
Finite Element Surrogate Model for Electric
Machines with Revolving Field –

Application to IPM Motors
Dan M. Ionel

A. O. Smith Corp.
12100 W. Park Place

Milwaukee, WI 53224-9512
Email:dionel@aosmith.com

Mircea Popescu
Motor Design Ltd.
4 Scotland Street

Ellesmere SY12 0EG, UK
Email: mircea.popescu@motor-design.com

Abstract—The model allows the ultra-fast simulation of the
steady-state performance of synchronous machines and is par-
ticularly suitable for brushless motors with non-overlapping
windings having coils concentrated around the teeth. Finite
element analysis (FEA) is employed only for calculating the
magnetic vector potential in the coils. For the example IPM
motors presented, as little as one magnetostatic FE solution
was used for fundamental flux linkage and average torque
computation. Two FE solutions were employed for core flux
density waveforms and power loss estimation. A minimum of
three solutions is recommended for torque ripple, back emf and
induced voltage. A substantial reduction of one to two orders
of magnitude was achieved for the solving time as compared
with detailed time-stepping FEA. The surrogate FE model can
also be tuned for increased speed, comparable with that of
magnetic equivalent circuit solvers. The general applicability
of the model is discussed and recommendations are provided.
Successful validation was performed against detailed FEA and
experiments.

Index Terms –Brushless (BL) permanent-magnet (PM) motor,
AC synchronous machine, IPM motor drive, finite-element anal-
ysis (FEA), flux density waveform, back emf, core loss, iron loss,
non-overlapping winding, concentrated coils.

I. I NTRODUCTION

Brushless permanent magnet (PM) motors controlled by
sine-wave drives, also commonly referred to as synchronous
PM motors, are the typical choice for the latest generation of
high-efficiency electric motion systems [1]. In this class,the
motor designs with interior permanent magnet (IPM) rotors are
particularly attractive due to their electromagnetic, mechanical
and manufacturability advantages [2].

Generally, the design optimization of IPM machines is
challenging, as the closed-form analytic and equivalent mag-
netic circuit methods face issues in dealing with the typical
heavy magnetic saturation and with significant geometrical
details, such as the PM slots and rotor bridges. In this
respect, improved methods have been developed for specific
configurations, e.g. [3], [4]. On a more general basis, finite
element analysis (FEA) could be a powerful tool for solving
such problems, but its requirement for rather expensive com-
putational resources and especially the long solving time are

limiting factors for wider penetration in the engineering design
environment.

To overcome the barriers, surrogate model optimization [5],
was recently proposed for actuators by Encicael al [6] and
for electric machines by Giurgeaet al. [7]. According to such
formulations, a simple analytical model is employed for the
analysis of a very large number of candidate designs. The
results are then mapped (correlated/fitted) with a reduced set of
data provided by a few selected designs, which are simulated
with a more precise model that is typically based on detailed
FEA. To be effective in the industrial practice, such a system
would require automatic data transfer between the model
object description and the analytical and the FEA modules. As
the transfer tasks are in principle possible with state of the art
software, this opens the possibility of employing a simplified
FE formulation even at the initial stage of fast estimation,
which otherwise would be carried out by analytical models.
This paper describes such an ultra-fast FE technique that pro-
vides a subset of results comparable in terms of precision with
those delivered by substantially more time-consuming FEA.
By extension of terminology, this simplified/reduced/substitute
model will be referred to in the following as a surrogate finite-
element model (SFE).

A simulation of a motor and electronic drive system should
be based in principle on a coupled field and circuit model,
as for example, the one described by Mohammedet al. [8].
Over the years, in order to reduce computational efforts, while
still providing satisfactorily accurate estimation of electric
machine performance, simplified models have been proposed
by different authors. Examples of this type include, among
others, the work of Demerdash and Hamilton [9], Williamson
et al. [10], Miller et al. [11] and Knight and Zahn [12].
Recently, the authors have published an ultra-fast FE method
for brushless PM motors that took advantage of the slot-
pitch symmetry of the stator magnetic circuit and proved to
be suitable especially for topologies with a relatively large
number of teeth per pole and with distributed windings [13].

