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Abstracit—This paper presents an attempt to evaluate the
building factor of a stator core made of nonoriented sil-
icon steel laminations. The stator core is used in a syn-
chronous motor with buried permanent magnets driven by
a voltage source three-phase inverter with classical pulse-
width modulation (PWM) control. The building factor is the
ratio between the iron loss density in the stator core and
the specific iron loss density of the material. It then gives
an evaluation of the impact of the core manufacture and the
motor geometrical configuration on the stator iron losses.
A first experiment is conducted to measure the iron losses
of the inverter-fed motor in no-load condition. The material-
specific iron losses are then evaluated by trying to apply
similar magnetic flux density conditions in a wound lam-
inated ring. The results show a decrease of the building
factor with the PWM carrier frequency.

Index Terms—Building factor, magnetic cores, magnetic
flux density, magnetic losses, permanent magnet machines.

|. INTRODUCTION

HREE-PHASE inverters are often used for torque, speed,
T and position control of electrical motors. Their basic func-
tion is to convert a constant dc voltage source into a three-phase
quasi-sinusoidal voltage with controllable frequency and am-
plitude. The pulse-width modulation (PWM) technique results
in high-frequency components in the inverter output voltage. In
[1], the specific iron losses of magnetic materials are measured
under two different winding excitations; purely sinusoidal volt-
age and PWM inverter output voltage. It is shown that the PWM
inverter supplied voltage sensibly increases the iron losses com-
pared to the sinusoidal voltage. The PWM is responsible for
high-frequency components in the magnetic flux density and
minor loops in the B—H curve that can explain such an increase
[2]. Further investigations show that the specific material iron
loss decreases with the PWM carrier frequency [2], [3], but
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also varies with the PWM modulation factor [3], the switching
dead-time [4], and the semiconductor on-voltage [5].

In addition to the above investigations carried out with ma-
terial sheet samples or wound ring cores, this phenomenon has
also been studied with manufactured magnetic cores used in
actual electrical motor applications. Similarly to the experimen-
tal protocols used in [1]-[5], an electrical motor can be driven
with both purely sinusoidal voltage supply and PWM inverter
output voltage supply. The measurements of the iron losses in
both conditions and their comparison are assumed to give a
rather accurate estimation of the impact of the PWM. In [6],
the increment of iron losses in an induction motor (IM) due to
the PWM is found to decrease quite sensibly with the carrier
frequency but also depends on whether the IM works at no-load
or drives a mechanical load. The complexity of the inverter-
motor system makes the comprehension and prediction of the
iron losses very difficult. However, for the sake of motor de-
sign, accurate predictions are often needed. As a consequence,
Boglietti er al. have strived to improve analytical and numer-
ical iron loss models of PWM inverter-fed IMs [7], [8]. The
impact of the PWM on the iron losses of permanent magnet
synchronous motors (PMSM) has also been investigated. In [9],
experimental trials report an increase of the iron losses by 22%
with a PWM carrier frequency of 10 kHz for a PMSM in no-load
condition. Some authors also observed the decrease of the iron
losses with the carrier frequency. In [10], for a 6.9 kW PMSM,
the additional losses due to the carrier frequency decreases by
about five times when the carrier frequency ratio (ratio of carrier
frequency over fundamental frequency) increases from 5 to 80.
An analysis of the total losses of an inverter plus PMSM drive
system is proposed in [11]. Observing that increasing the carrier
frequency concurrently decreases the iron losses of the motor
and increases the inverter switching losses, Sato and Itoh pro-
posed a way to select the optimal carrier frequency for maximum
efficiency operation.

