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ABSTRACT: Improving the efficiency of electrical machine is an important way to reduce carbon emissions. Accurate calculation and
measurement of iron loss is an important part of improving efficiency of electrical machine. Therefore, how to accurately calculate and
optimize the device structure to reduce iron loss has become a research focus. In this study, the influence of power supply, motor struc-
ture, ferromagnetic material, manufacturing processes, and multiphysics on the motor iron loss is discussed and summarized. Then, the
classification and summary of the existing iron loss models are discussed, and shortcomings and the future research direction are sug-
gested. In addition, several induction motor efficiency measurement standards are described, and the defects and improvement direction
of efficiency measurement of converter-fed motor are discussed. The contents discussed and summarized in this study can be helpful to
engineers engaged in high efficiency motor design and motor driving algorithm development.

1. INTRODUCTION

chieving the Paris climate goals requires significant reduc-

tions in carbon dioxide (CO2) emissions [1], and reducing
electricity consumption is the primary goal of decarbonization.
As the main electromechanical conversion device, motors pro-
vide power for a variety of equipment and are widely used in in-
dustries, commerce, transportation, public services, and house-
hold appliances [2,3]. A number of studies have shown that
the improvement of motor efficiency has great energy saving
potential [4, 5]. One way to improve motor efficiency is to re-
duce losses by optimizing motor structure during motor design
stage [6,7], and the other way is to optimize system opera-
tion by energy-saving operation strategy during motor opera-
tion [8, 9], in which motor loss model is involved in both.

The losses of the motor mainly include copper loss, iron loss,
and mechanical loss, among which the analysis method of iron
loss is the most complex, especially after the wide application
of frequency conversion modulation technology [10]. There
are a large number of iron loss models, each of which has ad-
vantages and disadvantages. For electrical machines engineers
in different subdivisions, it is difficult to choose the appropri-
ate iron loss model. Therefore, an overview of motor iron loss
is needed. A large number of iron loss models were reviewed
in[11, 12], and the advantages and disadvantages of each model
as well as the scope of application were discussed in detail.
However, in recent years, new progress has been made in iron
loss model. The variable coefficient iron loss model, Preisach

* Corresponding author: Dongdong Zhang (dongdongzhang@gxu.edu.cn).

doi:10.2528/PIERB24060802

105

model, and Jiles/Atherton (J-A) model are not discussed and
summarized in detail in literature [11, 12]. Ref. [13] reviews
common magnetic core materials used in high-power high-
frequency transformers, iron loss modeling methods based on
Steinmetz equation (SE), and advanced core loss measurement
techniques. Ref. [14] reviews and discusses the material char-
acteristics, iron loss model, and simulation software used in fer-
romagnetic components of power electronic devices. However,
the motor is a rotating equipment, compared with the trans-
former and other static equipment, and the iron loss caused by
the rotating magnetic field in the motor is the calculation dif-
ficulty. For a motor, especially an electric vehicle motor, its
speed range is wide, and it is difficult to establish the iron loss
model suitable for a wide frequency range. Ref. [15] has ex-
tensively investigated the measurement and modeling of rotat-
ing core loss in motor, discussed several modeling methods of
rotating core loss, and summarized four main methods of mea-
suring rotating core loss.

However, the above review papers are not comprehensive. In
the past decade, segmental variable coefficient iron loss model,
high-speed motor iron loss model considering multiple physical
fields [16], analytical iron loss model for optimal efficiency of
motor system [17, 18], and newly developed hysteresis model
have been widely proposed and applied to the design stage of
motor and system operation stage. These new iron models
need to be summarized to facilitate electrical engineers to better
choose the corresponding iron loss models.

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIERB24060802

rPIER B

Yi et al.

This study focuses on the analysis, calculation, and measure-
ment of motor core loss. First of all, this paper discusses the
influence of Pulse Width Modulation (PWM) power supply,
ferromagnetic material composition, motor structure, process-
ing mode, multi-physical field, and other factors on iron loss.
Then, we focus on the relatively new iron loss models in recent
years compared with [14] and [15], discuss the current research
deficiencies, and suggest future research directions. Finally, a
critical voice is proposed for the existing converter-fed motor
loss separation specification.

2. INFLUENCE OF DIFFERENT FACTORS ON IRON
LOSS

The premise of accurate calculation of iron loss is to under-
stand the factors affecting the iron loss of the motor in detail.
The difficulty of iron loss analysis of converter-fed motor lies in
the complex temporal and spatial harmonics in the motor mag-
netic field, which causes an additional harmonic loss in the mo-
tor core. In addition, the manufacturing processes will lead to
the deterioration of ferromagnetic material performance, which
will also have a great impact on the motor iron loss [19].

2.1. The Influence of Power Supply Mode on Iron Loss

Firstly, the influence of power supply mode on iron loss of mo-
tor is discussed. The power supply mode of the motor deter-
mines the magnetic field inside the motor core. Many studies
have carried out relevant studies on the analysis and calculation
of iron loss under PWM power supply [20]. Ref. [21] stud-
ied the influence of modulation index of PWM waveform and
switching frequency on iron loss by using measured data. The
results show that the iron loss decreases with the increase of
modulation index, and the switching frequency has little effect
on the iron loss. Further studies in [22] show that the increase of
modulation index will lead to the decrease of the Minor hystere-
sis loop size, thus reducing the iron loss. In addition, it is found
that the influence of power electronic topology on iron loss is
quite large, that is, the iron loss under bipolar PWM waveform
is much higher than that under unipolar PWM waveform. This
is because the bipolar PWM waveform has more harmonic con-
tent than unipolar PWM waveform, which leads to the size of
the minor loop in the hysteresis loop. Ref. [23] shows that the
iron loss decreases slightly with the increase of switching fre-
quency. Moreover, at very small values of the modulation in-
dex (less than 0.3), iron loss increases sharply.

