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ABSTRACT

The magnetic performance of NdFeB permanent magnets rapidly decreases as their operation temperature increases. This limits the
power output of electric motors as their internal temperature quickly increases with the power demand. This is particularly problematic
for applications where high peak power is required for a short period of time, for example during automobile highway acceleration or
during an airplane lift-off. With the advances in additive manufacturing, one can envision to fabricate more complex motor geometries
and magnetic structures, without additional costs, allowing for enhanced functionalities such as better thermal management. In this
context, this paper investigates the feasibility of using phase changing materials (PCMs) to mitigate the temperature rise in permanent
magnets (PMs) fabricated by additive manufacturing. The potential of PCM and its relevance was validated by modeling the thermal
response of an electric motor during a representative electric vehicle driving scenario. It was found that segmented magnets with
embedded phase changing materials would allow to efficiently control temperature rise. To validate the simulation results, PM test
pieces with and without embedded PCMs were fabricated using cold spray additive manufacturing and tested using a custom laser
thermal cycling setup.
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1. INTRODUCTION Unfortunately, cooling systems are mostly limited to the stator
structure as it is very difficult to route a liquid cooling system to a
rotor operating at several thousand rpms. As such, there is usually
no direct conductive cooling of the rotor. Rotor cooling is thus
limited to inefficient convective or radiative heat transfers with the
cooled stator across the airgap.

The use of a phase changing material (PCM) as a thermal

Permanent magnet (PM) electric motors are predominant in
high performance applications due to their high torque, efficiency,
and power density.” NdFeB PMs are widely used for this motor
type; however, their performance is rapidly decreasing for operating
temperatures higher than 100°C.” To prevent demagnetization,
heavy rare earth elements such as d)'rsprosmm (PY) or 'terblum management or thermal buffering method to accommodate peak
(Tb) are added to NdFeB magnets to increase thelgr coercive force transient loads in vehicle components has been reviewed by
and thus increase their operating temperature limit.” For example, a Jankowski and McCluskey.” More specifically, insertion of solid—
high coercivity NdFeB magnet, containing up to 4% Dy, retains liquid PCM, mostly paraffin, was explored to be used in different
linear magnetization up to a temperature of about 175°C."  ocations in electric motors, for example in the winding heads,”
However, adding these elements is an expensive solution as heavy in the casing or housing®™"’ and in hollow conductors.'"'* Yi and
rare earths availability is limited. Furthermore, Dy addition is Haran compared different PCMs [paraffin, erythritol, and Ba
also reducing PM remanence and BH,,,,.~ Another approach is to (OH),-H,0] and showed that depending on the requirements of
limit the magnet temperature increase by using motor cooling. the application and the desired temperature profiles in the motor,
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one PCM can be more efficient than the others."” Lu et al. demon-
strated that adding fillers such as halloysite and BN in paraffin
leads to forming mechanically stable PCMs."* Recently, Broumand
et al. showed by finite element analysis (FEA) simulation the
potential of using PCMs in the stator core of an axial motor."’
While they mentioned the potential benefits of additive manufac-
turing (AM) as a mean to fabricate these structures, their paper
lacks experimental validation.

Inserting a PCM directly into the rotor structure in order to
limit temperature rise brings a different set of advantages to motor
design as it could potentially allow to better control the tempera-
ture of the rotor, a part of the motor where traditional cooling is
more difficult to implement for the previously listed reasons. PCM
inclusion in the rotor has not been explored yet as fabricating the
required geometry is a challenge. Indeed, as most PCMs are
becoming liquid during the phase transition, a retaining structure
is required. Inserting PCM in traditional magnets fabricated by
compaction is not industrially viable as sintered magnets are diffi-
cult to machine and their shape is typically limited to simple geom-
etries rendering the fabrication of structures suitable to
accommodate PCMs very difficult. With the advent of AM, it is
now possible to build soft magnetic cores and'®'” and PMs'®™*’
with integrated cavities that can readily be used for thermal man-
agement purposes.

