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Abstract—The complexity of core loss estimation is a serious
challenge in the design of high-efficiency electric machines. Cur-
rent estimation methods based on the Steinmetz equation and loss
separation are not accurate enough, even at the rated conditions.
This paper describes a loss estimation technique combining finite-
element analysis (FEA) and actual core loss measurements. First,
flux density waveforms in various parts of the electric machine are
determined using FEA. Second, the same waveforms are generated
in a wound toroidal core made of the same material as used in the
machine. The loss is measured per unit mass, and then the total
motor core loss is calculated by integrating the measured W/kg loss
values for predefined sections of the motor. These estimation re-
sults are compared with those of the Bertotti method. The proposed
procedure is shown to improve the accuracy of loss estimation.

Index Terms—Core loss estimation, core loss tester, flux
controller.

1. INTRODUCTION

NERGY efficiency has become one of the main concerns
E worldwide due to the rapid growth of global energy de-
mand. Since electric machines dominate energy consumption,
efficiency improvement of the machines has attracted signifi-
cant interest for the past few decades. Over the years, electric
machine efficiencies have been enhanced in parallel with the de-
sign techniques; many research groups have worked on the loss
segregation of electrical machines [1]-[5]. In the past decade,
the increasing popularity of electric vehicles, as well as more
stringent government regulations concerning electric machine

Manuscript received September 9, 2017; revised February 14, 2018 and May
18, 2018; accepted July 13, 2018. Date of publication October 8, 2018; date of
current version February 20, 2019. Paper 2017-EMC-0664.R2, presented at the
2016 IEEE Energy Conversion Congress and Exposition (ECCE), Milwaukee,
WI, USA, September 18-22, approved for publication in the IEEE TRANSAC-
TIONS ON INDUSTRY APPLICATIONS by the Electric Machines Committee of the
IEEE Industry Application Society. This work was supported by fellowships
from ABB US Corporate Research. The work of I. Tsukerman was supported
in part by the U.S. National Science Foundation under Grant DMS-1620112.
(Corresponding author: Yilmaz Sozer.)

B. Tekgun was with the Department of Electrical and Computer Engineering,
The University of Akron, Akron, OH 44325 USA. He is now with the Depart-
ment of Electrical Electronics Engineering, Abdullah Gul University, Kayseri
38080, Turkey (e-mail: burak.tekgun@agu.edu.tr).

Y. Sozer and I. Tsukerman are with the Department of Electrical and Com-
puter Engineering, The University of Akron, Akron, OH 44325 USA (e-mail:
ys@uakron.edu; igor @uakron.edu).

P. Upadhyay and S. Englebretson are with the ABB US Corporate Re-
search Center, Raleigh, NC 27606 USA (e-mail: parag.upadhyay @us.abb.com;
steven.englebretson @us.abb.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIA.2018.2874352

efficiencies [4], have further intensified the research in this area.
Several methods have been developed to improve the efficiency
and reduce the losses, especially for the electromagnetic iron
losses as a dominant contribution. Although core losses in elec-
trical machines have been investigated for more than a hun-
dred years, core loss estimations are still lacking accuracy. The
complexity of the dynamic nature of these losses and the mea-
surement limitations make the analysis difficult. Moreover, it
is challenging to determine the core losses associated with the
magnetic field distortion, rotor ac fields, and rotating magnetic
fields [6]. These losses are often lumped together into “stray load
loss,” which is not calculated but simply assumed as a percent-
age of the motor output power. The stray load losses may add up
to 2% of the total output power in some cases [6]. The analysis,
prediction, and consequent reduction of the mentioned losses
are extremely important for designing high-efficiency electric
machines.

There is a wide range of core loss estimation methods for
electric machines—in particular, the Steinmetz equation, loss
separation, and mathematical hysteresis models [7]. These mod-
els are designed for various purposes and differ from each other
in some respects.

