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ABSTRACT This study investigated the prospect of embedding ceramic elements in the body of a double-
core transverse-flux machine to mitigate heat in the machine’s coil. In addition, the ceramic elements were
used to hold the coil above the permanent magnets in order to reduce the negative flux leakage of the magnets
into the coil. Three types of ceramics were investigated for this purpose: glass ceramic, aluminum oxide,
and silicon nitride. Steady-state thermal analysis demonstrated a significant temperature drop in the motor
coil when the ceramic element was embedded in the design. The back electromotive force of the winding
improved by 30% as a result of reduced leakage flux. Structural analysis of the motor demonstrated high
endurance of the ceramic elements to thermal stress and motor vibration. The results of computer thermal
analysis were verified in the laboratory by performing a test on a section of a motor.

INDEX TERMS Ceramic element, thermal stress, transverse-flux motor, vibration analysis.

I. INTRODUCTION
Modern low-speed propulsion systems require compact
high-torque-density permanent-magnet (PM) electric motors.
By combining two stators with a mutual PM rotor between
each stator, the power density of an electric motor can be
greatly improved [1], [2], [3]. On the other hand, effective
cooling strategies are necessary to eliminate excessive heat
from such machines. Despite the numerous papers on the
machines with two stators [3], [4], [5], [6], [7], [8], [9], [10],
[11], [12] there is still a gap in developing effective cooling
strategies of these machines. In most cases, the discussion
on double-core motors, including transverse-flux machines
(TFM) [13], [14], [15], is limited to electromagnetic analysis,
where the thermal and structural models of these machines
are not studied in detail. The paper aims to embed ceramic
element in the TFM motor to improve heat transfer from
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the motor coil to the machine rotor. The importance of this
innovative approach can develop a platform of using ceramic
in motor housing, and cooling jackets instead of aluminum
and other metals. The other goal of the research is to use the
ceramic elements to suspend the motor coil above the PMs to
limit the leakage flux. In order to confirm the effectiveness
of the new design with ceramic elements, this study merges
electromagnetic, thermal, structural, and acoustic analysis.

To reduce the total cost and simplify manufacturing pro-
cess of the machine, two lightweight inexpensive ceramic
elements are used in the design.

In TFMs these magnets are situated between the stator
poles at a particular instant. The flux produced by the inactive
magnets links the coil between the stator poles with the
opposite (negative) direction as it is in the stator core. There-
fore, the flux linkage of the coil decreases which impacts
the performance of the machine [16]. Placing the coil above
the PMs reduces the negative flux, which results in higher
back electromotive force (EMF) in the motor [17], [18]. The
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coil suspension above the PMs is a novelty of this design.
In conventional TFMs the coil is usually placed on the rotor
disc on the same level as PMs.

The use of ceramic elements in electrical motors is not fully
researched. Some efforts have been made to develop ceramic
insulators for the winding [19], [20], but these studies didn’t
address the thermal and structural capabilities of the ceramic
materials when applied to electrical machines. This paper
investigates the feasibility of using ceramic elements as part
of an electrical machine by conducting a detailed structural
analysis in 3D finite element method (FEM) and investigating
the influence of the motor temperature and vibration on the
machine’s elements. The main motivation of the research is
that the discussion of motor winding cooling by the ceramic
elements is missed from the literature, and requires further
investigation [21].

In the proposed design, expensive rare-earth PMs are
replaced by affordable ferrite magnets (FMs) which are
widely available in the United States. The scarcity of
rare-earth elements in the United States has become both
a commercial bottleneck and a national security problem.
The importing of material from countries outside the United
States has become increasingly difficult and expensive. The
motivation of this work is to seek alternative rare-earth-
material-free sources of motor excitation leading to the explo-
ration of FMs in this study. The advantages of the FMs
compared to the rare-earth magnets include: (1) significantly
lower cost, especially when manufactured in large volumes;
(2) higher demagnetizing temperatures; and (3) resistance
to corrosion. Another advantage of the FMs is negligible
electrical conductivity which eliminates heat generation in
the FMs. The high operating temperature of the FMs allows
coil heat transfer to the PMs through the ceramic element.
As a result, the coil temperature drops which allows themotor
to operate at higher load conditions.