2.2. The Influence of Motor Structure on Iron Loss

The influence of motor structure on iron loss of motor is mainly
due to the space harmonic magnetic field. Motor slotting will
lead to space harmonics in the motor core [24]. As known
to all, the more the slots are, the lower the harmonic content
is [25,26]. Fractional pitch windings can eliminate some high
harmonics [27], while distributed windings can reduce the mag-
netic density amplitude of harmonics [28]. In recent years,
fractional slot concentrated winding (FSCW) structure has at-
tracted wide attention in permanent magnet synchronous mo-
tor (PMSM) due to its high efficiency, short end-windings, and
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high slot fill factor [28]. Ref. [28] compares the FSCW motor
performance with different winding layers and find that FSCW
motor has a large rotor eddy current iron loss, and increasing the
winding layer can reduce the rotor eddy current iron loss. New
multiphase star-delta hybrid connection (SDHC) winding struc-
ture [29] and spatially shifted star triangle windings [30] suit-
able for FSCW have also been studied to reduce some low-order
spatial harmonics in some air-gap flux density. In addition, flux
barrier on the stator yoke [31], optimization method [32], and
reasonable arrangement of magnetic slot wedges [33] can be
adopted to weaken harmonics of air-gap flux density, thus re-
ducing iron loss due to space harmonics from stator.

2.3. Influence of Material Properties on Iron Loss

The static and dynamic properties of ferromagnetic materials
are determined by the structure and movement of the magnetic
domains [34], which are characterized by the different mag-
netization curves and hysteresis loops of ferromagnetic materi-
als. People are used to use coercivity, saturation magnetization,
permeability, and resistivity to characterize the basic properties
of ferromagnetic materials. All kinds of ferromagnetic materi-
als with excellent properties in practice are obtained by exter-
nal factors (cold working, heat treatment, grinding, orientation,
etc.) affecting the magnetic domain structure under the con-
dition of appropriate ferromagnetic material composition [35].
Different processing levels will lead to the great difference in
the properties of ferromagnetic materials. The first is the grain
size of the material. The larger the grain size is, the smaller
the hysteresis loss is, but the eddy current loss is increased, and
the coercivity is decreased [35]. Secondly, different process-
ing levels will also lead to different contents of impurities in
steel sheets [36]. The increase of impurity content will increase
coercivity, reduce saturation magnetic induction intensity, and
increase hysteresis loss [36]. However, different processes will
lead to different mechanical properties of the steel sheet. It is
difficult for the brittle steel sheet to be processed into a very
thin silicon steel sheet [37]. However, a very thin steel sheet
can greatly reduce eddy current loss [38]. Finally, during man-
ufacturing, manufacturing processes introduce local strain as
well as compressive and tensile stress, which will increase the
coercivity and hysteresis loss [39].

The most widely used magnetic material for motors is alloy
laminates, in which the main element is iron, and silicon (Si),
aluminum (Al), nickel (Ni), cobalt (Co), and manganese (Mn)
are often added to adjust the magnetic and mechanical proper-
ties [38]. The influence of different metal elements on the prop-
erties of ferromagnetic materials is discussed in detail in [38].
To sum up, the influence of ferromagnetic material parameters
on its performance can be summarized as shown in Fig. 1.

2.4. Influence of Manufacturing Processes on Iron Loss

Commercial silicon steel sheets must undergo different pro-
cessing procedures before they can be used in motors, as shown
in Fig. 2, including cutting, welding, interlocking or gluing,
which will deteriorate the magnetic properties of the steel
sheets [39]. Ref. [40] comprehensively introduces the law of
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FIGURE 1. Influence of ferromagnetic material parameters on its properties. p is the permeability; p is resistivity; B is saturation magnetization; H.

is coercive field strength.

2@

cutting stacking

interlocking or welding

shrink fitting

FIGURE 2. Motor stator manufacturing process.

the influence of cutting technology on the macro and micro
characteristics of non-oriented silicon steel. The effects of cut-
ting speed, tool wear state, laser type, and wire or spark of EDM
on material properties are also discussed. Ref. [41] studies and
reviews the influence of several main machining methods on
the performance of motor core, and finds that Punching will
produce mechanical stress on the steel sheets and affect its elec-
tromagnetic properties. Shrink will cause the frame to gener-
ate compressive stress on the stator, reduce the permeability of
electrical steel, and increase the iron loss density. Welding will
short-circuit the laminate surface of stator and increase eddy
current loss. In addition, heat generated in the welding pro-
cess will also generate thermal stress, resulting in a decrease
in permeability and an increase in iron loss density. Ref. [42]
find that blunt tools will increase static hysteresis loss. In addi-
tion, tool wear can cause slot edge burrs [42]. The more serious
the tool wear is, the higher the burr height is, the more serious
the short circuit is between the upper and lower layers of the
silicon steel sheet, and the greater the eddy current loss is [42].
Ref. [43] studies in detail the effects of CO2 laser cutting, solid-
state laser cutting (FKL) laser cutting, and mechanical cutting
on magnetization characteristics and specific loss of electrical
steel plates. It is found that the compressive stress of laser cut-
ting is larger than that of mechanical cutting, which leads to
larger static hysteresis loss and increases the resistance of sili-
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con steel at the same time, so the eddy current will be reduced.
Ref. [44] shows that laser cutting not only affects the loss of
the magnetic core, but also affects the magnetization curve of
the magnetic core at different frequencies. Ref. [45] shows that
core loss increases more with the increase of laser cutting fre-
quency, and the steel with high thermal conductivity will pro-
duce higher residual stress during laser cutting. There is now a
form of gluing for ultra-thin silicon steel, which is used to lam-
inated silicon steel sheets. Adhesive is beneficial to the perfor-
mance of thin silicon steel, reduces the occurrence of eddy cur-
rent, reduces the ability loss caused by welding, and plane bond
mechanical strength is higher. Ref. [46] presents the methods
used to represent the properties of the cut sheet for the finite ele-
ment model (FEM) simulation, providing an alternative way to
explore the effect of cutting process on magnetic material prop-
erties. Cutting deteriorates the magnetic properties of materials
at the cutting edge. Ref. [47] analyzes and summarizes the dete-
rioration depths presented in the literature. It not only provides
an overview of the quantitative results, but also discusses them
in the context of the respective measurement method.

2.5. Influence of Motor Multiphysics on Iron Loss

In the process of motor operation, the change of some physical
parameters will also lead to some changes in the properties of
ferromagnetic materials, which will lead to the error of the iron
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TABLE 1. Influence of different factors on the lamination steels [38,41].