The origin of core loss modeling can be traced back to the
landmark research of Steinmetz in 1892 [8]. Steinmetz mod-
eled the core loss as an exponential function of frequency and
of the peak flux density under sinusoidal excitation, in a lim-
ited range of frequencies and flux densities. Various approaches
are developed to overcome these limitations and estimate losses
for arbitrary waveforms, e.g., the modified Steinmetz equation
(MSE) [9], the generalized Steinmetz equation (GSE) [10], im-
proved GSE (iGSE) [11], and the natural Steinmetz equation
(NSE) [12]. In another extension of the Steinmetz approach,
known as loss separation or Bertotti method [7], the core loss
is split into hysteresis, eddy current, excess loss, rotational loss,
etc. Rotational losses, in particular, attracted significant atten-
tion [13].

Flux densities in motor yokes and transformer T-joints may
be nonsinusoidal and sometimes contain dc components. Simi-
larly to the previously presented loss separation methods, rota-
tional losses are considered as another dynamic loss component
[14]-[17]. In this model, rotational losses, higher order har-
monic losses, and linear magnetizing losses are combined to
calculate the core losses [7]. In another approximation [18], a
correction factor is introduced to incorporate rotational losses
into the Bertotti model. Another focus in loss separation models
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is the influence of high-frequency pulsewidth-modulated
(PWM) excitation [19], [20]. In one major study [5], core losses
of a PWM voltage-fed machine are separated into hysteresis,
Eddy current based on average rectified, and rms values of the
PWM voltage.

The Steinmetz equation and loss separation models are
engineering-oriented and partly heuristic approaches. More ac-
curate models use material properties and hysteresis curves to
represent the physical phenomena behind the electromagnetic
losses. For hysteresis, in particular, the Preisach [21] and Jilles-
Atherton models [22], [23] are the most notable ones, with
various amendments [24]-[26]. These physical models are ap-
plicable to arbitrary waveforms, dc offset, and minor hysteresis
loops.

Due to their practical, straightforward structures, Steinmetz
equation and the loss separation models are popular and useful
for rough core loss estimation, e.g., in finite-element analysis
(FEA) software [10]. However, the estimation error varies de-
pending on the application. In some cases, this error exceeds
100%, especially in electric machines where higher-order har-
monics and dc-biased waveforms are present. Mathematical
hysteresis models can be more accurate than the Steinmetz-
equation- and loss-separation-based models but are complex and
require much more knowledge about the material and testing. In-
tegration of hysteresis loss models into FEA may be difficult or
not even possible, and the simulations are time-consuming [26].

The core loss measurement is as important as the core loss
estimation, and a variety of methods have been used [27], [28].
The four-wire technique [ 14] has been used in many applications
requiring high accuracy measurements [6], [29]. This method
employs a toroidal transformer with two or more windings on a
test core. A primary winding is used for excitation, while other
windings are used for sensing the induced voltage. The core loss
can be calculated by integration of the product of the sensed volt-
age and the current passing through the primary winding. The
method provides very fast and accurate BH loop determination
through the sense coil voltage and the primary winding current
[30]. However, it is quite sensitive to the phase discrepancy. Due
to the physical limitations of the current measurement devices,
current waveforms are captured with a certain delay, which re-
sults in errors [6]. To avoid this problem, precision resistors
can be used instead of Hall Effect current transducers. Other-
wise, measured current data should be corrected by introducing
a phase advance if the current transducer’s propagation delay
is constant for a wide range of frequencies. Another important
aspect that influences the core losses is temperature variation
[6]. Hence, the measurement process should be kept as fast as
possible with an automated system to avoid the temperature
variation.

We propose a novel core loss estimation technique that com-
bines FEA with core loss measurements. The method begins
with an FEA of the electric machine. Flux waveforms are ob-
tained in different regions where the loss is approximately uni-
form. Then the same flux density waveforms are generated in
a toroidal wound core made of the same material as is used in
the machine, with a novel flux-controlled core loss tester unit
shown in Fig. 1.
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Fig. 1.  Flux-controlled core loss tester.

The core loss tester is capable of controlling both dc and
ac flux densities. The core loss is measured per unit mass of
the material. This allows actual core loss measurements under
known and controllable flux density waveforms. Finally, the
corresponding core loss per mass/volume data for the different
regions and flux density waveforms are combined to calculate
the total core loss in the motor.