In this paper, a novel cold spray additive manufacturing meth-
odology was used to fabricate hollow PMs and to integrate phase
changing materials to limit temperature rise of the rotor structure.
The paper is organized as follows: the choice of PCMs is first
described in Sec. II. Section III presents the selected motor struc-
ture with high rotor losses and the simulations that were performed
to assess the potential of phase changing materials in typical
driving cycle conditions. Several arrangements of the phase chang-
ing material in the rotor are tested in order to determine the
optimal PCM positioning. Finally, Sec. IV presents the fabrication
of PM samples with and without PCM using cold spray additive
manufacturing. Their performance is assessed by comparison with
simulations.

Il. SELECTION OF PCM

In order to be used for thermal protection of PMs in electric
motor applications, the phase transition temperature of the PCM
should fall below the magnet and motor maximum operation tem-
peratures while being significantly above room temperature. In this
study, erythritol was selected for demonstration purpose as it satis-
fies this criterion, is inexpensive and is safe to manipulate.
Furthermore, erythritol has a higher latent heat storage capacity
than other organic compounds such as paraffin. On the other
hand, erythritol is known to undergo an important supercooling
which reduces the solidification temperature by several tens of
degree, depending on the conditions.”"”* This could decrease the
capacity of erythritol to thermally protect the magnets during the
next high-power demand. The erythritol supercooling disadvan-
tages can be mitigated by the use of additives*>** or by encapsula-
tion.”” The main characteristics of erythritol are presented in
Table I alongside the thermal properties of aluminum and sprayed
magnets that will be presented in a later section.
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TABLE I. Thermal properties of erythritol,'” aluminum, and sprayed NdFeB-Al
magnets.

Cold spray
Properties PCM Al 6061 magnet
Density (kg/m”) 1450 2700 7500
Solid thermal conductivity [W/(m°C)] 0.5 167 73
Solid specific heat [k]/(kg °C)] 2.2 0.90 0.55
Liquid specific heat [k]/(kg°C)] 2.6
Latent heat (kJ/kg) 319
Melting point (°C) 118

lll. MAGNETS WITH PCMS IN ELECTRIC MOTORS

Recently, concentrated winding PM synchronous motors have
gained increased industrial interest due to their short end-turns,
high fault tolerance and the possibility of stator fabrication with
high slot fill factors; these can lead to higher reliability and reduced
copper losses compared to conventional distributed winding
designs. However, one of the main limitations for the wide adop-
tion of this technology is its relatively high rotor losses due to the
winding-generated harmonics that are not in synchronism with the
rotor.”® In the present work, a 10-pole/12-slot PM synchronous
motor with concentrated windings and interior magnets was
designed for an electric vehicle (EV) application to investigate the
potential of PCMs in limiting the magnet temperature rise. The
simulated motor peak rated power is 55 kW with a base speed of
2800 rpm and a maximum speed of 14 000 rpm. Figure 1 shows a
cross-sectional area of the concentrated winding motor.

The motor is first modeled and simulated using 3D electro-
magnetic FEA using JMAG software. Figure 2(a) shows a vector
plot of the magnet eddy currents at 8000 rpm. Due to the skin
effect, the eddy currents at a high frequency tend to concentrate
toward the magnet sides, thus causing increased loss density, as
shown in Fig. 2(b), which could lead to local irreversible demagnet-
ization. The motor temperature distribution is then calculated
using a thermal 3D FEA model, where the motor is cooled using
water cooling channels integrated in the aluminum casing, as
shown in Fig. 3. The copper, iron, and magnet loss distributions in
the FEA thermal model are exported from the electromagnetic FEA
model.

FIG. 1. Structure of a 10-pole 12-slot interior PM motor.
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FIG. 2. 3D FEA simulations for (a) magnet eddy current density and (b)
magnet loss density.