Aspects

Factor

¥

B

=

Switching frequency ()

Power supply

Modulation depth ()

Grain Size ()

Properties of lamination steels

Impurities ()

Sheet thickness ()

Internal stress ()

NN

NN

Silicon content ()

Aluminum content (")

ars

Alloy content

Manganese content ()

e
N |
e

Cobalt content ()

Nickel content ()

Punching process

Laser cutting

<IN N

Manufacturing Processes

Pressing process

Welding process

Shrink Fitting

Multiphysics

temperature

centrifugal stresses

N NN N NN

P, is Hysteresis losses; P, is Eddy current losses (Including excess losses); B; is Saturation magnetization; H. is Coercive field strength.

loss model under static measurement. Ref. [48] shows that both
hysteresis and eddy current losses vary linearly with tempera-
ture, and their loss coefficients fluctuate with flux density and
frequency. In [49], the variation of iron loss of soft magnetic
composite (SMC) with temperature is studied. It is found that
the hysteresis loss and eddy current loss of SMC decrease with
increasing temperature. Ref. [5S0] shows that the loss of thicker
silicon steel is more affected by temperature. Refs. [16] and
[51] show that eddy current loss coefficient is mainly related to
temperature field, and hysteresis loss coefficient is strongly de-
pendent on stress field. Ref. [52] shows that compressive stress
has a greater effect on iron loss, while tensile stress has a lesser
effect on iron loss. Ref. [53] shows that the centrifugal stress of
the rotor will lead to a significant increase in the iron loss of the
rotor at high rotational speed. Ref. [54] indicates that stacking
stress reduces the permeability, resulting in a more specific loss,
and that the reduction in permeability is nonlinearly related to
the applied stress.

2.6. Summary of All Influencing Factors

To better summarize the influence of various factors on the
performance of ferromagnetic materials, this study gives an
overview through Table 1. Please note that Fig. 1 and Table 1
only represent the correlation (positive or negative correlation)
of the influencing factors on the properties of ferromagnetic
materials and do not represent specific values.
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3. IRON LOSS MODELS OF ELECTRICAL MACHINES

Iron loss calculation is an important part of motor design to opti-
mize motor structure and improve efficiency, and an important
part of motor optimal efficiency control. Fig. 3 shows some
commonly used iron loss calculation models over the years,
from which we can clearly see the development and relation-
ship of various iron loss models.

3.1. Steinmetz Equation

The first is the classical Steinmetz equation [55]. The early
Steinmetz model was obtained under the assumption that the
flux density waveform is pure sine, but the flux density in the
actual motor is difficult to reach the pure sine waveform, so
the model error is large. Therefore, many scholars have im-
proved and perfected Steinmetz’s model. Strengthened Stein-
metz models include Modified Steinmetz Equation (MSE) [56],
Generalized Steinmetz Equation (GSE) [57], Improved Gen-
eralized Steinmetz Equation (IGSE) [58], and Natural Stein-
metz Extension (NSE) [59], and several enhanced versions of
Steinmetz model have been introduced in detail in references
[11, 60], which will not be repeated here.

3.2. Loss Separation Model

With the deepening of research, scholars began to study the
mechanism of iron loss, and relevant scholars established
the loss separation model according to physical mechanisms.
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FIGURE 3. Iron loss models of electrical machines.

The classical loss separation models include two-term loss
model [61] (Jordan’s model), three-term loss model [62]
(Bertotti’s model), and loss model after magnetization [63, 64].

Compared with the Jordan’s model, Bertotti’s model added
an excess loss, which took into account the loss caused by the
domain wall motion and the time effect in the domain process.
Both the Jordan’s model and Bertotti’s model assume that the
ferromagnetic material works in the linear region without con-
sidering the influence of harmonic magnetic field. The satura-
tion of ferromagnetic materials will increase the difficulty of
eddy current loss calculation. The harmonic magnetic field
will deform the hysteresis loop, as shown in Fig. 4, that is,
there are many irregular small hysteresis loops, which leads to
the difficulty of hysteresis loss modeling [65]. Ref. [66] pro-
poses a two-term constant coefficient iron loss model based
on voltage harmonic coefficient to consider the distortion of
magnetic density of the core under variable frequency power
supply. Refs. [67,68] make a detailed analysis of the minor
hysteresis loop caused by harmonic magnetic field and add ad-
ditional high-order magnetic density term to the classical iron
loss model to consider its influence. However, the coeffi-
cient of those model is constant, when the magnetic density
varies widely, it is difficult to find an appropriate coefficient
to meet the model accuracy under all magnetic density condi-
tions. Therefore, the constant coefficient iron loss model does
not have universal applicability.

To make the iron loss model have a higher accuracy in a
wider range of frequency and magnetic density, a variable co-
efficient iron loss model is proposed in [69, 70]. The difference
is that in [69] it is obtained that the hysteresis loss coefficient
changes with the change of frequency and magnetic flux den-
sity, while the eddy current loss coefficient and excess loss co-
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FIGURE 4. PWM harmonics lead to hysteresis minor loops in hysteresis
curves.

efficient change only with frequency. On this basis, [70] con-
cludes that when the frequency is higher than 400 Hz, it is dif-
ficult to separate abnormal losses from eddy current losses, and
the accuracy of three-term variable coefficient iron loss model
becomes worse in high frequency band. A two-term variable
coefficient iron loss model is proposed, in which excess losses
are considered together with eddy current losses instead of be-
ing ignored. However, the coefficients of the above variable
coefficient iron loss model are obtained by polynomial fitting
method of magnetic flux density peak and frequency, which has
its inherent defects [ 71], that is, when the magnetic density peak
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value or frequency change is bigger, the ill-fitting will be more
serious, and obvious errors will be produced.

In addition, the above variable coefficient iron loss model
adopts the variable coefficient method to pursue the accuracy
of the model from a mathematical point of view but does not
put forward a clear compensation term [72], ignoring its physi-
cal significance. To further improve the accuracy of the model
and clarify the influence of magnetic material saturation and
harmonic magnetic field, the motor iron loss can be refined and
analyzed [73]. Refs. [72, 73] propose a piecewise variable co-
efficient iron loss model, in which two additional flux density
terms are introduced, and the nonlinear effect of materials and
the effect of harmonic fields are considered. The hysteresis and
eddy loss are compensated by different compensation coeffi-
cients in each magnetic density or frequency segment. Another
significant advantage of this method is that the formula is di-
rectly applied to the finite element model, so the accuracy of
iron loss is further improved while the physical significance of
the model is not lost.

