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FEA-based multi-objective optimization of IPM motigsign
including rotor losses

G. Pellegrino
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gianmario.pellegrino@polito.it
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Corso Duca degli Abruzzi 24, Torino 10129, Italy

Abstract — The design optimization of IPM motors for wide
speed ranges is considered in this paper by mean$ @ FEA-
based multi-objective genetic algorithm (MOGA). Theminimum
number of simulations is pursued for the fast evalation of four
goal functions: maximum torque, minimum torque ripple,
maximum flux weakening capability and minimum rotor
harmonic losses. The paper is focused on the rotdesign, that is
the most controversial aspect of IPM design due tthe difficult
modeling dominated by magnetic saturation. Three aginal
results are presented: the elimination of higher afer torque
ripple harmonics and the minimization of FEA evaludions by
means of a random rotor position offset and the evaation, by
means of the same static FEA runs, of the eddy cwent losses in
the rotor core.

Index Terms -- Variable Speed Drives, Synchronous Motor Drives,
Permanent magnet machines, Traction Motor Drives, Motor
design optimization.

l. INTRODUCTION

Interior Permanent Magnet (IPM) motors are attvacfor
their flux weakening capability, associated witgcod torque
density and a high efficiency [1]. To obtain a krgpnstant
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cupertino@deemail.poliba.it
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There is no general design approach based on FEA

optimization, like the one proposed in [11] for fage

mounted PM motors because on the one side the rotor

geometry is more complicated and involves a highanber
of parameters. From the other side, also the etiaiuaf the
cost functions is more complicate here: the phaggeaof the
current is unknown a priori and the constant posgeed
range (CPSR), torque ripple and core losses regaiveral
FEA runs to be evaluated.

A first work has been presented with the aim ofleating
three cost functions (torque, torque ripple, CP3R) a
minimum set of FEA runs [16], and seven static $ations
and about thirty seconds per tentative motor wasdisult at
that time. In this work:

 the number of simulations per machine is reducech fr
seven to five with no loss of precision;

« the torque ripple minimization is improved by meafis
randomly chosen rotor position offset;

» rotor losses are also evaluated as an additionat co

function, with no extra FEA run.
Eddy current rotor losses, due to harmonic fiehksye

power speed range (CPSR), the IPM motor must beepo  peen included in the analysis because they lingt drive

designed and the correct matching of permanent etagn

(PM) flux and rotor magnetic saliency must be fo{@id The
paper deals with the design of IPM motors with idaler

performance at high speed and must be minimizegroger
design choices [7].
Two- and three-objective optimization

rotor structures and inset magnets: such motors &f.qented for putting in evidence the relationshipsveen

characterized by a high magnetic saliency and aicextl
quantity of PMs.

One key-issue in the design of such machines defme
the rotor geometry, that presents many degreeseetldém
(number and shape of the layers, PM grade and mplkus.
In the literature analytical [3] and lumped para@nehodels
[4] are normally associated to FEA to account fagmetic
saturation effects (saturation and cross-saturateomd all
authors agree that saturation must be taken irdoust for a
correct motor design [4,5]. Other key aspects dre t
minimization of the torque ripple [6] and of theghispeed
harmonic losses [7] that can be very high with pdesign
choices and are both difficult to be modeled by péem
formulas. Optimization algorithms have been prodoga
IPM motor design [8-10] but FEA-based optimizatibas
been rarely adopted due to long computational tjir@],
except for the case of simpler rotor geometrie$ itsingle
PM layer [15].

input parameters and goal functions, between tlffereint
goal functions (some are in completion and somenai,
and to draw general conclusions on rotor desigimigdtion.

C
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Figure 1. Example of rotor geometry with 3 layers: the; angles define

the layer angular positions, jlare the layer heights and @efines the PM

grade. The red circles stand for the point wheeeetihdy-current loss is
calculated.

results are



Il.  IPM MOTOR MODEL AND GOAL FUNCTIONS OF THE

OPTIMIZATION

A. Problem statement

The stator geometry is defined. The number of tusns

preliminary chosen and can be adapted later foiifying the
rated current and voltage of the optimal machinee Tated

per Ampere (MTPA) for the given curreigtis not known a
priori and its evaluation would normally requireseeal FEA
runs for each tentative motor [10,15].

