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Abstract—The model allows the ultra-fast simulation of the limiting factors for wider penetration in the engineerirgsayn
steady-state performance of synchronous machines and is pa environment.
ticularly suitable for brushless motors with non-overlapping To overcome the barriers, surrogate model optimization [5]

windings having coils concentrated around the teeth. Fing .
element analysis (FEA) is employed only for calculating the WaS recently proposed for actuators by Encatal [6] and

magnetic vector potential in the coils. For the example IPM for electric machines by Giurgest al. [7]. According to such
motors presented, as litle as one magnetostatic FE solutio formulations, a simple analytical model is employed for the

was used for fundamental flux linkage and average torque apalysis of a very large number of candidate designs. The
computation. Two FE solutions were employed for core flux o its are then mapped (correlated/fitted) with a redueedfs

density waveforms and power loss estimation. A minimum of dat ided b f lected desi hich imulated
three solutions is recommended for torque ripple, back emf ad ala provided by a tew selected designs, which are simulate

induced voltage. A substantial reduction of one to two ordes With @ more precise model that is typically based on detailed
of magnitude was achieved for the solving time as compared FEA. To be effective in the industrial practice, such a gyste

with detailed time-stepping FEA. The surrogate FE model can would require automatic data transfer between the model
also be tuned for increased speed, comparable with that of qpiact description and the analytical and the FEA modules. A

magnetic equivalent circuit solvers. The general applicaitity . o . .
of the model is discussed and recommendations are provided.the transfer tasks are in principle possible with state efaft

Successful validation was performed against detailed FEArad  SOftware, this opens the possibility of employing a simeifi
experiments. FE formulation even at the initial stage of fast estimation,

Index Terms —Brushless (BL) permanent-magnet (PM) motor, which otherwise would be carried out by analytical models.
AC synchronous machine, IPM motor drive, finite-element an&  Thjs paper describes such an ultra-fast FE technique tioat pr
%iﬁ_gﬁgﬁgbgﬁnxgdx%ﬂ%; ?:\cl)erjgéwt’r;tae%k ceorirl];’. core loss, ironass, vides a su_bset of results comparable in t_erms of prec_isidm wi

those delivered by substantially more time-consuming FEA.
By extension of terminology, this simplified/reduced/ditbse
model will be referred to in the following as a surrogate énit

Brushless permanent magnet (PM) motors controlled leyement model (SFE).
sine-wave drives, also commonly referred to as synchronousA simulation of a motor and electronic drive system should
PM motors, are the typical choice for the latest generation be based in principle on a coupled field and circuit model,
high-efficiency electric motion systems [1]. In this clati®e as for example, the one described by Mohammaedil. [8].
motor designs with interior permanent magnet (IPM) rotoes aOver the years, in order to reduce computational effortslewh
particularly attractive due to their electromagnetic, hatical still providing satisfactorily accurate estimation of etéc
and manufacturability advantages [2]. machine performance, simplified models have been proposed

Generally, the design optimization of IPM machines iby different authors. Examples of this type include, among
challenging, as the closed-form analytic and equivaleng-maothers, the work of Demerdash and Hamilton [9], Williamson
netic circuit methods face issues in dealing with the tylpicat al. [10], Miller et al. [11] and Knight and Zahn [12].
heavy magnetic saturation and with significant geometricRecently, the authors have published an ultra-fast FE ndetho
details, such as the PM slots and rotor bridges. In thisr brushless PM motors that took advantage of the slot-
respect, improved methods have been developed for spegiiich symmetry of the stator magnetic circuit and proved to
configurations, e.g. [3], [4]. On a more general basis, finitee suitable especially for topologies with a relativelygkar
element analysis (FEA) could be a powerful tool for solvingumber of teeth per pole and with distributed windings [13].
such problems, but its requirement for rather expensive-com The present paper brings further contributions on the stibje
putational resources and especially the long solving tinee @y proposing a model which fully exploits the symmetries of

