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An analytical method for predicting 3D eddy currentlossin permanent
magnet machinedased on generalizeimage theory

Liang ChenJiabin WangSenior Member, IEEEandSreeju S. Nair,Student Mmber, IEEE
Department of Electronic and Electrical Engineering, The Univer§iBheffield, Sheffield, S1 3JD, United Kingdom

Abstract -- This paper proposesan analytical method based on thegeneralized image theory for accurate prediction of 3-
dimensional (3D)eddy current distributions in the rotor magnets of permanent magnet machines and the resuitaeddy current loss
The analytical framework is established ina 3D rectangular coordinate system, and the boundary conditions which gawethe eddy
current flows on the surfaces of magnets are represented by equivaleimiage sourcesin a homogenous 3D space extending into
infinity . By introducing a current vector potential, the 3D eddy current distributions in magnets are derived analytically by emlmying
the method of variable separation and the total eddy current loss in the magnetse subsequently established. The proposed method
has been validated by 3D timestepped transient finite element analysis (FEA). It is shown that the proged method is extremely
computationally efficient. When combined with 2D FEA of magnetic field distributions, the proposed method providesn accurate and
computationally efficient means for predicting 3D eddy current Iss in a variety of permanent magnet machines with due accaouaf
complex machine geometry, various winding configuratiomand magnetic saturation

Index Terms— Eddy current, permanent magnet machines, image method
accuratelym PM machines which empl@axial segmentations
as a means oeducing eddy current 10s8D FEAs arausually
Permanent magnet (PM) machindacluding surface applied [11][16]. However, 3D FEAs are usually
mounted PM machines (SPM) and interior PM machinesomplicated and their solutions require large memory and
(IPM) are employed widely in industrial applicatsthanks to  enormous computation time. In order to circumvent the
their high power density and high energy efficientie eddy problem, a multlayer 2D FEbased techniqufor quantifying
current losses in the rotor magnets due to space and tithe 3D eddy current field is proposefbr axial flux PM
harmonics of the armature reaction fietéy be significantIf  machines [26]. However, this method is based orthe
this loss is not appropriately assessed and redesedssive assumfionsthat1) themagneticfield in the normal direction
rotor temperaturemay resultwhich increases the risk of in theair gapis uniformand2) the boundary conditions on the
demagetization especially in high power or high speed PMwo axial end planes of the magnets aegligible These
machines. To reduce the eddy current losses, the magnetsaggumptionsnay incur large error when the air gemgthis
usually segranted in circumferential and axiairections. relatively large
This, however, increases magnet material waste andOn the other han@®D analytical methodfor calculation of
manufacturing cost. eddy current loss haveceival significantinterestin research
In order toevaluatethe eddy current losses in the magnetssommunitiesto avoid the tremendous 3D FE computation
various methodshave beenreported ina large numbein [17]-[25]. However, because of complex geometry dngh
literatures.In general,evaluation of rotor eddy current lossedevel of magnetic saturation in IPMs, the reported 3D
requires simultaneowslutiors for the governing equatiorted  analytical methods arenly restricted toSPMs, andrequire
the magnetic and eddy current field&or radial field one or more simplifying assunipns such as
machines, it is reasonable tassumethat the machine 1) Machine stator is slotlesand stator and rotor cores are
magnetic fieldis predominantly2-dimesional (2D) As for the infinitely permeable
eddy currentdistribution, if the axial length of the magnets is 2) Only radial flux densities exist in th@agnets andir
much greater that their width and thickness, it may be gap and they are independent of radial and angular

. INTRODUCTION

sufficient to assune that the eddy current onlflows in the positiors;

axial direction. Thus2D numerical methods such @ansient 3) Radial component ofeddy current and thbounday
finite element analysis (FEA}an beused to calculate the conditions perpendicular to the radial direction are
eddy current lossg4]-[4]. To reduce the computation time, a neglected;

numberof 2D analytcal methodshave been developedor These assumptiongill inevitably compromise the accuracy

quantifying rotor eddy current losses 8PM with varying of the eddy current loss predictionparticularly if the
degreesof accuracy[5]-[10]. While 2D evaluation & eddy frequency of eddy current is relatively high, or its wavelength
current lossin PM machinescan be performedin a is relative shortlnaccurate eddy current loss calculation may
computationally efficient manner by either FEA orcause underestimate of rotor temperatures, wichurn
analytically, its accuracy is comprosad if the axial length of increasesdemagnetization riskTherefore an accurate and
magnets is comparable to their other dimensions since t@mputationallyefficient solution for quantifying the eddy
eddy current flow in the magnetsay becone predominantly current lossets necessary.
3-dimensional (3D) This paper proposesanalytical technique for3D eddy

