dc power conversions.

Traditiona V SIsand CSIs have certain limitations not exhibited by the Z-source inverter. First, they
may either boost or buck the voltage, but not both. Second, fa se gating, which can be induced by
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electromagnetic interference (EMI), may cause shoot-through in a VS| or may cause an open inductor
circuit in aCSl, which will destroy the switches. Dead time for the VS| and overlap time for the CS|
causes waveform distortion.

Figure 1 shows a schematic of the basic Z-source converter. If an FC is used, the blocking diode has
the additional task of preventing current flow back into the FC in addition to its boosting function.

Blocking Diode |—1
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Figure 1. Field weakening and CPSR enhancement techniques.

As already mentioned, the Z-source inverter makes more complete use of the available operating time
of aPWM inverter. During traditional PWM, an active semiconductor switch is turned off to disconnect
the voltage source from the motor each time the magnitude of the triangular carrier voltage exceeds the
magnitude of the modulating wave. It is not turned back on until the carrier wave falls back below the
modulating wave. That time period is used by the traditional PWM inverter to synthes ze the average
voltage and may only allow the three upper switches or the three lower switches to be closed
simultaneoudly to synthesize the average voltage. If an upper and lower switch in the same phase are
closed, shoot-through occurs, which could destroy the switches in that phase. These two permitted states,
one with three upper switches on or one with three lower switches on, are called zero states and all they
do is create a path for the motor current when the supply is disconnected. Because of the two inductances
and two capacitors in the Z-source circuit, shoot-through is permitted, allowing double use of what was
formerly the zero vector time. Thistimeis used not only to control the average voltage but also to boost
the voltage.

There are two possible places to insert a propulsion battery in an FC-powered HEV driven by a
Z-source inverter. The configuration shown in Figure 2 has been studied and reported [22]. In it, a battery
isinserted in parallel with either one of the two Z-circuit capacitors because of circuit symmetry. The
capacitor must remain across the battery terminals to absorb ripple currents, which shorten the battery
life. Thus the battery must be a high-voltage battery whose voltage exceeds the FC voltage. The inverter
module may be operated in the same way as traditional inverters to maintain the battery SOC with excess
power from the FC and from regenerative braking. Furthermore, the high voltage across the propulsion
battery is sufficient to operate the compressor motor expansion unit, thereby eliminating the dc-dc boost
converter.
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Figure 2. Configuration of a Z-sourceinverter-driven FCV.

Although the Z-source inverter was developed in the search for a better FC drive system, it poses
questions when an attempt is made to apply its boost feature to atraditional 1CE-powered HEV. Figure 3
shows one such configuration. Attempts to apply the Z-source inverter to an ICE-powered HEV revealed
that Z-source technology does not migrate naturally into conventional |CE-powered HEV configurations.
First, the FC is replaced by alow-voltage propulsion battery, which does not have the dramatic voltage
drop exhibited by the FC as the |oad increases. Although the 200-V low-voltage propulsion battery in
Figure 3 can provide a secondary source of power, it cannot receive regenerated braking power from the
motor because of the intervening blocking diode required to isolate the 500-V link from the 200-V
battery. In this configuration, the only available regenerated power to maintain the battery SOC must pass
through the generator. Further, since the generator is connected to maintain the SOC on the secondary
energy propulsion battery, it incurs additional losses when in drive mode because current must pass
through the Z-source inverter’s blocking diode. If the generator were connected directly to the high-
voltage link, there would be no way to maintain the SOC on the propulsion battery, again because of the
intervening diode. This might be accommodated by switching the generator connection between the low-
voltage and high-voltage buses, depending upon whether it is charging or driving; however, this adds a
significant control complication and more hardware.

Further, as we explored the potential to replace the two-quadrant bi-directional chopper with the boost
technology of a Z-source inverter, we found a straightforward modular replacement is complicated by the
Z-circuit’ sintegration requirements. The problem is that the connecting lines must be very short to
prevent unacceptabl e inductance because the inductance cannot be easily compensated by snubber caps
without affecting shoot-through operation of the Z-source inverter. Consegquently, we conclude that, based
on today’ s understanding, a new bi-directional configuration of the Z-source inverter will be required for
usein ICE-powered HEVs.

One may compare the costs of the power build sections of each configuration. The power build
section contains the semiconductorsin the inverters that drive the motor and the generator; the
semiconductors in the boost converter or in the chopper; and the inductances needed by the chopper,
traditional boost converter, and Z-source inverter. These numbers are based on vendor quotes for 1000—
1999 units for three levels of semiconductor packs [23]. Current in conventional PWM motor inverters
and in traditional boost converters that feed PWM inverters requires 600-V/400-A dual packs at $269.60
each. Current in the starter/generator inverter drives and in the PWM inverter fed by a traditional boost
converter require only 600-V/200-A six packs at $240 each. Current in the Z-source inverters employed
600-V/300-A six packs at $308.88 each.
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Figure 3. A configuration of an |CE-powered HEV driven by a Z-sourceinverter.

Now we shall look at some cost comparisons for different power build sections. There is general
consensus among those who have studied the TH SlI that it is the current baseline with the most desirable
features. Its power build section estimated cost is $1392. The power build section’s estimated cost
difference between THS | and THS 11 is $343, which is an estimate of what Toyotawas willing to pay to
improve reliability and to deliver 50% more power without changing the motor/drive size. What stands
out isthe drop in cost of the power build section when FCs replace the ICE as the primary energy source.
The power build section of the FC-powered HEV with atraditional boost converter and a bi-directional
chopper, which is comparable to Toyota's THS |1 in function, costs about $996, which is $396 less than
the THS I1. Most notable, however, is the dramatic reduction of the power build section cost to $383 for
the FC-powered Z-source inverter with a high-voltage battery as a secondary energy source in parallel
with one of the two capacitors. This power build section cost is $666 below the THS | cost and $1009
below the THS |1 cost. Furthermore, it is $201 |ess than the power build section cost of the conventional
FC inverter, which isfed by atraditional boost converter.

The recent invention of the Z-source inverter provides a new technology that can eliminate the switch
in the traditional boost converter between the FC and the high-voltage dc link. It can also eliminate the
two additional switches between a moderate 200-V secondary energy storage voltage and a high 500-V
traction motor voltage similar to that used in the THS Il system. It eliminates al danger from shoot-
through, which short circuits the supply voltage through the inverter switches, destroying switchesin a
traditional inverter. Instead, it makes double use of the zero-state time to boost the voltage as well as
control the average voltage. Components introduced by the FC-powered Z-source inverter with a battery
replacing one of the capacitors over the traditional boost converter are two small inductors to replace one
large inductor with little cost difference. One less capacitor and one less switch are required.

The ICE or the FC must supply power to more than the traction motor. Hybrid ICEs and FCV's must
supply power to charge a 12/42-V auxiliary storage battery and a 200-V or 500-V secondary energy
storage system. The energy storage system supplements the power from the ICE or FC, allowing the
vehicle to deliver rated power during high-load conditions. If the Z-source inverter is applied to both
hybrid ICEs and FCV's, the challenge is to connect it to the power source without interfering with its
shoot-through boost operation.

51



FY 2005 Progress Report Draft Power Electronics and Electric Machines

2. Flux Control

Significant research at the ORNL Power Electronics and Electric Machinery Research Center
(PEEMRC) is being conducted to develop ways to increase (1) torque, (2) speed range, and (3) efficiency
of traction electric motors for HEVs and FCV s within existing current and voltage bounds. Current is
limited by the inverter semiconductor devices' capability; and voltage is limited by the stator wire
insulation’ s ability to withstand the maximum back-electromative force (emf), which occurs at the upper
end of the speed range.

One research track has been to explore ways to control the path and magnitude of magnetic flux while
the motor is operating. The phrase “real time flux control” (RTFC), refers to this mode of operation in
which system parameters are changed while the motor is operating to improve its performance and speed
range. RTFC has the potential to meet an increased torque demand by introducing additional flux through
the main air gap from an external source. It can augment the speed range by diverting flux away from the
main air gap to reduce back-emf at high speeds. Conventional RTFC technology is known as vector
control [3, 24]. Vector control decomposes the stator current into two components; one that produces
torque and a second that opposes (weakens) the magnetic field generated by the rotor, thereby requiring
more overall stator current and reducing the efficiency. Efficiency can be improved by selecting an RTFC
method that reduces the back-emf without increasing the average current. This favors methods that use
pulse currents or very low currents to achieve field weakening.

Foremost in ORNL’s effort to develop flux control is the work of J. S. Hsu. Early research [4]
introduced direct control of air-gap flux in PMSMs and demonstrated it with a flux-controlled generator.
The configuration eliminates the problem of demagnetization because it diverts all the flux from the
magnets instead of trying to opposeit. It isrobust and could be particularly useful for PM generators and
electric vehicle drives. Recent efforts have introduced a brushless machine that transfers a magneto-
motive (mmf) force generated by a stationary excitation coil to the rotor [5]. Although a conventional PM
machine may be field-weakened using vector control, the air-gap flux density cannot be effectively
enhanced. In Hsu's new machine, the magnetic field generated by the rotor’ s PM may be augmented by
the field from the stationery excitation coil and channeled with flux guides to its desired destination to
enhance the air-gap flux that produces torque. The magnetic field can a so be weakened by reversing the
current in the stationary excitation winding. A patent for advanced technology in this areais pending.

Severa additional RTFC methods have been discussed in open literature. These include methods of
changing the number of poles by magnetizing and demagnetizing the magnets' poles with pul ses of
current corresponding to direct-axis (d-axis) current of vector control [6], changing the number of stator
coils[8], and controlling the air gap [9]. Test experience has shown that the magnet strengths may vary
and weaken naturally as rotor temperature increases, suggesting that careful control of the rotor
temperature, which is no easy task, could yield another method of RTFC.

The purpose of this research was (1) to examine the interaction of rotor and stator flux with regard to
RTFC, (2) to review and summarize the status of RTFC technology, and (3) to compare and evaluate
methods for RTFC with respect to maturity, advantages and limitations, deployment difficulty, and
relative complexity.

Most approaches to extend the speed range of operation of PM motors focus on weakening the rotor’s
magnetic flux in order to decrease its contribution to the magnitude of the back-emf and thus allow for
power input and generation of stator magnetic field at higher speeds. This weakening may be
accomplished in several ways, as discussed in the following paragraphs.

Vector control

The traditional approach to field weakening is vector control, in which the effective rotor magnetic
flux is suppressed by controlling d-axis stator current to generate a magnetic field that directly opposes
and thereby weakens each PM’ s field. When this approach is used, one must be careful not to
demagnetize the PMs. If, in addition, higher torque must be maintained at high speed, extra quadrature-
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axis (g-axis) stator current must be supplied besides the current invested to suppress the rotor’s magnetic
field, which resultsin higher resistance |osses and lower efficiency.

Flux weakening in consequent pole gener ator

Research at ORNL [4] has produced a consequent pole generator with an external coil connected to
the stator. A schematic is shownin Figure 4. A consequent pole device replaces aternate magnetic poles
with ferromagnetic poles and doubles the thickness of the remaining magnets. The alternate poleis
induced in the ferromagnetic material as a consequence of the magnet. Current in the external coil
controls flux, allowing the consequent pole to aid, to do nothing, or to oppose the magnet flux during
generation of a back-emf. In Figure 4(b), flux in the external coil forcesthe magnet flux into the
consequent pole to aid the magnet as it generates the largest back-emf. In Figure 4(c), the external-flux
path accommodates the entire magnet flux, thus removing the consequent pole as the magnet generates a
back-emf of itstraditional equivalent. In Figure 4(d), the external path provides flux to oppose the
magnet, thereby reducing the back-emf to alow value. The external coil requires a small amount of
additional current, but it may be used with a conventional PWM inverter and it eliminates completely the
danger of demagnetizing the magnets. The only increase in complexity is a controller for the auxiliary
stator coil current.

———_— stor _
T armature without
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2 mmf preventing
PM (b) PM flux going
flux through this path

Figure 4. Axial-gap consequent pole generator weakened and strengthened by external coil.

High-strength undiffused brushless PM motor.

Another innovative approach at ORNL [5] employs an external-flux control coil that boosts the
magnetic flux at low speeds and weakensit at high speeds. For a conventional PM motor, the air-gap flux
density cannot be enhanced effectively, but it can be weakened; consequently, this approach addresses the
problem of reduced back-emf at low speeds as well as the problem of excessive back-emf at high speeds.
A schematic isshownin Figure 5.

The new machine is brushless because it transfers the mmf from the stationary excitation coil to the
rotor through two secondary air gaps, identified as“air gap” in Figure 5. In the new machine, the PM in
the rotor prevents magnetic-flux diffusion between the poles and guides the reluctance-flux path. The
pole-flux density in the air gap can be higher than what the PM alone can produce, thus resulting in a
machine with high magnetic strength. The higher magnetic strength manifestsitself in higher torque.
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Figure5. High-strength (magnetic) undiffused brushless axial-gap PM motor.

The axial flux produced by the dc excitation stator coil passes across the secondary air gap into the
center part of the rotor (green), into the pole face (green), across the main air gap into a stator tooth,
through the stator yoke to the adjacent tooth, back through the main gap into the rotor pole face (red),
radially outward through the secondary air gap, and back through the external coil housing to close the
flux path.

Magnetic polarization variation—memory motors

A fourth approach is to change the magnetization of the PMs by means of mmf pulses[6] so that the
strength of the rotor polesis changed at will while the motor is operating. This type of motor is avariable-
flux motor. If the magnets are demagnetized completely, the result is to decrease the number of poles.
This second type of motor is a pole-changing motor. Ostovic calls this motor a*“ memory motor” because
of its ability to memorize the flux-density level in the rotor magnets.

Figure 6 is a schematic of the memory motor. The magnets are polarized circumferentially and placed
in a consequent pole configuration. The magnetization of the PMs can be varied by a short-current pulse
and does not require a steady demagnetization current characteristic of vector control; consequently, its
efficiency is higher. The demagnetizing current flows through the stator windings, requiring no special
current source. The memory motor combines the advantages of awound rotor, with its variable flux, and
aPM motor with no excitation losses, whose benefits suggest it may be a candidate for an HEV traction
drive.
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Figure6. Variable flux PM motor—memory motor.

Magnetic strength variation—ther mal field weakening

A fifth approach could be to control the strength of the PMs by actively or passively regulating their
temperature below the material’ s maximum service temperature so that permanent demagnetization will
not occur [7]. The effect of thermal field weakening has been observed during PM motor testing by a
reduction in the field weakening current required to maintain operation as the speed increases. The total
current isthe square root of the d-axis (field weakening) current squared plus g-axis current squared. The
reduction in total current observed during the test is aresult of the lower d-axis current. The anticipated
result is higher efficiency.

Changing number of stator turns per coil

Relationships between stator current and stator-magnetic flux, as well as between rotor flux and back-
emf, are usually considered fixed by construction; but thisis an unnecessary constraint. A reduction in
back-emf reduces the wasted current required to weaken the rotor magnet’ s field; consequently, another
approach for RTFC is to decrease the back-emf during operation by reducing the number of turns per cail
involved in the energy conversion.

Changing the number of turns per coil can be done by (1) physically changing the number of active
turns, (2) changing the turn-to-flux link factor, or (3) changing the number of poles. We have already seen
how the memory motor can change the number of poles by demagnetizing the magnets. Changing the
number of turns may be accomplished by using winding taps with two rectifiers and two switches [8].

For illustration, the speed dependence of the maximum power output for atypical IPM motor with a
hypothetical capability to change the number of turns at will is shown in the figures below. Figure 7(a)
shows how the base speed, peak power, power, current, and speed ranges grow as the number of turnsis
reduced from 9 to 5. Figure 7(b) shows the limit power curves for aturn-switching scheme focused on
maximum power generation.

We now discuss the methodology for maximizing power delivery with respect to the number of turns
per coil. It is representative of the approach that will be used for optimization with respect to other motor
parameters.

A reduction in the effective number of turns per coil, Ns, decreases the electrical inductance, L=N2
L,, and ohmic resistance, R = Ng Ry, where L; and R; are the inductance and resistance, respectively, of a
coil comprising one single turn. This approach will result in higher currents for the same voltage levels
and in enhanced efficiencies. The following discussion explains how the equation may be derived for the
number of turns per coil that will deliver maximum power as afunction of angular frequency.
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Figure 7. Using the number of turnsper dot to control CPSR.

56



Power Electronics and Electric Machines Draft FY 2005 Progress Report

As shown in Figure 7(a), the number of turns per coil that produces maximum power changes
inversely with speed. Analytical determination of the number of turns that delivers maximum power as a
function of frequency begins with

P= P(a,NS,a),Ld,Lq,¢,R,V) ,

where
a isthe advance angle (the angle between the voltage and the current)
Ns isthe number of turns per coil
w istherotational frequency, radiang/s
Ly isthed-axisinductance, H
L4 isthe d-axisinductance of asingle turn, H
Ly istheg-axisinductance, H
Ly isthe g-axisinductance of asingle turn, H
@ istheflux, V-s
R istheresistance, ohms
V isthe supply voltage

The equation, P / da = 0, is solved for the advance angle that delivers maximum power. The result

(R— L wj
a = arctan| ——4— | 1)

L,w

is

The advance angle is afunction of Ns because R= NsR;, Lq = stqu, and Ly = NPLy; consequently, o
as afunction of Nissubstituted into Eq. (1) and the equation,

IP(ef N, },N,,@,Ly,L,,8,RV )/ N, =0, ©

issolved for Ns. As part of its modeling effort, ORNL has numerically obtained the solution for the
number of turns that will achieve maximum power delivery.

Air-gap variation

A seventh approach to weaken the magnetic field is to mechanically increase the air gap. This
technique increases the rel uctance, which weakens the field by reducing the magnet’ s flux. The concept
demands precise control and requires energy to move the rotor whileit is spinning. Axial-gap motors with
one stator are better suited for this type of control than radial-gap motors, becauseit is easier to control
the distance between two flat paralel planes than to control the distance between two low-angle cones.
For example, a0.005-in. gap increase of an axial-gap motor requires the rotor to be moved along the axis
of rotation by 0.005 in., while a radial-gap motor with a 1° cone requires the rotor to be moved along the
axis of rotation by 0.286 in. For example, a2° cone requires a 0.143-in. axial movement to achieve a gap
increase of 0.005 in. Oh and Emadi have applied this method at the Illinois Institute of Technology to
improve the efficiency and operating range of wheel motors[9].

In summary, seven methods of RTFC to increase the speed range while maintaining the efficiency of
aPMSM are discussed. Conventional vector control maintains a torque producing quadrature current, ig,
and a magnet field-weakening d-axis current, i4. The component of the dc d-axis current must be
maintained during operation at high speed and results in increased stator current resistance losses with the
accompanying loss in efficiency. Vector control iswell established and allows speed range extension by
flux weakening. It does require an expensive absolute encoder and fast control agorithms. In general,
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efficiency considerations make those methods of flux control that require temporary intervention or
pulses preferable to those requiring continuous action during operation. The most attractive method of
RTFC isthe pole number change. This has the potential to enhance vector control because it would
perform the same current decomposition to form a d-axis current pulse that would demagneti ze magnet(s)
as operation at high speed begins and re-magnetize magnet(s) as high speed operation ceases. Asthe
speed of a PM motor increases, the number of turns per coil must be reduced to achieve peak power
delivery. Reducing the number of turns per coil is aso a method of reducing the back-emf to accomplish
RTFC. Its benefits are additional power as well as higher-speed operation. Another attractive but
complicated method of RTFC is the coil number change, which would have to be used in conjunction
with the pole number change because the ratio of coilsto poles must remain constant. A number of papers
have discussed changing the coil number for an induction motor, which automatically induces fewer poles
when the number of coilsis reduced. For a PM motor, the number of magnet poles may only be reduced
by demagnetization. Mechanical RTFC, such as variable-gap control, can work for an axial-gap PM
motor, but it is much more difficult for aradia-gap motor because of the requirement that the gap be
precisely controlled by axial motion of a conical rotor. The usual problem remains of energy expended as
the gap is opened and closed to accomplish field weakening.

To date, most of the efforts have focused on changing magnetic-flux-flow paths. We feel that the
aternatives, which change the magnet properties or number of turns, should be examined for applicability
to FreedomCAR machine targets.

3. Inductance Control

High-power density and efficiency resulting from elimination of rotor windings and reduced
magnetic-flux losses have made the rare earth PM motor aleading candidate for DOE’ s Office of
FreedomCAR and V ehicle Technol ogies traction drive motor. These traction drives are generally
powered by radial-gap motors, having the magnets on or embedded in arotating cylinder separated from
the inside surface of a dotted cylindrica stator by an annular gap. The two main types of radial-gap PM
rotors are those with magnets mounted on the surface of a supporting back iron, called SPM motors, and
those with magnets mounted in dotsin the rotor, called IPM motors.

Most early PM motor research was on the SPM motor, which was thought to have an inherently low
stator inductance. A low stator inductance can lead to currents dangerously exceeding rated current as the
back-emf across the inductance increases with speed; consequently, part of the attempted solution has
been to increase the stator inductance to reduce the rate of current rise. Although analysis suggested that
there should be no problem designing sufficiently high stator inductance into SPMs, attempts to do so
were often not successful; and a motor design was sought that would have a higher intrinsic inductance.

Commercia research at Toyota has focused on IPM motors because they possess a high saliency
ratio, which helps them operate over a high CPSR; but they are more difficult to fabricate. ORNL's
position has been to continue research on brushless direct current motors because of ease of fabrication
and increased power output.

Recently there has been areviva of interest in afractional-slot PMSMs [12] made with concentrated
windings because they possess three important features. First, they can increase the motor's inductance
sufficiently to reduce the characteristic current to the value of the rated current, which will enable them to
operate at high CPSR. This feature also limits short-circuit fault currents. Second, their segmented
structure simplifies assembly problems and is expected to reduce assembly costs. Third, the back-emf
waveform is nearly sinusoidal with low cogging.

In the 1980s, Sneyers, Novotny, and Lipo [25] first investigated the viability of IPM motors as
traction devices and were followed in 1987 by Jahns [10]. Then Schiferl and Lipo [26] in 1990 devel oped

the criterion for optimal field-weakening, which is expressed by the equation, |4, = % , Where I isthe

d
characteristic current, v, isthe magnet’s flux linkages, and L is the inductance. The importance of I, is
summarized by the statement, “If alossless motor is designed such that its rated current is equal to the
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characteristic current, it will have an infinite CPSR.” The seminal paper was that of Soong and Miller
[27]. In this paper they normalized the parameters of the motor and introduced the concept of the IPM
parameter plane. For the SPM motor, they chose as a design parameter the normalized flux linkage, Wmn.
For optimal performance defined to allow infinite CPSR, this value must be y,,,=1/ 2. Furthermore, they
state that present-day (1980s) SPM motors have values of v, between 0.83 and 0.96. Adnanes and
Undeland [28] perform a similar normalization but choose X, the normalized d-axis reactance, as their
parameter. For the SPM motor, the optimal valueis again Xs=1/ 2. They further state that Xsistypically
in the range of 0.3-0.35. Both papers concentrate on |PM motors and present-day research efforts have
followed thistrend. While neither paper states that an optimum SPM value cannot be obtained, the
general thinking has been that, (1) since the magnet is the only source of air-gap flux density, y, must be
large; and (2) since the magnet acts like an additional air gap, the d-axis inductance must be low.
However, the SPM motor is much easier to manufacture than the IPM motor, and research efforts at
ORNL have continued with the emphasis on techniques for increasing L4 of SPMs.

To examine this design in depth, ORNL entered into a collaborative agreement with UWM to build
and test a 6-kW laboratory demonstration unit. Design, fabrication, and testing of the unit to 4000 rpm
were completed during FY 2005. The motor will be sent to ORNL to explore ways to control itsinverter
to achieve higher efficiency during FY 2006.

To review coil parameters, recall that each coil, which has two sides and two ends, is rectangular,
with opposite sides referred to as side 1 and side 2 lying in two slots whose angular separation is the coil
pitch, ,. This angular separation may be defined in mechanical radians, o, or more usefully in electrical
radians, e, Where o, = o, p and p is the number of pole pairs. The angular separation of the two sides
determines if the winding isinteger-slot or fractional-slot. Angular separation of opposite sides of the coil
is referenced to the angular width of one magnet pole so that the word “fractional” in the term “fractional-
dot” means the fraction of a magnet covered by the coail.

An important parameter is the number of slots per pole per phase, Ngy. If there are 24 slots, 4 poles
and 3 phases Ng,,=2 and, since this parameter is an integer, we refer to the winding as an integral-slot
winding. Typicaly, these motors have double-layer windings, meaning that each slot will contain cail
sides from two different coils; consequently, there are as many coils as slots. This motor could be wound
asasingle-layer winding with only 12 coils each wound in slots 180° apart, but there are advantagesto
the double layer.

PMSMs have sinusoidal back-emfs and thus must have sinusoidal distributed windings. The two
choices are (1) full pitch, or (2) fractional pitch, often termed “short chorded” because the chord
connecting coil side 1 and coil side 2 is shorter than one required to cross a complete magnet pole. A
fractional-pitch winding is determined by the ratio of the coil span to the magnet span. If thisratio is
unity, the winding isfull pitch; and if theratio isless than unity, the winding isfractiona pitch (short
chorded). If thisratio isless than unity, the back-emf will be decreased.

Itiswell known that a fractional-slot winding has the advantage of behaving as a winding with many
slots per pole per phase [29], thus reducing the distribution factors of the harmonics. Liwschitz [30] has
devel oped the distribution and pitch factors of the harmonics of fractional-slot windings. However, these
windings were developed for standard ac machines.

With the emergence of the PMSM with IPMs, the sinusoidal -distributed winding became the winding
of choice. However, it was recognized that there were disadvantages [11] that increased the costsin the
manufacturing process. The stator became a prime target for cost reduction efforts and concentrated coils
[11], where each coil is wound around one tooth, became a viable candidate by allowing segmented stator
poles and a high dot fill factor (70% compared with 50%). Figure 8 shows the different winding
configurations.
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Figure 8. Concentrated winding configurations.

During this time frame, the electromagnetic design and performance characteristics of PMSMswith
surface-mounted magnets and concentrated windings were presented in two papers [31, 32]. Two
important observations are evident:

(1) There are combinations of slots and poles that allow a fractional-slot concentrated winding to have a

high-winding factor and a balanced three-phase output (Table 1 of [31]).

