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Abstract—Advancing the performance and sustainability of 
electric vehicles (EVs) hinges on the development of high-power-
density, high-efficiency electric motors and drives. This paper 
investigates the characterization of magnetic properties of 
advanced magnetic materials for enhancing the performance of 
these motors. It is crucial to comprehensively understand and 
model these material properties considering the specific 
operational conditions of these devices. For instance, the 
magnetic fields in rotating electrical machines exhibit rotational 
behavior either in a two-dimensional (2D) plane or across a 
three-dimensional (3D) space. Despite this, when designing and 
analyzing electrical machines, the material properties are often 
assessed under one-dimensional (1D) sinusoidal magnetization. 
Notably, research has unveiled stark differences between the 
2D/3D rotational magnetic properties and their corresponding 
1D counterparts. This paper endeavors to showcase the 2D/3D 
characterization of several electromagnetic materials such as soft 
magnetic composite, nanocrystalline, and amorphous 
ferromagnetic materials. Furthermore, it aims to explore their 
applications in advancing high-performance electric motors for 
EVs. Understanding these nuanced material behaviors across 
different dimensions of magnetization is vital for optimizing the 
design and efficiency of electric motors. 
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I.  INTRODUCTION 
The electric vehicle (EV) industry is experiencing rapid 

growth as it seeks to address global environmental challenges 
and reduce dependence on fossil fuels. Central to this evolution 
is the development of efficient and powerful electric motor 
drives, which are pivotal in enhancing the performance, range, 
and overall viability of EVs [1,2]. The advancement of novel 
and sophisticated electromagnetic materials has been one key 
factor for creating these high-performance electric motors of 
high-efficiency, high-power-density, and highly reliability [3-
8]. To fully harness the potential of these materials, a profound 
comprehension of the underlying physical mechanisms and 
suitable mathematical models is crucial for the advanced 
design and analysis of electromagnetic devices. Property 
models stand as a critical factor in the design of high-
performance electric motors and the effective control of 
electric drive systems. 

In the realm of electrical machine design and analysis, the 
widely used one-dimensional (1D) sinusoidal magnetic 
properties play a crucial role. Typically, these data are the 
primary information available, often provided by material 
suppliers or acquired through straightforward standard testing 
procedures in laboratories, e.g. Epstein frames [9,10]. The 
tester consists of two coils uniformly wound around the 
material specimen. In this setup, the first coil receives a 
current, enabling the determination of the magnetic field 
strength (H) within the material through the application of 
Ampere's Law. Meanwhile, the second coil remains open 
circuit, allowing for the measurement of its terminal voltage. 
By employing Faraday's Law, the magnetic flux density (B) 
within the sample is derived. Consequently, this process 
provides crucial information, specifically the B-H loops or 
curves, which depict the relationship between magnetic flux 
density and field strength. Furthermore, power loss curves 
associated with magnetic flux density and frequency are 
derived using Poynting's theorem based on the data. It is 
important to highlight that these measurements are conducted 
under conditions of so-called 1D magnetization, where the B 
and H directions are constrained to the same direction. 

However, in a rotating electrical machine, the magnetic 
field operates in a fundamentally different manner, existing in a 
two-dimensional (2D) plane or a three-dimensional (3D) space. 
In this context, the orientations of B and H vectors typically 
differ. It has been observed that magnetic properties under 
2D/3D rotational magnetization significantly deviate from 
those obtained via the standard 1D measurements using Epstein 
frames or ring samples [11-16]. Consequently, investigating 
the 2D/3D vectorial magnetic properties of magnetic materials 
holds substantial theoretical and practical significance. 

This pursuit is particularly crucial in today's landscape as 
electric motors increasingly operate at higher speeds and 
frequencies to achieve high power density. Consequently, the 
core loss in these motors may constitute a significant portion of 
overall power loss, potentially exceeding even the losses 
incurred through copper conductors [17-19]. Understanding the 
2D/3D vectorial magnetic properties becomes paramount in 
mitigating these core losses and optimizing the performance of 
high-speed electric motors [20]. 



This paper endeavors to provide a comprehensive overview 
of the characterization of advanced electromagnetic materials 
subjected to 2D/3D rotational magnetization. The primary goal 
is to facilitate the development of electric motors with 
enhanced features such as low specific power loss, high power 
density, and superior reliability, specifically targeted for 
application in electrified transportation. Section II introduces 
the testing systems employed to assess the rotational magnetic 
properties. Section III delves into the property measurement 
outcomes of some innovative electromagnetic materials. 
Section IV presents the magnetic property modeling 
considering the effects of 2D/3D rotational magnetization and 
its application in the design of 3D flux motors. Section V 
concludes the paper with conclusions and discussions derived 
from the findings. 