It should be noted that only unidirectional flux densities are
considered in this paper, similarly to the magnetic circuit loss
models [31], [32]. There are custom test setups in the litera-
ture for measuring the rotational losses, but the toroidal tester
allows the core loss test only in one direction. It is possible
to estimate rotational losses using superposition of alternating
losses. Results may be reasonable for some materials at low
flux density levels. However, the superposition method overes-
timates the losses when the material is saturated [33]. Consid-
ering that the percentage of the stator core volume subjected
to the rotational losses is varying between 15% and 30% de-
pending on the machine size (from 1 kW to 44.8 MW), and the
relevant core loss increase varies between 2% and 28% [34],
[35], the effect of the rotational losses is not significant for
the target <10% error threshold for small- and medium-sized
machines.

As a practical engineering approach, this method answers
the question of how a particular core material would behave
under certain flux density conditions. Consequently, the loss
estimation becomes more realistic and accurate.

The following section gives further details about the pro-
posed core loss estimation method. The flux-controlled core
loss tester, core loss measurements and the aspects affecting
the accuracy are explained in Section III. In Section IV, a case
study is presented for a 10-hp interior permanent-magnet syn-
chronous motor (IPMSM). The results of the proposed core loss
estimation method are compared with those of the Bertotti core
loss estimation method.

II. CORE L0OSS ESTIMATION METHOD

The model is a combination of FEA and core loss mea-
surements. The estimation procedure is given in Fig. 2. The
method begins with an FEA of the electric machine. Then,
the flux density waveforms are obtained from different regions
where the loss is approximately uniform. The third step is to
generate the same flux density waveforms in a test core made
out of the same material as is used in the machine and to an-
alyze the core losses under these waveforms. This requires a
signal generator and a toroidal core loss tester. Instead of the
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conventional voltage controlled signal generator, we use a flux
controlling signal generator that we developed earlier [36]. The
core loss tester must be able to control the ac and dc flux den-
sities in the core under test (CUT), so that the obtained flux
density waveforms from the rotor and stator are generated ac-
curately. Next, the core losses are measured with the BH loop
method and associated with the mass/volume of the material for
each region. The final step is to estimate the total core loss of
the motor by combining the loss per mass/volume data for each
region from the toroidal core measurements.

III. FLUX-CONTROLLED CORE LOSS TESTER AND
CORE LOSS MEASUREMENTS

In order to generate the desired flux density waveforms, hard-
ware consisting of a high bandwidth signal generator and a
toroid tester are needed. The proposed test system shown in
Fig. 3 is designed for the BH loop core loss test. In this method,
the dc input voltage is processed with the H-bridge inverter,
and the signal at the desired frequency and shape is applied to
the toroid transformer. Then, the flux density and field strength
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are calculated instantaneously from the measured quantities V
and ;.

Two different toroidal transformers are built, one from the
stator laminations and another one from the rotor laminations.
The toroidal core sample dimensions are decided based on the
available area on the stator and rotor laminations of the motor.
To minimize further influence on the core losses, the widths
of the core sample are kept as large as possible. Three ring-
shaped laminations are cut out for each transformer from the
actual motor laminations. The first toroid has 0.5 mm thickness
(h;), 14 mm width (w;), and 57.2 cm core length (I;,,), and
the second toroid has 0.675 mm thickness, 9 mm width, and
16 cm core length. It should be noted that the sample width of
the first toroid is larger than the width of the stator teeth and
smaller than the stator yoke thickness. This estimation process
may be made more accurate by using two samples, one of them
having the width of the stator teeth and the other one having the
width equal to the stator yoke thickness because the magnetic
properties of the samples having smaller widths differ from
the samples having larger widths [37]. In this paper, only one
sample that has 14 mm thickness is used for the stator core loss
estimation.

Although the laminations are welded in the actual motor,
the core samples are glued together to avoid width variations
through the stacked sample. It is known that the magnetic prop-
erties of the material are affected by the manufacturing process
[38], which influences the core loss significantly [39], [40].
Since the laminations used in this paper are taken from an
actual motor, the material has already undergone the manu-
facturing processes. In addition, during the sample preparation
process, the laminations are cut again, which degrades the mag-
netic properties, and glued together, which causes an axial stress
on the sample, further affecting the core loss. Therefore, it can
be assumed that the measured core loss from the toroidal tester
would be slightly higher than it is in the motor.