In order to eliminate rotor core losses and improve the
efficiency of the TFM, the conventional iron core is replaced
by non-magnetic steel 904L.

II. ELECTROMAGNETIC ANALYSIS
The transverse-flux machine with double core is illustrated in
Fig. 1.

The rotor of the machine is made of two rows of PMs
firmly attached to both sides of the rotor disc (Fig. 1 b).
The active magnets are facing stator poles at a particular
instant, whereas the inactive magnets at the same instant are
located between the stator poles. The rotor is situated between
two stators composed of U-shaped laminated poles, and two
ring coils placed inside each stator. The coil is suspended
above the PMs to limit the negative flux leakage from the
inactive magnets. The magnetic flux Ô is closed through the
stator poles in the direction perpendicular to the rotor plane
(Fig. 1 c). The density of this flux and the mesh of the model
are depicted in Fig. 1 d).The design parameters of the TFM
are listed in Table 1.

FIGURE 1. Electromagnetic model of the transverse-flux machine with
double core: a) general view, b) rotor disc assembly, c) magnetic flux
direction in the 1/16th of the model, d) magnetic flux density distribution
in the machine.

TABLE 1. Design parameters of the TFM.

To research how the negative flux leakage of the inactive
magnets influences the back EMF of the motor, the inactive
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FIGURE 2. Results of the magnetostatic analysis of the transverse-flux
machine (TFM): a) conventional TFM model with a coil placed on the
rotor disc, b) TFM with suspended coil above the permanent magnets.

FIGURE 3. Transient characteristics of the transverse-flux machine at
rated speed and current: a) back electromotive force with phase current,
b) electromagnetic torque.

fragment of the machine is analyzed using magnetostatic
analysis. This fragment involves a part of the coil between
the stator poles with inactive magnets. The results of the
analysis are illustrated in Fig. 2. The average negative flux
density of the coil placed on the rotor disc is 0.18 T (Fig. 2 a),
whereas the negative flux of the suspended coil (Fig. 2 b)
is only 0.13 T. As a result of this improvement the TFM
demonstrated 30% higher back EMF when compared to the
conventional model.

The back EMF, phase current and electromagnetic torque
of the motor are calculated using ANSYS R© transient analy-
sis, and illustrated in Fig. 3.

The positive and negative amplitudes of the back EMF
are slightly different due to the small error in calculation
associated with 3D FEM software. The phase shift between
the back EMF (solid line) and phase current (dashed line
on Fig. 3 a) is due to a high coil inductance, compared to
other brushless DC motors. This is a common drawback
of all the TFMs with ring coils, mainly caused by the coil
regions located between the stator poles at a particular instant.
Another well-known disadvantage of TFMs is high cog-
ging torque which develops ripples of electromagnetic torque
(Fig. 3 b). The ripples, however, can be mitigated by the
mechanical skew between phases if a three-phase design is
considered [18].

There are two major electromagnetic losses produced by
the TFM: core losses and stranded (coil) losses. In the TFM
discussed here, the core losses are generated in the stator
poles, and the stranded loss is produced in the coil.

FIGURE 4. Core and coil (stranded) losses of the transverse-flux machine
at rated speed and current.

FIGURE 5. Volumetric losses in the transverse-flux machine elements: a)
stator pole, b) 1/16th of the coil.

Core losses involve eddy current loss Pe, hysteresis loss
Ph, and additional loss Pa:

Pcore = Pe + Ph + Pa (1)

Eddy current loss is described by:

Pe = ke B2m f
2 (2)

where ke – is the eddy current loss coefficient which depends
on the lamination thickness d , and density of the laminated
material ρ. Bm – is the magnetic flux density in the lami-
nation, and f – is the electrical frequency. Eddy current loss
coefficient is calculated as follows:

ke = π2
·d2/ (6 · ρ) (3)

And the hysteresis loss:

Ph = kh B2m f (4)

where kh – is the hysteresis loss coefficient.
The coefficient ke and kh are determined from the Eqs.

3 and 4 using the power loss values for steel M19 provided
by the manufacturer. Additional loss Pa is a result of micro
eddy currents generated by moving domain walls which are
not included in this research.

The winding loss of the TFM is described as:

P =
1
σ

∫
J2dV (5)
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FIGURE 6. Housing assembly of the transverse-flux machine.

where σ – is electrical conductivity, J – is current density,
and V – is the volume of the coil. The power losses of the
machine at rated parameters are illustrated in Fig. 4.

