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Objectives

 “The primary aim of this project is to showcase a high performance and
low cost traction drive and has a sustainable supply chain that is critical
for the uptake of the EV market”. Specific objectives are:

1. Develop a high performance ferrite motor with full functional integration
with its converter.

2. Develop a power converter for the ferrite motor.

3. Mechanical and thermal integration of the motor and the controller with
the following targets.

e $12/kW; 1.2 kW/kg; 3.5 kW/L,

» efficiency 93% (10%-100% speed at 20% rated torque)

* All data is based on 70°C inlet temperature at 8 |/min water/glycol 50/50
mix




Design Rationale

* Flux focusing to maximize PM torqgue --> high rotor pole number (>6)
» Saliency to boost reluctance torque--> multilayer interior magnets
* High power density --> high rotational speed

Limited switching frequency --> low rotor pole number, low rotational speed

Rotor integrity limitation -->low rotational speed, simple rotor structure

Rotor Sufficient
20kW mechanical PM air-gap
integrity flux density
10,000rpm (rated); 20,000rpm (maximum) (stress (ﬂU{(
limitation) focussing)

Estimated real power

Rotational speed

Efficiency >93%
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Two and three layers can deliver
much higher torque than one layer,
two and three layers deliver almost
the same torque
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The demagnetization decreases as
the magnet layer increases, two
layer is chosen for compromise
between rotor complexity and

.| performance




Integrated optimisation and design
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Rotor Axial Slot Optimization
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Ten-slot configuration is chosen for the final design
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Stator Slot Comparuson
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Stator Slot Comparison
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By considering the average torque output, torque ripple, and overload capability, 36
stator slots are chosen for the prototype machine.




Final Desigh Parameters

36 8 2

Coil per Phase | R (phase)

12 (In series) 8.7mQ

0.21mH  0.55mH

Stator outer diameter | Stator inner diameter Stator stack length

144mm 96.4mm 0.5mm

86.5mm

Bl Rotor stacks Rotor axial slots Magnet volume
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High Fidelity Machine Model

Initialize rotor position 7§, N=0

&
2
Initialize stator current lgn, N=0

%
¥
Initialize stator current Iy, N=0

I

v

Perform nolinear FEA at rotor /3
and load current Igyand Ign

v

Fix permeability for each
element in the FEA model

v 1 &

Set stator currents to zero Set PM residual flux density as zero
v v
Perform linear FEA to compute Perform linear FEA to compute
PM flux linkage winding inductances

Ign= lgns1

lan= lan+1

H\I: ﬂ\l+1

Stop and save PN
flux linkage and
inductance matrice



Control Structure
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Rotor Slice Design

The principle design
problem faced is to contain
the magnets and stator
lamination wedges against
centrifugal action.

Recap: Tried various
geometries using a
supporting peg which
proved adequate when
rotor diameters were low.

B: Static Structural
EquivalentStress
Type: Equivalent (von-Mises) Stress
Unit; MPa
Time: 1
24/03i2014 22:349

268.38 Max =4
230 ' 3
21231
194 52

176.92




Rotor Slice Design -Cont

* Magnetic analysis . S
showed that rotor B:Staic Structura NNS)YS
. Type: Equivalent (von-Mises) Stress 13 .0
diameter and number of Unit WP - |
poles needed to increase T -3

248.29 Max
2207

193.11
165.52
137.94
110.35
82.762
e
27

 The result was
unacceptable stress
levels in the peg type
arrangement even after
optimisation.

—

A pin supported design
was suggested to reduce
the stress in the
lamination steel to an
acceptable level




Rotor/Shaft Mechanical Features




A: Static Structural

Figure
Type: Equivalent (von-Mises) Stress
Unit: MPa

ime: 1L
1/12/2015 4:18 PM

74.831 Max
66.517

58.203

49.888

41574

33.26

24945

16.631

83169
0.0025994 Min

A: Static Structural

Figure

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1
Y13/2015 11:12 PM

299.28 Max
266.02

3217

138,52

166,27

133.02

9,765

66,514

33.262
0.010393 Min

Final Rotor Stress Analysis

A: Static Structural
Equivalent Stress 4

Type: Equivalent fvon-Mises
Unit: Pa

Tirne: 1
1/13/2015 1143 P

2.1234e8 Ma:

A: Static Structural
Equivalent Stress 2
quivalent (von-Mises) Stress

A: Static Structural
Equivalent Stress 3
Type: Equivalent {von-Mises) Stress
Unit: Pa

Time: L

1/13/2015 11:43 PM

-
13398Max |

1.8875e8 3.7469e8 1.1939¢8
L6515ed 3.2789%¢8 1.0487e8
L.4156e8 2.3109e8 9.0353e7
L1797ed 2.3428¢8 7.5835e7
0.4375e7 L8748e8 6.1318e7
T.0783e7 1.4068e8 4.6801e7
471017 9.3874e7 3.2284e7
2.3508e7 47071e7 L7766e7
5529.6 Min 2.6792e5 Min 3.249e6 Min

A: Static Structural A: Static Structural A: Static Structural

Equivalent Stress 7 Equivalent Stress 2 Equivalent Stress 3

Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress

Unit: Pa Unit: Pa Unit: Pa

Time: L Time: L Time: L

1/13/2015 11:36 PM 1/13/2015 11:37 PM 1/13/2015 11:37 PM
8.0807e8 Max 1.6828e9 Max 5.5262e8 Max
7.18298 1.496e9 4.9215¢8
6.285e8 13091e9 43167e8
5.3872e8 112239 3.712e8
4.4894e8 9.354e8 3.1073e8
3.5915e8 7.4855e8 2.5026e8
2,6937e8 5.6169e8 189798
179598 3.7484e8 1.2932e8
8.9805e7 1.8798e8 6.8846e7
22010 Min 1.1272e6 Min 8.3746e6 Min




Motor Cooling Design - Model

A 1.5D, transient heat transfer
model was developed to
estimate radial temperature
distribution in the motor.

The model allows for heat
generation in stator, rotor and
the windage gap.

The composite rotor design is
modelled as two overlapping
fins and the stator by
considering winding and slot
conduction in parallel.

C(ST—k 10T 02T
PePse = %r ;ar+ar2

\ | / Outer fins with

Outrer casing

Stator — no slots

Two path model
windings + slots

Air gap with
windage model

Outer rotor slices

Overlapping fin
model of rotor and
shaft

Holl
C




Motor Cooling Design - Results
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Overall Package Design




Key Features of Final Design

* Nominal rating: 20 kW at 10,000 rpm.
* Max speed 20,000 rpm.
* Fully subcritical machine design.

 Water cooled aluminium body with integrated cooling of semiconductors.
a)  Fins on motor barrel arranged in a multi-start helical format
b)  Semiconductor cooled by fined heat exchanger aligned with main fins.

* Qil cooled rotor and bearings.
a)  Oil lubricated/cooled bearings fed with oil through hollow shaft arrangement.
b)  Two spring preloaded, deep groove bearings used to support main shaft.

c) No cooling fan required.




Future works

Prototype manufacture and assembly (by End of March)
Rotor integrity test at high speed in City University London

Improve high fidelity machine model based on 3-D FEA results, and
temperature effects

Full performance profile evaluation of the machine

Demagnetization analysis to derive current vector limit for each rotor
position, embedded in the final controller design to prevent
demagnetization

Develop more sophisticated control algorithm based on high fidelity
model to improve overall performance

DSP programming and machine on load testing




