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Abstract -- This paper proposes a computationally efficient method based on imaging technique, for accurate prediction of 3-
dimensional (3D) eddy current lossin the rotor magnets of interior permanent magnet (IPM) machines. 2D time-stepped finite element
analysisisemployed to gener ate theradial and thetangential 2D magnetic field infor mation within the magnet for application of the 3D
imaging technique. The method is validated with 3D time-stepped finite element analysis (FEA) for an 8 pole-18 slot IPM machine
evaluating its resistance limited magnet loss with increase in axial and tangential segmentation. Magnet loss considering eddy current
reaction at high frequenciesis evaluated from the proposed method by employing the diffusion of the 2D magnetic field variation along
the axial plane. The loss associated with all the frequencies together in the armature currents is evaluated by considering each of the
harmonics separ ately in the proposed method employing thefrozen per meability to account for magnetic saturation. Theresults obtained
areverified with 3D FEA evaluating the magnet loss at fundamental, 10 and 20 kHz time harmonicsin armatur e currents.

Index Terms— Eddy current loss, finite element, frozen per meability, imaging method, per manent magnets.
deviates from the real flux density distribution in magnets
|.~ INTRODUCTION significantly and results in poor accuracy in loss estimation.
High power density RM machines are increasingly beingHence numerical analysis becomes indispensable in accurately
used in a variety of applications, including high speedstimating the loss in the permanent magnets for such
manufacturing [1], power generation [2], hybrid and electrimachines.
tractions[3-6], aerospace [7] and ship propulsion [8]. These 2D time-stepped finite element analysis (FEA) gives fairly
machines can be operated over a broad range of speeds wywsd results in eddy current loss evaluation, however its
compared to surface mounted permanent magnet (SPdtcuracy is compromised if the axial length of magnets is
machines by employing flux weakening confi@®l11]. comparable to their other dimensions since the eddy current
On the other hand, at higher speeds IPM machines especidlityv in the magnets may become predominantly 3-dimensional
with concentrated windings, produce increased electromagne@D) with reduced axial lengths. The highly accurate 3D FEA
filed variations which are associated with space harmonics frdor IPM machines [13][24] is rather time consuming and
stator winding distribution in addition to slotting and also timeequires immense memory in storing the results. There are a few
harmonics from the armature currents [13}- . While the pole reduced order 2D-3D numerical methods proposed to overcome
shoes may prevent these harmonics from penetrating in to the computational burden involved in direct 3D finite element
magnets, the presence of flux barriers and the saturations of ¢héculations [2527]. The method in [26]evaluates the magnet
silicon steel laminations will allow them eventually entering thébss at each frequency of interest in 3D FEA by employing
magnets and cause eddy current loss. The loss in the maguiéfferential permeability derived from 2D FEA calculations.
can raise their operating temperature haatce the knee point Whereas the method proposed in [27]models only the
flux density of the magnets, thus making them more vulnerahpermanent magnet in 3D FEA and inputs the magneto-static
to partial demagnetization in an event of sudden short circtiiéld obtained from 2D FEA for loss evaluation. Although these
[16], [17]. An accurate estimation of magnet loss enables tethods may be computationally efficient, they have a varying
reduce the loss at the design stage of the machine by devisilegree of accuracy. Magnet loss evaluation at each frequency
necessary changes in the geometry and also by implementgfg concern separately considering average differential
feasible axial / tangential segmentations. permeability, may also fail to consider the effective magnetic
The highly nonlinear nature of the rotor core and theaturation of the silicon steel laminations arising out of all the
complicated boundary conditions makes a complete analytiGaimature harmonics in the machine. To elude the computational
estimation of the magnet loss almost impossible in IPMurden of 3D FEA completely in PM loss evaluation, the
machines. However a few analytical insight can be derived omethod proposed in [28] predicts the resistance-limited eddy
the magnet loss based on which the design parameters carmcdreent loss analytically from the magnetic field derived from
altered for reducing tme [18]. The much simplified theoretical few magneto-static computations. This method approximates
estimation of magnet loss proposed to evaluate the eddhe 3D end effects of eddy currents by considering rectangular
currents associated with carrier harmonics in IPM machinésops of varying perimeter along the axial plane, and hence
approximates an uniform source field along the magngsgedicts the eddy current distribution within the magnets at
[19],[20]. Also another simplified analytical estimation ofreduced accuracy. Moreover, it fails to assess the contribution
permanent magnet loss proposed in 23]- ignores the of magnet loss associated with the tangential component of the
saturation effects of silicon steel laminations and neglects amagnetic field.
filed variation alongits radial direction. This approximation The method of generalized imaging is proposgé9] to



evaluate the resistance limdteddy current distribution which x-y coordinates attached separately to every magnet. Thus the
satisfies its natural boundary condition for the magnets inmsagnetic flux density values from the 2D FEA are extracted
SPM machine neglecting any curvature effects. The methoding a mesh grid constructed over the magnets as shown in
establiskesthe distribution of magnetic field variation with time Fig.2. Considering the machine symmetry, only one half of the
as the sources of the eddy current fields in the form of 3machine needs to be modelled in loss evaluation and hence
Fourier series inx,y,zdirections. Ultimately only the mgsh gr'ids are qonstructgd only over the eight magnets. Every
coefficients for the sines and cosines needed to be evaluate@GHt Of intersection on this mesh forms the x and y coordinates
loss computation using Fourier expansion in three dimensio ..the field mformatlon.. For the machlne 'under consideration
However, the 3D eddy current source distribution applied hefdtnout any segmentation in the x-direction, each magnet as

does ot include the eddy current reaction effect which may b% own in F'g.'2 (a}) is discretized into th!rty—_two d|y|§|ons along
T . : the x and y directions. The number of divisions within a magnet
significant at high frequencies.