II. ROTATIONAL MAGNETIC PROPERTY MEASUREMENT 
SYSTEM 

To assess the magnetic properties of material samples under 
2D rotating magnetic fields, researchers have devised several 
rotational magnetic property measurement systems [21-23]. 
Among these methods, the measurement of magnetic field 
quantities, specifically the x-axis and y-axis components 
encompassing magnetic flux density (Bx, By) and field 
strength (Hx, Hy), has emerged as a particularly convenient 
approach. Illustrated in Fig. 1 is the 2D rotational magnetic 
property measurement system developed at the University of 
Technology Sydney (UTS) [22]. This system enables the 
generation of circular or elliptical rotational flux density 
vectors of different magnitudes and frequencies by controlling 
the magnitudes and phase angles of excitation currents within 
the X-axis and Y-axis coils. 

In certain motor designs known as 3D magnetic flux 
motors, such as claw pole and transverse flux motors, the 
magnetic field extends throughout the three-dimensional space, 
with significant components along all three coordinate axes 
[24]. Illustrated in Fig. 2 is a cross-sectional view depicting the 
structure of a 3D magnetic property testing system developed 
at UTS [25]. This system enables the manipulation of currents 
within three excitation coils wound around the x-axis yoke, y-
axis yoke, and z-axis yoke, respectively. Through control of the 
magnitudes and phase angles of these currents, the system is 
capable of generating spherically or ellipsoidally shaped 3D 
flux density loci at varying magnitudes and frequencies. 

 

 
Fig. 1. Schematic diagram of a 2D rotating magnetic property measurement 
system. 

 
Fig. 2. Structure of a 3D rotational magnetic property testing system. 

III. VECTORIAL MAGNETIC PROPERTIES 
By employing the aforementioned testing systems, the 

2D/3D vectorial magnetic properties of several electromagnetic 
materials have been investigated. In Fig. 3, the core losses of a 
squared single sheet sample of soft magnetic composite (SMC) 
material are depicted in relation to various magnitudes and 
frequencies of magnetic flux density (B). Fig. 3(a) illustrates 
the core losses under 1D alternating sinusoidal B, while Fig. 
3(b) represents the losses under 2D circularly rotational B [26]. 
It is seen that the core loss patterns exhibit notable distinctions 
between 1D alternating magnetization and 2D rotating 
magnetization. In the low to middle range of B, the rotational 
core loss is approximately twice that of its alternating 
counterpart of the same B magnitude and frequency. However, 
at higher B, specifically when the material saturates, the 
rotational core loss diminishes rapidly, whereas the alternating 
counterpart continues to increase with the rise of B. 

 
(a) 

 
(b) 

Fig. 3 Measured core losses of an SMC material sample with (a) 1D alternating 
B, (b) 2D circularly rotating B. 



In the context of designing and analyzing rotational 
electrical machines, a formulation for rotational hysteresis loss 
has been introduced to characterize the rotational core losses. 
This formulation is inspired by the torque/slip curve of a 
single-phase induction motor [12]. 

Fig. 4 depicts the measured core losses of a sample of Fe-
based amorphous ferromagnetic material, and analogous 
findings have been consistently replicated. Specifically, the 
rotational core losses exhibit distinct behavior from their 
alternating counterparts [27]. In response to this observation, a 
novel mathematical model has been introduced, which is 
grounded in the resemblance between the curves of the 
hysteresis core loss and the mechanical power of a three-phase 
induction motor. 

 
(a) 

 
(b) 

Fig. 4. Measured core losses of an Fe-based amorphous ferromagnetic 
material sample under (a) 1D alternating sinusoidal B; (b) 2D circularly 
rotational B. 

  

Given that the magnetic field in an electrical machine 
inherently exists in three dimensions, comprehending the 3D 
vectorial magnetic properties holds both theoretical and 
practical significance to fully harness the potentials of 
electromagnetic materials. Through the utilization of the 
developed 3D tester in Fig. 2, it becomes possible to acquire 
quasi-3D and 3D properties of a cubic SMC sample, along with 
the 2D vectorial properties and 1D alternating properties as 
their specific cases [28-30]. 

