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Analytical Prediction of 3D Magnet Eddy
Current Losses in Surface Mounted PM
Machines Accounting Slotting Effect

Sreeju. S Nair, Student Member, IEEEEWang, Senior Member, IEEE, R. Chin Chen and
Tianfu Sun Member, IEEE.

Abstract— This paper presents a novel analytical technique for
predicting 3-dimensional (3D) magnet eddy current losses
accounting the dotting effect of any pole-slot combinations for a
surface mounted permanent magnet machine under any
conditions of load. The dlotting effect is incorporated from a
subdomain model and the 3D boundary conditions are imposed
with the current vector potential to represent the 3D eddy
currents circulating in the magnets. The proposed model in polar
coordinate system is demonstrated on a fractional slot rare-earth
permanent magnet machine by analyzing its magnet losses as
functions of axial and circumferential segmentations. The results
have shown an excellent match with 3D numerical calculations.
The analytical prediction has also been validated by experimental
tests. The interaction of the armature reaction field with the
dlotting harmonics is analyzed and their effect on eddy current
loss in rotor magnets is established. The proposed technique is
employed to evaluate the effect of slotting on magnet loss with
increasein field weakening angle.

Index Terms— Current vector potential, eddy currents, finite
element, subdomain model, per manent magnet, 3D analytical.

. INTRODUCTION

The computationally efficient 2D numerical methods such as
transient finite element analysis (FEA) to calculate the eddy
current Iosseﬂﬂ4] can yield good results but lacks any
physical insight on the mechanism of eddy current loss. Hence
a few 2D analytical methods are developed to predict the
magnet eddy current loss with varying degree of accu@y [5-

These methods often neglect the slotting effect and
approximate winding currents by an equivalent current sheet
distributed over the stator bore radius.

Unless the slotting harmonics are considered in the loss
evaluation, the no load magnetic loss and also its interaction
with the armature filed harmonics at diverse load conditions
cannot be quantified. As the eddy current density inside the
magnets is dependent on the time derivative of the magnetic
vector potential within it, a sufficiently accurate machine
model becomes indispensable to estimate these time variations
resulting from armature reaction and slotting effects. Magnet
loss evaluation employing 2D relative permeance mI [
gives an estimation of magnet losses at no load, but the
results are deviating from the actual values when the loss due
to armature reaction is accounted. While improved flux density

The rotor magnets of permanent magnet (PM) machinae%sessment models are proposed employing

used in high speed and power density applications &

anplex relative permeability, a more accurate subdomain

exposed in increased rate of alternating magnetic field dﬁ&delsre preferred for loss estimation in permanent
incur eddy current loss. Eddy currents are more pronouncedgnets[16[[17). These methods excepjt][6] arfd1 are
magnets especially at higher speeds for such machines Wignly resistance limited assuming the skin depth for the eddy
modular or concentrated winding configuratignfZjl as their currents is sufficiently larges than the wavelength of the
stator magneto-motive force (mmf) contains a large numberadernating field under the normal operating conditions of the
space harmonics which rotate at different speeds along mhachine.
rotor. Accurate prediction of magnet losses at the design stageThe accuracy of magnet loss evaluation is compromised in
not only gives better efficiency evaluation, but also ma@D evaluation methods if the axial length of magnets is
prevent its excessive temperature rise and hence reducectiaparable to their other dimensions since the eddy current
risk of partial demagnetization. flow in the magnets may become predominantly 3-dimensional
In order to evaluate the eddy current losses in permang). This is further compounded by the introduction of axial
magnets, variety of methods have been reported in a lagggmentation which makes the 3D -analysis
number in literatures. In general, evaluation of rotor edglydispensable. However, 3D FE models for prediction eddy
current losses requires simultaneous solutions for thgrrent loss are usually complex to build, and their solutions
governing equations of the magnetic and eddy current fielgsquire large memory and enormous computation time. To
circumvent this problem, 3D analytical methods and reduced
order numerical methods for calculation of eddy current loss
have received significant interest in research commus[
[27. These reduced order numerical methods may be
computationally efficient, however complicated to implement.
The 3D analytical methods are mostly established on
simplifying assumptions which inevitably compromise their
accuracy. Almost all the 3D analytical methods for
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prediction eddy current losses in magnets in the literature fatich contributes to the magnet loss can be expressed in the
to consider the slotting effect accurately and also ignores ti¢or reference as

field produced by the. permanent magnets |ts§If. Mor(.aoy%r, ZZE‘Ck‘Asm(k@r +kayt)+C, - C, cog ko, + ke, t)] (4)

these methods also ignore the flux density field variation “k

inside the magnet and neglect the instantaneous variatiorwbgre

loss among different magnet segments in computing the total C. =k/r-C, (5)

eddy current loss.

