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Abstract -- this paper describes an investigation into diffeent
motor designs for an application dictated by the pdgormance of
an existing hybrid electric vehicle drive (an intenal permanent
magnet motor). An induction motor and switched reletance
motor are studied. Torque over a wide speed range irequired
(base speed of 1500 rpm and maximum speed of 60Qth) and
the total torque per volume is used as a key markeindicator.
The efficiency is studied and efficiency plots arstroduced. The
issue with the design is the thermal temperature se which affect
the machines are described in the paper. At 1500 np very high
current density exists in all the machines. At 600@pm the iron
loss dominates. The paper illustrates that the perement magnet
motor is not the sole solution to specifying a driz motor for this
application.

Index Terms—permanent magnet motor, induction motor,
switched reluctance motor, hybrid electric vehicles

l. INTRODUCTION

Recently there has been much interest in the dpreat
of hybrid electric vehicles (HEVs) and electric ics
(EVs). Indeed, HEVs have been in production foresalV
years and now reached a level of maturity [1]. Ehere also
several electric vehicles and these even reachtlsports
car market with high performance possible usingtelgat
powered induction motor drives [2]. Both of thessot
examples use different types of drive motor.

This paper reports on a study to compare the padoce
of an interior permanent magnet drive motor (IPM}opper
cage induction machine (IM) and a switched reluotan
machine (SRM). The design data for the IPM is takem a
report on the 2004 Toyota Prius hybrid electriciekehdrive
[1] and the comparison IM uses the same statogddayout
(but with an increased air-gap diameter). Thereosimon
perception that the permanent magnet motor is treect
solution for
advantages in terms of performance and efficieHowever,
there is little information that has been publisteednparing
side-by side performance of equivalent designs.s Tiki
despite the fact that IM have been used to driveiraber of
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vehicles, including the GM EV1 and the Tesla spodss[2].
Given that the future world-supply of rare-earth gmet
material may be restricted [3] then it is worth siolering
optional arrangements and the induction motor avittlsed
reluctance motor do have advantages over its pemtan
magnet counterpart in terms of material and manufag
costs and durability. When it is required to freleeel it will
offer energy saving in terms of removal of excaatiand
hence iron loss. The switched reluctance machiraréady
being addressed as a possible magnet-free alternas
suggested in [4] and this too offers controllalile find zero-
field coasting. Hence, both the induction motor andtched
reluctance motor offer the advantage of more fldigibof
flux control which, even if they cannot offer thense
absolute efficiency at maximum torque at the exities of
the speed range, they may be more efficient whesidering
a full duty cycle, with reduced iron losses at tigading or
free-wheeling.
The paper
considerations. ASPEEDmodel [5] using PC-BDC and PC-
FEA for the existing 2004 Toyota Prius drive moter
developed and validated using the performance itafa].
This takes the form or an 8 pole machine with eedpmnge
up to 1500 rpm for base speed (maximum torque) and
maximum power range from 1500 to 6000 rpm (oftelteda
the field weakening or phase advance range). Atialini
induction motor design is generated usBigEED PC-IMD
for direct simulation comparison. 2-D FEA (bothtstaand
time-stepped) models for the IM are also develdpeatedict
torque, loss and efficiency to a more accurateild@ations
to improve the initial design, together with thetraaalysis,
are also presented. The same torque/speed prafilsed in
order to formulate the design for direct comparisAn 8-

the application and offers considegablpole arrangement is again used. The frequencyeofitix for

these two machines is 100 Hz at 1500 rpm and 40GtHz
6000 rpm. There is a fine balance between the coapé
iron losses for this application — it is very dethigug.