The flux linkage A is calculated through the integration of the
voltage measured from the sense coil; then the flux density B
can be calculated as

1
B*m/“)dt m
————
A

where Ny is the number of turns on the sense coil, Ao is the
cross-sectional area of the core, and V; is the induced voltage
on the sensing winding.

The developed core loss tester is presented in Fig. 4. It
consists of an SiC single-phase H-bridge inverter operating
at 150 kHz, an LC filter with 10 kHz bandwidth, and a
toroidal inductor that has two windings on a core under test.
A Texas Instruments floating point dual-core DSP microcon-
troller TMS320F28377D is used for control with a sampling
time T = 6.6 us (fs = 150 kHz). The control and interfacing
unit can be seen in Fig. 4(c). The tester has a 130 A peak current,
900 V peak voltage, and a 10 kHz fundamental frequency limit.

The filter capacitor voltage, the inductor current, and the sec-
ondary winding voltage are fed back to the digital controller
which controls the secondary winding voltage directly and the ac
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Fig. 4. (a) Core loss tester. (b) Power circuitry and dc bus. (c) Control and
interfacing unit.
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component of the flux indirectly. The digital controller shown in
Fig. 5 uses repetitive control and state feedback control schemes
to track the reference signal. The repetitive control suppresses
the periodic disturbances and guarantees the zero steady-state
error while the state feedback controller gets rid of nonperiodic
disturbances. DC flux level is controlled by another feedback
controller that uses the average filter inductor current. Thus, ar-
bitrary flux density waveforms can be generated in the core at a
wide range of frequencies with/without dc offset. The complete
control structure is given in Fig. 5, the detailed system modeling
and control design can be found in [36].

For a valid and accurate core loss measurement, it is important
to have a proper understanding of various measurement errors.
The measurement system may be affected by phase discrepancy
between the measured voltage and current waveforms due to the
poor frequency response of the current sensor, by the tempera-
ture of the core, etc. In order to mitigate the phase discrepancy,
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Fig. 6.

Stator core loss distribution and the selected regions.

a precision (low inductance) resistor was used. The influence of
temperature was minimized by keeping the measurement time
short; therefore, temperature variations due to the high current
levels are avoided.

IV. CoORE L0SS ESTIMATION OF AN IPMSM

A 10-hp, four-pole, 36-slot, 1800-r/min IPM motor is selected
to analyze for the proposed estimation method. First, the core
loss regions are determined. Second, the flux density waveforms
of these regions are recorded for no-load and loaded cases, and
finally, these waveforms are generated on the toroidal core and
core loss is measured to be used in the estimation.

A. Determination of Loss Regions

The motor core loss regions are determined using FEA of the
motor under rated conditions. The sampling ratio on the FEA
simulation is 20 pus (50 kHz), which allows us to capture har-
monics up to 25 kHz in the flux density waveforms. Given that
the flux-controlled signal generator’s bandwidth is 10 kHz [36],
the captured waveforms have enough resolution to be rebuilt
in the flux-controlled tester. Moreover, the motor is fed with
sinusoidal currents in FEA and during the tests, so there is not
PWDM-related harmonic content in the waveforms under consid-
eration. The cross-sectional core loss distribution in the motor
was estimated using the conventional Bertotti model because
it accounts for the flux density rate of change; hence, high-
frequency effects can be distinguished easily. The estimated
core loss using Bertotti’s method is displayed in Fig. 6.

Determining the rotor core loss regions is a little different for
the stator because the core loss per volume values differ from
one region to another significantly. Therefore, distinguishing
the regions from each other is not as easy as is the case in
the stator. In order to visualize the loss distribution through the
rotor, different color scales are used, as shown in Fig. 7(a), (b),
and (c). The minimum limit is 0 W/kg, and the maximum limits
are 124 000 W/m? for Fig. 7(a), 12 400 W/m? for Fig. 7(b), and
4100 W/m? for Fig. 7(c). The loss regions are determined, as
shown in Fig. 7(d).

The estimation gets more accurate as the cross-sectional sec-
tors of the motor get denser. This is conceptually similar to
FEA simulations, where denser meshes can capture the local
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Fig. 7. Rotor loss distribution using different color scales. The maximum
values of core loss per volume are (a) 124 000 W/m?3, (b) 12 400 W/m3, and
(c) 4100 W/m?. (d) Rotor core loss regions.

variations of flux densities and generate more accurate results.
However, accurate core loss estimation can be achieved if the
sectoring is done carefully, which will also shorten the estima-
tion process [31], [41], [42].