In order toevaluate eddy currenbds in magnets more currentlosscalculationbased orithe generalizedmage theory



to account boundary conditions 8D eddy currenflow. This

The flux densityhasx andy components whicks independent

method can be easily integrated withccurate analytical of z Thus the source vecta§ only has two components,

modelsfor predicting magnetic field distributioto account
slotting effec27]-[30], or with 2D FEAs taquantify 3D eddy

ands,,. The dimensionsof the magneti the three directions
are denoted ds,, L, andL,, respectively.

current loss in IPMs with complex geometry and under heavy Since the conductivity outsidéhe magnetis zero, the

magneticsaturatbns
The rest of tls paper is organized as followSection Il

bounday conditions on the @6nagnetsurfaces,namely,two
parallel x-z planes, twoy-z planesand two x-y planes are

describes thgoverning equations and boundary conditions fagiven by:

3D eddy current field. Section Ievelops imaging techniques

n, J=0 (4)

for accounting the boundary conditions of the eddy current

field in rectangular magnetSectionlV presents analytica
solutions for 3D eddy aeent distribution andxpression for
quantifying the eddy current loss in magne8ection V

illustrates the process of implementing the proposed 3@y e

current evaluation technigueSection VI validates the
proposed technique aan SPMby comparison witt8D FEASs.

SectionVIl summarizes théndings inconclusions. Appendix

| provides a rigorous proof of the generalineage theory
when applied to 3D current field problem. Appendixists

| Wheren, denotes the normal vectoof the magnet surfaces.

However, analytical solution which satisfies (3) and (4) has
not been established in literature becausthe8D nature and

d complexity of the problem.

For 2D static magnetic field problems with regular
boundaries, image methdias beerwidely used[31]-[33].
However, the applications of the image method in the eddy
current field are rarely reported in literatur@he method
described if34] uses the concept of image to account for the

the developecexpressionsor eddy current densities and eddy?D Poundary conditions of a conducting plate in an eddy

current losses.

Il. FIELD DESCRIPTION FOREDDY CURRENT INRECTANGULAR
MAGNETS

From Faraday’s induction law and neglecting eddy curren,

reaction, the eddy curredensity distribution in magnetsat
a given timenstantis dependent othe rate of change dfux

densityB with time whichcanbe seen as a source distributio

denoted bys. Theirrelation isexpressed ad).

z (axial)

¥ (radial)

| x-(circumferential)

/L

v

Fig. 1. A rectangular magnet in a permanent magnet machitie eddy
current field excited by 2D magnetic field

VX]J]=oS
9B, 9B, 9B, (1)
ST T T T T T

where ¢ is the conductivity of magnetdccording to the
continuity law of the eddycurrentdensity,V - J = 0, J may be
expresseas the curl of a current vectpotentialA in (2).

VxA=] @)

And usingthe Coulomb gaugé’ - A = 0, it can be shown
thatthe current vector potential satisfies

V24 = —¢S (3)

Fig. 1 indicates amagnet in aPM machinein which the
eddy current fieldis inducedby 2D time-varying magnetic
field. The magnet isapproximated inrectangular shapby

neglecting anyurvature effect. The circumferential direction

is denoted ag, radial direction ay and axial direction az.

current damperThis leads to a reduction of the calculation
error of eddy current loss compared wi#D prediction
However the method did not address full 3D eddy current
problems

To date,the applications of the image method in 8Bdy
rrent problems have not been found ifiteratures This
paperestablisheghe generalizd image theory andhe rules
for 3D eddy current fieldsolution described in Appendix. |

"Based onthese rules, the eddy current fieldn permanent

magnetswith 6 boundaries is analyzed below.

I1l. IMAGE METHOD SOLUTION FOR3D EDDY CURRENTFIELD
WITHIN A RECTANGULAR MAGNET

1) Image sources created for boundary conditions in tvzo x
planes

The eddy currentiéld sourcess, (x, y, t) within the magnet
boundaries (0<x <L, 0<y<L,,0<z<L,) maye
determinedanalyticallyor by 2D FEAs. According tdhe rule
derived in Appendix Ito representhe effect of theright x-z
boundaryon theeddy current fieldas shown in Fig. 2the
boundary is removed angh extra image source, denoted as
S,, is placedin the symmetrical position with respect to the
boundary planeThe three vector components of timage
have the same amplitudeThe vector component whose
direction is perpendicular to the boundary plane hale the
samesign as that of thesource while the other two vector
components change the signs However, only two
components need to be considered if the magnetic field is two
dimensional.The combned equivalent sourcé,,(x,y,t)of
the original and image sources after the first reflection on the
rightx-zplaneis expresseth (5). K,, is a vector constantsed
to represent the sign changes ofithagevector components.
i and j are theunit vectors in thex and y directiors,
respectively.