The IPM study and induction motor design were first

briefly describes some basic machine



studied in [6] (which reviewed the torque/speededope and
the reluctance/excitation torque properties andsplalvance
of the IPM, together with a first-pass analysighe IM) and
[7] (which addressed further analysis techniques tan be
applied to the Prius IPM drive motor such as |-dtagrams,
efficiency charts and iron loss distributions ofe thPM
machine). The findings from [6] and [7] are under@d by
the work in [8] and [9]. In [8] a novel wound-fielsiachine
was studied as an alternative machine the Privg dniotor.
This was termed a hybrid excitation motor (HEM) e¥hhad
both radial and axial flux paths as well as SMC minated
steel core materials. It showed good promise. ®weic
reluctance machines (SRMs) were investigated in 4ghin
as an alternative to the Prius motor. In termstafos/rotor
pole numbers, 6/4, 8/6, 12/8 and 18/12 arrangemeats
investigated. The latter arrangement is also inyatgd here.

This paper will review some of the findings fron] gnd
[7], and add further analysis related to the inurctmotor
analysis. In addition, a third motor option studiedthe
switched reluctance machine. In [4] an 18 statde pmd 12
rotor pole arrangement is suggested and this azraegt is
studied in this paper. This gives 300 Hz unipolax it 1500
rpm and 1200 Hz at 6000 rpm so iron loss has toabefully
considered.

Il.  BRIEFCOMPARISON OFMOTORDESIGN TOPOLOGIES

This paper will outline some basic analysis techef
such as the use of efficiency plots, frozen peritigab
method, time-stepped FEA, etc. However,
comparison for clarity, it is worth putting a forwda the
geometrical comparison of the machines under stadhis
section. The three machines studied are:

» 8 pole IPM motor used in the 2004 Prius [1]

» 8 pole IM design as studied in [6] and [7]

18 stator pole (3-phase) 12 rotor

arrangement as suggested in [4] (but a differesigte

as studied in [9])
The specific target application is the 2004 Priwschine as
discussed in [1] and [10]. At maximum torque therent
density in the windings is very high and an operti
temperature of 100 °C is assumed for the windingp&rature
in the results put forward here. Even though thraaehines
have water and oil cooling it is important to calesi the
thermal performance of the machines. Cross sectiéribe
three different machines are shown in Fig. 1. Asvimusly
mentioned, the IPM and IM are both 8 pole machinkie
the SRM has 18 stator poles and 12 rotor polesy Hie
share the same axial length (84 mm), inner rotameter
(111 mm) and outer stator diameter (269 mm) in otde
make direct comparison. The rotor outer diametetHe IPM
is 160.5 mm; for the SRM it is 160.5 mm while fdret
induction motor it is 180 mm. The increases aralireg to
meet the specification. A full description of thees@yn

to aid yearl

below.

AN
) 7

(a) Prius PM motor

@

(b) Induction motor
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(c) Switched reluctance motor
Fig. 1. Half cross sections of the alternative masigns.

pole SRM

Ill. DETAILED MOTORANALYSIS

A. Review of Prius PM Drive

A specification was given in [1] for this machinewever
further detailing was required to assess the desggme of
the analysis results are given in Fig. 2 for thiachine. At
1500 rpm the losses are dominated by the coppes los
whereas at 6000 rpm the iron loss dominates. In Fithe
cross section illustrates that the machine hagla éégree of
g-axis saliency. This requires investigation agsillated in
Fig. 3 (a) and (b). The torque components wereragga out
using the “frozen permeabilities” technique [11]tie finite
element analysis. The torque can be cross-checkaty u
current — flux-linkage diagrams [12], these haverbdone to
validate the torque and will be illustrated in thdl paper.
The best operation was obtained at about 60° pzhsEnce.
Finite element analysis was used to assess thdadssrusing
a modified Steinmetz equation [13]. The finite edsmnbolt-

procedures for the IM and SRM motors are put fodwar



on PC-FEA was used to obtain the flux distributidns
inspection and these are shown at full load at 1ff@
(190.9 A rms) in Fig. 4 and at 6000 rpm (35.4 AYinsFig.

