-;y‘,OAK RIDGE

National Laboratory

(Keystone Project #2)

Tsarafidy Raminosoa
Email: raminosoat@ornl.gov
Phone: 865-341-0312

Oak Ridge National Laboratory
2020 DOE Vehicle Technologies Office Annual Merit Review.
June 279, 2020 Project ID: ELT212

ORNL is managed by UT-Battelle, LLC for the US Department of Energy * %, U.S. DEPARTMENT OF

+/ENERGY




Overview

Timeline

o Start: FY19
 ENnd: FY24
» 30% complete

Budget

e Total project funding

—DOE share - 100%
*Funding for FY19: $400K
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Barriers

 Magnet cost and heavy rare-earth element price
volatility

* Non-heavy rare-earth electric motor performance

* Meeting DOE ELT 2025 targets for non-heavy rare-
earth electric motor: $3.30/kW cost; 50kW/L power
density and 300,000-mile lifetime

Partners

* National Renewable Energy Laboratory
Ames Laboratory

 ORNL team members: Tsarafidy Raminosoaq,
Randy Wiles, Jason Pries, and Burak Ozpineci



Relevance - Project Objectives Project Scope within ELT Consortium

Keystone Project #1

Overq" Objeclhve Integrated Power Module
— Enable the adoption of high- ONL 'Bve(;gir 1
speed and high-power density Sic and GaN £ o ORNL .
non-heavy rare-earth (HRE) Power <' Keystone PrO{ecf #3
traction motors SNL Infegrated drive

ORNL

— Analyze the impact of new
advanced materials for non-
heavy rare-earth electric motors

Power Module Packaging
University of Arkansas & Virginia Tech

FY20 Objective
i Motor Design \
— Design a dual three phase non- / Keystone Project #2 ORNL
heavy rorg—eor’rh permcm.en’r Matericl
magnet high speed fraction mocilgshtr_mrs]; and
I
motor to meet the DOE ELT 2025 ORNL =
speciﬁco’rions. Thermall rncRnafjgemen’r
— Design the thermal management Magnefic |
system and the mechanical development "
assembly of the motor. Ames Thermal
k monogemeny
NREL
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Relevance - Project Objectives
ELT212 ORNL Sl ELT214 NREL  Thermal modeling

LA

Cooling design

assembly design

Eleciromagnetic

Shaded Plot

|B| smoothed
1: 0.020833333ms

7 Slot heat

current loss  AC loss in Litz O-rings . exchanger
wire winding Rotor cooling
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FY20-21 Milestones

Date Milestones and Go/No-Go Decision Status

Dec 2019 | Milestone: Complete electromagnetic design of a multiphase outer Completed
rotor surface PM motor.

Mar 2020  Go/No-Go Decision: If a high-speed motor candidate can yield @ Completed
significant improvement in performance and power density, refine the
cooling and thermal design of this motor.

Jun 2020 | Milestone: Design the 100kW outer rotor motor structure for power On frack
electronics integration.

Sep 2020 | Milestone: Finalize cooling and mechanical design of the selected On frack
motor candidate.

Dec 2020 | Milestone: Build a mock-up prototype for verification of mechanical On track
robustness.

Mar 2021 | Milestone: Generate final drawings for full prototype fabrication. On frack

Jun 2021 | Milestone: Construct full prototype. On track

Sep 2021 | Milestone: Document test results and submit final report. On track

%NOAK RIDGE

ional Laboratory

NATIONAL
TRANSPORTATION
RESEARCH CENTER

Any proposed future work is subject fo change based on funding levels




Approach/Strategy

v Permanent magnet traction motors using non-HRE
magnet materials are evaluated.

Winding

v Dual channel three phase winding configuration is split for
oroposed. This way, the motor can be powered by: d”:r";?eee

= A conventional three phase drive with the two channel

channels connected in parallel;

= Or adual three phase segmented drive
(separate inverter for each channel)
developed at ORNL (Refer to ELT209) to

reduce current ripple and the DC Link | SelSie Swl
capacitor. \:Cbus a.'f}J.'s Bl

v' Dual channel configuration also reduces the back- = =" D
EMF on each set of winding by half. This eases the T | Sl Sw

voltage limitation constraint at high speed and LJE l5% |5
eliminates unconftrolled regeneration.