I. INTRODUCTION



the electric circuit and eliminates the assumption of a low
harmonic content of armature mmf. The new model is gen
erally applicable to the steady-state operation of synuotue
machines and is particularly well suited for brushless PM mo
tors with non-overlapping windings having coils concetdda
around the teeth. Examples are provided for IPM motors
which are of particular interest as their analytical modeis
considered to be still open to debate and improvement.
The method employs thebc reference frame, therefore
avoiding the theoretical limitations of the conventional
formulations. A minimum set of magnetostatic problems is
solved in order to identify an SFE model in terms of the
harmonic content of the magnetic vector potential in the
coil sides. The main motor performance is then estimatea,

including the induced voltage, the average torque and ®rgtlg. 1. FE computed flux distribution in the example 9-slopde IPM

ripple, the flux density waveforms and core losses. machine at open-circuit operation. Schematically showa arcoil placed
around tooth 2 and a virtual coil placed around the back iron.

Il. ELECTROMAGNETIC FIELD ANALYSIS

In brushless synchronous motors, the PM field together witit€ Of the art technique in the practical industrial desig

the armature reaction, which is established by the currefftagineering. o
flowing through the stator windings, produce a fundament_alIn synchronous IPMs the effect of eddy-currents is typicall

revolving field and a rich content of space harmonics. THBsign_ificant and can be neglecteql, making the simpler Boiss
time harmonics, generated by the PWM voltage supply afguation for the magnetic potentil [15],
neglected in the following analysis and the currents are as- 0 (10A\ 0 (10A\ _ g @
sumed to be purely sinusoidal, a hypothesis typically aeckp Or \ p Oz oy \puoy) m

in drive systems that empl_oy state of the art motor an_d_curreap suitable choice for modeling the steady-state operation a
controllers. The computational procedures are explamlﬂakﬂ_wconstant speed. In the previous 2D equation the currenttglens
reference to a 3-phase system, but they are generally apfgic J. through the conductors is given and the PM equivalent

to any poly-phase synchronous machine with electromagneéhrrem density/,,, is defined by the known magnet remanence

or PM excitation. i i and permeability. The time variablés transformed in a space
In such a balanced and symmetric system, the flux linkaggsigple

due to the electromagnetic field from the motor cross-sectio

through the redR, yellow Y and blue,B, phases have the wt =0 = pb, )
same harmonic content and an incremental phase shift of ]rﬁﬂnely the rotor positiod, which is measured in elec. deg.
electrical degrees: and linked to the mechanical positien through the number
Vs of motor pole pairs,p. Using this approach, the machine
Ur(t) = Z ks, W, cos [vwt + ¢, operation is simulated through a number of successive snap-
v=1 shots, i.e. magnetostatic field problems. The field souroes a
v represented by the PMs and the instantaneous distribufion o
Uy (t) = Z ksy Wy cos[v (wt —120°) + ¢, ] (1) stator currents, which is determined based on the rototiposi
v=1

and the electronic controller current set-point and toraugle.

For computational efficiency, (1) is solved only on the
smallest possible domain, which is represented by a pole pai
for the 9-slot 6-pole example shown in Fig.1 and considemed i
wherew is the fundamental pulsatiog,, is the initial phase the following. The IPM prototype rotor employs high energy
and k,, is the skew factor of the harmonie. The flux NdFeB magnets. The prototype stator has non-overlapping
linkage Fourier series include all the space harmonics upwindings with concentrated coils wound around each tooth.
the maximum order,,. Because of its topology with only three coils in the com-

A comprehensive approach for modeling the electromagutational domain, each of the coils belonging to a differen
netic field in an electric machine is based on the diffusigphase, this example provides a very good basis for introguci
equation, which is solved coupled with the equations dfie computational algorithm. However, the method can be
the driving circuit [14]. Because relatively small steps arextended to a wider class of motors with non-overlapping or
required in order to prevent numerical instabilities, sab8al even with distributed windings.
computational resources are required and a long solutioa ti The previous theory represents the basis of the simple —
is expected. These major drawbacks limit the usage of thisrrogate FE (SFE) based model. The rotor position and the

