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Abstract: A radial high-speed permanent magnet (PM) machitie concentrated windings (operating fre-
guency up to 800Hz) is selected for automotive iappbn based on hybrid variants. This paper prissse-
lected methods for magnet eddy-current loss reduidiy rotor and stator modifications. The first eggzh

to rotor modification regards magnet segmentatiociicumferential and axial directions. The secapd
proach is based on changes in tooth-tips shapeb@&s$tevariants of tooth-tip shapes are determineduf-
ther investigation, and adapted with rotor haviregnet segmentation. The machine with segmented ehagn
leads to magnet loss reduction by 81%. Further tedsiction by 45% can be realized with the proposed
tooth-tip shape. Furthermore, the most importanthime parameters are investigated. The 2-D andfi3-D
nite element analysis (FEA) is used for electronetigranalysis. An experimental approach based para
tially wound stator is employed to verify the 3-BA.

Streszczenie:Celem pracy jest zaprezentowanie wybranych techetlkikcji padow wirowych w magne-
sach w wysokoobrotowym (ggtotliwos¢ zasilania do 800Hz) silniku synchronicznym z masgmei trwaly-
mi, przeznaczonym do aplikacji weekich pojazdach z ngplem elektrycznym. W pierwszym poéep za-
stosowano segmentacje magnesow w kierunku osiowyaialnym (redukcja pdéw wirowych indukowa-
nych w magnesach do 80%). W drugiej metodzie zbadantat profilu nabiegunnikdw stojana (obemie
strat mocy w magnesach do 45%). Finalnym celemypbadzie wybranie najlepszych wariantow nabiegun-
nika stojana i zaadoptowanie ich do silnika z saga@s magnes6w, co powinno znacznie popraspraw-
nos¢ silnika. Dla tych rozwjzan zbadano najwaniejsze parametry silnika. Obliczenia numeryczreepro-
wadzono na modelach polowych 2-D i 3-D bazygh na metodzie elementow skaonych.

Keywords:magnet loss reduction, magnet segmentation, pegrianagnet machine, high-speed motor
Stowa kluczoweredukcja strat mocy w magnesach, segmentacja nséagnesilnik z magnesami trwatymi

1. Introducti high-performance, high efficiency and fuel re-
- Introducuon duction units with appropriate level of durabil-
Permanent magnet synchronous brushless maity. The axial-flux technology to package more
chines (PMSM) having a high power density torque and power into a smaller, lighter unit is
and good dynamic performance are widely already developed by prominent industry and
used in the need for cleaner technology in it seems the perfect solution for many pure
many industries. Major areas of applications EVs and HEVs applications [7]. Vehicles with
of electric motors range from wind turbines large size and large weight used in
for electricity generation to hybrid electric ve- transport/military sectors require high quantity
hicles (HEV) for propulsion power [1-11]. of torque and power. In this case the radial-
Over time, many investors, engineers and flux PMSM would be also easily integrated

manufacturers believe electric vehicles (EVS) into the huge vehicle.

such as hybrid capability and fully EVs will be A major problem in large size machines is ed-
more widely adopted as the consumers be-dy-current (EC) loss in magnet, which has to
come more familiar with them. High-speed be properly understood for designing of the
PMSM with large size for the bus, military rotor and stator [8]. The problem of EC loss in
vehicle and truck unit requires from engineers PMs has recently had more attention for elec-
focusing on the machine having light weight trical machines used for automotive applica-



32 Maszyny Elektryczne — Zeszyty Problemowe Nr B&2Q.07)

tion being investigated especially for high- odicity. The model comprises the standard
speed PMSM [1, 9-12]. Less attention has tooth-tip shape.

been paid to an alternative method for magnet For thermal tests and to evaluate the power
segmentation [13-16]. Some of these methodsloss within the analyzed machine a simplified
based on modified stator and rotor shapes areapproach has been adopted utilizing the seg-
developed mostly for interior PM motors in mented stator topology [18]. A three-tooth
order to reduce the magnet EC loss [16, 17].  sector of the stator with a single wound coil
The purpose of the paper is to investigate a surrounded by unwound segments can be used
number of EC loss minimization techniques in to provide valuable data for both theoretical
the radial-flux PMSM machine with exterior and experimental validation, Fig.1b-c. To
mounted magnets onto the rotor. In the first simplify the analysis the influence of the rotor
stage, the magnet EC loss reduction is ap-and the mutual coupling between phases is as-
proached by magnet segmentation in circum- sumed to be negligible.