(2) A characteristic of concentrated windings [32] is that they generate both odd and even mmf waves,
which leads to increased leakage inductance. This would also increase the d-axis inductance, Lg, and
hence the CPSR of the motor.

The major conclusion of this paper was that SPM machines could be designed to achieve optimal
flux-weakening conditions by introducing concentrated fractional-slot stator windings. By optimal
conditions, it is meant that the d-axis inductance, Lg, for infinite CPSR can be achieved.

As of thistime frame, there were no previous publications that describe specific design techniques for
applying such windings to achieve optimal flux-weakening conditionsin SPM machines. This need was
then met by El-Refaie and Jahns [12] of the University of Wisconsin when they developed a design
technique and applied it to the design of a 36-slot, 42-pole PMSM with fractional-slot concentrated
winding and surface-mounted magnets. The results showed promise as a candidate for the FCVT
program, and ORNL entered into collaboration with the University of Wisconsin to build and test a 6-kW,
36-5l0t/30-pole PMSM with SPM's and concentrated fractional-slot windings. ORNL modeled the motor
using SPEED software in order to verify its performance against the UWM test data.

The 6-kW, 36-dlot/30-pole concentrated winding fraction-slot motor has now completed its
verification testing cycles, and both the results and the analytical techniques used in the design are
published [12]. The basic repeating unit of the SPM machine is shown in Figure 9.

The design data and calculated parameters are summarized in Tables 1-5. The analytical and
experiment results of the verification tests are shownin Table 6.
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Figure 9. Basic repeating unit of the 6-kW SPM motor
with fractional-dlot concentrated windings[12].

Table 1. Stator dimensions and winding data for the 36-slot/
30-pole SPM machine [12]

Number of dots 36 Number of poles 30
Number of phases 3 Slots/pole/phase 2/5
Seriesturns 108 Number of turng/coil 18
Number of coils 6 Number of parallel 1
paths
Outer diameter 280 [mm] Active length 60 [mm]
Totd length 72 [mm] Slot fill factor 35%

Slot opening width 2 [mm] Slot bottom width 10[ mm]
Slot top width 14.6[mm] | Slot opening height | 3[mm]
Slot height 25.4 [mm] Back iron depth 9 [mm)]
Tooth width 11.4 [mm] Phase resistance 63[mQ]

Table 2. Rotor dimensionsfor the 36-d0t/30-pole
SPM machine [12]

Rotor outer 88.6 Magnet outer
radius [mm] radius 101.6 [mm]
. 63.6 Air gap
Inner radius [mm] thickness 1 [mm]
Magnet 0
depth 13 [mm] Magnet span | 11.4° [mech]

Table 3. Calculated inductances for the 36-dot/30-pole
SPM machine [12]

Sdlf inductance Mutual inductance
(including harmonic | 225[uH] | (including ~0
leakage) harmonic leakage)

Self slot leakage Mutual slot
inductance 805[uH] leakage inductance -0
Total self Net mutual
inductance 1.03[mH] inductance 0
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Table 4. Calculated current and magnet parametersfor the 36-dot/30-pole SPM machine [12]

Magnet remanent flux 0.55[Tedla] @ 100°C | Magnet relative permesability, 199
density, B, e )
RMSPM flux linkage, ¥, | 34.8 [MWind F“ﬂ?‘yﬂ/‘ﬁr acteristic current, 33.8 [Amd
ch— d
RMS rated current, I 43 [Armg E'I”h’ﬁweake”' ng index FWI 0.79
—1cl R
Copper current density 7 [Armdmm?] Air-gap shear stress 3.1[psi] =21 [kPa]
Table 5. Breakdown of material massfor the 36-slot/30-pole
SPM machine[12]
Copper mass 2.8 [kq] Iron mass 12.6 [kq]
Magnet mass 3.6 [kq] Total mass 19 [kq]
Table 6. Verification test results[12]
100% load I:)out/ Pin
rpm mech rad/s lq lq | Viorae  Pn=3Vpnase | Tout Pout Eff
Amps | Amps Amps Volts  Volt-amps N-m Watts %
800 83.78 43.0 0.0 43 85.0 10965 60 4901 86.0 447

2000 209.44 216 -26.7 343 877 9035.675 305 6392 910 70.74
3000 314.16 144 | -265 302 @ 877 7935.028 204 6415 920 80.84
4000 418.88 108  -264 285 @ 877 7504.579 153 6404 919 85.33

Experimental

800 83.78 43.0 0.0 43 81.0 10449 64 5400 84.0 51.68
2000 209.44 248 -269 36.6 89.0 9768.88 29 6075 90.3 6219
3000 314.16 184 | -146 235 910 6412.421 194 6099 900 9511
4000 418.88 166  -149 223 @ 910 6089.614 147 6146 917 100.9

It is noteworthy that bonded neodymium-iron-boron magnets were used to minimize eddy-current
losses in the magnets. Because of itsrelatively low B, (0.55T) and relative permeability u, (1.22), its
length of 13 mm islarge compared with that of an induction motor (IM). Also unlike IMs, the dot-
leakage inductance was almost afactor of four higher than the self inductance.

The important result is shown in Table 4 which shows the flux-weakening index, FWI = 1./1,=0.79.
This means the d-axis inductance, Ly, is higher than the optimal value so that the rated current is smaller
than the characteristic current; however, as seenin Table 7 and in [13], the motor met its design goal of
CPSR = 6.

We now compare the results with the results of the ORNL calculations, which employ the SPEED
software. The motor as represented in the SPEED program is shown in Figure 10. Each of the 18 coilsis
wrapped around a separate tooth, and each slot has only one coil side inserted. Figure 11 is the winding
diagram for one phase.
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Figure 10. Configuration of the ORNL model of a 6 kW fractional-
slot PM SM motor made with concentrated windings.

WdgType | Custom
TC 18
Balwdg true
Offset 8
Phase _ 1

Figure 11. One phase of the coil winding configuration for the ORNL model
of a6 kW fractional-dot PMSM motor with concentrated windings.
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Calculations by UWM and ORNL for the 6-kW fractional-slot motor with concentrated windings are
compared in Table 7.

Table 7. Comparison of 6 kW fractional-slot motor analyses

Parameters per phase Wisconsin ORNL (SPEED software)
Gap inductance 0.225 mH 0.293 mH
Slot inductance 0.805 mH 0.767 mH
End-turn inductance — 0.04 mH
Total stator inductance 1.03mh 1.1 mh
Resistance 0.063 mQ 0.047 mQ
Back-emf 41.87 rms volts 55.75 rms volts

The most significant deviation is the 33% difference in the back-emf. In discussions with UWM, it
was determined that SPEED uses a one-dimensional analysisto model the air-gap flux density, whereas
UWM uses the technique of Zhu [33], which is based on atwo-dimensional solution of LaPlace’'s
equation. Using this technique, the back-emf of Figure 12 was generated.
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Figure 12. Peak back-emf per phase of 6 kW motor at 800 rpm.

From its harmonic content, shown in Figure 13, the fundamental rms back-emf per phase at 800 rpm
becomes, E =64/ /2 = 45/"™_ which agrees well with the UWM value of 41.9 V .

phase !

In general, there is good correlation between the ORNL and UWM analyses and the actual motor
response. The 6-kW motor, as analyzed in the SPEED program, can be approximately modeled by the
circuit of Figure 14. The winding resistances differ, but they do not dramatically affect the results.

Slotting influences the magnetic field in two ways. First, it reduces the total flux per pole and
increases the effective air gap. This effect is accounted for by the Carter Coefficient, k.. It also affects the
distributions of the flux in both the air gap and the magnets. To account for the second effect, the Fourier
permeance function, A(0), isintroduced in Figure 15. The back-emf is then multiplied by this function to
obtain the corrected back-emf.
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Figure 13. Har monic content in back-emf of 6 kW motor at 800 rpm.
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Figure 14. Per-phase equivalent circuit of 6 kW motor.
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4. Inverter Control

It iswell known that the ability of the PMSM to operate over awide CPSR is dependent upon the
machine inductance [15, 16, 28, 29, 34]. Early approaches for extending CPSR operation included adding
supplementary inductance in series with the motor [15] and the use of anti-parallel thyrsistor pairsin
series with the motor phase windings [16]. The increased inductance method is compatible with aV Sl
controlled by PWM, which is called CPA. The thyristor method has been called DMIC. Neither of these
techniques has met with wide acceptance since they both add cost to the drive system and have not been
shown to have an attractive cost/benefit ratio. Recently, a method has been devel oped to use fractional -
dot concentrated windings to significantly increase the machine inductance [12]. This latest approach has
the potential to make the PMSM compatible with CPA without supplemental external inductance. If the
performance of such adrive is acceptable, then the method may make the PMSM an attractive option for
traction applications requiring awide CPSR.

A 30-pole, 6-kW, 6000-maximum-rpm prototype of the fractional slot PMSM design has been
developed [35]. This machine has significantly more inductance than istypical of regular PMSMs. The
prototype isto be delivered in late 2005 to ORNL for testing and development of a suitable controller. In
advance of the test/control development effort, ORNL has used the PMSM models devel oped over a
number of previous studies to evaluate the steady state performance of high-inductance PMSM machines
with aview toward control issues. The detailed steady state model developed includes al motor and
inverter loss mechanisms and will be useful in ng the performance of the dynamic controller to be
developed in future work.

The main problem found with high-inductance machines driven by CPA is that the motor current at
high speed depends solely on machine parameters and is virtually independent of load level and the dc
supply voltage. Thus the motor current is virtually the same at no load as at full load, resulting in poor
efficiency at lessthan full-load conditions. DMIC is shown to produce a motor current at high speed that
is proportiona to load and has the potential to maintain high efficiency at full- and partial-load conditions
[14]. However, an important concern with DMIC is found to be the reverse recovery losses of the
thyristors at high speed. Because the turn-off of the thyristorsin DMIC is naturally soft, it is possible that
economical converter-grade components can be used, provided the fundamental switching frequency is
about 1 kHz or less. The high pole count (30 poles) of the prototype motor resultsin afundamental rate of
1.5 kHz at atop speed of 6,000 rpm and resultsin substantial recovery lossesin the thyristors. The reverse
recovery losses can be reduced by using inverter-grade components, which are available but cost more.
The cost and additional losses associated with the thyristors used in DMIC may be offset by efficiency
enhancements.

Another significant issue regarding high-inductance PM SM's uncovered in this study involves the
amount of inductance required to meet CPSR regquirements. It is generally believed that thereis an
“optimal value” for field weakening given by

3)

where E, isthe rms magnitude of the line-to-neutral back-emf at base speed, €2, is the base speed in

electrical radians per second, and |, isthe rms current rating of the motor windings. The prototype

machine that is to be delivered to ORNL has about 1.7 times more inductance than was cal culated using
the original design eguations. The inventors of the fractional slot concentrated winding method, and

devel opers of the prototype machine, remarked that they were “too successful” in incorporating
inductance into their machine and that steps would be taken to modify the design methodology to reduce
the inductance to the optimum value. This study will show a significant advantage of having the higher
inductance rather than the “optimal” value. Specificaly, it is shown that the higher inductance enables the
motor to develop the required power at lower current, thereby reducing motor and inverter losses and
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improving efficiency. While an inductance higher than the value cited above is warranted, it still does not
make the motor current proportional to load. Conseguently, the problem of low efficiency at high speed
and less than full load is not resolved.

A final point uncovered in this study concerns the dc supply voltage that provides the underlying
source for the traction drive. A common definition of “base speed” is the speed at which the voltage
applied to the motor armature is equal to the magnitude of the back-emf. The resultsin this study indicate
that the dc supply voltage should be adequate to drive rated current into the motor winding at the
specified base speed. At aminimum, this requires sufficient voltage to overcome not only the back-emf
but also the voltage drop across the internal impedance of the machine. For a high-inductance PMSM, the
internal impedance at base speed can be considerable, and substantial additional voltage is required to
overcome the internal voltage drop. It is further shown that even more voltage than the minimum required
for injecting rated current at base speed can be beneficial. In particular, this allows the required power to
be developed at lower current, thereby reducing lossesin the motor and in the inverter components.
Further, it is shown that the current is minimized at a unique speed that varies with voltage.
Conseguently, there may be room for optimization. For example, if the drive spends a substantial amount
of its operating life in the vicinity of one-half of maximum speed, then it can be desirable to choose adc
supply voltage that causes the motor current to achieve its minimum value at half full speed.

The findings of this study are demonstrated on two example motors whose parameters are givenin
Table 8. Motor 2 is patterned after the high-inductance prototype that isto be delivered to ORNL.

Motor 1 has the characteristic inductance value as indicated by the formula above. The parameters of the
two cases areidentical except for the winding inductance. The parametersin Table 8 were taken from
ref. [13].

The detailed technical assessment of Motor 1 and Motor 2 includes the evaluation of losses, not only
in the motor but aso in the inverter. The motor losses are in the copper resistance and the speed-sensitive
rotational losses. The transistorsin the inverter are typically controlled by sinusoidal PWM. A detailed
PSPICE simulator is available to analyze the performance of the PMSM controlled by PWM when
operating at constant speed. A simplified per-phase fundamental frequency model validated and used for
this study is shown in Figure 16. It is a phasor model of the motor drive at a selectable but constant speed.

In the per phase model of Figure 16, the phasor V represents the fundamental frequency line-to-
neutral voltage applied to the motor by the inverter. V isthe rms magnitude and J istheinverter lead

angle. Phasor E represents the phase-to-neutral motor back-emf and is chosen as the reference phasor,

such that the angle of E iszero.
Neglecting the armature resistance, the phasor current of the motor is

T = Vi g 54 i {E—Vﬂcosﬁ}
X, nX : (4)

nXx, b NX,
=1, +jl,

where L is the torque producing component of current in phase with the back-emf. This component is

like the g-axis current in the d-g model. g isthe component of current that is orthogonal to the back-emf
and resultsin no net torque production. Thisis the field weakening component of current and is like the d-
axiscurrent in the d-qg model. The total motor current has an rms magnitude of
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Table 8. Parameters of Motor 1 and Motor 2

nX,

Parameter Motor 1 Motor 2
Number of poles 30 30
Base speed 900 rpm 900 rpm
Top speed 6000 rpm 6000 rpm
CPSR requirement 6.667:1 6.667:1
Back-emf magnitude at base speed, E, 46.5 @ 900 rpm 46.5 @ 900 rpm
(root-mean-square (rms) volts per phase)
Voltage constant, K, 0.03289 0.03289
(rms volts per elec. rad/sec)
Rated power 6 kW 6 kW
Rated torque 63.66 Nm 63.66 Nm
Rated rms current 43.0 A 43.0A
Resistance per phase 71 mQ 71 mQ
Inductance per phase 765 uH 1300 pH
Rotational losses P, (N) @ n = rpm/900
1000 rpm (n=1.11) 8.3W 8.3W
2000 rpm (n = 2.22) 33.3W 33.3W
3000 rpm (n = 3.33) 7B5W 75W
4000 rpm (n = 4.44) 133.3W 133.3W
5000 rpm (n = 5.56) 208.3 W 208.3W
6000 rpm (n = 6.67) 300 W 300 W

ORNL 2002-03422/jcn

I

+
C.)é:Eejc'

Figure 16. Fundamental frequency model of per-phase of a PM SM.
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The total power injected into the motor by the inverter is

—3Re(V 1) = r;szb | (6)

while the total power converted by the motor is

P, =3Re(El )= Ymb gp 5

Xy : (7
=P, Sno
where
Pmax — 3Vmax Eb
X, ®

is the maximum power that can possibly be converted, which corresponds to the lead angle being 90° .
Since we have neglected the winding resistance, P, equals P, and the common value is

P =P :Msiné‘
X, : ©)
=P Snd

This expression shows that it is easy to control the motor to deliver rated power above base speed. All
that is necessary isthat theinverter lead angle, o, be held fixed at that value that causes P,, to be equal to

the rated value, P, so that
5=sin| 2ofe_
a/max Eb

=cos™ (ij
Vmax

Observe that, as the speed becomes unbounded, the motor current magnitude approaches a limiting value
given by

(10)

liml, _Ilmvmaxsin§:0
N—oo n—>oonx
liml, =lim 5—V’“—""xcos6 5.6 : (11
e o= X nX, X, QL
2 1n(n-2)E?
IimI:Iim\/Vmax (n-2)&, 5.5 =l oy
R o nX, X, QL

The limiting rms current magnitude is called the “ characteristic current” [12] denoted as |, .
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The following information is for DMIC operation of aPMSM. A recent paper [14] used a
fundamental frequency model to analyze the performance of the sinusoidal back-emf PMSM drivenin
constant power mode by DMIC. Theinverter includes a common three-phase voltage source inverter
supplemented with an alternating current (ac) voltage controller between the inverter output and the
motor. The ac voltage controller consists of three pairs of anti-parallel SCRs as shown in Figure 17. Each
SCR pair isafull ac switch. In steady state, the fundamental frequency components of the voltage across
and current through the switch are 90° out of phase, reflecting the losd ess behavior of the switch and
giving rise to an “equivalent reactance” interpretation of the SCRs. On a per-phase basis, afundamental
frequency phasor model has the form shown in Figure 18 with winding resistance and rotational 1osses

neglected. In the figure, the parameter Kiny Is the equivalent reactance of an SCR pair.

| Voltaoe Source Inverter |
AC Voltage

Permanent Magnet
Controller Synchronous Motor
_/% A
—>F . )
L

A

Figure 17. DMIC inverter topology.

thhy jan

Figure 18. Per-phase fundamental frequency phasor model for
constant power mode.

Asnoted in [14], the equiva ent reactance of the ac switch is not constant but varies with the firing
angle of the SCRs. The firing angle of the SCRs a so controls the devel oped power of the motor. Since
the equivalent reactance of the switch varies with the devel oped power, one cannot infer that the
equivalent reactance interpretation can be extended to a fixed equivalent inductance that isin series with
the motor winding. The total reactance presented to the inverter is the sum of the thyristor reactance and
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Xy +NX .
the motor reactance, ~ "V b Thus no matter how small the machine reactance may happen to be, the

thyristor reactance can be adjusted, through firing angle control, to make the motor behave as though it
were a high-reactance machine. Thisiswhy the DMIC achieves an infinite CPSR even when the motor
inductance is less, even substantially less, than the minimum required to be driven by CPA.

The inverter lead angle depends on the dc supply voltage and the devel oped power and is found to be

5:sin‘1( XoP j
3/mabe (12)

and the resulting rms motor current at speed, n, is

L JV2, -2V, E, cosé + nE?

X (13)

Note that at any finite speed the rms current depends, at least to some degree, on dc supply voltage
through the dependence on V_, , on the developed power through the dependence on ', and on motor

parameters, E and X, . However, at high speed, the rms current approaches the “ characteristic current”
given by

im=5-5 (14)
e X, QL

The characteristic current for DMIC operation depends only on motor parameters.

It may be shown that the phase quadrature component of motor current is

xp Y
nE, -V, \/1— (j
- 3nEV, .. . (15)

) X

Differentiating |, with respect to X , setting the derivative equal to zero, and solving for the current
minimizing reactance, X, yields
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(16)

This equation for X*thy clearly shows that no fixed inductance can provide the same effect as the thyristors
in the DMIC inverter.

The model was applied to the two motors. Figure 19 shows that providing additional dc supply
voltage beyond the minimum needed to support base speed condition is beneficial in reducing motor
current and therefore reducing motor copper losses. In the inverter, there may be someincreasein
switching and reverse recovery losses as aresult of the additional supply voltage; but there will be
reductionsin conduction losses that are at |east proportional to the reduction in current if not more. Since
the conduction losses are typically the main inverter loss mechanism, the inverter losses will also decline
with higher supply voltage.
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Figure 19. RM Smotor current vs. power output during high-speed operation of Motor 1
with 146.1-V and 203.7-V dc supply voltages, when driven by CPA or by DMIC.
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Figure 20 shows the high-speed current magnitude control capability of CPA and DMIC for Motor 1
and Motor 2 when both machines operate from a 203.8-V dc supply. Figure 20, however, shows the

added benefit of having an inductance that is greater than the “optimal” value of L_ . Recall that the
inductance of Motor 1isexactly L_, 765 uH , while Motor 2 has significantly more inductance

(1300 uH ). Comparing the two figures, it can be observed that when the motor is driven by CPA, the

higher inductance resultsin alower current magnitude at any given speed and power level, thereby
improving efficiency. Also note that for the high-inductance machine, the curves for the various speeds
shown—1800, 3600, and 6000 rpm—are much closer to the performance of the DMIC-driven motor,
which has a single curve describing all operating speeds greater than 1800 rpm. While the performance
with CPA is closer to DMIC for a high-inductance machine, the current with the DMIC driveis aways at
least as low as with the CPA; therefore, DMIC should have an efficiency advantage, especially at high
speed and less than full load. Although not shown here, afurther increase in dc supply voltage, for
example from 203.7 to 250 V, would further reduce the motor current with DMIC but would have very
modest impact on the CPA drive. Figure 20 clearly indicates that it may be very advantageous to have an

inductance greater thanL_ . Thusit is difficult to accept L_ asan “optimum” design target for traction
drives.
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Figure20. RM Smotor current vs. power output during high-speed operation
of Maotor 1 and Motor 2 with 203.7 V dc supply.

Theresultsin this section highlight the key difference between CPA and DMIC with respect to motor
current magnitude control during high-speed operation. At high speed, the rms motor currents for the two
different PMSM motor control methods approach

E,_ E,
I = ="
CPA X, QL
(17)
P 7P
Iomic = 3V = 3\/5\/
max dc
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The motor current at high speed with CPA is the characteristic current that depends only on motor
parameters. If the motor inductance is sufficiently large, then the characteristic current isless than the
rated current, thereby enabling operation across awide CPSR. On the other hand, the characteristic
current isindependent of load, meaning that the efficiency can be poor under light-load and variable-load
conditions at high speed. Since the characteristic current is independent of dc supply voltage, providing a
dc supply voltage beyond that necessary to support rated torque at base speed cannot reduce the motor
current at high speed.

The motor current at high speed with DMIC is proportional to load power so that good efficiency can
be maintained under light-load and variable-load conditions. Also, the high-speed current isindependent
of machine inductance. Whether the inductance is large or small, the high-speed current will be the same.
The difference in behavior between alarge or small motor inductance will liein the firing of the
thyristors, which will always adjust the total inductance to minimize the rms amps per developed watt.
Finaly, with DMIC, the high-speed current is inversely proportional to supply voltage. Therefore,
significant reduction in motor current magnitude and attendant reductions in motor and inverter losses can
be achieved by providing supply voltage in excess of that required to support the specified base speed
conditions.

Approximate values of the device average and rms currents can be obtained using the per-phase

fundamental frequency model shown in Figure 21. The model applies for both CPA and DMIC, but X,
is zero for al operating conditions when using CPA.

JX iy jnX,
i MW
+ +
OI2Z nE, 00 R

Figure 21. Per-phase model used to calculate average and rms device currents.
The model of Figure 21 explicitly represents motor copper and rotational 10sses since

P,=3I°R
(nE,)” - (18)

ot

P

rot

=3

In this study, the winding resistance is fixed for both the example motor designs. No correctionis
attempted for temperature or skin effect.

Finally, we use the two motor examples to explore the benefits of having inductance higher than the
optimal value, the potentia benefit of providing extra dc supply voltage, the potential benefit of DMIC
versus CPA, and theimpact of thyristor reverse recovery losses on the performance of DMIC drives.

First we look at the benefits of inductance higher than optimal. Motor inductance is a critical factor in
determining the CPSR of a PMSM when driven by CPA. For the two motors being evaluated in this
study, the first has the “optimal” inductance of 765 «H while the second has a much larger value,

1300 pH. The performance of these two motors was compared over the entire torque speed range using
the fundamental frequency model. Each motor is supplied by a dc voltage sufficient to achieve rated
torque, 63.7 Nm, at the specified base speed. For the low-inductance motor, the supply voltage is 151 V;
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the higher inductance requires a 208-V supply. Performance was simulated for values of rpm from 20 to
6000 rpm in steps of 20 rpm and for about the same number of equally spaced load levels at each value of
rpm. Since the speed increment was 20/6000 of full speed, the load increment was chosen to be 25/6000
of full load. Results of the simulations are shown in Figures 22 through 25. The plots are 3-dimensiona
renderings with shading. The colors used in the shading denote magnitude. The highest value isred, the
lowest valueis dark blue. The transition from high value to low value isred to yellow to green to aguato
blue. The x-axis of each plot isrpm from 0 to 6000, while the y-axisistorque from 0 to 63.7 Nm. The z-
axis variable displayed is the efficiency difference, because it lucidly exposes regions where one system
performs better than another one.

Based on the comparisons in Figure 22. it is seen that the optimal characteristic inductance for field
weakening does not |ead to performance superior to that of Motor 2, which has 1.7 times as much
inductance, when both motors are driven by CPA. The characteristic current of Motor 2 is lower than for
Motor 1. Since the machine current approaches the characteristic current at high speed, thereis a definite
advantage to being able to operate at low current. So long as each machine is given sufficient dc supply
voltage to support rated torque at base speed, the higher-inductance machine will have greater efficiency
at high speed.

EFFICIENCY DIFFERENCE (1300 uH CASE - 786 uH CASE

02

ks
o
=4
o
3]
i
's
]
il
-
o
a

DELTA EFFICIEMNCY

02 OVERALLDRVE .
B [

DELTA EFFICIEMCY

6000

TORGUE [Nm] RPM

Figure 22. Efficiency difference comparison of Motor 2
(with 208 V dc supply voltage) minus Motor 1 (with 151V dc
supply voltage) when driven by CPA over the full torque speed envelope.

Next we consider the impact of having a dc supply voltage larger than the minimum required to
support rated torque at base speed, which can be considered aform of “cheating” to achieve CPSR

objectives. Any motor having an inductance higher than the “optimal” value of L_ has an infinite CPSR.
Therefore, any increase in supply voltage above the minimum would not provide improved CPSR but
might impact motor current and efficiency. In Figure 22, the performance of Motor 1 and Motor 2 were

compared, with both machines having the minimum dc supply voltage—151 V for Motor 1 and 208 V for
Motor 2—to support rated torque at base speed. Since the only difference in these two machinesisthe
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inductance, it is reasonable to infer that Motor 1 might benefit from the higher voltage that would
inherently be required by the parameter of Motor 2. The performance of Motor 1 was simulated over the
entire torque-speed envelope for these two supply conditions, and the results are shown in Figure 23.

