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6-phase Fractional Slot per Pole per Phase
Permanent Magnet Machines with Low Space
Harmonics for Electric Vehicle Application

Vipulkumar I. Patel, Student Member, IEEE, Jiabin Wang, Senior Member , \EEiya Wang, and
Xiao Chen, Student Member, IEEE

Abstract—The paper discusses the development of new
winding configurations for 6-phase permanent magnet (PM)
machines with 18-slot, 8-pole, that eliminates and/or reduces
undesirable space harmonics in the stator magneto motive force
(MMF). The proposed configuration improves power/torque
density and efficiency with a reduction in eddy current losses in
the rotor permanent magnets and copper losses in end windings.
To improve drive train availability for applications in electric
vehicles, the paper proposes the design of 6-phase permanent
magnet machine as two independent 3-phase windings. A number
of possible phase shifts between two sets of 3-phase windings due
to their dot-pole combination and winding configuration is
investigated and the optimum phase shift is selected by analyzing
the harmonic distributions and their effect on machine
performance including the rotor eddy current losses. The
machine design is optimized for a given set of specifications for
electric vehicle (EV), under electrical, thermal and volumetric
constraints, and demonstrated by the experimental
measur ements on a prototype machine.

Index Terms— Design methodology, Design optimization
Electric vehicles, Per manent magnet machines.

|I. INTRODUCTION

relatively newer winding configurations of PM brushless
machines often referred to as fractional-slot concentrated
winding or modular winding[_[§]-[d], because of their
numerous advantages over the overlapped distributed
windings in the conventional brushless AC machines, such as
high winding factor, high copper packing fadtor [[L0], short
end-windings, and hence, high efficiepcy [lL1], reduction in the
likelihood of an inter-phase fault and extremely low cogging
torqug [12].

However, fractional-slot windings produce a large number
of space harmonics in the stator magneto-motive-faviddK)

The lower and higher order space harmonics in the
statorMMF rotate at different speeds relative to the rotor, and
hence cause many undesirable effects that include localized
core saturation, eddy current losses in the permanent magnets,
acoustic noise and vibratidns [[3],[}4]. These space harmonics
also make it difficult to obtain high reluctance torque from
interior permanent magnet (IPM) machines with fractional-
slot winding§ [15].

Among a number of techniques reported in the literature to
mitigate the above detrimental effects, the most common
approach is to segment the rotor magnets both axially and
circumferentially in order to reduce the eddy current loss on

RECENTLY, the development of fault tolerant motor driveghe roto [16). Without this, the heat generated by the eddy
employing permanent magnet (PM) machines for electrrrent loss in the rotor magnets may be excessive and may
vehicles (EV) has received increasing attention due to th@sult in irreversible demagnetizatipn [17]. However, this

emphasis on passenger comfort and safety by the automotpignificantly increases the manufacturing cost and material
industries around the wofld JL]}]. Although electric vehicle4/Sage (materials being wasted during segmentation process),
are hailed as fuel economic and low- or no-emissions, thépd does not address the other undesirable effects.

ability to tolerate fault is very critical as a fault in the electric G- Dajaku et 4. [1§havereported a new 24-slot, 10-pole
drive will result in a complete loss of power and may lead t&achine topology to reduce the sub- and high stator MMF
an accidelm]. Due to their high torque/power density arftfrmonics of the conventional 12-slot, 10-pole fractional slot
higher efficiency compared to other machine technologie¥indings by dividing the 3-phase windings into two sets and
PM brushless machines are preferred technology in tractiBfRcing an appropriate phase shift between the two. However,
application§ [9[,[6], provided they could continue to operatlis is achieved with a small reduction of the winding factor

following isolated failures in power train drive.