Thi tationally efficient h segment may be modified according to the number of tangential
IS paper: proposes a computationally eflicient me Oi the x direction) segmentations. For example, the mesh is

based on the imaging technique, for accurate prediction of &t jitieq as shown in Fig.2 (b) with sixteen divisions along the
dimensional (3D) eddy current loss in the rotor magnets of IPMgjrections in the analysis for the case with two tangential
machines. The magnetic field variation with time as the sourgggmentations.

of the eddy current field is obtained from 2D FE, and the axial
field variation at high frequencies due to eddy current reaction
is incorporated in the 2DHEresults based on the solution to 2-
D diffusion equation before being applied in the imaging
method. Finally, the combined loss evaluation associated with
fundamental and the carrier frequency harmonics in the
armature currents is evaluated by employing the frozen
permeability concept to account for the stator and rotor iron
core saturation. The method is validated with 3D time-stepped
finite element analysis (FEA) on an 8-pole, 18-slot IPM
machine.

Il. IMPLEMENTATION OF PROPOSEDMETHOD FORIPM
MACHINES

A Machine Topology and Design Parameters

The analytical part of the imaging method for predicting
resistance limited 3D eddy current distribution and the total
eddy current loss has been presented in [29] .Without loss of ) ) )
generality, the imaging method is implemented on the 8- Fig.1. Cross sectional schematic of 8-pbeslot IPM machine.
pole18-slot IPM machine [30] employing V shaped NdFeB TABLE |

magnets with its cross section as shown in Fig.1. The machine IPM SPECIFICATIONS ANDKEY DIMENSIONS
topology benefits from low-space harmonics [31] and, hence,
low eddy current loss, improved reluctance torque and less
demagnetization risk. The machine is designed for EV traction Base speed rpm 1350
applications and has been optimized for maximum energy,, ... Speed

Parameter Unit Value

L g ) rpm 4500
efficiency over the combined drive cycles of the New European
Driving cycle (NEDC) and the Artemis Urban Driving Cycle Peak torque below and at base speed Nm 70
(Artemis) while satisfying the machine torque, speed Continuous torque below and at base spe Nm 355
specifice_ltions as WQII as volumetric, electrica!, thermal and paximum Current Limit A 170
mechanical design limits [324]. The key specifications and 1 DC link vol v 1
geometric parameters of the machine are listed in Table 1. Fof\ominal DC link voltage 0
the analysisthe rotor position is defined as 0° when the center Stator outside diameter mm 150
pf magnet 1’ and magnet ‘2’ is aligned horizontally, as Shown  stator bore diameter mm 73.9
in Fig.1. Rotor outside diameter mm 72.9
B. Extraction of Field Information from 2D FEA Magnet width mm 35
To |mplement loss evaluation in the proposed mthod, the flux Magnet length mm 10
density values need to be captured to form a matrix. Unlike the
Stack length mm 118

case with SPM machines where the magnet field orientations
are referred w.r.t the global &-co-ordinate system, the  Siot opening mm 25
orientation _of field assoc[ated with each magnet is different for Shaft diameter mm 40
the case with IPM machines. Hence the values in each matrix o

should correspond to the source at a location given by the localagnet Resistivity Qm 1.8x10°°




number of axial segments for the IPM machine. The loss in each
axial segment is considered identical as the source field is
treated essentially 2D and hence no variation along the axial
direction. For example, for the machine havingtangential
segments and, axial segments in a magnet as shown in Fig.4,
eddy current loss is evaluated for each tangential segment
separately employing its dimensiong,L,,L,) in the
imaging method [29]. The total loss per magnet is evaluated a
the sum of the loss from the. tangential segments multiplied

(a) tangential segment =1 b)tagetialsegnts =2. with th_e numbe_r_ of axial ,Segmentatlmh' This way Of,
Fig.2. Mesh grids constructed over the magnets and amhatt to separate ~ €Valuation quantifies the loss each magnet segment, which
coordinate system ait = 0 position. will enable the designer to optimize the number of magnet

C. Implementation of 2D FEA Results in the Proposeﬁ]egr:]nents’ and hence to control the loss distribution among

5, 5,

Method. Since the calculations are performed in 3-dimensional space
) ) for each harmonic, matrix operations are used to facilitate
However, since the flux density valueB,,, B,,) captured efficient calculations. The entire process is implemented in
are referrd in the stationary(x,,y;) coordinates attached 10 \jatjab, and it takes around 60 minutes to generate the flux
the magnets at the initial rotor position, the values needed todﬂ,ﬁnsity harmonics from 2D FEA and less than 30 seconds to
transformed to the co-ordinate system which estatith the  compute the total 3D eddy current loss for all the magnets in a
magnets as shown in Fig.F3his ensures the eddy currentyynical PC. Hence on an average for evaluating the loss
sources [29](Sy, = 0By, /0t,S,, = 0B,,/dt) seen by the yariation with increase in axial number of segmentation up to
magnets are referred in the rotor coordinate system. Hence {i2¢ it takes around 5 minutes for each case. In contrast, it takes
flux density values(B, , , B,,,) atan angular positiant w.rt more than 7 days for one 3D FE analysis with no axial
the rotating co-ordinate syster(x,,y,;) attached to the segmentation on a typical 3.3GHz, 64GB PC.
magnets at time can be calculated as,

1 .............. n(‘
. / 7
By, = By, cos(wt) — B, sin(wt) (1) g // // %Zs
B, , = By, sin(wt) + By, cos(wt) @) | ! i
! i i
] ! !
Y1 L, > E i i L,

~ : i i
5¢ " i i

- 377
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Fig.3. Rotor coordinate systefx,,y.,) displaced at an angtet w.r.t the e—— L, e—— L[,—

stationary systegx,, y,). Fig.4. Segmentation of the magnet in axial and tatigledirection.