The iron loss phenomenon in an inverter-fed PMSM is more
complex than the specific material iron loss measured under
similar inverter excitation. Time harmonics, caused by the mag-
net shape and stator slots, appear in the magnetic flux density,
which would increase the iron losses [12]. Consequently, au-
thors worked on optimizing stator slot, magnet, and rotor sur-
face shapes to decrease the iron losses [13]-[15]. Other factors
of iron loss increase in an electrical motor application are the
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TABLE | 25
MATERIAL CHARACTERISTICS
o~ x XX xx0%
Reference 35H300 e 2 %
Composition Fe-Si g Lox
Thickness (pm) 350 E x =
Saturation magnetic flux density (T) 2.12 5 1.5
Resistivity (££2.m) 0.5 = %
Tron loss density at 50 Hz and 1 T (W/m?) 11.4 x 103 g
Iron loss density at 50 Hz and 1.5 T (W/m?)  37.2 x 10° E 1 <
=
=
. . . . ¥ x
rotating magnetic flux and magnetic anisotropy [16]-[18], but =05
also the stress the material is subjected to during the manufacture N
process [19].
The building factor (BF) of any magnetic core is defined as 0 ‘ ‘ ‘ ‘ ‘ ‘
the ratio between the iron loss density of the core (when used 0 2000 4000 6000 8000 10000 12000
in a given application) and the specific iron loss density of the Magnetic field (A/m)

material. Its evaluation is important to understand and measure
the iron losses caused by factors not related to the material
itself. These factors can be the manufacture process, the core

Fig. 1. B-H characteristic of the 35H300 material.

1.LE+07

geometrical configuration, or even some effects of the operating
conditions of a given application. BFs are traditionally evaluated f
in transformers [20] and reactors [21]. It is more difficult to 1LE+06 Ea
measure the BF of a motor stator core because of the complexity $X ﬁ
in geometry and magnetic flux density distribution, but also due E 1LE¥03 x /
to the difficulties in measurements. In [22], a method is proposed z * XZZAA S
to measure the BF caused by the punching technique on soft *E‘ 1LE+04 * x ED”O&
magnetic materials, by means of experimental trials on wound _=§ « 5 9 ,°°
cores. The results are then used to predict the iron losses in an 2 LE+03 o o
IM stator core. = x e o 50 Hz 0100 Hz
In this paper, a method is proposed to evaluate the BF of the & LET02 s 150Hz %200 Hz
stator core of a PMSM with interior magnets (IPMSM) by direct °
i i 1.E+01 x 1000 Hz
measurements on the rotating motor. The iron losses and mag- o
netic flux density are first measured on the inverter-fed IPMSM
at no-load. Then two-dimensional (2-D) finite-element analysis 1'E+000 o1 0‘1 1 1‘ 0

(FEA) is performed in order to make assumptions and approxi-
mations on the magnetic flux density and iron loss distribution.
Finally, tests are carried out to replicate similar conditions in  Fig. 2. Specific iron loss density of the 35H300 (logarithmic scale).
wound ring cores, measure their iron losses, and then calculate
the BF of the IPMSM stator core.

Magnetic flux density (T)

[I. MATERIAL CHARACTERISTICS AND MOTOR GEOMETRY

A. Material Characteristics

Laminated core

The stator and rotor cores of the proposed IPMSM are made X
Fe-Si 35H300

of nonoriented electrical steel sheets cut using a wire cut tech-
nique to reduce the deterioration of the magnetic properties by
mechanical stress. The important characteristics of the material
are summed up in Table I. The B—H characteristic and the spe-
cific iron loss characteristic have been measured by single sheet
test and are given in Figs. | and 2, respectively.

g

B. Motor Geometry

The motor proposed in this paper is a synchronous motor
with buried permanent magnets. The cross section geometry
is illustrated in Fig. 3. Sintered NdFeB magnets with a resid-  Fig. 3. Quarter cross section of the proposed IPMSM.
ual magnetization of 1.28 T and a resistivity of 1.6 p{2-m are

Magnets s0
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TABLE Il 1.0
IPMSM GEOMETRICAL CHARACTERISTICS 0.9
.g .
< 08
Poles/Slot number 8/12 St
Radius of stator core Ry, 64 mm g 0.7
Radius of rotor core R, 37 mm = 06
Air gap g 1.25 mm =
Yoke width 17/, 9.2 mm 2 05
Tooth width W 10 mm e 04
Magnet length Lp 20 mm E -
Magnet thickness Wp 2 mm E 0.3 o (@)
Core length L. 47 mm g 0.2 00
Number of winding turns 37 a 01
o 0.0 : : : : ‘
0 5000 10000 15000 20000 25000
Ln PWM carrier frequency (Hz)
IPMSM Fig. 5. PWM modulation ratio variation with the carrier frequency.
Ve Inverter
T w
\_ Y, Encoder
where x can be u, v or w depending on the considered phase.
The iron losses under no-load can then be calculated
using
2 2 2
}Dijnot = P3<I> - Rs (Iurms + Ivrms + Iwrms) - Pmcch - Pcnc
3
where R, is the phase-to-neutral winding resistance measured
Fig. 4. No-load test experimental test bench. under the dc condition, and P, ., and P,,. are the mechan-