This paper presents a novel analytical technique in polar
coordinates for calculating the 3D magnet eddy current losses
considering the slotting effect of any polslot combinations
for a surface mounted permanent magnet machine under any
conditions of load. Since the eddy current reaction effect
becomes significant only at high operating frequen,[
the proposed method assumes resistance-limited eddy
current in magnets and is sufficiently accurate for operating
frequency up to a few kHz. The paper demonstrates analytical
method of calculating joule losses in the magnet for an 8 pole
18 slot SPM motor, with due account of the effect of axial and
circumferential segmentations at peak load operating
conditions of the machine. The effect of slotting in reducing
the magnet loss with increase in field weakening angle is ] o } ] ]
comprehensively assessed using the proposed method. Fig.1 Subdomain model with illustration of key dimemsibparameters.

Slot Region 4i Region 3i,

Air Gap

The coefficients which accounts for the slotting effect, namely,
A and C, varies with rotor position and can be expressed as

] ) Fourier series:
To account the slotting effect, the subdomain model, as

1. SuB DOMAIN MODEL AND CALCULATION OF MAGNET
FLUX DENSITY VARIATION

shown in Fig. 1,[I5 with simplified slots and uniform A =Y a, cos{lpat+y,) ©6)
distribution of current in them is presented assuming infinitely | ' a
permeable iron materials and replicates the flux demi@{zZ(‘mcos(lpw t+y/|) ©)

variations in the magnet quiet accurately. Since i

circumferential component of flux density is relatively smallvhere 1, 2, 3,... and p the number of pole pairg,, g and
its effect on eddy current loss is negligi[ The eddy
current loss due to radial component of magnetic field , )
considered in this paper. The radial component of the fIfYC Fourier series. _ .

density at a radius ‘r’ along the magnet , which contributes Hence the radial flux densi§ can be rewritten as a
to the magnet loss can be represented as, combination of space and time harmonics as:

—Yr S K(C A+CyM g —Co M, ) sin(kar) 8 (005G a, sin( ko, + (k+ Ip)o, t+ s, ) } @)
B = +J/rik(clkc1+ Cy M, + Cy M, ) coo kat ) @) k +a, sin( kg, + (k= Ip)o, t+y, )

Warr¥a are the magnitude and phase of thedrmonics of the

a3

k where
In the rotor reference =6, +ot, andg, and w, are rotor _‘_ e o e /2 ©)
position and angular speed, respectively. The valu€g ot,, % =7 &
and C,, are determined by the machine dimensions and are a, =‘—qj ey ce )/2 (10)
defined in [[5. The components directly related with
magnetization viz.M_4,M M, M . can be expressed in v, :angle(— a & - ¢ J'é%v%)) (12)
rotor reference as,

W, = angle(— g e+ g 'el(“'°"%)) 12)
1/r Cack(~M, sin(k6, +kayt)+ M, cogko, +kart)) o o _
—YrCa k(M cogka, —kg )) (2) The definitions for other coefficients in (1)-(12) can be found
ak o ™ in [15]. To express the Histribution in a 3D space, the flux

_ density outside the axial length-k, /2<z<l,, /2) of the
1/r Cu k(MrskSIn(ker +kot)+M ., cogko, +ka)rt)) (3) Mmachine is expanded in an odd Fourier series, as shown in Fig.
=1/r Ca k(Mrk cogka, —k6, )) 2. Thus, Bcan be expressed in (13) as Fourier series in z

Substituting (2) and (3) into (1), and rearranging, the radfirection.
component of the flux density at a radius ‘r’ along the magnet B (r,0,2,t)=) B (r.0,t).4(2) sif 0.52) cosiz7/l,)  (13)
i



Br (at constant 8,)

1 /2 /2 30,/2 1z

Fig.2 Periodic expansion of magnet flux density irmbfz) direction.