VM

Vp(t) = Z ks, U, cos [v (wt + 120°) + ¢,
v=1
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Fig. 2. Magnetic vector potential in the go (+) coil sidess@ete points of Fig. 3. Magnetic vector potential in the return (-) coil sd&stimation over
the red R phase waveform are calculated using (5) and data from ther otthalf electric cycle is performed from only 3 rotor positioosvering 60 elec.
two phases. degrees.
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in the go (+) coils, R+, Y+, B+, and in the returnf—) = S SN L N N S— R
. . £ - [ ) Surrogate FE R (1 sol) —

coil sides,R—, Y—, B—, are the basic results that enables ; L ®  Surrogate FE R (3 sol) -

further post-processing. For example, the radial flux per un>= |k == Time waveform v r

of axial length through tooth 2 and through one turn of thé& Time waveform R

coil placed around this tooth, is estimated from the averagg_é

\ X
\,‘Illll

magnetic vector potential in the coil sides as ?é ol
7/
= - s
®rir— = Apy — Ar— (4) ?-). 4
o2 S |
Based on (1), (3)—(4) and taking into account the symmet_g -1 =
of the electromagnetic circuit, the magnetic vector poadim 3 [ 7
the go(+) coil side of theR phase can be calculated fromz 2 C 7]
the corresponding values in the other two phases: ol Lo Lo L
0 5 10 15 20
Ap+ (6 +60°) = —Ay(0) Time [ms]
AR+(9 + 1200) = AB+(9) : (5) Fig. 4. Flux linkage waveforms for open-circuit operatiothe 19 data

- . . Lo points, available from an SFE based on 3 magnetostatic kRE®ud, overlap
Similar equations are available for the retyrn) coil sides.  ihe 7 data points of an SFE identified from a single magnetosEE.

The procedure for computing the phase flux linkage is
exemplified with reference to Figs.1-4. Three magnetastati
FE simulations were performed with the rotor positioned @bserved, the discrete points are situated on the waveforms
shown in Fig.1 at 0 deg. and at 6.67 and 13.33 mech. degcialculated with the same mesh and a time-domain FEA with
the counter clockwise direction. The 3 solutions cover eéigui 360 steps per electric cycle, which required substantratlye
tantly 60 elec. deg., which represents the stator windirggph computational effort.
belt. Using the previous equations, a total of 9 points wereIn the example motor of Fig.1, the flux density is substan-
made available for estimating the magnetic vector potkintia tially radial in the tooth and predominantly circumfereihti
the coil sides of phas& (Figs. 2-3). (tangential) in the back-iron (yoke). In fact, this type adld
Using these waveforms, the flux linkage per turn is caglistribution is typical for designs with small number of tslo
culated with (4) and, by multiplication with the number ofer pole and non-overlapping windings with concentratels co
series turns per phase, the flux linkage per unit of axiap well as, in general, for high-polarity brushless PM mator
length is computed. In Fig.4, the discrete points betweenFor a first-approach engineering analysis, the flux density
180 and 360 elec. deg. were calculated using the half-watetooth By, and yokeB,, can be therefore estimated as:

symmetry condition. As a result, 19 wave points and 18 sample Ppir.  Apy — Ap_

intervals were made available from only 3 FE magnetostatic Bin = e ™ (6)
problems. With the least computational effort, when onlg on