Sl(x'y:t): 0 < y S Ly

Q)
K,S;(x,2L,—y,t), Ly<y<2L,

Gu)(x:}" t) = {



0<x<L,0<z<lL,
K,=—i+j

respectively The repeated pattern is a settloé sourceand
images denoted a$, S, S;,andS,, afterthe firstreflection on

It should be noted thak,S,; denotes component wise the rightx-z plane andthe subsequent firgeflection on the

product of the two vectors, i.eK,S; = —S; i+ Sy,j
Further,G,,(x,y,t) will be reflected by the left-z planeas
shown in Fig. 2 and havethe secondimage denoted as
Ssand S,. The process of theeflectiors between the two
parallelx-z planescontinuesresulting inan infinite sequence
of equivalent sourceskig. 2 shows ararbitrarysourceS,; and
its images after three reflectiariBablel lists thepositions and
signs of the original and image souregsto 5 reflectionsit
can be found that the original sourBgand its first image
source S, form a pair expressed irf5), and all the images
repeat the patterof the pairevery 2, in + y directiors.
Therefore the resultant equivalent sourcés,(x,y,t)
representing the combined effect of the source anthihe-z

topy-zplane. Th& analytical expression @ven in(7).

Gap(x,y,t)
S1(x,y,t),0<y<L,0<x<L,

K,Si(x,2L, - y,t),L, <y <2L,0<x<L,

B K.Si(2L, —x,y,),0<y<Lj,L, <x<2L, @)
LKxKySI(ZLx -xy,t),L, <y<2L,L, <x<2L,
0<z<L,
K,=+i—j

The resultantequivalent sourcess,,(x,y,t) representing

planes areexpressedn the one dimensional periodic form the combined effect of the original source and Hwundary

given in(6).

S1p(x,y,8) = Gyp(x,y— 2nL,, t),
2nlL, <y < 2(n+ 1)Ly, n=04+1,+2,..
0<x<L,0<z<IL,

(6)

G(x,y,z)

Si(xy, Z)
Py == Magnet x-z boundaries

305 o
2L, 5?-1

S: Se
e Rl R S

¥z 2'1,_{.

2L,

Yz =2Ly,—y

ey

Fig. 2. Image sourcesreatedor boundary conditionsn two x-zplanes

TABLE |
CO-ORDINATES AND SIGNS OF THE ORIGINAL SOURCEAND IMA GES

Sourceandimages y-coordinate SE LII'CGSIEI‘]S
X Y
S, Y1 — 4Ly +1 +1
Ss Y, — 4L, +1 -1
S;(secondmageontheleft) 1 — 2Ly +1 +1
S, (secondmageon theleft) Y, — 2Ly +1 -1
S, (original source) V1 +1 +1
S, (first imageon theright) Y2 =2Ly—y; +1 -1
S5 ys + 2Ly +1 +1
S, Yo + 2Ly +1 -1
S, y; + 4Ly +1 0 +1
+1 -1

S0 v, +4Ly

2) Image sources created for boundary conditions on the x

and yz planes

When the boundaies on the two yz planes are also
consideredas shown irFig. 3, the sequence oimages of the
original sources, derivedfor the twox-zplanes will be further
reflected between thevo parallely-z planes. Theonsecutive
reflections of the sequence form a Ziattern which has
periodiciies of 2, and 2, in the x and y directions

conditions on the foumlanes are expressedin the two
dimensional periodic form B).

Sop(x,¥,8) = Gyp(x — 2mL,,y — 2nL,, £),

2mL, <x <2(m+ 1)Ly, 2nL, <y <2(n+ 1)Ly, (8)
0<z<L, m,n=0,+1,+2,..
* - L e - » -
% __ %
Y. S.. .......... Sh‘
v
2L, 7
‘P ) . Sl(.}r.y,z} Yo -
i iy SR e i 5 M 4

Fig. 3. Image sources created for boundary condit@nsvo x-z planes and
two y-z planes

Fig. 4. Image sources created for boundary conditimnall the six planes

3) Imagesources created for boundary conditions i, y%z
and xy planes

Following the same processvhen the two » plane
boundaries are introduced, the 2@tternof the sourceand



imageswill be extended intanfinite 3D volume as seen in

Fig. 4. Theimagedistributionis periodic in all thex, yandz

directions. Thesource and images to be repeated are formed_

from the first reflection with respect to the rigkiz plane,

followed by the first reflection with respect to the tepplane
and thesubsequent first reflection with respect to the feogt
plane. The group of the original source and 7 imagesoted
by G5, (x,v,t), is definedin the region: 0 < x < 2L,,0 <

y <2L,,0 <z< 2L, and given by9).