With the increase of motor speed, the fundamental frequency
of motor increases, and the demagnetization effect at high fre-
quency is a significant problem. Due to the high frequency de-
magnetization effect, the magnetic density is not evenly dis-
tributed on the axial plane, which is difficult to be solved by
traditional modeling methods. High speed motor heat dissipa-
tion difficulty and high centrifugal stress will lead to the change
of iron loss. Therefore, the calculation of iron loss of high
speed motor has been studied in many researches. Based on
Bertotti’s iron loss model, [74] also adopted the orthogonal de-
composition model to consider the influence of rotating mag-
netization, carried out coefficient fitting at different frequen-
cies, and carried out the calculation and verification of iron
loss of high-power high-speed motor. Ref. [75] deduces an an-
alytical method for predicting the iron loss of the stator core
of a slotless permanent magnet motor. It combines analyti-
cal solutions with variable-coefficient loss models or constant-
coefficient loss models for efficient calculation through vector-
ization post-processing. Based on Bertotti’s iron loss model,
[16] established an iron loss model considered the interaction
of multiple physical factors (high frequency, temperature and
compressive stress). Based on the finite element method, [76]
proposes a two-term variable coefficient iron loss model con-
sidering physical factors such as stress and temperature. The
variable permeability is introduced into the skin effect coeffi-
cient to reflect the influence of flux density on eddy current loss,
and the piecewise function was avoided. In [77], an improved
three-term core loss model with piecewise-variable parameters
based on finite element is proposed. Other iron loss models fur-
ther consider the DC bias flux density [78] and use linear fitting
and two-dimensional interpolation methods [79] to further im-
prove the accuracy of the model.

Another separation calculation method of iron loss is called
loss separation method after magnetization [80, 81], that is, the
iron loss after magnetization is divided into linear magnetiza-
tion, rotary magnetization, and the loss caused by high order
harmonics. This iron loss model also takes into account the in-
fluence of rotating magnetization of the motor and harmonic
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magnetic field inside the motor, but its applicable frequency
range will change with different models, which does not actu-
ally solve the problem that the iron loss model cannot be applied
to a wider frequency range [80, 81].

3.3. Hysteresis Mathematical Model

Another method of calculating iron loss is the hysteresis model,
which is based on measured material data and also includes var-
ious types. In these models, Jiles-Atherton (J-A) model [82]
and Preisach model [83] are the most popular. Compared with
other curve fitting models, these two methods can get accu-
rate results and can be directly used in finite element sim-
ulation. Hysteresis mathematical model includes Dynamic
Preisach Model [84], Loss Surface Model [85], Magneto dy-
namic Viscosity Based Model [86], Friction Like Hysteresis
model [87], and Energy Based Hysteresis model [88]. For more
details about these models, please refer to [14,88]. In recent
years, Preisach model and Jiles/Atherton model have been re-
focused on the hysteresis model. Ref. [89] compares the two
models in terms of magnetic dynamics. Ref. [90] compares the
comprehensive realization effects of the two models, summa-
rizes the advantages and disadvantages of the two models, and
provides a direction for subsequent research. Some scholars
have also tried to synthesize the advantages of Preisach model
and Jiles/Atherton model and established a new model integrat-
ing the advantages of the two models [91].

Firstly, the Preisach model is discussed. The Preisach model
has high computational accuracy and can be applied to a wider
range of materials, but it also tests the computing speed, stor-
age and programming ability of the computer. In order to solve
the defects of Preisach model applied in finite element, the key
problems of Preisach model in finite element application are
discussed in detail in [92]. For the H-based Preisach model,
[93] simplifies the algorithm by eliminating search and interpo-
lation schemes and improved the convergence, showing faster
calculation time and better numerical convergence in finite el-
ement simulation. In [94], Preisach-Mayergoyz model is im-
proved to improve its numerical performance in 3D finite el-
ement. In hysteresis analysis, Preisach model with variables
is commonly used. However, this model may be affected by
numerical instability or degenerate convergence when calcu-
lating magnetization as an input function of external magnetic
field [91]. Ref. [95] proposes the method of replacing conven-
tional M-H variables with M-B variables to improve the nu-
merical stability in the iterative process. In [96], a generalized
dynamic hysteresis model is proposed and applied to numeri-
cal analysis aiming at the Viscous Preisach model by applying
fixed point iteration to finite element simulation. The applica-
tion scope of the model is enlarged. At first, the Preisach model
was proposed as a scalar model. However, the rotary motor
has both alternating magnetic field and rotating magnetic field,
and the combination of the two will produce vector hystere-
sis characteristics [97]. The vector Preisach model is proposed
based on the scalar Preisach model [98]. Scalar Preisach model
is the main building block of vector model, and vector model
is the superposition of scalar model [99]. Ref. [100] proposes
an improved vector Preisach hysteresis model considering the
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TABLE 2. Summary of Preisach and Jiles-Atherton (J-A) models.

Preisach model

Jiles-Atherton (J-A) model

Ansysed defects of

Solved the numerical

variables [95] iterative process

[92] Preisach model applied [101,102] convergence problem in
in finite element finite element simulation
Introduces the numerical
processing method of
H-based Preisach Improved the [103] correlation tensor of
model [93] convergence vector J-A model
used in finite
Element method (FEM)
Preisach-mayergoyz Improve its num?rical Identify the
model [94] performance in [104, 105] parameters of the
3D finite element Jiles-Atherton model
Preisach model Improve the numerical Predict the ?';llter'natmg
with M-B stability in the [107, 108] and rotating iron

loss in unoriented
silicon steel sheet

The application
Generalized dynamic PP

f th del
hysteresis Model [96] scope 01 the mode

is enlarged

Improve model
[110] accuracy under

arbitrary frequency

The effect of

Vector Preisach . o
rotating magnetization

1 1
model [99, 100] can be considered

. . Combined the instantaneous
Dynamic hysteresis

dd t and
model [111] eddy current an

residual loss model

anisotropy properties of SMC materials under vector magnetic
excitation. By introducing two parameters, w and z, the vector
Everett function is identified, and the hysteresis curve shapes
under different flux densities are adjusted to further improve
the accuracy of the model.