D. Torque ripple

Torque ripple can be very high in IPM machines. Ror
given number of stator slots, the number of ro&yets and

current iy is calculated according to the thermal loadtheir position at the airgag\§; angles defined in Fig. 1) are

expressed in stator Joule losses. The acceptatdedalepend
on the motor size and type of cooling. In casewarimaded

the factors that determine the torque ripple [6lotdR
geometries leading to minimal ripple can be fouittee by

machines,io is the maximum inverter current. The rotormoving the layer positions at the airgap or by g the

geometry parameters are defined in Fig. 1 for al2-pairs, 3

correct rotor pitch with equally spaced layers.this work,

layers IPM motor. Bonded magnets that fill the raye the number of layers is given, and their geometiyptimized

completely are considered for simplicity. Neveréssl, the
validity of the results can be easily extended sgnets of the
sintered type. The rotor inter-layer ribs nearby #irgap are
of a fixed width that depends on the bore diamated on
punching tolerance. The width of the radial ribsadculated
for withstanding a centrifugal stress of 180 N/mmt

overspeed. In case the calculated width is lowen tthe
minimum accepted for punching, the rib is set twz&he 3-
layer rotor has been chosen as an example: machirles
more layers can give a better performance, but #neyalso
more difficult to be manufactured i.e. more expeasiTthe
number of layers is considered a preliminary chatd¢he

designer, as a compromise between performance

construction cost. The size of the example mot@0ROW @
5000rpm, 15000 rpm max speed; detailed ratingsegrerted
in the section V.

B. Simplified motor model
The simplified motor model (1) is introduced foripting
out the four cost functions: torque, torque ripd®,SR, rotor
losses.
{)‘d =AmtLg Oy
Ag =&MLy
Amis the PM linked flux and = Ly/Lq is the saliency ratio
[2]. The electromagnetic torque can be expresséd)as
T=3 p[ﬁ)‘d [y ~Aq |:ﬂd):

)

g-1 2
dlo
wherep is the pole-pair numbel; is the current amplitude
andy is the current phase angle. The two contributaiked

“PM torque” and “reluctance torque” are evidenced).

=3pl, G EEL)\_T [cosy + EBinZyj

C. Maximum torque

According to (2), the maximum torque for a givemrent
ip is obtained by a tradeoff between the PM torque the
reluctance torque. Magnetic saturation, that dadsappear
in (2), limits the machine rated flux and strondlgtermines
the optimal tradeoff. Moreover, the rated curremage angle

by the algorithm.

E. Constant power speed range
The flux weakening capability of an IPM motor drive
depends of the matching af,, & and rated currerit [2]. In
particular, the residuad-flux (3) will be minimized, that is
the d-axis flux with the rated current aligned againisé t
magnets. When (3) is zero the CPSR is virtuallinitd.

)\d|y:903 :)‘m_Ld [ﬂO (3)
The quantity (3) is easily evaluated with a sirfgeA run.

F. Eddy current losses on the rotor

andAs for torque ripple, the rotor harmonic lossesatepof
the number of rotor layers, their position at thegap and
volume [7] and a trade-off must be found [12].

Ill.  MuLTI-OBJECTIVE GENETIC OPTIMIZATION (MOGA)

The design of electric motors is a multi-objectpr@blem
i.e. the quest for a optimal compromise between yman
conflicting goals. Multi-objective optimization agthms
[13] search for a set of possible solutions acemwydo the
well known Pareto dominance criterion. Once theefairont
is obtained the designer can select the prefermetpmomise
among the different goals with a clear view of howch each
objective is penalized by the improvement of anotbiee.
Thus the human decision comes after the automabitien
and not before, as it normally happens with sirgdgctive
optimization. It is very important that the functa
evaluation, that is the evaluation of all the gfeictions for
each tentative solution, is computationally light arder to
permit a high number of iterations in a reasonatiiee.
Computation time is, up to date, the main limitataf FEA-
based optimization.