Fig. 5 presents several measurement results, encompassing 
(a) the B-H curves along the x-axis, y-axis, or z-axis when the 
magnetic flux density (B) is sinusoidally and alternately 
controlled along one of the coordinate axes, (b) the 
corresponding B and H loci in the xoy, yoz, or zox plane when 
B is circularly rotationally controlled in one of the coordinate 
planes, and (c) the corresponding B and H loci when B is 
controlled to form a sphere in the 3D space. 

 
(a) 

 
(b) 

 
(c) 

Fig. 5. Measured magnetic properties of a cubic SMC sample using the UTS 
3D magnetic tester, (a) B-H relation and associated power loss with 1D 
alternating B, (b) Corresponding B and H loci with 2D circularly rotating B, 
and (c) Corresponding B and H loci in 3D space with spherical B. 

 

IV. VCETORIAL MAGNETIC PROPERTY MODELING AND 
APPLICATION IN DESIGN OF 3D FLUX ELECTRIC MOTORS  

A. Core Loss Modeling Considering Rotating Fluxes 
The core loss is typically divided into three components: 

hysteresis loss, eddy current loss, and anomalous loss. The 
primary distinction between rotational and alternating losses 
often lies in the hysteresis loss [12]. Below is a mathematical 
model for calculating the rotational core loss, Phr, where f is the 
excitation frequency, Bs is the saturation flux density, and a1, a2
, and a3 are coefficients determined by fitting data obtained 
from the 2D testing system shown in Fig. 1. 

 

 

(1) 

 

 

(2) 

To analyze the core losses in a rotating motor, the magnetic 
properties of the core materials under both 1D alternating and 
2D circularly rotating flux densities should be considered, as 



shown in Fig. 3. The following formulae demonstrate the 
calculation of core losses in an electric motor with 2D/3D 
rotational magnetic fields. First, 3D finite element magnetic 
field analysis (FEA) is conducted to calculate the flux density 
in each element within the core region over one electrical 
period. This involves repeating the FEA multiple times as the 
rotor is shifted by 360 electrical degrees. It is observed that the 
flux density vector in an element traces an irregular 3D locus, 
which can be projected onto three coordinate axes. Since each 
of the three flux density components is a periodic function, 
Fourier Series analysis can be employed to determine the 
harmonics as follows: 

[ ]

[ ]

[ ]

0

0

0

( ) sin(2 ) cos(2 )

( ) sin(2 ) cos(2 )

( ) sin(2 ) cos(2 )

r rsk s rck s
k

sk s ck s
k

z zsk s zck s
k

B t B kf t B kf t

B t B kf t B kf t

B t B kf t B kf t

θ θ θ

π π

π π

π π

∞

=

∞

=

∞

=


= +




= +



= +


∑

∑

∑

              (3) 

In (3), k represents the harmonic order and fs is the 
frequency of the fundamental component of the flux density. 
For each harmonic, the three components can be divided into 
two parts that are perpendicular to each other: 
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These two parts form an ellipse, with the larger of |Bsk| and 
|Bck| as the major axis Bkmaj and the other as the minor axis 
Bkmin. The core loss under the k-th order elliptically rotating 
field can be predicted by 

2(1 )k rk BK BK akP P R R P= + −                      (5) 

In (5), RBK=Bkmin/Bkmaj represents the axis ratio, Prk is the 
core loss under a circularly rotating flux density with 
magnitude BP=Bkmaj and frequency f=kfs, which can be 
calculated using (6), (1) and (2), and Pak is the core loss under 
an alternating flux density with Bkmaj and kfs, which can be 
calculated using (7). 

( ) ( )2 1.5
r hr er P ar PP P C fB C fB= + +                (6) 

( ) ( )2 1.5h
a ha P ea P aa PP C fB C fB C fB= + +               (7) 

All the coefficients Cer, Car, Cha, h, Cea and Caa can be 
obtained by curve-fitting data as measured in the material 
sample. Once the core loss caused by each harmonic is worked 
out, the total core loss by the 3D irregular loop can be obtained 
by summing the core losses caused by the fundament and all 
harmonic components. The total core loss in the motor core is 
then calculated by 

 
(8) 

where Ne is the number of elements in the motor core. 

B. Core Losses of Electric Motors with 3D Magnetic Flux 
The models presented above have been effectively utilized 

to calculate 3D magnetic flux in electric motors with high 
accuracy, closely aligning with experimental results from 
motor prototypes, such as a permanent magnet claw pole motor 
with an SMC stator [31]. Soft magnetic composites (SMCs) 
exhibit several distinctive advantages, including 3D magnetic 
and thermal isotropies due to their powdered composition, 
minimal eddy current losses, and relatively low total core 
losses at medium to high frequencies, thanks to the insulation 
coating on each particle. Additionally, SMCs offer the potential 
for cost-effective mass production through molding and 3D 
printing techniques, making them highly suitable for 
developing electric motors with 3D magnetic fluxes [32]. 