Compared with Preisach model, Jiles/Atherton (J-A) model
relies on fewer parameters, is easy to implement numerically,
and is fast in calculation, but is applicable to a narrower range of
materials. Like Preisach model, J-A model also has numerical
convergence problem in finite element simulation calculation.
For this reason, Ref. [101] proposes a rule-based differential
permeability value adjustment algorithm by using fixed point
iteration method, which eliminates or reduces unnecessary dis-
turbance to the calculated differential permeability value and
ensures the convergence of the algorithm. In [102], the reasons
for numerical non-convergence are analyzed, and the quasi-
Newton method is introduced to accelerate the solution of non-
linear field equations, which not only ensures the stability of the
algorithm but also improves the calculation speed. Ref. [103]
introduces the numerical processing method of correlation ten-
sor of vector J-A model used in finite Element method (FEM)
based on 3D differential permeability formula. Ref. [104] com-
bines false position method and iterative algorithm to iden-
tify the parameters of the classical model and the modified
model. Ref. [105] proposes a constraint condition for conver-
gence of J-A hysteresis model combined with finite element
method and applies it to the classical determination method of
parameter process of J-A hysteresis model. Ref. [106] pro-
poses an electrical-magnetic-thermal-mechanical coupling J-A
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dynamic model with excitation current as input and displace-
ment as output. According to the characteristics of the hystere-
sis loop, the unknown parameters are identified by differential
evolution genetic algorithm. Ref. [107] proposes an improved
vector J-A model, whose parameters are modified twice under
alternating unsaturated rotation excitation and saturated rota-
tion excitation, respectively, and the non-hysteretic magnetiza-
tion function is improved, further improving the accuracy of
the J-A model. Ref. [108] modifies the vector extension of J-A
hysteresis model to predict the variation of alternating and ro-
tating field strength in unoriented silicon steel sheet. In [109],
an improved J-A model is proposed to improve the consistency
between experimental and calculated results by introducing a
scale factor into the hysteresis magnetization, especially at low
Magnetic flux density. Ref. [110] proposes a simple method
based on J-A model equation to predict iron loss under arbi-
trary frequency and compressive stress. To calculate the core
loss accurately, [111] combines the traditional J-A hysteresis
model with the instantaneous eddy current and residual loss
model to establish a dynamic hysteresis model, which is ap-
plied to the finite element algorithm. The studies of Preisach
and Jiles-Atherton (J-A) models are summarized in Table 2.

3.4. Analytical Calculation Method

The fast analytic iron loss calculation model is usually consid-
ered by the control algorithm, and then the optimization algo-
rithm is used to optimize the overall loss control of the motor
system, as shown in Fig. 5.
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FIGURE 5. Schematic diagram of motor optimal efficiency control.

In order to establish the iron loss model suitable for the con-
trol algorithm, it is a common way to convert the magnetic den-
sity to voltage according to the motor geometry. In[112], a fast-
analytical iron loss calculation model is proposed, which takes
the output voltage of the inverter and motor speed as variables.
In [113], in order to further reduce the calculation, two PWM
voltage dependent coefficients are introduced to avoid the com-
plexity of fitting the loss coefficient in Fourier superposition
calculation. In [114], Cauer circuit model is applied to iron
loss estimation of interior permanent magnet synchronous mo-
tor powered by PWM supply. This modeling method can ob-
tain basically the same iron loss with lower computational cost.
For the motor, the more advanced vector control mode is to de-
couple the three phases of the symmetrical rotation vector into
the quadrature axis and the direct axis component. Ref. [115]
establishes a new d-q axis model considering harmonic iron
loss resistance for permanent magnet motors used in electric
vehicles. Ref. [116] proposes a model for random dq0 frame
analysis and core loss estimation under the condition of online
feed and inverter power supply. Ref. [117] uses the function
of Id, Iq current to describe the nonlinear iron loss coefficient.
The early stages of motor design also require rapid analytical
iron loss models to participate in the evaluation of motor ef-
ficiency. In [118], the influence of DC magnetic bias is con-
sidered, and the core loss under load and no-load conditions
in post-processing is calculated by using Bertotti’s model and
magnetic flux change trajectory through analytical calculation
of magnetic field. In order to build an accurate iron loss model
suitable for wide speed range, [119] introduces the concept of
fractional derivative into the simulation of classical eddy cur-
rent losses in low and high frequency domains. In order to carry
out the fine analysis of the motor in the motor design stage, the
reluctance network model coupled with the analytical calcula-
tion model [120] and the subdomain model [121] are used to
calculate and analyze the iron loss of each part of the motor.
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3.5. Summary of All Models

The above iron loss models can be mainly divided into four cat-
egories, namely Steinmetz model, loss separation model, Hys-
teresis loss model, and analytical calculation model. The four
types of iron loss models are summarized as follows:

a) Steinmetz model is only applicable to the calculation of
motor iron loss under pure sinusoidal flux density at first.
Although various improved Steinmetz models have been
proposed since then, they are still not applicable to the
calculation of iron losses with large harmonic magnetic
fields, and the range of application of the model to ferro-
magnetic materials is limited. However, as the first pro-
posed calculation model of iron loss, the historical signif-
icance of Steinmetz model is huge. Steinmetz model is
simple, convenient, and easy to implement numerically,
and can be easily implanted into finite element simula-
tion. It can be used to estimate iron loss on some occasions
where the calculation accuracy of iron loss is not high.

b) Jordan’s model and Bertotti’s model separate different iron
loss components according to different physical mecha-
nism, which enriches the physical significance of iron loss.
Although the coefficients of variable coefficient iron loss
model are changed, the coefficient fitting will have patho-
logical problems in the case of a large frequency varia-
tion range, resulting in a decrease in accuracy. The piece-
wise variable coefficient iron loss model can solve the ill-
conditioned problem. However, the calculation accuracy
depends on the number of segments. When the number
of piecewise is higher, the amount of calculation will be
greatly increased. Loss separation model is also simple,
easy to implement numerically, easy to integrate into fi-
nite element simulations, and its computational accuracy
varies from model to model.

For hysteresis loss model, Preisach Model and
Jiles/Atherton (J-A) model are mainly introduced.
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TABLE 3. Comparison of different iron loss models.