for the fundamental EMF component, which compromises the

For traction applications, it is an attractive option to emplofprque density and efficiency, while the first space harmonic is
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not much affected. To reduce these harmonics, further
methods have been described in 19] by (a) using different
number of turns per coil for the neighboring phase coils or (b)
employing coil windings with different number of turns per
coil side. This leads to uneven stator tooth width and more
complex winding configuration with further reduction in the
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Fig. 1 Schematic of 3-phase, 9-slot, 8-pole winding confijana Fig. 2 Schematic of 6-phase, 18-slot, 8-pole winding conéiian

fundamentalEMF winding factor. An alternate approach totraction power. In addition, they have lower torque ripples,

reduce the most harmful MMF space harmoiiicsand 7" is  lower current per phase for the same voltage, lower dc link

described i [24] by developing 18-slot, 10-pole windingurrent harmonics and improved torque per ampere capability

configuration with two sets of concentric windings with sta%l

delta connections, which helps in reducing radial force modeThe aim of this paper is to develop a 6-phase machine

of the machine by completely eliminating® MMF space configured as two independently controlled 3-phase systems

harmonics. However, this configuration has very low windingising the proposed 3-phase fractional-slot per pole, per phase

factor for fundamentaEMF (~0.76) and employs different winding configuration with low space harmorfics [22], and to

number of turns for star and delta windings, which impodavestigate the optimum phase shift between two sets of 3-

challenges to achieve (a) higher torque density, and (b) eas@b#fse windings in the 6-phase permanent magnet machine.

manufacturing. This winding arrangement is specifically designed to enhance
The concept of stator shifting is investigated in_|21] t@vailability of the traction drive.

assess its effect on various harmonic components of stator

MMF, winding factor, power density and efficiency (both atl. 6-PHASEFRACTIONAL SLOT PERPOLE PERPHASE WINDING

low speeds and in flux-weakening region) as well as torque CONFIGURATION WITH LOW SPACE HARMONICS

ripple for various slot-pole combinations of fractional slot Py Development of 6-phase, 18-slot, 8-pole Winding
machines. This technique works more effectively in designs : ' L . .
Many feasible slot - pole combinations exist for fractional-

with a single sub-harmonic, whereas the improvement i?ot per pole per phase machi27]. The 9-slot, 8-pole

. . . . . S
compromised for slot-pole combinations having multiple sub-."" * ; . .

P P g P winding configuration inherently suffers from presence of
arge space harmonics in the stator MMF and unbalanced

harmonics. Also, it introduces uneven tooth width in th
Magnetic forcds [14]. In order to reduce the undesirable space

stator, which may lead to reduction of peak torque capabili
due to uneven flux density levels in stator teeth. . = L .
harmonics significantly and to eliminate unbalanced magnetic

In order to eliminate the most harmful space harmonics in.a

. . . forces associated with 9-slot, 8-pole combination, and any
simple and cost-effective way, a novel fractional-slot per pole

per phase winding configuration for 3-phase electriceﬂther combination derived from its integer multiple, this paper

) . . uses the proposed technique for 3-phase machi 22] to
machines has been devised by Wang [22]. This Wmdlagvelop G—pphgsd,&slot 8—p(3)le windinz configuratio 22

configuration is applicable to a range of electrical machine = .
technologies, viz., permanent magnet machines, inductio shows the ‘schematic of 3-phase, 9-slot, 8-pole
inding configuration found in the prior art, whereas the

machines, synchronous — wound-field  machines an\g%hematic of the proposed winding configuration with 6-

synchronous reluctance machines; and also improves bg ; —
torque/power density and efficiency of these different machifg 2>¢ 18-slot, 8-pole is show. 2.

. . 7 . Each phase winding consists of three series connected coils
technologies for a variety of applications. A full comparison . . . . -
. . . : . wired around two adjacent teeth with the polarity as indicated
of this machine topology with conventional fractidslot

; : by “+” and “-“. The stator windings which are inserted in the
machines has been reported in [23] for permanent magnet :
. . stator slots comprise 6 phases denoted as A, B, C, D, E, and F
assisted synchronous reluctance machines.