FEA is performed in the initial rotor position, 7 equidistan Ary — 0  Apy

points can be estimated on the waveform. As it can be By = Y Y @
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Fig. 5. Open-circuit flux density waveforms in the mid toothdacenter
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wheret,, andy,, are the tooth and yoke width, respectively.
Equation (7) can be intuitively explained on the basis of a 20
virtual coil placed around the back iron as shown in Fig.1 angL 10
the assumption of zero magnetic field outside the motor. <
For the example open-circuit study, when no currents are 0
flowing in the stator windings, the results are in line with§
those obtained by detailed and computationally expensive
time-stepping FEA (Fig. 5). In principle, a more precise 20
computation, which minimizes the effect of slot leakage) ca 3
be performed by employing in (6) and (7) the magnetic vector o T i L L T
potential values in points situated closer to the teeth arkey '400 5 10 15 20
rather than the average value of the magnetic vector patenti Time [ms]
in the coil sides.
Using this procedure, the flux density in the tooth is bagfg- 7. Computed and measured back emf waveforms at 1,00fupthe
cally a scaling of the flux linkage through the coil surrourgi g)r:‘;[nﬂle motor of Fig.1. For clarity, two of the waveforms guietted in
phase.
the tooth and the two waveforms have the same typical quasi-
sinusoidal shape. On the other hand, the flux density in the

yoke, which is a scaling of the magnetic vector potential igxemplified in (1), the surrogate SFE model is also able to
the adjacent coil-side, has a richer harmonic content adlit wake into account a continuous skew through the harmonic

-10

— Time waveform (FEA)
-=< Surrogate FE (3sol)

—=~ Surrogate FE - skewed
—— Experimental - skewed

be later discussed. factor
IIl. M ACHINE PERFORMANCE SIMULATION - NUMERICAL J— i . sin <@> (8)
AND EXPERIMENTAL VALIDATION v 2

The most suitable validation for the surrogate FE (SF§nere the skew angléis measured in elec. radians. The graph
model previously described was provided by a detailed tim@! Fi9- 6 illustrates the half-slot skew as a good compromise
stepping FEA performed with the same geometry, mesh aﬁ’d reducing both _thg.5th and the 7th harmonlc, which are
material models, which ensured a fair basis of comparisdiPected to be significant. At the same time, the skew is
Experimental data was also used, where available, and all®gstically affecting the higher order harmonics.
the examples indicate satisfactory agreement between mealN€ Pack emf waveform of Fig. 7 was computed from the

surements and calculations. SFE model by differentiation of the flux linkage
In order to minimize the harmonic effects, the rotor of the AU  do v .
prototype motor was built with two identical axial modules, ¢r=—"_g5 7 =W Z ko, vV, sin (v0 + ¢,) 9)
v=1

which were assembled staggered by one quarter of stator slot

pitch, achieving a one-step approximation of a half-slétlpi This equation clearly illustrates how even the smallestesl
continuous skew. The 2D computed waveforms were then flux linkage harmonics are amplified in the back emf
post-processed employing the method described in [16]. Asveform through multiplication with the harmonic number.
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regulated at high switching frequency. In the computatitme currents are

assumed to be perfectly sinusoidal. Fig. 10. Flux linkage waveforms for on-load operation. Ti®edhta points,

available from an SFE based on 3 magnetostatic FE solutaeslap the 7
data points of an SFE identified from a single magnetostdiic F
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In the SFE model, as well as in the time-stepping FEA 20 T S e e datmtacsf e SFE
which is compared, the on-load phase currents are condidefdel are used for Fourier analysis.
to be purely sinusoidal. Generally, this is an acceptable as
sumption in systems employing adequately designed motors
and suitably tuned current regulators (Fig. 8). Load stdiésee Figs. 5 and 11), the specific power loss per unit of mass

were performed with the magnetic circuit non-linearly satun the stator core is determined as the sum of a hysteresis

rated, as illustrated by the flux plot of Fig. 9. Under these VM
conditions, the flux linkage (Fig. 10) and the flux densityg(Fi wp, = Z kny (vf1,By) - (vhr) - B2 (10)
11) are heavily distorted. The rich harmonic content of the v=1
armature reaction is contributing to these results. and an eddy current component