Figure 23 shows the efficiency of the lower-voltage case subtracted from the higher-voltage case at
each torque—speed operating condition. Thisis done for the motor, inverter, and overall drive efficiency.
The figure shows that thereis a substantial benefit to the motor efficiency when operating at high speed.
The benefit is the result of the fact that the minimum rms motor current is reduced by the additional
supply voltage whether winding resistance is included or neglected. The motor efficiency at high speedis
increased by as much as 0.1909 during high-speed operating conditions. Thereisasmall region in the
vicinity of base speed with low load where the lower voltage results in greater efficiency. But for high-
speed operation, the additional dc supply voltage improves efficiency.

EFFICIENCY DIFFERENCE (208 CASE - 151 CASE

i MOTOR e

DELTA EFFICIENCY

6000

" NVERTER- " it

b

DELTA EFFICIENCY

N e \' R AO00

n
1D 2000

0o OVERMLUDRVE 0 T
e e

DELTA EFFICIENCY

" 5000

TORGUE [Nm] RPM

Figure 23. Comparison of efficiency difference when
Motor 1 dc supply voltageisraised from 151to 208 V.

Figure 24 contains simulation results over the entire torque—speed envelope for Motor 1 when driven
by CPA and by DMIC. In both cases, the dc supply voltage is 151 V, which is the minimum necessary to
support rated torque at base speed. The field weakening component of current in the DMIC driveis
proportional to the load, asisthe rms current. In the CPA drive, the rms current approaches the
characteristic current. Since the torque-producing current decreases with speed and isidentical for both
the CPA and DMIC cases, the field-weakening current tends to the characteristic current at high speed.
Because the rms current in the DMIC drive is proportional to the load, this drive can maintain high motor
efficiency at high speed. At high speed, and especialy at light load, the motor, inverter, and total |osses
are lower with DMIC. At low speed, the conduction losses of the DMIC thyristors result in greater
inverter and overall losses. At high speed, the inverter losses of the DMIC, including the thyristors, are
lower because of the high speed current minimization of DMIC. These effects are also seen in Figure 24,
in which the motor, inverter, and overall efficiency of the CPA case are subtracted from the
corresponding DMIC case over all torque-speed conditions. The motor isthe main beneficiary of DMIC;
because of the lower current at high speed, the motor efficiency is higher by as much as 0.2420. The
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inverter efficiency is lower at and below base speed because of the added thyristor conduction losses, but
theinverter efficiency is higher during high-speed operation by as much as 0.1375. Regarding overall
efficiency, the DMIC may be as much as 0.0549 lower than the CPA during low-speed operation and as
much as 0.2685 higher while operating in the constant power mode. If the drive spends most of its
operating time at or above base speed, then the efficiency of the DMIC may be significantly better than
CPA when inverter-grade thyristors are used in the DMIC drive.

Finally, we investigate the impact of converter- versus inverter-grade thyristorsin the DMIC drive.
Converter-grade thyristors are cheaper but have higher reverse recovery losses. Inverter-grade thyristors
cost more but have lower |osses and higher switching speed. For Motor 1 with 151-V dc supply, the
differencein inverter efficiency and total efficiency isshown in Figure 25. Below base speed, the two
cases are nearly identical. Above base speed, the reverse recovery losses of the converter-grade thyristor
are larger than those of the inverter-grade. Figure 25 shows that the inverter-grade thyristor may have an
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Figure 24. Comparison of efficiency difference when
Motor 1isdriven by DMIC and by CPA using inverter-
gradethyristorsfrom a 151-V dc supply voltage.
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by DMIC from a 151-V dc supply voltage.

77



FY 2005 Progress Report Draft Power Electronics and Electric Machines

efficiency that isat most 0.0768 larger than for the converter-grade. The figure also showsthat the total
efficiency with inverter-grade thyristorsis as much as 0.0428 larger than for converter-grade. These
differences occur at 6000 rpm, where the fundamental frequency is 1.5 kHz. Although the thyristor
commutation in the DMIC occurs at natural current zero crossings, it is not clear whether converter-grade
thyristors are even capable of such a switching rate. The authors have done testing with converter-grade
thyristorsin aDMIC drive operating at 300 Hz, and performance was satisfactory. The motors under
investigation have 30 poles, which isthe cause of their high fundamental rate. At this point, it is not
known whether converter-grade thrysistors, which are cheaper, have switching frequencies sufficiently
high to drive high-pole-count PM SMs.

5. Reluctance Control

International technology has focused research on the IPM motor to produce an HEV that will capture
alarge share of the world market. One of the beneficial features of this technology is the additiona torque
produced by reluctance. The objective of thistask is to analytically describe the role that reluctance plays
in PM motors, to explore ways to increase reluctance torque without sacrificing the torque produced by
the PMs, and to compare three IPM configurations with respect to torque, power, amount of magnet
material required (cost), and percentage of reluctance torque. Results of this comparison will be used to
determine the research direction to obtain maximum torque and power while using a minimum amount of
magnet material.

Since locomotion applications tend to prefer motors with wide ranges of speed to eliminate the need
for or reduce the complexity of gear-boxes, it isimportant to find ways to increase the speed range of PM
motors. One obvious possibility isto use amultilevel voltage source where available voltage would
increase with rotor speed. Inverter drive costs, which are already the major component of a PM drive
system, may limit this approach to two voltage stages, with the higher stage enabled at the higher speeds.
Presently, improvements in stator and rotor topol ogies, together with control approaches, have enabled
better overall performance/cost potential.

Once a PM machineis built, the strength and number of magnets in the rotor, and the number of poles
and turnsin the coils of the stator, traditionally remain constant; thus the amount of PM-generated
magnetic flux linked by the coils of the stator remains fixed. As aresult, the back-emf voltage induced by
the PMs increases linearly with the speed of the rotor.

Rotor speed increases the back-emf voltage and thus causes a rapid reduction in the available supply
voltage, which is normally constant. When there is no longer any supply voltage available to drive current
into the stator, the maximum speed has been reached.

Reluctance is a property used in magnetic circuits that accounts for the ratio of geometric length to
area and the magnetic properties of a medium, such as permeability, p, in which amagnetic flux flows.
The expression for reluctanceis R = /( ZA) , where | isthe length of the flux path and A isthe area

normal to the flux [36]. Reluctance relates magnetic flux to mmf in a manner similar to the way that
resistance and inductance relate current to voltage in an electric circuit. Since the externally controllable
and measurement parameters of amotor are electric, it is customary to study the performance of motorsin
terms of electric rather than magnetic quantities. The relationship between magnetic reluctance and
electric inductance is complex except for the ssimplest of cases, like that of a coil wrapped with N; turns of
wire around a magnetic path of reluctance, R . This simple relationshipisL = N%R, which shows that
electric inductance is proportional to the inverse of magnetic reactance. Consequently, high inductance
corresponds to low reluctance.

Next is an analysis showing the relative benefit of flux weakening and saliency. In PM motors,
optimal torque production occurs when the back-emf voltage and the stator current are in phase. When
they are not, the current component normal to the back-emf produces a magnetic field that opposes or
reinforces that of the PM, depending on its direction. The time-dependent linked flux then includes stator
reaction components in both the d- and the g-axes, such that
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7\fd = 7\fpm + 7\'rd = 7\fprp+ I—d id (19)
Aq =g = Lglg,

where

iqis the current component in-phase with the PM’ s back-emf (g-axis direction), which isthe primary
torque-producing component of current,

igisthe current component normal to the back-emf (d-axis direction), which is the flux-producing
component of current,

Ara = Lg igrepresents the flux linkages created by the stator current’s iy component,

Mg = Lq igrepresents the flux linkages created by the stator current’s i, component,

Ly and L are the inductances when the rotor isin the d-axis and g-axis positions.

Equation (15) showsthat when iy is negative, the reaction field has a d-axis component opposing that
of the PM, thereby weakening the flux. Thisin turn causes a reduction in the g-axis back-emf voltage;
consequently, higher I currents at the same or higher speeds for the same total current are possible, thus
extending the motor’ s operating speed range. This extension is achieved at the cost of additional ohmic
losses in the stator, but it reduces the angle, o, between the stator’ s voltage, V, and current, I, thus
improving the power factor.

Figure 26 shows the RM S phasor diagram describing the operation of a generic PM motor driven
sinusoidally with flux-weakening, since the current isin the negative d-axis direction.

As discussed in the caption of Figure 26, in addition to flux weakening, extra mechanical power is
produced when the saliency ratio, defined as

&=L4La, (20)

islarger than unity. In surface-mounted PM motors characterized by & = 1, the stator reaction back-emf,
E;, is perpendicular to the stator current, |, and thus their vector product is zero. Hence, in surface-
mounted PMs, |4 has no effect in power production, athough it increases the ohmic losses and improves
the power factor.

A discussion of characteristic current follows. The magnitude of the d-axis current needed to
completely cancel the PM magnetic flux is often referred to as the motor’ s “ characteristic current.” In the
open literature, the characteristic current isalso identified as |4 [12]. By setting Aq = O, in Eq. (19) we
obtain

ich = | - i.d |=7\pm /I—d . (21)

Surface-mounted PMs, for which Ly = Ly, when operated with an amount I, of d-axis current in the
negative direction would have no speed limit, since the back-emf induced by the PM would be zero.
Unfortunately, the inductance, Ly, is small in PM motors; consequently, the magnitude of the
characterigtic current is large, showing that large currents cause only small amounts of flux weakening.

The power output for a PM with an Igequal to the characteristic current, |, in EQ. (21) injected in the
negative direction would be

POUte, = | (Epm +(hpm /L) (Lg — La) ®) = I Eom Lo/La = lq Eprg € . (22)
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The power input is: Pi, =1V cos(o)

=lg (Epm + lg R-lg Lg @) + lg (la R+lg Lq ®)

= lg Epm + (Ig"+ la® )R + lulq (Lq - La )0
The power output is: Pout = lg (Epm - Ld la @) + la (Lq Iq ®)
=lg (Epm + la (Lq — La) ®) = lg (Epm + la Lo (§ — 1) @)
For surface mounted PMs, where Lq = Lg, lq in the negative direction weakens the
magnet so that the motor may be driven at higher speeds. However, there is no
increase in output power, while the input power must increase to supply the
additional resistance heat loss.

Figure 26. Standard RM S phasor diagram of a PM motor with flux weakening.

IPM motors differ in that they have the PMsinserted in the body of the rotor. This not only provides
mechanical support for the magnets and protects them from the environment and from demagnetization,
but also makes the inductance of the rotor position dependent, so that Lq< L. Consequently, when an l4
current isinserted in the negative direction shown in Figure 26 to weaken the flux, extra mechanical
power is generated in the motor. IPMs are thus considered as hybrids of PM and reluctance technol ogies.
In addition, in IPMs, the boundary between the rotor poles and the air-gap is high-permeability silicon
stedl. It allows phase-advance to give the PM flux atangential component within the rotor pole, thus
skewing the air-gap flux distribution to such a degree that stator teeth are saturated. This allows for an
externally controlled variation in reluctance that is not possible in SPM motors.

As shown in the caption of Figure 26, the power output for any PM is

Pou = lq (Bom + la(Lg — La) ©) = lq (Epm + laLa 0 (£ - 1)). (23)
Thus the torque expression,
T =Pou/® =g Epr/® + 141 (Lg—Lg) = Torquepy + TOr qUerauctance » (24)

has two components. In IPMs, the reluctance term is not zero and contributes to the motor’ s outpui.
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Equation (24) shows that the total torque output can be maintained while reducing the PM torque by
compensating with an increase in the reluctance torque. When the strength of the PM flux is reduced, Apm
and the magnitude of the characteristic current are a so reduced. This makes flux-weakening by insertion
of negative current in the d-axis less costly and more practical.

Solving Eq. (24) for Eym, substituting Epm = Apm 0, and taking the partial derivative of Ay, with
respect to & for fixed Poy, o, lg, I, and Ly, we obtain the relationship between the change of PM strength
needed and a change in the degree of saliency,

Shom = - lgLadc . (25)

That is, an increase of saliency would result in a decrease in magnet strength required proportional to the
product of 14 Ly, the values of the d-axisinductance and d-axis current component.
In terms of the characteristic current, Eq. (25) becomes

Mol hom = = 1148 , (26)

and integration yields
A= k @191 (27)

where k is an integration constant. Thisis an important relationship since it shows that the magnet
strength needed diminishes exponentially with the degree of saliency and with the amount of d-axis
current injected relative to the value of the characteristic current. Therefore, decreasing the value of the
characteristic current and increasing the saliency are clear goals for improving PM motor performance.

Equations (19) through (27) provide the following insights.

(@) Equation (21) shows that to reduce the magnitude of a motor’'s characteristic current, one may
reduce the magnitude of the PM flux linked, and/or increase the value of the d-axis inductance.

(b) Equation (23) showsthat IPM motors are superior to surface-mounted motors for flux weakening,
since under flux-weakening conditions they provide extra mechanical power output because their
saliency islarger than unity.

(c) Equation (25) shows the desirability of increasing the saliency and the d-axis inductance in order
to reduce the amount of PM flux linkage needed by a motor. This would further enhance the
motor’s flux-weakening capabilities and reduce the cost of PMs while maintaining the motor’s
power level.

(d) Equation (27) shows that for equal motor power output, the magnet strength needed diminishes
exponentially with the degree of saliency and with the amount of d-axis current injected relative
to the value of the characteristic current. Therefore, decreasing the value of the characteristic
current and increasing the saliency should be clear goals for improving PM motor
performance.

(e) Equation (20) shows that to increase the saliency ratio, &, one should increase the quadrature
inductance, L, One could decrease the d-axis inductance, Lg, but it would be counterproductive
because of (a) and (c), which call for an increasein L.

If Lyisincreased as recommended by (@) and (¢) above, then a proportional or larger increase should be
sought for L in order to maintain or augment the saliency ratio as recommended by (d).

We have investigated three PM motors that exhibit varying amounts of reluctance. Theinset PM was
assessed for the impact of trading PM for iron; the V-shaped single-layer IPM was assessed for the impact
of embedding the PMsin the iron and of trading PM for iron; and the U-shaped multilayered IPM was
assessed for the effect of changing the amount of PM material in an embedded PM design. For each
design, the performance vs amount of PM material was studied to determine the optimal configuration.
Parametric computations of performance were performed using the SPEED Consortium’ s brushless dc
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computer simulator for each design. The topologies, methodol ogies, and results obtained are presented
and discussed in the next section.

Three IPM motor configurations, which exhibit different reluctance properties, have been
parametrically characterized for comparison of torque, power, and amount of magnet material. Figures 27
through 29 show two variations of their structures with two different distributions of PM and iron.

Figures 27(a) and 27(b) correspond to the inset type motor, whose magnets are flush with the rotor
surface. In the parametric calcul ations for this motor, the angular pitch, By, of the PM isvaried from a
low value of 5° to a high value of 175° in 10°increments. The degrees are with respect to one complete
electrical cycle, which includes a north and a south pole. In Figure 27(a), one quadrant represents a 360°
electrical cycle, which includes 12 stator teeth. The angular pitch, By, isthe anglein electrical degrees
subtended by the magnet. In Figure 27(a), thisincludes four teeth, which leads to 360° x 4/12 = 120°.
Note that as the pitch of the magnets decreases, the width of the iron web between the magnets increases.
Also note that for the highest pitch, the expected behavior isthat of an SPM motor.

(a). Low magnet fraction, py = 120°. (b). High magnet fraction, py = 175°.

Figure 27. Inset surface-mounted PM motors.

Figures 28(a) and 28(b) correspond to the V-shaped IPM motor. In the parametric calculations for this
motor, the lower radial position of the PMs s kept constant while the angular pitch of the PM at the
rotor’ s surfaceis varied from alow value of 50° to a high value of 175° in 10° increments. Note that as
the pitch of the magnets decreases, the width of the iron web between the magnets increases. In this
design, we have reluctance variations due to the iron web, asin the inset type motor; but in addition we
have the soft-PM effect of iron pole-caps that alow control of the shape of the distribution of flux
crossing the air-gap.

Figures 29(a) and 29(b) correspond to the dual-layer U-shaped IPM motor. In the parametric
calculations for this motor, the angular pitch of the PM at the rotor’ s surface and the lower radial position
of the PMs are kept constant, while the length of the lower magnets in the two layers of U-shaped PMsis
varied proportionaly. The length of the innermost layer’s magnet, yl_1, isvaried from alow value of
2.4 mmto ahigh value of 17 mmin 0.73-mm increments. Note that the width of the iron web at the air-
gap boundary remains constant, while the amount of magnetic material increases with the value of yl_1.

Each motor topology was explored using the brushless dc motor simulation software, a product of the
SPEED Consortium. All of the motors have the same stator and overall rotor dimensions. The same
operating conditions, such as max current and voltage, were used for al to provide the basis for
comparative analysis.
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(a). Low magnet fraction, By = 50°. (b). High magnet fraction, fy = 160°.

Figure 28. V-shaped interior PM motors (type 4).

(a). Lowest magnet fraction, yl_1=2.4 mm. (b). Highest magnet fraction, yl_1=17 mm.

Figure 29. U-shaped interior PM motors (type 6).

The simulation software computed the PM and reluctance torques, power output, current peak and
RMS, back-emf, and so on, characterizing the performance of the motors. The analysis excluded thermal
flux and mechanical stress analysis, athough these would be of interest for further study.

For each of the three topologies, parametric studies were performed that bracketed a range of advance
angles within arange of speeds for each magnet configuration. The magnet-to-iron ratio was varied by
means of the PM angular pitch parameters, By or yl_1, as appropriate.

Figure 30 shows how the amount of PM materia varies with the varying parameter, By or yl_1,in
each motor type. Note that BetaM = B in thefigure. There isalarge difference between the three
topologies. At each speed, there is an optimal phase advance, which determines the flux-weakening
current component, for maximum torque production. This phase advance is not necessarily the same for
optimum motor efficiency. The results presented here correspond to the phase advance that resulted in the
highest torque.

Figure 31 for the inset PM motor is of interest because it shows that there is a magnet fraction of
about 115/180=0.64 for which about 75% of the torque is reluctance torque over the whole speed range.
Thisis a36% reduction in magnet area, which could amount to a cost savings if the thickness of the
magnet does not have to be increased to maintain required PM performance.
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Magnet Area vs Parameter Growth
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Figure 30. Amount of PM material in terms of cross-sectional surface areaasa
function of By or yl_1for each of thethreerotor configurations.
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Figure 31. Relationship between magnet pitch, By, speed, and
per centage of reluctance torque for theinset PM motor.

The reluctance torque has its strongest contribution in the current limited region below the base speed
where maximum torgue is required. Thanks to the reluctance contribution, higher peak torques can be
achieved at low speeds for the same current limit. This suggests that to improve the performance of a PM
motor, one could reduce the magnitude of the PM energy in the rotor, aradical thought, by reducing the
PM mass or its magnetic strength and increasing the rotor’ s saliency to compensate the lossin PM torque
with increased reluctance torque. In turn, the reduction in PM energy resultsin areduced rate of changein
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the back-emf and magnetic |osses as the speed increases. This increases the speed range, improves the
efficiency, and reduces the motor’ s heat removal 10ad. The impact on power output and efficiency from
changing the amount of magnetic material and its magnetic strength in a PM motor depends also on the
control strategy used. ORNL has investigated the impact of trading PM material for ironin an inset PM
controlled with the optimal displacement angles for each speed and PM material geometric and magnetic
characteristics.

Thistask was initiated because of Figure 32. The reluctance torque is represented by the distance
between the total torque and the PM torque produced by a four-pole motor as the magnet fraction is
varied from O to 180 electrical degrees. Figure 32 shows that the total torque passes through a maximum
at amagnet fraction of about %4, suggesting that there is a magnet fraction at which the torque is optimum.
Furthermore, at that point there is a significant increase in the torque above that produced by the magnets
alone. At the onset of thistask it was thought that the primary benefit of areluctance-assisted PM motor
was that it could achieve arequired torque with less magnet material, which would allow it to operate at a
higher CPSR. Alternately, it can achieve a higher torque than an SPM motor.
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Figure 32. Magnet torque and total shaft torque of a four-poleinset
reluctance-assisted PM motor for a range of magnet fractions.

Therest of this effort was to examine the equations used to design IPMs and to determine the optimal
magnet fraction.

The use of lumped-parameter equations for modeling is appealing because it facilitates understanding,
but it requires the determination of inductances, resistance, and flux linkages with the degree of detail
appropriate for the simulation goals. Most challenging is the characterization of magnetic saturation since,
especidly in the case of IPM motors, the magnetic flux paths vary significantly with the rotor’ s relative
position to the stator-generated rotating field and with the magnitude of the stators' currents.

It is best to have measured values of the lumped parameters, and second best is to obtain them by
means of finite element computations. Most often, though, they are obtained by means of calculations
based on geometry, equivalent circuits, and adjustment factors.

The focus of performance can be on power output or efficiency and may flip from one to the other
depending on the situation. For automotive applications, it seems appropriate to focus on efficiency; but
then one needs to consider the speed-torque cycle for each particular application. We consider that, in
addition to the standard efficiency/torque maps, the overall efficiency for a set of standard driving cycles
could be a criterion to determine optimal configurations, which, in our case, is for the optimal reluctance-
assisted PM configuration.
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Conclusions

Voltage Control

— The Z-source inverter is an excellent FCV technology.

— Itspresent configuration does not migrate naturally into conventional 1CE-powered HEV
configurations. The problem is that the Z-source inverter's front end diode, which isimportant in
its operating cycle, is either an obstacle to regeneration or an unnecessary voltage drop in ICE
configurations.

— Although there is some objection to the Z-source inverter’ s diode, even in an FCV, for
applications that require inverter efficiencies above 98% [37], arecent report [22] has shown that
the Z-source inverter is 1% better than atraditional PWM inverter, thereby meeting the 97%
FreedomCAR efficiency specification. Further advantages include 20% lower semiconductor
ratings and a CPSR greater by afactor of 1.68 than traditional PWM inverters. An inherent
benefit is higher reliability becauseit is not subject to damage from shoot-through.

— Thereport [22] also explains an additional self-boost mode discovered during testing, which
comes into play when the traction motor is operating at low speed, low power, and low power
factor. Thismode is necessary to successfully start acold fuel cell and is controllable when there
is abattery, required by all FCVs, in the inverter system; however, it could be a problem for other
applications.

Flux Control

— Conventional vector control maintains a torque-producing quadrature current, iy, and a magnet
field-weakening d-axis current, i4. The component of the d-axis current must be maintained
during operation at high speed and results in increased stator current resistance losses with an
accompanying lossin efficiency. Vector control technology iswell established and allows CPSR
extension by flux weakening. It does require an expensive absolute encoder and fast control
algorithms.

— Ingenera, efficiency considerations make those methods of flux control that require temporary
intervention or pulses preferable to those requiring continuous action during operation.

— The most attractive method of real time flux control (RTFC) isthe pole number change. This has
potential to enhance vector control because it would perform the same current decomposition to
form ad-axis current pulse that would demagnetize magnet(s) as operation at high speed begins
and re-magneti ze magnet(s) as high-speed operation ceases.

— Preliminary studies have shown that as the speed of a PM motor increases, the number of turns
per coil must be reduced to optimize power delivery. Reducing the number of turns per coil is
also amethod of reducing the back-emf to accomplish RTFC. Benefits include additional power
aswell asincreased CPSR.

— Another attractive method of RTFC is changing the number of coils, which would have to be used
in conjunction with the pole number change because the ratio of coilsto poles must remain
constant. A number of papers have discussed changing the coil number for an induction motor,
which automatically induces fewer poles when the number of coilsisreduced. For a PM motor,
changing the number of coilsis further complicated by having to change the number of magnet
poles, which may only be reduced by demagnetization.

— Mechanical RTFC, such as variable-gap control, can work for an axial-gap PM motor but is much
more difficult for aradial-gap motor because of the requirement that the gap be precisely
controlled by axial motion of a conical rotor. The usua problem remains of energy expended as
the gap is opened and closed to accomplish field weakening.

Inductance Control

— The biggest contributor to the phase inductance in a fractional-slot motor is the slot inductance,
which places a premium on the design of the dot-opening configuration. The slots are long and
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dender and are not necessarily the optimal design. This could pose problems in forming the
laminations.

— Theresults of the losses in the magnet seem low.

— The higher fill factor of the concentrated winding allows a more compact motor, which leadsto
higher power density and higher specific power.

— For the 6-kW motor with soft magnetic material and alower remanence requiring larger thicker
magnets, values from the 2-dimensional Zhu method of calculating back-emf compare more
favorably with experimental datathan do values from the 1-dimensiona method.

— The 6-kW motor analyzed with SPEED software was concurrently modeled with a per-phase
equivalent circuit. The two analyses compared well with the experimental UWM resullts.

— Theeffect of stator dotting on permeance of the 6-kW motor has been calculated and compares
well with UWM calculations.

— FreedomCAR specifies that the electric motor must be able to deliver 55 kW for 18 seconds. An
additional desirable industrial requirement added to requests for proposals to motor vendorsin
FY 2005 was that the motor should deliver thisintermittent power from 20 to 100% of maximum
speed, which points out that an advanced cooling technique is amajor requirement for this motor.
To produce this amount of power, the required rms current is approximately 460 A and the rms
bus voltage is approximately 224 V, both of which exceed maximum specifications, which are
400 A and 200 V. This design problem will be addressed in the next phase of this study.

— FreedomCAR specifies that the electric motor’s efficiency should be greater than 93% from 10%
to 100% of maximum speed. An additional desirable industrial requirement added to requests for
proposalsin FY 2005 isthat this efficiency should be reached at 20% of rated torque. Thiswill be
difficult to attain and will demand accurate core loss calculations and place a premium on the
type and thickness of the laminations.

Inverter Control
— Study regarding control of PMSMs
o Moreinductance and more voltage are better.
o Even with the benefit of both characteristic inductance and high voltage, CPA suffers from low
efficiency.
o DMIC solves this problem by ensuring that the current used is proportional to load.
o Automobiles spend most of their time at half speed and partial load.
o Asgas prices soar and efficiency becomes more important to the consumer, DMIC has the
potential to provide the highest efficiency possible.
— Study regarding validation of methodology
o Expressions for the modulation index, m,, and inverter lead angle, 3, which were derived based
on an algebraic fundamental frequency model, have been found to be very accurate when used
in a detailed time domain simulation that includes PWM switching.
o Expressions for average and rms currents in diodes, transistors, and thyristors were compared
with detailed time domain simulations above and below base speed.