ferential direction and in axial direction. Those a)
techniques are commonly used to improve the
performance of PMSM [7, 10-13]. Next, the
interest is to analyze the EC loss that can be £
reduced by modified stator tooth-tips. It will
be interesting to do further investigation of EC
loss analysis by adopting both techniques: 7 \ segmerisa. . Symmetry
segmented magnet and modified tooth-tip "~ stator .~ XY-plane
shape.
The research concerns the design of a compac!
(2kW/kg continuous rated) water jacket cooled
PMSM for a large-size vehicle traction appli- £
cation. 2-D and 3-D modeling of the PMSM N
with respect to the electromagnetic numerical . o SRR
simulations of motor performance, electro- |[water-jacked cooled-machine

magnetic torque and magnet loss are presentrig 1 cross-section of the PMSM with period-
ed. The FE model is also validated by a num- ;.| tion domain (@), 3-D numerical model

ber of experimen_tal tests of AC losses at high ¢ 5 three tooth sector of the stator (b) used in
frequency operation. the verification executed by experimental test
2. Finite element model verification (c)

The founding of high-speed 3-phase PMSM Three segments of stator are mounted on a
comprises an 8-pole rotor with solid magnets cold plane cooled via an outer water jacket
(N33EH) mounted onto the rotor and that and set up in the environmental chamber,
leads consequently a high operating frequency Fig.1c. The theoretical investigation of AC
up to 800Hz; 12-slot laminated stator is made |0Ss has been carried out using a 3-D FEA
of 0.35mm silicon iron (M300-35A) with a based on a steady state AC harmonic formula-
double layer concentrated winding. The main tion, and takes into account the distribution of
machine parameters are given in Table I. the eddy-current induced in the conducting re-
gions.

In the first stage of armature design the wind-

b) End-winding

| Environmental chamber

Table 1. The reference machine definition

Parameter Value . . .

Stator inner/outer radius (mm) 87 5/145 ing quU(_jes 14 turns with 7 parallel conduc-
Slot height (mm) 35 tors within a bundle. A number of tests were
Stator/rotor yoke height (mm) 17/13 carried out to assess the power loss generated
Magnet height (mm) 10 within the setup under AC operation. The
Magnet pole pitch (el.deg.) 147 winding was energized with sinusoidal current
Machine length (mm) 250

of 40A,s at 400/600/800Hz. AC loss predic-
tions including both winding and laminated
stator are compared with measurements giving
a good agreement, Fig.2. The error of the AC
measurements and 3-D FEA can be caused by

Fig.1la shows cross section of the 3-D FE
model of the PMSM used for PM losses and
motor performance analysis. Only 1/8 region
is modeled because of the symmetry and peri-
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geometry precision of the numerical model in this study since pure sinusoidal phase cur-
according to the winding strands, air-gap be- rent excitation is assumed (high-frequency
tween stator segments, and the end-winding PWM effects neglected). In this paper the
shape [18]. Joule loss of PMs in Watt unit is computed by
FEA at 20°C and is expressed as:
o Measurements WPM = I‘[IE gV = pJ‘J’J‘JZdV (2)
T Y v

150| |——3-DFEA

180

at152°C | where:E — electric field strength] - current

f density in the PMp — resistivity of the PMY-
at120°6 PM volume.
The Wepy in the used sintered NdFeB magnet
material fp = 180 [dm) is prominent as the
magnets position is much closer to the stator.
ol | , | , It can be easily concluded that changing air-
0 200 400 600 800 gap distance between magnets and the stator

Frequency [Hz] . . e . .
Fig.2 Experimental power loss with the nu- tooth-tips by its shape modification may influ-

merical 3-D FEA for 14-turn winding with 7 ~€Nce the magnet loss quantity. The evaluated
parallel  bonded conductors  (copper EC vectors on magnets with rotor at d-axis at

1.60mm) full load conditions are plotted in Fig. 3. From

Fig. 3a it is found that thé/y loss at the sur-
At 100 Aps the temperature of copper at tace of the magnet is high.
800Hz reached very quickly 152°C (Fig.2),

and still was increasing. The maximum varia- z=:

120 ¢

Power losses [W]
©
o

[=2]
o

o
at 88°C

[
(=}

heat substantially, therefore, the 15 AWG wire | FEs e Se VA _ _
size is proposed to be used. This leads to in- iL"”—-LJ"z 0366;fj 4 s e YT Y
crease the number of parallel conductors from 11783 A/m? I =124e3 A/m?