where A =1, 3, 5,...and ly is the magneaxial length. This
expression ensures that the z-component of the eddy current
density is zero at both axial ends of the magnet. dBg/ ot

calculated from (13) forms the source for eddy current s
. . Fig. 3. Geometry of a magnet in cylindrical system.
generation in the magnets and can be expressed as

B B, cos(Arz/l,, ) cogke, + k+Ip pt+y,,)
Er:zzz{ﬂ; cog(Arz/l,, ) cogkd + K- b
7k > M v p &)rt+l//fr)

The solution of (18) satisfying the boundary conditions are
} given by:

14 cog mz
where, o Ir(H’Z’t):_;Zk:ZBrb(n2+mz)-siinh)( mrg,,)
B, = a, (k+Ip) o, G .4/(74).sin( 0.51) (15) sinh(mr @, =(/3,+6,)) cogkdy+ k+1p I t+yy,)
B, =a, (k-Ip)a G .4/(=1).sin( 0.5:4) (16) | =sinh(mr (6, = 6,)) cog k(B +0)+ k+1p prt+y, )
+sinh(mrg, ) cogkd, + k+Ip o, t+y ) (19)
ll. CURRENTVECTORPOTENTIAL AND FORMULATION OF TYYE cog(mz)
EDDY CURRENTLOSSCALCULATION. et et L 1 (n2+ mz)-sinh( mrg, )
Since the divergence of the eddy current dersity zero, sinh(mr @, —(3,,+6,)) cog kb, + (k-Ip)t +y, )

i.e. V-J =0, this allows us to define a current vector potential

- " | =sinh(mr (6, — 6, )) cogk(B, +6,)+ k-Ip pt+y,)
I satisfying J=Vx 1| .The vector potentiall must also

_ . _ _ +sinh(mrB,,) cogko, + k—1p y,t+y )
satisfy V-1 =0to ensure the net currentin a magnet is.zer
From Faraday’s law: )

where m= Az/l,, andn=k/r. The axial componend, and

VxJ/o=Vx(Vx1)/o=-VI/oc=-2B /ot 17) he ci . a 1 of the edd
where s is the conductivity of the magnets, and for the raFee circumierential component, of the eddy current at a

earth magnet under consideration it has a valus.886e radius ‘v’ can be derived as J,(t)=-1/r-0l /06, and
S/m. (17) implies the only has a radial component whichJ,, (t)=2l,/0z respectively. They are given in (20) and (21):
satisfies:
Yr?é%l, [06%+0, [ae®=-B, |& (18)
_ _ o cos(mz)

It is evident that the accuracy of predictingand, hence ‘Jz(t):zzz B, 2 m)-sinh
the eddy current loss calculation is dependent on the accuracy Aok (n * )-sm (mrﬂm)
of the 8B, /ét calculations. Since the eddy current flows in the mcosh(mr @, — (B, +6,)) co$kd, + k+Ip P, t+y,,)

tangential direczion on all surfaces in a magnet, the curre t—mcosr(mr(e, —90)) coﬁk(ﬁm+¢90)+ k+ Ip f)’r”'//br)
vector potentiall (6,,z,t)will be zero at all magnet surfaces. —K/rsinh(mr3,,) sin(ko, + &+1p o, t+v,)
Hence the boundary conditions of (18) are given as:
1(6,=6,)=1(6, =,+6,)=0 3338,
lz=,/2)=I@E=l,/2)=0 Ao
where 8, is the position of the starting edge of magnet undegrmcosh(mr 6, —(8,,+6,)) coé Koy + (k=Ip)o,t+v/, )

consideration. The geometric parameters of the magnet wi hmcost( mr (6, _90)) co§ K(B,+6,)+ k-1Ip C))rtﬂh)
segmentations is illustrated in Fig. 3. It is worth noting that th

boundary condition of the eddy current density at the two—K/rsinh(mr,)sin(ko, + &-1p o, t+y )
cylindrical surfaces is automatically satisfied by the current
vector potential formulation of (18). (20)

cos(mz)

(n? +n?)-sinh(mrg, )




msin(mz) time-stepped transient FE analysis with the models shown in
n*+n)-sinh(mrg,) Fig. 5.