used. The stator is wound using the concentrated method. The
geometry characteristics are listed in Table II.

[lI. NO-LOAD EXPERIMENTAL TRIALS

In this paper, it is proposed to measure the iron losses of the
IPMSM at no-load condition. Here, the total iron losses of the
IPMSM are the hysteresis and eddy-current losses in the mag-
nets, rotor, and stator. The experimental test bench is illustrated
in Fig. 4. The IPMSM is driven by a three-phase voltage source
inverter with IGBTs and a constant dc voltage source provides
the power to the inverter. A standard vector control with PWM
is implemented and the d-axis current reference is set to zero.
No-load is connected to the output shaft but an encoder is still
needed for the speed feedback.

The IPMSM input active electrical power P3¢ is measured
by a power analyzer using the equation

1 n—1
Pso = — > (i (k)vun (k) + iy (k) vy (k) + oy (k)0 (K))
k=1
ey
where 1, , ,, are, respectively, the u-, v-, and w-phase currents,
Uyn,vn,wn are, respectively, the u-, v-, and w-phase-to-neutral
voltages, and n is the sample number in an integral number
of electrical periods. The measurement sampling frequency is
2.2 MHz. In order to calculate the copper losses, the rms current
has also been calculated from the sampled current waveform
using the equation

2

Ixrms =

ical losses of the IPMSM and the encoder, respectively. The
mechanical losses are previously measured by substituting the
rotor with magnets by a rotor without magnets, but with the
same shape and identical bearings. The IPMSM without mag-
nets is then rotated by an external brushless DC motor and a
torque meter is used to measure the torque needed to rotate
the shaft at a given speed. The obtained torque represents the
mechanical losses.

The tests are performed at a rotational speed of 750 r/min
(electrical frequency f. of 50 Hz). The dc-bus voltage V. is set
to 180 V. The PWM carrier signal is a standard triangular shaped
waveform varying between —1 and 1 with a constant frequency.
The switching dead-time is set to 3500 ns. Five experimental
tests with different carrier frequencies f., ranging from 1 to
20 kHz, have been performed. Fig. 5 illustrates the variation
of the PWM modulation ratio over the five tests. Since the
dead-time is constant at each tested carrier frequency, the ratio
between the IGBT on-time and the dead-time decreases with the
carrier frequency. Given that V. is constant, the fundamental
phase voltage at the output of the inverter would then decrease
with the carrier frequency if the modulation ratio stays constant.
However, the same fundamental phase voltage is required at
each test since the speed remains the same. This automatically
means that the modulation ratio has to increase with the carrier
frequency in order to adjust the inverter output fundamental
voltage [23].

B coils are wound on the stator teeth and yokes, as illustrated
in Fig. 3, with a pattern of one coil per pole pairs (four on
the yokes and four on the teeth). The B coils provide a voltage
value Vg used to calculate the average magnetic flux density
B.vs_s at time ¢ through the tooth or yoke radial section. The
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where Np is the number of turns of the B coil and S, is the
tooth or yoke radial section area, depending on which coil is
considered. The calculation of B, s through the measurement
of Vp during operation shows a disparity in the peak values
of the magnetic flux waveforms among the four teeth or yoke
parts. It can be caused by either a slight axial misalignment of
the rotor or a small nonuniformity in the winding of the B coil.
Consequently, it is proposed to assign a single value to the peak
magnetic flux in the teeth or yoke, which is the average peak
value among the four coils. Fig. 6 illustrates the variation of
the above defined peak magnetic flux density with the carrier
frequency. It can be observed that the magnetic flux level is kept
below the saturation level (see Fig. 1). This excludes any adverse
effect that the saturation could have on the later calculated BF.
Finally, Fig. 7 shows the evolution of the IPMSM total iron
losses with the carrier frequency. Fig. 8 illustrates the magnetic
flux density measured by one of the tooth coil and compares the