The induced phase voltage can be computed in the SFE 2
model on the basis of the flux linkage in the motor cross- We = Zkeu (vf1,By) - (z/fl)2 -B? | (12)
section, similarly to (9), and by considering also the cbotr v=1

tions due to the winding resistance and end-winding leakagfere the core loss coefficients are dependent of harmonic

inductance. Through the incorporation of the skew efféwt, tfrequencyr f;, and peak value of flux densit§, [17]. The

distortions from the computed waveform were greatly reduc€ourier analysis implies the super-position principleden

and good agreement was achieved over a wide range of log#ts assumption that the main contribution is due to the

with the measured fundamental voltage of the PWM suppiyndamental frequency,, which corresponds to the pulsation

voltage (Fig. 12). w. At load, the core losses are also affected by a correction
Using the values of the flux density in the tooth and yokiactor, which accounts for the PWM harmonics [18].
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TABLE |

r 7 OPEN-CIRCUIT CORE LOSSES IN THE EXAMPLEL8-SLOT 12-POLEIPM
T 100[ ° Experimental (= MACHINE WITH SPOKE ROTOR
o R Time stepping FEA R
o 8ol Surrogate FE (3 sol) 7 Speed Time-stepping Surrogate FE  Experiment
8 FEA 3 solutions
o i i [rpm] W] W] W]
8 60 1 1000 11.7 10.5 11.0
3 L 4 2000 39.1 37.1 38.0
S a0k a 3000 79.2 77.5 78.5
©
1S L i
(=]
zZ  20f .

Lol L e satisfy the relation/;r = vy + 1. For the example motor, the
0 1000 2000 3000 4000 5000

SFE model identified from 3 magnetostatic solutions inctude

flux harmonics up to the 7th order and the electromagnetic
Fig. 13. Core losses vs. speed for the example motor opgratirated load torque Wa\{eforms of Fig. 14 calculated with (12) include a

current. 6th order ripple.

Speed [rpm]

For the example 9-slot 6-pole motor at rated load, the peak
The prediction of the core losses with the SFE model 18 peak variation of_this torqu_e ripple is_ comp_arab_le witt_a th
affected by the assumptions of unidirectional magnetitd,fielone computed b%/ gn;)e-stzpplngh FE/IA in Tlonjunctlon W'thlz
i.e. only radial component in the tooth and tangential in the'Ty Precise m.et od base on the Maxwe stress_ tensqr [ : I
-Nevertheless, in this case the frequency of the ripple is dif

back-iron, as well as by the relatively low resolution bath |f i b h hods. The simulati ith half
space and time. Improvements could be achieved, in pr'ﬂn,ciplerent In between the two methods. The simulations with ha

either through an approximate and systematic adjustmentr"ﬂ'ﬁed curren_t have bette_r agreemer!t for the _frequency plerip
order to align results with those from a more precise mod&f‘d poorer in terms of ripple magnltudg. This example torque
or by combining the SFE model with another technique, su¢ u_dy,_ as well az (zjth_ers tha_t are n_othlnclu?]_edh due FO space
as for example the ultra-fast space-time transformatiotinate |m|tat|on.s, provide |_nterest|ng Insig ts, which are jech .
previously proposed by the authors [13]. However, even-with® On-going investigations and anticipated tp be covered in
out any adjustment, the results for the studied example Wépéure Paper. The results of the model that includes theceffe
overall satisfactory as shown in Fig. 13. of skew, which reduces the ripple as well as the fundamental

Because the SFE model incorporates at least a limited nuﬂH—X linkage and the average torque, compared satistagtoril

ber of harmonics, it is possible to estimate the electroratign with the experimental values that were derived based on low
torque ’ speed measurements of shaft torque and losses.

4V 5 AUy A g 'I_'he model was val_idat(_ed also on ot.her motors, some of

+ iy +ip ) (12) which had a substantial higher harmonic content than the 9-
do df do slot 6-pole example previously studied. This is the casefor
and obtain an average value as well a ripple. Under the d8-slot 12-pole IPM prototype with a spoke rotor (Fig. 15) fo
sumption of ideally sinusoidal currents, the torque witllide which satisfactory results are reported in Fig. 16 for thekba
harmonics/, which together with flux linkage harmonicg emf and in Table | for core losses.