Si(x,y,0), Er;
K,Si(x,2L,—y,t), €1y
K.S1(2L, — x,2L, - y,t), € 13
Gan(tp0) = K.K,S:(2L, —x,2L, —y,t), €14
K,S1(x,2L,—y,t), €5
K,K,Si(x,2L, —y,t), € rg
K,K,.S,2L, — x,y,t), € ry
K,K,K,S1(2L, — x,2L, — y,t),
K,=—-i—j
9)
where
r: 0<x<L,0<y<L,0<z<I,
ry 0<x<Ly,L,<y<2L,0<z<IL,
i Ly <x<2L,0<y<L,,0<z<I,
i Ly <x<2L,L,<y<2L,0<z<lL, 10

5 0<x<L,0<y<Ly,L,<z<2L,

Te: 0<x<LyL,<y<2L,L,<z<2L,
ry0 Ly <x <2L,,0<y<L,L,<z<2L,
Tg: Ly <x < 2Ly, L, <y<2L,L,<z<2L,

The final resultant equivalent sourceS;,(x,y,z,t)
representinghe combined effect of the original source &hd
boundary conditions oall the six planes are expressadhe
threedimensionaperiodicform of (11):

SSD(xP Y.z t) = Ggp(x - szx,y — ZnLy,z
—2KkL, t),

2mL, < x < 2(m+1)L,,

2nL, <y <2(n+1)L,,

2kL, <z < 2(k + 1)Lz,
mnk=0+1,%2,.

11

b(m,n, k)
(2Lx,2Ly,2Ly)

m Jﬂ G3py(x,y, t)e 2yt dxdydz
(6,0,0)

wherem,n, k=0,1,2, ...

S3px = ;;;a(mnk)COS( x) sin (nf—yy) Sin(klez) (13)
S3py = i i i BimnSin|m ( x) cos <n L£y> sin(k LEZ) (19
y z

1 1k=1

3
il
3
I

amnandbm nare the coefficientsf the (m, n, kT harmonic
for the x and y components of theequivalent sources
respectively They are ealy calculatel using fast Fourier
transform (FFTpnce theoriginal source is known

IV. EDDY CURRENTDISTRIBUTION AND TOTAL EDDY
CURRENTLOSS

For eachharmonic Sy nx) and Symnx), the ource is
distributed sinusoidally within an infinite isotropic- 3
dimensionakpaceHence, the solution t8) may be found by
the method of variable separation for each harmonic of the
order (m,n, k). The resukint current vector potentiais
obtainedn (15) and(16)

_ mz z z Clmasocos (m2-x) sin (n y)sm(k_z) (15)
=SS dimasin(m E)eos (niy)smeely (19)
Th(;n :e:ddl;:clurrent density derived from (2ps:
o= Y0 comnstn(mf ) cos(n fy)eost (47
b= 3 3 hens(man(n L )emst Lo 49
1= 33 dmnsrcos (m Ex)eos(niy)sintin (19

m=1n=1k=1

Since each harmonic Brthogonal, the totaéddy current

It follows that by employing the generalized ,magelossataglven time instarn$ the sum ofthe losses associated
technique, the combined effect of the sousgéx,y,t) and With eachharmonic component:

the boundary conditions can be represertigdS;,(x,y, z, t)

which is periodical inx, y, zdirections.It may be further

expressed as3D Fourierseries given irf12)-(14).

a(m,n, k)
(2L 2Ly2Ly)

8 .
— fff Gan(x' v, t)8712n(mx+ny+kz)dxdydz

L,.L,L
YT 60,00

12

8

Peddy

20
+ Jotmno 1dxdydz (20)

o (o] (o]
= z Z Z{pl(m,n,k) + P2(mnk) + P3(mnk) + Pamnk)

+ ps(m,n,k)}

The coefficientscimng, dmng: Emngs Nmngs Gmnp fOr the



| current vector potential aretldy current densitieandpymny  thex-y-zdirections, which means the harmonic ordensn, k)
- Psmnp for the total eddy current loss are altithmetic are also accounted up to 64 x 644, thetotal calculation
functions of the harmonic order and magnet dimensions. Thége, including the analyticgirediction ofthe magnetic field

are summarized in Appendix II. and the eddy current loss calculations, is ~10 seconda
typical 3.10 GHz,32GB PC in Matlab environment As a
V. METHODIMPLEMENTATION comparisonin order to perforn8D time-step FE, apart from

the geometry and physical model constructaom meshing
process, theomputatiortime on the samePCis 82 hours for

The procesf .computing 3D .eddy currgnt loss in.rotorthe case of noaxialsegmentation and.5 hours for the case
magnets employing the analytical technique described R 18 axial segmentations