B. Determination of Flux Density Waveforms of the IPMSM

After determining the motor core loss regions, the flux density
waveforms of the motor for the no-load conditions have been
obtained from the FEA by placing flux sensors in the middle of
each loss region. When the motor is not loaded, the averaged
input power includes only the stator copper loss, the friction and
windage loss, and the core loss. The copper loss can be calcu-
lated using the stator winding resistance and the current passing
through them. It should be noted that the stator resistance varies
with the temperature and the expression for the new resistance
value is as follows:

R =Ry (14 ac, (T —Tp)) 2

where Ry is the measured ac resistance at 25 °C, oy (0.004041)
is the temperature coefficient of copper, and 7j is the reference
temperature which is 25 °C for our case. The winding temper-
ature can be measured with the thermocouples placed between
the windings. Before taking any further measurements, the mo-
tor should be running for about 30 min at the rated load until the
temperature of the windings is stabilized. Then, each measure-
ment can be taken at the rated operation temperature. Therefore,
the measurement error can be minimized. In this paper, all the
measurements are performed at the rated operating temperature
of 40 °C. Phase resistance at 25 °C is measured as 0.651 €2 and
calculated as 0.6905 2 for 40 °C. If there is £2 °C temper-
ature measurement error, the copper loss variation is £0.75%
for the rated loading condition (10 A rated current, 205.6 W at
38 °C, 208.7 W at 42 °C); £0.76% for the no-load condition
(7 A, 462V, 100.72 W at 38 °C, 102.27 W at 42 °C). For the
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Fig. 8.

Flux density waveforms of a stator of an IPMSM.

measured core loss of ~125 W at no load, the stator copper
loss measurement error (£0.775 W) does not have a significant
effect on the core loss measurement accuracy, as long as the
measurement temperature is kept constant.

Mechanical losses can be determined using the IEEE standard
regarding the friction and windage loss determination section
[43]. Although different samples of a machine manufactured at
the same facility are assumed to have the same features, their per-
formance and losses slightly vary from each other. Especially,
the mechanical losses vary as the machine ages, collects dust,
etc. In this paper, mechanical loss of the machine is considered
constant at the rated speed and is measured at the manufactur-
ing facility as 98 W, which is 1.3% of the rated power of the
machine.

The core loss can be measured by performing the no-load
test. For the no-load condition, the averaged input power should
be equal to the summation of the copper, friction — windage,
and core losses. This allows the input current to be calculated
and applied to the FEA model of the motor. The resulting flux
density waveforms are presented in Figs. 8 and 9. While the
stator flux density waveforms are zero-mean ac signals with
a 60 Hz fundamental and higher order harmonics, the rotor
waveforms contain a 1080 Hz ac fundamental and higher order
harmonics, in addition to a dc offset. The 1080 Hz fundamental
frequency is the result of the stator teeth passing through the
rotor poles. The dc offset varies in different regions depending
on the flux path and the rotor geometry.

A closer look at the earlier waveforms reveals that the stator
Sensor 1 (S7) has a 60 Hz frequency fundamental. This wave-
form becomes distorted and additional high-frequency compo-
nents are added to the 60 Hz waveform when the motor is loaded.
Because the position of the sensor is close to the air gap, the
waveform includes harmonics caused by the air gap flux, rotor
slots, instantaneous field variations at the magnet ends, etc. On
the stator Sensor 2 (S»), the waveform amplitude increases due
to the narrowing flux path, which increases the saturation of
the core material. Similarly, this waveform also includes high-
frequency harmonics when the motor is loaded. However, the

Authorized licensed use limited to: Abdullah GUI Univ (KAYSERI ABDULLAH GUL UNIVERSITESI). Downloaded on March 25,2021 at 11:10:16 UTC from IEEE Xplore. Restrictions apply.



1304

=

vl 002

001 002 005 004 005 0.0

001 002 005 004 005 006
Time fsec]

Fig. 9.