The eddy current sources, = B, /dt ,S, = B, /dt) are

, ) [ll. 3D FINITE ELEMENT VALIDATION
evaluated from flux density values obtained from two

consecutive time intervals. The source values are discretized_‘T 3D FEdr_nodre]:I of thedrgachlne asdghq\k/)vn n F'g'g has Ibeen
together with their images in three dimensions in each magifit to predict the 3D eddy current distribution and resultant

bounded by (2,, 2L,, 2L,). The number of discretization in the eddy current I_oss induced in the magnets. Sinf:e the mac.hine
z- direction should be sufficiently large to ensure high accuracempIOyS frac_t|onal slot per pole topol_ogy, circumferential
é/mmetry exits only over 180 mechanical degrees. Thus, a

For the machine under consideration 32 divisions ar

. quarter of the machine has to be modelled in 3D FEAs.
considered for the unsegmented magnet lengfh glong the . g A
R 4 Tangential magnetic field boundary condition is imposed on the
axial direction. 3D FFT is performed to evaluate the source . ! . .
. . .~ circumferential surface. The meshed coils are extended in axial
coefficients and hence the eddy current density coefficien :

[29]. The eddy current loss in every magnet is calculated at eacﬁeCtlonS to consider the end effect. Tangential boundary

: ) ; conditions are imposed on this extended surface. In addition,
time step and the analysis are repeated fdt @léctrical cycle . : : .

; perfect insulation boundaries are applied to the end surfaces of
to predict the average loss.

the magnets.

To evaluate the loss variations with number of axial and .
. . I\éagnet loss are evaluated at the maximum speed of the
tangential segmentations of the magnet, the losses are evaluate

. |rnachine NV = 4500 rpm), when the armature current is
for each tangential segment separately and the total magnet é’fsﬂ(RMS) having a flux weakening anale 73.27°
is computed as the sum of these losses multiplied with the ' 9 g angle 75.277.



Under such operating conditions the effect of eddy curre ¢
reaction is negligible and hence the magnet loss is conside g |
resistance limited. This is because the skin depth evaluatec . ;
this operating frequency is comparable with magne
dimensions. The predicted loss variations by the 3D imagil
method, 3D FE and 2D FE with number of axial and tangenti
segments at the peak load conditions are compared in Fig.6
Fig.7. It can be observed that the magnet loss evaluated frc
the 3D imaging method matches very well with the 3D FE,
results, while significant error occurs with 2D FEA with 1
increase in the number of axial segmentations. 0

Magnet loss (W
N

0 5 10 15 20 25 30 35 40 45 5(

; Y ; . Rotor position (degree
Meshed coils are extended Perfect Insulation Tangential magnetic P (degree)

outside the segment length Imposed onall  field boundary condition
to consider the end effect _magnet surfaces  imposed on top and
— circumferential surface

Fig.8. Comparison of instantaneous loss variation fromimgagethod and
3D FEA

The instantaneous variationd the total magnet loss with
rotor position predicted by the imaging method and by 3D FEA
are compared in Fig.8. It is clear from the figure that that the
loss predicted by the imaging method follows very well with
the 3D FEA results. The slight difference from the 3D FE
simulation with the imaging method may be attributed to the
winding end effect which is neglected in the imaging method.

x107*

Fig.5. 3D FE model based on symmetry
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X102 y=1.75mm for the case with eight axial segments and no
tangential segmentation in Fig.9 and Fig.10wat 12°.
While Fig.11 and Fig.12 comparbet‘x’ component of the
eddy current density evaluated from the imaging method with
that obtained from 3D FEA under the same conditions. Fig.13
compares the variation of z and x components of the current
density along the x- position predicted from the imaging
method and 3D FEA at z= 0.85Lz under previously stated
conditions. It can be observed that the eddy current density
distribution evaluated from the imaging method matches with
the 3D FEA results. This ensures the accuracy of the proposed
method.

It should be noted that the proposed method does not
consider the z-component of the armature reaction fields due to

Axial position (mm)
Current density (X-component)-A/mm?

observed that the field variations employed in the imaging
method from 2D FEA overestimates the eddy current reaction
effect when the axial length of a magnet segment is relatively

2.45

Tangential position (mm) the winding end effect. Detailed 3D magnetic field analysis has
Fig.11.Eddy current density (x- component) distriboigpredicted by the been performed with due account of the end_WIndmg_geomEtry’
imaging methodn the outer surface of Magnet-1. and the results shown that z-component of flux density ctose t
«10~2 the rotor end region is less than 5%. Since the eddy current loss
1473 20 in the rotor magnets is proportional to the flux density square,
the resultant error is negligible.
12.29 o
15 IS
§ IV. Loss ATHIGH FREQUENCYCONSIDERINGEDDY CURRENT
z 983 =3 REACTION EFFECT
E 3]
Fl 0 s To predict the magnet loss due to high frequency harmonics
g 737 £ in the armature current where the effect of eddy current reaction
L] . . g . .
= * becomes significanD FEA results which account the reaction
% 49 5 g effect is employed in the imaging method. However, it is

: larger and hence the magnet loss evaluated will be lower than
0 2 i 6 8 10 - the actual. This is because the reaction field obtained from the
Tangential position (mm) 2D FEA does not account the axial variation of eddy current
sources due to skin effect. Skin effect forces the eddy current to
Fig.12.Eddy current density (x- component) distribmtpredicted by 3D FEA  be concentrated around the magnet surfaces and its values are

onthe outer surface of Magnet-1. reduced at the center of the magnet.