To improve safety and availability in traction applicationsm Fig. 2. The coil span is two slot-pitches and the mechanical

. . ngle between two coslides is 360°/9 = 40°.
multiple 3-phase motor drives are advantagepus |[2 - " .
C b P . antag [. The second 3-phase windin)3-E-F) are positioned with
ompared to conventional 3-phase motor drives, the multiple

. . respect to the first 3-phase windi B-C) by an offset of
3-phase motor drives are inherently fault tolefant][25], as IO_SL%OF‘)’ mechanical or p9 slot-pitchrgf— Thz.\ ())/ffset in electric
of one 3-phase system will not lead to a complete loss of '
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degrees is 720° orz4 Thus if phase windings A and D are 1 ; ;
arranged with the same polarity, and similar arrangements ar == MMF of A-B-C
made for B and E, and C and F, respectively, the resultant 4 T MMROTDEF
order MMF space harmonics produced by the first 3-phase 05
windings (A-B-C) and the second 3-phase windings (D-E-F)
are in phase with respect to each other. Theodtler space
harmonic interacts with the 4 pole-pair rotor magnetic field to
produce the electromagnetic torque. For all odd (n = 1, 3
5,...) space harmonics, the phase shift between the harmonics
produced by the first 3-phase winding and those by the secon
3-phasewinding is nxz. Thus these harmonics have the same -1
magnitude but in the opposite direction and hence will be 0 40 8 120 160 200 240 280 320 360
cancelled with each other by the proposed winding scheme. . 5 \ivie profile of A_Ffao_t(‘;r;r?g'%(_déﬁ;Tv?rfg?r:‘gslf)f 6-phase, B, &-
Thus, the winding configuration shown[in Fid. 2 results in pole machine
the highest possible winding factor of 0.945 for tfeotder

S —

o o e e e e )
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MMF (pu)
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working space harmonic, and complgteliminaes all odd 1

space harmonics. The end-windings are slightly longer thar - _

conventional tooth windings, whereas it is much shorter than 05

distributed windings. Also, the end-windings of different .

phase coils, being in parallel, can be easily insulated usingco 2

separators, which in turn reduce the likelihood of interphase § 0

faults. Further, the normal magnetic force produced by the — - — —

first 3-phase windings is cancelled by that produced by the 0.5

second 3-phase windings, thereby; eliminating unbalance(

magnetic pull in the radial direction, which are conducive for 1

reducing bearing loss, noise and vibration. 0 40 8 120 160 200 240 280 320 360
Rotor angle (deg, mechanical)

B. MMF Profile of 6-phase, 18-slot, 8-pole Winding Fig. 4 MMF profile of 6-phase, 18-slot, 8-pole machine witl®18lectrical

Configuration phase shift between A-B-C and D-E-F windings

shows the MMF profile of A-B-C and Df-

windings of 6-phase, 18-slot, 8-pole machine when the !

currents in D-E-F are displaced from those in By 180° 09

electrical[Fig. 4 shows the combined MMF profile of 6-phase, 08

18-slot, 8-pole winding configuration. The resultant MMF 07 Eissgltsspgfue*
space harmonics distribution is show in Fijy. 5 along with that _06 '

of 3-phase, 9-slot, 8-pole winding configuration. As will be %0_5

seen, all odd space harmonics have cancelled in the 6-phasi §0_4

18-slot, 8-pole winding configuration. The remaining

undesirable harmonics have relatively low magnitude except 03

for the 29 14" and 22° harmonics. As the frequency of the ozl |

2" harmonics seen by the rotor is relatively low, the resultant (1S N I H>
undesirable effect is also significantly less. Thé& aad 23 oo 6' L e |V 0. .o WL
harmonics will be attenuated rapidly in the radial direction Order of harmonic

towards the rotor because of their shorter wavelengths. HenceFig. 5 Comparison of normalized MMF space harmonics distribution
the undesirable effects caused by these harmonics will be