Fig. 6(a) illustrates the magnetic field finite element 
analysis region of one pole pitch of the motor for calculating 
the B locus in each element when the rotor rotates by 360 
electrical degrees. As an example, Fig. 6(b) plots the calculated 
B locus at point C located in the claw pole part as marked in 
Fig. 6(a), which is a locus in 3D space. 

 
 

                (a)                                                                      (b) 

Fig. 6. Analysis of a permanent magnet claw pole motor, (a) magnetic field 
FEA region of one pole pitch, and (b) calculated flux density locus at Point C 
located in the claw pole part. 

Using models (1) through (8), the core loss of the SMC 
claw pole motor has been computed at various speeds and 
loads. For instance, at the rated speed of 1800 rev/min, the no-
load core loss is calculated to be 59.2 W, which closely 
matches the measured value of 61.0 W [31]. Core losses at 
other speeds also align well with experimental data. 
Additionally, core losses under different load conditions can be 
computed in a similar manner, after the magnetic flux density 
patterns under load conditions have been analyzed using finite 
element analysis. 

Another example involves the core loss analysis of a 
permanent magnet transverse flux motor with an SMC core 
[33,34]. Fig. 7(a) shows a region of one pole pair for 3D 
magnetic field finite element analysis, while Fig. 7(b) depicts 
the flux density trajectory at point B, as indicated in Fig. 7(a), 
over one full period of 360 electrical degrees. The results 
reveal that the magnetic flux density patterns are basically 
rotational and form a closed loop in 3D space.     



 
 

                (a)                                                                      (b) 

Fig. 7. Analysis of a permanent magnet transverse flux motor, (a) magnetic 
field FEA region of one pole-pair, and (b) calculated flux density locus at Point 
B located in the stator tooth. 

C. Magnetic Reluctivity with 3D Magnetization 
Magnetic reluctivity, or permeability, typically describes 

the relationship between magnetic flux density (B) and 
magnetic field strength (H). However, since the rotational 
vectors of B and H are usually not aligned and their paths often 
form irregular loops in 3D space, the B-H relationship should 
be expressed using a tensor [35-37], as outlined below: 

 
(9) 

where vij (with i=x,y,z in Cartesian coordinates, or r,θ,z in 
cylindrical coordinates) denotes the reluctivity tensor, which is 
a 3×3 matrix. In the context of static magnetic field analysis 
and based on Maxwell's equations, the relationship between the 
magnetic vector potential A and the applied current density 
vector J0 can be derived as follows 

 
(10) 

In rectangular coordinates, the equation for the x-
component of J0 is given by (11). Similarly, the equations for 
the y- and z-components of J0 can be derived in the same 
manner.  

 
(11) 

V. DISCUSSION AND CONCLUSION  
The accurate models of these materials are critical for the 

design optimization of various motors, such as permanent 
magnet motors with SMC cores [38-40]. Based on our previous 
work, we found that the performance of SMC motors can be 
improved significantly through multidisciplinary optimization 
[41,42]. Meanwhile, the material performance of the SMC 
cores depends on the manufacturing conditions, which results 
in material diversities that can affect the motor performance 
under batch production. To improve the manufacturing quality 
of SMC motors with high performance, robust design 
optimization methods, like the Taguchi method and design for 
six-sigma, have been investigated in our previous work [43-
48]. 

This paper underscores the significance of comprehending 
the 2D/3D vectorial properties of electromagnetic materials in 

the context of advancing high-performance electric motors for 
EVs. It delves into research efforts focused on both 
experimental measurements and mathematical modeling of 
these vectorial magnetic properties. In the realm of electrical 
machines, where magnetic fields exhibit a 2D/3D and 
rotational nature, gaining insight into the behavior of 
electromagnetic materials during actual magnetization becomes 
imperative. 

Contrary to the commonly employed 1D properties, the 
investigation reveals substantial disparities in the 2D/3D 
vectorial magnetic properties. Recognizing these distinctions 
becomes pivotal in achieving a comprehensive understanding 
of electromagnetic material responses under real-world 
magnetization conditions. This exploration carries not only 
theoretical significance but also practical implications, offering 
valuable insights for the advanced design, analysis, and 
optimization of high-performance electrical machines. 
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