B

B
B
B

Fig. 10.  Stator flux density waveforms of an IPMSM at loaded conditions.

high-frequency component is not as significant as in the S1 sen-
sor. The Sensor 3 (S3) waveform has similar properties to those
of S5. Sensor 4 (S4) measures similar output to those of Sensor 3
(S3) having even lower high-frequency components. At the yoke
of the motor, the flux density decreases because the flux path
widens, as seen from Sensors 5 (S5) and 6 (Sg).

The same procedure is followed for the determination of the
flux density waveforms for the rated conditions. The current
level is set to produce the rated torque and the waveforms are
taken, as presented in Figs. 10 and 11.

It can be clearly seen from the figures that the amplitudes of
the fundamental and harmonic components increase with load,
which leads to a significant increase in the core losses.

C. Core Loss Tests Under Actual Flux Density Waveforms

Once the waveforms are obtained, the proposed method re-
quires generating the same flux waveforms in the core made of
the same material as is used in the machine. Hence, two toroidal
transformers have been wound on the stator and rotor electrical
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Fig. 11.  Rotor flux density waveforms of an IPMSM at loaded conditions.

Fig. 12.

Prepared toroid transformers for testing.

steels. To avoid measurement errors due to capacitive couplings
and leakage inductances, the primary and secondary windings
are placed on top of each other and wound as tightly as possible
(see Fig. 12) [6].

The toroid made out of the stator material has 264 turns on the
primary and 30 turns on the secondary windings. The measured
magnetizing inductance is 2.21 mH, the leakage inductance is
200 pH, and the dc resistance is 330 mS2. The second toroid
is made of the steel used in rotor laminations. To reach the de-
sired dc offset for the magnetic field, the number of turns in the
primary winding has been increased to 300 and the core size de-
creased. The sample has three individual secondary windings to
adjust the secondary winding voltage amplitude. The magnetiz-
ing inductance, leakage inductance, and the dc resistance of the
second toroid are 14.9 mH, 340 pH, and 2.11 €Q, respectively.

The flux-controlled core loss tester is used to generate the
flux density waveforms obtained from the FEA. For a given
flux density waveform, the core loss tester generates the re-
quired voltage waveform on the secondary winding. Fig. 13



TEKGUN et al.: CORE LOSS ESTIMATION IN ELECTRIC MACHINES WITH FLUX-CONTROLLED CORE LOSS TESTER

0 0.01 0.02

Time [sec]

0.04

Fig. 13.  Flux density waveform of the stator sensor S and the corresponding
secondary winding voltage.

1.5 \ :

Generated
= = = Reference

VoV

-1.5 : ' ‘
0 0.01 0.02 0.03 0.04
Time [sec]
Fig. 14. Reference and generated secondary winding voltages.
1.5 \ : .
BGenemzed
It = = = Preference | |
0.5} \ 1
~
& Oh 1
Q \ \
-0.5 f
4
A i
-1.5 : : :
0 0.01 0.02 0.03 0.04
Time [sec]
Fig. 15. Reference and generated flux density waveform of Sy .

shows the flux density and the corresponding secondary voltage
waveforms.

Figs. 14 and 15 present the reference and generated wave-
forms of the secondary winding voltage and the flux density
waveforms for the stator sensor S; .

Similarly, other flux density waveforms from the regions
given in Fig. 8 are generated. The sensors Rj, waveform is
given in Fig. 16 as an example.
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loading condition.

The rotor flux density waveforms in Fig. 9 contain a dc offset
and high-frequency components. Because these waveforms are
taken at the no-load conditions, the high-frequency components
are not very significant except for some of the regions. These
high-frequency components grow when the motor is loaded,
which causes the rotor core loss to increase rapidly. Fig. 16
shows the flux density waveform of the motor taken from the
rotor sensor Rj,, which exhibits the largest high-frequency os-
cillation. The waveform taken from the same region at the rated
conditions has a dc offset exceeding 1.5 T, with a high-frequency
component of 0.1 T in peak-to-peak amplitude.

The waveforms obtained from the FEA at the rated loading
conditions are generated in the test system as well. Fig. 17
presents the reference and generated flux density waveform for
the fifth stator core loss region.

Again, the rotor waveforms contain different levels of dc
offsets and high-frequency components that have higher am-
plitudes than the ones in no-load condition. Figs. 18 and 19
show the reference and generated flux density waveforms of the
fourth and twelfth rotor core loss regions at the rated loading
condition.