much less significant. TABLE |
POSSIBLEPHASE SHIFTS IN 6-PHASE, 18-SLOT, 8-POLE WINDING
C. Optimal Phase Shift between Two Sets of 6-Phase, 18-slot, CONFIGURATION
8-pole Winding Configuration D-E-F polarity same as A-B-C || D-E-F polarity opposite to A-B-C
Conventionally, 6-phase machines employing distributed Slot-shift Phai)e shift Slot-shift Phaze shift
windings hae phase shift of 60between each phase. This als 30° Of 760°
configuration can also be seen as two sets of 3-phase winding 3 240° 3 60°
with a phase shift of 18®etween the sets. 5 40" 5 220°
With the proposed winding configuration, it is possible to ; 239 ; 128%0
have different phase shifts between two seEs of 3-phase 11 160° 11 340°
windings than the conventional phase shift180. Table | 13 320° 13 140°
summarizes all 18 possible phase shifts between two sets of 3. 1? ééga i? ?ggo
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TABLE Il
REDUCED PHASE SHIFTS IN 6-PHASE, 18-SLOT, 8-POLE WINDING Inverter
CONFIGURATION
Slot-shift Phase shift between A-B-C and D-E-
s 9
3-915 0°
1-713 20°
5-11-17 40° Inverter
2
1
Fig. 7. Configuration of power drive train for electric vele
0.9
08 Blodg | | TABLE IV
307 120 deg|I— DESIGN SPECIFICATIONS OFTHE TRACTION MOTOR
L o6 740 deg Specification Symbol  Value
Lo
= No. of phases q 6
g0 Base speed o 2800 rpm
T 0.4 Maximum cruise speed Wms 11000 rpm
£ Maximum speed @m 12000 rpm
z03 1 Peak torque below and at base spee Ty 140 N-m
0.2 Rated torque below and at base spe: Te 75N-m
Peak power at base speed Pokb 41 kW
i k L T Peak power at maximum cruise spee  Ppems 32 KW
0 i Continuous rated power P 22 kW
0 2 46 BOFC}; oflﬁarml;‘nicle 18 20 22 24 (P:ealtg torquetat maxirtnum pruise spet Tms 27.8 N-m
ontinuous torque at maximum cruis
Fig. 6. Comparison of normalized MMF space harmonics distribifion speed q Tinc 19.1N-m
various phase shifts between A-B-C and D-E-F in 6-pHa¥s|ot, 8-pole Nominal DC link voltage Vie 320V
winding configuration Maximum line-line voltage Em 650 V
Cooling medium - Water
TABLE 11l
T;)I:]I'AL H)T.IF.%fl;/IONIC DISTORTION FORV ARIOUS PHASE SHIFTS the THD (n= 1 to 30) of 20° phase shift is 1.8% and 0.6%
ase shi . . . .
THD. -I:H'D' T'_H'D' lower than that of 0° and 40° phase shift respectively. Lower
0 (all n) (n=1-100)  (n=130) . ; . ; ;
0 51.8% 505% 25.6% THD Qf 20 phe.lse sh¥ft will result into comparatively lowef
20° 50.2% 48.8% 43.8% rotor iron loss including PM eddy current loss. Hence, 20
40° 50.8% 49.4% 44.4% phase shift is selected as optimum phase shift for the 6-phase

machine, and it is realized by 13 slot-shifts between &-B-

phase windings. By analyzing the vector diagrams of and D-E-F. This winding configuration is employed to design
phases with all possible phase sfifts [21], it can be shown ti@manent magnet synchronous motor for EV application.

the 18 possible phase shifts are reduced to only 3 different
phase shifts as listed in Table II. I1l.  MOTORDESIGN SPECIFICATIONS& CONSTRAINTS

The phase shifts listed in Table Il result into balancedl prive Train and Motor Design Specifications
windings irrespective of whether the machine is operated with . . . .
The traction machine for a segment-A vehicle with

6-phases or just one set of 3-phase. This feature enhancesctehr?tralized drive is considered using the proposed winding

cap_apn[ty of the winding configuration for traction appl'canonconflguratmn with 6-phase, 18-slot, 8-pole. The vehicle
as it is inherently fault tolerant. In the event of a fault on onée .
. . employs one traction motor coupled to the front or rear axle

set of 3-phase, other set of 3-phase will continue to operate as —
ig. 7

a balanced machine with half the torque/power output. via a differential and a reduction gearbox as sho