The average value of the coil loss of the TFM is 35.3 W.
The core loss which combines hysteresis and eddy current
losses is 27.23 W. The ratio of the core and coil losses to the
volume of the stator pole and coil determines the volumetric
loss of these elements. The volumetric loss of the stator pole
and coil are illustrated in Fig. 5.

The maximum value of the volumetric loss in the stator
pole is 228 kW

/
m3 (Fig. 5 a), and the same loss in the coil is

21.97kW
/
m3 (Fig. 5 b). The minimal volumetric losses of the

stator and coil are: 4 W/
m3, and 3.7 W/

m3 respectively. The
volumetric losses will be mapped to the 3D FEMmechanical
model of the motor to calculate temperature distribution in
the machine.

III. THERMAL ANALYSIS
The temperature distribution in the motor depends on various
factors including motor geometry, boundary conditions, ther-
mal characteristic of the machine elements, and operational
conditions of the motor.

A. MOTOR GEOMETRY
The assembly of the motor is explained in Fig. 6. The TFM
is enclosed in the aluminum housing 1 mounted on the stator
bearings 2, whereas the rotor disc 3 is attached to the shaft
trough the rotor bearing 4. The bolts 5 tie the rotor disc to the
housing at both ends. The stator poles are held by the pole
holders 6, which are firmly attached to the shaft 7. In this
design the coil is stationary with respect to stator poles, and
it is the stator poles that rotate around the PMs and the coil.
The openings in the rotor disc and pole holders are intended
to reduce the machine’s weight, and allow air circulation. The
heat of the coil will be partially removed by rotating stator
poles due to the air turbulence on the coil surface.

Two ring-shaped ceramic elements are placed on the rotor
disc as illustrated in Fig. 7. The coil is fixed to the ceramic

FIGURE 7. 1/16th of the transverse-flux machine with ceramic elements
placed in the hosing.

elements with a thermally conductive adhesive. The coil and
stator poles have 1 mm clearance to allow the motor rota-
tion. The ceramic elements and the PMs have a clearance
of 0.5 mm to account for thermal expansion and mechanical
deformation of the PMs and ceramics during hard operating
conditions. The advantage of the motor geometry is in simple
maintenance. By disassembling housing on a particular motor
side, and removing the pole holders with stator poles, the coil
and the PMs of the motor can be accessed. To facilitate the
cooling of the machine, a forced-air-cooling housing can be
attached to one of the motor sides.

B. BOUNDARY CONDITIONS
The heat of the machine elements is transferred by convection
and conduction until the steady-state is reached. Therefore,
the following boundary conditions are specified in order
to calculate the steady-state temperature distribution in the
machine:
• Periodic boundary condition allows analyzing only
1/16th of the machine geometry as shown in Fig. 7.

• Convective heat transfer boundary is applied to the walls
exposed to the free steam temperature of the air. The
default temperature of the air is set to 300 K.

• Conduction boundary is applied to all touching walls of
solid bodies.

The heat transfer by convection is described by the Newton’s
Law of cooling:

q = hA(Tw − T∞) (6)

where:
q− is heat transfer rate (W), h - is heat transfer coefficient

(W/(m2K)) Tw- is wall temperature (K), T∞ - is free stream
air temperature (K).

The heat transfer coefficient for air is set to 10 W/(m2K)
which is applicable for free convection analysis.
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TABLE 2. Thermal characteristics of the transverse flux machine materials
taken from ansys library.

The heat transfer by conduction between two walls is
described as:

q′′ = −k
(T 2 − T1)

L
(7)

where:
k− is the thermal conductivity of the materials (W/(m.K)),

T1 and T2 – are the temperatures at the walls (K), and L - is
the thickness of the element (m).

Specific heat is another important quantity that determines
the thermal capacitance in the system. In other words, specific
heat is the quantity of heat necessary to increase the temper-
ature of one gram of a substance by 1 ◦C.

C. THERMAL PROPERTIES OF THE TRANSVERSE FLUX
MACHINE ELEMENTS
Thermal conductivity of the materials used in the design and
specific heat coefficients are listed in Table 2.