The present paper brings further contributions on the subject
by proposing a model which fully exploits the symmetries of



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 synchronous
machines and is particularly well suited for brushless PM mo-
tors with non-overlapping windings having coils concentrated
around the teeth. Examples are provided for IPM motors,
which are of particular interest as their analytical modelsare
considered to be still open to debate and improvement.

The method employs theabc reference frame, therefore
avoiding the theoretical limitations of the conventionaldq

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 estimated,
including the induced voltage, the average torque and torque
ripple, the flux density waveforms and core losses.

II. ELECTROMAGNETIC FIELD ANALYSIS

In brushless synchronous motors, the PM field together with
the armature reaction, which is established by the currents
flowing through the stator windings, produce a fundamental
revolving field and a rich content of space harmonics. The
time harmonics, generated by the PWM voltage supply are
neglected in the following analysis and the currents are as-
sumed to be purely sinusoidal, a hypothesis typically accepted
in drive systems that employ state of the art motor and current
controllers. The computational procedures are explained with
reference to a 3-phase system, but they are generally applicable
to any poly-phase synchronous machine with electromagnetic
or PM excitation.

In such a balanced and symmetric system, the flux linkages
due to the electromagnetic field from the motor cross-section
through the red,R, yellow Y and blue,B, phases have the
same harmonic content and an incremental phase shift of 120
electrical degrees:

ΨR(t) =

νM
∑

ν=1

ksνΨν cos [νωt + φν ]

ΨY (t) =

νM
∑

ν=1

ksνΨν cos [ν (ωt − 120o) + φν ] (1)

ΨB(t) =

νM
∑

ν=1

ksνΨν cos [ν (ωt + 120o) + φν ]

whereω is the fundamental pulsation,φν is the initial phase
and ksν is the skew factor of the harmonicν. The flux
linkage Fourier series include all the space harmonics up to
the maximum orderνM .

A comprehensive approach for modeling the electromag-
netic field in an electric machine is based on the diffusion
equation, which is solved coupled with the equations of
the driving circuit [14]. Because relatively small steps are
required in order to prevent numerical instabilities, substantial
computational resources are required and a long solution time
is expected. These major drawbacks limit the usage of this

Fig. 1. FE computed flux distribution in the example 9-slot 6-pole IPM
machine at open-circuit operation. Schematically shown are a coil placed
around tooth 2 and a virtual coil placed around the back iron.

state of the art technique in the practical industrial design
engineering.

In synchronous IPMs the effect of eddy-currents is typically
insignificant and can be neglected, making the simpler Poisson
equation for the magnetic potentialA [15],

∂

∂x

(

1

µ

∂A

∂x

)

+
∂

∂y

(

1

µ

∂A

∂y

)

= −J − Jm (2)

a suitable choice for modeling the steady-state operation at
constant speed. In the previous 2D equation the current density
J through the conductors is given and the PM equivalent
current densityJm is defined by the known magnet remanence
and permeability. The time variablet is transformed in a space
variable,

ωt = θ = pθr (3)

namely the rotor positionθ, which is measured in elec. deg.
and linked to the mechanical positionθr through the number
of motor pole pairs,p. Using this approach, the machine
operation is simulated through a number of successive snap-
shots, i.e. magnetostatic field problems. The field sources are
represented by the PMs and the instantaneous distribution of
stator currents, which is determined based on the rotor position
and the electronic controller current set-point and torqueangle.

For computational efficiency, (1) is solved only on the
smallest possible domain, which is represented by a pole pair
for the 9-slot 6-pole example shown in Fig.1 and considered in
the following. The IPM prototype rotor employs high energy
NdFeB magnets. The prototype stator has non-overlapping
windings with concentrated coils wound around each tooth.
Because of its topology with only three coils in the com-
putational domain, each of the coils belonging to a different
phase, this example provides a very good basis for introducing
the computational algorithm. However, the method can be
extended to a wider class of motors with non-overlapping or
even with distributed windings.