A. Evaluation of the different cost functions.

Dealing withtorque, the knowledge ofwrra is Needed for
calculating the rated torque of the tentative n&tdio avoid
simulations for different trial values @f, that would be time
consumingthe phase angle isincluded in the parameters to
be optimized by the MOGA andeach motor is evaluated for

yurea, intended as the angle that gives the maximumu®rq, gnge current angle that is selected by the MOGA. It has



been demonstrated in [16] that for all the machiaogshe
Pareto front thgyrpa is correctly evaluated.

Dealing with torque ripple, n static simulations are run
along one stator slot pitch and the standard dewiaif the
torque waveform is calculated. Due to the reduagdbrer of
evaluated positions, lower order ripple componeoss
survive the optimization process but they are ndymrass
critical. The minimum number of FEA runs and its
relationship with the elimination of higher ordearimonics is
addressed in section IV.

The CPSR is evaluated according to the minimization o
(3). A single static simulation, in one rotor pasit is run
with ig = -ip (y = 90°). The optimal solutions are ranked in th
Pareto front according to the residdaflux in this condition
and the CPSR follows monotonically.

B. Eddy current losses on the rotor
A dedicated subsection is spent for eddy curresgds that
are one of the contributions of the paper. The ifipeeddy
current losses (W/m?’) are calculated according to (4)
o? ZH(GBJZ
— —| dd
12 2m 0 (o9
Where o is the electrical conductivityd is the steel
lamination thickness and steady-state electricaedm is
assumed. The flux densi(0) is evaluated in 3 points per
each rotor yoke channel (see the red circles in Eigthat

means 9 points for a 3-layer rotor, and it is atpouof the
samen runs used for torque evaluation. No extra timepisnt

(4)

Peddy =

TABLE | — ERROR IN THE CALCULATION OF TORQUE RIPPL&STANDARD
DEVIATION) FUNDAMENTAL COMPONENT AND3RD HARMONIC WITH
DIFFERENT NUMBERS OF SAMPLESI

designator (a) (b) (c)
n 6 6 4
ABy 0 Random Random
AB, T4/6 T4/6 /4.5
Average | 44 10 % 20 %
1st error
harmonic | Maximum 10 % 10 % 25 04
error
Average | 14 g 3% 11 %
3rd error
L harmonic | Maximum 100 % 100 % 20 %
error

IV. MINIMUM NUMBER OF FEA SIMULATIONS

The motor torque and losses are evaluated wittatic
FEA simulations in equally spaced rotor positioltng one
stator slot pitch1). One slot pitch has been chosen because
stator slots give the most significant torque rgppbmponent
in most of cases. Dealing with the torque ripplesgfarm, a
certain number of simulations is required to aubiel aliasing
of significant torque harmonics. For example, aste8 points
over one stator pitch are needed to capture théafuental
component of torque ripple. When 3rd harmonic
considered, 7 or more points are necessary. Higheer
torque harmonics can also arise, but without aifsigmt
amplitude. Since the execution time of the MOGActically
coincides with the time devoted to the cost functio

is

for evaluatingpeqqy because it is the post processing of alreadgvaluation (i.e. FEA simulations), the relationsttiptween

available FEA runs. The average of (4) over thedlpoints
of one yoke is multiplied for the volume of the pestive
yoke channel. All considered, the functional evabtra for
calculating torque, torque ripple, CPSR and rotmsés of
each tentative motor consistsrefl static FEA runs, that less

the number of FEA runs and the accuracy of thelte&iof
key importance. As an example,nf= 6 (spacing between
rotor position ist/6), the aliasing of the 3rd harmonic of the
torque ripple will occur (see Fig. 2aJ.o overcome this
problem a random offset A& is superimposed to the

than 30 seconds computation time on a standardgaptsimulated motor positions (see Fig. 2b). The offset is

computer (Intel Centrino T7200 @ 2 GHz) in case of6.

randomly generated in the range-fQy6[ for each tentative
motor. As a side effect, the same motor, if evaldaivice,
may be associated to different values of torqueleipin other
words, the random offset captures th&Harmonic ripple at
the cost of making the functional evaluation noisy.