The power loss is measured when the waveforms are gener-
ated for each region. Verification of the core loss measurement
is done with an energy analyzer by feeding the primary winding
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TABLE I
CORE L0Oss PER MASS DATA FOR EACH STATOR LOSS
REGION AT THE NO-LOAD CONDITION

\Loss Region ||Core loss [W/kg] |Mass of the region [kg]
1 9.5 0.5361
2 104 1.0722
3 104 1.0722
4 74 1.0186
5 4.3 1.1901
6 7.6 8.6874
7 9.4 1.0293
Total stator core loss 1155 W

current and the sense coil voltages to the device. The core loss
per mass data for the stator and rotor loss regions, along with
the mass of each region, are given in Tables I and II for no-load
conditions.

The estimated total stator core loss is 115.5 W. Similarly, total
no-load rotor core loss is calculated as 6 W by adding up the
losses of the rotor regions. Hence, the total no-load core loss is
estimated at 121.5 W, which is very close to the measured value
of 125 W using the /EEE motor loss segregation standard.

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 55, NO. 2, MARCH/APRIL 2019

TABLE II
CORE L0OSS PER MASS DATA FOR EACH ROTOR LOSS
REGION AT THE NO-LOAD CONDITION

Loss Region | Core loss [W/kg] | Mass of the region [kg]
1 3.11 0.53
2 0.65 0.55
3 0.41 0.81
4 0.35 1.10
5 0.92 1.26
6 0.74 0.38
7 1.85 0.40
8 0.66 0.65
9 0.52 1.02

10 1.58 1.11
11 1.22 0.71
12 3.15 0.68
13 3.44 0.49
Total stator core loss ow

TABLE III
CORE L0OsS PER MASS DATA FOR EACH STATOR LOSS
REGION AT THE RATED LOADING CONDITION

ILoss Region |Core loss [W/kg]  |Mass of the region [kg]
1 15.6 0.5361
2 14.6 1.0722
3 14.6 1.0722
4 9 1.0186
5 5.2 1.1901
6 8.1 8.6874
7 10.1 1.0293
Total stator core loss 135.5 W

Using the proposed method, the total core loss of the motor
is estimated accurately when the motor is not loaded (classical
iron losses). The results are compared with those of the method
used in the Flux 2D FEA software package; that is, Bertotti’s
core loss model, in which the total core loss is calculated as
67 W.

Using the measured loss for the flux density waveforms given
in Figs. 10 and 11, Tables III and IV are created. The estimated
total core loss is 150 W, which includes a 135.5 W loss in the
stator and a 14.5 W loss in the rotor.

The Bertotti loss model results in total losses of 106 W at the
loaded condition, in contrast with the proposed model, which
gives 150 W. At present, there is no standard method for measur-
ing the core losses at the rated conditions to verify the accuracy
of the proposed method.
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TABLE IV
CORE L0OSS PER MASS DATA FOR EACH ROTOR LOSS REGION
AT THE RATED LOADING CONDITION

ILoss Region |Core loss [W/kg] |Mass of the region [kg]
1 9 0.53
2 1.2 0.55
3 1.23 0.81
4 4.35 1.10
5 1.95 1.26
6 0.795 0.38
7 7.5 0.40
8 1.8 0.65
9 1.05 1.02
10 9.6 1.11
11 1.65 0.71
12 6.3 0.68
13 4.5 0.49
Total stator core loss 145 W

V. CONCLUSION

The proposed core loss estimation method for electric ma-
chines employs a flux-controlled core loss test unit. This unit is
capable of controlling ac and dc flux densities in a toroidal core,
to mimic the actual flux waveforms in various parts of electric
machines. These flux waveforms are determined from FEA and
generated in the core during the test. The resulting core loss
values for the applied flux density waveforms are captured and
prorated, on a per-unit-mass basis, to the total loss in the motor.

The proposed method is applied to an interior permanent-
magnet synchronous motor at no-load conditions and compared
with the experimental measurements. The results show that the
proposed method provides very accurate estimates of the core
loss under no-load conditions. Verification of the method under
the loaded condition is an integral part of our future work.
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