014 N 0.30 To _circumvent this prqblem a solution to the diffusion
—~ l T A equation of the flux density along the axiad — z), (y — z)
P D St R P -l s E R A 0208  planes are essential. The diffusion of thecomponent of flux
5 0.10 f---- LS S P W D S A N g density B, (x,y,) ata given ‘y,” along the ‘x-z’ plane can be
%/ 0.08 _____ A‘-ll.l _____ ‘ L] 0.10 E,: expressed as,

2 006 |---i-- k- R Jaut ST\ SR 0002  3%B,(x,y,,2) 0°By(x,y1,7
g 0.04 E E E T n E E * g y; 2y1 )+ yé zyl ) =ijUBy(x'Y1'Z) (3)
he] AV N el o 1T r====1====" mT .""1 """"""" x Z
€ ! [—o—Jxmaging methol e 0'102 . . L .
g 002 1 4 Ix3D gEg R e g  Solution to (3) can be obtained considering magnet being
3 0.00 Jz-Imaging methogi— | T8 0203 exposed in a uniform source filed & and hence the field
0.02 jL® Jz3DFE | 1 | 030 along its edges will be equal to the applied field. SBce
0 1 2 3 4 5 6 7 8 9 10 uHs, the variation of flux densis, (x',z',y,) for any
Position along the magnet (mm) segmentation can be evaluated in [49]

Fig.13.Variations of x andz-components of eddy current density predicted B, (xl, zl, yl)
from 3D FEA and imaging method along x positiomat 12, y = 0.5L, and

L
2=0.85L, cosh(yx?) 8%}’2

= —— 7B (¢ y) + 5By, (¥ 3)
The ‘z’ component of eddy current density evaluated from CZSh (VT) *)
the imaging method is compared with that obtainednf8D Z (=1)™Apcosh(Bnz") cos(Anx?)
FEA along the middle surface of the magnet defined by L m

=i 2m + 1)2BZ cosh (ﬁm %s)



Since B, (x,y) evaluated from the 2D FEA includes its
variation in the radial direction, the values evaluated with (5)
also includes the variation along the radial direction, at the
approximation of same rate as that in the x-z plane.

The predicted loss variations by the proposed method with
increase in axial number of segmentations at 20 kHz are

8mpared with 3D FEA results, and the results obtained from

e imaging method based on 2D FEA source data with and
without accounting eddy current reaction are compared in
¥ig.15 and Fig.16. The results show that the loss evaluated from

proposed method has good agreement with 3D FE results.

idered | tion V when th hi ‘ t 4 &an be observed that there is a slight miss match especially
consiaered n section v-when the machine operales a en tangential segments=1, at lower axial segmentation

rom. .At thes_e o.p.eratmg conditions the effect of eddy Curr,eﬂbmbers which can be attributed to the simplifications made in
reactions is significant. The results show that the loss assouag%qling the diffusion equation (3) as the saturation effect of
with 5,; is nearly 3 orders of magnitude lower and negllglble'steel laminations is neglected. The difference in loss prediction
Hence,S, (x,y,z) alone forms the source for eddy currenfy;y, 3p FE results reduces with increase in axial segmentation
loss in the permanent magnets. $9(x, y) values obtained 55 with reduction in segment width the source variation tends to
from 2D FEA considering reaction effect is adjusted by the rathecome more or less uniform and go close to 2D FE source data
given in (4) at a given axial pOSitiOﬂ z for the evaluation q’ﬁot accounting eddy current reaction.
Sy (x,y,z) before application in the imaging method

wherey = 1T+j, Ap = (2m + 1)%, B = /Amz +y2 and§

is the skin depth.
Also — 22 < 71 < 4122 bo < xl S 45,

A similar variation of B, (x1, z%, y, )with axial position z can
be derived. To assess the significancg&aft high frequency in
loss evaluation, its contribution to the magnet loss is predict
and compared with the contribution associated vsifhin
Fig.14, applying the results from 2D FEA considering edd

current reaction. The loss evaluation is conducted at 20 k
harmonics, assuming 5% amplitude of the fundamental curr

) 200 — 1| —®—Imaging Method (source considering reaction
hence for a givew,, 180 W }--- | —m=Imaging Method (source not considering reac
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M S T Y =0
for imaging method[By(x,yl)]ZDFE are the flux density values 0 NS S S S S S S S S S S
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from 2D FE considering reactiofB, (x, y;,2)], are the flux
density values derived from (4) for any segmentation anu
[By(x'YLZ = 0-5Lz)]AS are the flux density values derivedrig. 15, Comparison of loss variations with increase ifalarumber of
from (4) for % <y l< +% and at 7! = 0) with no segmentations, tangential segment =1 (20 kHz).

No. of axial segmentation

50

axial segmentation. The maximum values of the flux densi

along the axial direction after adjustment is limited to value

from FE without considering eddy current reaction.