5. Even though the flux density is lower at 6006 rfipecause

the current is less) the iron loss is higher begaof the

increase in frequency. Most of the iron loss igha stator

teeth as illustrated in Fig. 6.
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Fig. 2. Comparison of PC-BDC operating envelopéwhbse published in
[1] showing good agreement. Control maintains aurom g-axis. This PC-
BDC is adjusted to give the correct torque and the<fficiency is

obtained.
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(a) Separation of torque at 1500 rpm with 190.®#ding — variation of
current phase with respect to q axis.
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(b) Separation of torque at 6000 rpm with 35.4 &dimg — variation of
current phase with respect to q axis.

Fig. 3. Separation of excitation and reluctancques at 1500 and 6000
rpm.

Fig. 4. One pole of machine from static FEA solntiBeak flux density in
teeth is about 1.65 T. Load current 35.4 A at @angtaxis (6000 rpm).

Fig. 5. One pole of machine from static FEA solntiBeak flux density in
teeth is about 2.10 T. Load current 190.9 A atheng-axis (1500 rpm).
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Fig. 6. Iron loss distribution from PC-FEA solutiah6000 rpm. Load
current 35.4 A at on the g-axis.



An automated
efficiency of the machine over a two-dimensionaiqtee-
speed plane and a colored contour plot developéd i®
shown in Fig. 7. To carry out this simulation thrpkase
advances were used (0, 30 and 60°) and the cumagnitude
adjusted to obtain the required torque (Fig. 7.(aMis
efficiency plot in Fig. 7 (b) is very similar todke illustrated
in [1] and similar plots will be put forward for é¢hIM and

routine can be used to examine tle full power range at 3000 rpm (for a 50 kW Prius

application). In this paper M19 24 GAGE steel igdisA
qualitative sizing exercise was carried out unétfprmance
was produced that matched the original IPM design.

Since this is a three phase machine and maximuse pul
width is used so that there is some coupling betwie
phases. The stator-rotor pole combination lead$utther
interactions. Fig. 10 shows a finite element fllat pvhen an

SRM. The IM and SRM alternative designs will nhow beexcited phase is close to alignment and the cuise3@0 A as

addressed and a comparison made.
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Fig. 7. Efficiency plot for PC-BDC simulations ugia) phase angles of 0,
30 and 60 degrees and (b) the efficiency predistion

B. SRM Motor Design

The SRM design was analyzed using SPEED PC-SRD in

conjunction with finite element analysis to realitpe current
— flux-linkage lines. The rotor radius was increhse 170
mm compared to the IPM motor but the outer statorianer
rotor radii, together with the core axial length,eres
maintained; the machine is a 3-phase, 18 stata@ pdlrotor
pole arrangement. Here, key points at 1500 and é0®0are
investigated at full load. Figs. 8 to 10 show tharent
waveforms, current — flux-linkage loops (which arged to
obtain the torque) and a flux plot when the ro®close to
alignment. This is a similar arrangement to thgéinrand [9].
In [9] a detailed study was put forward that addees
topology and materials. The paper illustrated tbateful
consideration of material will improved the effio®y; the

shown In Fig. 8. The results shown here suggesthisaSRM
is capable of giving a torque per motor volume 8fNam/L
which is slightly higher than quoted in [4] (45 Nt/ The
current density in the winding is high (20.1 Armstfh and
the torque generated at the 1500 rpm peak torqunt ipd293
Nm with an efficiency of 85.2 %. The current — flimkage
loops in Fig. 9 illustrate that at 1500 rpm, theodois
maximized and the machine is essentially operatinge to
the practically maximum torque.
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Fig. 8. Current waveforms at 1500 rpm and full load
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Fig. 9. I-Psi loops at at 1500 rpm (300 A peak 3 R8n) and 6000 rpm (50
A peak — 60 Nm).
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authors compared 35A300 with 10JNEX900 and foura th

latter offered improved efficiency (between 1 anthBacross
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Fig. 12. Variation of current at 6000 rpm showingjue and efficiency.