» Below base speed, where simulations for CPA and DMIC control are the same, simulated
losses at carrier frequencies of 8505 and 2025 Hz, agreed with theoretical model losses
within 1%.

= Above base speed, where separate simulations were necessary for CPA and DMIC,
simulated losses for CPA control were within 2.5% of the theoretical model for transistor
average and rms current and diode average currents. Simulated loss of the diode rms
current, which was not quite as good, was within 8% of the theoretical model.

» Simulated losses for DMIC control were within 1% of the theoretical model for the average
transistor, by-pass diode, and thyristor currents. Simulated loss of the transistor and
thyristor rms currents, which were not quite as good, were within 9% of the theoretical
model.
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o Sincediode losses are generally 1/2 transistor losses, and conduction losses of the diodes are
weighted more by forward voltage drop and average current than by diode resistance (rms
current losses), the simplified theoretical model is sufficiently accurate for this study.

— Study regarding operation of PMSMs under CPA control

o Characteristic motor current, which permits operation at high CPSR, depends solely on
machine parameters, E,, Qy, and L, and is independent of motor load and dc supply voltage.
Thislowersits efficiency at partia-load conditions. Providing voltage higher than necessary to
support rated torque at base speed cannot reduce the current at high speed.

o Itisadvantageousto have the inductance higher than “optimal” because it enables the motor to
devel op the required power with lower current and attendant efficiency increase.

o Even more voltage than the minimum required for injecting rated current at base speed can be
beneficial because of lower current and attendant efficiency increase.

o The speed at which minimum current, n.,,, occurs depends linearly on devel oped power and
inversely on the maximum fundamental inverter voltage. N, 1S @ unique speed, which varies
with voltage, leaving room for optimization. If a motor spends a substantial amount of time at
half speed, it could be desirable to choose a dc supply voltage that causes the minimum current
at half speed. Thiswould involve using adc supply larger than the minimum and using control
to restrain the torque envelope.

o Control of the voltage lead angle at high speeds allows a PMSM to operate at constant power,
but it does not ensure operation within rated current. Inductance is the critical factor that
ensures operation within rated current.

o Thelimiting current at high speed is mostly for field-weakening and therefore produces little
torque.

o At full load, the motor with characteristic inductance behaves as well with CPA control aswith
DMIC control.

— Study regarding operation of PMSMs under DMIC control

o Higher inductance resultsin reduced current at only one speed and power level under CPA
control, whereas DMIC control minimizes current at al power levels and speeds, n>2.

o DMIC motor current is proportional to load at high speed, which leads to decreased current
and attendant increased efficiency at partial load.

o Although originaly for motors with low inductance, DMIC has potential for significant loss
reduction for PM SMs with large inductances.

o DMIC control maintains an inverter power factor of 1 for all speeds greater than ny,,, the speed
at which minimum current occurs. Under CPA control n.,, is asingle speed at which aPMSM
operates at an inverter power factor of 1. At all speeds above n.,,the CPA power factor leads.

o With DMIC, high-speed current isinversely proportional to supply voltage so that extra supply
voltage can lead to improved efficiency.

o Depending on the application, particularly the speed/loss profile, loss reduction may more than
compensate for the losses introduced by the addition of the SCRs required by DMIC.

o At half speed and quarter load, Motor 1 under DMIC delivers 7.5% (percentage points) more
power at 3000 rpm and 8.6 % more power at 6000 rpm than Motor 1 under CPA control.

— Study regarding the grade of SCR that may be used

o Increasing reverse recovery losses of thyristors, which increase with speed, is a problem that
can be reduced with inverter-grade components at increased cost; however, cost and losses
may be offset by efficiency enhancement.

o The question about converter-grade SCRs being able to sustain operation in the FreedomCAR
application at afundamental switching rate of 1.5 kHz at top speed of 6000 rpm must be
answered in the laboratory by experimentation.
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Reluctance Control
— Preliminary analyses confirmed that
o To reduce the magnitude of the characteristic current, which is the current required to

A
completely cancel the PM magnetic flux, | 4, = % , one may reduce the magnitude of the PM
d
flux linked or increase the value of the d-axis inductance.
o Sincethesdiency ratiois L4/Lg, the equation for power delivered (using the convention that
increasing d-axis current increases power delivery) may be expressed

asPy =1, |E,, + 1 4Ly@, (£ - 1)], which shows that IPM motors with non-zero saliency are

superior to surface-mounted motors for flux weakening because, under flux weakening
conditions, they provide extra mechanical power output.

o Theequationdd,, =—14L46¢ showsthat increasing the saliency and d-axisinductance will

reduce the PM flux linkage needed by a motor. This would enhance the motor’ s flux
weakening and reduce the cost of PMs while maintaining the motor’s power level.
o
o Theequation /1pm =ke ' showsthat for equal motor power output, the magnet strength

needed diminishes exponentially with the saliency and with the amount of d-axis current
relative to the characteristic current.

o If oneincreases Ly as recommended by the first and third bulleted items above, then one
should increase L at least proportionally to maintain saliency. Likewise, an increase in
saliency ratio should be accomplished only by an increasein L.

o Therole of reluctancein PM motors may be rephrased in terms of the work inductance
together with the inverse of its preceding verb; i.e. “increase the inductance, L+ would be
replaced by “ decrease the reluctance, Ry.”

— Preliminary studies of the three types of IPM motors showed
o Torque at low speeds was significantly higher than for similar SPM motors, as expected based

on earlier work.

o Thedrop in power delivery with increasing speed is lower for al of the IPMs studied, as
expected, because they have weaker magnet strength, which increases their maximum
operating speed.

o For the PM motor with inset magnets, the optimal magnet fraction, which delivers 40 kW at a
CPSR of 10, is 0.69.

— The use of lumped-parameter equations for modeling is appealing since it facilitates
understanding; but it requires the determination of inductances, resistance, and flux linkages with
the degree of detail appropriate for the simulation goals.

— Characterization of magnetic saturation is challenging since, especialy in the case of IPM
motors, magnetic flux paths vary significantly, not only with the rotor’ s position relative to the
stator-generated rotating field but aso with the magnitude of the stator’s currents. It is best to
have measured values of the lumped parameters. Next best is to obtain them by means of finite
element computations. Most often, though, they are obtained by means of cal culations based on
geometry, equivalent circuits and adjustment factors.

— Thefocus of performance can be on power output or efficiency and may flip from one to the
other depending on the application.

— Itisnecessary, in addition to the standard efficiency/torque maps, to determine the overall
efficiency for aset of standard driving cycles. These results should be the criterion to define
optimal configurations.
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Future Direction

e Voltage Control
— Use of the Z-source inverter with ICE-hybrid vehicles will require development of a bi-
directional version to make use of regeneration.
e Flux Control
— To date, most of the efforts have focused on changing magnetic-flux-flow paths. We feel that the
aternatives, which change the magnet properties or number of turns, should also be examined for
applicability to FreedomCAR HEVs.
e Inductance Control
— Since dlot inductance contributes most of the phase inductance, the design of the sot-opening
configuration and its impact on forming laminations will be explored further in FY 2006.
— Calculation of core loss and magnet losses will be studied further, and away to check their
validity for fractional-slot PMSMswill be sought.
— Delivering 55 kW at 2000 rpm with an integral slot PMSM requires an rms current of about 460
A and an rms bus voltage of about 224 V, both of which exceed maximum specifications, which
are 400 A and 200 V. Similar difficulties are encountered for the fractional-slot PMSM.
Designing around this problem will be addressed in the next phase of this study.
— Caollaboration will continue with UWM to prepare a design package for fabrication of a 30/55-kwW
fractional-slot motor with concentrated windings.
e |nverter Control
— Laboratory experimentation will be necessary to determine if cheaper converter-grade SCRs are
ableto sustain operation in the FreedomCAR application at a fundamental switching rate of
1.5 kHz at atop speed of 6000 rpm.
— Provide two control schemes for driving the 6-kwW PMSM motor with fraction-slot concentrated
windings.
— Scheme 1 will minimize current at high speeds to reduce operating costs at partial loads.
— Scheme 2 will bethe least expensive.
— Rapid prototype the scheme or schemes with promise.
— Interface with a dynamometer and test to determine the partial 1oad regions where operating costs
may be reduced.
e Reluctance Control
— Technology developed in thistask will be used to explore extending the CPSR of reluctance
traction drive motors.
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3.2 Electric Motor Research and Development
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Objectives

The drive motor is an extremely important component in both fuel-cell-powered and hybrid electric
vehicles (HEVS). It provides al or part of the torque for moving the vehicle. All other componentsin the
drive train are dependent upon the traction motor for providing the torque in the most efficient manner
that meets system cost, size, weight, and reliability targets. Investigations of areluctanceinterior
permanent magnet (RIPM) with brushless field excitation (RIPM-BFE) machine, of a hybrid secondary
uncluttered PM (HSUPM) machine, and of corona starting voltages with a conventional insulation system
were al part of the motor development work conducted in FY 2005.

The objective of the FY 2005 research and development effort was to build an RIPM-BFE machine
having a core length 30% shorter than that of the Toyota Prius motor (with the same diameter and same
speed). In FY 2005, a HSUPM machine was conceptually designed. It reduces costs by combining the
generator and the motor into one machine so that only one set of PMs and one frame are required. Torque
production can be increased as aresult of the rotating armature.

The objective of the corona/voltage study was to see how much the voltage could be increased in a
motor before corona occurs in order to assess the motor’ s insulation capability. This gives valuable
background data for considering high-voltage drive systems.

Approach

The project scope includes the design, simulation, drawings, fabrication, and testing of the RIPM-
BFE machine, as well as the conceptual design of an HSUPM machine, in an effort to reduce motor size.
Corona/motor voltage investigations were also performed to ascertain the voltage limitations and
penalties associated with the higher-voltage operation of motors.

M ajor Accomplishments

The detailed results of the development of the RIPM-BFE motor are presented in the reports Interior
Permanent Magnet Reluctance Machine with Brushless Field Excitation, ORNL/TM-2005/222,
September 2005, and Finite-Element Analyses of An IPM Reluctance Motor with Rotor Sde-Poles,
ORNL/TM-2005/209, September 2005. Overviews of these reports will be provided later. In short, the
concept of the RIPM-BFE machine was proved viable. The BFE coils were proved to be able to enhance
and weaken the air-gap flux. Thisresearch led to a new concept for a machine with side PMs without
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excitation cails. Engineering designs will be needed to optimize the design of this machinein FY 2006.
The simulation software a so needs to be improved to reflect the detail of the engineering drawings.

Preliminary conceptual rotor drawings of the HSUPM machine were generated in FY 2005. The proof
of concept work will continue with the fabrication, design, and testing in FY 2006.

Thereisastrong desire on the part of the auto industry to push the motor voltage higher to reduce
both the inverter size and the starting battery current. The coronatests performed in FY 2005 provide
information for permissible starting voltages for the insulation systems of 480-V class motors. The
detailed results are given in Corona and Motor Voltage Interim Report, ORNL/TM-2005/60, April 2005.
The results from this report show that motor insulation requirements dictate the voltage limits for a high-
voltage system.

Technical Discussion

RIPM-BFE Motor

In aconventional PM machine, the air-gap flux produced by the PM isfixed. It isdifficult to enhance
the air-gap flux density because of limitations of the PMsin a series-magnetic circuit. However, the air-
gap flux density can be weakened by using power electronic field weakening to the limit of
demagnetization of the PMs. This report presents the test results of controlling the PM air-gap flux
density through the use of a stationary brushless excitation coil in an RIPM-BFE motor. Through the use
of this technology, the air-gap flux density can be either enhanced or weakened. Thereis ho concern with
demagnetizing the PMs during field weakening. The leakage flux of the excitation coil through the PMsis
blocked. The prototype motor built on this principle confirms the concept of flux enhancement and
weakening through the use of excitation coils.

The RIPM-BFE was invented at Oak Ridge National Laboratory (ORNL). It offers a high torque per
ampere by using a brushless excitation coil to enhance the flux. The motor eliminates the system need for
adc/dc boost converter at medium and high speeds. The core loss of the motor islow because the flux can
be weakened through the excitation coil.

The design of the sample RIPM-BFE prototype machine is shown in Figure 1.

side
bearing
brackel

el

Viewed from shaft end

Figure 1. A sample RIPM-BFE prototype machine.

The electro-mechanical simulation was completed on the RIPM-BFE machine. It showed positive
results for the overall design characteristics as well as the ability to weaken/enhance the magnetic flux of
the machine. The simulations were performed, with a magnet thickness of 0.240 in. Engineering drawings
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were completed and sent to both ORNL and outside fabrication facilities for building the prototype
machine.

Magnets for the RIPM-BFE rotor were fabricated by vendors outside of ORNL. The rotor laminations
were designed to closely match the electro-mechanical simulated lamination design as seen in Figure 2.
These laminations were fabricated from 0.014-in.-thick coated silicon steel (29 Ga. M19 C5 non-oriented
fully processed). For comparison purposes, the laminations were fabricated with a diameter identical to
that of the 2005 Toyota Prius hybrid system (THS I1) drive system motor. The rotor inner diameter was
modified from that of the Priusin order to incorporate the magnets.

Magnet
Slots

Rivet Pin
Thru Hole

Figure 2. RIPM-BFE rotor lamination.

The stator used in the RIPM-BFE machine is athinner version of the THS |1 traction drive motor (see
Figure 3). The stator lamination stack was reduced to afinal thickness of 2.5 in. The stator was re-wound
and inductance and resistance measurements were recorded between each phase of the windings to ensure
an electrically balanced stator.

Figure 3. RIPM-BFE stator.
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The excitation coils were fabricated at ORNL. Each of the two coils was fabricated from 20-gauge
class“H” magnet wire and each contained 880 turns. To check the electrical balance of each coil, a
resi stive measurement was taken. The coils had aresistance of 19.30 and 19.37 ohms, respectively.
Figure 4 shows the finished excitation coils.

Figure 4. RIPM-BFE motor excitation coil.

The rotor laminations were placed over the rotor hub and mechanically fastened to the hub using the
aluminum “spider” shown in Figure 5. Non-permanent magnetic pole pieces were placed around each
face of therotor in the spider dots, as shown in Figure 5. Additionally, the laminations were pulled
together using the non-permanent magnet pole piece and arivet-pin that passes through the laminations
and is fastened into position with screws and the non-permanent magnetic pole piece. The 0.100-in. pole
magnets were placed at the locations shown in Figure 5 and then held in position with the magnet
retaining ring (see Figure 6).

Rivet Pin

Non-Permanent
magnet pole
pieces

Aluminum Spider

\ Pole Magnet

Locations
Figure5. RIPM-BFE rotor.
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Pole
Magnet
Retaining
Ring

Figure 6. Assembled RIPM -BFE rotor.

The 0.100-in. magnets were placed axially in the lamination dots, and all side pole and axial
lamination magnets were fixed in place with Master Bond Supreme 10HT epoxy. The epoxy was baked at
100°C for aminimum of 4 hours to facilitate the curing process, but not at a high enough temperature to
permanently de-magnetize the PMs. Once the rotor was assembled, it was returned to the fabrication shop
and each face of the rotor was trued. Non-magnetic material was machined and used as a fastening ring
and heat-shrunk around the circumference of each of the rotor faces. Thisring was used to prevent the
pole magnets from being slung out in the event that the epoxy failed during operation. Mechanical
measurements were made at each of the eight mechanical fastening positions and recorded. The mean
thickness of the assembled rotor was 3.515 in.

The motor housings were assembled with spray rings mounted along the inside diameter at the top
edge of both the excitation coil and the stator windings (see Figure 7). These spray rings will enable
cooling ail to be pumped through the motor and sprayed directly onto both the excitation coil and the
stator windings. The cooling oil will then be gravity-fed to the bottom of the motor and pumped through a
heat exchanger.

Spray
Ring

Excitation
Coil

Figure7. RIPM-BFE motor housing with excitation coil and spray ring.
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After the stator and rotor were inserted into the motor housing, the radial gap between the two was
measured. A total of 0.028 in. of radia gap was present. Gauss measurements were taken to record the
radial air-gap magnetic flux at each stator tooth. These measurements revealed that the rotor magnetism
was uniform and all magnets werein their proper orientation. The axial air-gap was measured between
the magnetic retaining ring on the rotor face and the motor housing. Each side of the rotor had an air gap
of 0.067 in.

The following figures show the comparison of the air-gap flux densities between the ORNL 0.240-in.
thick magnet motor without field excitation and the THS 1| motor. The maximum air-gap flux density of
the ORNL motor is 1.27 Tesla, which is 1.63 times the 0.78-Tesla flux density of the THS 1. Figures 8
and 9 represent the air-gap flux density of the ORNL RIPM-BFE motor and of the THS Il motor,

respectively.

E @b 222"

@10 G0D"

Figure 8. Air-gap flux density distribution of RIPM-BFE 2.5-in. core-length motor.
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Figure 9. Air-gap flux density distribution of THS 11 3.3-in. core-length motor.
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As an dternative approach, the motor can be simplified to employ side PMsto produce a strong fixed
PM machine without the use of field excitation.
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Figure 10. Machine design with side PM sto produce a strong fixed PM machine without field excitation.

Figures 11 and 12 show the locked-rotor torque versus rotor angular position at various field
excitations. The tests were conducted at 50, 100, 150, 200, and 250 A.

RIPM-BFE Locked Rotor Torque without Field Enhancement / Weakening
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Figure 11. RIPM-BFE locked-rotor torque vsrotor angular position without
field enhancement/weakening.
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RIPM-BFE Locked Rotor Torque with 5 Amps Field Enhancement

200

AN

150

A\

100

N

—e—50 Amps Stator Current

—8—100 Amps Stator Current
150 Amps Stator Current
200 Amps Stator Current

—%—250 Amps Stator Current

Torque Value (N-m)

~N—

[ 2
Zand N

10

20 30

Rotor Angular Position (Degrees)

40

Figure 12. RIPM-BFE locked-rotor torquevsrotor angular position with 5 A of field enhancement.

Figure 13 shows locked-rotor torque comparisons between the 3.3-in.core length Prius motor and the
2.5-in. RIPM-BFE motor obtained through testing. The RIPM-BFE motor produces a stronger PM torque
even with a shorter core length, but it has a weaker reluctance torque component, especially at higher
currents. Thisindicates that magnetic saturation may be occurring. Further engineering work can solve
this problem through optimization of the design.
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Figure 13. Comparison of PM torque components and peak-tor que components between
a 2.5-in. ORNL machine and a 3.3-in. THSII machine.
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Corona Initiating Voltage for 480-V (rms) Insulation System

Electric power is equal to the product of voltage and current. For a given power, if a higher voltage
and lower current are used, the size of the cable and the inverter switching components necessary to carry
the current can be reduced. The use of higher voltage a so requires higher-quality and thicker electrical
insulation that reduces the available dot areafor motor windings. One mechanism of insulation
breakdown is coronathat gradually erodes the insulation and shortens the life expectancy of motors.

Figure 14 shows the coronatest setup. A neon transformer with 120-15,000 V per side with the
center tap to ground was used to produce high voltages. Smooth sinusoidal utility power was supplied to
the primary winding of the neon transformer through a 120-V isolation transformer. An inductor cail
wound on aferrite core was used to sense the corona discharging current. The two terminals of the
inductor coil were connected to ground and to the center tap of the high-voltage winding of the neon
transformer. The oscilloscope input probes were connected across the inductor to pick up the corona
discharging current signals. A current limiter was connected in series with the high-voltage output to
protect the high-voltage winding from over-current from the neon transformer. Silicone gel, silicone oil,
or high-voltage putty was used to cover al exposed conductors at the non-grounded, high-voltage side to
prevent corona produced by the instrumentation setup. After the power to the setup was switched off, an
insulated grounding pole was used to discharge any energy stored in the setup before its reconnection.
High-voltage gloves and insulation pads were used for protection during the tests.
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To verify that the test setup did not produce afalse corona signal before the high-voltage lead was
connected to the motor, the high-voltage lead end was covered with high-voltage putty. A clean trace
(Figure 15) was observed while the high voltage was adjusted through the range of 0 to 9000 Vrms.

For motors used in e ectric vehicles and HEV s, the back-emf at high speeds can be higher than the
inverter output voltage, causing corona. High-voltage spikes due to inverter switching can also be a
source of corona. To determine how high the voltage can be raised for e ectric vehicle and HEV
applications, this investigation establishes the voltage where coronainitiates in a National Electrical
Manufacturers Association mush-wound stator and an HEV bobbin-wound stator. Table 1 summarizes the
test results at 60 Hz. The phase-to-phase coronainitiates at only 1638 Vrms for a mush-wound stator
(Figure 16). The phase-to-ground (or frame) coronainitiates higher at 2650 Vrms. The bobbin-wound

Figure 15. Clean trace without corona from 0 to 9000 Vrms
with silicone-sealed lead end.

Figure 16. Coronainitiating at 1638 Vrmsfor phase-to-phase
and phase-to-ground test.
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Table 1. Summary of test results of corona

Winding type Corona mitiating voltage (Vrms)
Mush-wound stator Phase-to-frame 2650
Phase-to-phase 1638
Bobbin-wound stator | Phase-to-frame 3176

stator shows sightly better performance than the mush-wound stator with a higher corona-initiating
voltage of 3176 Vrms.

It should be pointed out that this corona-initiating voltage is for clean sinusoida waveforms only. For
inverter-fed motors, there are additional voltage spikes due to phase width modulation switching, The
voltage where coronainitiates would need to be reduced, depending on the magnitude of the spikes. The
insulation system of mush-wound winding motors must be carefully examined because its phase-to-phase
corona initiating voltage is low.

Conclusion

The RIPM-BFE motor concept has been proved. Engineering modification of the design is required to
optimize the motor performance. The RIPM-BFE motor was simulated and built with a stator core length
of 2.5in., 0.8 in shorter than the 3.3 in. of the THS | stator core. Its back-emf is higher than that of the
THS Il motor, which isindicative of the enhancement of the air-gap flux density in the ORNL motor. The
ORNL PM torque component is slightly higher than that of the THS Il motor at all stator current levels.
The reluctance torque component of the RIPM-BFE motor is about the same at alow stator current of 50
A. When the stator current increases to 250 A, there is a significant difference between the ORNL motor
and the THS |1 motor reluctance torque components. The RIPM-BFE motor requires further design
modification to deal with this saturation issue to achieve a higher-reluctance torque component at high-
phase currents.

The RIPM-BFE motor is particularly suitable for short-core-length motors with weak PMs because
the axia dc flux produced by the brushless stationary field winding can enter one end of the rotor axially
and then distribute in the radial air gap for entry into the stator core. If the core length islong, the radial
air gap area per pole can be much greater than the axial area per pole where the axial dc flux enters the
rotor. For agiven axial flux, the greater the radial area, the lower the radial flux density; hence there will
be aweaker influence of the excitation current on the radia air-gap flux density.

The RIPM motor without external field excitation coils demonstrated a technology for increasing the
air-gap PM flux density when side PMs are used. The air-gap flux density reached 1.2 Teda, slightly
exceeding the Br of the PMs used in the rotor. This may open adoor for further improvement in motor
development with RIPM and RIPM-BFE motors.

Test results for corona-initiating voltages for mush-wound and bobbin-wound windings were
experimentally obtained. On the basis of the coronatests, for high-voltage motor designs, the insulation
system, especialy for mush-wound windings, needs to be closdly examined because of low phase-to-
phase coronainitiating voltages.

Future Direction

The drive motor is an extremely important component in either afuel-cell vehicle or an HEV. From a
systems perspective, motor research must take all the components of the drive system into consideration.
The RIPM-BFE motor was developed to simplify the boost requirement and to offer the possibility of
using weaker and cheaper PMs. Other system issues still need to be examined; for instance, batteries

103



FY 2005 Progress Report Draft Power Electronics and Electric Machines

supplied by foreign manufacturers for HEV's cannot meet the demands of U.S. car makers. Motor designs
that lower the demand on the batteries could be an important research area.

Further engineering optimization of the RIPM-BFE motor design is necessary to overcome magnetic
saturation issues. This motor is particularly suitable for a short-core-length machine that can significantly
transfer the axial-direction flux produced by the brushless field excitation coil to the radia air-gap flux.
Designs using this motor technology have the potential to use weaker, less costly PMs. Future designs
that assess the feasibility of using injected, bonded magnets in this machine and higher-speed motors may
very well yield less costly motors with higher performance capabilities.

A new concept for amotor design with side magnets can provide a machine with a stronger fixed PM
air-gap flux density. Thistechnology can be used in either the RIPM-BFE or the RIPM motor and can
result in ahigher PM air-gap flux density for both strong and the low-cost weak magnets.

Patents
The available ORNL patents and patents pending on the RIPM-BFE machine and the HSUPM

machines are as follows:

o “High Strength Undiffused Brushless Electric Motors and Generators,” U.S. Patent 6,573,634, June 3,
2003.

e “Hybrid-Secondary Uncluttered Induction Machine,” U.S. Patent No. 6,310,417, October 30, 2001.
“Simplified Hybrid-Secondary Uncluttered Induction (HSU-I) Machine,” U.S. Patent 6,891,301, May
10, 2005.

o “Hybrid-Secondary Uncluttered Permanent-Magnet (HSU-PM) Machine,” patent pending no.
10/706,577.

e “Improvements on High Strength Undiffused Machine,” patents pending nos. 60/675,419, and
11/162753.

“HSUB Reluctance Machine,” patent pending no. 11/019,075.

“Compact HSUB Electric Motor/Generator,” patent pending no. 10/848,450.