sections llland 1Vis illustrated in thdlowchartof Fig. 5. The
2D magnetic field as the source function may be calculated. Magnetic 3Dend effecand magnet curvature effect
analyticaly using themore accuratesubdomain mode]27] Because of the influence of the end windings and the fringe
with due account of slotting effect. Alternatively, the magnetieffect, the flux density due to the armature winding and
field distribution may be obtained from 2D FE in whichse magnets decreas@sthe regions closto the axial ends of the
complex geometryand heavymagneticsaturation often seen machine lamination stackNumerous work have been
in IPMs can also be easily dealt with. If the 2D FEA includegndertakerto examine thegphenomenon analyticalljg5][36]
eddy current effect, the reaction field of the eddy currenibis and by 3D FE [37][38]. It is shown in thesstudiesthat the
some extentapproximated in the 3Devaluation[11]. In  affected length of the im gap in the axial direction is
addition, if the magneticfield solver can take eddy current approximately equal to the radial thickness of the equivalent
distribution as its input, the resultant eddy current densitgir gapwhich isthe sumof the magnet thicknesmnd air gap
from the image methodnay be fed back to the magnetic The ‘affected regionis defined as the region in whitte flux
solver The iterationsrepeatuntil convergence is achieved. density drops below 99% of the ual that exists ithe middle
However, this is not studied in this paper. of the axial lengthAt the end of the axial length, the flux
Due to the periodicity, theriginal and imagesources are density is7T0% ~ 80% of the value in the middtepending on
represented bBD harmonicseriesin free spaceln order to the equivalent air gap thicknesEhus, in most radial field
perform FFT of thecombinedsources, themagnetic field machines in which the axial length is scifntly large than
distribution obtained from analytical or FE prediction need tthe equivalent air gap, the 3D end effect is negligibde.tRe
be discretized in the, y, zdimensions. Therefore the accuracymachine under study in the paper, the length of magnets
of the sources and their resultant eddy current field dependsaffected by the3D end effectis ~5% of the total stack length,
the harmonic numbersn(x n x K that are considered in the and the 3D effect on the eddy current loss should be
calculationswhich, in turn, determinethe number of samples negligible. However for the other machine designs with short
of the magnetic field in the-y-z magnet regiorwhich are stack lengths compared to tequivalentair gap, the3D end
used in FFT. To account for thegh orderspace harmonics effect on the magnetic field and the eddy current lnsy
caused bya winding configuration, slotting, agnetic

A. Computation process

saturation and step change of the image sources across Currenty) Machine model
boundaries, the number of discretization samples should Timeit; (Analytical or FE)

sufficiently large. In order to speed up discr&ET, the
sample numbers are chosen as the integer power of 2. It
shown byconmparing the eddy current loss with different

Discretized 2D | at time step: t
sourcesS(x,y

numbers ofsample that the loss converge® sufficient _3dimensional
accuracywith 32 x 32 x 32 samples. When calculating the imageextensions ()
eddy current loss at the rated currentl themax speed with 6 Discretized 3D
axial segments and none circumferential segments for tl imaged sources
machine undesstudy, the relative differences of the results Glxy:z pp
with 32 x 32 x 32 samples and 64 x 64 x 64 sample 3
compared with the results with 128 x 128 x 128 samples, a Source harmonic a(m,n,k),
0.212% and 0.0429%, respectively. coefficiencts b(m,n,k)

The ed_dy currer_’cﬂistributionis calcula_tt_echt each timestep Arithmetic functions
Becausetime varyingeddy currentdensitiesusually repeat6 (15)(20)
or 12times in a fundamental electric perjdtlis necessary to l
calculate the eddy current loss at least for one sixth or o \|/ J{
twelfth of the electricaperiod to obtainthe average value Eddy current

Since the calculations aperformedin 3-dimensioml space harmonic coef. Total eddy current los8
for eachharmonic, matrix operations are used to facilitate e, h, g(m,n k) Attime step: t

efficient calculationsof (9) - (20). When the magnetic field

within the magnets are sampled with 64 x 664><p0ints in Fig. 5. Flowchart of 3D eddy current calculation using generaliz

image method



need to be carefully assessedfobe application of the  Fig. 7 to Fig. 10 comparethe analytically and 2D FE
proposed techniqudf the 3D end effect is significant, 3D predicted variations of thmagretic flux densitycomponents
magnetestatic field solutions may be obtained and usednd their time derivativewith angularpositionat a given time
together with the proposed technique to compute the ediigtantof wt = 15° (elec.) when the machine operatat the
current loss, albeit the computation time will be muchéng maximum speeaf 4500 r/minand rated currenwhereo is

As for circularshaped magnets, a conventional proceshe fundamental electric angular frequency of the operaition
which approximags the arc shapes to rectangular shapesan be seen that the analytical prddits agrees very well
should be applied. It should be noted that the curvature eff@@th those obtained from th@D FEAs. This ensures the
becomes prominent when the magnets ralsgeangle and accuray of the source of excitation of the eddy current
large radial thickess However, this is less likely in a distribution to be analytically predicted by the proposed
practical machine for ease of magnet assembly and f@kethod.The dominant time varying harmonics of the source
reduction of eddy current loss for eddy current field can be assessed from these results, but

because dfnelength limit, they are not mcluded mH;I’paper
VI. VALIDATIONS BY 3D FEAS - |

The proposedmethod for analytical predicting 3D eddy
currentlossin PM machineshasbeenvalidatedby 3D FEAs.

A. Machine topology and design parameters

The proposedmethod is applied to a 5kW 8ot 8pole
SPM machine as shown Fig. 6, for evaluation ofthe eddy
currentloss in the rotor permanent magnetdhe machine
employs winding design featureE39] to reduce space
harmonics and hence rotor eddy current loss, while retaining
the merits of fractional slot per pole machine topoloblye
key geometrical and physicglarametersand specifications
are listed inTablell.