7 to 14 for RMS copper current density limita- c)
tion. Then the number of turns per coil was ;
reduced from 14 to 9. And that new coil is fi- #
nally used to the numerical model with a 50% |

copper fill factor. P et A & ) oL 8206 A/m
.. Jin=1 T J,in=107e3 A/m?
3. The magnet eddy-current loss mini- ‘ Side of OXY symmetry plane

mization techniques and performance Fig.3 EC vector and density on PMs at full
analysis load operation (I = 1504 f. = 800Hz). Solid
magnet (a), n=5 in circumferential direction
(b), n=16 in axial direction (c), and both seg-
mentation with 5 and 16 magnet segments in

Small changes in geometry dimensions can
cause remarkable differences in the resulting
performance of large PMSM. In this paper we circumferential and radial directions respec-
focus on the EC loss in the PMs and torque tivelv (d P
computation for the machine with modified ively (d)

stator and rotor. Electromagnetic torqlig s ~ The overall EC loss in the solid magnetsX)
based on the stored magnetic co-energy becomes considerably high at high speed, and
change Weend OF the virtual work with a ~ generates up to 34.6 kW, 145kW and 674W at

small displacement at constant curréht ( full load, three-phase symmetrical short-circuit
AW (SC) and open-circuit (OP) conditions, respec-

T, =—2° (1) tively (Fig.4). And the loss leads to magnet

AG | _ temperature rise quickly and degradation of

EC losses generated in the PMs mainly arise magnet performance. SC incidents on traction
from the flux density variations due to the sta- motors may have an adverse impact on vehicle
tor slot opening and MMF time harmonics. Stability. SC operation can cause pulsating or

The last cause of EC losses is not consideredeven steady state braking torque in AC drives
causing a sudden halt to the electric hybrid
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vehicle. For these reasons it is important to The correspondindVry losses in the magnet

analyze PM loss at SC condition. with different numbers of magnet segments
160000 800 under SC and open-circuit (OP) conditions at
S140000 | |0 Fullload (150Arms) 51 700 1000 rpm are analyzed in this study. The ef-
B120000 | |"75C 600 fect of the number of the division n on the EC
S ---0cC = i i i i -
=100000 - | 500 % is depicted in Fig.6a-b.
T 80000 400 © a) 2250 - e I
© © - =e=5nort-circul
G 60000 300 § = 2000 1 - 2
a s — 1750 - —Open-circuit 4 s
& 40000 -| - 200 3 1500 - 3
= bt L3 =
= 20000 - §o2s - 100 ] 1250 - Z
0 === 0 E 1328: 2 8
0 100 200 300 400 500 600 700 800 w 500 4 g
Frequency [Hz] S 250 | 1 s
Fig.4. Magnet losses in the solid magnets un- = o . —— 0o =
der load and short-circuit conditions vs. fre- 0 2 4 6 8 10 12 14 16
quency Number of division of magnet n
3.1 Magnet segmentation b) 2500 5
i . . = 2250 - —e—Short-circuit =
The proposed machine with magnet radially 2 500 — ovendiraui =
A ) - pen-circuit L4 =
and/or circumferentially segmented are com- g 1750 3
prehensively investigated by using 3-D FE ¢ % , ¢
models. The electrical insulation material 0.1 2 1000 g
mm width is set to each segment direction. % 750 , ®
Fig.5 shows an example of the one pair pole of & ;(5’8 S
the rotor, where the magnet is divided intc 0 | 1
pieces in the circumferential direction, Fig.5a. 1 2 3 4 5
_Fig.5b _shows_an exampl_e where each magnet Number of division of magnet n
is subdivided inta = 16 pieces along the axial
Iength And both Segmentat'on methods C) —A—circumf. n=2 (shortcir.) —O—circumf. n=3 (short-cir.)
adopted to prevent the EC are presented in "“:;;‘E“p‘; ‘°‘:::i’;";
F|95C - = = circumf. n=4 (open-cir.) — —circumf. n=5 (open cir.)
a) b) c) 1200 4 _
Circumferential PM B 1000 )
. 4PK‘/ -%ons § 00 3 5
= = S
s SN
,fzj o 2 200 '
< a F o ; ; 0>
N 3 2 2 4 6 8 10 12 14 16
Axial direction of segmentation n
Rotor XY-plane of symmetry Fig.6 EC loss in PM at 1000rpm under SC