Silicon nitride is one of the most heat conductive ceramic
elements with a thermal conductivity 13 times higher than
that of glass ceramic, and 2.4 times higher than aluminum
oxide. Silicon nitride conducts heat better than electrical
steel, and the non-magnetic steel 904L used in the rotor
disc. The specific heat coefficient of silicon nitride is lower
than glass ceramic and aluminum oxide, which gives it the
advantage of faster heat transfer in and out of the element.

D. OPERATIONAL CONDITIONS
The temperature distribution of the TFM is calculated when
the motor operates at the rated speed, but at high load con-
ditions when the phase current is 30, and 50 A. To observe
the influence of the ceramic elements on the temperature
distribution in the TFM, the temperature of the machine is
compared with and without ceramic elements in Fig. 8.

When the machine has a 30 A current and is rotating at a
speed of 300 rpm, the coil is themain source of heat according
to the results presented in Fig. 8. In the model without the

FIGURE 8. Temperature distribution in the transverse-flux machine
at 30 A load current and rated speed of 300 rpm: a) machine without
ceramic element, b) machine with glass ceramic element, c) machine with
aluminum oxide ceramic element, d) machine with silicon nitride ceramic
element.

TABLE 3. Temperature distribution in the coil and permanent magnets of
the transverse-flux motor.

ceramic element (Fig. 8 a), the coil heat is dissipated through
the motor geometry only by convection because there are no
contacts between the coil and other parts of the geometry.
When the glass ceramic element is placed beneath the coil
(Fig. 8 b), the heat flux of the coil is transferred to the ceramic
element by conduction as described in Eq. 7. This results in a
temperature drop in the coil. The heat of the ceramic elements
is then transferred to the rotor disc, and from the rotor disc to
the magnets. As a result, the magnets start warming as can
been seen by comparing Figs. 8 a) and b). The higher the
thermal conductivity of the ceramic element, the more heat
is transferred to the magnets, and, consequently, the larger
is the temperature drop in the motor coil. This is confirmed
by analyzing the models with aluminum oxide and silicon
nitride element (Fig. 8 c and d). Increasing the motor loading
to 50 A - increases the heat transfer between the motor
elements which results in a higher temperature drop in the
coil. This can be observed in Table 3, where the temperatures
of the coil, ceramic elements, and PMs are summarized. Thus,
at a load current of 30 A the difference between the coil
temperature without a ceramic element and with the silicon
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TABLE 4. Mechanical properties of the ceramic elements taken from
ANSYS library.

FIGURE 9. 3D FEM model of the rotor with the aluminum oxide ceramic
element.

nitride element is 10 K. The same difference is 28 K when the
machine operates at 50A. This demonstrates the effectiveness
of the ceramic elements at high motor loading.

If the temperature of the rotor is lower than the temperature
of the coil, the heat transfer in the machine works backward,
from the rotor disc to the ceramic element, and then to the
coil. This scenario can also happen in the machine with rare-
earth magnets. Operating at high speed and low load the rotor
of themachine becomes a hot spot due to the eddy loss in rare-
earth magnets. The heat transfer between the PMs, ceramic
elements, and motor coil can prevent the irreversible demag-
netization of the rare-earth magnet. Irreversible demagneti-
zation of the rare-earth PMs starts at 80◦C, - whereas this
temperature for the FMs is 250 ◦C.

IV. STRUCTURAL ANALYSIS
The ceramic elements can expand or contract due to the
temperature change depending on their thermal expansion
coefficient provided in Table 4.

Thermal stress in the element is calculated by multiplying
the change in temperature, the material’s thermal expansion
coefficient and the material’s Young’s modulus:

σ = E · α · (Tf − T0) (8)

where T0– is the initial temperature (300 K), and Tf – is the
final temperature. E – is Young’s modulus, and α – is thermal
expansion coefficient.

The mechanical properties of the ceramic elements are
listed in Table 4.

FIGURE 10. Equivalent Radiated Power Level (ERP) of the ceramic
elements at various frequencies: a) Waterfall diagram of the motor
vibrations at speed range between 23.6 rad/s to 47.01 rad/s, b) ERP at
resonant frequencies.