Fo_d shous e nomaized W space narmonicl ' SOISSES o e s racton 1ol & conioler s
distribution for the three different phase shifts between &-B- P P P Y '

- . . W two separate inverters. In the event of a fault on one of the
and D-E-F. As seen, the proposed winding configuration witlr. : : .
drive system, the vehicle can continue to operate using the

R ) o .
0° phase shift eliminates all odd space harmonics that arlcreemaining set of 3-phase drive system without any sudden

present in the 9-slot 8-pole winding configuration, therefore gy : -~
: . Stops or compromising vehicle stability and passenger safety.

results in much improved performance. The effect of 20° an . .
From the vehicle data and acceleration performance

40° phase shifts is the sameboth help in reducing the'2 dr quirements, the design specifications for the motor can be
harmonics by ~50%, however, gives rise to other o '

harmonics (T, 7", and 11") that were otherwise not presentO tained [28], which are listed N Table lV'. .
Among numerous PM machine topologies that are derived

with 0° phase shift. However, these odd harmonics are IeTss .
- : rom the arrangement of PM in the rotor structure, a surface
significant due to their lower frequency (fof)lor lower

magnitude (for ¥ and 117, mounted permanent magnet (SPM) motor and interior

Table Il lists the total harmonic distortion (THD) of all permanent magnet motor (IPM) are most commonly [used [29]

three phase shifts between A-B-C and D-E-F. It is evident thgtthe magnets in SPM machines are directly exposed to stator
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TABLE V

DESIGNCONSTRAINTS FOR THETRACTION MOTOR
Design Parameter Symbol  Constraints
Stator outer radius RAD2 75 mm
Stack length of the motor Ltk <150 mm
Continuous current density Je <10 A/mm? MAGWID/2
Maximum flux linkage Wm <74.7 mWb T L,
Maximum motor current - peak Im <200 A
d-axis inductance Lg 0.256 <L4<0.721 mH o V>
Copper winding temperature Teu < 180°C (class H)
Steel lamination temperature Tre <225°C

39
Permanent magnet temperatut Ty < 150°C (NdFeB) IPMHO 9‘}
B“\

MMF space harmonics, and segmentation of magnets in _ 4

circumferential and axial direction may be necessary to reducefid: 8 Cross-section of 6-phase, 18-slot, 8-pole IPM withinitial
: geometrical parameters

the eddy current loss. Also, a metallic sleeve or glass/carbon

fiber banding layer is required in order to contain magnets in

SPM machines. Both of these lead to increased manufacturing | '\“\\

cost. On the other hand, in IPM machines, as PM are buried f . -
inside the rotor slots and shielded by the rotor core, [ / a N
segmentation may not be necessary. IPM machines also hav / 4 W
better field-weakening capability which is often desirable for .J,____q C/"' / //' — A
EV traction. However, detailed mechanical and structural \ "‘\./ L,/ ‘\\
analysis is required to ensure the structural integrity of the E a. ‘

rotor, which increases the design cycle time. In this paper, an
IPM machine with the proposed winding configuration is
employed for the EV application.

. i
. . . Fig.9 C -secti f optimized 6-phase, 18-slot, 8-pole b
B. Design Constraints for EV Traction Motor 9 ross-section ol oplimized b-phase, 18-s1ok S-pole '

In addition to the design specifications, thermal, electrical. . . .
and volumetric constraints are given in Table The flux withstand-ability under the worst case condition. The air gap

linkage due to permanent magnejg)(must be constrained to length is as_sumed to be constant, at_ 0.5 mm consplermg _the
- . L .~ manufacturing tolerances, and static and dynamic radial
limit the voltage below the maximum permissible peak IIneélearances M270-35A electrical steel is used for the stator and
line voltage in the event of an inverter fault, Mejine < Em. :

The maximum peak motor current,Ylis limited by the the rotor Iamlna_ltlons, Whereas the permanent magnet matt_arlal
. . ) NdFeB is considered with remanent flux density and relative
inverter VA rating. The torque ripple must be below 5% for ~ . o )