1st harmonic
|
1st harmonic

3rd harmonic
3rd harmonic

1st harmonic
.

3rd harmonic
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Fundamental and third harmonic of torque ripplestady sampled using different sampling stéfs and offsetA8: (a) ABs =Ts/6, AB=0; (b)

ABs =156, ABy = random; (cA\Bs = Tsf/4.5andAB, = random.



However, the stochastic nature of the MOGA filténe
noise out of the cost function at the end of thénupation
process [14], resulting in the practical eliminatiof the 3rd
harmonic with only 6 points instead of 7. Tableeports the

(b) and (c), thanks to the random off¢, addressed in
section IV. Also the rotor geometries are the séomeuns (b)
and (c). Dealing with Fig. 3a, the blue circlesidade the six
rotor positions evaluated by the optimization aiidpon and

average and maximum errors of the fundamental and Zlarify why the & harmonic survived the optimization

harmonics of torque ripple calculated with differeampling
technigues. The 3% average error on 3rd harmorioen(b)
confirms that the 3rd harmonic ripple can be eualdiand

minimized by the MOGA. Such capability of the MOGA

process without the adoption of the random offEbe results
of Fig. 3 confirm that:
« the introduction of the random offset improves tibeue
ripple optimization leading to better rotor georestr

allows afurther reduction oh. Fig 2c reports the fundamental . the correct geometry (Figs. 3b and 3c), with miadi

and third harmonic sampled using orfigur points and

random offset. With very few points the noise in the torque

ripple evaluation increases. One heuristic apprdaaaieduce

such noise is to space thesimulations by an angle that is not

ripple, can be obtained by simulating four posiion
instead of six, that is a reduction of the compaoiet time
by one third.

The Pareto front reported in Fig. 4 is the oneexfign (b)

exactlyts/n as evidenced by the results reported in Table | fand puts in evidence that there is no competitietween
T/(n+0.5). When the number of FEA simulations is loweaverage torque and torque ripple, as also demdedtia

than 4, the torque ripple evaluation becomes tarsmand
the optimization algorithm converges
solutions.

V. RESULTS OF THE OPTIMIZATION

First of all, the results of two different two-objeve
optimizations are presented, to put
effectiveness of the reduced number of FEA runsthedate
of competition between the different costs. In igatar,
torque and torque ripple are considered in the dinbsection,
as already done inlf], but with the minimized number of
simulations (4 instead of 6, as said before). lseation V.B
a torque - rotor loss optimization is presented tuedresults
are compared with the torque — ripple optimization.

Finally, two three-objective MOGA runs are showrene
the considered goals are: torque — ripple - CPSRa@mjue —
ripple — rotor losses respectively.

For the two-objective runs and the last three-dhjec
optimization the PM grade is set constantlyBo= 0.4 T,
while for the three-objective optimization that lumbes the
CPSR in the goal functions, thB, is optimized by the
MOGA. The ratings of the example motor are: 2 guaés,
24 stator slots, current 14 Apk, voltage 280 V (pkase to
phase), torque 5.7 Nm, rated speed 5000 rpm, megdsp
15000 rpm, stack diameter — length 100 mm — 65 natural
air cooled.

A. MOGA 2x: torque —ripple optimization (25 hours)

The results of torque-ripple optimisation are présé for
the three different torque sampling modes introduneTable
| and Fig. 2. From each of the three Pareto frimssolution
with the minimum torque ripple has been chosenthadhree
solutions are compared in Fig. 3, indicated as(@)and (c)
according to Table I. The PM grade is seBte 0.4 T for all
the machines and all the MOGA runs, as will be drett
explained in the follwing. The torque waveformstioé three
motors are also reported aside. It is evident ftbenfigures

that the &' harmonic ripple is not correctly eliminated by run

(a), while it is minimized with the same effectiess by runs

in evidence thé g

[16,17]: i.e. the machines with high and low ripgiave

to sub-optimahearly the same torque.