The structural analysis of the rotor of the TFM with
an aluminum oxide ceramic element is examined using a
3D FEM model shown in Fig. 9. The analysis is con-
ducted the aluminum oxide temperatures are 354 K and
413 K. The calculated average thermal stress of the alu-
minum oxide at temperature 354 K is 105 MPa. If the
temperature of the element is increased to 413 K the ther-
mal stress increases to 240 MPa. This value will exceed
the tensile yield strength of the aluminum oxide which is
given in Table 4. Consequently, the material will fracture in
this case.

The electromagnetic torque ripple discussed in Fig. 3 b)
is a source of vibration. Caused by electromagnetic forces
between the stator poles and PMs, the vibration can deform
the ceramic material. In order to investigate the endurance
of the ceramic elements to motor vibration, a harmonic
analysis is conducted by mapping the electromagnetic
solver to the modal mechanical solver in the 3D FEM.
In this analysis, the machine is tested in a speed range
of 23.6 rad/s to 47.01 rad/s. As a result, a waterfall dia-
gram of the machine acoustics is obtained and can be seen
in Fig. 10 a).

VOLUME 10, 2022 133703



O. Dobzhanskyi et al.: Electromechanical Evaluation of a Double-Core Motor With Ceramic Elements

FIGURE 11. Deformation analysis of the ceramic elements at rated speed
of the motor: a) glass ceramic, b) silicon nitride.

The diagram demonstrates maximal possible dynamic
radiation of ceramic elements (Equivalent Radiated Power
Level) for specific excitations in frequency. The acoustic
noise (in dB), radiated by the machine is obtained from the
vibration velocity of the ceramic elements. According to
the diagram the ceramic element experiences vibrations of
multiple frequencies ranging from 20 to 480Hz. The resonant
frequencies of the ceramic elements when the motor operates
at a rated speed of 23.6 rad/sec are separately demonstrated
in Fig. 10 b). The maximum noise level of the vibrations is
63 dB and occurs at frequencies of 60, 120, and 480 Hz.

These vibrations apply stress and cause radial deforma-
tion of the ceramic. The deformation analysis investigates
the endurance of the glass ceramic and silicon nitride ele-
ments to the motor vibration. The results of the analysis are
shown in Fig. 11. The maximal deformation length of the
ceramic glass element is 0.1289·10−3 mm, and for the silicon
nitride element this value is 0.05882·10−3 mm. Silicon nitride
demonstrated better resistance to deformation if compared
to glass ceramic due to its higher tensile ultimate strength.
To verify whether the elements break at such deformation,
the radial strain of the ceramic element can be determined by
Eq. 9.

The strain is calculated as a ratio of the deformation lengths
1L to the original length L of the element before the test.

ε =
1L
L

(9)

The original radial length of the ceramic ring is 40 mm.
Therefore:

strain of glass ceramic:

ε =
1L
L
· 100% =

0.1289 · 10−3

40
· 100% = 0.322·10−3%

strain of silicon nitride:

ε =
1L
L
· 100% =

0.05882 · 10−3

40
· 100% = 0.147·10−3%

The calculated strains of the ceramic elements are consider-
ably lower if compared to the fracture strain in Table 4.

The motor elements such as permanent magnets, rotor
core, stator poles, and coil can also deform under high tem-
peratures, vibration, and external loads. This will provide

FIGURE 12. An experimental fragment of the TFM with double core: a) 3D
FEM model, b) physical prototype.

FIGURE 13. Thermal analysis of the experimental fragment of the TFM:
a) TFM without ceramic element (air), b) TFM with aluminum oxide
ceramic element.

FIGURE 14. Thermal characterization of the physical section of the TFM:
a) TFM without ceramic element (air), TFM with alumina oxide ceramic.

additional mutual tensile stresses on ceramic elements. If the
ceramic element deforms during motor operation it can dam-
age the ferrite magnets. Therefore, in this study the ceramic
elements were placed on a small distance from the magnets.
The ceramic elements are able to withstand severe thermal,
mechanical and wear situations, and can be used in extremely
demanding environments. These elements can replace expen-
sive aluminum in motor cooling jackets and housing adding
additional durability and strength to the motor structure.
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FIGURE 15. Temperature change in the transverse-flux machine after the
aluminum oxide elements is slid beneath the coil.