Iron loss model

Non-sinusoidal
supply

Rotation
magnetization

Frequency
range

Material prior
knowledge

Accuracy

Steinmetz

equation [55]

X

X

Narrow

Small

Low

Modified Steinmetz
equation [56]

Narrow

Small

Low- medium

Generalized Steinmetz
equation [57]

Small

Medium

Improved generalized
Steinmetz equation [58]

Narrow

Small

Low-medium

Natural Steinmetz
extension equation [S9]

D N I NG S U

Narrow

Small

Medium

Two-term constant
coefficients model
(Jordan) [61]

Narrow

Small-medium

Low-medium

Two-term constant
coefficients model
with additional
terms [65]

Narrow

Medium

Medium

Two-term variable
coefficients model [69-71]

Wide

Medium

Good

Two-term constant

coefficients model

with PWM voltage
factors [66]

Narrow

Medium

Good

Two-term piecewise
variable coefficients
model with
additional terms [72, 73]

Wide

Medium

Good

Two-term variable
coefficients model
considering multiphysics [76]

Wide

High

Good

Three-term constant
coefficients model
(Bertotti) [62]

Narrow- Medium

Medium

Low- medium

Three-term constant
coefficients model
with additional
terms [67, 68]

Medium

Medium

Medium

Three-term variable
coefficients model [75]

Medium

Medium

Good

Three-term constant
coefficients model
considering multiphysics
based on harmonic
superposition [16]

Medium

Medium

Good

Three-term piecewise
variable coefficients
model [77]

Wide

High

Good
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Three-term variable
coefficients model 4 Medium Medium Good
considering multiphysics [52]
Preisach model [92-100] 4 Model-dependent Wide High Good
Jiles/Atherton Vv Model-dependent Wide High Good
model [101-111]
Dynamic hysteresis Y Wide High Good
model [111]
Loss surface N Wide High Good
model [85]
Magneto-dynamic Viscosity Y Wide High Good
Based model [91]
Friction like Vi v Wide High Good
hysteresis model [87]
Energy based vector Y Y Wide High Good
hysteresis model [88]
Loss separation
after magnetizing Vv vV Model-dependent | Model-dependent | Model-dependent
processes [80, 81]
Analytical calculation Model-dependent Model-dependent Small Model-dependent
models [112-121]

Hysteresis loss model requires more historical data and
measurement data of materials. Its accuracy is generally
high, and the frequency range is wide. The complex
hysteresis loss model is more suitable for accurate deter-
mination of iron loss in the process of mechanical design
and evaluation. Compared with Jiles/Atherton (J-A)
model, Preisach model is applicable to a wider range
of materials and has higher computational accuracy.
However, it is relatively difficult to be numerically
analyzed, requiring more computing memory and longer
computation time.

d) Analytical calculation model is an iron loss model repre-
sented by analytical functions based on various physical
relationships and motor structure. Due to the direct mod-
eling, only the basic physical properties of ferromagnetic
materials are required, without all kinds of historical data
and measurement data. Its applicable occasions, applica-
ble frequency range, and model accuracy are related to the
physical factors considered in the modeling, so it depends
on the model itself. However, because this model is simple
in calculation and does not need material historical data,
it has great advantages in the field of systematic energy-
saving control of motor.

To distinguish various iron loss models more conveniently, we
compared them from five aspects, and the comparison results
are shown in Table 3.

3.6. Development and Recommendations

Despite the large number of iron loss models, the existing mod-
els still have some defects or ignore some factors. Therefore,
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this paper believes that relevant research still needs to be im-
proved in the following aspects:

1) Many iron loss models are based on Jordan’s model and
Bertotti’s model, and their model coefficients are obtained by
fitting loss data measured under the Epstein framework. How-
ever, according to Section 2.4, the influence of manufacturing
processes will lead to a significant increase of the iron loss,
which leads to large errors. There are few studies on iron loss
models considering the influence of processing factors. There-
fore, How to simulate the influence of machining factors on the
properties of ferromagnetic materials in finite element software
and how to establish the iron loss model considering machining
factors are the research difficulties and also the focus of future
research.

2) As for the hysteresis model, according to Table 2, many re-
searches are devoted to the numerical stability and convergence
of the hysteresis model. However, the problem that it requires
a large amount of material and historical data has not been well
solved. Although some material data may be provided by the
material manufacturer, additional measurements are required
for more data, such as data under rotational magnetization and
data after superimposed DC bias.

3) Converter-fed motor and frequency converter are coupled
together, and the influence of modulation model and driving
algorithm on iron loss is direct. Therefore, it is very necessary
to establish an iron loss model which is strongly coupled with
PWM mode (including considering PWM sampling law, dead
time setting, etc.), which is the key to construct the analytic
harmonic additional iron loss.

4) In addition, many iron models use the magnetic density of
the motor to calculate the iron loss, while the control algorithm
is more to control the flux, voltage, current, and other variables
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2)Obtain the stator copper losses Pysn. The stator copper losses are calculated
according to the IEC norm by using the test resistance Ry and current /i;

1) Obtain the electric input power Py gn;

3) Obtain the constant 10sses Pein;  Pe.sin= Po.sin- Psosin

4) Obtain the friction and wind friction losses Psy,. The friction and wind friction
losses P ¢ are calculated from four or more constant loss points between
approximately 60% and 30% of voltage by developing a curve against no-1load

voltage squared (Uy* ) and extrapolating to a zero voltage.
5) Obtain the core losses Presin-  Pre.sin= Pe.sin- Prw

Only needs to measure the input power and the stator
copper loss of the rated voltage point to directly obtain
the constant loss of the rated voltage point;

1) Obtain the electric input power P puwm;

2) Obtain the stator copper 10sses Py, pwm;

3) Obtain the constant losses Pc puwm, Pepwm = Popwm —

Pio pwms
4) Obtain the core losses Pt pwm, Pre.pwm= Pepwm= Phw

FIGURE 6. The detailed core loss measurement procedure [123].

of the motor. Simply converting magnetic density into voltage
based on motor geometry is very rough, because the distribution
of magnetic density inside the motor core is not uniform, which
is also the reason for the high accuracy of finite element model
calculation. However, for the control algorithm, the computa-
tional burden of finite element method is huge. Therefore, how
to balance the accuracy of the model with the amount of com-
putation and how to better implant the iron loss model into the
control algorithm are the future research directions.

4. IRON LOSS SEGREGATION METHODOLOGY

The accurate measurement of iron loss is the basis of verify-
ing the calculation model of iron loss and is also the key to
determine the efficiency of the motor. Related standards such
as IEEE 112, IEC 60404, and IEC 60034-2-1 have been in
use for many years and have been consistently revised and im-
proved [122]. However, although the efficiency measurement
method of converter-fed induction motor has been introduced
as a technical specification [123], there is still some time to go
before the final standardization, and further discussion 1is still
needed.