Jgr(t):;;Z Bb(

sinh(mr @, —(, +6,)) cogkd, + k+Ip b, t+v,,)
| =sinh(mr (6, -6,)) cog k(B +6,)+ k+Ip o t+y,,)
+sinh(mrf,) cog ko, + k+Ip . t+y,,)
msin(mz
+;;IZ B (n*+ mz)-sfnh()mrﬁm)
sinh(mr @, —(8,,+6,)) cogkd, + k-Ip)ot+y, )
| =sinh(mr (6, - 6,)) cos{k(ﬂm+6’o)+ k—Ip &thﬂ//ﬁ)
+sinh(mrf,) coik&’r + k-1Ip )ort+://,r)

(21) Fig. 4. 18-slot 8-pole machine with fractional-slot pete winding

. . configuration.
The eddy current loss in a magnet can be derived as the Som’
of each harmonic loss considering the flux density variations at o TABLEI _
different radial distances throughout the entire radial thickness Specifications and key dimensions of SPM machines
(hm) of the magnet. The _ total magnet Ios_s considering ) 18 siot 12slot,
segmentation in the machine at any time instant can be Parameter Unit 8 pole 14 pole
approximated by averaging a magnet segment loss evaluated at _
th ; : A ; Continuous power kW 5 5
m:scre] er?g;al md;srt]?:;(:s and multiplying with the total number of Peak power W 0 ;
9 9 ’ Base speed rpm 1350 1350
Pe( t) = Maximum speed rpm 4500 4500
1 & hM Prst6o sl 2 Stator outer radius mm 75.0 75.0
_zzzz N J. (‘]é + ‘]g) rd, - d: Motor stack length  mm 118 122
N, F7T%5 o B Iyl ' Air gap length mm 0.955 0.955
(22) Rotor radius mm 375 41.25
. . " . . Magnet length mm 5.0 5.0
where N, is the number of radial position considered in the .
Slot opening mm 2.03 3.75
computation andn, and n, are number of axial and Slot opening depth  mm 2.375 3.67
circumferential segments considered respectively. Alsp Slot depth mm 26.79 26.04
) ) _ ' Shaft radius mm 20.0 25
and Js are the axial and circumferential component of current  pagnet resistivity  Q.m 1.6x 10° 1.6x 10°

density evaluated for the magnet segment. However, a better

approximation can be obtained by computing the sum of lossThe eddy current and the associated loss are evaluated
in each magnet segment separately and adding them togettin the machine is operated at its peak load conditions with
to find the total magnet loss at different time instants. Becauggak phase current of 80A at 4500rpm. Before the eddy loss in
time varying eddy current densities repeats 6 times inthe magnets is evaluated by the developed analytical
fundamental electric period, it is necessary to calculate tigghnique, it is insightful to have confidence on the
eddy current loss at least for one sixth of the electrical periadalytically predicted source of eddy current generaii/ot

to obtain the average value. . The analytically and 2D FE predicté8, /ot variations with

IV. VALIDATION BY FINITE ELEMENT ANALYSIS 6, at r= 37.5mm, 35.0mm and 32.5mm, @t = 1.25 of

The developed 3D eddy current loss prediction techniqud1égnet *1” is compared in Fig.6, Fig.7 and Fig 8, respectively.
applied to an 18-slot 8-pole surface mounted PM machine with c@n be seen, theB, /at predicted by the subdomain model
winding configuration shown in Fig.4. The machine employonsidering slotting effect has shown good accuracy with the
winding design feature to reduce space harmonics an@D transient FE analysis at the peak load. The slight difference
hence reduced rotor eddy current loss, while retaining tisevisible at the magnet inner surface due to core saturation
merits of fractional slot per pole machine topology. The kayhich is neglected in the analytical model and also due to the
geometrical, physical parameters and specifications are liss@plified slot shapingd5] used in the subdomain model.
in Table 1 where the key design data for a 12-slot, 14-pole3D transient FE analysis is also carried out in Flux 3D
SPM machine used in experimental validation are also givésing the model shown in Fig.3 to predict eddy current density
To validate the developed model, the magnetic fieffistribution and eddy current loss in magnets. Since the
distribution and eddy current loss are also predicted by 2D/8mchine  employs fractional slot per pole topology,



circumferential symmetry exits only over 180 mechanical’. It can be observed that the current density distribution
degrees. Thus, a quarter of the machine has to be modellefidm the analytical computation is matching with 3D FE with
3D FEAs. Tangential magnetic field boundary condition & good accuracy, except for few meagre mismatches especially

imposed on the rel surfaces perpendicular to the axiahlong the inner surface of the magnet, as a result aBHiét
direction. In addition, perfect insulation boundaries are app“ﬂ%crepancy shown in Fig.8.

to the end surfaces of the magnet
20 l

16.6 I 387
Mechanical posmon along the magnet (degree)

Fig. 9. Current density from analytlcal 3D on the metguter surface.