45 mc
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Fig.14. Comparison of loss variations associated $yitands,, at 20 kHz.

results without accounting the eddy current reaction



overestimates the loss since the resistance limited eddy currtunt density associated with combined fieRl.,mpinea 1S NOt
distribution is no longer true. In contrast, the imaging methoejual to the superposition of those associated with the
which employs 2D FEA results accounting the eddy currefindamental and harmonic excitations. HeEmpinea <
reaction underestimates the loss since the reaction field is ng}, + B,,. Consequently, time-varying flux densit

as strong as the 2D predictions. As the number of axigkperienced by the magnets is a non-linear function of the
segmentations increases, the differences between the Wy@itation current, and hence the principle of superposition is
predictions become less, and they are closer to the 38 longer valid

predictions as will be expected. To circumvent this problem the frozen permeability concept

[35], [36] may be employed. If the apparent relative
V. COMBINED MAGNET LOSSEVALUATION CONSIDERING permeabilityis fixed at a specific valug.ompinea, 9iven by

ALL ARMATURE HARMONICS. slope of the line ‘oeda’ as shown in Fig. 17 , the resultant B4
A Cause of Discrepancy inofal Magnet Loss and Solution relationshipis a straight line with a slope Oficompinea-
by Frozen Permeability Method. Therefore, the working points under the fundamental and

Magnet loses for an IPM machine associated with the@'monic excitations are pointsf” and “€”, respectively,
fundamental component and high frequency pulse widtfnere the flux densities aré;q sp and By pp . In this case,
modulation (PWM) harmonics are evaluated separately so f&ombinea = Bra_rp + Bny rp., Which implies the principle of
It is intuitive to assume that the total loss can be evaluatedsaperposition is applicable with the frozen permeability
the sum of these individual losses associated with eagfncept.
harmonic. However, for the IPM machine under the operating
conditions specified, it is observed that the loss evaluated from
the summation of harmonic losses predicted separately is lower ~ }ocooommomo.. f]
than the actual magnet loss which results with all the harmonics '
together in the supply current. This is caused by core saturation.
When the high frequency harmonic current is excited ;
separately, the core saturation level is much low, and hence the de_FP —F d
magnets buried in the rotor core are better shielded from the e
alternating field of the armature reaction, and the resultant loss Bhf _______ ‘
is lower. Hence, more accurate magnet loss evaluation demands ;
all the current harmonics to be treated together. While all the ~ Bp¢ pp /
lower order harmonics for which the induced eddy current is Vi
resistance limited may be treated together, the presence of high / ‘
frequency harmonics in the armature currents may result in
significant eddy current reaction in magnets as explained H H
previously and the variation of the associated eddy current fd Combined
sources along the axial plane for each of them need to evaluatgd.7. lllustration of the frozen permeability for mag loss considering
separately. This demands the magnet loss evaluation separdtdlgonics.
for all the higher order source harmonics influenced by skiy, Method of Implementation and Validation of Results.
effect.

The same dilemma exists for 3D FE prediction of eddy In order to separate the loss associated with different
current loss due to a combination of low and high frequendi@rmonics using the concept of frozen permeability, a sequence
current harmonics. In order to predict high frequency, eddf dedicated processes for thi@lectrical period as illustrated
current loss accurately, the mesh size and time step have tdrbée flow chart of Fidl8 has to be performed.
sufficiently small whereas the simulation time duration has to First, time-stepped 2D FEA is performed for the machine
be sufficiently longer, at least one sixth of the fundament@ver 1/6 of an electrical cycle with all the significant low
period. Consequently, the computation time and requirdéeguency current harmonics in the armature current. The size
memory size will be enormous. of the time-step should be sufficiently small to consider the

The reason for discrepancy in the total magnet loss with thighest frequency harmonics. At each time step or each rotor
summation of the harmonic loss evaluated separately arise fre@sition, relative permeability of each element in the stator and
the highly nonlinear nature of the interior permanents magni@tor cores are stored as spatial quantities. Thereafter, the
machines [22]. Since the machine laminations are operatiftfgnetic properties for the stator and rotor cores are updated
mainly on the nonlinear region of the B-H curve, as shown ffom the original B-H curves to the spatial quantities at every
Fig.17, its permeability varies with the amplitude of thdime step. Subsequently, 2D FE is performed with each
armature current (or field intensity H).It can be seen frormature harmonic content with the stored spatial quantities at
Fig.17 that the surof the fundamental excitatidi,, and the every time_ step to obtain the eddy current source data to be used
high frequency harmonic excitationH,, will result in an N the 3D imaging method.
increasein flux density from By t0 Beompinea. However the The 3D eddy current loss in the magnets of the 18-slot, 8-