Te =D (iR



Fig. 15. Flux plot for the open-circuit operation of an 18tsl12-pole example
machine with concentrated coils and spoke IPM rotor withiteermagnets.
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IV. DISCUSSION
A. Trading speed versus precision

TABLE I
RELATIONS SPECIFIC TO THE SURROGATISFEMODEL.

Magnetostatic  Waveform  Sampling Maximum harmonic

FE solutions points intervals ordefy,

1 7 6 2

2 13 12 5

3 19 18 8

4 25 24 11

5 31 30 14
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Fig. 17. Harmonic spectrum analysis for two different pesbs: the flux
density of Fig. 11 and the back emf of Fig. 16. The amplitudkies are
normalized to the respective fundamental, which is omiftedh the plot.

solutions, s, sampling intervals and maximum order of the
harmonicsy,, that can be calculated by Fourier analysis is
exemplified and summarized in Table II.

In practical problems, the choice efis driven by the maxi-
mum harmonic order of interest for the analysis. For example
the back emf of the previous 18-slot 12-pole spoke IPM motor
example has a significant 13th harmonic, as illustrated gn Fi
17. Therefore, according to Table Il at least 5 magnetaskdi
solutions should be employed, although the visual inspacti
of the results plotted in Fig. 16 would indicate that as few
as 3 solutions may be enough. For the on-load flux density
study in the core of the 9-slot 6-pole example motor (Fig.
11), according to the harmonic analysis results of Fig. &7, i
principle, as few as 2 magnetostatic FE problems should be
enough. This is because in this case there are no significant

The computational speed and the precision of the surroghtgmonics (i.e. with a normalized magnitude larger than 1%)
SFE model are largely influenced by the number of magnabove the 5th.
tostatic FE solutions employed. Each magnetostatic pnoble Nevertheless, special caution is recommended when the
provides one value of magnetic vector potential per coié sicharmonic of interest has an order substantially close to the
and hence only one value of flux linkage per coil/phasemaximum available from the Fourier analysis. This is pakrtic
Making full use of the 3-phase electric circuit symmetry, &arly valid for studies with very low number of FE solutions.
values of the per-phase flux linkage can be derived followirfgpr example, although the results of average torque listed i
the procedure previously described with reference to Flgs. the last column of Table 1ll, which were computed with (12)
4. Furthermore, making use of the half-wave anti-symmetiyased on a single FE solution, are very good, in such cases,
2 times more discrete points, hence a total of 6 values @all variations in the conditions, e.g. the non-linearngea
flux data can be estimated. Finally, the waveform value at 360 local saturation with rotor position, may cause estimate
deg. is equal to the one at 0 deg. providing one additional dgterturbations. It should be noted that these last colunmultses
point. The relation between the number of FE magnetostatiere calculated in the reference position of Fig. 1, which
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TABLE Il NV
TORQUE AND TORQUE RIPPLE VERSUS TORQUE ANGLE AT RATED “ﬂnﬂ‘ﬁ%&gﬂh’
\

A

[elec. Avg. Ripple Avg. Ripple Avg. [pu]

deg] [pul [ [pul [ [pu] NG
90 0.82 13.5 0.85 12.6 0.84 ‘N S
100 0.90 111 0.92 12.0 0.93 N

110 0.97 11.3 0.97 111 1.00 <)

120 1.00 13.1 0.98 10.7 1.02

130 0.98 15.0 0.95 12.2 1.01

140 0.87 20.0 0.85 16.0 0.92

150 0.70 28.5 0.70 28.7 0.77

160 0.48 52.7 0.50 27.1 0.56

170 0.25 117.6 0.28 48.2 0.31

180 0.00 N/A 0.01 N/A 0.05

Fig. 18. The SFE model can employ very coarse meshes redticeng
computational effort towards the level specific to magneticivalent circuit
(MEC) models.

yields zero cogging as shown in Fig. 14.