The previous theory represents the basis of the simple –
surrogate FE (SFE) based model. The rotor position and the
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Fig. 2. Magnetic vector potential in the go (+) coil sides. Discrete points of
the redR phase waveform are calculated using (5) and data from the other
two phases.

stator currents are input data and the magnetic vector potential
in the go (+) coils, R+, Y +, B+, and in the return(−)
coil sides,R−, Y −, B−, are the basic results that enable
further post-processing. For example, the radial flux per unit
of axial length through tooth 2 and through one turn of the
coil placed around this tooth, is estimated from the average
magnetic vector potential in the coil sides as

ΦR+R− = AR+ − AR− (4)

Based on (1), (3)–(4) and taking into account the symmetry
of the electromagnetic circuit, the magnetic vector potential in
the go (+) coil side of theR phase can be calculated from
the corresponding values in the other two phases:

AR+(θ + 60◦) = −AY +(θ)

AR+(θ + 120◦) = AB+(θ) . (5)

Similar equations are available for the return(−) coil sides.
The procedure for computing the phase flux linkage is

exemplified with reference to Figs.1–4. Three magnetostatic
FE simulations were performed with the rotor positioned as
shown in Fig.1 at 0 deg. and at 6.67 and 13.33 mech. deg in
the counter clockwise direction. The 3 solutions cover equidis-
tantly 60 elec. deg., which represents the stator winding phase
belt. Using the previous equations, a total of 9 points were
made available for estimating the magnetic vector potential in
the coil sides of phaseR (Figs. 2-3).

Using these waveforms, the flux linkage per turn is cal-
culated with (4) and, by multiplication with the number of
series turns per phase, the flux linkage per unit of axial
length is computed. In Fig.4, the discrete points between
180 and 360 elec. deg. were calculated using the half-wave
symmetry condition. As a result, 19 wave points and 18 sample
intervals were made available from only 3 FE magnetostatic
problems. With the least computational effort, when only one
FEA is performed in the initial rotor position, 7 equidistant
points can be estimated on the waveform. As it can be

-0.010

-0.005

0

0.005

0.010

0 10 20 30 40 50 60

0 30 60 90 120 150 180

Surrogate FE R-
B-
Y-
R-

Rotor position [mech. deg.]

M
ag

ne
tic

 v
ec

to
r 

po
te

nt
ia

l [
W

b/
m

]

Rotor position [elec. deg.]

Fig. 3. Magnetic vector potential in the return (-) coil sides. Estimation over
half electric cycle is performed from only 3 rotor positionscovering 60 elec.
degrees.
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Fig. 4. Flux linkage waveforms for open-circuit operation.The 19 data
points, available from an SFE based on 3 magnetostatic FE solutions, overlap
the 7 data points of an SFE identified from a single magnetostatic FE.

observed, the discrete points are situated on the waveforms
calculated with the same mesh and a time-domain FEA with
360 steps per electric cycle, which required substantiallymore
computational effort.

In the example motor of Fig.1, the flux density is substan-
tially radial in the tooth and predominantly circumferential
(tangential) in the back-iron (yoke). In fact, this type of field
distribution is typical for designs with small number of slots
per pole and non-overlapping windings with concentrated coils
as well as, in general, for high-polarity brushless PM motors.

For a first-approach engineering analysis, the flux density
in tooth Bth and yokeByk can be therefore estimated as:

Bth =
ΦR+R−

tw
=

AR+ − AR−

tw
(6)

Byk =
AR+ − 0

yw

=
AR+

yw

(7)
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Fig. 5. Open-circuit flux density waveforms in the mid tooth and center
yoke above the slot for the example of Fig.1.

wheretw and yw are the tooth and yoke width, respectively.
Equation (7) can be intuitively explained on the basis of a
virtual coil placed around the back iron as shown in Fig.1 and
the assumption of zero magnetic field outside the motor.

For the example open-circuit study, when no currents are
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
computation, which minimizes the effect of slot leakage, can
be performed by employing in (6) and (7) the magnetic vector
potential values in points situated closer to the teeth and yoke,
rather than the average value of the magnetic vector potential
in the coil sides.