Axial position (mmn)
Current density -A/mm?

Fig. 5. Half model of the machine in Flux 2D and 3Bdshon symmetry.
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Fig.9 and Fig.10 compares the analytically and 3D |—_|-'|+:g 12. Current density from F.E-3D on the magnetrisneface.
predicted eddy current density distribution at the outer The analysis is repeated with different number of
cylindrical surface of the magnet ‘1’ indicated in the Fig.3 circumferential and axial segments at the same operating
which is located at an angle of 24 time =55.5ps when the  conditions of the machine. The results from 3D analytical, 3D
machine is having two axial magnet segmentation and rotatiFig and 2D FE for different axial segmentations with one and
at the speed of 4500 rpm. Similar comparison is given two circumferential segments at peak load conditions are
Fig.11 and Fig.12 for analytically and 3D FE predicted eddympared in Fig.13 and Fig.14. The variation of magnet loss
current density distributions at the inner surface of the magfheim 3D analytical, 3D FE and 2D FE for different
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circumferential segmentations with one axial
peak load condition are compared in Fig.15.

42

ol e G i S e e e e e
@ 28 |- e e St S
o !
w 21 f----- S e R AREED S Tt L LRl eEbls
© ! !
S i i 1 | |
g 14 —m— 2D Finite element |17 7771
= H 1 1

7 A 3D Finite element .1 ____ [ [ I SR

—e— 3D Analytical : : :

1 2 3 4 5 6 7 8 9 10 11 12
No of axial segmentations
Fig. 13. Magnet losses comparison- peak load (Circuntfatsegments: 1).

segment at tiime for the analytical model to predict the magnet loss at each

operating condition per case is about 20.5 minutds=50)
on a 64 GB RAM desktop computer (3.3 GHz, |7 processor
with 6 cores) in Matlab environment. However, it takes more
than 60 hours for 3D FE with no axial segmentatioms=(1)

and almost 10 hours with 12 axial segmentatioms=(12) on
the same desktop computer using CEDRAT- FLUX 3D.

V. EXPERIMENTAL VALIDATION

Experimental validation of rotor eddy -current loss
prediction is quite challenging because the amount of eddy
current loss in a well-designed machine is relatively small, and
it is very difficult to separate the eddy current loss from iron
loss and mechanical loss by direct measurements.

%0 : The indirect magnet loss measurement was report@ in [4]
s 25 Qrezegrrr i CoTTTTTTTTTT T for PM machines based on the rate of temperature rise
% 20 f----- R RS EEERE SRR I et measured by temperature sensors through slip rings, but the
8 15 booo o o b e technigue has poor accuracy as a result of contact resistance
g T T e variations associated with slip rings and brushes. Further, the
2 10 | —®—2DFinite element --—i-----i---ootoooopoooooboooo method can only estimate the loss based on the thermal
z 5| _:_gg i';‘;e ?Clzlment ----- property and geometry of the magnets, and its accuracy is
0 L : : : : : often affected by no-uniform temperature distribution in the
1 2 3 4 5 6 7 8 9 10 11 12 Mmagnets as well as possible heat exchanges with other
No of axial segmentations reglon@. .
Fig. 14. Magnet losses comparison- peak load (Circunifatsegments: 2). To overcome these problems, we have devised
experimental validation of the developed eddy current loss
42 : : : : prediction technique by direct loss measurements under locked
s 35 —®&—2D Finite element----|  rotor conditions. Experiments are performed on a 12-slot, 14-
2 28 _:_gg;’:lteﬁiﬁmem---- pole surface mounted PM (SPM) machine designed for electric
AT I U NN S S —— —— y ______ — vehicle applicationsi@. Two SPM rotors are constructed,
°g P TR T I SN NS MU AU N one with unrmagnetized magnets and the other without
3 magnets. The prototype rotor with assembled magnets contains
7 : T - SUNNE S three axial segments and one circumferential segment per pole.
0 : : The key geometrical, physical parameters and specifications of
1 2 3 4 5 6 7 8 9 10

the machine are listed in Table I. The prototyped rotors, fully
assembled machine with rotor locked and the whole
experimental set is illustrated in Fig.16.