Rotor mechanu:al angle (degree)
Fig. 7. y-componentvariation of flux density with angular position
alongthemean radiusf magnetatot = 15 (elec.)

800

2 ~2D_FE —r Analytical

:g 600 ﬁ i J{ :

ié 400 H T ﬁ ﬁ fllﬁ

E"‘ 2004 iJ'i’t }I}l!l I‘ ﬂt 'I'n
A
R R RS T
E *-“fr [I 1 Jl’f J !J_ |

5 400 y | i i

Fig. 6. Crosssectionakchematiof 18-slot 8pole SPM machine o
Rotor mechanical angle (degree)

TABLE Il Fig. 8. y-componentvariation of flux density time-derivative with
MACHINE PARAMETERS angular positioralong themean radiusf magnetatot = 15 (elec.)
Items Value -
Rotorradius 32.5mm ' 2D_FE  —Analytical
Magnetouterradius 37.5mm 0.08 [ f
Statorinnerradius 38.45mm £ 0.06 rr\ rl | }\ ﬂ |
Stacklength 118mm z l\ ” | ||_ |
Magnetresistivity 1.8x107°Q-m i s i | | \ ||
RatedAmpereturnsper coil 513.5 - 0.02 \J\ ’ ' [
Max. speed 4500r/mim E P \ . / ,}
Ratedcurrent 80A - [ ' /
-100 0 1 20 400
Ratedtorque 35Nm E -0.02 7 ﬂJ [\ {U J [’
. I £ -0.04 |1 ' ll £
B. 2D FE forfield source validations g | | ] l
x -0.06 U 1 \J

2D magnetic field distributianof the machine are obtained
analytically as describedn [5] and the resultant time
derivations of flux density distributions forthe source for the
eddy current calculation. For simplicity, magnes&turation
andeffect ofsloting are neglectedrhis will not lead to large
error when the machine runs at the Maximum Torque per
Ampere (MTPA) modé¢4].

-0.08 —

-0.1
Rotor mechanical angle (degree)

Fig. 9. x-componentvariation of flux density with angular position
alongthemean radiusf magnetatwt = 15 (elec.)



______ o : _ comparesanalytically and 3D FE précted eddy current loss
. ] Pl 2D_FE  —Analytical _ variations with number ofxial and circumferential segments
2 200 p _ i ; per pole It canbe seenhat in all caseggood agreements are
E l | n ﬂ | il obtained between thgD FE and analytical resultsOwing to

¢ 200 ‘l / |l l ﬁi 1| 1 f 1l [ neglectof the magnetcurvature effect, the analytical results
;ﬁ 100 || |\r1‘ I ‘\ ﬂ h - ” !| deviate slightlyfrom the FEpredictions wenthe magnets in
§ £ & 1] 'p | \ TR ‘ %‘ each pole are not circumferentially segmented (SC=1)

5 =000 \ ‘J[Vd ‘ [011 i ~“ 0 \ A00

“.‘;' 200 J U u J i' \’ L \[ l[ -4 Tangential magnetic field boundaries

2 | ‘ | ' on the machine ends on the x-y planes

g -300 - L‘

E Perfect insulation

: -400 : boundaries for all the

500 magnet surfaces

Rotor mechanical angle kdegrséjl
Fig. 10. x-componentvariation of flux density time-derivative with
angular positioralong themean radiusf magnetatot = 15’ (elec.)

C. Comparisons of eddy current distribution and eddy

current losswith 3D FEAs

A 3D FE model of the machipas shown irFig. 11, has
been built topredict the 3D eddy currendistribution and
resultant eddy current lossduced in the magnetSince the Fig.11. 3D FEmachinemodel
machine employs fractional slot per pole topology,
circumferantial symmetry exdts only over 180 mechanical
degrees. Thus, a quarter of the machine has to be modelled in
3D FEAs. Tangential magnetid¢ield boundarycondition is n
imposed onthe two end surfaces perpendicular to the axial x10 X?g
direction. Consequently, the magnetic field will be confined in
the 2D x-y plane This implies thatthe end (3D) effect of
magnetic fielddistribution is neglectedIn addition, rfect
insulation boundariesre appliedto the end surfaces dhe
magnes. The timesteped3D FEs considexthe BH curves of
the realiron laminations. Thdield in the conducting parts of
magnets is governed by:

VX (V X Ay /1) = —0 (84, /3t + V) (21)

(o]

N

7 axis position (mm)
n
Z-component J (A /m?)

5 10 15
Jo = 0(3A/0t + V) (22 Rotor mechanical angle (degree)
e m

@
in which A,, © and ¢ are the magnetic vector potential,

permeability and electric scalar potentiagspectively. The

model is meshed to make sure firedictededdy current loss

being sufficiently accuratelhe total number of the nodes for 8
the model without axial segmentatiorajgproximately2x1F.