In order to limit the temperature rise at the magnet sides, the
PCM is placed in the rotor cavities shown in Fig. 1. The PCM is
modeled by the apparent heat capacity method.”” Using this
method, the PCM specific heat is defined as a piecewise function of
temperature, where the specific heat is artificially increased in the
temperature interval during which the material state transitions
from a solid to liquid. The integral of the specific heat over this
transition temperature region is equivalent to the PCM latent heat.

The FEA calculated average temperatures on the side surfaces
of the magnets are shown in Fig. 4 before and after placing PCM in
the rotor cavities. Near the erythritol melting point (118°), the
PCM absorbs a part of the generated heat during its phase transi-
tion, thus limiting the magnet side temperature rise. Figure 5 com-
pares the magnet temperature distribution after 15s of 50 kW
transient loading with and without PCMs. While the PCM can
effectively reduce the temperature on the magnet sides, it has a rel-
atively lower impact on the average temperature over the whole
magnet volume. In addition, only 10.5% of the PCM volume in the
cavities is found to be contributing to the magnet temperature reg-
ulation, as the remaining PCM volume is still below 118 °C, as illus-
trated in Fig. 6.

Aluminum casing

Coolant channels

End windings

Bearing

Shaft

Equivalent insulation

Equivalent copper

FIG. 3. 3D thermal FEA model of the 10-pole/12-slot indirect liquid-cooled
motor.
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FIG. 4. Comparison of the average magnet side surface temperature with and
without PCM.

In order to maximize the contact surface area between the
PCM and rotor magnets, each magnet is then segmented into three
and six segments with PCM placed in gaps between the magnets,
as shown in the rotor designs in Fig. 7. To ensure a fair comparison
of the designs, the total magnet volume was kept constant, main-
taining similar magnetic loading across all designs. Since each
design uses the same stator and armature current magnitude, the
magnet segmentation results in only a minor change in output
torque (<2%), which can be compensated through design optimiza-
tion. Also, all the designs utilize a similar total PCM volume. It
should be noted that while magnet segmentation in PM machines
generally leads to a reduction in the magnet eddy current loss,”® it
is assumed throughout the simulations that all the designs have the
same magnet loss density to evaluate only the thermal impact of
the PCM position. The simulated temperature distribution in Fig. 8
shows a higher PCM effectiveness with the three and six segmented
magnets during the transient stage as the increased PCM/magnet
interface area improves the extraction of magnet-generated heat
during the phase changing period. This is also reflected in the tran-
sient average magnet temperature, shown in Fig. 9, where the three
and six segment designs can increase the allowable transient time
before reaching a magnet average temperature of 150 °C by 232%

Temperature
Contour Plot: °C

I 192

FIG. 5. Magnet temperature distribution after 15 s of 50 kW transient loading (a)
without PCM and (b) with PCM.
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FIG. 6. Temperature distribution of the PCM after 15s of 50 kW transient
loading.

and 352%, respectively, compared to the original design with
no PCM.

While the segmented design shows good performance, posi-
tioning and assembling the magnets within this structure while
containing the PCM might be unpractical. Therefore, in addition to
the segmented designs, permanent magnets with integrated
PCM-filled cavities as shown in Fig. 10 were also investigated. This
approach offers the added benefit of increasing the PCM/magnet
interface area. Such a configuration can be enabled by additive
manufacturing and can achieve significant practical advantages, as
the enclosing of the PCM material can prevent leakage issues
during operation. More details will be given in Sec. IV. An electric
motor with PCM integrated magnets is simulated and compared
to a segmented magnet design with similar magnet and PCM
volumes. The transient simulation in Fig. 11 shows equivalent tem-
perature rise for both configurations hence indicating that the filled
cavity structure would offer suitable performance.