IV. FINITE-ELEMENT ANALYSIS

The previous experimental trials give the total motor iron
losses but not the loss repartition between the stator, rotor, and
magnets. As will be explained in a later section, an approxima-
tion of the repartition is needed for the BF calculation of the
stator core. Such approximation can be done using FEA. The
working conditions described in the previous section are simu-
lated by 2-D finite element method using the JMAG software.
To this end, the phase current waveforms measured during the
experimental trials are used as an input of the numerical analysis.

A. Estimation of Iron Loss in the Stator and Rotor

In the stator and rotor, the equation of the vector potential A
is solved without considering the eddy currents

9 ( 0A\ 9 [ A
e (0 ) oy (w3 ) =0
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where A, is the axial component of the vector potential, v,
and v, are the magnetic reluctivity on the x- and y-axis, re-
spectively, and .Jy is the current density in the coil parts. In our
case, v, and v, are equal since the electrical steel is considered
magnetically isotropic.

The analysis consists in a time-stepped simulation, spanning
a rotor rotation angle of 90° (one electrical period). The radial
and tangential magnetic flux densities B, and By are calculated
solving (5) in each mesh of the 2-D model. A fast Fourier trans-
form is then performed to find the time harmonic components
of B, and Bjy. The iron loss density W, in each mesh of the
model is calculating using the Steinmetz equation

Ny
W= (knifi (B2, +B},) +keaf? (B2, + B},)) (6)

i=1

where i is the harmonic rank, /V;, is the rank of the highest
harmonic, f; is the frequency of the ith harmonic, B, ; and
By ; are the amplitudes of the ith harmonic of the radial and
tangential components of the magnetic flux density, respectively,
and kj, ;, k. ; are the Steinmetz constants of the hysteresis and
eddy current losses, respectively, which are estimated from the
data of Fig. 2 and depend on the frequency.

The magnets shape is responsible for a low-frequency
harmonic distortion of the magnetic flux in the stator parts.
Similarly, the PWM carrier frequency is responsible for a
high-frequency harmonic distortion. These two phenomena
especially increase the eddy current losses in the stator [24]. In
(6), this is taken into account by the magnetic flux harmonics
in the second term of the sum.

The low-frequency harmonics of the magnetic flux do not re-
ally impact the hysteresis losses but the PWM carrier frequency
is responsible for minor loops in the B—H curve that increase
them [25]. In this case, one evaluation method consists of sum-
ming the hysteresis losses related to the major loop and the
hysteresis losses of each minor loop using the Preisach model
[25]. Some more calculation-friendly equations also exist, con-
sidering for example the local amplitude of the flux density that
causes minor loops and the number of minor hysteresis loops
[26]. Consequently in (6), considering all the magnetic flux har-
monics in the estimation of the hysteresis losses probably leads
to inaccuracies.

Moreover, the magnetic flux in the stator is usually alternating
in time but also in space, making it rotating with an elliptical
locus. This phenomenon is likely to increase the iron losses
compared to the case of a unidirectional alternating flux and
it can be assessed in analysis equations using the ellipse char-
acteristics [16]. In (6), only the peak value of the norm of the
flux density vector is considered but the rotational characteristic
is not.

In the light of the above clarifications, (6) can only be seen as
an approximation. However, this equation has also been adopted
in [12] with good agreement between experiment and calcula-
tion (maximum calculated error of about 15%). Considering the
aim of this paper, it is thought that the accuracy provided by (6)
is enough.

0 50 kW/m?

Fig. 9. Magnetic flux density (left) and iron loss density (right) distribu-
tions at no-load, f.= 1 kHz, and 750 rpm.

B. Estimation of the Iron Losses in the Magnets

In the magnets, the equation of the vector potential is solved
considering the eddy currents

N T N I A )
ox \"" 0x oy\ oy ) 0TI o

where o0, is the electrical conductivity of the magnet, 1/ is the
reluctivity of the vacuum, and the second term of the left side
of the equation represent the eddy current density that will be
noted J,.