Fig.5 An example of magnet segmentation in @d OP condition. Segmented PM in circum-
circumferential direction (a), in axial direc- ferential direction (a), in axial direction (b)
tion (b), and both segmentations adopted (c) and both adopted methods of segmentation (c)

Fig. 3b-c shows the effect of division of the 1€ Wew losses of the proposed machine with
magnet on the EC loss, which demonstrate the 16 Ségments of axial direction, and 5 segments
segmentation would cut and change the EC qf circumferential direction at the SC co_ndl-
paths in the magnet. It is clarified that the EC tion are around 397W and 380W, respectively.
losses decrease strongly as the number of divi-And segmented magnets implemented to cut
sion of magnen increases. It is quantitatively e paths of EC decreased the magnet loss

clarified that the divided magnet is very useful @bout 81%. Further modification can be
to decrease EC loss in PMSM with surface achieved when both circumferential and axial

mounted magnet. segmentations are adopted and the magnet loss
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was reduced to 255Wh£16 in axial direction  EC loss is mainly produced by the variation of
andn=5 in circumferential direction), Fig.6c. the magnetic path of the armature flux.

The major problem of segmentation in the cir-
cumferential direction is that the mechanical
strength of the magnet decreases when the _ 1
number of segments n increases. Also, the
magnet segmentation in the axial direction

with high number of division n can be expen-

sive and more complex to assembly.

a) 1.02 W aer”|

—O= Wy, 01=2°

—o=Woy, O =3°

0.98
=—=Wpy, 0 =4°
0.96 - —2— W, 0 =5°

—Te,0=1°

WemMm and Te [p.u.]

0.94

3.2 Modifying the tooth-tips of stator core

Fig.7 shows the selected cross-sections of the
stator tooth-tips. Since the motor is a radial-
flux topology, 2-D FEA was used to calculate b)
various versions of modified tooth-tips. At this
study, non-segmented PM array constructions 3
are considered only. Each tooth-tip version is 2
carried out to determine the final shape for the
maximumWey loss reduction without signifi-
cant torque reduction.

a) Version | b) Version Ii C) Version Il

] e

Wpm and Te [p

|

al”

c) 102 4 ——W, , b=0.5mm
—O0—Wop, b=1mm

== W, b=2mm

S

% 0.96 ——=W,,,, b=3mm
i

i 0.94 ——Te, b=0.5mm
©

s092 4 U TIL e Te, b=1mm

Fig.7 Outlines geometries of the PM motor =4
versions selected for tooth-tip modification 088 |
with variable parameters 0.86

Versions | and Il represent the modified tooth- 0 2 4 6 8 10 12 14 16 18

a[mm]

tips at the corners with two variable parame- Fig.8 Magnet EC loss and torque regarded to
ters & and a), Fig.7a-b. In the second case the reference machine (n = 1) at 2000rpm, full
whena increases, the radiuR)(of tooth-tips  |oad operation. Motor version I (a), version II
increases as well and ranges from 2.6 mm to (b) and version Il (c)

17 mm. Versions llI-IV and V-VI consist, sin-
gle and double notches in the tooth-tips, re-
spectively.

In study of versions I-l1ll we focused to show
the impact of changes in the tooth-tip variable
parameters at wide range &fby and T,
Fig.8a-c. The wide range of parameter modifi-
cation approach is essential to clarify the most
important parameters of the tooth-tips geome- O
try having influence on variation of flux densi- to Jy=+1°. . .

ty at surface of magnet and to understand the”* Parametric study shows that, changing the
phenomena of flux path circulation between Magnetic path of the armature flux by modify-
tooth-tip and magnet. Then the tooth-tip de- N9 the tooth-tips (with solid magnet) leads to
sign can indicate which version of the modifi- €Ut down the magnet loss and torque around
cation process will be carrying on. It has been 4% and 10%, respectively, compared with

clarified from the study [16] that the magnet Ehe refcz)rence machine at full load operation
150Amy).

~==Te, b=2mm

- - -Te, b=3mm

Selected results from Fig.9 for versions 1V-VI
regard only the most promising fixed geome-
try parameters of the tooth-tip fovgy reduc-
tion. Fig.9a shows the impact of the parameter
ratio of a/b on magnet EC loss and torque.