2C 25 30

1t
position [deg]

10 15

position [deg]

20 25 30

1c 15

position [deg]

20 2t 3C

Figure 3. Rotor optimised with different number of FEM evdloas and
related torque waveforms. a) 6 regularly distrilugenulations £8s=1s/6)
and no offest460=0), b) 6 regularly distributed simulations8:=1s/6) and
random offset&8y = random); c) 4 simulations with reduced spacing
(6=Ts/4.5) and randoméy.
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Figure 4. Pareto front of torque —ripple optimisation, type ¢f Table | (6
positions and random offset). Comparison betweerothput of the MOGA
and the front recalculated with more detail (1®rqtosition).

the third rotor channel is minimized for furthedueing
the losses (Fig. 6d).

40

35k , random| |

o
- O

= R |

30t %

25 *
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rotor loss [W]

— torque [Nm]

Figure 5. Pareto front of maximum torque — minimum rotor loss

Moreover, the comparison of the Pareto front witle t orptimisation run with 6 rotor positions and randoffset (pink stars) and

front obtained by re-calculating all the machines tioe
solution with more accuracy (15 rotor positionshfians that

randomn = 6 leads to an accurate optimisation. As expected

the main difference between the two fronts of Bigs in the
evaluation of the ripple, while the torque is cothe

evaluated in both cases. The same comparison n@de f
design (c) (withn = 4, 17 hours of computation) leads to

more noisy results and has not been reported.

B. MOGA 2x: torque —rotor loss optimization (25 hours)

The maximum torque — minimum loss optimization kad

to the Pareto front of Fig. 5a. The losses areutatied at
1000rpm. The optimization has been run witks 6 for the
moment and with PM grade setBp= 0.4 T. As for Fig. 4,
the Pareto front output by the MOGA, calculatedhw@
random rotor positions, is re-calculated with 1%efl rotor
positions, that means calculated more accuratelytl@ two
fronts are compared in Fig. 5. The relationshipreen the
two fronts is not so evident as in Fig. 4, since Bareto front
is replaced by a cloud of more sparse solutionar possible
designs are presented (Fig. 6 a-d). From Figs.d56ait can
be commented that:

« the two goal functions are in competition: low nmoknsses
can be achieved at the expense of a reduced atpaet

* two branches can be distinguished in the Paretat:fie
steep front on the left side, made of machines Witfin
losses, that drop rapidly from one solution to tlext at
the expense of a limited torque reduction, andagffont
on the right side, where the losses are very samallthe
torque decreases rapidly. The optimal solution ban
found at the corner of the two branches (Figs.réhGb).

* For reducing the rotor loss, the MOGA tends to oedihe
volume of the rotor iron, at the expense of an ssice
torque reduction. It is clear that second rotor ncieh
(from shaft to outside) is made thin by the MOGAg&-
6b and 6c¢) and this cuts most of the losses. Kinalko

recalculated with 15 rotor positions (blue stars).

(c) 6.05 Nm, 1.3 W

Figure 6. Designs selected from the Pareto front of Fig. &lo® each
figure the two goals are reported: torque and rotss.

(d) 5.7 Nm, 0.6 W

C. MOGA 3x: torque —ripple - CPSR (130 hours)

The torque —ripple —CPSR optimization leads toRheeto
front reported in Fig. 7. The three-objective optiation
confirms that torque ripple is not in competitionthwthe
other goals: maximum torque (as said in V.A) andSRPONn
the contrary, torque and CPSR are in competitisrkreown
from the literature [2]. In Fig. 8 the side view Bfg. 7 is
reported, for putting in evidence the torque ver€IBSR
relationship and address the choice of the optimathine.
Apart for a group of solutions on the bottom of tinent,
where the CPSR is slightly augmented at the expehse



significant torque reduction, the solution with théghest
CPSR and low ripple is circled in red and represetin Fig.
10. From Fig. 8 it can be verified that the torgfi@ machine
with infinite CPSR (6.2 Nm is the projection of tfrent on
the x-axis) is 72% of the torque of a machine with naxfl
weakening capability (8.5 Nm, maximum torque solusi in
Figs. 7 and 8). This confirms what is found in tierature,
where the expeettol

based on IPM machine models [2],
is 0.707.