Using this procedure, the flux density in the tooth is basi-
cally a scaling of the flux linkage through the coil surrounding
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 in
the adjacent coil-side, has a richer harmonic content as it will
be later discussed.

III. M ACHINE PERFORMANCESIMULATION - NUMERICAL

AND EXPERIMENTAL VALIDATION

The most suitable validation for the surrogate FE (SFE)
model previously described was provided by a detailed time-
stepping FEA performed with the same geometry, mesh and
material models, which ensured a fair basis of comparison.
Experimental data was also used, where available, and all of
the examples indicate satisfactory agreement between mea-
surements and calculations.

In order to minimize the harmonic effects, the rotor of the
prototype motor was built with two identical axial modules,
which were assembled staggered by one quarter of stator slot
pitch, achieving a one-step approximation of a half-slot pitch
continuous skew. The 2D computed waveforms were then
post-processed employing the method described in [16]. As
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Fig. 6. Parametric study for the harmonic skew factor. The prototype motor
of Fig.1 incorporates an equivalent skew of half stator slotpitch.

-40

-30

-20

-10

0

10

20

30

40

0 5 10 15 20

0 90 180 270 360

Time waveform (FEA)
Surrogate FE (3sol)
Surrogate FE - skewed
Experimental - skewed

Time [ms]

B
ac

k 
em

f [
V

]

Rotor position [elec. deg.]

Fig. 7. Computed and measured back emf waveforms at 1,000rpmfor the
example motor of Fig.1. For clarity, two of the waveforms areplotted in
anti-phase.

exemplified in (1), the surrogate SFE model is also able to
take into account a continuous skew through the harmonic
factor

ksν =
2

νβ
· sin

(

νβ

2

)

(8)

where the skew angleβ is measured in elec. radians. The graph
of Fig. 6 illustrates the half-slot skew as a good compromise
for reducing both the 5th and the 7th harmonic, which are
expected to be significant. At the same time, the skew is
drastically affecting the higher order harmonics.

The back emf waveform of Fig. 7 was computed from the
SFE model by differentiation of the flux linkage

eR = −

dΨ

dθ
·

dθ

dt
= ω

νM
∑

ν=1

ksννΨν sin (νθ + φν) (9)

This equation clearly illustrates how even the smallest values
of flux linkage harmonics are amplified in the back emf
waveform through multiplication with the harmonic number.
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Fig. 8. Typical experimental waveform of phase current electronically
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assumed to be perfectly sinusoidal.

Fig. 9. Flux lines and density plots of the magnetic field in the cross-section
of the 9-slot 6-pole IPM motor example operating at rated current and a torque
angle of 110 deg.

In the SFE model, as well as in the time-stepping FEA to
which is compared, the on-load phase currents are considered
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 studies
were performed with the magnetic circuit non-linearly satu-
rated, as illustrated by the flux plot of Fig. 9. Under these
conditions, the flux linkage (Fig. 10) and the flux density (Fig.
11) are heavily distorted. The rich harmonic content of the
armature reaction is contributing to these results.

The induced phase voltage can be computed in the SFE
model on the basis of the flux linkage in the motor cross-
section, similarly to (9), and by considering also the contribu-
tions due to the winding resistance and end-winding leakage
inductance. Through the incorporation of the skew effect, the
distortions from the computed waveform were greatly reduced
and good agreement was achieved over a wide range of loads
with the measured fundamental voltage of the PWM supply
voltage (Fig. 12).

Using the values of the flux density in the tooth and yoke
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Fig. 10. Flux linkage waveforms for on-load operation. The 19 data points,
available from an SFE based on 3 magnetostatic FE solutions,overlap the 7
data points of an SFE identified from a single magnetostatic FE.

-2

-1

0

1

2

0 5 10 15 20

0 90 180 270 360

Surrogate FE B
yk

Surrogate FE B
th

Time waveform B
yk

Time waveform B
th

Time [ms]

F
lu

x 
de

ns
ity

 [T
]

Rotor position [elec. deg.]