“High Slot Utilization Systems for Electric Machines,” patent pending no. 0813-01-100305.
“Motor with Low Battery Requirement,” patent pending No. 1636-01-100405.
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3.3 Advanced Traction Motor Development (RFP)

Principal Investigator: Sam Nelson

Oak Ridge National Laboratory

National Transportation Research Center

2360 Cherahala Boulevard

Knoxville, TN 37932

Voice: 865-946-1327; Fax: 865-946-1262; E-mail:nedonsscjr @ornl.gov

DOE Technology Development Manager: Susan A. Rogers
Voice: 202-586-8997; Fax: 202-586-1600; E-mail: Susan.Roger s@ee.doe.gov

ORNL Program Manager: Mitch Ol szewski
Voice: 865-946-1350; Fax: 865-946-1262; E-mail: ol szewskim@ornl.gov

Objectives

The objective of thistask isto develop advanced traction drive motors that would not readily be
pursued by industry alone because of high risks and uncertain or long-term outcomes. The overdl
objective isto design, develop, fabricate, deliver, and test advanced traction drive motors that will meet
the 2010 FreedomCAR goals and traction motor technical targets. The goal of thistask isto develop an
advanced traction drive motor with improved motor torque capability as well asimproved efficiency and
power density and reduced cost.

Approach

A solicitation was devel oped with qualification requirements for the potential offerors, including
goals and specifications (i.e., efficiency, power density, torque, minimal speed requirements) for
development of an advanced traction drive motor. A survey was made of potential traction drive motor
developers, and arequest for proposals (RFP) was sent to potential bidders. The proposals received from
traction drive motor bidders were studied and evaluated based on (1) technical approach, (2) corporate
experience, (3) personnel qualifications, and (4) project management. The proposal with the greatest
value and with the lowest risk for the development of advanced traction drive motors was selected by the
evaluation team.

Phase 1 of thetask is to perform the research and development (R&D) required, resulting in adesign
for an advanced traction drive motor. Phase 2 of the task isto fabricate and deliver for test and evaluation
an advanced traction drive motor in accordance with the specifications presented in the solicitation.

Major Accomplishments

A solicitation wasissued to traction drive motor suppliers to determine their interest in developing
advanced traction drive motors that will meet 2010 FreedomCAR goals and specifications. The RFP was
issued on February 18, 2005, with aninitial closing date of March 30, 2005. The RFP resulted in the
receipt of four proposals, none of which met al of the qualification criteria. The RFP was amended on
June 7, 2005, to modify the qualification criteria with a June 14, 2005, closing date. The amendment did
not result in any additional proposals, but three of the proposals met the revised qualification criteria. Site
visits were made to each offeror to gain additional information about the proposals and the offeror’s
capabilities. An evaluation team report was prepared documenting the assessment of each proposal. A
Phase 1 contract was awarded in August 2005 to UQM Technologies, Inc., to design an advanced traction
drive motor.
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Technical Discussion

Oak Ridge Nationa Laboratory (ORNL) motor scientists are being used during the procurement and
performance period of thistask to enhance and complement the supplier’ stechnical capabilities. This task
included the devel opment of a solicitation with specifications and goals for the advanced traction drive
motor. The advanced traction drive motor isto have a 30-kW continuous and 55-kW peak power
capability. The motor isto have a constant power speed ratio (CPSR) of 5 with aminimum top speed of
10,000 rpm and an efficiency of 93% from 10 to 100% of rated speed at 20% of rated torque. An RFP
was issued, and avariety of traction drive motor design technol ogies were proposed by the offerors. The
designs were evaluated, and the design that was considered by the evaluation team to have the greatest
value and lowest risk for advanced traction drive development was sel ected.

Phase 1 design activity wasinitiated in August by UQM Technologies of Golden, Colorado. To date,
the design process has focused on creating parametric models of the Prius motor geometry and verifying
the results with ORNL test data for the Prius. The Prius dimensions and material properties parameters
have been entered into the models, auto-generated, and solved for back—electromotive force (EMF)
waveform shapes and amplitude. Inductance models for the Prius have also been created and solved. The

custom element mesh for the parametric Prius-style model is shown in Figure 1, along with the no-load
flux distribution.

Element Mesh for Prius Geometry Flux Distribution
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Figure 1. Element mesh for Prius geometry and flux distribution.

The back-EMF waveform and magnitude can be cal culated accurately by solving for the flux
distribution at severa different rotor angles. The back-EMF waveform predicted by finite e ement
analysis for the Prius motor isillustrated in Figure 2. The predicted back-EMF constant for the Prius

motor was 140.5 V| /krpm, which correlated closely with the measured results from ORNL, 141.7
V /krpm.

106



Power Electronics and Electric Machines Draft FY 2005 Progress Report
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Figure 2. Predicted back-EM F wavefor m of the
Toyota Priustraction drive motor.

Conclusion

ORNL motor scientists will work closely with UQM Technol ogies during the R& D tasks associated
with the design of the traction drive motor. Phase 1 will involve detailed analysis and design, a cost study,
and the analysis of potential processes, materials, configurations, and manufacturing methods that will
meet the requirements for an advanced traction drive system that will meet the solicitation specifications
and the 2010 FreedomCAR goals.

Future Direction

During FY 2006, this task will result in the development of an advanced traction drive motor design.
The progress and merits of the Phase 1 design activity will determineif aPhase 2 task isfunded. A Phase
2 task would require the fabrication and delivery of a prototype traction drive motor system for test and
evaluation.
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4. Power Electronics Research and Technology Development

4.1 Wide-Bandgap Semiconductors

Principal Investigator: Burak Ozpineci

Oak Ridge National Laboratory

National Transportation Research Center

2360 Cherahala Boulevard

Knoxville, TN 37932

Voice: 865-946-1329; Fax: 865-946-1262; E-mail: ozpinecib@ornl.gov

DOE Technology Development Manager: Susan A. Rogers
Voice: 202-586-8997; Fax: 202-586-1600; E-mail: Susan.Roger s@ee.doe.gov

ORNL Program Manager: Mitch Ol szewski
Voice: 865-946-1350; Fax: 865-946-1262; E-mail: ol szewskim@ornl.gov

Objectives

o Assesstheimpact of replacing silicon (Si) power devices in transportation applications with devices
based on wide-bandgap (WBG) semiconductors, especially silicon carbide (SiC)-based ones.

e Develop device models for system-level simulation studies and analyze the impact of SiC deviceson
the system performance.

e Build and test SIC-based power convertersfor hybrid electric vehicles (HEVs) to validate the
predictions.

o Test thereliability of the SiC devices.

Approach

e Maintain an awareness of the state of the art in WBG semiconductors.

Develop models of WBG semiconductor devices, especially SiC diodes, junction field-effect
transistors (JFETSs), and metal oxide semiconductor field-effect transistors (MOSFETS).

e Simulate the performance of an HEV traction drive and a dc-dc converter using these device models.
Test, characterize, and model a 55-kW Si-SiC hybrid [Si-insul ated gate bipolar transistor (IGBT), SIC
Schottky diodes] inverter and compare it with asimilar all-Si inverter.

o Tedt, characterize, and model a 7.5-kW all-SiC inverter to compare with an al-Si inverter and
validate the system models and demonstrate the system-level benefits.

e Build dc-dc convertersto test the reliability of the SIC and Si devices.

Major Accomplishments

e Acquired several SiC Schottky diodes, JFETs, and MOSFETSs.

o Tested, characterized, and modeled SiC Schottky diodes, JFETs, and MOSFETs. Physics-based
models for JFET and SiIC Schottky diodes were aso developed in Saber.

o Tested, a55-kW Si-SiC hybrid traction inverter built in collaboration with Cree and Semikron and
compared its performance with a 55-kW all-Si inverter. Both were modeled in Saber using the device
models developed from the device characterization data.

e Testeda7.5kW al-SiCinverter (SC JFETs and SiC Schottky diodes) that was built in collaboration
with Rockwell Scientific and compared its performance with a commercially available al-Si inverter
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(Si IGBTsand S pn diodes). The all-SiC inverter was modeled in Saber using the JFET models and
SiC Schottky diode models.

e Tested thereliability of SC and Si devices by using them in buck converters and operating the buck
convertersfor long periods of time.

Technical Discussion

With the increase in demand for more efficient, higher-power electronics with higher-temperature
capabilities, design engineers face new challenges[1, 2]. Silicon (Si) power devices have reached their
theoretical limitsin terms of higher-temperature and higher-power operation by virtue of the material’s
physical properties. To overcome these limitations, research has focused on wide-bandgap materials such
assilicon carbide (SC), gallium nitride (GaN), and diamond because of their superior material
advantages such as large-bandgap, high-thermal conductivity, and high-critical breakdown field strength.

SiC Field-Effect Transistor Devices

FET devices are mgjority-carrier devices and are preferred over minority-carrier devicesin power
applications, however, S FET devices, like S Schottky diodes, can be used only in low-voltage (< 300
V) applications because of their high on-state resistance. Even the first experimental SiC FET devices
have blocking voltages over 1000 V with reasonable on-state resistances. It is expected that in the near
future SIC FET devices will dominate Si minority-carrier devices in medium-voltage (< 3000 V)
applications.

SIC MOSFET
Static characteristics

A MOSFET isaunipolar device that is normally off. The forward characteristics of the same SiC
MOSFET for atemperature range of —50°C to 175°C are shown in Figure 1. The on-state resistances of
the device are calculated from the slopes of the curves and are plotted with respect to temperaturein
Figure 2. It isinteresting to note that this device has a negative temperature co-efficient up to 50°C and a
positive temperature coefficient above that. MOSFET s are majority-carrier devices and are expected to
have positive temperature coefficients. The reason for thisis that at |ower temperatures, the contribution
of the channel resistance to the total on-state resistance is dominant [3,4]. The channel mobility increases
with temperature because the interface traps are closer to the conduction band [4,5]; thus, the channel
resistance decreases with temperature. Consequently, at low temperatures the MOSFET on-resistance
decreases. Above a certain temperature value, the channel resistance is not dominant, and because of the
other dominant on-resistance components, the MOSFET overall on-resistance increases.
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Figure 1. Forward characteristicsof SIC MOSFET at different temperatures.
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Figure 2. On-resistance of SIC MOSFET at different temperatures.

Dynamic characteristics

The gate-drive circuit developed at ORNL in FY 04 for SIC JFET was modified and used to
determine the dynamic characteristics of the SC MOSFET. The gate-drive voltage for the MOSFET was
selected to be 20 V as determined from the forward characteristics to obtain the optimum performance.
Operation at 250 kHz was achieved with a series-gate resistance of 7.2 Q and a peak-gate current of
0.6 A. The gate and switching waveforms for a SIC MOSFET are shown in Figure 3. The device has a
turn-off delay td of 40 ns, fall time tf of 100 ns, turn-on delay td of 20 ns, and rise time tr of 100 ns.
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Figure 3. The gate and switching wavefor ms of the SSIC MOSFET.
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MOSFETs have fast dynamic responses, which are required for high-frequency switching. The turn-on
and turn-off energy losses for the SSIC MOSFET were calculated by integrating the instantaneous power
over the turn-on (ton) and turn-off times (toff). The energy losses calculated for the SIC MOSFET at
different temperatures for operation at 5 kHz, 50% duty cycle, 100 V, and 0.8 A are shown in Figure 4. It
is evident from the plot that the total switching losses do not vary much with temperature.
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Figure 4. Energy loss plot of SIC MOSFET.

55-kW Si-SiC Hybrid Inverter

SiC Schottky diodes have been proven to have better performance characteristics than those of similar
Si pn diodes [6], especidly with respect to their switching characteristics because they have negligible
reverse-recovery losses. Their superior switching performance impacts the main power switches by
reducing the stress on them and thus improving system performance. SIC Schottky diodes are already
commercially available at low-current ratings. These diodes are being used in niche applications such as
power factor correction circuits. It is expected that the first impact of SIC devices on inverterswill beasa
result of SIC Schottky diodes replacing the Si pn diodes.

Oak Ridge National Laboratory (ORNL) collaborated with Cree and Semikron to build a hybrid
55-kW (S IGBT-SIC Schottky diode) inverter by replacing the Si pn diodesin Semikron’s automotive
inverter with Cree' s SiC Schottky diodes.

The inverter module SKAI (Semikron Advanced Integration) from Semikron was developed for
hybrid electric vehicle (HEV) traction drives. It is a three-phase 55-kW inverter unit (Figure 5) built using
600-V, 600-A IGBTsand 600-V, 450-A pn diode modules. Cree has developed 75-A, 600-V, 4 x 6.65
mm SiC Schottky diodes as shown in Figure 6. The yield was about 46.7%, with 67 good devices from
the wafer. For this project, Semikron replaced each Si pn diode (9 x 9mm) in their automotive integrated
power module (AIPM) with two 75-A SiC Schottky diodes.
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Figure5. Semikron inverter unit.

Figure 6. 75-A Schottky diodes developed by Cree.

SiC diode modeling

The SiC Schottky diode model used in this project was developed at the University of Arkansas. Itis
arobust model that can accurately model forward and reverse recovery and track accurately over
temperature. Moreover, many details pertaining to the fabrication of the diode need not be known by the
user, making parameter extraction flexible. The diode model parameters were extracted from the on-state
characterigtics, and from the reverse-recovery waveforms.

The on-state validation of the model with the SIC 75-A diode from Creeis seenin Figure 7. The
percentage error is approximately 0.3-0.4% in the 100°C and 150°C curves and approximately 2-3 % in
the 25°C curve.

Figure 8 shows the reverse recovery of the SiC diode and the corresponding behavior of the model (in
dotted lines). As seen in the figure, the model accurately tracks the test data.

Simulation of Si IGBT—SIC Schottky diode hybrid inverter

After the modeling and parameter extraction of the devices, the device models were used to construct
athree-phase voltage-source inverter in Saber. The IGBT that was used for constructing the Semikron
inverter was not available in the Saber library. Therefore, another IGBT with similar ratings was used as
the transistor switch. The load consisted of a1.24 Q resistor and a 1.5 mH inductor and the input dc bus
voltage was set at 325 V. An dl-Si inverter with Si IGBTs and diodes was also simulated. The simulation
results showed that the Si IGBT- SiC Schottky diode hybrid had much better efficiencies than the all-Si
inverter.
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Figure 7. Measure (solid line) and simulated (dotted line) on-state waveforms
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Figure 8. Measured (solid) and simulated (dotted) rever se-recovery wavefor ms
of the SIC Schottky diode from Cree.

The difference in efficiencies between the simulated invertersis clearly visible in Figure 9. When the
Si diodein the all-Si inverter was replaced with the SiIC Schottky diode, a 1.5-2% increase in the
operational efficiency was observed.

Two major tests were performed, R-L load tests to investigate the inverters power handling capability
and dynamometer tests to determine the inverters dynamic performance. Both the hybrid inverter and the
al-Si inverter were tested using the same test procedure.
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Peak power output vs. Efficiency
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Figure 9. Comparison of peak-power output vsefficienciesfor hybrid and all-Si
inverter testing.

R-L load test

Operation. For thistest, the dc-link voltage was varied from the minimum operating voltage (200 V)
to the maximum bus voltage (450 V). The bus voltage trip fault occurs for voltages beyond 450 V. The
load resistance was set to the minimum value and the current was controlled using the current controller.
The coolant was set at 20°C at aflow rate of 2.5 gpm. The open-loop frequency of operation and the
pulse-width modulation (PWM) frequency were fixed, and the current command was varied for a
particular dc-link voltage. The command current was increased in steps of 10 A without exceeding the
power rating of the inverter or the power rating of the load. The procedure was repeated by increasing the
open-loop frequency in steps of 25 Hz. The coolant temperature was changed to 70°C, and the data was
recorded for awide range of current and open-loop frequencies.

Results. The data obtained for both the inverters were analyzed and the corresponding efficiencies
were calculated. The efficiency versus output-power plot for one of several operating conditions
comparing the invertersis shown in Figure 10. The hybrid inverter efficiencies are higher than the all-Si
inverter for all operating conditions. The results show up to 33.6% reduction in the losses when
everything is kept the same and SiC Schottky diodes are used instead of Si pn diodes. The percentage |0ss
reduction was cal culated comparing the power |osses between the hybrid inverter and the all-Si inverter
asfollows:

Percentage loss reduction = (d .. gy — d os(sc) )/ (0 poss s )X 100

Dynamometer tests

M otoring mode. The dc-voltage input to the inverter was set at the nominal battery operating voltage
(325V dc). The direction of rotation was set to forward and the motor speed was increased from 750 rpm
to the rated base speed for a specific continuous load torque. Data was obtained for a wide range of speed
and torque values by varying the load torque (from 100, 150, 200 Nm) using the dynamometer controller.

The efficiency plots for various speeds and aload torque of 200 Nm are shown in Figure 11. The
average |oss reduction in motoring mode was up to 10.7%. Note that one of the reasons the average |oss
reduction islessin the motoring compared to the R-L load test is that the power levels achieved are much
less in motoring.
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R-L Load Test - 250Vdc, 20C, 50Hz Operation
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Figure 11. Dynamometer test—motoring mode efficiency plotsat 70°C.

Regener ation mode. The dc-voltage input to the inverter was set at the nominal battery-operating
voltage. The direction of rotation was set to be forward. The dynamometer controller was adjusted to
control the speed. The motor speed was increased from 750 rpm to the rated speed for a specific operating
current of the inverter to achieve a specific load torque. The current was varied from zero to the values
corresponding to different torque values and then decreased to zero. The procedure was repeated to obtain
the datafor awide range of speed and torque values. The curves comparing the efficiency of the inverters
at 70°C with @200 Nm load are shown in Figure 12. The results show up to 12.71 % reduction in average
losses similar to the results obtained in the motoring mode.
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Regen Test - 200 Nm Load Test
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Figure 12. Dynamometer test—r egeneration mode efficiency plotsat 70°C.

The IGBTs used in the actual inverter and in the simulation are not the same. Therefore, a direct
comparison of the efficiencies of the simulation and the testing would not be accurate. But it is seen that
the efficiencies of the simulation and the testing do have the same trend.

7.5-kW AllI-SC Inverter

A 7.5-kW al-SiC inverter was built in collaboration with Rockwell Scientific to study the impact of
replacing the Si devices with SiC devices in the inverters. The SiC inverter module was built using
1200-V, 7.5-A JFETsand 1200-V, 15-A SiC Schottky diodes. The main switchesin each phase leg
consisted of two JFETswith 7.5-A ratingsin parallel.

A Si inverter module with similar ratings was selected to compare its performance with the dl-SiIC
unit. The picture of the SIC inverter moduleis shown in Figure 13.

Figure 13. All-SiC module.

SiC JFET modeling

The device physics-based analytical SIC JFET model used for this project was devel oped by the
University of Arkansas[7]. The on-state validation was done for only the unipolar operation because the
JFET ismainly used in that area as shown in Figure 14. The simulated values agree with the measured
values with an error of approximately 2—3%. The switching characteristics are shown in Figures 15 and
16. The model tracks the actual waveforms as expected. As observed in the transient modeling results, the
switching timeis on the order of 0.1 pusfor a25 Q gate resistance, and the various depl etion capacitances
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Drain current, 4 (A)

Drain-source voltage, Vgs (V)

Figure 14. Rockwell SIC JFET measured (solid) and simulated (dotted) on-state waveforms at 25°C
for different gate voltages (Vg ranging from 0V to -2.5V).
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Figure 15. SIC JFET simulated (dashed) and measur ed (solid) turn-on wavefor ms at 250C:
(a) gate voltage, (b) drain voltage, and (c) drain current.
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Figure 16. SiC JFET simulated (dashed) and measured (solid) tur n-off waveforms at 25°C:
(a) gate voltage, (b) drain voltage, and (c) drain current.

described in the model can accurately predict the switching characteristics of the SIC JFET. The turn-off
waveforms are seen to be much faster compared to the turn-on times because the discharging of the
junction and package capacitances happens over a shorter interval of time.

Simulation of all-SiC inverter

The SiC JFET and diode models were used to construct an all-SiC inverter. Thisis atechnology
demonstrator that shows afull power electronic system in SiC being successfully ssmulated. The
validated models were used to construct the inverter system. The all-SiC inverter from Rockwell was first
tested to ascertain the performance and collect test data for the inverter model validation.

A balanced three-phase 15 Q resistive load was used to simulate the operating conditions. The
switching frequency was set to 10 kHz, and the output frequency was set to 50 Hz. The inverter was
simulated for different values of dc voltages and modulation indices. As explained before, the SC JFETs
used in the inverter were modeled and all the parameters were extracted. The 1200-V, 15-A SiC diodein
the inverter was also modeled by the procedure explained previously. The results of the diode fitting are
seen in Figures 17 and 18.

The efficiency of the al-SiC inverter was seen to range from 83.2 to 87.8 %.

Inverter testing
Inductiveload tests

Operation. The gate signals to the inverter modul es were checked with no load on the inverter. The
inverters were connected to a three-phase R-L load. The operating current was controlled by varying the
load resistance. The dc-link voltage was varied from 0 to a maximum bus voltage of 400 V. The
frequency of operation was fixed and the load was varied for a particular dec-link voltage. The load was
increased in steps without exceeding the power rating of the inverter and also not exceeding the power
rating of the load. The procedure was repeated by increasing the output frequency command in steps of
10 Hz.
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Figure 17. On-state validation of SiC diode at 25°C — measured (solid)
and simulated (dashed).
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Figure 18. Rever se-recovery validation of SiC diode at 25°C — measured (solid)
and simulated (dashed).

Results. The operating waveforms for the SIC inverter for aparticular load setting are shown in
Figure 19. The plot of efficiency curves for one of the different operating conditionsis shownin
Figure 20. It can be seen from the plot that the efficiencies of the Si inverter module are much higher than
those of the SIC module.

To better understand why the all-SiC inverter efficiencies are worse than the al-Si inverter, the static
characterigtics of the IGBT, SiC JFET, and the diodes in the inverter modul es were compared as shown in
Figures 21 and 22 respectively.

The on-state voltage drop of the Si IGBT is much less compared to the SIC JFET at higher-current
levels because of the higher on-resistance of the SIC JFET. At lower currents, however, the SIC JFET has
alower on-state voltage drop. The Si pn and SiC Schottky diodes, on the other hand, have similar static
characteristics. Because of the higher on-state resistance of the SiC JFET, the all-SiC inverter has higher
conduction |osses.
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Figure 19. Operating wavefor ms of SIC module for R-L load test.
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Figure 20. Efficiencies comparison plot at 40-Hz operation for R-L load test.
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Figure 21. Forward characteristicsof IGBT and JFET in the Si and SiC modules.
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Figure 22. Forward characteristics of diodesin the Si and SiC modules.
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Duration tests

Underhood, reliable operation of power modulesin hybrid electric vehiclesis an important
transportation requirement. Most common failures in power modules are due to power cycling over high-
operating temperatures. To test the reliable operation of the SIC power devices, four different buck
converters were developed with S IGBTSs, Si pn diodes, SIC JFETSs, and SiIC Schottky diodes. The
devicesin the converters were operated at different voltage and current levels and at different frequencies
in order to subject them to thermal stress and study their behavior. The analysis of test data and results
will be presented in the following sections.

Operation. The buck converters were fed from a single dc supply source, and the load current was
varied by changing the input voltage. The operating current for each buck converter was limited to a
maximum of 2 A because of the current ratings of the SiIC JFETs. These JFETs were obtained through
SICED, a Siemens-based company. They were operated continuously for 7.5 hours every day for six
months. During this time, their operation was closely observed and their case temperatures recorded. The
temperature profiles have been filtered to get rid of the noise picked up by the thermocouples.

After experimenting with several test conditions, the operating voltage was fixed at 200 V for safe
operation without device failure, and the duration tests were continued. The converters were operated at
10 kHz, 50% duty cycle, and 200 V. The temperature profiles recorded for each device for 7.5 hours are
shown in Figure 23a. These profiles show that for the same main switch, the SC diodes are operating at
higher temperatures compared to the Si diodes. A previous ORNL simulation study [2] has shown that the
conduction losses of SiC Schottky diodes dominate at lower switching frequencies and they are much
higher than those of the Si pn diodes. The thermal profilesin Figure 23a confirm the results of that
simulation study.

Figure 23b shows that SiC JFETs, without heat sinks, operate at much lower temperatures compared
to S IGBTs, which implies that the SiC devices have lower losses compared to the S IGBTS. The
comparison of static characteristics of SIC JFET and S IGBT is shown in Figure 24 in which it can be
seen that in the current range, the JFET has lower conduction losses.

It isalso interesting to observe in Figure 23b that the Si IGBT and the SIC JFET with the SiC diodes
operate at lower temperatures compared to the ones that operate with the Si pn diodes. Thisis again
attributed to the better reverse recovery characteristics of the SIC Schottky diodes.

Figures 25 and 26 show all the profiles obtained for different switching frequencies plotted together.
It can be observed from these figures that the operating temperatures of the SiC diodes do not change
much with increases in switching frequency. Thisis because the switching losses of SiC Schottky diodes
are significantly lower than those of the Si pn diodes. However, the Si diodes have higher-switching
losses and hence their operating temperatures rise as the frequency increases.

Since S IGBTs are limited in their switching frequency, the buck converterswith Si IGBTs were
tested separately at lower-switching frequencies. The temperature profiles of the switches and diodesfor a
200-V, 50% duty cycle and in afrequency range of 15-25 kHz are shown in Figure 27. Thisfigure shows
that the temperature profiles of the S IGBTs with SC Schottky diodes do not change much with
switching frequency. However, the temperatures of Si IGBTswith Si diodes increase with switching
frequency. This also shows that the SiC diodes have less effect on the main power switch because of the
negligible reverse-recovery losses. Even though the temperatures of the Si IGBT in the all-Si converter
increase as the switching frequency increases, the S pn diode compared to the SiIC Schottky diode still
operates at adightly lower temperature.
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Figure 23. Temperature profile for 10-kHz operation.
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Figure 25. Temperature profile for diodes at different operating frequencies.
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Figure 26. Temperature profile for switches at different operating frequencies.
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Figure 27. Plot of temperature profile for power switches at different frequencies

During the tests, several power switchesfailed at different operating conditions. The diodes never
failed over severa months of operation. Si IGBTs failed at certain operating conditions because of the
thermal limits of the devices. Only case temperatures were measured; the junction temperatures would be
much higher. Also, the devices were operated without any snubber circuit, thus the power switches were
stressed even more than under normal operation.

SiC JFETs operated without any failures even at higher voltage levels and without heat sinks.
However, the JFETs failed repeatedly after several days of operation. After investigating the devices that
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failed, it was found that gate-to-source of some devices were shorted while some had open drain-to-
source failures. This shows that these experimental samples need more reliability improvement.