With further reference to the results of Table IlI, the agera ) _ )

torque computed with an SFE based on only 3 magnetostdiffnpared with those provided by a somewnhat refined mesh,
solutions compares favorably with the results of a time-giom Which was used throughout the reported studies.
FEA that required two orders of magnitude more solving timg, The flux linkage vs. current diagram and the surrogate SFE
For this particular example, the same holds true for theaslu
of the ripple torque, which are out of line only at relatively
large torque angles when the typical operation involvesrg v

A couple of other minimum-effort schemes have been pro-
osed lately for computing the average torque of a brushless
. X . . M motor driven with sine-wave currents. One of them is
high harmonic content. The average torque is reported ir a RE L

e gsed on a variation of the Maxwell stress [19] and can be

unit system with reference o the maximum value CaICUIatused in conjunction with the SFE model previously described

by detailed FEA at 120 deg. torque angle. The ripple torque . A
defined as a percentage of the torque at the particular dxp@raﬁ'e other method employs-q analysis and an approximation

point and hence is meaningless at 180 deg. torque anglehwh?é I;T(Zr?]?):epZ?asger;I#]); I:rléa%?o\\l/isd;éjI}I;qenl;{iglafgafn;r[]tﬁ(]a. 9-slot
yields t.he(_)retlcally zero torque. o 6-pole motor studied. The average torque can be estimated
In_pr|nC|pIe, there are no _general rules f_or establishirgy th 556 on the area of the substantially elliptically-shagpysde

maximum order of harmom_cs to b,e studied and hencg tr‘,ﬁ)]. The 7 data points of flux linkage calculated from a singl
number of FE magnetostatic solutions. For the open-Circiiifgnetostatic solution should not be used to draw a polygon
operation the choice is somewhat simpler, for a given st \vould erroneously estimate average torque, as shown in
topology a main determining factor being the equivalent IPMig 19 nstead, this reduced set of points, or the 19 daiteto
pole arc. Things are more complicated _for load SimUIationévailable from 3 magnetostatic solutions, should be engzloy
when the proportion of armature reaction to PM field, t_hf?) calculate the fundamental flux linkage waveform and based

magnetic saturation and the mmf harmonics may all be gy, 1his to estimate the area of the ellipse. At the same time,
portant. Practical experience may help, but when in doubt itjs present, the effect of the stator to rotor relative axie\s

advisable to choose a relatively high and therefore saileuevaCan also be incorporated in the Fourier harmonic analysis.
for s. After all, with state of the art software and hardware a 1,4 advantages of the new SFE model over the previously
small number of additional magnetostatic FE simulation Wipublished work [11], [19], include a minimum-effort con-
only require a few extra seconds or less. current estimation of the torque ripple and induced voltage
Additional savings of computational resources can Rgayeform. Additionally, the waveforms of flux density in the

achieved with SFE by adequate meshing. Because only t8gth and back iron are computed and based on these the core
magnetic vector potential is of interest from the FE sohitio |gsses are estimated.

in principle (very) coarse meshes can be employed yielding

a reduced number of equations, even comparable with that V. CONCLUSION

employed in the latest generation of magnetic equivalentThe surrogate FE (SFE) model described is suitable for
circuit (MEC) solvers. Typically, the computational time ithe steady-state simulation of a wide class of synchronous
proportional with the number of FE nodes (unknowns) squaretachines with electromagnetic and PM excitation. The model
and therefore approximately halving the mesh density mayas introduced on example IPM motors with non-overlapping
reduce solving time by one order of magnitude. The coaraéndings and concentrated coils around the stator teeth. Sa
mesh example of Fig. 18, which has less than 1,000 nodessactory validation was demonstrated against resultsigea
achieved this objective, while the maximum errors notedhén t by more laborious time-stepping FEA and experimental data.
average magnetic potential in the coil side were below 3% &ke procedure, which is based on the values of the magnetic
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Fig. 19. Example flux linkage vs. current diagrams. A Fousieries, rather
than discrete points, was employed for flux linkage and giéldatisfactory

results even from a single magnetostatic FE analysis.

vector potential in the coil sides, can be extended and egpli

for any concentrated or distributed winding patterns.

The SFE could be classified as an intermediate step betwe
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