Fig. 11. Flux density waveforms in the mid tooth and center yoke above
the slot for the example motor of Fig. 9. The discrete data points of the SFE
model are used for Fourier analysis.

(see Figs. 5 and 11), the specific power loss per unit of mass
in the stator core is determined as the sum of a hysteresis

wh =

νM
∑

ν=1

khν (νf1, Bν) · (νf1) · B
2
ν (10)

and an eddy current component

we =

νM
∑

ν=1

keν (νf1, Bν) · (νf1)
2
· B2

ν , (11)

where the core loss coefficients are dependent of harmonic
frequencyνf1 and peak value of flux densityBν [17]. The
Fourier analysis implies the super-position principle, under
the assumption that the main contribution is due to the
fundamental frequencyf1, which corresponds to the pulsation
ω. At load, the core losses are also affected by a correction
factor, which accounts for the PWM harmonics [18].
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Fig. 13. Core losses vs. speed for the example motor operating at rated load
current.

The prediction of the core losses with the SFE model is
affected by the assumptions of unidirectional magnetic field,
i.e. only radial component in the tooth and tangential in the
back-iron, as well as by the relatively low resolution both in
space and time. Improvements could be achieved, in principle,
either through an approximate and systematic adjustment in
order to align results with those from a more precise model,
or by combining the SFE model with another technique, such
as for example the ultra-fast space-time transformation method
previously proposed by the authors [13]. However, even with-
out any adjustment, the results for the studied example were
overall satisfactory as shown in Fig. 13.

Because the SFE model incorporates at least a limited num-
ber of harmonics, it is possible to estimate the electromagnetic
torque

Te = p

(

iR
dΨR

dθ
+ iY

dΨY

dθ
+ iB

dΨB

dθ

)

(12)

and obtain an average value as well a ripple. Under the as-
sumption of ideally sinusoidal currents, the torque will include
harmonicsνT , which together with flux linkage harmonicsνΨ
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Fig. 14. Normalized electromagnetic torque at rated current and half rated
current. The cogging torque is also shown.

TABLE I
OPEN-CIRCUIT CORE LOSSES IN THE EXAMPLE18-SLOT 12-POLE IPM

MACHINE WITH SPOKE ROTOR.

Speed Time-stepping Surrogate FE Experiment
FEA 3 solutions

[rpm] [W] [W] [W]
1000 11.7 10.5 11.0
2000 39.1 37.1 38.0
3000 79.2 77.5 78.5

satisfy the relationνT = νΨ + 1. For the example motor, the
SFE model identified from 3 magnetostatic solutions includes
flux harmonics up to the 7th order and the electromagnetic
torque waveforms of Fig. 14 calculated with (12) include a
6th order ripple.

For the example 9-slot 6-pole motor at rated load, the peak
to peak variation of this torque ripple is comparable with the
one computed by time-stepping FEA in conjunction with a
very precise method based on the Maxwell stress tensor [19].
Nevertheless, in this case the frequency of the ripple is dif-
ferent in between the two methods. The simulations with half
rated current have better agreement for the frequency of ripple
and poorer in terms of ripple magnitude. This example torque
study, as well as others that are not included due to space
limitations, provided interesting insights, which are subject
to on-going investigations and anticipated to be covered ina
future paper. The results of the model that includes the effect
of skew, which reduces the ripple as well as the fundamental
flux linkage and the average torque, compared satisfactorily
with the experimental values that were derived based on low
speed measurements of shaft torque and losses.

The model was validated also on other motors, some of
which had a substantial higher harmonic content than the 9-
slot 6-pole example previously studied. This is the case foran
18-slot 12-pole IPM prototype with a spoke rotor (Fig. 15) for
which satisfactory results are reported in Fig. 16 for the back
emf and in Table I for core losses.



Fig. 15. Flux plot for the open-circuit operation of an 18-slot 12-pole example
machine with concentrated coils and spoke IPM rotor with ferrite magnets.
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Fig. 16. Computed and measured back emf waveforms at 1,000rpm for the
example motor of Fig. 15. For clarity, two of the waveforms are plotted in
anti-phase.