Conclusion

With the present SIC Schottky diode technology, when SIC Schottky diodes are used in traction drive
invertersinstead of Si pn diodes, the average losses of the inverter can be reduced by up to 33.6%. The
cost issue still remains to be a problem.

The 7.5-kW all-SiC inverter and buck converter tests showed that more research is required on SIC
JFETsto improve their characteristics and reliability. Even though the reliability of SIC power switchesis
of concern, their performanceis still promising. It isimportant to follow the present developmentsin SIC
power-device technology closely because the pace of improvement has increased considerably. Better,
less expensive, and more reliable SIC power devices are not too far away.

Future Direction

FY 2006-2007: Conduct research in high-temperature packaging for SiC power devices, as present
device packaging cannot handle the temperatures at which SiC devices are capable of operating. External
collaboration will be required. Conduct afeasibility study to build a 55-kW all-SiC inverter by using the
device and system-level simulation models developed based on the results from the inverter tests
performed in FY 05.

FY 2007-2008: Provided that the feasibility study shows that the SiC technology is ready for a 55-
kW all-SiC inverter, build thisinverter and compareit to an all-Si inverter at full scale.

FY 2006-2008: Continue acquiring, testing, characterizing, and modeling new SiC devices.
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4.2 Integrated dc/dc Converter for Multi-Voltage Bus Systems
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Objectives

o Develop integrated dc/dc converters for triple-voltage busses (14-V/42-V /high-voltage) to reduce
component count, size, and cost.

e Produce converter prototypes and testing data that can demonstrate the converter’ s capability for
bidirectiona power flow control among the three busses and can be useful in setting FreedomCAR
technical targets for dc/dc converters.

Approach

The following approaches are taken to reduce the cost and size, and to increase the efficiency and
power density, of dc/dc converters for multi-bus systemsin hybrid electric vehicles (HEVs) and fuel cell—-
powered vehicles (FCVs).
e Minimize the number of switches and thus the associated gate drivers to reduce the components count
and cost.
Employ soft switching and synchronous rectification to increase efficiency and power density.
Employ soft switching to lower el ectromagnetic interference (EMI) noise.
Refine the topology to further reduce the components count.
Use flexible topol ogy—same circuit applicable to both dual- and triple-voltage systems.

M ajor Accomplishments

e A half-bridge-based dc/dc converter was developed that can interconnect the three voltage busses and
can reduce component count by 50% compared with conventional technologies. A novel control
scheme was also devised that can control the power flow among the three busses.

e For hardware demonstration and to produce test data for cost and performance evaluation, a 2-kW
converter prototype was designed and built.

e Testing of the converter was successfully completed and a conversion efficiency of 92 % was
achieved over awide load range.

e Tofurther reduce the component count, a reduced-parts converter was designed and fabricated. Initial
testing data have proved the concept and indicated it is a promising alternative topology. Further
testing will be conducted to gather performance data.
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Technical Discussion

Introduction

The 14-V electrical system in current automobiles has reached its capability limits and cannot meet
the demands of future electrical loads. As HEV's and FCVs emerge, there is an increasing desire to
replace more engine-driven mechanica and hydraulic systems with electrical systemsto increase
efficiency. Presently, 42-V systems are being proposed to cope with theincreasing electrical loads.
During the transition to the 42-V system, most automobiles are expected to employ a 14-V/42-V dual-
level voltage system, in which abi-directional dc/dc converter is required to connect the two voltage
networks. Additionally, most battery-powered HEV s employ a high-voltage (200 ~ 500-V) bus for the
traction motor drive. In HEVswith a42-V alternator, a dc/dc converter supplied from the 42-V bus may
be used to charge the high-voltage battery, as shown in Figure 1(a). On the other hand, for HEV's having a
generator directly connected on the high-voltage bus, adc/dc converter istypically required to charge the
14-V and/or 42-V batteries.

Furthermore, FCV s will require a bi-directional dc/dc converter to interconnect the fuel cellpowered
high-voltage bus and the low-voltage busses for vehicle auxiliary loads. For the reasons mentioned
earlier, both the 14-V and 42-V busses may be employed to power vehicle accessory loads, as shown in
Figure 1(b). An energy storage deviceis also required for fuel cell start-up and for storing the energy
captured by regenerative braking, because the fuel cells lack energy storage capability. One way to
accomplish thisisto use the vehicle 14-V or 42-V battery with the bi-directional dc/dc converter. During
vehicle starting, the high-voltage busis boosted up to around 300 V by the dc-dc converter drawing

H.V. bus
42V bus (200~500V)
36V Isolated,
A Batt idirecti —
42V | /a2y ___a ery 14v pus Bidirectional : HV.
load | \alterator : oV I DC-DC ° load
A load 12v —
Of Batt. | Converter
= =
(a) Hybrid €electric vehicles
H.V. bus
42V bus 200~500V
Isolated,
36V
Batt idi i
10V __a ery 14v pbus Bidirectional = HV.
load | = 1oy = DC-DC Cell | | load
12v Stack
load tac
T Batt. |Converter
i =

(b) Fuel cell-powered vehicles

Figure 1. A dc/dc converter interconnecting 14-V/42-V /high-voltage bus nets
in HEVsand FCVs.
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power from the 14-V or 42-V battery. This high-voltage bus then supplies power for the fuel cdll
compressor motor expanding unit controller and brings up the fuel cell voltage, which in turn feeds back
to the high-voltage bus to release the loading from the battery.

In summary, atriple-voltage bus system (14-V/42-V /high-voltage) will likely be employed in HEV' s
and FCVs, as shown in Figure 1, before all vehicle auxiliary electrical components are moved to the 42-V
bus. While dc/dc converters are available to interconnect any two of the busses, to reduce component
count, size, cost, and volume, it is desirable to employ an integrated dc/dc converter to interconnect the
three voltage busses instead of using two separate converters. Aside from bi-directional power control
capability, the converter needs to provide galvanic isolation between the low- and high-voltage busses to
meet safety requirements. Further, soft switching is preferred over hard switching because it offersa
reduced level of EMI and switching losses.

In this project, alow-cost, soft-switched, isolated bi-directiona dc/dc converter is being developed
for interconnecting the three bus nets. The converter is based on a dual half-bridge topology and uses
snubber capacitors and the transformer leakage inductance to achieve zero-voltage switching (ZVS).
Therefore, no extraresonant components are required for ZV'S, further reducing the component count.
The inherent soft-switching capability and the low component count of the converter allow high
powerdensity, efficient power conversion, and compact packaging. A novel power flow control scheme
based on a combined duty ratio and phase shift angle control was also devised. A 2-kW prototype was
designed, built, and tested to produce hardware demonstration and testing data that will be useful in
setting FreedomCAR technical targets for dc/dc converters.

dc/dc Converter for Triple Voltage Busses
Description of the dc/dc converter

Figure 2 shows a schematic of the dc/dc converter, which consists mainly of dual half-bridge
inverters/converters and a high-frequency transformer, Tr. The high-frequency transformer provides the
required galvanic isolation and voltage level matching between the 14-V and 42-V busses and the high-
voltage bus, while the 14-V and 42-V busses share a common ground. The leakage inductance of the
transformer is used as the intermediate energy storing and transferring element between the two low-
voltage busses and the high-voltage net. The snubber capacitors, C,;~C,,4, resonate with the transformer
leakage inductance to provide ZV S.

42V \b‘ us H.V. bus (200~§£)0V)
1 .
c 1

“I95%, T KA

14V bus 1 CTr 3 |Cs
i lTrL oy
T
dc 42V TrL TrH

D>H

_OI
)\

o/l

V1av n J_
Ss E = S"’J =
-

Figure 2. Schematic of the soft-switched bi-directional dc/dc converter.

Duty ratio control is used for power flow control between the 14-V and 42-V busses, making the two
bus voltages, Vi and Vs, track to each other by Vi4,=d*V4,\, Where d is the duty ratio of the switches S;
and S;. For 14-V/42-V systems, the duty ration isfixed at d=1/3 for normal operation and can be changed
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to adjust the state of charge of the low-voltage batteriesif necessary. In addition, a phase shift angle, ¢,
between the transformer primary and secondary voltagesis employed for power flow control between the
42-V and high-voltage busses as shown in Figure 3, where d=1/3. The power transferred through the
transformer can be expressed by

P:V42vVHV. % [E_i] ,

(1)
n 2d,L, 9 4r

where nistransformer turnsratio, Lsis transformer leakage inductance, and fsw is switching frequency.
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Figure 3. Ideal transformer voltage and current waveformsillustrating
power flow control between the 42-V and high-voltage busses at d=1/3.

For a given design, the maximum power is determined by

P..= - a g, =—. 2
e n 8if L, P = @

Figure 4 plots the power versus the phase shift angle at different voltage levels of Vi with n=8,
Ls=0.16pH, fsw=40 kHz, and V,,=42V for a prototype design.
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Simulation and Experimental Results

A 2-kW prototype was designed, built, and tested to verify the power flow control scheme and to
evaluate its performance. Specifications of the prototype are listed below.
e Rating: 2 kW continous/5 kW maximum
o Efficiency: >92% over awide load range

A detailed circuit smulation was first performed to verify the design goal, which is to guarantee at
least 2 KW of power can be transferred through the transformer at a voltage range of 200~400V for the
high-voltage bus. Figure 5 shows simulation results where power istransferred from the low-voltage
busses to the high-voltage net, in (a) at V4,v=200V, 2.1 KW is provided to the high-voltage bus, whilein
(b) at V=400V, power isincreased to 5.1 kW. Figure 6 shows simulated waveforms when the power
flow is reversed. The simulation results confirm the design goal of the power ratings.

A 2-kW prototype was then designed and built based on the analytical, ssimulation, and preliminary
proof-of-concept testing results. Figure 7 shows a photo of the prototype, whichislaid on a0.375-in.
liquid-cooled heat sink with afootprint 7.5 in. wide by 13.5in. long. It was intentionally laid loosely to
provide spaces for easy probing access.

The high-voltage switches are implemented with two CoolMOS metal oxide semiconductor field-
effect transistors (MOSFETs made by IXY S, which are rated at 600V/50A with an on-resistance of 35
mC2. High-speed insulated-gate bipolar transistors (IGBTs) will also be tested. The low-voltage switches
are MOSFETs made by International Rectifier, rated at 75V/90A with an on-resistance of 4.5 mQ.

The inductor was fabricated using aMetglas™ amorphous,C-core (AMCC-32) with the following
specifications:

e Winding: 16-mil-thick copper fail
e Inductance: 10 uH
e Current rating: 100 A

The high-frequency transformer was fabricated using Ferroxcube E-cores, E65/32/27. Two different
grades of soft ferrite, 3F3 and 3C94, will be tested for the transformer core. The primary winding uses a
10-mil-thick copper foil and has two turns, while the secondary winding uses 3 litz wires of 16 AWG in
paralel and has 16 turns. The two windings are interleaved to minimize the leakage inductance.
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Figure5. Simulation results showing power istransferred
from the low-voltage bussesto the high-voltage net.
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Figure 6. Simulation resultsillustrating power istransferred
from the high-voltage net to the low-voltage busses.
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Figure 7. Photo of the prototype.

Figures 8, 9, and 10 show typical testing waveforms when power was transferred from the 42-V bus
to the 14-V and high-voltage busses, from the high-voltage bus to the 14-V and 42-V busses, and from
thel4-V busto the high-voltage and 42-V busses, respectively. Figure 11 plots power conversion
efficiency against the output power, indicating efficiencies of 92 % were achieved over awide load range.
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Figure 8. Typical testing waveformsfor 42-V to 14-V and high-voltage power transfer.
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Figure9. Typical testing waveformsfor high-voltageto 14-V and 42-V power transfer.
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Figure 10. Typical testing waveformsfor 14-V to 42-V and high-voltage power transfer.
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Figure 11. Efficiency chart.

Reduced-Part-Count dc/dc Converter for Triple Voltage Busses

To further reduce the component count, weight, and size of the converter, the inductor, L in
Figure 2, which isthe heaviest part except for the aluminum heat sink, has been eliminated. A 2-kW
prototype was designed and fabricated. Figure 12 shows a photo of the reduced-part-count prototype.
Initial testing was conducted for power transfer between the 42-V and high-voltage busses. Figures 13
and 14 show testing waveforms when power was transferred from the 42-V busto the 14-V and high-
voltage busses at 1.1 kW and 1.4 kW, respectively. Figure 15 illustrates waveforms when power was
transferred from the high-voltage bus to the 14-V and 42-V busses at 0.54 kW. The initial testing results
clearly verified the bi-directional power flow control capability of the reduced part count version. Further
testing will be conducted to collect data for cost and performance eval uations.

AU

Figure 12. Photo of the reduced-part count prototype.
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Figure 13. Testing waveformsfor 42-V to 14-V and high-voltage power transfer at 1.1 kW.
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Figure 14. Testing waveformsfor 42-V to 14-V and high-voltage power transfer at 1.4 kW.
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Figure 15. Testing waveformsfor high-voltage to 42-V and 14-V power transfer at 0.54 kW.

Conclusions

The devel oped integrated dc/dc converters for triple-voltage-bus (14-V/42-V/high-voltage) systems

for HEV and FCV applications has the following features:

e Usesonly four switching devices, leading to significant cost savings and higher power density.

e Employs soft switching and synchronous rectification, contributing to high efficiency and low EMI.

e Requiresno auxiliary circuits or complex control dedicated for soft switching.

e Usesflexible power flow management as aresult of the capability to transfer power among al three
voltage busses by employing a combined duty ratio and phase shift angle control scheme.

Simulation and testing results on a 2-kW prototype have confirmed the operating principles,
demonstrated efficiencies of up to 92 %, and shown that the number of components can be reduced by 50
% over conventional technologies. Theinitial testing data on the reduced-part version proved the concept
and indicated that it is a promising alternative to the first version. Future testing will provide data for
detailed performance and cost analysis.

Future Direction

To increase power levels, amodular approach using the 2-kW converter as a building block for higher
power units will be explored.

Publications

“A Low Cost, Triple-Voltage Bus DC/DC Converter for Automotive Applications,” pp. 1015-21in
|EEE Applied Power Electronics Conference and Exposition (APEC), vol. 2, March 610, 2005, Austin,
Texas.

“A Small Signal Analysisof A Dual Half Bridge Isolated ZV S Bi-directional dc-dc Converter for
Electrical Vehicle Applications,” pp. 2777-82 in Proceedings of |EEE PESC’ 05, June 12-16, 2005,
Recife, Brazil.

“A Low Cost, Triple-Voltage Bus DC/DC Converter for Automotive Applications,” submitted to
|EEE Transactions on Industry Applications.
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4.3 Integrated Inverter for HEVsand Fuel Cell Powered Vehicles

Principal Investigator: Gui-Jia Su

Oak Ridge National Laboratory

National Transportation Research Center

2360 Cherahala Boulevard

Knoxville, TN 37932

Voice: 865-946-1330; Fax:865-946-1400; E-mail:sugj@ornl.gov

DOE Technology Development Manager: Susan A. Rogers
Voice: 202-586-8997; Fax: 202-586-1600; E-mail: Susan.Roger s@ee.doe.gov

ORNL Program Manager: Mitch Ol szewski
Voice: 865-946-1350; Fax:865-946-1262; E-mail: ol szewskim@or nl.gov

Objectives

o Develop integrated power conversion topologies to reduce the component count, size, and cost of
power e ectronics systems for traction drives and compressor motor drivesin hybrid electric vehicles
(HEVs) and fuel cell-powered vehicles (FCV's) by reducing the cost and size of the compressor drive
by 30%.

e Produce a 75-kW/5-kW dual inverter prototype and demonstrate its capability to independently
control three-phase main and two-phase auxiliary permanent magnet (PM) motors.

Approach

e Inorder to reduce the cost of a compressor drive in HEVsand FCV's, atwo-phase motor and inverter
was employed to reduce the manufacturing cost of the motor as aresult of eliminating one stator
phase winding. While a stand-alone two-phase inverter may require three or four phase legs, the
number of phase legs was reduced to two by integrating the inverter into the three-phase inverter of
the traction motor drive, yielding a 1/3 reduction in the number of switches and associated gate driver
components compared with a three-phase inverter. The integration further enables sharing of the dc
bus filter capacitors, gate drive power supplies, and control circuitry between the two inverters. In
short, a 30% reduction in compressor drive cost and size can be achieved through the use of this
concept.

M ajor Accomplishments

e Todemonstrate the size reduction of the compressor drive and to experimentally verify the capability
of independently controlling two motors, a 75-kW/5-kW dual inverter prototype was designed and
built using the latest trench-gate insulated gate bipolar transistor (IGBT) power modules. A new
digital signal processing (DSP) control board based on a Texas Instruments chip has also been
designed and fabricated for controlling the IGBTs in the dual inverter. Testing of the inverter
controlling two PM motors was completed successfully. A 30% reduction in the compressor drive's
component cost and size was achieved compared with a three-phase alternative approach.
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Technical Discussion

1. Background

Traditionaly, in vehicles powered by internal combustion engines, the engine drives the compressor
for heating, ventilating, and air-conditioning (HVAC). The efficiency of the air-conditioning system is not
optimized, as the compressor is operated in repetitive run-and-stop modes according to the thermostat
settings, and must follow engine speeds. Switching to a motor-driven compressor allows the use of
continuously adjustable speed control to reduce air-conditioner energy consumption and enhance HVAC
performance by changing the compressor speed according to the cooling/heating requirements. Because
of their superior performance compared with their conventional engine-belt—driven counterparts, electric-
motor—driven compressors are being deployed in automobiles with a 42-V power net and in HEVswhere
ahigh-voltage busis readily available. Other advantages of electrically driven HVAC compressors are
that
e The operating speed can be increased to a much higher level to substantially reduce the size of the

motor and compressor.

e The packaging is more flexible, asthe location is not restricted to the accessory drive side of the
engine.

o Refrigerant leakage into the atmosphere is reduced because rotating seals are eliminated.

e Tailpipe emissions are reduced and fuel economy isimproved because the electric compressor
enables HEV s to shut off the engine during vehicle stops or at low vehicle speeds when engine power
is not required.

Moreover, FCV s require an electrically-driven HVAC compressor.

Figure 1 shows an existing configuration in HEV s that employ two separate three-phase inverter
drivesfor traction and compressor motors. To reduce the cost of the automotive accessory drives such as
compressor motors, two-phase inverter-fed induction motor drives have been used to replace wound-field
or PM dc motors for heating, ventilating, demisting, engine cooling, and water-pumping applicationsin
the automotive industry. A two-phase motor can be controlled by either afour-leg inverter or alower-cost
two-leg inverter plus a split-capacitor leg, asillustrated in Figure 2. A three-phase motor fed by athree-
phase inverter typically requires athree-leg inverter employing six switches. Unlike a semiconductor
switch leg, the split-capacitor leg does not need additional gate drive or control circuits. Capacitors,
however, have their own drawbacks, such as lower reliability and a short service lifespan. These
drawbacks become aggravated by the harsh environments expected in HEV/FCV applications. It is
therefore desirable to eliminate the split-capacitor leg.
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Figure 1. Existing configuration employing two separate thr ee-phase
inverter drives for traction and compressor motorsin HEVSs.
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Figure 2. Possible two-phase motor drive configurations.
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In this project, an integrated dual inverter with five legs has been developed for speed control of a
three-phase traction motor and a two-phase compressor motor to further reduce the compressor drive cost.
The two-phase inverter isfirst integrated into the three-phase inverter for the traction motor, so the dc bus
filter capacitors, gate drive power supplies, and control circuit can be shared. Furthermore, the split-
capacitor leg is eliminated by tying the common terminal of the two-phase motor to the neutral point of
the three-phase traction motor. Integrating the compressor drive into the traction motor drivein this
fashion results in alower-cost, smaller-volume drive system. Both simulation studies and prototype
testing with induction motors conducted in the previous year have verified the independent speed control
of the two motors. While induction motors cost less, PM motors provide higher efficiency and power
density. They also have different control requirements. This report concentrates on the design, fabrication,
and testing of anew 75-kW/5-kW dual inverter controlling two PM motors.

2. Integrated Dual Inverter Topology
Description of theintergrated dual inverter

Figure 3 shows the proposed five-leg integrated inverter for driving a three-phase traction motor and a
two-phase compressor motor. The inverter consists of adc source, V; afilter capacitor, Cyy; and five
phase legs, U, V, and W for feeding the traction motor, and aand b for the compressor motor. The two-
phase motor has two windings, phase-a and phase-b; and the two phase windings are connected at one end
to form a common terminal, Tcom, With the other ends remaining separated to form two independent phase
terminas, T,and Th,.

Thefirst three legs of theinverter—U, V, and W, consisting of the switches S1~S6—form the three-
phase main inverter, which through pulse-width modulation (PWM) provides three sinusoidal currents to
the three-phase motor. The remaining two legs, aand b, are connected to the independent phase terminals
of the two-phase motor, T, and Ty, respectively, forming an auxiliary two-phase inverter. In addition, the
common terminal, Tm, iS connected to the neutral point, N, of the three-phase motor to eliminate the
split-capacitor phase leg. The two phase legs, aand b, use PWM to provide two sinusoidal currents with a
phase shift of 90 electrical degrees from the two-phase maotor. The sum of the two-phase currents, i, and
in, Will split evenly into three parts; each part flows through one of the phase windings of the three-phase
motor and the associated phase leg of the three-phase inverter as the return path.

Figure 4(a) shows an equivalent circuit of the integrated drive system, in which the inverter is
represented by five voltage sources—v,, Vy, Vi, V4 and vi—corresponding to the five phaselegs, U, V, W,
a, and b, respectively. All the voltage sources are referred to the midpoint of the dc source, V ¢. By
connecting the common terminal, T, to the neutral point, N, of the three-phase motor, the sum of the
two-phase currents, iy (=i, + i), will split evenly into three parts. Each part will flow through one of the
phase windings of the three-phase motor and the associated phase leg of the three-phase inverter asthe
return path, assuming a symmetrical three-phase motor and inverter. The two-phase motor currents are
therefore zero-sequence components flowing in the three-phase stator and will have no effect on the
operation of the three-phase motor because the zero-sequence currents will not produce torque, as shown
in Figure 4(b). In other words, the torque-producing currents of the two motors can be controlled
independently.

In Figure 4(b), the zero-sequence circuit (ZSC) of the three-phase stator is separated from the positive
and negative sequence circuits, where Ry, and | s represent the resistance and inductance of the ZSC, and
Vo is the zero-sequence component of the three-phase voltage sources, v, v, and v,,, which may or may
not exist depending on the PWM scheme. The zero-sequence voltage, v, can be calculated by

_ VutVy +Vy

" 3 )
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Theterms vy, Vis, and Vs are the phase voltages referenced to the zero-sequence voltage of the three
phases U, V, and W, respectively, and are expressed by

Vus =Vu—Vo
Vs =W —Vo

Vis =Viw = Vo @

The zero-sequence voltage component, vo, which could be generated by certain PWM strategies such
as space vector modul ation schemes, can be cancelled by injecting the same component into the
modulation signals for the two-phase inverter so that v will not produce current in the circuit, aswill be
shown in the simulation and experimental results.

Effects on the current rating of the main motor

Because the stator windings of the three-phase motor are used as the current return paths of the two-
phase motor, the stator current rating may need be increased to accommodate the two-phase motor
currents. However, the increase of the main motor current is negligible if the two-phase motor current is
sufficiently small compared with that of the main motor, which is typical in the intended automotive
applications, as shown below.

The phase-U current of the main motor i, can be expressed by

. ia"‘ib
ly =lus— 3

: ©)

whereiisthe required current if the three-phase motor is operated a one without connection to the
two-phase motor. Because the two motor currents will usually have different frequencies, the rp, value of
the main motor phase current, i, can therefore be calculated by

2|2
I _ |2 + a,rms
u,rms — 1\ 'us,rms 9

: 4)
where |, iS the required rms current of the two-phase motor. For instance, given a 350-A s traction
motor and a 25-A s COMpPressor motor, i.e., lusms=350A and 1,,m=25A, the resulting traction motor
current is

2
| rms = 1/ 350° +%
=350.2Arms , (5)

giving anegligibleincrease of 0.2 A, less than 0.06%.

Component count reduction

Compared with the conventional system consisting of two separate three-phase inverters, one phase-
leg including two switches and their associated gate drivers can be eliminated. Moreover, it is apparent
that by integrating the two-phase auxiliary inverter into the main three-phase inverter, the dc bus filter
capacitor and gate drive power supplies can be shared between the two inverters. Furthermore, asingle
control circuit typically based on a microprocessor or digital signal processor (DSP) with built-in motor
control hardware—such as a/a converters, PWM counters, and encoder interface circuitry—can be used to
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execute control algorithms for the two motors. With aproper control algorithm, the motors can berunin
either motoring mode. i.e., providing power to the motor shaft, or generating mode, in which power is
transferred from the motor shaft to the inverter dc source. In short, for the compressor drive, the inverter
components including semiconductor switches and gate drive circuits can be reduced by more than one-
third.

3. Inverter Design, Test Setup and Experimental Results
Inverter design and test setup

A prototype inverter rated at 75 kW for the traction drive and 5 kW for the compressor drive was
designed and fabricated. The design uses the latest trench-gate 600-V/600- six-pack IGBT intelligent
module from POWEREX and two 600-V/75-A dual-pack IGBTSs, which are mounted on a water-cooled
heat sink with afootprint of 12x7 in., as shown in Figure 5. Four film capacitors rated at 600 /260 pF
are employed in the dc busfilter. A new DSP control board based on a Tl chip, TMS320F2812, has been
designed and fabricated for controlling the IGBTs. The DSP chip has two sets of PWM hardware and thus
can control two motors simultaneously. Figure 6 shows a photo of the complete inverter assembly with
the DSP control board, a main gate driver board underneath the DSP board, an auxiliary gate driver board
for the dual-pack IGBTS, and a control power supply. The assembly has afootprint of 12 in. width x
11 in. depth and a volume of 385 in.3, of which over one-third, 149 in.s, is occupied by the capacitors.

—‘._-_

Film caps. 600V/260uF X |

Dual-pack 600V/75A
IGBT module

Figure5. Dual inverter prototype without the gate driver and control boards.

146



Power Electronics and Electric Machines Draft FY 2005 Progress Report

TaEes ===

_'m .. Y .

wer supply

DSP Aux.
control gate
board driver

board

gate
driver

'
==

Figure 6. Dual inverter prototype—complete assembly.