: : : recoil permeability of 1.1T and 1.04 respectively.
passenger comfort and ease of noise and vibration harness

(NVH). In addition, the d-axis inductance must be kept with A  Design Optimization
maximum and minimum rande [30] in order to satisfy the |t is important to note that since the EV operates over a

constant power profile given in Table IV. wide torque speed range, a design optimized against the rated
torque at the base speed does not necessarily lead to an
IV. DESIGNOPTIMIZATION OF 6-PHASE, 18-SLOT, 8-POLE, optimal design over a given driving cyl]. Likewise, a
IPMMoTOR design optimized against a driving cycle does not yield the

For a given stator radius of 75 mm and stack length of 1%@st performance when a different drive cycle or condition
mm, the geometrical parameters that have most significaakes place. Thus, similar to the design of conventiongl IC
influence on the performance are showr[ in_Fij. 8, whickehicles, the design and performance are very much dependent
include rotor radius RAD1, magnet pole dg magnet cap on drive styles. Hence, the objective of the optimization was
depth IPMHQ, length of magneM, width of magnet per pole to achieve the best possible torque production at the base
MAGWID, slot depthSD, and stator tooth width TWS. The slotspeed whilst minimizing the losses over the representative
openingS0 and stator slot opening depth TGD are considerettiving cycle, i.e. New European Driving Cycle (NEDC)
to fine tune the d-axis inductance. It should be noted that theThe leading design parameters are optimized against the
required stator tooth width TWS, and yoke depth, which is @bjectives subject to the specifications and constraints through
function of SD and RAD1, are dependent on the air-gap flua combination of analytical and 2-D finite element analysis
density and maximum permissible flux density in the teeth af&EA).
yoke. Because of high speed operation requirements for this

Generally, the performance of a PM machine enhances teaction motor, the mechanical stress analysis is carried out
LM is increased. This, however, increases the cost of theing 2-D FEA at 1.5 times the maximum speed (i.e. 18000
machine. Therefore, the mass of PM is to be minimizegm) as part of the design optimization to arrive at the best
against the design specifications and demagnetization possible post and bridge geometry of the IPM motor, which
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TABLE VI TABLE VI
GEOMETRICAL PARAMETERS OF THEMOTOR PERFORMANCE OFTHE OPTIMIZED MOTOR
. Initial Opt. Unit Rated Torque Peak Torque
Parameter Symbol Unit Design  Design Torque N-m 750 140.0
Rotor radius RAD1 mm  39.25 39.00 Torque ripple % 25 4.2
Stator slot depth SD mm  28.50 27.82 Speed rpm 2800 2800
Stator tooth width TWS mm  8.30 8.38 Peak current A 74.0 172.5
Stator slot opening SO mm 3.0 3.0 Voltage (Mne-1) \% 217.0 298.0
Stator slot opening deptt TGD mm 1.0 1.0 Current density A/mm 9.7 22.7
Stator slot area mn?  283.6 269.2 Copper loss / Ironloss W 809 /181 4394 /273
Length of PM LM mm 5.0 4.2 PM eddy current loss w 8 56
Width of PM per pole MAGWID mm  24.0 24.0 Efficiency % 95.7 89.7
Turns per coil te 12 10 Energy efficiency over % 94.9
No. of coils per phase Nep 3 3 the NEDC 0 )
Mass of PM material Mewm kg 1.066 0.900
NEDC Energy efficiency /INEDC % 94.4 94.9
150
PP L o . o o 4
TABLE VI Al Y
STEADY STATE TEMPERATUREOF MOTOR COMPONENTS 130
Component Design Limit Temperature 120 :E:;ekdl;?;iiﬂ
Copper windings - average 180C 97.7C £ 110
Permanent magnet 150C 142.7C < 100
Stator steel at bore 225C 94.6C z
Rotor stee} maximum 225C 143.1C 2 90
80
) R Ve AP A VoW Vo WV Ve WA R VL WP avy
not only keeps the rotor stresses well below the yield strength "
of rotor material but also provides support to PM during &0
operation. The iterative process between mechanical desigr 505 0 0 180 zo 300 30

Rotor angle (elect. deg)

and electromagnetic design was carried out to arrive at bes_. "an
9 9 Fig. 10. Torque waveform of optimized motor at base spee®@® 2pm

design that is within mechanical stress design limit with best
electromagnetic performande. Fid 9 shows the cross-sectinn
of the optimized motor. Table VI compares the geometric.
parameters obtained after initial design with those of the fin
design optimization using 2-D FEA.

