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Abstract: Rare-earth metals used for manufacturing Permanent Magnets (PMs) remain classified
as critical raw materials by the European Commission. In order to secure the supply of electrical
machines due to the increasing demand of Hybrid and Full Electrical Vehicles ((H)EVs), recycling has
emerged as a valuable alternative. Hence, this paper presents the concept of a modular PM machine
with a hybrid rotor and 3D flux paths, for application in ((H)EVs). The proposed machine topology
is intended to facilitate the extraction of PM material towards a recycling process. The selection of
a machine for prototyping is carried out by investigating the effect of the variation of the number
of rotor teeth and stator modules on various parameters, with models developed in Finite Element
(FE). Finally, the models developed of the selected combination were validated with a detailed
experimental evaluation of the prototype.

Keywords: electric vehicles; finite element analysis; permanent magnets; permanent magnet
machines; recycling; 3D flux; E-shaped cores

1. Introduction

Electrical machines are a major component in the electrification of transportation for the reduction
of CO2 emissions [1]. In order to maintain the growing demand of (H)EVs, it is required to secure the
supply of Rare Earth Elements (REEs) used for manufacturing of PMs (e.g., Neodymium, Dysprosium,
etc.). Nevertheless, REEs are indexed as critical raw materials by the European Commission [2], which
have increased awareness regarding their recycling. The recycling of REEs has been extensively studied
in various reports where the main recycling techniques have been classified, as follows [3]:

• Re-sintering after hydrogen decrepitation,
• Hydrometallurgical methods,
• Pyrometallurgical methods,
• Gas phase extraction.

The methods mentioned above have disadvantages. For instance, pyrometallurgical methods
are inefficient due to the requirement of high energy input and high purity of the material processed,
which is difficult to achieve with mixed scrap feeds with highly diverse compositions. On the other
hand, hydrometallurgical techniques require large amounts of chemical substances and the production
of large quantities of waste water. In the case of gas phase extraction, the use of hazardous chemicals
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is required. Finally, hydrogen decrepitation has been tested at a laboratory scale and it faces similar
disadvantages regarding the composition of the scrap feed, which shall not be mixed. Therefore,
the methods mentioned previously are subject of ongoing research by Work Packages 1 and 2 in the
DEMETER project [4].

Regardless of the recycling method, separation and classification of PM material are important
steps in order to start a recycling process. Therefore, the improvement of the recycling methods
would be insufficient unless the electrical machines are designed so that the access to the PMs is
facilitated once the End of Life (EoL) of the machine is reached and the motor is scrapped. Generally,
PMs are either glued on, or buried inside the rotor, adding complexity to the separation from the
rotor structure, and the subsequent recycling process. Therefore, it is required to start thinking about
electrical machines designed for an efficient recycling of the PMs.

The investigation of electrical machines focused on feasible recycling of REEs from PMs has been
reported in various studies. For instance, in [5], a transverse flux clawpole machine is proposed as a
solution for facilitating recyclability. The use of Soft Magnetic Composites (SMC) is evaluated in both
rotor and stator structures, based on the design developed in [6]. In [7], a case study focused on the
re-use of PMs in wind turbines is proposed. The main approach is that PMs might be built in with
PM segments. However, such approach might be inconvenient due to the air-gaps between PM pieces
and the use of glue for holding the PM structure. Additionally, in [8], an alternative rotor structure is
proposed, where the rotor is a container designed to house PM material, thus facilitating its recovery
at the EoL. However, one main disadvantage of that approach might be that the recycling process
shall be performed under a protective atmosphere in order to avoid oxidation, which increases the
complexity of the process [9].

In [10], the use of recycled PMs in electrical machines have been studied on an Interior Permanent
Magnet Machine (IPM) with bonded NdFeB PMs. In such study, PM material recycled with the
hydrogen processing of magnetic scrap is used for the design and prototyping of an IPM motor.
The results showed superior performance when compared with ferrite magnets. Finally, a PM assisted
claw pole machine with sintered NdFeB PMs manufactured by the hydrogen decrepitation process is
presented in [11]. In addition to the use of recycled PMs, the topology proposed in the study facilitates
the direct re-use of the PMs which would be convenient, since additional recycling processes would
not be required.