(km—LdiO)*‘I 000 [Vs]

torque [Nm]

Figure 7. Pareto front of the torque-ripple-CPSR optimizatibhe CPSR

torque ripple [%]

is indicated (on the z-axis) by the residdalxis flux (3).

150

design of Fig. 10 (W)

0
-10 -9 -8 -7 -6
torque [Nm]

Figure 8. Side view of the Pareto front of Fig. 7 to put indence the

-

-4 -

relationship between torque and CPSR.

Y N s\ WA
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4

4
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i/
0

l
!
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torque [Nm]

Figure 9. Front of the solutions of Fig. 7, where the PM gBdis
represented on theaxis: apart for the scale factors, the two fraftEigs. 7
and 9 are identical, showing the tight relationdhépveen the PM grade and

flux-weakening capability.

torque ripple [%]

Figure 10.Best solution from the MOGA 3x (torque — ripple PER),
selected from the Pareto front of Fig. 7.

Last, the relationship between CPSR and PM grade is
evidenced in Fig. 9, where the front of the sohsiof Fig. 7
is reported with the PM grad& along thez-axis instead of
the residuald-flux. Apart for the scale factors, the two
surfaces of Figs. 7 and 9 are very similar, thaamsethat the
CPSR almost exclusively depends of the PM gradis dlko
means that the CPSR of each solution can be vaneéduned
by means of the choice of the PM grade, as alsarshio
[16]. For the motors under test the infinite CPS#Rdition
coincides withB, = 0.4 T, according to Fig. 9. For this reason
the gradeB, = 0.4 T has been adopted throughout the paper,
e.g. for two-dimensional optimizations of subsettiov.A
and B. It will be shown in the following that theaohines
presented in V.A and V.B have a large CPSR. Thangpt
machine of Fig. 10 haB; = 0.41 T. In practical constructions
the grades are standard but small variations havedl sffects
on the CPSR.

D. MOGA 3x: torque —ripple - rotor loss (110 hours)

The torque —ripple —rotor loss optimization leadsthe
Pareto front reported in Fig. 11 and Fig. 12 (sigkv). The
torque to loss relationship is the same alreadyndowith
MOGA2x (compare Fig. 12 with Fig. 5). On the otland,
the torque ripple to losses relationship seems dgonbn
competitive, despite on this point is not definjtelarified in
the literature, where design trade-offs are usupllysued
[18].

s
S

w
=3

20

rotor loss [W]

=4 0 torque ripple [%]

torque [Nm]

Figure 11.Pareto front of the torque-ripple-rotor loss optation.
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curves at rated current will be reported for a# ttandidate
motors. The value of rotor losses will be includiedthe
labels referring to each motor.

35

30

25

———Fig.3c - 14W

0 60 120 180 240 300 360
design of Fig. 13b position — elt deg

rotor loss [W]

o Figure 14. MOGAZ2x, torque — ripple. The torque waveform of FR3g is
design of Fig. 13c reported here for the sake of comparison.

95 6 - —55 T = 4,4‘5;,4 6
) >torque [Nm] ’ 5 ; ; ; ; ‘
Figure 12.Side view of the Pareto front of Fig. 11. b 6 120 180 240 300 360
5O 66 12‘0 18‘0 21‘10 300 36‘0

Ee NAWAY
Fig. 6¢, 1.3 W
5 ; ; : : . i
0 60 120 180 240 300 360
7
Fig. 6d, 06 W
£6 w
=z
5 B B B B h )
0 60 120 180 240 300 360

position — elt deg

Figure 15.MOGAZ2x, torque — loss. The designs of Fig. 6, gelérom the
Pareto front of Fig. 5. Torque ripple is not optzetl.