Brafesssecssssssah

o} th



pole IPM machine is evaluated by applying the froze 120
permeability concept when it operates at 4500rpm and 100
excited with the fundamental current and the high frequen 80
switching harmonics. The dominant switching harmonic 60 |
usually occur at the integer multiple of the switching < 40

frequencies ranging from a few kHz to a few tens kHz and m § 20 |
also have magnitudes up to a few percent of the fundamer 8 0
depending on the switching frequency and the control strate _4218
employed. 20kHz and 10kHz switching frequency harmonic '60
with each 5% amplitude (of the fundamental) together with tt  ~
. A -80
fundament over 1/6th electrical cycle as shown in Fig.19 100
cons!dered' in predicting the total eddy current Id.'dme same 0 12 3 456 7 8 910 11 12 13 14 15 16 17
amplitude is selected for the loss comparison in both cas Mechanical angle (degree)
(20kHz and 10kHz) to see the effect of eddy current reactiongg 19 Armature current considering all harmonics applied1féi electrical
multiples of switching frequencies. cycle.
X077 T =
Solve'th n 2D FE o0 v 4+ 4+ 4+ 1+ || —e=—Fundamenta| !
AllC t1 Solve the scenario in 2D FE H N 1 H I 1 i
R considering all the harmonics 200 oo Lo 10kHz 1
Time:  —3) for 1/6% electrical perio:‘l i H E.---E--- :----?---?----E il 20kHzZz [~
T 3 L] e a0k
Store the relative permeability of the rotor §150 _____ A ___.:.____:____:L____E____' —@— Total Loss |f---t-
and stator iron elements as spatial quantities = ! ! ! T
T e P E
Current harmonic ——3 e §100 _________________ '___,: ________ :r ..................
Time: 1 — 2D Finite ; E
Rotor and stator spatial quantities element K
stored for the current time step l 50 ¢
Include axial variation from |B‘.(x‘y,.z)|mcomputa[ions (3) " _ X 9
for high frequency h;mnonics.(nn]y). H e 9-0-0-0-0-0-9-0-9

Create 3D Image source for a cycle

— : 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29
(Discretized 2D Sources) . .
e No. of axial segmentation

{Source harmonic Coefficients [29]) Fig.20.Variations of magnet losses with number of sségiments evaluated at
different harmonics employing frozen permeability (fmem of tangential
Compute Arithmetic functions [29] segment =1

v
Eddy current harmonic coef. VI. CONCLUSIONS

Total eddy current loss P, at time step: f [29]

A method for predicting 3D eddy current loss in the rotor
magnets of IPM machines has been developed based on the
generalized image theory considering source variations from

The variations of magnet loss associated with differe@D FEA. The results obtained by accounting axial source
harmonics and the total loss evaluated are comdpaith 3D  Variation in the imaging technique gave more accurate results
FEA predictionsin Fig.20. It is clear from the results that thefor magnet loss at high frequencies when eddy current reaction
loss associated with different harmonics add together to foigsignificant in IPM machine. The actual loss in the machine
the total magnet loss. Further, the results from the figure shoflige to all the armature current harmonics is established by
that the loss at each harmonic evaluated by employing frozeéwaluating each harmonic loss separately by employing frozen
permeability is greater than the loss evaluated at the sapfymeability.
harmonic frequency evaluated previously in Section V and VI The results obtained show insignificance of the tangential
when magnetic saturation under a given operating conditionsgurce component in eddy current loss. For loss evaluation at
not appropriately accounted. This is because with the prese®@sh harmonic employing frozen permeability it takes around 9
of the fundamental current, the saturation level in the rotor cd@urs to generate the flux density harmonics from the 2D FEA
is much high, and hence its shielding effect to high frequenéyd less than 30 seconds to compute the total 3D eddy current
field harmonics is reduced. It should also be noted that whiless for all the magnets in a typical PC. Hence on an average
the eddy current loss associated with the fundamenfgr evaluating the loss variation with number of axial segments
component is quite low, the losses associated with the PW to 30, it takes around 18 minutes for each case, in contrast to
frequency harmonics are much greater even the harmofi@re than 10 days usually required for one 3D FE analysis with
current magnitude is only 5% of the fundamental. The loss8§ axial segmentation. The developed technique provides a
associated with high frequency current harmonics need to @@mputationally efficient tool for assessing the eddy current
accurately evaluated and reduced in order to ensure the rd@ss in the rotor magnets and for minimizing its impact on the
temperature is not excessive. machine performance.

Fig.18. Flow chart showing the magnet loss evaluatianspecific harmonic
employing frozen permeability.



REFERENCES

A. Fratta, A. Vagati, and F. Villata, "On theaution of AC machines for

spindle drive applications," Industry Applications, IEE&nsactions on,

vol. 28, pp. 1081-1086, 1992.

H. Chen, R. Qu, J. Li, and D. Li, "Demagnetizat®earformance of a 7

MW Interior Permanent Magnet Wind Generator with Eeoaal-slot

Concentrated Windings," Magnetics, IEEE Transactions ain PP, pp.

1-1, 2015.

M. Barcaro, A. Faggion, L. Sgarbossa, N. Bianard S. Bolognani,

"Performance evaluation of an integrated starter reter using an

interior permanent magnet machine," Electric Powepliéptions, IET,

vol. 4, pp. 539-546, 2010.

A. M. El-Refaie, J. P. Alexander, S. Galioto, PR2ddy, H. Kum-Kang,

P. de Bock, et al., "Advanced High-Power-Densityefliar Permanent

Magnet Motor for Traction Applications," Industry Apgtions, IEEE

Transactions on, vol. 50, pp. 3235-3248, 2014.

X. Chen, J. Wang, and A. Griffo, "A High-Fidelignd Computationally

Efficient Electro-thermally Coupled Model for InteridPermanent-

Magnet Machines in Electric Vehicle Traction Applioas,"

Transportation Electrification, IEEE Transactions on, &%, pp. 1-1,

2015.

K. Urase, N. Yabu, K. Kiyota, H. Sugimoto, A. ®hi M. Takemoto, et

al., "Energy Efficiency of SR and IPM Generators forbkd Electric

Vehicle," Industry Applications, IEEE Transactions eal, 51, pp. 2874-

2883, 2015.