Segmented 3-phase inverter
v Dual channel configuration features fault folerance  Reduction of capacitor ripple current with

which improves reliability. interleaved switching
OAK R Refer to ELT209 by Gui-Jia Su
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Technical Accomplisnments — FY20

Completed Electromagnetic Design of Heavy Rare-Earth-Free Dual Three-Phase Outer Rotor
Permanent Magnet Traction Motor

160 . . ' 120 Peak power (kW) 100
Trnax = 143.2 Nm Cantinuous torgue Continuous power (kW) 55
140 | — 4_| Peak torque
P = Continous power 4 .
ame EWeR SUPESERING 100 Maximum speed (rpm) <20,000
120 | Battery operating 650
N, = 20,000 rpm {80 voltage (Vdc)
100
€ om CPSR =3 = Power factor >0.8
£ | 7,=788Nm 3 .
Gé 80 == Peont = 55 KW 160 ’g Maximum current (A) 600
'6 O
= 60 F = Maximum efficiency (%) > 97
140 .
Torque ripple (%) 5
40 Tomax =
D Volume (@50 kW/I) 2L
opfstant torque Constant power region 20
20 region Mass (@5kW/kg) 20kg
0 1 nl — 1 1 0
0 ® 667kpm_  © 19 o £~
PPN s heed [krpm] 20 krpm Summary of Specifications

Source: University of Wisconsin-Madison
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Technical Accomplishments — FY20

Completed Electromagnetic Design of Heavy Rare-Earth-Free Dual Three-Phase Outer Rotor
Permanent Magnet Traction Motor

Why Outer Rotor SPM¢
m%%gi?éagéon « Opportunity for integrating power

electronics in the inner hollow volume.

e Robust continuous rotor construction (as
opposed to segmented rotor
construction for Spoke IPM). Magnet
retention against centrifugal force
naturally provided by rotor laminations
and rotor support structure.

» Ability to provide the required power up
to 20,000 rom.

Litz wire

e Has the highest power density among
winding

the candidates analyzed.

( With design margin for demagnetization and 3D effec’r)
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Technical Accomplishnments — FY20

Completed Electromagnetic Design of Heavy Rare-Earth-Free Dual Three-Phase Outer

Rotor Permanent Magnet Traction Moftor Peak Torque Waveform

Flux Density Map at Peak Torque Condition AQOO
2 150 —
)
I 100 163Nm Average Torque
° 1.3% Ripple
o 50
&
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Rotor Position (°)

Shaded Plot Line to Line Back EMF at 20,000rpm

|B| smoothed _ 600
1: 0.020833333§: é 400
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- Meets peak power and torque ripple requirement é_) -600 Time (ms)

- Avoids uncontrolled regeneration 517V Peak to peak line back EMF
at 20,000rom < DC Bus Voltage
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Technical Accomplishnments — FY20

Completed Assembly Design and Mechanical Stress Analysis

Outer airgap
Inner airgap

Motor Housing

Rotor Support

Rotor

Laminations

Drive End Non-Drive End

Rotor
magnets

Stator Support

Stator Laminations

Large diameter bearing able to operate at
19,000 rom identified
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Technical Accomplishnments — FY20

Completed Assembly Design and Mechanical Stress Analysis
Stress Analysis Results at 20,000rpm

410 Atlas Stainless Steel

Tempering Tensile Yield Strength ' Elongation

Temperature Strength 0.2% Proof (% in « Stress below 760MPa

(69)) (MPa) (MPa) 50mm)
Annealed * 480 min 575 min 16 min « Max displacement is 0.077mm (3mils)

204 1310 1000 16
316 1240 960 14
22’ e o2 T Viability of the rotor concept
593 870 675 20 at 20,000rpm is validated
650 755 575 23

Source: Atlas Steels
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Technical Accomplishnments — FY20