V. LABORATORY TEST
The laboratory experiment is conducted at the National
Renewable Energy Laboratory on a rectangular section of the
machine. Motor symmetry allows the analysis of only half of
the machine. Therefore only a half of the 1/16th geometry of
the motor was taken for the test. The geometry is transformed
into the rectangular shape at which the original volumes of
the section elements are maintained. The main goal of the
experiment is to observe heat transfer from the coil to the
rotor through the ceramic element. The other goal was to
verify the accuracy of the mesh and boundary conditions of
the computer models used in the study. To verify the accuracy
of the computer model settings as mesh size and boundary
conditions, the identical 3D FEM model of the motor was
developed. The calculation and experimental results will be
compared to find the error of the computer models used in the
study. The computer model and the experimental fragment
are shown in Fig. 12.

The heating element is placed inside the coil and heated
to 390 K until steady-state temperature is reached in the
machine. The air temperature is set to 295 K which corre-
sponds to the temperature in the laboratory. The results of the
computer simulation of the model without a ceramic element,
and the model with aluminum oxide ceramic are shown in
Fig. 13.

The temperature distribution in the motor elements is sum-
marized in Table 5 and later will be compared with the
physical model.

The evaluation of the physical model is conducted by
attaching five T-type thermocouples (TCs) to the surfaces
of the coil, stator pole, ceramic element, PMs, and rotor
disc. The TCs were calibrated to an uncertainty of 0.05 ◦C .
To increase the thermal conductivity between the TCs and the
surfaces, thermo-paste was applied at the points of contacts.
The TCs were connected to the data acquisition system and
LabView software to process the results. The heating element
was connected to a 24 V DC power to generate heat of 390 K.
The experimental physical models of the motor section with
and without a ceramic element are shown in Fig. 14.

The temperature of the fragment parts recorded during
the test is displayed in Fig. 16. At the beginning, the model
was analyzed without the ceramic element, and the coil was

TABLE 5. Results of the steady-state and thermal analysis of the
transverse-flux motor.

suspended above the magnets by means of a small object
with low thermal conductivity. When the coil temperature
reached a steady-state of 369 K, the aluminum oxide was slid
beneath the coil without turning off the heating element. As a
result, the temperature of the coil and the stator pole started
decreasing due to the heat conduction between the coil and
ceramic element. The temperature of the rotor disc and the
PMs started to increase as shown in Fig. 15. With presence
of the ceramic element the coil temperature dropped by 25 K
before it reached steady-state. The steady-state temperatures
of the fragment parts recorded during the experiment are
listed in Table 5.

The discrepancy between the results recorded in the lab-
oratory and the results obtain during computer simulation
does not exceed 5%. The error is explained by assuming
zero thermal resistances between the touching elements in 3D
FEMmodels. However, during the test, the thermal resistance
was higher than zero due to the imperfection of the touching
surfaces. Thermo-paste was applied between the touching
elements to decrease the interface resistance to some level.

VI. CONCLUSION
The paper introduced a novel topology of electrical motor
with ceramic elements for cooling and structural purposes.
The electromagnetic and mechanical analyses, as well as an
experimental test prove that ceramic materials can be suc-
cessfully employed in the body of a TFM with double stator.
Transferring heat from the hot to cold spots of the machines,
the ceramic elements can become an important asset to elec-
trical machines. The two goals of the research were reached:
a) the ceramic elements decreased motor coil temperature,
and b) suspending the coil above the PMs, the back EMF of
the motor was increase by 30%. Printing the elements using
3D-printer can simplify the manufacturing process of the
motors and generators. The results of structural analysis show
the ceramic elements a durable and resistant to thermal and
mechanical stresses confirming their applicability in electric
machines. Ceramic materials can be easily machined with
conventional metal cuttingmachinery. These factorsmake the
ceramic compete against conventional aluminum and steel
used in electrical motors and generators.
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The laboratory test proved the accuracy of the computer
model settings such as mesh size, and boundary conditions.
The discrepancy between the computer and laboratory mod-
els was only 5%.

The future scope of study involves investigation of the use
of ceramic cooling jackets for liquid cooling in high speed
electrical machines.

The innovation demonstrated in this paper is also applica-
ble to machines with rare-earth PMs. In this case the ceramic
elements can transfer excessive heat from the PMs to the other
parts of the machine and prevent irreversible demagnetization
of the magnets.
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