T. M. Jahns and R. C. Van Nocker, "High-performance EHAtrots

using an interior permanent magnet motor," AerospaceEcironic

Systems, IEEE Transactions on, vol. 26, pp. 534-5320.1

L. Sun-Kwon, K. Gyu-Hong, and H. Jin, "Finitedghent Computation of

Magnetic Vibration Sources in 100 kW Two FractioSébt Interior

Permanent Magnet Machines for Ship," Magnetics, |IEEE &atimns

on, vol. 48, pp. 867-870, 2012.

T. M. Jahns, "Flux-Weakening Regime Operation af Interior

Permanent-Magnet Synchronous Motor Drive," Industppli&ations,

IEEE Transactions on, vol. I1A-23, pp. 681-689, 1987.

[10] S. R. Macminn and T. M. Jahns, "Control techngfoe improved high-
speed performance of interior PM synchronous motor drivedyistry
Applications, IEEE Transactions on, vol. 27, pp. 9994, 1991.

[11] J. Cheol, S. Ji-Yun, and H. In-Joong, "Flux-WeakgrControl of IPM
Motors With Significant Effect of Magnetic Saturaticend Stator
Resistance," Industrial Electronics, IEEE Transactionsvoh,55, pp.
1330-1340, 2008.

[12] K. Yamazaki, Y. Kanou, Y. Fukushima, S. Ohki, Ae2d, T. Ikemi, et
al., "Reduction of Magnet Eddy-Current Loss in IrderPermanent-
Magnet Motors With Concentrated Windings," Industry Agaions,
IEEE Transactions on, vol. 46, pp. 2434-2441, 2010.

[13] K. Yamazaki and K. Kitayuguchi, "Teeth shape wyitation of surface
and interior permanent-magnet motors with concentratediimgs to
reduce magnet eddy current losses," in Electrical Mastanel Systems
(ICEMS), 2010 International Conference on, 2010,989-995.

[14] S. Chaithongsuk, N. Takorabet, and S. KreuaWReduction of Eddy-
Current Losses in Fractional-Slot Concentrated-Wigd8ynchronous
PM Motors," Magnetics, IEEE Transactions on, vol. 51,1p4, 2015.

[15] J. Li, Y. Xu, and J. Zou, "Analysis and ReductimhMagnet Loss by
Deepening Magnets in Interior Permanent Magnet Mashinigh a
Pole/Slot Ratio of 2/3," Magnetics, IEEE Transactionswval. PP, pp. 1-
1, 2015.

[16] V. I. Patel, J. Wang, and S. S. Nair, "DemagnétinaAssessment of
Fractional-Slot and Distributed Wound 6-Phase Permahéagnet
Machines," Magnetics, IEEE Transactions on, vol. 51, gl,12015.

[17] 3. D. McFarland and T. M. Jahns, "Investigation bf tRotor
Demagnetization Characteristics of Interior PM Synobus Machines
During Fault Conditions," Industry Applications, IEEEafisactions on,
vol. 50, pp. 2768-2775, 2014.

[18] H. Seok-Hee, T. M. Jahns, and Z. Q. Zhu, "AnalysRator Core Eddy-

(1]

(2

(3]

(4]

(5]

(6]

(7]

(8]

19

Current Losses in Interior Permamiélagnet Synchronous Machines,"

Industry Applications, IEEE Transactions on, vol. 46, §&-205, 2010.
[19] K. Yamazaki and Y. Fukushima, "Effect of Eddy-Cutreoss Reduction
by Magnet Segmentation in Synchronous Motors With €ptrated

Currents," Industry Applications, IEEE Transactionswah. 45, pp. 659-
665, 2009.

[21] A. Bettayeb, X. Jannot, and J. C. Vannier, "Anabjtcalculation of rotor
magnet eddy-current losses for high speed IPMSM," in iEbadt
Machines (ICEM), 2010 XIX International Conference 2810, pp. 16.

[22] M. Paradkar and J. Bocker, "3D analytical mddelestimation of eddy
currentlosses in the magnets of IPM machine consideringetigtion
field of the induced eddy currents," in Energy Casien Congress and
Exposition (ECCE), 2015 IEEE, 2015, pp. 2862-2869.

[23] A. Balamurali, C. Lai, A. Mollaeian, V. Loukamp and N. Kar,
"Analytical Investigation of Magnet Eddy Current LossesInterior
Permanent Magnet Motor Using Modified Winding Functi®heory
Accounting for Pulse Width Modulation Harmonics," Metics, IEEE
Transactions on, vol. PP, pp. 1-1, 2016.

[24] Y. Kawase, T. Ota, and H. Fukunaga, "3-D eddyrent analysis in
permanent magnet of interior permanent magnet motors," Maghetic
IEEE Transactions on, vol. 36, pp. 1863-1866, 2000.

[25] K. Yamazaki and S. Watari, "Loss analysis of permanggnet motor
considering carrier harmonics of PWM inverter using bioation of 2-
D and 3-D finite-element method," Magnetics, IEEE Tratisas on, vol.
41, pp. 1980-1983, 2005.

[26] K. Yamazaki and Y. Kanou, "Rotor Loss Analysis dehior Permanent
Magnet Motors Using Combination of 2-D and 3-D FinEé&ment
Method," Magnetics, IEEE Transactions on, vol. 45, pp72-1775,
2009.