7
Ee AV
Fig.10,15W
s ; i : i i j

0 60 120 180 240 300 360
position — elt deg

Figure 16.MOGAZ3X, torque — ripple - CPSR. The design of Rig,
selected from the Pareto front of Fig. 7.

5O 60 120 180 240 300 360
(c) 5.85 Nm, 2.8%, 4 W T
Figure 13.Designs selected from the Pareto front of Fig.Bellow each £s
figure the three goals are reported: torque, rifffleand rotor loss. s i 9150 ; i ;
0 60 120 180 240 300 360
7
Three solutions are chosen with different torquéotses E 6 [ _Fio15c-4w |
compromises and low ripple. They are reported g EB. As 5 ‘ ‘ ‘ ‘ ‘ ,
already noticed with torque — loss optimizationg)/.there is 0 0 0 stion —eitdeg 30 %0
a par.t of the front where MOGA reduces the lossgs b Figure 17.MOGAZ3X, torque — ripple —rotor loss. The design&-iof. 6,
reducing the volume of the iron channels, at thst @ a selected from the Pareto front of Fig. 5.

lower torque. The rotor iron reduction can be ragdic
progressively from Fig. 13a to 13c. Also in thisseathe F- General comments
correct solution is found on the corner of the Rafont, and All the proposed solutions have similar performanda
the solutions of Fig. 13a and 13b are comparabte bmth terms of torque and power curve at rated currezgpite they
valid: they have the same torque and a differenhination are the outputs of different optimizations. Thisriainly due
of ripple and rotor losses. to the choice of the proper PM gralBe= 0.4 T, that result in
a large CPSR and the same torque density for alhtbtors
] _ with this stator and this rated current. With dedignt stator
The performance of all the considered solutions igy g different current load, tHg valuefor obtaining a high
evaluated and compared, in terms of the four gmattions cpgpr changes, but it can be easily evaluated wittie
considered in this paper. Namely, the torque wawesoat necessity of a dedicated MOGA run.

rated current, rated current angle and the poweugespeed When rotor losses are not minimized, they are stitler

E. Performance comparison of all the selected motors



control (Fig. 14, Fig. 16), thanks to the ripplenmiization,

that leads to motors with a reduced content of barm

fields. In a similar manner, when torque ripple nst
minimized but the losses are, the ripple is sigaifit but still
under control, for the same reason (Fig. 15, Fig. 1

For those motors where the rotor iron is reducedhey

(1

MOGA due to losses (Figs. 6d and 13c) the powefilpro [3]

and the torque are significantly reduced.

All considered, the best tradeoff between compoati
time and performance, is given by MOGA2x, torquepple
optimization, once the PM grade is known. As sdit
correct PM grade can be found by running a firstick

[4]

MOGAZ2x with a trialB, value (e.gB, = 0 or any other value [5]

around 0.4T) and reduced population and generasoes

Once selected a solutioB, can be adjusted for obtaining (3)

equal to zero with a single FEA run or analyticafynally, a
complete MOGA2x can be run.
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Figure 18.Summary of all the MOGA2x solutions. Power profitdshe
designs of Figs. 3c and 6, at rated curignt
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Figure 19.Summary of all the MOGA3Xx solutions. Power profitdshe
designs of Figs. 10 and 13, at rated curignt

VI.
The design optimization of a IPM motor rotor withree

CONCLUSIONS

layers has been proposed, based on a multi-obgeganetic
algorithm and static FEA runs. Three original resdiave

been presented: minimal numbers of FEA runs (4)téoi7
evaluating up to four goal functions, the introdoctof a
position offset that minimizes the torque rippletibuting to
a reduced number of simulations and the evaluatforotor

core high speed losses. A series of results isepted, and

conclusions are drawn for addressing the best comipe
between computational
solutions.

(6]

(71

(8]

[9]

(10]

[11]

(12]

(13]

[14]

[15]

[16]

[17]

time and performance of thes]
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