IV. D ISCUSSION

A. Trading speed versus precision

The computational speed and the precision of the surrogate
SFE model are largely influenced by the number of magne-
tostatic FE solutions employed. Each magnetostatic problem
provides one value of magnetic vector potential per coil side
and hence only one value of flux linkage per coil/phase.
Making full use of the 3-phase electric circuit symmetry, 3
values of the per-phase flux linkage can be derived following
the procedure previously described with reference to Figs.2-
4. Furthermore, making use of the half-wave anti-symmetry,
2 times more discrete points, hence a total of 6 values of
flux data can be estimated. Finally, the waveform value at 360
deg. is equal to the one at 0 deg. providing one additional data
point. The relation between the number of FE magnetostatic

TABLE II
RELATIONS SPECIFIC TO THE SURROGATESFEMODEL.

Magnetostatic Waveform Sampling Maximum harmonic
FE solutions points intervals orderνM

1 7 6 2
2 13 12 5
3 19 18 8
4 25 24 11
5 31 30 14
s 6s + 1 6s 3s − 1
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Fig. 17. Harmonic spectrum analysis for two different problems: the flux
density of Fig. 11 and the back emf of Fig. 16. The amplitude values are
normalized to the respective fundamental, which is omittedfrom the plot.

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

In practical problems, the choice ofs is 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 in Fig.
17. Therefore, according to Table II at least 5 magnetostatic FE
solutions should be employed, although the visual inspection
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. 17, in
principle, as few as 2 magnetostatic FE problems should be
enough. This is because in this case there are no significant
harmonics (i.e. with a normalized magnitude larger than 1%)
above the 5th.

Nevertheless, special caution is recommended when the
harmonic of interest has an order substantially close to the
maximum available from the Fourier analysis. This is particu-
larly valid for studies with very low number of FE solutions.
For example, although the results of average torque listed in
the last column of Table III, which were computed with (12)
based on a single FE solution, are very good, in such cases,
small variations in the conditions, e.g. the non-linear change
in local saturation with rotor position, may cause estimate
perturbations. It should be noted that these last column results
were calculated in the reference position of Fig. 1, which



TABLE III
TORQUE AND TORQUE RIPPLE VERSUS TORQUE ANGLE AT RATED

CURRENT FOR THE EXAMPLE MOTOR OFFIG. 9.

Torque Time-stepping Surrogate FE Surrogate FE
angle FEA 3 FE solutions 1 FE solution
[elec. Avg. Ripple Avg. Ripple Avg. [pu]
deg.] [p.u.] [%] [p.u.] [%] [p.u.]
90 0.82 13.5 0.85 12.6 0.84
100 0.90 11.1 0.92 12.0 0.93
110 0.97 11.3 0.97 11.1 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

yields zero cogging as shown in Fig. 14.
With further reference to the results of Table III, the average

torque computed with an SFE based on only 3 magnetostatic
solutions compares favorably with the results of a time-domain
FEA that required two orders of magnitude more solving time.
For this particular example, the same holds true for the values
of the ripple torque, which are out of line only at relatively
large torque angles when the typical operation involves a very
high harmonic content. The average torque is reported in a per
unit system with reference to the maximum value calculated
by detailed FEA at 120 deg. torque angle. The ripple torque is
defined as a percentage of the torque at the particular operating
point and hence is meaningless at 180 deg. torque angle, which
yields theoretically zero torque.

In principle, there are no general rules for establishing the
maximum order of harmonics to be studied and hence the
number of FE magnetostatic solutions. For the open-circuit
operation the choice is somewhat simpler, for a given stator
topology a main determining factor being the equivalent IPM
pole arc. Things are more complicated for load simulations,
when the proportion of armature reaction to PM field, the
magnetic saturation and the mmf harmonics may all be im-
portant. Practical experience may help, but when in doubt itis
advisable to choose a relatively high and therefore safer value
for s. After all, with state of the art software and hardware a
small number of additional magnetostatic FE simulations will
only require a few extra seconds or less.