Figures 7-9 show the test setup of the inverter and motors. For testing, a three-phase PM motor with
eight poles, rated at 8.2 kW and 2000 rpm, was used as the traction motor because a PM motor with a
power and speed range that meets FreedomCAR motor requirements was not readily available when the
design and testing were conducted. For the compressor motor, a three-phase, eight-pole PM motor rated at
5.5 kW and 4000 rpm was modified to form a two-phase motor, as shown in Figure 10(a), in which
phase-b and phase-c windings are connected in series. This connection resultsin an equivalent
asymmetrical two-phase PM motor with two orthogonal windings with aturnsratio of ¥3:1, ascan be
seen from the magnetomotive force vectors shown in Figure 10(b).
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Figure 8. Three-phase main PM motor mounted on the motor test bed
with a 100-HP dyne.
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Figure 9. Two-phase PM motor mounted on a portable 5-HP eddy current
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Figure 10. M adification of the three-phase motor into a two-phase one.

Experimental results

Extensive testing was conducted to verify the integrated drive operations. Figures 11-16 give testing
waveforms at various load conditions, which clearly show that the speed of the two motors can be
controlled independently. In Figures 11 and 12, the main motor was not running while the two-phase
motor was loaded with 10 N-m at 505 rpm and 7.5 N-m at 1000 rpm, respectively. In Figures 13 and 14,
the two-phase motor was stopped while the main motor was loaded with the rated torque of 40 N-m at
500 rpm. In Figure 13, the speed was increased t01852 rpm and the load torque to 43 N-m. Figure 14
shows the unit delivering the rated power of 8.2 kW. In Figure 15, the main motor was loaded with 40
N-m at 750 rpm, while the two-phase motor was loaded with 12 N-m at 505 rpm. In Figure 16, the main
motor was loaded with 40 N-m at 1000 rpm, while the two-phase motor was loaded with 12 N-m at 800
rpm. It should be noted that because of their asymmetrical windings, the two-phase motor currents, i, and

in, @re not equal.
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Figure 14. The two-phase motor isnot running while the main motor loaded
with 43 N-m at 1852 rpm. 2mg/div.
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Figure 15. The main motor isloaded with 40 N-m at 750 rpm, and the two-phase
motor isloaded with 12 N-m at 505 rpm. 10mg/div.
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152



Power Electronics and Electric Machines Draft FY 2005 Progress Report

Conclusions

The proposed integrated traction and compressor motor drive employing afive-leg inverter can
significantly reduce the cost of the compressor motor drive in HEV/FCV applications. For the compressor
drive, the inverter components, including semiconductor switches and gate drive circuits, can be reduced
by more than one-third. An additional cost savings is due to the fact that the compressor drive does not
require a separate control circuit; it isincorporated into the traction motor controller through software.
Finaly, the two-phase motor is ultimately cheaper to manufacture because one stator phase winding is
eliminated.

Thetesting results show that
e The split-dc bus capacitors for atwo-phase compressor motor drive can be eliminated by using the

traction motor stator windings as the current return paths.

e |Increasein the current rating of the main inverter switches and the traction motor due to the two-
phase motor current is negligible.

e The speed of the traction and compressor motors can be controlled independently. The test results on
the independent control characteristics of the two motors and on the voltage waveforms agree fully
with the analytical predictions.

e Thefundamental components of the two motors have no influence on each other.

e The proposed dual inverter is applicable to induction motors, ac synchronous PM machines, and
brushless dc motors.

Future Direction

Secure a PM motor that has power and speed ratings comparabl e to the FreedomCAR requirements
and test the inverter up to itsfull power capability.

Publications

“A Five-Leg Inverter for Driving a Traction Motor and a Compressor Motor,” pp. 117-123in
Proceedings of the 8th IEEE Workshop on Power Electronics in Transportation (WPET2004), Novi,
Michigan, Oct. 21-22, 2004.

“An Integrated Traction and Compressor Drive System for EV/HEV Applications,” pp. 719-725in
Proceedings of the IEEE Applied Power Electronics Conference and Exposition (APEC), val. 2,
Austin, Texas, March 6-10, 2005.

Patents

“Integrated Inverter for Driving Multiple Motors/Generators,” Oak Ridge National Laboratory
Invention Disclosure ID 1316, S-101905.
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4.4 Z-Source Power Converter for Fuel Cell-Powered Vehicles

Donald J. Adams

Oak Ridge National Laboratory

National Transportation Research Center

2360 Cherahala Boulevard

Knoxville, Tennessee 37932

Voice: (865) 946-1321; Fax: (865) 946-1262; adamsdj@ornl.gov

DOE Technology Development Manager: Susan A. Rogers
Voice: 202-586-8997; Fax: 202-586-1600; E-mail: Susan.Roger s@ee.doe.gov

ORNL Program Manager: Mitch Ol szewski
Voice: 865-946-1350; Fax: 865-946-1262; E-mail: ol szewskim@or nl.gov

Objective
e Todevelop and demonstrate a low-cost, high-efficiency, and reliable inverter for traction drives of
fuel cell-powered vehicles.

Approach

e |nvestigate the current inverter systems for traction drives and propose anew Z-source inverter
traction drive system.

o Perform a comprehensive comparison, model development, and computer simulation of the existing
topol ogies versus the new Z-source inverter.

e Design and prototype a 55-kW Z-source inverter for IM traction drive to prove the concept.

o Perform testing and performance study of the Z-source inverter prototype.

Major Accomplishments

e InFY 2004, detailed specifications were developed for a Z-source inverter prototype for fuel cell
vehicle traction-drive applications. A comprehensive cost comparison, model development, and
computer simulation were performed, and a report was issued.

e During FY 2005, a55-kW prototype was devel oped and built. Subsequent tests and evaluations at
both Michigan State University (MSU) and Oak Ridge National Laboratory (ORNL) proved the
viability of the technology to achieve improved efficiencies at reduced cost. Several papers were
issued and are listed in the publications section of this report.

Technical Discussion

Today’s power conversion technology is based on the two traditional converter topologies: voltage-
source (V-source) and current-source (I-source) converters (or inverters depending on power flow
directions). Both the V-source converter and I-source converter have conceptua and theoretical
limitations and barriers that prevent economical and efficient solutions to many applications.

A new converter topology and theory called the Z-source power converter was recently invented at
MSU. It can overcome some of the problems of the traditional V-source and |-source converters. The Z-
source converter is comprised of an impedance network to couple the main converter circuit to the power
source or load. The unique feature offered by the Z-source network is that, unlike the traditional V-source
or I-source, it can be open and short circuited, which provides a mechanism for the main converter circuit
to step up or step down voltage as desired. The Z-source network provides great flexibility for the source,

154



Power Electronics and Electric Machines Draft FY 2005 Progress Report

main circuit, and load. Because of the wide voltage range of the fuel cell, the traditiona inverter and the
motor need to be oversized to accommodate the required large constant power speed range. The Z-source
inverter could be a cheap and reliable solution for this application.

Great interest was shown by DOE, the national laboratories, and the FreedomCAR Technical Teamin
further development of the Z-source converter technology. In FY 2004, ORNL entered into an
arrangement with MSU to collaborate and fund this development for automotive traction applications.

Currently, two types of inverters are used in fuel cell (FCV) and hybrid electric vehicle (HEV)
traction drives: the traditional pulse width modulation (PWM) inverter and the dc/dc—boosted PWM
inverter. For FCVs, the fuel cell voltage to the inverter decreases with an increase in power drawn from
the fuel cell. Because of the wide voltage change and the limited voltage level of the battery and/or fuel
cell stack, the conventional PWM inverter topology imposes high stresses on the switching devices and
motor and limits the motor’s constant power speed range (CPSR). The dc/dc—boosted PWM inverter
topology can alleviate the stresses and limitations, however, it has other problems, such as the high cost
and compl exity associated with the two-stage power conversion. To demonstrate the superiority of the Z-
source inverter for FCV's, acomprehensive analytical comparison of the Z-source inverter versus the two
existing inverter topologies, performed using a 50-kW (max) fuel cell stack as the prime energy source
and a 34-kW Solectria A C55 induction motor as the traction drive motor, showed that the Z-source
inverter can increase conversion efficiency by 1% over awide load range, extend CPSR by 1.55 times,
and minimize the switching device power rating (SDPR), a cost indicator, by 15%. The three system
configurations are shown in Figures 1-3.

In an inverter system, each switching device hasto be selected according to the maximum voltage
impressed and the peak and average current going through it. To quantify the voltage and current stress
(or requirement) of an inverter system, SDPR isused. The SDPR of a switching device/cell is expressed
as the product of voltage stress and current stress. Thetotal SDPR of an inverter systemis defined as the
aggregate of the SDPRs of all the switching devices used in the circuit. Total SDPR is a measure of the
total semiconductor device regquirement and is thus an important cost indicator for an inverter system.

If Iiv

NN R R
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cell
Figure 1. System configuration using conventional PWM inverter.
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Figure 2. System configuration using dc/dc boost + PWM inverter.
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Figure 3. System configuration using the Z sourceinverter.

The specifications used in the design, analysis, and prototype development were as follows:
Continuous power: 30 kW

Peak power: 55 kW for 18 seconds

Inverter efficiency: >97% at 30 kW

Input fuel cell voltage: 0420V dc

Asseenin Table 1, the Z-source inverter’s average SDPR is the lowest of the three, and the
conventional PWM inverter’s SDPRs are the highest in both average and peak values. The average SDPR
also indicates thermal requirements and conversion efficiency.

Table 1. Switching device power comparison

Inverter systems Total average SDPR Total peak SDPR
(kVA) (KVA)

PWM inverter 238 747

PWM plus boost dc/dc 225 528

Z-source inverter 199 605

The SDPR numbers are the theoretical ratings of semiconductors required by the three inverter
topol ogies. However, commercially available integrated power modules (IPMs) [or insulated gate bipolar
transistors (IGBTS)] are limited in terms of voltage and current ratings. Assuming that the voltage rating
islimited to 600 V, and the current rating is chosen to be two times the average current stress of each
inverter topology, the selected devices and price quotes from a distributor are listed in Table 2. Again, the
Z-source has the lowest price among the three inverters. In addition, because it has fewer components, a
higher mean time between failures can be expected, which leads to better reliability. Table 3 showsthe
comparisons of passives required in the inverter systems to provide afurther indication of size and cost.

Efficiency isan important criterion for any power converter. High efficiency can reduce thermal
reguirements and cost. An efficiency comparison was conducted based on the following conditions: the
conventional inverter is always operating at a modulation index of 1, the dc/dc boost plus PWM inverter
boosts the dc voltage to 420 V, and the Z-source inverter outputs the maximum obtainable voltage while
keeping the switch voltage under 420 V. The same motor model is used to cal culate the motor loss.

Table 2. Actual price comparison

Inverter systems Selected devices Totd price
(Number of pieces)
PWM inverter PM400DSA060, 600V/400A dual pack (3) $269.60*3
= $808.80
PWM plus boost PM400DSA060, 600V/400A dual pack (1) plus $240+%$269.60
dc/dc PM200CL 060, 600V/200A 6 pack (1) = $509.60
Z-source inverter PM 300CL 060, 600V/300A 6 pack (1) $308.88
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Inverter Number of Inductance Average Numb_er of Capacitance Capa\_(:ltor
tems inductors (uH) inductor capacitors (WP rmsripple
R current (A) current (A)
Conventional 0 N/A N/A 1 667 106
PWM
inverter
dc/dc boost 1 510 200 1 556 124
+ PWM
Z-source 2(1) 384 200 2 420 115
inverter

Switching devices were selected for each inverter topology to calculate their losses. The switches for
the main inverters were FUJI IPM 6M BP300RA060; the switch for the dc/dc boost converter was FUJI
2MBI 300N-060. The operating conditions are listed in Table 4. The cal culated efficiencies of inverters,
aswell as of the inverter plus the motor, are shown in Figures 4 and 5, respectively. Based on this
simulated comparison, the Z-source inverter provides the highest efficiency.

Table 4. Operating conditions at different power levels

Power ratin 50 kW 40kw 30 kW 20 kW 10 kw
9 56 kVA 47kVA 38 kVA 27 kVA | 14kVA
Fuel cell voltage (V) 250 280 305 325 340
Conventional PWM inverter 209.4 158.5 115.9 77.3 39.7
Motor current (A)
dc/dc boost +PWM inverter 124.7 105.6 84.2 59.9 32.1
Z-source inverter 129.5 105.3 811 56.2 29.6

Inverter Efficiency

0.974

0.972 —&— Conventional PWM
5 097+ inverter
§ 0,968 L —l— dc/dc boost + PWM
s - inverter
U 0.966 + Z - source inverter

0.964

0.962 . . f f

0 10 20 30 40 50
Power (kW)

Figure 4. Calculated efficiency of inverters.
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System Efficiency
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Figure5. Calculated efficiency of invertersplus motor.

The comprehensive comparison results show that the Z-source inverter can increase inverter
conversion efficiency by 1% over the two existing systems and inverter-motor system efficiency by 2 to
15% over the conventional PWM inverter. The Z-source a so reduces the SDPR by 15%, which leads to
cost reduction. Moreover, the CPSR is greatly extended (1.55 times) compared with the system driven by
the conventional PWM inverter. Thus the Z-source inverter system can minimize stresses and motor size
and increase output power greatly. Along with these promising results, the Z-source inverter offersa
simplified single-stage power conversion topology and higher reliability because shoot-through can no
longer destroy the inverter. The existing two inverter systems suffer the shoot-through reliability problem.
In summary, the Z-source inverter is very promising for this application.

A prototype was developed at MSU and was shipped to ORNL after initial evaluation and
troubleshooting. Figure 6 is a photograph of the completed prototype.

Theinverter efficiency was measured during the test at ORNL. There were two types of |oads—an
RL load and a dynamometer. For the RL load in normal operation mode without boost, the modulation
index of the inverter is kept constant, and the output voltage increases with the increase of the input
voltage. During boost mode, the output voltage is controlled by a potentiometer controlling the
modulation index and shoot-through duty ratio. Figure 7(a) shows the measured efficiency with the RL

Input dc voltage
terminals

gate drive board L -
power supply —

connector 4
B fiber optic

connectors Output terminals

Figure 6. Final Z-sourceinverter prototype astested.
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load. The point marked with a dark crossis the test point during boost; others are all during normal mode
without shoot-through. For the test using the dynamometer as the load, the output voltage is always kept
proportional to the output frequency to keep the magnetizing current constant (or constant V/F control);
thus, the output power can be changed by adjusting the load torque, adjusting the input voltage, or
adjusting the boost factor during boost mode. The inverter efficiency with different input voltages and
different power levelsis shown in Figure 7(b). Note that the inverter efficiency is defined against the
output apparent power of the inverter. The points with dark marks are the testing points with boost, and
the others are in normal operation modes without shoot-through. The efficiency was above 97% for most
operation points, which achieved the 97% efficiency goal. More noticeably, the efficiency became much
higher than 97% at medium and low power, which is extremely beneficial to vehicles, according to most
driving cycles.

0.985 0.99 e e e N —— —
‘ ‘ . : : . : .| ——vin=250V

—o— Vin=275V

T 0.985

0.98

0.975

Efficiency
Efficiency
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0.965

0.955 - ---/--
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Apparent power (kVA)

0.95
0
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Apparent Power (kVA)

(a) Inductive load (b) Dyno load

Figure7. Measured inverter efficiency.

FreedomCAR has a set of specifications and goals for the traction drive inverter to meet. However, it
should be noted that the FreedomCAR has not yet set up clear goals for the dc-dc boost converter that are
used for FCVsand HEVs. The Z-source inverter prototype has both inverter and dc-dc boost converter
functions (i.e., equivalent to the traditional two stages of power conversion: inverter plus dc-dc boost
converter), thus making comparison difficult. A comparison of the prototype to the initial goals of
FreedomCAR is shown in Table 5. The numbers in the parentheses of the “FreedomCAR goals’ column
are the corresponding goals for the combined total system of inverter and dc-dc boost converter, assuming
that the goals for the dc-dc boost converter are the same as the inverter. The power density numbersin the
parentheses of the “Prototype” column are based on the actual peak power capacity of 80 kW that was
successfully tested at ORNL, while the outside numbers are based on the design value of 55 kW.

As can be seen from the table, the most important goal s—the efficiency, power, and current ratings—
are all well met and exceeded. The power density goals are well met by the prototype based on the actua
peak power capacity of 80 kW for the combined dc-dc boost converter and inverter system goals. The
only problem is the coolant temperature goal of 105°C, which was not possible for this prototype with the
semiconductor device' s maximum junction temperature limit of 125°C. Future higher-temperature
devices and more advanced circuit topology may make this goal possible. A commercially available
heatsink is used in the prototype for cost consideration, which contributes almost half of the inverter
weight and a significant portion of the inverter volume. The capacitors used are commercia products,
which have a cylinder shape with legs that are difficult for packaging. Significant void space existsin the
prototype, thus making the volume unnecessarily larger. The size and the weight of the prototype can be
further reduced with custom-designed heatsink and capacitor shapes. Once again, all the goals (efficiency,
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Table 5. Comparison of the prototype and the FreedomCAR goals

Reguirement Freedo_mCAR goals Prototype
Inverter (inverter+dc-dc)

Specific power @ peak load (kW/kg) >12 (6)°

Volumetric power density (kW/1) >12 ()

Efficiency, 10-100% speed, 20% rated torque (%) >97 (93)° >97%

Peak power (kW) 55 (5) 80

Continuous power (KW) 30(3) 30

Maximum current, rms (A) 300 (30)° 300

Coolant inlet temperature

* Indicates the goals for the total combined system of inverter and dc-dc boost converter assuming the de-dc boost converter has
the same goal s as the inverter.

T Shows the prototype power density values based on the actual peak power capacity of 80 kW that was tested, while the value
of 4.7 is based on the designed pesk power of 55 kW.

power, and current) that are related to the technology are well met and exceeded. The volume and weight
goals that are strongly related to engineering aspects can be met through better engineering and custom-
designed parts for full utilization of the space.

Conclusion

This report has summarized the results and findings of the work conducted on the Z-source inverter
for FCV's. The major work completed in this project includes (1) development of alow-cost, high-
efficiency traction drive Z-source inverter for FCV's; (2) a detailed comparison of the Z-source inverter
with traditional inverter topologies; (3) the design and fabrication of a 55-kW Z-source inverter; and (4)
testing and demonstration of the Z-source inverter prototype.

First, aunique Z-source inverter was developed for FCVs. Thisinverter is especially suited for afuel
cell that requires unidirectional current/power flow and has awide voltage range. At present, there are
two existing topologies for FCVs: the traditional PWM inverter and the dc/dc—boosted PWM inverter.
Thetraditional PWM inverter topology usesthe fuel cell voltage directly, which resultsin alimited CPSR
for the motor and a freeze-start problem for the fuel cell. The dc/dc—boosted PWM inverter topol ogy
suffers from high cost, low converter efficiency, and complexity. The specially developed Z-source
inverter can solve these problems.

Second, a comprehensive comparison was conducted of the Z-source inverter and the two existing
inverter topol ogies mentioned. The comparison results showed that the Z-source inverter is highly
suitable for FCV's, having alower cost (20% lower semiconductor ratings), higher conversion efficiency
(1% higher), awider CPSR (1.68 times that of the traditional PWM inverter), and greater reliability (no
need for dead time).

A 55-kW Z-source inverter was designed and fabricated. The detailed design process included circuit
design, 3-D design, and thermal design. To reduce the switching loss of the inverter, anew PWM scheme
for shoot-through was introduced.

Finaly, lab testing was conducted at MSU and ORNL separately. Testing results confirmed the
theoretical analysis and comparison results obtained and showed that the inverter had higher efficiency
(up to more than 98%) and low harmonic distortion (i.e., low current and torque ripples).

A self-boost phenomenon of the Z-source inverter when the traction motor was operating at low
speed, low power, and low power factor was observed during the test. This self-boost function was
initially deemed a problem; however, it turned out to be a needed function for successful fud cell startup,
especidly for freeze-starts. In addition, this self-boost can be totally controllable when a battery is
incorporated into the inverter system. A detailed analysis of the self-boost phenomenon and a control
method using a battery was provided and confirmed by simulation.

In summary, the results of the project have shown high feasibility and many unique features of Z-
source inverter for FCVs.
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Future Direction

This project is complete. Follow-on work has been recommended to address the issues and
possibilities of using the Z-source inverter in more near-term bridging technologies such asin more
conventional HEV s with a combination of an internal combustion engine and batteries rather than a fuel
cell.
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Patents

The Z-Source converter intellectual property pre-dates this project and is owned by MSU. The patent

application was filed on June 10, 2003, assigned application number 10/458,564, and istitled “Impedance
Source Power Converter.”

References

1

10.

11.

12.

F. Z. Peng, Li Hui, Su Gui-Jia, and J. S. Lawler, “A New ZV S Bidirectional DC-DC Converter for
Fuel Cell and Battery Application,” IEEE Transactions on Power Electronics, 19(1), Jan. 2004, pp.
54-65.

S. E. Gay, Gao Hongwei, and M. Ehsani, “Fuel Cell Hybrid Drive Train Configurations and Motor
Drive Selection,” presented at Vehicular Technology Conference, 2002, 2(24-28), Sept. 2002,

pp. 007-1010.

Tadaichi Matsumoto, Nobuo Watanabe, Hiroshi Sugiura, and Tetsuhiro Ishikawa, “ Development of
Fuel-Cell Hybrid Vehicle,” presented at Fuel Cell Power for Transportation 2002 Conference, SAE
2002 World Congress, March 2000, ref: 2002-01-0096.

B. D’ Souza, H. Rawlins, J. Machuca, C. Larson, M. Shuck, B. Shaffer, T. Maxwell, M. Parten, D.
Vines, and J. Jones, “ Texas Tech University Develops Fuel Cell Powered Hybrid Electric Vehicle for
FutureCar Challenge 1998,” presented at International Congress & Exposition, March 1999, Detrait,
MI, SAE 1999, Ref: 1999-01-0612.

J. Adams, W. Yang, K. Oglesby, and K. Osborne, “The Development of Ford's P2000 Fuel Cell
Vehicle,” presented at Society of Automotive Engineers 2000 World Congress, March 2000, Detroit,
MI, SAE 2000, Ref: 2000-01-1061.

D. Tran and M. Cummins, “Development of the Jeep Commander 2 Fuel Cell Hybrid Electric
Vehicle,” presented at Future Transportation Technology Conference & Exposition, August 2001,
CostaMesa, CA, SAE 2001, Ref: 2001-01-2508.

Kent Holland, “Z-Source Inverter Control for Traction Drive of Fuel Cell—Battery Hybrid Vehicles,”
Masters Thesis, Michigan State University, August 2005.

F. Z. Peng, “Z-Source Inverter,” IEEE Transactions on Industry Applications, 39(2), pp. 504-510,
March/April 2003.

Kent Holland, Miaosen Shen, and Fang Z. Peng, “ Z-Source Inverter Control for Traction Drive of
Fuel Cell—Battery Hybrid Vehicles,” in Proceedings of IEEE IAS, 2005.

Miaosen Shen, Jin Wang, Alan Joseph, Fang Z. Peng, Leon M. Tolbert, and Donald J. Adams,
“Maximum Constant Boost Control of the Z source Inverter,” in Proceedings of IEEE IAS’ 04, 2004.
“Genera Considerations: IGBT & IPM Modules,” Powerex Application Notes for IPM
PM600CLAO060, A10-A27, Powerex Corporation.

Fang Z. Peng, Miaosen Shen, Zhaoming Qian, “Maximum Boost Control of the Z-Source Inverter,”
|EEE Transactions on Power Electronics, 20(4), July 2005.

162



Power Electronics and Electric Machines Draft FY 2005 Progress Report
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ORNL Program Manager : Mitch Ol szewski
Voice: 865-946-1350; Fax: 865-946-1262; E-mail: ol szewskim@ornl.gov

Objectives
o Develop and fabricate a 5-kW dc-dc converter with abaseline 14-V output capability for fuel cell and
— hybrid vehicles to satisfy the following requirements:
— Higher efficiency (92%)
— High coolant temperature capability (105°C)
— High reliability (15 years/150,000miles)
— Smaller volume (51)
— Lower weight (6 kg)
— Lower cost ($75/kW)

Approach

The key technical challenge for these convertersis the 105°C coolant temperature requirement. The
power switches and magnetics must be designed to sustain high operating temperatures reliably, without a
large cost/mass/volume penalty. During FY 2005, a 5-kW prototype was developed by Ballard Power
Systems and initial testing was performed.

The following key technologies are being used to break through technical barriers to achieve a high-
temperature, high-power-density, and lower-cost design.

1. Converter topology
A novel interleaved dc-dc converter topology (Figure 1) was proposed for this high power
conversion. The key merits of the converter are
o Lower RMS current stresses on components due to interleaving
Reduced ripple current on capacitors due to interleaving
Lower power losses due to low Rds_on and soft-switching
Smaller magnetics due to high switching frequency
Low electromagnetic interference as aresult of integrated power devices and magnetics

N

. Integrated module-based dc-dc converter

The project uses Ballard' s Class 10,000 clean-room power semiconductor packaging facility to
develop and apply custom packaging processes and materials that address size, heat, and inductance-
related burdens while reducing component cost. The custom packaging process reduces size by increasing
the density of the electronic assemblies. Custom packaging materials will lower heat generation by
reducing thermal interface layers and facilitating the integration of advanced cooling methods.

163



FY 2005 Progress Report Draft Power Electronics and Electric Machines

T,

L[

= +
= Sy bou np:1
Jj'} 15 J? TCo | 3V.10v-16V

f
G [ém de )
> szl} J% \—’T - £‘E

Np:1

Figure 1. The novel interleaved dc-dc converter topology.
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The major advantages of the power module based dc-dc converter are
Enhanced thermal performance

Reduced number of devices

Increased reliability

Higher level of integration

3. Planar magnetics with enhanced cooling
This converter has also been designed using planar magnetics, atechnology that Ballard believesis
critica for reliable and cost-effective high-volume production of such products. The benefits from this
technology are
e Lower leakage inductance as aresult of shorter winding termination and smaller circuit paths
Elimination of discrete contacts ohmic loss
Reduction of ohmic loss as a result of shorter conduction paths
Lower ac loss due to flat winding structure
Higher core window utilization ratio
Smaller core volume and weight
Higher surface-to-volume ratio for improved heat conduction
Direct cooling of core by direct contact to heat sink
Higher power density

M ajor Accomplishments

The project is divided into four major phases: Phase 1: key technologies prove-out; Phase 2: full-
function alpha design and test; Phase 3: final beta prototype design; Phase 4: final build, DV test, delivery
and report. Ballard Power Systems has achieved the following during FY 2005.