C. Induction Motor Design

An induction motor design is now addressed. Thends
developed in SPEED PC-IMD to enable rapid desigd an
tested using the static FEA bolt-on PC-FEA. To Hart

Foor poston 3o mech.dea validate the design then it was checked using stepped
Fig. 10. Flux plot at 1500 rpm and full load cutr¢300 A peak). FEA.The general dimensions for the PM motor welera
and the rotor replaced with a cage rotor. Becahsefltix
levels can be adjusted then it is possible to adhes tooth
width in the stator and the yoke thickness so.ddition, the
rotor diameter can be increased in order to imprthe
torque-arm length and also allow deeper rotor stotrefore
the rotor diameter was now set to 180 mm. The desig
maintains the 8-pole 48 stator slot arrangementhfsr first-
pass design. The bar number is 53, but for the-sir@pped
FEA analysis it was reduced to 40 bars simply tordfa
degree of symmetry and allow a one pole periodicity
however, the rotor copper was maintained and tleriegs
' : 70 ) increased in order to obtain the same approximate
while there is more variation at 6000 rpm wherethe performance. As already stated, a PC-IMD model was
efficiency is low (62.4 %)_ at low loading and inases to a developed for this machine and passed through t&-B&
peak of 88.2 % at maximum load). These are reas®naling g flux plot for the 53 bar machine is illustdhin Fig. 13.
efficiencies for modern SRM design. The windings in the induction motor are rearrangeterms

It can be seen that the SRM design does represent § series/parallel connection although the wireggaand slot

alternative to the IPM machine described. Indeed, B | are maintained. More detailed description bé tanalysis
illustrates that the IPM has a lot of g-axis saliemnd the ;55 put forward in [7]

reluctance torque is higher than the excitatioguerwith 60
deg phase advance.

The field excitation in an SRM can be fully conteal. If
the switching angles are maintained, then the ®rcan be
controlled by variation of the peak current. Thésdione in
Figs. 11 and 12 at the base speed and maximum.speesk
show variation of torque with phase current. At AQ59m,
where the operation at the aligned point is welstptoe
saturation knee point, the characteristic is almiastar,
whereas at 6000 rpm, it is initially non linear.igFs purely a
function of saturation and the shape of the |-Bspt. The
efficiency characteristics show flat charactecigbir the 1500
rpm characteristic (93.4 % down to 85.1 % at peakue)
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0 T T T 50 ! /';_‘ 7 / 2 N
0 100 200 300 400 Fig. 13. Static finite element solution for 53 lxaduction motor at 5960
Phase current (rms) [A] rpm load point.

Fig. 11. Variation of current at 1500 rpm showingijue and efficiency. . .
The performance of the machine was tested usinge t

stepped FEA analysis at the two key points at 14806000



rpm. The bar number in the SPEED model was redtacd

bars to enable one-pole periodicity in the FEA aadid

solution. However, the bars and end rinds wereesmed to
allow for similar rotor resistances. The SPEED nhagsed

M19 24 GAGE steel again — the FEA used a similatenel.

The results for the comparison are given in Tablehkere are
marked differences at 1500 rpm and this will batedl to the
differences in steel material and thermal effeats] also the
FEA and PC-IMD analytical simulations of core sation. In

addition, with large bars, there may be additidrels losses
due to eddy currents, as illustrated in Fig. 14thWurther

refinement of the comparison it would be expecteat the
results would converge. However, the aim of thipgras to

illustrate the comparable effectiveness of diffémotors for

an HEV application so the first-pass results frdfEED PC-
IMD were deemed acceptable.