Additional savings of computational resources can be
achieved with SFE by adequate meshing. Because only the
magnetic vector potential is of interest from the FE solution,
in principle (very) coarse meshes can be employed yielding
a reduced number of equations, even comparable with that
employed in the latest generation of magnetic equivalent
circuit (MEC) solvers. Typically, the computational time is
proportional with the number of FE nodes (unknowns) squared
and therefore approximately halving the mesh density may
reduce solving time by one order of magnitude. The coarse
mesh example of Fig. 18, which has less than 1,000 nodes,
achieved this objective, while the maximum errors noted in the
average magnetic potential in the coil side were below 3% as

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

compared with those provided by a somewhat refined mesh,
which was used throughout the reported studies.

B. The flux linkage vs. current diagram and the surrogate SFE

A couple of other minimum-effort schemes have been pro-
posed lately for computing the average torque of a brushless
PM motor driven with sine-wave currents. One of them is
based on a variation of the Maxwell stress [19] and can be
used in conjunction with the SFE model previously described.
The other method employsd−q analysis and an approximation
of the per phase flux linkage vs. current diagram [11].

Example diagrams are provided in Fig. 19 for the 9-slot
6-pole motor studied. The average torque can be estimated
based on the area of the substantially elliptically-shapedcycle
[20]. The 7 data points of flux linkage calculated from a single
magnetostatic solution should not be used to draw a polygon
that would erroneously estimate average torque, as shown in
Fig.19. Instead, this reduced set of points, or the 19 data points
available from 3 magnetostatic solutions, should be employed
to calculate the fundamental flux linkage waveform and based
on this to estimate the area of the ellipse. At the same time,
if present, the effect of the stator to rotor relative axial skew
can also be incorporated in the Fourier harmonic analysis.

The advantages of the new SFE model over the previously
published work [11], [19], include a minimum-effort con-
current estimation of the torque ripple and induced voltage
waveform. Additionally, the waveforms of flux density in the
teeth and back iron are computed and based on these the core
losses are estimated.

V. CONCLUSION

The surrogate FE (SFE) model described is suitable for
the steady-state simulation of a wide class of synchronous
machines with electromagnetic and PM excitation. The model
was introduced on example IPM motors with non-overlapping
windings and concentrated coils around the stator teeth. Sat-
isfactory validation was demonstrated against results provided
by more laborious time-stepping FEA and experimental data.
The procedure, which is based on the values of the magnetic
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Fig. 19. Example flux linkage vs. current diagrams. A Fourierseries, rather
than discrete points, was employed for flux linkage and yielded satisfactory
results even from a single magnetostatic FE analysis.

vector potential in the coil sides, can be extended and applied
for any concentrated or distributed winding patterns.

The SFE could be classified as an intermediate step between
analytical methods and detailed FEA. By employing a coarse
FE mesh and by studying a reduced number of harmonics,
requiring only a very small number of magnetostatic FE
solutions, the solution time for the SFE can be reduced almost
to a level comparable with that of a magnetic equivalent
circuit (MEC) solver. Alternatively, the model can be tunedfor
improved precision. In such an arrangement, for the studied
examples, the model was able to deliver comparable results
with time-domain FEA, while the solving time was reduced
by one to two orders of magnitude.

The examples presented, which are relevant for typical
electromagnetic loading and design topologies, also indicate
that as little as one magnetostatic FE solution maybe enough
for average torque estimation. On the other hand, only two
FE solutions maybe needed for core flux density waveforms
and power loss estimation. A minimum of three magnetostatic
solutions is recommended for torque ripple, back emf and
induced voltage.

Because only the magnetic vector potential in the coil sides
is required from the FEA, the SFE model is considered to be
suitable for implementation at the user level of commercially
available software. Multi-dimensional look-up tables of flux
linkage and of flux density versus current and torque angle can
be derived for use with system simulators for estimating motor
performance, including the core losses, which are typically a
major component in IPM motors. As such, the model has the
potential of providing the practicing engineer with a useful
tool for all the stages of an optimal design process.
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