In case of motor version V and VI the impact
of the parametef (notch arc) is investigated.
Variable parameter ¢f; from version V is set
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a) 12 Table 3. Magnet and iron loss at 1000rpm.
1 b=gonst. Motor with segmented magnet
Sos Motor Wew [ — Pre [W] -
2@ . u u
506 version | SC OoP load SC OP load
3 == Ref mo- 1205 1404 | 609 | 75 | 212| 422
et 0SS
Ver
0 ‘ a=7mm |208 | 85 | 149 | 54 | 185 412
0 0.1 0.2 0.3 0.4 0.5 a=5°
a/b Ver.2
b) 12 a=17mm
1 Bi=pe1° g70  |210 | 67 | 132 | 57 | 169 439
- OO0 00 o oon nooog R=17mm
o 08 Ver.3
© o6 a=17mm (277 | 75 | 113 | 72 | 185 391
r‘% b=3mm
E %41 —=0-PM loss Ver'4
2 02 - Torque a=2.15m (248 | 54 | 86 60 | 183| 466
0 T T T T T T Vm
0 2 4 6 8 10 12 14 16 18 20 22 24 er.s 260 49 91 68 189| 394
BI) f13°
Ver.6
) 12 170 249 | 56 | 86 63 | 180| 370
—_ 1
3 Table 4.Selected motor parameters at
i 1000rpm. Motor with segmented magnet
0.6
E Motor ver- le)gJO'l' e | 1 [k NM| Kk (Vs
0.4 .
E sion (Nm) (%) (Armg Arms) rad)
02 ~o-Torque Ref. motor | 507 [ 17[ 306 3.4 1.89
0 : : : — Ver.1l
0 2 4 6 8 10 12 14 16 18 20 22 24 a=7mm 484 24 328 3.2 1.84
B[O] a=5°
Fig.9 Magnet EC loss and torque for the ref- Yle;-z
erence machine (n = 1) at 1000rpm, full load | * C0™ | 487 | 23| 324| 32 1.85
operation. Motor version IV (a), version V (0) | r=17mm
and version VI (c) Ver.3
: a=17mm 460 | 34| 276| 3.1 1.77
3.3 Adopting both methods: segmented b=3mm
magnet and moc#f_led the too.th-tlps a_\z/elr;r;nm 453 | 24| 278] 30 173
The most promising tooth-tips geometry for _Vérs
each cases presented in Figs.8-9 are selected ﬁzl'so 470 | 22| 281 3.1 1.82
and adopted to the machine with segmented verg
magnets. The model with 4 and 16 magnet| p=17° 461 ] 29) 283 3l 175

segments in the circumferential and axial di- . .
rections, respectively, is used to explore the 4. Conclusion and recommendation
impact onWey and iron lossHry), Table 3. This paper presents a modified radial-flux ma-
In Table 4 the most important motor parame- chine with PM in order to improve the per-
ters are listed. Torque constart) (was re-  formance. The magnet with different number
duced up to 12%, and voltage constakt (  of segments in the circumferential and/or axial
line-to-line) was reduced by 8.5% compared directions, and the shape of stator tooth-tip are
with the values of the reference motor. modified for the purpose of decreasing the
The proposed machine modifications prove magnet eddy-current loss at high rotational
that the eddy-current losses in the magnets canspeed under AC operation. From the results of
be effectively attenuated by segmenting the the 3-D FEA, it is clear that the proposed sta-
magnets with the suggested shape of modified tor and rotor can significantly reduce the mag-
tooth-tips, from Table 3 and 4. net eddy-current loss for a large size machine
without significant decreases in torque con-



Maszyny Elektryczne — Zeszyty Problemowe Nr 3/2Q0%)

37

stant voltage constant. However, considerable [10] K. Yamazaki, Y. Fukushima "Effect of eddy-

work can be required to further improve the
performance and efficiency of the motor and
make it commercially practical for heavy ve-
hicle applications. A high torque ripple and
cogging torque are the main disadvantages o

the presented, modified teeth-tip shapes. To

minimize those effects, it is strongly recom-

current loss reduction by magnet segmentation in
synchronous motors with concentrated windings",
IEEE Transaction on Industry Applicatignso. 2,

pp. 779-788, 2011.

f[11] D.A. Wills, M.J. Kamper "Reducing PM eddy

current rotor losses by partial magnet and rotor
yoke segmentation’XIX International Conference
on Electrical Machinespp. 1-6, 2010.

mended to use the segmented Halbach magnef12] Y. Kawase, T. Ota, H. Fukunaga "3-D eddy

array and magnetic wedges in slot.
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