TABLE |
TIME-STEPPEDFEA PREDICTIONS OFPERFORMANCE FOR A SKEWED ROTOR
WITH 40 ROTOR BARS AND48 STATOR SLOTS

Actual/synchronous 1475/ 1548 5960/6000
speeds [rpn
) ) Time-step Time-step
Simulation method FEA PC-IMD FEA PC-IMD
Torque [Nm] 300 297 44.2 49.9
Line current (rms) [A] 238.4 169.9 44.5 44.6
Line voltage (rms) [V] 350 375 600 600
Power Factor 0.45 0.51 0.68 0.70
Stator Cu loss [W] 13174 7107 453 490
Rotor Cu loss [W] 3778 2303 393 212
Fe loss [W] 418 161 506 443
Efficiency [%] 713 81.9 88.5 95
Current Current
DA‘inS't¥ y Density
[‘\mm] \ / i (Amm?

63

n

32

| (a)‘ 59‘60 rbm | '(b)

Fig. 14. Rotor bar current density showing eddyenis at slot tops.

1475 rpm

A thermal analysis was carried out, including thadf
cooling. The analysis package (Motor-CAD) was déstt in
[14]. The results for a basic analysis resultssti@wn in Fig.
15. This was for the 40 bar machine. The simulatissumes
coolant fluid cooling around the stator (at 20 Ldjrand also
down the air-gap (10 L/min). Fig. 15 shows the terafure
rise for the induction machine studied in the tistepping
simulation at full load and 1500 rpm (using theslaita as
calculated in Table I). It illustrates the temparatrise in key
motor locations. The ambient is high and the teljpee rise
is shown to be 120 °C at the centre of the staioding. This

temperature rise is similar to those reported if].[IThe
induction motor is very susceptible to thermal &aon as
shown in [14].
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Fig. 15. Temperature rise simulation — 2 minutefsihtoad and 1500.
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To effectively use an induction motor in this drive
application then the efficiency has to be addressad will
be a function of the voltage (which dictates thecflevels),
slip (i.e., actual speed to synchronous frequeertationship)
and temperature. Direct torque or flux vector colnteeds to
be used to realize this point. This is not investg here due
space constraints but an algorithm can be develtipsdarch
for the maximum efficiency operating point at certapeed
and torque demand. This requires a search for dheect
voltage and synchronous frequency at a set speefljet and
temperature and this will be the focus of furtherkv This
can also be extended to include temperature vamnizind
study of the duty cycle. For the set point herel475 rpm
and a frequency of 103.2 Hz (1548 rpm synchronpeed)
then 350 V (line) gives the torque- and slip-speadres and
it can be shown that 1475 rpm is very close to plkeek
efficiency as illustrated in Fig. 16. The operatpwnt should
be close to the peak efficiency point however al ful
investigation needs to be carried out to studyitisse.

400 90
350 T 80
£ 300 1 T 70
T 60z
% 250 1475 rpm point close t + 508
= 200 7 required maximum efficien 400
S 150 at 350 V, 103.2 Hz supply € \| . "=
a 100 30&\0
50 | —e—Torque 120
- Efficiency | 10
0 T T T 0
1200 1300 1400 1500

Speed [rpm]

Fig. 16. lllustration of torque- and efficiency-ggecurves at base speed for
induction motor.



D. Comparison of Machines

In this section the three machines are studiectrimg of
their arrangement and operating points. Table dwshthe
machine geometrical parameters for the differesigihs put
forward in this paper. It should be remembered thatiPM
machine is a commercial design that will be thedpot of a
more detailed design process than the SRM and I8igde
which are first-pass electromagnetic designs ainad
investigating alternative drive technology. Thdystrate that

full duty cycling needs to be carried out sinceinigicoasting,
they can be switched off with no losses whereadh is
always excited and absorbing iron-loss power, eithe
electrically or mechanically.