It is evident that the analytical predictions agree very well Initially the testing was carried at the locked rotor condition

with the 3D FE results. The minor deviation of the analytic&fIth hthe ro_todr_ in_which no rrll_ag(:]jnet_s'{haTE):ssemtl)(Ied.hThe
predictions from the 3D FE results can be attributed fgachine windings were supplied wi (peak) phase

neglecting the tangential component of flux density in the Ioggrrents at 4QOHz.The experiment was repeated using the rotor
. . - assembled with permanent magnets for the same phase current
prediction and the errofB /ot in prediction. In contrast,

o ] " and the measurements were taken at the same winding
significant errors occur in 2D FE eddy current loss predictiongmperatures as measured in the previous case without

For the 18-slot, 8-pole machine under consideration thgygnets. Therefore, the flux distribution in the machine was
radial positionsN, is chosen as 50 while evaluating the 3Rept virtually the same for both the experiments as the
magnet loss from (22). The percentage difference when thagnets were not magnetized while performing the second
number of radial position is increased to 60 is only 0.2478st. For both the tests power input to the machine was
with respect to the results obtained whidn=50. However measured from the power analyzer and phase current
the computation time for the magnet loss prediction per casé/fveforms were captured using the oscilloscope. The same

: : i experiments were also repeated when the machine windings
d by 7 t heiN df 50 to 60. ; .
Increased by 7 minutes Whell, 1S increased from © 5% were supplied with 50A peak phase currents at 400Hz. The

This shows the usage of more radial samples may results gglyynets loss at the given current conditions is evaluated from
in marginal improvement of accuracy at the expense of Mg yifference in power input to the machine measured from

time consumed. The computation time for the subdomaify corresponding experiments with and without rotor
model to extract the flux density information at each Operat'ﬂ%gnets. In addition. the correction to the measured loss is
condition is close to 22.45 minutes. While the computation ’

No of circumferential segmentations

Fig. 15. Magnet losses comparison- peak load (Axial segmEn



applied to account for the difference in copper loss due toeaperiment and the analytical 3D method can be attributed to
minor change in the fundamental phase currents measutes eddy current reactions associated with higher order
from the experiments with and without magnets. The phassitching harmonics, which is neglected in the proposed
currents measured from the experiments at 45A and 50A arghod. The difference in measured and predicteddsssay
shown in Fig.17. also be attributed to the end winding effect which is neglected
in the proposed method and to the minor variations in the iron
loss between the two tests.

VI. EFFECT OFSLOTTING IN REDUCING MAGNET LOSS AT
FIELD WEAKENING

It is well known that the eddy current loss in the rotor
magnets are contributed by both armature reaction field and
slotting effect. Under some load conditions such as field
weakening, slotting effect reduces the total eddy current loss
The exact cause of the reduction is however not well
understood and explained in literature. In order to study the
effect of slotting on reduction of magnet loss under field
weakening, loss computations are performed by employing the
proposed analytical technique with different values of the
sy v phase advance or field weakening angle y° from 0° to 90 in

— . i steps of 38 y = @ corresponds to the phase current being in

(b) (d) : : :

Fig 16. Prototype rotors and experimental setupw{#jout magnet. (b) with phase with the back-emf of the machine. Fig.19 shows the
magnet. (c) machine assembly with locked rotor. (d) Expental setup. comparison of magnet loss with increase in field weakening
angle for thel8-slot 8-pole surface mounted PM machine,
with magnet pole arc angle ‘" of 175° expressed in electrical
degrees. It is observed that the difference in loss frent® to
y = 9@ is 3.41W, which is close to the no load magnet loss of
3.2W.
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Phase current (A)

Magnet loss (W)