Evaluated Motor’s Resistance to Demagnetization Under Worst Case Scenarios

Starting from peak torque operation at 20,000 rpm, three phase short circuit fault applied aft
various time instants

Application of 3 phase short swiped through 1 electrical cycle

w e
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« 12% torque reduction due to three phase short circuit

« The fiming of the fault does not affect the reduction in torque
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Technical Accomplishnments — FY20

Evaluated Motor’s Resistance to Demagnetization Under Worst Case Scenarios

Effect of successive purely negative d-axis peak current and three phase short circuit faults

%

—Torque (Nm) - Negative D-axis peak current then 3 phase short

—Torgue (Nm) - 3 phase short then negative D-axis peak current

180
160
140
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Time (ms)

Three phase short circuit
fault at 20,000rpm is more
severe

The order of faults’
occurrence does not
affect the final forque
reduction

12% design margin for
demagnetization risks




Technical Accomplishnments — FY20

Evaluated Electromagnetic Loss Components as Input for Thermal Analysis

AC Loss Calculation « The sample strands are modeled

(a) as a stranded conductori.e. no eddy

currents allowed and current density across the cross
section is uniform, and

(b) as a solid conductor i.e. accounting for induced
eddy current.

Positions of Litz wire bundles

« The two 2D analyses are carried out for a given current
at 20,000 rom.

« The difference in copper loss between case (b) and
(a) is the AC loss. This AC component of the loss can
be scaled with speed squared.

« The rafio of the losses in cases (b) and (a) is the AC loss
factor.

| Sample

strands « The AC loss factor is calculated for representative

locations of the sample strands and the average is
used as the overall AC loss factor for the considered
speed.
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Technical Accomplishnments — FY20

Evaluated Electromagnetic Loss Components as Input for Thermal Analysis
AC Loss Calculation for 600Arms at 20,000rpm

AC loss in percent of copper loss

Position 1 Position 5 Position 8 16
(Slot opening ) (Middle of slot)  (Slot bottom) 14
Shaded Plot A 12
|J| smoothed Q 10
1: 0.75ms O 8
ey w6
= 11,
1e+07 2
1 2 3 4 5 6 7 8
Litz bundle position
Speed (rpm) | 6667 | 10000 | 12500 ' 15000 @ 17500 | 20000
Frec?IL_JlZe)nCY 889 1333 1667 | 2000 | 2333 | 2667 /AC loss < 5% of copper\
loss at top speed
(AC+DC)/DC Litz wire selection
loss factor 1.005 1.011 1.018 1.025 1.034 1.045 \ valdated /
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Technical Accomplishnments — FY20

Evaluated Electromagnetic Loss Components as Input for Thermal Analysis

PM Eddy Current Loss Calculation

« 3D Finite Element model with an
axial length equal to the
thickness of a PM lamination
(Eddy currents are allowed to
follow a 3D path).

 Feasible PM lamination of
thicknesses of 1, 2 and 3mm were
analyzed

ke

« Eddy current losses in PMs are
calculated for one operating
point (600 Arms at 20,000rpm).

Field Tangential

boundary conditions . .
on each faces of the Perfect Electric IFor other opell'ogng.Trk)]c?rLr:’rs, the T
model Insulator boundary osses are scaled wi e curren

conditions on all faces ~ sguared and speed squared.
of a magnet segment
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Technical Accomplishments — FY20

Evaluated Electromagnetic Loss Components as Input for Thermal Analysis

PM Loss Results at 20,000 rom and 600 Arms PM Total Eddy
\ Lamination Current Losses in
%%%;fgn thickness Permanent
(mm) Magnets (W)
Shaded Plot ] 736
|J| smoothed
1: 0.55208333ms 2mm PM 2 2562
56+06 lamination
4e+06
3e+06 3 4976
2e+06
1e+06 ,
: 4 N
| Imm PM EM lamination
lamination thickness of Tmm
chosen
\ /
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Responses to Previous Year Reviewers’ Comments

« Comment: The machine topologies investigated are not novel and it is hard to see how any of them will
lead to the significant required increase in power density.