It is also worth considering costs and manufacturBasic
bare material costs are given in Table 1V illustrgtthat the
materials in the IPM are substantially higher thiaa IM,
while the SRM is the cheapest in terms of raw ni&erThe
IM has much more copper than either then IPM orSRé

the induction motor and switched reluctance motoe aWhile the cost of the IPM is dominated by the magmst. In

alternatives to the IPM drive currently used. Tpaper has

terms of manufacturing, rare-earth magnet machfisn

not addressed the power electronic drive requirgsnerhave to be assembled with magnetized magnets heydcan
although all are 3-phase (with the SRM only reqgri cause issues in their handling. The SRM shouldtizght
unipolar operation) and should be comparable. Ttenm forward to manufacture but, as can be observedainleTll,

differences will be concerned with current and agét ratings
although these are similar given the similar poragéings.

TABLE Il

the SRM has a much smaller air-gap length, in caeealize
a high reluctance ratio, so that more precisiameisded when
assembling an machine with very low air-gap length.

TABLE IV
COMPARISON OFPM AND INDUCTION MOTORS i APPROXIMATEMATERIAL COSTS OFMOTOR EXCLUDING FRAME AND
Parameter PM Motor ~ SRM Inl\cjluctlon ___HrTINGS _
) otor Laminated Copper  Neodymium
Outer stator diameter [mi 269.( 269.( 269.( Steel Iron Boron Totals
Inner rotor diameter [mr 111.C 111.C 111.C US$/Kg 13 X3 137 [US$]
Outer rotor diameter [mr 160.£ 170.C 180.( Weight 2387 599 13
Air-gap length [mm 0.7 03 15 IPM Cost 31.03 39.53 171.60 242.17
Axial core length [mmr 84 84 84 Weight 19.27 7.44 0
Weight of stator core [K( 18.6¢ 14.11 11.8¢ SRM Cost 2505 49.10 0 7416
Weight of stator copper [K 5.9¢ 7.44 10.57 Weight 18.01 18.24 0
Weight of rotor core [K¢ 5.2z 5.1€ 6.1¢ M Cos 53,41 120 3¢ 0 143.8¢
Weight O;J?ércvggﬁpféfgopper [K 311“31% 267 1 37 é(.SZIE L amination estimated to be approximately doublé istieel cost.

TABLE lll

COMPARISON OFPERFORMANCES AT1500AND 6000RPM AT MAXIMUM

bLondon Metal Exchange, June 2010
‘W. T. Benecki, The Permanent Magnet Industry OltldBreat Western
Minerals Group, June 2008

POWER
Spee: = 1500 Tpn IV. CONCLUSIONS
Variape TOTGUE iurrent ron loss Copper  Eff. RN(;S cqtrren This paper has put forwqrd two.adqmonal machiesighs
ariable Ny IAMS OF T oss W] [%] ensiy  as alternates to the IPM drive which is currentgdi These
Apk- SRM] [A/mm?] . . .. . ;
PM 303 1411 198 2328 913 157  are first-pass designs and the application is deingrdue to
M 297 164.8 148 8591 831 158/12.1 the very wide maximum-power range. However, they
SRM 294 300 _404 7653 852 20.1  jllustrate performance that is close to the IPM amith
cUrr;F:eed = 6000 rpm VS further design refinement and thermal analysis thilymeet
Variable TOTdue  [Arms or 'Ig; Copper  Eff. current Fhe specification. The SRM is particularly susglelptito high
[Nm] Apk- W] loss[W]  [%]  density iron loss. The IM and SRM will be more straightfand to
o = SsFi’ch'] . o [Agm;:] manufacture and fabricate; their materials willcheaper and
M 50.£ 471 43¢ 73c 052 4.51/372 t_hey can be_assembled de_magnetlzed. T_he IPM is lang
SRM 52.1 60 4074 30€ 88.2 4.02 likely to require assembly with pre-magnetized negn
The specification is demanding due to the wide dpee REFERENCES
range and the performance figures at 1500 and f@@with [1] Mitch Olszewski Evaluation of the 2007 Toyota Camry Hybrid

maximum power are given in Table Ill. It is intelieg to
note the change in dominant losses at base spegpeic
losses) to full speed (iron losses). The SRM hgkédriiron
losses due to the increased frequency of the &nd,at 1500
rpm the copper losses are high. These can be réduitle
further design work. Here, a simple design is pumvard for
clarity. While the efficiencies are generally lowfer the IM
and SRM, more detailed design work will improvestiaind

Synergy Drive SystemOak Ridge National U.S.
Department of Energy, USA, 2009.