It is vital to consider thermal behavior of the motor during
the design iterations to ensure the various components of
motor do not exceed thermal design limits. The therm:
analysis can be carried out at various load points. Howewv:
the motor design must satisfy the thermal design limits (liste
in Table VII) at maximum cruise speed with continuou:
operation. This operating condition, 19km at 11000 rpm,
referred to the maximum cruise speed operation, represents
maximum continuous power consumption of the vehicle. |

Table VII shows the steady-state temperature of variol 0
motor components at the maximum cruise operation. It _ dicted effic mized 6.oh |
evident that the steady state temperature of all motc;'g'tolrl' Predicted efficiency map of optimized 6-phasesit-8-pole IPM
components is within the design limit. The rotor temperature

is much higher than that of the stator due to the fact that\gfi-h is below the requirement of 5% for EV applications.

high speeds, the eddy current loss in the rotor core is relativelyrp,, predicted efficiency map of the motor derived from
large as a result of high operating frequency. The majority e is shown i The representative 12 points of
the rotor loss has to be dissipated to the stator via the air §§8pc for motor specifications listed in Table IV are also
which exhibits large thermal resistance and, hence, lead d,yn as stars. It is evident that the designed IPM motor has
high temperature difference between the rotor and the statorhigh efficiency over wide torque-speed range of the traction

vehicle.

Torque, Nm
=

=

2000 4000 6000 8000

10000

12000
Speed, rpm

B. Performance of the Optimized Motor

The performance of the optimized motor is evaluated for the
rated and the peak torque operation at the base speed and is
shown in Table VIIl. The energy efficiency over the NEDC is A prototype machine employing the novel 6-phase, 18-slot,
calculated using energy center of gravity prindiple [32]. 8-pole winding configuration has been constructed to validate

Fig. 10|shows the torque ripple over an electrical cycle dhe design for the given specifications of electric vehicle
the optimized motor at the rated and the peak torque operatiorgntioned in Table 1. Figl2|(a) shows the stator and the

V. PROTOTYPE ANDEXPERIMENTAL VALIDATION
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(c) Motor assembly
Fig. 12. Components of the prototype machine employing 6-ph8sslot,
8-pole winding configuration having 2@lectrical phase shift between A-
C and D-E-F

¢ i

Fig. 13. Prototype motor coupled to the dynamometer onigestith in-line
torque transducer
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Fig. 14. Comparison of measured and predicted back-EMF -&-G
windings of 6-phase, 18-slot, 8-pole IPM machine at bpsed of 2800 rpi

rotor laminations, stator frame with cooling chamber, and
stator assembly; whereas rotor assembly and motor assembly
of the prototype motor are show (b) and (c)
respectively. The prototype motor is equipped with
thermocouples and thermistors to measure temperature of
various components, and light weight, voltage mode
accelerometer to monitor vibrations during the tests.

The performance of the prototype machine has been
measured on the test rig shown[in FIig| As seen, the
prototype motor is coupled to the dynamometer using
backlash-free, torsion-ally stiff metal below couplings and an
in-line torque transducer. The dynamometer, which is
controlled by a bidirectional four-quadrant converter, is used
to drive the motor at a given speed and provides load torque
during the load test. The motor is controlled by a 6-phase
inverter configured as two independent 3-phase inverters that
operates in torque control mode and can achieve flux-
weakening operation in a high-speed range. The inverter dc-
link power is fed by a programmable bi-directional dc power
supply. The 6-phase input power to the motor (from the
inverter) is measured by a power analyzer via the high-
precision (£0.02% accuracy for power reading), high-
bandwidth voltage and zero-flux current transducers. The
motor output power is obtained through the inline torque
transducer (accuracy of < 0.1%, temperature sensitivity of
+0.2 N-m/10K, range 6 200 N-m) by measuring the torque
and speed. The test rig shown| in Fi@ allows direct and
precise measurements of the motor efficiency.