> Response: It was necessary to evaluate various machine topologies to understand their potential to meet
the required power density and identify the most promising ones. Based on the results of the comparison
study, the outer rotor surface PM topology was selected in consultation with the EETT Tech team. Although
the topology is not new, there are novelties in the thermal management and the integration of the drive
and motor.

« Comment: The results presented focused on electromagnetic performance. There are still significant
mechanical and thermal challenges to be addressed and a detailed mechanical and thermal analysis is
needed. Also, alternating current (AC) effects and losses are not accounted for, and hence the
presented efficiency values are too high.

> Response: AC loss, thermal and mechanical challenges were addressed during FY20. Litz wire winding is
used to address the AC loss at high frequency. Permanent magnets are laminated to address eddy
current losses. The viability of the mechanical assembly design was confirmed by mechanical stress
analysis. Thermal analysis and design were performed by NREL and presented in project ELT214.

« Comment: The roles of NREL and AMES are not very clear.

> Response: In FY20, NREL was performing the thermal analysis and providing thermal management solution
presented in the project ELT214. Ames provided measured characteristics on their new magnetic
materials for use in project ELT213 to develop accurate material and loss models in support of the present
project.
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Collaboration and Coordination with Other Institutions

Organization Role

%= Investigates cooling methods for the selected
u&,v": N R E L advanced non-heavy rare-earth electric

NATIONAL RENEWABLE ENERGY LABORATORY
motors

Provides ORNL with the magnetic, electrical
AMES LABORATORY @ 9nd mechanical properties of newly

Creoting Moteriols & Enerey Soliers | Jeyeloped magnetic materials for tfraction
motor design

U.S. DEPARTMENT OF ENERGY
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Remaining Challenges and Barriers for FY20

e Implementation of the thermal management system:

- Challenge: Coolant channels, manifolds and spray nozzles will take
spaces within the motor and can complicate the mechanical assembly.

- Mitigation: Rapid prototyping and trials on key subassemblies will be
carried out to evaluate manufacturability.

o Containment of permanent magnets:

- Challenge: Permanent magnets are subject to crack. They need to be
contained and kept the in place in case of crack.

- Mitigation: Identify high strength non-conductive and non-magnetic
composite materials to be used as inner bore sleeve for the roftor.

Any proposed future work is subject to change based on funding levels
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Proposed Future Research
 Remainder of FY20

- Complete refined cooling design of the selected motor candidate. Collaborate with
NREL on the design of the thermal management system.

- Complete refined mechanical design of the selected motor candidate including
the mechanical integration of then thermal management system into the motor
housing.

* FY21]

- Experimentally verify the robustness of the mechanical assembly by performing high
speed spin fest on a dummy motor prototype (without winding and replacing
magnets with parts having the same mass density).

- Build an actual prototype of the selected non-heavy rare-earth motor and validate
its performance experimentally.

NNNNNNNN Any proposed future work is subject to change based on funding levels

TTTTTTTTTTTTTT
EEEEE




Summary
» Relevance: Non-heavy rare-earth high-speed tfraction motors have potential to meet the DOE ELT 2025 targets
of 50kW/L, $6/kW, and 300,000-mile lifetime
Approach:
- Non-Heavy Rare Earth PMs for high power density and reduced cost electric motors
- PM motor technology resistant to demagnetization
— Outer rotor motor topology or power electronic integration and electric drive power density improvement

- Dual-channel three phase winding for use with the segmented drive to reduce current ripple and DC link
capacitor.

Collaboration:

— NREL: Exploring cooling methods for advanced non-heavy rare-earth electric motors

— AMES: Providing magnetic, electrical and mechanical properties of newly developed magnetic materials
Technical accomplishment:

- Completed electromagnetic design of a non-heavy rare-earth outer rotor PM motor that meet most of the
DOE ELT targefs

- Validated resistance to demagnetization of the motor design
- Completed mechanical assembly design and confirmed mechanical viability at high speed

- Completed loss evaluation including AC losses and eddy current losses in permanent magnets for thermal
analysis.

Future work:
- Validate the performance of the selected non-heavy rare-earth motor experimentally
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