The hysteresis losses in the magnets are considered null. The
eddy current loss density in each mesh can be estimated from
the eddy current density using

dt ®)

where NV; is the number of time samples, 7'is the period duration,
and dt is the time sampling duration.

C. Results of the FEA

Due to the high frequency of the PWM carrier signal, it is
preferable to have a high sampling frequency on the current
data input in the numerical analysis. This means small time-
step and then long calculation. In order to reduce the calculation
time, only the case f, = 1 kHz has been simulated. In this case,
the sampling frequency is set to 0.1 MHz. Fig. 9 illustrates the
distribution of the maximum magnetic flux density occurring in
the stator, rotor, and magnet parts during the simulated rotation.
The figure also illustrates the distribution of the iron loss density
in the rotor and stator parts. In accordance with the experimental
tests, the magnetic flux density in the teeth parts is sensibly
higher than in the yoke parts. Table III shows the calculated
iron losses in the stator, rotor, and magnets. The stator iron
losses account for 64% of the total iron losses and the calculated
total iron losses are about 2 W higher than the measurement at
fo = 1kHz (see Fig. 7).
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TABLE IlI
IRON LOSS FEA CALCULATION RESULTS AT 750 R/MIN

Iron losses (W)

4.531
1.019
1.522
7.072

Stator
Rotor
Magnet
Total

Fig. 10.

Ring lamination (left) and wound ring core (right).

V. MEASUREMENT OF MATERIAL IRON LOSS DENSITY BY
RING TESTS

The calculation of a BF usually requires the measurements of
both the manufactured core iron losses and the material specific
iron losses. It is proposed here to evaluate the specific iron losses
by measurement on a wound ring core. The ring core, illustrated
in Fig. 10, is composed of 20 ring laminations of a material
identical to that used in the IPMSM stator core (35H300). The
ring laminations were cut using wire cutting technique (same
technique as used for the stator core laminations) and no heat
treatment was performed after cutting. The ring has the same
outer diameter as the stator.

Two kinds of ring tests are performed. Since, in no-load con-
dition, the IPMSM stator windings are excited by a PWM volt-
age, the first ring test is performed under single-phase PWM
excitation. However, it is also important to evaluate the specific
material iron losses following excitation conditions that meet
the international [27] and national standards [28]. As a conse-
quence, a second test under sinusoidal excitation is performed.

A. Ring Under Inverter Excitation

The first ring test consists of exciting the ring core winding
with a two-phase-leg inverter as illustrated in Fig. 11. The gate
signals of the IGBTs are produced by PWM and the modulation
signal of the first phase-leg (u;) is the opposite of the second
phase-leg (u2) modulation signal. In order to reproduce similar
conditions to those of the no-load test of Section III, the PWM
modulation ratio is set identical to Fig. 5, the modulation signal
frequency is set to 50 Hz, and the switching dead-time is set
to 3500 ns. Tests are done at carrier frequencies of 1, 2, 5, 10,
and 20 kHz, and the peak magnetic flux density in the ring
core is adjusted by tuning the dc-bus voltage. During no-load
tests, magnetic flux densities in teeth and yokes were measured,
giving the two series of data for the peak magnetic flux density
in the stator core, as illustrated in Fig. 6. As a consequence, it

Winded
ring core

O
& g}u‘q

Wound ring core under two phase-leg inverter excitation.

/\

Fig. 11.

0 0.005 0.01 0.015 0.02

Magnetic flux density [T] Magnetic flux density [T]

0 0.005 0.01

Time [s]

0.015 0.02

Fig. 12. Magnetic flux density in the ring core at f—. = 10kHz and
fe = 50 H z, teeth level (above) and yoke level (under).

is proposed here to carry out two series of ring tests; the first
setting the ring core peak magnetic flux density close to the yoke
one and the second close to the teeth one.