W 45A, 400Hz = 50A, 400Hz
s 80 [y T 227 T y=0 y=30 =60 y=90
\é' 25 . 1' S-)-(-)-g- """""""" 2097 7T Fig. 19. Magnet losses comparison with increase in
§ ig N e e . To apprehend the above observation, the magnet loss
5ol - N | associated with the harmonics of the order which are integer
S O e . | multiples of the slot number ‘Ns’ is separated from the total

0 loss. Fig.20 compares the difference in magnet loss due to the

2D FE Experiment Prop. Method harmonics whose order are integer multiples of ‘Ng” and the

Fig.18. Comparison of magnet loss from the experiments, profiise losses originated from all other harmonics with field
method and 2D FE at both the phase currents at 400Hz. weakening angle. It is clear from Fig.20 that the loss

aa%ciated with harmonics which are integer multiples of ‘N’

These phase currents measured from the experiments : e e . .
g’educmg with increase in field weakening angle, while the

employed as the input to the subdomain model for generat|ﬁ ) ) e
the flux density information within the magnet. 3D magné‘? s associated with other harmonics is more or less the same.
loss is evaluated at the stand still conditions of the rotor for !t ¢an be shown that the harmonic contents of the source of
both the currents employing the proposed method. Tihe eddy current generatidiB, /ot associated with the slotting
comparison of the magnet less obtained from the effect in the rotor reference are of the order
experiment, the proposed 3D method and 2D FE is shown(inp+vN,)6, +tuNwt , where p= 1, 3, 5... and v= 1, 2,
Fig.18. It_|s observed that th_e experimental results agr%‘.a.SimilarIy from , the harmonic orders @B, /ét due to
closely with the results obtained from the proposed 3 ) I ) -
method, while significant error is evident with results obtain@mature reaction in the rotor reference are identified as
from 2D FE. The mismatch in the results obtained from tH’HJ59,+(nps— @wrt, n=2,5,8... for the forward rotating



harmonics anmpsgr+(nps+ @a’rt- n =1, 4, 7... , for the harmonic contents ofB, /ot , evaluated from (14) at a point in

backward rotating harmonics, respectively, whetdspthe
number of pole pairs associated with the stator winding. Foh@monics and the harmonics due to armature reagtipn [8]
given pole and slot number combination, and windingheny = @ A similar comparison is shown in Fig.22 and Fig.
configuration, it can be shown that the slotting harmonics a&d Wheny = +9¢ andy = -90° respectively. It is observed

a subset of the harmonics due to armature reaction havetfi@ the phase angle between the slotting harmonics and the

same orders.

N
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Magnet loss (W)
w
o

-
o

N
o
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Fig.20. Separation of losses due to harmonics whichmaliple of N,
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Fig.23. Comparison of harmonic distributionyat -90°.

For the 18slot 8-pole surface mounted PM machine
considered in this study, 5 equal to two, N= 18 and p = 4. 7]

Thus,

the slotting harmonics as€the orders of 18, 36,54 ...,

the middle of the magnet ‘1°, which results from the slotting

armature reaction harmonics is close fovtheny = -90°,
which represents phase retarding. This angle reache® 90
when y = 0° , and becomes close to £8theny = +90. Since

the magnitude oPB, /ot harmonics of the same order is a

vector sum of the slotting component and the armature
reaction component, the influence of slotting harmonics on the
eddy current loss will depend on operation condition. In the
field weakening operation when> ~20, the presence of the
slotting harmonics tends to reduce the armature reaction
harmonics of the same orders, and hence lead to the reduction
of the eddy current loss in the rotor magnets.

VIl. CONCLUSION

The 3D analytical method for predicting magnet eddy
current loss has been developed and validated by 3D time-
stepped transient FE analysis. The model is computationally
efficient and hence suitable for evaluating the variation of
eddy current loss in magnet with number of axial and
circumferential segmentations. The accuracy of the results
from the developed model justifies the negligence of tangential
magnetic field inside the magnet and also the eddy current
reaction effect at the operating conditions for the PM machine
under study. The developed prediction technique has been
validated by the experimental results. It has also been shown
that the phase angles of the harmonics associated with slotting
vary closely from Bto 180 as the field weakening angle is
increased from90° to +9¢. Consequently, the presence of
slotting harmonics reduces the eddy current loss under deep
field weakening conditions.
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