The PM motor with PCM-filled channels is also simulated
with varying channel widths (Wc), as illustrated in Fig. 10. The
channels are designed with a narrow shape so that a large surface
area on the sides would be in parallel with the magnet flux line in
order to minimize the obstruction of magnet flux. The motor is
first analyzed using 2D electromagnetic FEA with different magnet
widths. The average torque for each design is shown in Fig. 12. The
transient thermal behavior for each motor is then simulated using
3D thermal FEA. The electromagnetic and thermal results in
Fig. 12 show that increasing the PCM channel thickness beyond
I mm causes a significant reduction in the motor average torque

PN

FIG. 7. PM rotor designs with (a) three magnet segments and (b) six magnet
segments. Magnets and PCM are colored blue and green, respectively.
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FIG. 8. Magnet temperature distribution after 90 s of transient condition for (a)
one magnet segment, (b) three magnet segments, and (c) six magnet
segments.

due to decreased effective magnet flux. On the other hand, nar-
rower channels result in a smaller degradation of the electromag-
netic performance, for example 0.8 mm PCM channels reduce the
average torque by about 5%. On the other hand, these 0.8 mm
channels extend the transient time for the average magnet tempera-
ture to reach 130 °C by 45% compared to a solid magnet without
PCM.

A PM motor equipped with five 0.8 mm channels filled with
erythritol is then compared to the baseline motor with solid perma-
nent magnets, using electromagnetic and thermal FEA simulations.
Table II compares the operating conditions and electromagnetic
performance of the two motors. The PM motor with PCM-filled
channels exhibits a reduced magnet volume, leading to a lower
magnetic loading. In order to reach the same average torque of the
baseline design, its armature current is increased by 4%, which, in
turn, raises both the armature copper losses and magnet losses, as
detailed in Table I. The copper, iron, and magnet losses, calculated
from the electromagnetic FEA models, are then used as inputs for
3D thermal FEA models to assess the transient thermal characteris-
tics of the motors. Figure 13 illustrates the transient average tem-
peratures for the armature coils and permanent magnets of the two
motors. Although the motor with PCM has higher losses, resulting
in increased average copper temperatures and a slight rise in initial

180
I
~ 170
=
= 160
5]
g 150
)
o 140
=]
an
2 130 ~
g | segment - No PCM
(]
2120 1 segment - with PCM
St
[ -
E 110 3 segments - with PCM
—  segments - with PCM
100
0 30 60 90 120 150 180 210 240

Time (s)

FIG. 9. Thermal transient analysis with different magnet/PCM configurations at
50 kW/8000 rpm.
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FIG. 10. Cross-sectional area of permanent magnet with PCM-filled cavities.

magnet temperatures, the erythritol’s phase change process miti-
gates the magnet temperature rise once it reaches its melting point.
This extends the allowable transient operation time before reaching
temperatures that could cause irreversible demagnetization of the
permanent magnets. It is also important to note that the effective-
ness of PCM in PM motors is dependent on the motor operating
conditions, particularly its loss density levels. Future research
should therefore investigate how motor design, ratings, and operat-
ing conditions influence PCM effectiveness.

In order to further assess the performance of the PCM in the
context of EV electric motor, a PM motor with PCM integrated
channels is simulated and compared to the original design with no
PCM under a typical EV operating condition. In the considered
scenario, the EV first operates at constant speed for one hour with
a motor speed of 8000 rpm and output power of 7kW. It then
accelerates for 1 min with a 50 kW power and afterward returns to
the constant speed operation. This scenario can correspond, for
example, to a brief acceleration phase of an EV on a highway travel.
During this period, the motor losses and temperature distribution
are calculated using coupled electromagnetic/thermal FEA models.
Figure 14 compares the simulated average magnet temperature with
solid magnets and with PCM-filled magnets. The results show that
the PCM can reduce the magnet temperature by more than 31 °C.