[27] T. Okitsu, D. Matsuhashi, and K. Muramatsu, "Muet for Evaluating the
Eddy Current Loss of a Permanent Magnet in a PM Motaebrby an
Inverter Power Supply Using Coupled 2-D and 3-D tEirElement
Analyses," Magnetics, IEEE Transactions on, vol. 45, pg44577,
2009.

[28] Z. Peng, G. Y. Sizov, H. Jiangbiao, D. M. Igreaid N. A. O. Demerdash,
"Calculation of Magnet Losses in Concentrated-WindiPgmanent-
Magnet Synchronous Machines Using a ComputationaligiBfft Finite-
Element Method," Industry Applications, IEEE Transactiomswel. 49,
pp. 2524-2532, 2013.

[29] L. Chen, J. Wang, and S. S. Nair, "An analytimathod for predicting 3D
eddy current loss in permanent magnet machines based omlgeder
image theory," Magnetics, IEEE Transactions on, vol. PP1{ip 2015.

[30] L. Chen, D. Hopkinson, J. Wang, A. Cockburn, Ntafkes, and W. O
Neill, "Reduced Dysprosium permanent magnets and thdicappns in
electric vehicle traction motors," Magnetics, IEEE Transaston, vol.
PP, pp. 1-1, 2015.

[31] J. Wang, V. I. Patel, and W. Weiya, "FractioSédt Permanent Magnet
Brushless Machines with Low Space Harmonic Contentgyridtics,
IEEE Transactions on, vol. 50, pp. 1-9, 2014.

[32] P. Lazari, J. Wang, and C. Liang, "A Computatlyn&fficient Design
Technique for Electric-Vehicle Traction Machines," Istiy
Applications, IEEE Transactions on, vol. 50, pp. 32233, 2014.

[33] L. Chen, J. Wang, P. Lombard, P. Lazari, andL¥conte, "Design
optimisation of permanent magnet assisted synchronoustaete
machines for electric vehicle applications,” in EleettidVachines
(ICEM), 2012 XXth International Conference on, 20fg, 2647-2653.

[34] C. Liang, J. Wang, P. Lazari, and C. Xiao, "@p#ations of a permanent
magnet machine targeting different driving cycles feckic vehicles,"
in Electric Machines & Drives Conference (IEMDC), 201BEE
International, 2013, pp. 855-862.

[35] X. Chen, J. Wang, V. |. Patel, P. Lazari, Lhed, and P. Lombard,
"Reluctance torque evaluation for interior permameagnet machines
using frozen permeability,” in Power Electronics, Maelk and Drives
(PEMD 2014), 7th IET International Conference on,£2Qqb. 16.

[36] W. Q. Chu and Z. Q. Zhu, "Average Torque Sapan in Permanent
Magnet Synchronous Machines Using Frozen Permeabilitygnetics,
IEEE Transactions on, vol. 49, pp. 1202-1210, 2013.

Sregju S Nair (S’14) received B.Techdegree in electrical and electronics
engineering from National Institute of Technology,li@4, in 2002, and
received M.Tech. degree in electrical engineerirgnf Indian Institute of
Technology Madras, India, in 206, respectively. Currently he is working
towards the Ph.D degree in the Dept. of ElectronitElectrical Engineering,

Windings," Industry Applications, IEEE Transactions on, vol. 47, pp.1he University of Sheffield, UK. His current reseainterests include eddy

779-788, 2011.
[20] K. Yamazaki and A. Abe, "Loss Investigation of he Permanent-
Magnet Motors Considering Carrier Harmonics and MagBadty

current loss evaluation in permanent magnet machines antial
demagnetization of permanent-magnet synchronous machimésr dault
conditions.



Jiabin Wang (SM’03) received the B.Eng. and M.Eng. degrees in elettrica
and electronic engineering from Jiangsu Universityadéi&ce and Technology,
Zhengjiang, China, in 1982 and 1986, respectivahyl the Ph.D. degree in
electrical and electronic engineering from the Ursitg of East London,
London, U.K., in 1996. He is currently a Professalettrical engineering with
the University of Sheffield, Sheffield, U.K. His resela interests range from
motion control to electromagnetic devices and their dsi®at drives in
applications ranging from automotive and householdiapges to aerospace
sectors.

Liang Chen received the B.Eng. degree in 2006 and M.Eng @egre010,
from Hefei University of Technology and Tsinghua Unsigr, China
respectively. He is currently working towards the Phdggree in the
Department of Electronic and Electrical Engineeringe Tliniversity of
Sheffield, UK on design optimization of EV tractiorachines.

Robert Chin is currently the global research area manager at é@Borate
research, his main fields of interests are electromagn#igrmal management,
acoustics, dielectric and energy storage.

lakovos Manolas was born in Athens, Greece, on August 3, 1983. Héestu
electrical and computer engineering at the Natidredhnical University of
Athens (NTUA), and received his Ph.D. in electricadieeering from the same
institution in 2010. His employment experience ides research positions in
the academia and research and management positionsB#tAB, Corporate
Research. His special fields of interest include etadtmachine design and
motion control.

Dmitry Svechkarenko received his BSc degree in electromechanics from the
Kyrgyz Technical University, Bishkek, Kyrgyzstan i0@. His MSc degree
and PhD degrees in electrical engineering were vedefrom the Royal
Institute of Technology, Stockholm, Sweden in 2004 201D, respectively. In
2010 he has joined ABB AB, Corporate Research in Vist&Sweden where
he is employed as a Senior Scientist in the fieldezftecal machines. His main
fields of interest include electromagnetic and thermaligme of electrical
machines.

10