4.1. Differences between Steps in Loss Separation Standards

Although the standards for loss separation and efficiency mea-
surement of induction motors may vary from region to region,
they do not differ greatly. Almost all the loss separation stan-
dards under sinusoidal power supply can be basically divided
into the following steps: stator winding resistance measurement
at room temperature (Step 1), temperature measurement at rated
load (Step II), load curve test (Step III), and no load test (step
IV). We listed several induction motor loss separation standards
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and made detailed comparison for each step, as shown in Ta-
ble 4.

4.2. Test Specifications for Iron Loss Separation of Converter-
Fed Motor

More recently, IEC/TS 60034-2-3 has been introduced as a
technical specification of technical steps for loss separation of
converter-fed motors. In IEC/TS 60034-2-3, the additional har-
monic losses caused by a PWM supply are understood as the
difference losses of a motor with a PWM supply and a sinu-
soidal power supply. According to the specification (IEC/TS
60034-2-3), we have sorted out the relevant parts of iron loss
separation technology of converter-fed motor, as shown in
Fig. 6 [123]. No-load test is the key step to separate iron loss. It
is worth noting that IEC/TS 60034-2-3 also specifies the tem-
perature correction factor for the stator copper loss (corrected
to 25°C ambient temperature) [123]; also the influence of volt-
age drop of the stator winding on iron loss is taken into ac-
count [123].

4.3. Deficiency and Prospect

Many papers have provided valuable advice on IEC/TS 60034-
2-3. Ref. [124] has read the IEC standard for efficiency mea-
surement of induction motors and suggests that the efficiency
measurement method provided by IEC cannot be used to predict
the loss of variable speed drive (VSD) systems in end-user ap-
plications. Ref. [124] suggests that an automated process based
on state machines should be used to manage the entire test be-
cause repeated steps of IEC/TS 60034-2-3 may cause of human
error. Ref. [125] suggests that measurement equipment speci-
fied in IEC standards is complex and expensive, leading differ-
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TABLE 4. Differences between steps in loss separation standards [122].

Standard

Cold resistance

measurement

Rated load
temperature test

Load curve test

No load test

IEC 60034-2-1:
2014 Method 2-1-1 B

Line-to-line winding
resistance value at
ambient temperature
should be recorded

Input power, current,
voltage, frequency,
torque, speed, resistance
values, winding
temperature should
be recorded until
thermal equilibrium
is achieved
(the rate of winding
temperature change
1 K or less
per half hour)

e Apply the load to the
machine at following
six load points:
approximately 125%,
115%, 100%, 75%,
50% and 25%
of rated load
e Measure resistance before
the highest and
after the lowest

load reading

Under no-load
condition, test the
machine at the
following eight
voltage points:
approximately 110%,
100%, 95%,
90%, 60%,
50%, 40% and 30%
of rated voltage

IEEE-112 Method B

With the machine at
ambient temperature,
measure and recorded
the winding resistance

and ambient temperature

Almost same with
IEC 60034-2-1:
2014 Method 2-1-1 B

e Apply the load to
the machine at following
four load points
approximately equally
spaced between not less
than 25% and up to
100%, and two load points
suitably chosen above
100% load but
not exceeding
150% load
e Perform the test
as quickly as possible
to minimize temperature
changes in the machine
during testing

Under no-load condition,
test the machine at the
voltage ranging from
125% of rated voltage
down to point where
further voltage
reduction increases
the current

CSA C390:2010

A motor shall be considered
cold when the winding,
stator core, or frame
temperature is within
+3° of ambient temperature.
Cold motor stator winding
resistance and cold winding
temperature should be recorded

Input power, current,
voltage, frequency, torque,
speed, resistance values,
winding temperature should
be recorded until thermal
equilibrium is achieved
(the rate of winding
temperature change 1 K or
less per half hour,
or the rate of motor
frame or core temperature

change 1 K or less

Almost same with
IEEE-112 Method B

Under no-load condition,
test the machine at
three or more voltage
points between 125%
and 60% of rated
voltage, with the middle
point being as close
as possible to 100%
of rated voltage and
three or more voltage
points approximately
equally spaced between
50% of rated
voltage and 20% of
rated voltage, or point

per half hour) i
where the line current
reaches a minimum
stable value
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ent researchers to look for different methods to estimate effi-
ciency rather than to carry out actual tests. Ref. [126] points out
that IEC/TS loss separation using PWM power supplies may be
more uncertain than indirect methods using sinusoidal power
supplies, because no-load measurements (step V) of the con-
verter power supply are tested only at rated points. Ref. [127]
proposes an automated efficiency test procedure to mitigate the
adverse effects of different technical skills and ability levels of
testers on efficiency test results.

Based on IEC/TS 60034-2-3, this study further gives relevant
opinions on the iron loss separation part:

1) First of all, it is necessary to increase the provisions related
to iron loss separation methods under different load conditions.
The IEC standard considers iron loss to be a constant loss that
does not change with the load, which is a simplification of the
procedure and not the truth. However, with the increase of the
load, the distribution of magnetic flux changes significantly, re-
sulting in an overall increase in the content of harmonic flux.
Therefore, the variation law of magnetic core loss with load still
needs to be studied and discussed [128].

2) An important reason that it is difficult to accurately cal-
culate the iron loss of the motor is that it is difficult to obtain
the correct parameters of the model, especially in the case of
curve fitting. The loss coefficient is measured and fitted from
the typical Epstein frame. However, the geometric structure
of the motor is completely different from that of the Epstein
frame. The complexity of the geometric structure will lead to
more complex machining, and the increase of iron loss due to
the complexity of machining is also one of the reasons for the
imprecision of the model. Therefore, it is worth thinking and
studying how to obtain more accurate model parameters by di-
rectly measuring the iron loss data of the motor.

3) According to the IEC 60404-6:2018 standard for Magnetic
materials — Part 6: Measurement of magnetic soft metals and
powder materials in the frequency range of 20 Hz to 100 kHz
using ring samples, it is also worthwhile to explore how this
standard can be extended to the test of iron loss in motor stator
cores. This means that this test must be done before the motor
is assembled, which simplifies the test procedure because there
is no need to control the speed of the motor.