The demonstrated reduction of the maximum temperature
can lead to several motor performance improvements or cost
reduction scenarios; for example: (1) The maximum temperature
reduction can translate into the use of cheaper magnet grades that

200
190
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o170

2 160 "

5150 ==

2140

S 130 2
120
110
100

Segmented magnets

- — - - Integrated channels

100 150

Time (s)

200 250 300

FIG. 11. Comparison of average magnet transient temperature with PCM seg-
mented magnets and PCM integrated magnets.
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FIG. 12. Effect of PCM channel width on the average torque and transient
thermal characteristics of the magnet.

are stable at lower operation temperatures thus allowing to reduce
the total motor cost. (2) The PCM can be used in combination
with higher coil current to improve the motor peak power output
while maintaining the maximum magnet temperature constant. (3)
The PCM can be used to allow positioning the magnets in different
configurations to improve a specific motor characteristic. (4) The
PCM can be used as a motor built-in safety feature to prevent
magnet temperature overshoot and demagnetization. Such a safety
feature would be available when the PCM is in its solid-state form.
When the PCM is melted during a transient condition, the EV
drive system should limit sudden power demands during a pre-
programmed period (about 80 s for the simulated design) until the
PCM solidifies again.

IV. DEMONSTRATION PART FABRICATION

The performed simulations suggest that hollow cavities
embedded in PMs (see Fig. 10) can successfully limit magnet

TABLE II. Comparison between PM motors with and without PCM-filled channels.

PM motor without PM motor with PCM
PCM integrated magnets

Stator winding Double layer fractional concentrated

winding with 14 turns per coil

¥€:.1'2) G20z Aenuer Lg

Magnet volume (mm?) 129 500 122 240
Operating speed (rpm) 2400

Average torque (N m) 100

Armature current (A) 100.98 105.01
Copper loss (W) 391.53 42341
Stator iron loss (W) 148.25 148.39
Rotor iron loss (W) 25.13 26.47
Magnet loss (W) 596.32 637.77
Total losses (W) 1161.23 1236.04
Efficiency (%) 95.58 95.31
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magnet. Holes were machined to insert erythritol (PCM).
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EL%';&EJ;??%‘S“;S”E? ;%tgrﬁ Igizl::‘l\gngrtTc]).rs CU T e G o o mm, width = 28.9 mm, thickness of aluminum = 6.1 mm, thickness

of magnet=_8.3 mm. Test pieces surface were machined to final
dimensions while holes to insert erythritol and thermocouples were
drilled using conventional machining. The three cavities were
completely filled with a total of 2.32 g of liquid erythritol that was
solidified prior to thermal testing. A test pieces without cavities
and therefore, without erythritol was also prepared and used as a
reference. Further work would be required before motor fabrication
to identify a complete methodology that is suitable for production
as no method is presented here to seal the cavities.

A custom laser rig setup, shown in Fig. 16, was used to
emulate the thermal service conditions a PCM-filled magnet would

temperature increase in the EV motor. In the next section of the
paper, the fabrication and performance validation of NdFeB PMs
prepared by cold spray additive manufacturing is presented. A
simple geometry comprising three cavities was selected for demon-
stration purposes as shown in Fig. 15. The permanent magnets
were fabricated by cold spray using a mix of two powders:
MQFP-B NdFeB powder from Magnequench and H5 aluminum
powder from Valimet. Samples were sprayed onto aluminum 6061

substrates using Plasma Giken PCS800 cold spray gun operating at encounter during a peak demand scenario. The setup allows for 2
o QO
a gas temperature of 600 ) C and a gas pressure of 4.9 MPa. The gun efficient, clean, rapid, and safe control of the desired power input. 2
was mounted on a robotic arm and moved at a speed of 100mm/s  The setup is composed of a 3kW CO laser, two low temperature 2
relative to the substrate with 1 mm steps. The spray dlstan.ce Was  ultra-fast response optical pyrometers (OPTRIX, model CT 4ML), 8
kept at a constant 80 mm. More details on the magnet fabrication a specimen holder and a thermal camera (Jenoptik, model IR-TCM
procedure as well as on their magnetic properties can be found in 5
Ref. 18. The test pieces dimensions are the following: length = 36.7 €
210
200 Solid magnets without PCM
O 190 = — = = Magnets with PCM filled channels
2 180
=
£ 170
&
g 160
= 150
153
& 140
£
s 130
< 120
o
Z 110
100
90
3500 3550 3600 3650 3700 3750 3800
Time (s)
FIG. 14. Magnet average temperature during highway acceleration with and FIG. 16. A custom laser rig was used to thermally cycle the PM samples. The
without PCM. setup is equipped with two optical pyrometers and an IR-camera.
J. Appl. Phys. 136, 174901 (2024); doi: 10.1063/5.0219982 136, 174901-6