Martin Eberhard, “How Electric Vehicles Must Chanfpe Way the
Auto Industry Thinks”, Plenary Session, IEEE ECGQiaference, San
Jose, Sept 24-28 2009.

China’s Complete Control Of Global High-Tech Magretiustry
Raises U.S. National Security Alarnv&anufacturing and Technology
News, Vol. 16, No. 16, Sept. 30, 2009.

Laboratory,

(2]

(3]



(4

(5]
(6]

(7]

(8]

9

[10]

(11]

[12]

[13]

[14]

M. Hamada, A. ChibaSR Motor Made Small Enough for Hybrid
Cars Tech and Industry Analysis from Asia, Dec 17 2088glish
version of article at web address:
http://techon.nikkeibp.co.jp/english/NEWS_EN/200972178651/
T.J.E. Miller, SPEED’s Electrical Motors SPEED Laboratory,
University of Glasgow, 2006.

D. G. Dorrell, M. Popescu, L. Evans, D. A. Statord aA. M. Knight,
“Comparison of Permanent Magnet Drive Motor with Gage
Induction Motor Design for a Hybrid Electric Vehit| The 2010
International Power Electronics Conference (IPE@g®®0), Sapporo
(Japan), June 21-24 2010.

D. G. Dorrell, M. Popescu, L. Evans, D. A. Statord aA. M. Knight,
“Modern Electrical Machine Analysis and Design Teicfues Applied
to Hybrid Vehicle Drive Machines”, IEEE Internat@nSymposium
on Industrial Electronics (ISIE 2010), Bari (Itahduly 4-7 2010.

T. Kosaka, T. Hirose and N. Matsui, “Brushless 3ynoous
Machines with Wound-Field Excitation using SMC Céresigned for
HEV Drives,” The 2010 International Power ElectamiConference
(IPEC-Sapporo), Sapporo (Japan), June 21-24 2010.

Y. Takano, M. Takeno, N. Hoshi, A. Chiba, M. TakemosS.
Ogasawara and M. A. Rahman, “Design and analysisz ®fvitched
reluctance motor for next generation hybrid vehial¢hout PM
materials,” The 2010 International Power ElectrsniConference
(IPEC-Sapporo), Sapporo (Japan), June 21-24 2010.

L. D. Marlino, Report on Toyota Prius Motor Thermal Management
Oak Ridge National Laboratory, U.S. Dept. of EnetdgA, 2005.

J. A. Walker, D. G. Dorrell and C. Cossar, “Flurdage calculation in
permanent-magnet motors using the frozen perm#abilmethod”,
IEEE Trans. on Magneticsv/ol. 41, No. 10, Oct. 2005, pp 3946 —
3948.

D. A. Staton, R. P. Deodhar, W. L. Soong, and .TEJ Miller,
“Torque prediction using the flux-MMF diagram in A®C, and
reluctance motors”,|IEEE Trans. on Industry ApplVol. 32, No. 1,
Jan. 1996, pp 180-188.

J. Reinert, A. Brockmeyer and R. W. A. A. De DoeicK'Calculation
of losses in ferro- and ferrimagnetic materialseldlasn the modified
Steinmetz equationlEEE Trans. on Industry ApplVol. 37, No. 1,
July-Aug. 2001, pp 1055 - 1061.

D. G. Dorrell, “Combined Thermal and Electromagoetinalysis of
Permanent Magnet and Induction Machines to Aid @aton”, IEEE
Trans. on Industrial Electroni¢svol. 55, No. 10, October 2008 pp
3566-3574.