4) In addition, the determination method of additional har-
monic iron loss of converter-fed motor should be more clearly
defined. IEC/TS 60034-2-3 only provides the determination
method of harmonic additional constant loss, does not clearly
recognize its component, and the IEC/TS 60034-2-3 does not
involve how to separate the additional harmonic iron loss from
it.

5) Finally, the current relevant standards for motor efficiency
are for induction motors. For other types of motors, the iron loss
measurement has not been standardized [129, 130]. Especially
for permanent magnet motors, because the rotor magnetic field
is not adjustable, the conventional means of adjusting voltage
to test the iron loss will lead to the increase of no-load rotor
eddy current loss, which is coupled with the iron loss and diffi-
cult to separate. Therefore, how to accurately measure the iron
loss of permanent magnet motor is also very challenging, which
requires more researchers to invest more energy.
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TABLE 5. Specification of the 5.5 kW Induction Motor with Laminated
Steel DRS10.

Number of poles

Number of phases 3
Number of stator slots 36
Number of rotor slots 32

Rated output power 55kW
Rated phase current 11.64 A
Rated phase voltage 380V
Rated efficiency 0.88
Power factor 0.85
Stator winding connection Delta
Rated speed 1440 r/min
Stator outer diameter 210 mm
Stator bore diameter 136 mm
Active stack length 115 mm
Air-gap length 0.4 mm
Rotor length 117 mm

5. CASE STUDY

This study takes iron loss calculation of 5.5 kW frequency con-
version feed induction motor as an example, and its parameters
are shown in Table 5. The iron core of 5.5 kW induction mo-
tor is stacked with DR510. The iron loss modeling process is
shown in Fig. 7. A 2D finite element simulation model is es-
tablished by ANSYS/ Maxwell. We used a numerical analog
computer (two Xeon E5-2690 V3 CPUS, 256GB OF RAM) for
calculations. The bottom of the motor stator tooth and the top
of the rotor tooth are selected as two typical positions, and the
radial and tangential magnetic density waveforms of the two
typical positions are extracted by using the finite element soft-
ware, as shown in Fig. 8. Magnetic density extraction is carried
out after the simulation model reaches a stable state. The tran-
sition process has 10 supply cycles, and the flux density data
of the 11th cycle is used to calculate the motor iron loss. The

M v v v

[ The time-stepping finite element model of the inverter-
\ fed induction motor /

- _{

Flux density data

( Flux density data processing

 n

4 \
( Iron | )
L ron loss model y
Tron loss data
- o
y N

Iron loss data processing )

a
A

FIGURE 7. Iron loss modeling process.
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FIGURE 9. Tron loss components and loss density under different operating conditions of 5.5 kW induction motor.

iron loss of 5.5 kW motor was calculated by using the piece-
wise variable coefficient iron loss model in [72] and the clas-
sical two-term iron loss model respectively and compared with
the measured value.

Firstly, by establishing the finite element model, the hystere-
sis loss and eddy current loss of 5.5 kW converter-fed induction
motor are calculated by using the two-term piecewise variable
coefficient iron loss (PVCIL) model [72] and the classical two-
term iron loss (CIL) model. Fig. 9 shows the cloud diagram of
iron loss density obtained by simulation and iron loss compo-
nents obtained by calculation. Under the condition of inverter
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power supply, by changing the switching frequency of inverter,
the iron loss components are calculated by two models respec-
tively, and the iron loss of 5.5kW induction motor is tested
according to IEC/TS 60034-2-3. Fig. 10 shows the calculated
results of iron loss at different switching frequencies and the
comparison with the measured values. As shown in Fig. 9, the
following conclusions can be drawn from the bar diagram of
each iron loss component: at the stator side, eddy current loss
is greatly affected by power supply mode and load, while hys-
teresis loss is less affected by it. For example, under sinusoidal
power supply, the stator eddy current loss under load is 24 W,
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FIGURE 10. The change of iron loss of 5.5 kW converter-fed induction motor with switching frequency.

decreases greatly with the increase of the switching frequency,

from 60 W at 1 K to 52 W at 5K, reduced by 13.3%.

which is 41.2% higher than that under no load. In the case of

load, the stator eddy current loss under inverter power supply is
39.5 W, which is 64.6% higher than that under sinusoidal power

supply. The hysteresis loss of the stator is almost the same in the

6. CONCLUSIONS

four cases. At the rotor side, hysteresis loss mainly depends on

the load condition, while eddy current loss mainly depends on

In this study, the topic of motor iron loss is discussed in detail.

the PWM harmonics. According to the iron loss density cloud

The purpose of this study is to provide references and ideas for

diagram of the motor, PWM power supply and load will lead

high-efficiency motor design and high-efficiency motor system

1, the influences of various factors on iron

loss are discussed in detail from the aspects of power supply,
material composition, motor structure, multiphysics, and man-

ufacturing processes of the motor core. By summarizing the

control. In this pape
factors

to the increase of iron loss density. Load will lead to a slight
increase in the maximum iron loss density of the motor, and

the harmonic wave of the inverter has a greater influence on

the local electromagnetic density. In the same condition, the

especially the tip near the motor
air gap, is significantly higher than that of yoke. For sinusoidal

i

iron loss density of rotor teeth

affecting iron loss, it can provide energy-saving ways

for designers in the selection of ferromagnetic materials, fre-

quency converter, machining processing,

motor structure, etc.

power supply and rated load motor, the iron loss density near
the tooth gap is greater than 120 W/kg, and the iron loss den-

The advantages and disadvantages of different iron loss mod-

els

and different types of iron loss models are

]

are discussed
iron loss calculation model reasonably, so as to optimize the

summarized, which can help the motor designer to choose the
motor structure in the motor design stage

sity at the yoke of the rotor is less than 0.05 W/kg (as shown in

Figure 10 depicts the change of calculated iron loss with
switching frequency and its comparison with measured values.
As can be seen from Fig. 10, with the increase of switching

Fig. 9).

and help the system

>

control designer to deduce the optimal efficiency control algo-
rithm. The discussion of the existing methods of measuring iron

frequency, iron loss decreases from 115 W at 1K to 103 W at

In addition, it can be seen from
Fig. 10 that the PVCIL model also has high accuracy under the

5K, decreasing by 10.43%.

loss is helpful to standardize the measurement of the efficiency

of converter-fed motors.

condition of PWM power supply. The hysteresis loss and eddy

current loss of iron loss at different switching frequencies are

obtained through PVCIL model. It can be seen from Fig. 10
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