As it has been discussed above, the study of electrical machines in the context of e-mobility
and recycling of PMs is of relevance. Therefore, the main goal of this paper is the definition and
investigation of an alternative electrical machine topology which allows an efficient recovery of
the PMs. There are, however, additional considerations on the definition of such machine. That
is, the recycling of PMs of the machine is addressed in conjunction with the use of non-traditional
materials (e.g., grain oriented electrical sheet, amorphous laminated material, SMC, etc.). In this regard,
the use of non-traditional materials in a structure with a modular stator was investigated in [12].
Iron based amorphous laminated C-shaped cores were used in a proof of concept of a surface-mounted
outer rotor machine. The main advantage of amorphous materials, such as the low level of iron losses,
was validated. However, it was also observed that the PM losses were significantly large, due to the
combination of a surface mounted rotor and salient structure of the modular stator. Additionally,
the use of glue was required for fixing the PMs on the rotor structure, which is not convenient when
addressing the recycling of PM material.

Therefore, in order to allow an efficient recycling of the PMs, the rotor structure proposed in this
work is conceived in such fashion that the use of glue is not required for holding the PMs on place.
Additionally, the modular stator structure proposed in [12] is expected to facilitate the extraction of the
rotor. Furthermore, as it was demonstrated, it allows the use of materials that are not commonly used
in rotating electrical machines.

The description of the working principle of the proposed machine is carried out in Section 2.
Section 3 is devoted to the study of the increment of the torque by applying Vernier’s principle. Both the
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assembly process and main dimensions of the manufactured demonstrator are presented in Section 4.
The experimental results are summarized in Section 5. Lastly, conclusions are drawn and future work
is proposed.

2. Hybrid Rotor 3D Flux Machine

2.1. Definition of the Rotor

The term hybrid rotor used in this paper refers to the rotor geometry used in HSMs [13]. Generally,
it is composed by a PM ring axially magnetized, placed in between two stacks, manufactured with
electrical sheet, and with a toothed structure. Figure 1 illustrates the rotor used in an HSM.

Figure 1. Hybrid rotor structure.

The main advantage of having a hybrid rotor is that the PM is protected from the variations of
permeance in the air-gap, due to the salient structure of the modular stator. Therefore, the losses in
the PM may be reduced significantly, while, for a rotor structure with surface-mounted PMs, the PM
losses were increasing with approximately the square of the frequency [12], which is not convenient in
a machine with a large number of poles or running at a high speed, or both.

2.2. Definition of the Stator

The concept of a salient pole modular stator has been investigated in the context of switched
reluctance machines. For example, in [14], an axial flux switched reluctance machine is investigated.
The stator is composed by C-shaped cores in a single stack. However, the main dimensions of the
prototype built for validation were not reported. An assisted switched reluctance wind power generator
was investigated in [15]. Both stator and rotor of such topology share some similarities with the
prototype developed in [14]. However, an excitation assistance coil is added to the rotor structure,
which increases the complexity of such topology. Finally, a single stack C-shaped core is investigated
in [12], where the use of laminated amorphous materials is also evaluated. As a conclusion, having a
single stack of C-shaped cores might have negative effects on the performance of the machine. That
is, the copper utilization is low, since approximately 3/4 of the coil are end-windings. Additionally,
the overall outer diameter of the machine is increased by the end windings, which, in turn, may
result in a reduction of the torque density. Therefore, the configuration of the “E-core” transverse flux
machine solution proposed in [16,17] would yield an improvement on the performance by adding a
second stack, in order to improve the copper utilization, and to eliminate the extra diameter required
for end windings. Consequently, a double stacked structure as depicted in Figure 2 is proposed for
this study. Such structure is composed by two C-shaped cores used to form an “E-core” shaped stator
module, and two of the rotor stacks (Figure 1) assembled back to back.
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Stator

Rotor

PM Rings

Winding

Figure 2. Axial view of the Hybrid Rotor 3D-Flux machine topology.