The ring magnetic flux density can be measured using the
B coil (see blue wire in Fig. 10) wound with the main copper
winding. The B coil voltage and the winding current are mea-
sured so that the average magnetic flux density through the ring
core radial section B,y - (t) and the magnetic field H (¢) can be
estimated, respectively [2]. Then, the ring core iron loss density
Winat (W /kg) can be calculated using

[H-dB

Mring

Wmat = (9)
where m.,, is the ring core mass. It should be noted that this
formulation includes eddy current and hysteresis losses calcu-
lation and gives results very close to the calculation of power
balance [29].

Fig. 12 illustrates the magnetic flux density measured in the
ring core at a carrier frequency of 10 kHz for the two tested
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Fig. 14. Iron loss density measurement of ring core, teeth and yoke

magnetic flux levels, sine-fed and inverter-fed.

peak levels (yoke and teeth levels as explained above). The dc-
bus voltage needed to obtain the required peak magnetic flux
density in the ring is illustrated in Fig. 13. As it can be seen, it is
sensibly lower than the dc-bus voltage needed for the IPMSM
no-load test. The ring core iron loss densities obtained with a
magnetic flux density level close to the teeth value and yoke
value are called Wi a¢ ¢ inv and Wi a¢_y _inv, respectively.

B. Ring Under Sinusoidal Excitation

The second test consists of exciting the ring core winding
with a purely sinusoidal voltage using a signal generator and a
linear amplifier. In this manner, the ring core iron losses are not
affected by the PWM carrier frequency, contrarily to the first
test. The frequency of the sinusoidal voltage is set to 50 Hz and
its peak value is adjusted to obtain the required magnetic flux
density of Fig. 6. The iron loss density is measured in the same
way as the first ring test, using (9), and is called Wi, a¢ ¢ sin OF
Winat_y sin, depending on whether the teeth level magnetic flux
or the yoke level is applied in the ring core, respectively.

Ten measurements have been performed for both the inverted-
fed ring test and the sine-fed ring test. The results are illustrated
in Fig. 14. It should be noted that Wi, a¢ ¢ sin and Winat_y sin do

Fig. 15.

Delimitation of yoke and teeth parts.

not depend on the carrier frequency, as it might be understood
from Fig. 14, since no PWM is used when the ring winding is
under sinusoidal excitation. However, they depend on the peak
magnetic flux density, which, itself, varies with the carrier fre-
quency, as illustrated in Fig. 6. The results have been presented
this way in order to make the comparison easier.

VI. BF CALCULATION

The aim of this paper is to try to evaluate the BF of the
IPMSM stator core. To do so, it is proposed to compare the
iron loss density (W/kg) of the ring core to the iron loss density
of the stator core. While the iron loss density of the ring core
has been measured in the previous section, the iron loss density
of the stator core is not as straightforward because, contrary to
the ring core, the magnetic flux density in the core has a lot
of nonuniformity, as one can see in Fig. 9. As demonstrated in
Sections IIT and IV, the magnetic flux density in the yoke and
teeth parts are sensibly different from each other. As a conse-
quence, it is proposed to delimit the yoke and teeth parts con-
sidering the uniformity of the magnetic flux density. The FEA
of Fig. 9 is used for this purpose. By identifying the areas where
the magnetic flux density is relatively uniform, the delimitation
is done as in Fig. 15.

Knowing that two regions are distinctly considered in the sta-
tor, it is proposed to use the ring core iron loss density measure-
ments at teeth and yoke magnetic flux levels (previous section),
for the BF calculation. Moreover, since the measurements in
Section III give the iron losses of all parts of the IPMSM (mag-
nets, rotor, and stator), it is proposed to use a ratio to identify
the iron losses in the stator only. This ratio is estimated from
the FEA (64%). Consequently, the BF can be formulated as the
ratio between the stator iron loss density and the ring core iron
loss density as

0.64 % P; i ot
my +my

Winata *me+Wnaty *my
My +my

BF =

(10)
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Fig. 16.  BF calculation results considering both inverter-fed and sine-
fed ring tests.

where m, and m; are the mass of the yoke part and the
teeth parts, respectively, Wi+ can be either Wit ¢ iny OF
Wmat,t,sin’ and Wmat,y can be either Wmat,yjnv or Wmat,yjin
depending on whether the inverter-fed ring test or the sine-fed
ring test is considered for the calculation. The stator iron losses,
given by the numerator in (10), are calculated as a portion of the
IPMSM total iron losses. The ring iron loss density, given by
the denominator in (10), is a weighted average between W, ¢ ¢
and Wiy a¢_y, with m, ant m, as weight coefficients.