Published under a nonexclusive license by AIP Publishing


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

384) and is fully computer controlled. Test pieces with and without
PCM were thermally cycled using the laser rig. To ease temperature
measurement using the optical pyrometers, the aluminum substrate
surface (X-Y plane in Fig. 15) and the opposite surface were
painted with a black high emissivity paint. The two test pieces,
with and without PCM, were submitted to the laser beam with a
power of 50 W until reaching a temperature of 180 °C and then the
laser power was switched off to cool down via normal convection
and radiation. The selected temperature of 180°C is above the
erythritol melting point as well as being slightly above the typical
operation temperature of NdFeB magnets. The laser spot diameter
was 25 mm. The temperature at the center of the hot and cold faces
were recorded at a rate of 10 Hz using optical pyrometers labeled as
pyrometer 1 and pyrometer 2, respectively, in Fig. 16.

The experimental results were compared to a digital twin sim-
ulation performed by FEA using material thermal parameters.
Thermal properties of erythritol, aluminum, and NdFeB used in
the numerical simulations are reported in Table I. The aim is to
validate the experimental performance of the PCM and the ability
to correctly predict numerically the performance of a real-life
system. As before, the PCM was again modeled by the apparent
heat capacity method. In order to replicate more closely the experi-
mental conditions in the FEA simulations, the apparent heat trans-
fer coefficient at the test pieces outer surfaces was determined by
matching the measured temperature during the cooling period. A
value of 10 W/(m?°C) was found, which falls at the upper limit of
the spectrum for natural convection of a vertical wall.”” The effec-
tive heating laser power was extracted using a similar strategy by
matching the aluminum temperature rise of the heated face during
the initial heating period.

Figure 17 shows the measured and simulated temperatures at
the magnet surface for the PMs with and without PCM for a
typical cycle. An excellent agreement was observed between the
measured and simulated data for both kinds of samples. Figure 17
further shows that before the melting temperature of the PCM
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FIG. 17. Comparison of the measured and simulated magnet surface tempera-
tures with and without PCM.
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(118 °C) is reached, the surface temperature of the magnet is essen-
tially the same in the two configurations. After this moment, the
melting of the PCM slows down the heating rate of the magnet.
This different heating rate would continue until the PCM is
completely melted. It is worth nothing that the PCM is not
completely melted as can be seen by the slope of the temperature
increase. In this particular example, the presence of the PCM led to
a considerable decrease of 20°C of the peak temperature. These
sets of results, physical and numerical, clearly confirm the PCM
capability of limiting the magnet temperature increase.

V. CONCLUSIONS

The use of PCM materials was explored to control the temper-
ature rise of PMs in an EV application. FEA simulations have dem-
onstrated that erythritol is a suitable material for that application.
The use of PCMs in a PM synchronous motor with concentrated
windings was simulated illustrating the potential of PCMs for
magnet temperature control in electric motors. Simulations have
further shown that segmented and cavity structures are suitable
configurations to optimize PCM usage via more complete melting.
The cavity-based structure was selected for its ease of fabrication
using additive manufacturing. Permanent magnets were fabricated
using cold spray deposition and the PCM was inserted in machined
cavities. The thermal performance of PCM-inserted magnets
matched the prediction from numerical simulations. Results are
promising for cost reduction of magnets in electric motors, increase
power level, geometrical flexibility, or as built-in safety features.
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