[Fig. 14 compares the measured and the FE predicted back-
EMF waveforms of the A-B-C windings of the 6-phase
machine at the base speed of 2800 rpm. Similar measured and
predicted waveforms are obtained for D-E-F windings but are
not plotted for clarity of the illustration. The FE prediction
was made with the permanent magnet property based on the
data sheet of the magnet supplier for the room temperature at
which the back EMF was measured. From the comparison, it
is found that the RMS and peak values of the measured back-
EMF are 2.7% and 2.4% lower than the prediction
respectively. This can be attributed to lower permanent
magnet lenth (LM) in the prototype due to grinding or
tolerance requirements for inserting them inside the rotor, as
shown iff Fig. $, and the resulting air-gap between the magnets
and rotor core, as well as slightly different BH characteristics
of the magnets and the laminations between the datasheet and
the actual materials used in the prototype.

The no-load loss tests with the prototype rotor and a dummy
rotor were carried out using the in-line torque transducer with
an accuracy of +0.1% and temperature sensitivity of +0.02
N-m/10K for the range of 0.1 N-m 20 N-m. The dummy
rotor has the same mass and mechanical dimensions as the
prototype rotor. The no-load iron loss is therefore obtained by
subtracting the no-load loss with the dummy rotor from that
with the prototype rotof. Figl5| shows the comparison of
predicted and measured no-load iron loss from standstill to
maximum cruise speed. It can be seen that by introducing a
build factor of 132 that accounts for any deterioration of
material properties of laminations, the calibrated no-load iron
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predicted efficiency at the base speed of 2800 rpm. As
observed, at the load torque of 5 N-m, the measured efficiency
is ~2.5% lower than the prediction. This is mainly due to
lower accuracy of torque transducer at low torque level, and
the friction and windage losses which are not accounted in the
prediction. At load torque greater than 60 Nm, the measured
efficiency is again slightly lower than the prediction. This is
likely due to slightly lower measured back-EMF as shown in
[Fig. 14 and under-estimation of iron loss prediction for the
machine. The difference between the measured and the
predicted efficiency at medium torque levels is very small and
can be attributed to the combined effect of torque transducer
accuracy, the error in copper and iron loss predictions, and
mechanical losses due to friction and windage, which are
neglected in the prediction.

Based on the measured efficiency map over discrete points
the computational model for predicting losses over the torque-
speed envelope is calibrated by considering (a) the measured
resistance of the windings (3% increase), (b) a build factor of
1.32for iron loss derived fronmo-load iron loss test data and
(c) the measured friction and windage IfSg. 17]shows the
calibrated efficiency map of the prototype motor. Compared to
the predicted efficiency map the efficiency is
reduced by up to 1% mainly due to the three factors. Also, at
higher speeds as the quality of current control in the field-
weakening region deteriorates slightly due to voltage
saturation, the reduction in efficiency is more than that at
lower speeds.

VI. CONCLUSION

This paper has presented a novel 6-phase fractional slot per
pole per phase IPM motor with a slot-pole combination (18-
slot, 8-pole) which exhibits high winding factor and eliminates
all odd-order space harmonics which are otherwise present in
conventional fractional slot windings. The availability of
traction drive is enhanced by designing 6-phase motor as two
independent 3-phase windings. The optimized design of the
IPM motor with the new winding configuration exhibits high
efficiency over a wide speed range and enhanced availability
for EV applications The experimental results with the
prototype machine have validated the proposed new winding
configuration. It should be emphasized that this winding
configuration is applicable for a range of electrical machine
technologies fomvariety of applications.
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loss model matches very well with the measured no-load iron
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