Fig. 12 compares analytically and 3D FE predicted
component eddycurrent densitydistributions atot = 15
(elec.)on the surfacédefined byy = 0.9.,, 0 <x <L, 0.89,,<
z<L,) of the second magnpteceon the right in Fig. 11 tven
the machine operates at the maximum speed and rated currel
Each magnet per poleis segmented into2 pieces
circumferentially and 14piecesaxially. Fig. 13 compares

. ) L 5 10 15
analytically and 3D FE predicted variations e€amponent Rotor mechanical angle (dearee)
. L ) o gle (deg
eddy current density with circumferential positiof) &t ot = (b)
15° (elec.)y = 0.8., and z = 0.7B,. Good agreement betweenFig. 12. z-component eddy current density contoom the surface defined by
the two can be observed albeit the effect of medgh= 0.8, 0<x<L.and0.5.<z<L,) atot = 15 (elec.) (a): Analytical;
discretization is clearly visible in the 3D FE predictions (b): 3D FE

Fig. 14 comparesanalytically and 3D FE predictedotal
eddy current loss variatisnwith time when the machine
operates at the maximum speed and rated current with each
magnet per pole segmented Bycircumferentially Fig. 15

x10°
5

(o]

tion (mm)

B~

axis posi

2

Z
Z-component J (A /m?)




5 OE+05 in a variety ofPM machines which have complex geometry

— _ o _:,— B e _:;n_al;lrti_ca] | and exhibit high level of magnetic saturation whiénis
%‘5 L.OE+05 & — - combined with 2D FE analysis of the magnetic field
k: > : distributiors. The utility of the method for asssing 3D eddy
t = 0.0E+00 . . . .

g T ] current loss in PM machines will be reportedni future
E.% -1.0E+05 1 ! . publications.The method is also applicable to PM machines in
85 i ' ' | | " | which the magnets are placed on the stator, such as flux
= '~ Y [N RSN SRR AU ISR P N . . .
N5 20805 £ oo switching PM machines, etc.
8005 1 oL Since the method is derived for the magnets with
Rotor mechanical angle (degree) rectangular shapes, for PM machines with circidhaped

Fig. 13. Variations of aalytically and 3D FE predictedz-component eddy magnets, thepredictiors may incur small errors in PM

current densityith circumferential positiorx at ot = 15’ (elec.),y = 0.8, machines with low number of pefmirs and when

andz=0.74.. circumferential segmentation is not employeldwever, these
conditions are in minority. Nevertheless, modifications of the

4 methodin a cylindricd co-ordinatesystem need to biirther
-§-39 studied.
I The developed method provides a very efficient and
235 effective tool for assessing the influence of axial and
§33 circumferential segmentations of magnets on eddy current loss
331 as a part of design optimization prese
%29
Yo7 APPENDIX|: DERIVATION OF THEGENERALIZED |IMAGE

25 METHOD FOR3D EDDY CURRENTFIELD

0 10 20 30 40 50 , , o
Rotor mechanical angle (degree) A. Images for 3D eddy current field in two infinite

Fig. 14. Comparison of 3D FE and analytically predictetal eddy current ~ conducting regions

loss variatios with time when machine operates at tmaximumspeed and Without loss of generality consider two infinitely Iarge

rated currentwith each magnet per pole segmented bir@&imferentially . . o .
conducting regions as shown Fig. 16 (a). Region 1 has

88 o P —a+—Analyfical SC=1 ‘. conductivity ¢; and occupies the space where> 0 and the
B S o @ 3DFE’SCLT T ; rest is denoted as region 2 with conductivity A source of
¥ TN P Analyticat SC=2- -~~~ excitation,S(x, y,,2,), is located in region 1.
w30 Lo L ¢ 3DFESSC=2 | ;
g 1 [l
:25____)"_“_“ S S 5 z
5 n . : t ‘.55' I /-;,V
5 20 - r M\ g : Cr1.70,2) 75, UL/ .
=15 - - - L LM. - |
2 : : : | e Region 1: o,
810 S e ! T - A
0 & Region 2: o
a
0 5 Axial segments 10 15 (@)
Fig. 15. Analytically and3D FE predicteceddy current lossariationswith ]éfy 4, (*+ka)S,
the number of axial and circumferential segments The number of (X y12) 25 J&-”My léf“ ky2)Sy
circumferential segments denoted by SC T A Fueie) 1 . (ko) S
! 7 |
,Region 1 a, |

Region1 oy | %

T

VII. CONCLUSIONS

A computationally efficient and accurate meafor V . I
predicting 3D eddy current loss in rotor magnets Fdfl (FLy1-71) ¥ok,S, \IAQK
machines has been developed based on the generalized image ) © (.2)

C

theory. The developed methoq has been validated by 3D FE';_QI& 16. (a) Two semiinfinite conductos with sources inregion 1 (b)

on an 18slot, 8pole SPMmachine It has been shown that theequivalentimage sources inegion 2 for eddy current field in region )

developedmethodonly takes about 10 seconds for computingauivalenimage sources iregion 1 for eddy current field in region 2.