1. Key technologies proved out
A 2.5-kW segmented dc-dc power module was developed at the beginning of FY 2005 to verify key
technologies adopted in this project. Figures 2, 3, and 4 show the preliminary power module and the test
results. Through this first design iteration, the following technol ogies have been verified and
implemented:
e DBC transformer winding design and manufacture feasibility
Key variables affecting the performance
Wirebond diagram and Rds_on packaging efficiency
Non-interleave planar transformer vsinterleaved planar transformer
Metal oxide semiconductor field effect transistor die selection with low Qrr
Snubber circuit optimization
Transformer ratio
Power modul e fabrication process with larger DBCs and lead frames
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Figure 2. A segmented preliminary 2.5-kW dc-dc power module.
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Figure 3. Tested waveforms at Vi=300V, V0=13.35V/197A, Po=2627W, | _rr=35A.
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Figure 4. Efficiency mapping of the ssgmented dc-dc power module.
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2. Fully-functional, apha unit prototype design and fabrication:
A 5-kW converter with the selected topology (Figure 1)was designed during this phase. The
following major tasks were accomplished:
Power module design, including DBC, lead frame, and module baseplate
dc/dc converter packaging: housing plate, seal, busbar, etc
Control board, erasable programmable logic device program, and simulation
High-temperature components selection
Design release and components purchasing
Power module process devel opment
Fabrication and assembly

Figures 5 and 6 show the designed apha 5-kW power module and completed dec-dc converter. This
design level incorporated the lesson learned from the 2.5-kW segmented power modul e (described
earlier), with the goal to verify full eectrical function against the specification. To reduce prototyping
time, the lead frame was made from urethane and the basepl ate was made from aluminum. The final
design will use plastic and AISIC, respectively.

Figure5. A 5-kW full functional dc-dc power module—alpha design.

Figure 6. A completed 5-kW dc-dcconverter—alpha design.
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3. High-volume cost estimation

Based on the bill of material generated in the alpha version dc-dc converter design, a unit cost at high
volume has been estimated, asillustrated in Table 1. The current cost estimate for this module is $545/per
unit, 45% higher than the DOE target of $375/per unit. The power module is the mgjor cost in the dc-dc
converter, composing 59% of the total cost. Table 2 and Figure 7 contain a detailed study of the power
modul e cost.

Table 1. Alpha dc-dc converter bill of material and cost estimation at 1000 K volume.

Part Unit Price
# | Level |Part Description Tooling Cost |Tooling Type (@1KK) # Per Uint | Part Cost
1 1 ORNL 5kW DC-DC Power Module $166,000 $320 1 $320
2 1 |LV Busbar Positive $15,000 Stamping die $2 1 $2
3 1 [LV Busbar Positive $15,000 Stamping die $2 1 $2
4 1 |Converter Housing $80,000 Die cast $15 1 $15
5 1 [Housing Cover $50,000 Stamping die $8 1 $8
6 1 |LV Studs $30,000 Insert mold $5 2 $10
7 1 |HV Connector $20 1 $20
8 1 |Inductor $10,000 $9 4 $35
9 1 [LV Capacitor Board Assembly $10 1 $10
10 1 |Signal Connector $8 1 $8
11 1 |Control Board 5000 $80 1 $80
12 1 [Current Sensor $8 2 $16
13 X |MFG, F&T $18
| Tooling Cost $371,000 | Part Cost Per Unit @1000K $545 145%
DOE Target $375

Table 2. dc-dc power module cost spreadsheset

1 Lead Frame $10.00 3%
2 AlSic Baseplate $50.00 17%
3 DBC Substrates $57.86 20%
4 DBC XFMR Wingding $36.50 13%
5 HV mosfets $22.00 8%
6 LV mosfets $32.00 11%
7 Chip Resistors $10.80 4%
8 HV Caps $32.00 11%
9 LV Caps $12.00 4%

Sub Total $263.16 90%

Total Cost $291.00 100%

4. Alpha prototype test results

Figure 8 shows the ORNL alpha dc-dc converter test setup. The tests are still ongoing. Currently the
converter attains 5.0-kW output (full power) and achieves a peak efficiency of 95%. From the test
waveform shown in Figure 9, the Irr lossis eliminated compared with the segmented dc-dc converter
tested earlier this year. The apha unit efficiency map is shown in Figure 10. Comparing these results with
the segmented dc-dc converter efficiencies found in Figure 4, overall efficiency in the alpha design has
been improved by 5%.

The measured volume of the alpha unit approaches 6.5 L, approximately 1.5 L over the DOE target of
5 L. The measured pressure drop of this module is approximately 2.3 psi, exceeding the DOE target by
1.57 psi.
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Figure7. dc-dc power module cost distribution.

Figure 8. Alpha dc-dc converter under test.
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Figure 10. Alpha unit tested efficiency at Vi=200V, 300V, 350 V and up to 5 kW.

Technical Discussion

The alpha-level prototype of the 5-kW dc-dc converter successfully verified the operation of the

proposed topology and the improvement of the power module layout. The efficiency was improved by 5%
compared with the preliminary design and achieved a peak efficiency of 95%, exceeding the DOE target
of 92%. However, several issues require further improvement for the final betalevel design:

High-volume cost target must be met.

Power density needs improvement, toward the DOE target.

Large DBC size (87 x112 mm) exceeds the supplier’ s zone of comfort and has reliability implications
(thermal cycling).

Large lead frame results in excessive tooling costs.

Large modul e basepl ate approaches the limit of production facility capabilities.

Pressure drop is higher than the target.
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Conclusions

The key technologies have been proven.

Alpha converter prototype has been designed.

All components have been received and the system has been assembled.
High-volume cost estimates have been devel oped.

Testing has achieved full power output (5 kW).

Efficiency has been improved by 5% compared with the preliminary design.
Volume and pressure drop of the alpha design have been tested.

The up-to-date status from the alpha design is summarized in Table 3.

Table 3. Up-to-date status summary from the alpha design

Alpha Design DOE Goal % Target
Output Power 5.1kw 5kw 102%
Efficiency 93% 92% 101%
Cost Estimation | $545 $375 total, 69%

($75/kwW)

Coolant 90 Deg C 105 Deg C 86%
Temperature
Volume 6.5 Liter 5 Liter 77%
Weight 7.6kg 6kg 79%
Coolant 2.3 PsSlI 0.73PSlI 32%
Pressure Drop (5kPa)

Future Direction

This project will concludein FY 2006. In order to finalize the betalevel (final) design, the following
steps will be completed during FY 2006:

e Perform beta design addressing gap areas toward the final targets.

¢ Reduce costs by further ssimplifying design and fabrication requirements.
e Reduce DBC sizeto improve reliability.

¢ Reduce module baseplate size to improve manufacturability.

¢ Reduce converter packaging volume.

¢ Reduce pressure drop through baseplate flow channel optimization.

e Develop/refine DV test plan.

Patents

“A Interleaved High Power DC/DC Converter,” PAT0589-01US, filed June 4, 2004.
“Integration of Planar Magnetics Transformer and Power Switching Devicesin a Liquid-cooled High
Power DC/DC Converter,” PAT0588-02US, filed October 12, 2004.

170



Power Electronics and Electric Machines Draft FY 2005 Progress Report

4.6 Semikron Automotive I ntegrated Power Module Testing

Principal Investigator: Sam Nelson

Oak Ridge National Laboratory

National Transportation Research Center

2360 Cherahala Boulevard

Knoxville, TN 37932

Voice: 865-946-1327; Fax: 865-946-1262; E-mail:nedonsscjr @or nl.gov

DOE Technology Development Manager: Susan A. Rogers
Voice: 202-586-8997; Fax: 202-586-1600; E-mail: Susan.Roger s@ee.doe.gov

ORNL Program Manager: Mitch Ol szewski
Voice: 865-946-1350; Fax: 865-946-1262; E-mail: ol szewskim@or nl.gov

Objectives

The abjective of the Semikron Automotive Integrated Power Module (AIPM) testing task isto
evaluate the e ectrical performance of the high-voltage Semikron AIPM. Electrical tests were performed
on the unit at Oak Ridge National Laboratory (ORNL) during January, 2005. The objective of the
electrical testsincludes the determination of continuous power capability, peak power capability, and
efficiency at various power levels.

Approach

The approach used in thistask was to perform standard electrical tests on the Semikron unit. The unit
was tested with an inductive load to evaluate its performance across arange of input voltages (i.e.,
minimal, nominal, and maximum), output power levels, and output frequencies. The unit was also tested
while driving aload motor (Solectria motor) in a dynamometer test cell at the National Transportation
Research Center (NTRC).

Major Accomplishments

The Semikron AIPM unit was successfully tested during January 2005 at ORNL. The Semikron
AIPM inverter demonstrated the ability to operate at the continuous (i.e., 30-kW) and peak (i.e., 55-kW)
power levels with an efficiency of 0.97 when supplied with 70°C coolant at 2.5 gpm during induction load
testing. The inverter operated at the continuous power level for 60 min during the induction load tests
with an average efficiency of 0.972. During dynamometer testing, driving aload motor, the inverter had
efficiencies that ranged from 0.94 to 0.97 when operated at continuous power levels.

Technical Discussion

The Semikron inverter was tested during January 2005 at ORNL. The initial testing of the inverter
was performed in room L 101 of the NTRC with an inductive/resistive load. The load was connected in a
Y -arrangement with an inductor and a resistor connected in series for each phase leg. Figure 1 showsa
top view of the Semikron AIPM unit being load tested. Figure 2 shows the notebook computer containing
the controller area network (CAN) bus controller program, the Y okogawa power meter, and the power
supply for the Semikron controller. The Semikron inverter isin the background in Figure 2. Figure 3
shows amore detailed view of the CAN bus display.
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Figure 1. Top view of Semikron AIPM unit.

Figure 2. Control computer, power meter, power supply, and Semikron unit.

Table 1 lists the test results when the inverter was operated at 50 Hz at six different power levels with
a200-Vdc link for short-duration testing. The unit was operated at each test point for about 1 min with
20°C coolant at aflow rate of 2.5 gpm. The average efficiency for the six data pointsis 0.966, and the
efficiency increased with increased power levels.

Table 2 displays the test results when the inverter was operated with a 250-Vdc link for short-duration
testing with 20°C coolant at a 2.5-gpm flow. The unit had an average efficiency of 0.962 when operated
with an output frequency of 10 Hz at seven different power levels. The inverter had an average efficiency
of 0.976 when operated at five different output frequencies (i.e., 10, 20, 30, 50, and 60 Hz) with a
requested dc link current of 80 A. The average efficiency during the load testing with a 250-Vdc link was
0.968.
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Table 1. Short-duration testing of Semikron inverter with 200-Vdc link
dc link Freq Idc Vac lac Pin Pout Effic. Cool. Flow

(vde)  (Hz (A (V) (Amd (kW) (kW) €  (gpm)
200 50 75 875 249 151 143 0947 20 25
200 50 165 1063 340 33 315 095 20 25
200 50 281 1231 433 571 554 0970 20 25
200 50 433 1370 536 879 856 0974 20 25
200 50 615 1494 645 1246 1214 0974 20 25
200 50 749 1568 708 1513 148 0978 20 25

Table 2. Short-duration testing of Semikron inverter with 250-Vdc link
dclink  Freq Idc Vac lac Pin Pout Effic.  Cool. Flow

(vdo) (Hz  (A) (Vi) (Amd (kW) (kW) € (gpm)
250 10 6.09 9418 22.7 1.53 1.44 0.941 20 2.5
250 10 13.19 114 33.7 3.3 3.13 0.948 20 2.5
250 10 22.99 131.3 444 5.75 5.54 0.963 20 2.5
250 10 35.19 146 54.2 8.79 8.5 0.967 20 2.5
250 10 50.32 1594  64.0 12.56 1221 0972 20 2.5
250 10 67.62 1717 740 16.88 16.45 0.975 20 2.5
250 10 89.51 1836 848 22.35 2161  0.967 20 2.5
250 20 89.99 1849 855 2247 2184 0972 20 2.5
250 30 90.7 1075 864 22.66 2228  0.983 20 2.5
250 50 87.08 1904 847 2171 2121 0977 20 2.5
250 60 86.56 1946 847 21.67 2126 0.981 20 2.5
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Table 3 shows the test results when the unit was operated with a 400- and 450-Vdc link for short-
duration testing. With a400-Vdc link, the unit was operated with an output frequency of 10 and 50 Hz
with the same requested output current. The unit had a higher efficiency (0.986) when operated at 50 Hz.
The unit was tested with a450-V dc link with an output frequency of 10, 50, and 70 Hz and the same
requested output current. The efficiency exceeded the efficiency goal (i.e., 0.97) at 50 and 70 Hz but was
below specification at 10 Hz (0.939).

Table 3. Short-duration testing of Semikron inverter with 400- and 450-Vdc link

dclink  Freg Idc Vac lac Pin Pout Effic.  Cool. Flow

(vde) (Hz) (A) (Vi) (Amd (kW) (kW) €  (gpm)
400 10 366 2947 377 14.22 1395 0.981 20 25
400 50 358 2959 367 14.3 14.1 0.986 20 25

450 10 405 3316 405 18.34 1722 0.939 20 25
450 50 409 3354 414 18.53 18.09 0.976 20 25
450 70 455 3371 425 18.66 1836 0.984 20 25

Table 4 displays the test results when the unit was operated with a 325-Vdc link for short-duration
testing with 70°C coolant and a flow rate of 2.5 gpm. The unit was operated at output frequencies of 10,
20, 50, 75, and 100 Hz with the same requested dc link currents of 20, 40, 60, 80, and 100 A during the
test. The Semikron inverter demonstrated efficiencies near or above the target efficiency (i.e., 0.97) when
operated at areasonable load. In general, the higher efficiencies were demonstrated when the unit was
operated with an output frequency of 20 Hz. Figure 4 plots efficiency vs output power for the inverter
based on the test resultsin Table 4.

The inverter was tested at continuous output power levels (i.e., 30 kW) for 60 min with 70°C coolant
at aflow rate of 2.5 gpm. Figure 5 shows the test data from the power meter and the current waveforms
for theinverter. The inverter was operating with an efficiency of 0.972 at the end of the 60-min test.
Phase A, phase B, and the dc link currents are displayed in the Figure 5 plot. The two-wattmeter method
was used to measure the inverter’ s output per the Blondel theorem. Element 1 measured the input;
elements 2 and 3 measured the output of phases A and B. Element 4 was not used in the test. Sum A and
B are the summations of the dc input and the output of the inverter, respectively. Table 5 displays test
data from the continuous power test.

The inverter was operated at power levels greater than the continuous power level for short durations
with 70°C coolant. The inverter demonstrated a peak power capability of 57.7 kW with an efficiency of
0.976 when operated with adc link of 400 V. The inverter produced 38.6 kW of output power when
operated with a 325-Vdc link and 41.2 kW when operated with a 335 Vdc link. Figure 6 shows the power
meter readings and the current waveforms at peak power conditions. The inverter’ s input and output
power was 59.17 kW and 57.74 kW, respectively, which provides an efficiency of 0.976. Table 6
summarizes the test results for short-duration testing at power levels greater than 30 kW.
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Table 4. Short-duration testing of Semikron inverter with 325-Vdc link
dclink  Freq Idc Vac lac Pin Pout Efficc Cool. Flow

(vde) (Hz) (A) (Vi) (Amd (kW) (kW) (€  (gpm)
325 10 54 1082 270 18 16 0892 70 25
325 10 186 1503 455 60 57 0944 70 25
325 10 401 1824 652 130 124 0957 70 25
325 10 694 2096 853 225 218 0971 70 25
325 10 1044 2326 1040 337 328 0973 70 25

325 20 55 1079 27.7 1.8 16 0.898 70 2.5
325 20 18.7 1503 459 6.0 58 0957 70 2.5
325 20 3937 1838 651 1281 124 0.968 70 2.5
325 20 69.7 2101 857 224 220 0.983 70 2.5
325 20 104.7 2329 1041 337 329 0976 70 2.5

325 50 51 1109 26.9 16 1.5 0.909 70 2.5
325 50 182 1556 454 59 56 0.956 70 2.5
325 50 398 1889 653 128 123 0.964 70 2.5
325 50 69.3 2176 853 223 216 0.969 70 2.5
325 50 1059 2422 1055 340 332 0976 70 2.5

325 75 52 110.8 27.2 1.7 15 0873 70 2.5
325 75 183 1633 455 59 56 0.959 70 2.5
325 75 396 1981 653 127 123 0972 70 2.5
325 75 689 2285 854 221 214 0.970 70 2.5
325 75 1051 2535 1047 337 328 0973 70 2.5

325 100 50 1225 264 1.6 14 0.8% 70 2.5
325 100 183 1722 451 59 56 0.949 70 2.5
325 100 394 2098 648 126 123 0.969 70 2.5
325 100 683 2410 845 219 213 0974 70 2.5
325 100 842 2572 940 274 267 0.974 70 2.5
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Figure5. Power meter readings and current waveformsat end of continuous power

test with 70°C coolant.
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Table 5. Continuous power testing of Semikron inverter with 325-Vdc link

dclink  Freq Idc Vac lac Pin Pout Effic. Cool. Flow Time
(Vde) (H2) (A) (Vi) (Amd (kW) (kW) ()  (gpm)  (m)
325 20 9499 2296 994 30.9 301 0.975 70 25 5
325 20 95.79 2288 99.9 31.0 30.2 0.976 70 25 30
325 20 94.47 2298 995 31.0 30.0 0.967 70 25 45
325 20 9445 2298 99.8 31.0 301 0.972 70 2.5 60
YOKOGAWA Uover : = 400ms  Z250kS/s
CH1 6600Upk Iover:= = = 400ns  250kS/s
Elementl Element2 Element3 Element4 ZA ZB
urms[V 1 40Z.09 296.62 302.63 0.00 402 .09 299 .62
Umn [V 1 446.60 245.61 255.80 9.00 446 .60 250.70
Udc [V 1 402.08 11.87 -11.21 -0.03 402 .08 0.33
Uac [V 1 2.38 296.38 362 .42 0.00 Z2.38 299 .40
IrmsiA 1 148.38 136.33 138.63 1.83 148.38 137 .48
Imn [A 1 163.81 134.49 138.51 9.00 163.81 136.506
Idc [A 1 147.13 ?2.29 -72.33 0.16 147.13 -0.02
Iac [A ] 19.22 136.13 138.43 1.82 19.22 137.28
P [y 1 59.17%k 31.08k 26 .66k -0 .00k 59.17%k 57 .74k
S [vaA 1 59.66k 40 .44k 41,95k 0.00k 59.66k 71.35k
Q [var 1 7.68k -25.87k 32.39 0.00k 7.68k 6.51k
AL 1 6.9917 0.7685 0.6356 Error 0.9917 0.8092
- : Sc:;le: 40A/éiiv : : 4
Stopped 354 2005,02-01 14:52:22
Figure 6. Power meter readings and current waveformsat end of peak power
test with 70°C coolant.
Table 6. Testing of Semikron inverter at greater than continuous power levels
dclink  Freg Idc Vac lac Pin Pout  Effic. Cool. Flow
(vde) (Hz) (A) (Vi) (Amd (kW) (kW) (C)  (gpm)
325 20 1187 2421 1112 386 37.7 0977 70 2.5
335 30 1225 1227 1149 412 40.0 0.970 70 25
400 20 1471 299.6 1375 59.2 57.7 0.976 70 2.5
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Dynamometer testing

The inverter was tested while driving a Solectria motor in the 100-HP dynamometer cell at ORNL.
The Solectria motor is afour-pole induction motor with a base speed of 2500 rpm. Dynamometer testing
was performed with a dc link voltage of 325V and with the inverter being supplied with 70°C coolant at a
flow rate of 2.5 gpm. The inverter supplied electrical energy to drive the induction motor from 750 to
2500 rpm with atorque load of 100, 150, and 200 Nm.

Figure 7 plots the inverter efficiency vs motor speed during the test. The highest efficiency (0.97) was
obtained at 2500 rpm with aload of 150 Nm on the Solectria motor. Table 7 presents the test datafor the
tests at 100, 150, and 200 Nm. The higher inverter efficiency was obtained near the base speed on the
motor at the higher torque loads. The inverter meets the efficiency goal at a speed of 2500 rpm.

Theinverter was tested at continuous power (30-kW) conditions with the load motor speed ranging
from 1000 to 2400 rpm. Figure 8 shows the tests results at seven different motor speeds with the inverter
supplying 30 kW of electrical power. The inverter had an efficiency of 0.97 at 2400 rpm with an output of
30 kW. Figure 9 shows the power meter readings and current waveforms during the continuous power test
on the dyne.

Table 8 summarizes weight and volume measurements, power density measurements, and goals for
the Semikron AIPM. The unit has a peak power requirement of 55 kW. At that value the unit had a peak
specific power density of 7.1 peak kW/kg, exceeding the goa of 5 peak kW/kg. The unit had a peak
volumetric power density of 8 peak KWI/L, which failed to meet the goal of 12 peak kWI/L.
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0.93 Ve ——100 Nm
/ / —8—150 Nm

0.92 200 Nm

/ //
0.90 //

Inverter efficiency

0.89

700 900 1100 1300 1500 1700 1900 2100 2300 2500
Motor speed (rpm)

Figure7. Inverter efficiency vs motor speed with 70°C coolant.
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Table 7. Dynamometer testing of Semikron inverter—speed vsinverter efficiency
dclink Speed Torg Idc Vac lac Pin Pout Mech AIPM
(Vde) (rpm) (Nm)  (A) (Vi) (A9 (kW) (kW) (kW)  Effic,
325 750 100 343 1457 1550 112 1041 7.8 0.898
325 1000 100 437 1679 1666 143 130 104 0.910
325 1250 100 495 1044 1572 163 151 13.1  0.928
325 1500 100 584 2024 1622 193 181 156 0.940
325 1750 100 652 2117 1345 215 204 18.3  0.950
325 1900 100 706 2225 1405 232 222 199 0.957
325 2000 100 727 2226 1300 239 230 209 0.959
325 2100 100 780 2353 1443 257 246 219 0.958
325 2250 100 825 2413 1427 271 26.0 235 0.960

325 750 150 495 1475 1780 162 149 11.8 0.916
325 1000 150 62.0 169.8 1891 20.7 19.2 157 0.932
325 1250 150 72.1 1849 1805 237 224 196 0.942
325 1500 150 855 2030 1844 282 26.7 235 0948
325 1750 150 972 2087 161.3 320 308 274 0962
325 1900 150 105.7 2237 1696 347 334 314 0961
325 2000 150 109.2 2111 1656 359 345 314 0961
325 2100 150 1159 2343 1701 381 36.7 33.0 0.964
325 2250 150 1215 2337 1624 399 386 352 0.968
325 2300 150 1272 2512 1903 419 405 36.1 0.967
325 2500 150 1405 2321 1781 461 447 400 0.970

325 750 200 19.2 1493 2065 218 20.2 157  0.927
325 1000 200 83.7 170.8 2158 274 257 209 0938
325 1250 200 96.5 1858 2099 317 301 26.1 0948
325 1500 200 1140 2040 2156 375 358 314  0.955
325 1750 200 1322 2129 2041 434 419 36.7 0.965
325 1900 200 1419 2219 2050 466 450 39.8 0.966
325 20000 200 1478 2172 2102 485 46.8 420 0.964
325 2100 200 1559 2340 206.0 511 495 439  0.968
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Figure 8. Semikron inverter efficiency vs speed at continuous power with 70°C coolant.

YOKOGAWA Uover: 40ms  2.5MS/s
CH1  600Upk Iover: 40ms  2.5M3-s
Elementl ElementZ Element3 Element4 ZA ZB

UrnsLV 1 328.36 220.87 226.21 0.00 328.36 223.54
Unn [V 1 364.68 167 .02 175 .46 0.00 364.68 171.24
Udc [V 1 328.32 -1.56 72.37 -0.83 328.32 2.93
Uac [V 1 4.60 220.86 226,09 0.00 4.60 223 .48
IrnsLA 1 1060.04 149 .21 157.99 0.00 100 .04 153 .60
Inn LA 1 109.42 147 .59 157 .40 0.00 109.42 152 .49
Idc LA 1 97.99 -0.74 22 .92 0.16 97.99 11.99
Iac LA 1 20.14 149 .21 156.32 0.00 20.14 152.76
P Y 1 32.17k £3.87k 6.48k —0.08k 32.17k 36.35k
3 Va 1 32 .85k 32 .96k 35.74k 0,08k 32.85k 59.49k
1] [var 1 6.63k -22.73k 35.15k 0,08k 6.63k 12 .42k
A 1 6.9794 0.7242 0.1814 Error 8.9794 9.5161

Stopped 2 20050211 12:108:33

Figure 9. Power meter readings and current wavefor ms during continuous
power test on dyne with 70°C coolant.
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Table 8. Specific power density summary

Characteristic Semikron measurement  FreedomCAR Goal
Weight (kg) 7.7 NA
Volume (L) 6.9 NA

Peak power (kW) 55 55

Peak specific power density 7.1 5

(peak kW/kg)

Peak volumetric power density 8 12

(peak KWI/L)

Conclusion

The AIPM unit demonstrated the ability to operate at continuous and peak power levels with an
efficiency of 0.97. The unit had a specific power density of 7.1 kW/kg, exceeding the goal of 5 kW/kg,
based upon the FreedomCA R-specified 55-kW peak power rating. The unit had a volumetric power
density of 8 peak kW/L, failing to meet the FreedomCAR goal of 12 KW/L.

The Semikron AIPM has a capability of operation at a peak power rating of 160 kW with coolant
supplied at 25°C. At that rating the unit has a volumetric power density of 23 peak kW/L and a power
density of 21 peak kW/kg.

Future Direction

Testing of the Semikron unit in January 2005 completes this task. Other inverter development and/or
test activity will continue as needed.

Publications
Testing of the Semikron Validation AIPM Unit at ORNL—January 2005, ORNL/TM-2005/44.
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