Fig. 16 gives the BF calculation results for every tested carrier
frequencies. As expected by the results of Fig. 14, the BF dif-
fers with the type of ring test that is considered for the ring
iron loss density. When the inverter-fed ring test is consid-
ered [Wiat tinv and Wyas g iny in (10)], the BF values versus
the carrier frequency are drawn in white dots. When the sine-
fed ring test is considered [Wy,at ¢ sin and Wiyat_y sin in (10)],
the BF values versus the carrier frequency are drawn in black
dots. Since Wiyat_t inv and Winat_y_inv are larger than Wi at ¢ sin
and Wity sin, the BF calculated based on Wyt ¢ iny and
Womat_y_inv (inverter-fed) is larger.

In order to understand the meaning of the calculated BF here,
it is important to define the relationships between the iron loss
density given by the manufacturer data, the iron losses in a ring
and the iron losses in an IPMSM stator.

The manufacturer data are considered to give an evaluation of
the intrinsic material iron loss density for a range of frequency
and induction values. It means that the iron losses are considered
to depend exclusively on the material and no adverse effect
contributes to the losses.

The wound ring is composed of cut rings of electrical steel.
The cutting usually deteriorates the material in the vicinity of the
cut line and this deterioration increases the iron losses. Then the
ring test under sinusoidal excitation gives an iron loss density
caused mainly by the material itself and the cutting. By com-
paring with the manufacturer data, it is then possible to evaluate
the iron loss density increase due to the cutting for a given
ring geometry.

Whenever the ring is excited by a PWM voltage waveform,
the high-frequency harmonic of the PWM carrier increases the
iron loss density compared to the case when the ring is excited

by a sinusoidal voltage. As a consequence, the impact of the
PWM carrier frequency on the iron loss density of the material
can be evaluated by a simple comparison.

In the inverter-fed IPMSM under no-load, the iron losses
in the stator core are caused by the same phenomena as in the
ring core under inverter excitation, plus extra phenomena. These
extra phenomena are 1) the fact that the magnetic flux is not only
alternating but also rotating [ 16], [17]; 2) the effect of the magnet
shape that distorts the magnetic flux density in the stator [12];
and 3) the geometry of the rotor 4+ magnets + stator assembly
that creates a particular path for the magnetic flux from silicon
steel to magnets to air. More precisely, for the latter, the air gap
is responsible for fringing flux that occurs at the end of the core
and locally increase the eddy currents [30]. Interestingly, it has
been proven for reactors with air gap that this effect decreases
with the frequency [21], which could explain the decreasing
trend observed on the BF.

To discuss the credence of the results in Fig. 16, it should be
noted that two main approximations may lead to inaccuracies.
At first, as previously explained, there are approximations in (6)
for the numerical calculation. Considering the small difference
between the experiments and the numerical calculation reported
in [12], it is thought that these approximations have only a small
negative effect on the accuracy of the BF. Second, because of
the restricted possibilities of magnetic flux measurement on the
stator core, the nonuniform distribution of the magnetic flux
density has been brought down to two areas of the cross section
(teeth and yoke areas), in which the magnetic flux is considered
almost uniform. Considering the magnetic flux distribution of
Fig. 9 calculated by FEA, in which a clear difference can be seen
between the two areas, the proposed separation does not seem to
be inappropriate. Consequently, it is thought that the accuracy
of the BF does not suffer too much from this approximation.

VIl. CONCLUSION

This paper presented an attempt to evaluate the BF of the
stator core of an IPMSM under inverter-fed excitation in order
to evaluate the impact of the manufacture and the geometrical
configuration on the iron losses. Measurement difficulties lead
to necessary approximations in the calculation but it can be
concluded that, interestingly, the BF decreases with the PWM
carrier frequency. Future work should concentrate on deter-
mining the main factor that causes the observed behavior of
the BE.
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