3D eddy current loss in contrast to more than 24 hours of

computation time required by 3D FEA, representing 10 quantify the field distribution in region 1, the effect of

computational efficiency improvement by 5 orders ofhe boundary conditionmay be represented by the image

magnituck. {hxSx (1, ¥1,—21), kySy (X1, ¥1,—21), k;S;(x1,¥1,—21)} In
Althoughthe effectiveness of the developed method is onkggion 2 with its conductivity being set 49, as shown irFig.

demonstrated on a SPM machine in the pajer to length 16 (b). Similarly, for the field distribution in region 2, the

limit, the method can be used to evaluate 3D eddy current I&ffect of the boundary conditioms represented by the image,



{kx2Sx (X1, Y1, 21)s ky2Sy(X1,Y1,21)s kzS,(x1,¥1,21)}, 1IN
region 1 with the conductivity in region 2 being sevio, as
shown inFig. 16 (). ky, ky, k, and ks, ky,, k,, areimage

ky=k,=—1, k,=1 (37

In summaryto represent the effect of an iniie boundary

coefficients to be determined to satisfy the bounda§t z = 0 on the eddy current field, the boundary may be

conditionsgiven in appendix-B.

removed and an extra image source is placed the

Since the field region ifig. 16 (b) is now homogenous and Symmetrical positionwith respect to the boundary plaie

extends to infinite, the current vector potential which

non-conducting region 2The three components of the image

satisfiesV2A = —¢S$ in region 1 can be obtained from thevector have the same amplitude. Tkecomponent has the

volume integration:

x —01k,S, )d dv.d
fff 4nr1 47, 11@1dz
(23
n= \/(x —x)*+ (@ —y1)*+(z—2)?
= \/(x - xl)z + @ -y)i+(z+2z)?
—o,k,S,
f f f 47" y— dx;dy,dz; (29
1 Lp)
Z alszZ
2
= || Gt Sy dn (25)

The current vectors iregion 2 are similarly dered as:

alkxzsx (26)
f_ﬂ 4nr1 4nry )dxldyldzl
—01k,,S,
fff ( Wl e )dxldyldzl (27)
01 225
o= [ G4 220y, 9

B. Image coefficients satisfying boundary conditions

The interface conditions at the boundary between regions 1

and 2 that eddy current densityand electric field strengt&
must satisfy are given by:

Jiz =2z (29
Elx = EZx (30)
Eyy = Ezy (31

which can be further expressed in terms of the cuweator
potentias as

044y 3 0A1\ (04, _ 04,5, (32)
0x ay |\ ox dy
1 <6A12 _ 6A1y> _ i <6AZZ 3 %) 33)
o, \ 0y 0z g, \ 0y 0z
1 /0A,, 04, 1 0A,, 0A4A,,
_( 0z (')x)__( oz ax) (34

Applying the current vector potentials given(23)-(28) to

(32)-(34), theimagecoefficiens are determined and given in

(35) and(36).

0 — 01
kxzkxzz kyzkyz Zm (35)
ey = —kyy = 222
z = z2 — O'1+02 (36)

Whenregion 2is norrconductive g, = 0, then

samesign as the sourgewhile the x andy components whose
directions arein parallel with the boundary plane have the
opposite signso the source.

APPENDIXIIl: SOLUTIONS TO THEEDDY CURRENTFUNCTIONS

The coefficients Cim.n g, dmnp: Emngs Nmngs Gmng fOr the
currentvectorpotentialandeddycurrentdensities and pym,n
- Ps(m,n,4 fOr theeddycurrentlossaredefinedasfollows:

Let M* = (m)? + () + (k1)? (39
X 'y z
Amn,k)
Cmnk) =0 ° Erzl (39)
b
Ay = 0" =35 (40)
s
—b ko=
i w) (41
€mnk) =0 M2
T
k_
L o a(m,n,k)( LZ) (42)
(mnk) =0 M2
s s
bgnn (m E) — Anngo(n E) (43)
Amnik) =0 ° e
bis 2
kL)
( L oL,L,L
Piimnk) = b('m,n,k)2 ) MZZ ) x8y z (44)
bis 2
kr)
( L olL,L,L
D2(mnk) = a(m,n,k)z : MZZ ) % (45)
bis 2
mE
( L ) oL,L,L
P3(mnk) = b('m,n,k)2 ) [ sz ) % (46)
T 2
(nL_) oL.L,L
Patmni) = a—(m,n,k)2 . sz . x8y z (47)
a\{ 7w\ [17 oLL,L
= —2a.. . b .(m_) (n_> : [_] Thatyla 48
Ps(mnk) (mmn,k)Y(mn,k) Lx Ly M2 3 ( )
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