2.3. Working Principle

In order to describe the production of the PM flux linkage Ψm, a geometry with 27 stator modules
and 18 rotor teeth as in Figure 3 was built. Although the full geometry is shown in Figure 3, note that
only 1/9 of the geometry was required to be solved. In addition, the coils have been removed from
Figure 4 in order to facilitate the view of the flux arrows in stator modules. The coming analysis focuses
on the stator module located in the middle region of Figure 4a enclosed by a black circle and labeled as
number “1”. When both stator module and rotor teeth are aligned as in Figure 4a,b, a maximum value
of Ψm is reached, indicated by the arrow distribution in both the rotor and stator. If the rotor continues
travelling an intermediate position is reached as in Figure 4c,d, in which the magnitude of B is lower,
as it is shown by the colder color of the arrows. Finally, a minimum value of Ψm is obtained when the
position described in Figure 4e,f is reached. Note that the polarity of the magnetic flux density arrows
in both the rotor and the stator does not vary.

Figure 3. 3D-FEM model of the hybrid rotor machine.
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Figure 4. HM3D machine principle, magnetic flux density vector; (a) yz-plane, aligned, (b) xy-plane
aligned, (c) yz-plane, intermediate, (d) xy-plane, intermediate, (e) yz-plane, un-aligned, and (f) xy-plane
un-aligned.

The behavior of the PM flux linkage Ψm with varying position is described in Figure 5. As it is
observed, the flux has a sinusoidal behavior. Additionally, the PM flux is varying from a maximum
to a minimum value, without crossing zero. Figure 6 shows the harmonic spectrum of the PM flux
linkage waveform in Figure 5. As it has been described, the machine might be fed as any SPMSM,
which facilitates its operation. In the following, the machine with hybrid rotor and modular stator
investigated in this paper is referred to as the “HM3D” machine.
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Figure 5. PM flux linkage as function of position of the HM3D machine.



Energies 2020, 13, 1342 6 of 22

0 1 2 3 4 5 6 7 8 9 10

1

2

3

·10−3

Harmonic order [-]

Ψ
m

[W
b
]

PM flux vs. Angular position

Ψm

Figure 6. Harmonic spectrum of the PM flux linkage of the HM3D machine.

3. Study of the Vernier’s Principle

During the definition of the HM3D machine, it was found that the torque density was significantly
low, with a value of approximately 2.6 N· m/L. Hence, it was decided to investigate alternatives for
improving this parameter. The Vernier’s or magnetic gear principle is described in Figure 7. In order to
simplify the description of the principle, a linear geometry is used in Figure 7a. In addition, Figure 7b
illustrates the segmentation or sub-division of the geometry by a factor nseg = 2. As both PM flux
and MMF from the windings are kept in similar values, the force production (torque in a rotating
machine) is affected directly by this factor. The force produced by the machine in Figure 7a is given by
Equation (1):

Fav =
∆Ψ · Ni

D
(1)

where ∆Ψ is the variation of the PM flux, Ni is the MMF on the windings, and D is the module width
as shown in Figure 8. Once the geometry presented in Figure 7a is sub-divided by nseg as in Figure 7b,
Equation (1) may be expressed as in Equation (2):

Favseg =
nseg∆Ψ · Ni

D
(2)

stator

rotor

motion

(a)

stator

rotor

௦݊/ܦ

(b)

Figure 7. Vernier’s principle description; (a) original geometry, and (b) nseg = 2.
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(a) (b)

Figure 8. HM3D machine geometry; (a) main dimensions and (b) C-shaped core dimensions.

The calculation performed with Equations (1) and (2) assumes linear materials and neglects
phenomena such as fringing flux and leakage. When accounting for these phenomena, there will
be a value of nseg at which a maximum increment of torque is reached, and eventually it will start
decreasing. In order to evaluate the impact of the segmentation nseg, a machine with six stator modules
and eight rotor teeth was selected. Such selection is based on geometrical constraints. That is, for a
fixed air-gap diameter, the increment of the parameter nseg results in a reduction of the thickness of the
module, or D in Figure 7. Therefore, such combination allows for increasing the value of nseg, keeping
D at a reasonable value. Note that the value of D with the dimensions selected for the analysis and
nseg = 8 is approximately 4.5 mm. In addition, another important requirement is the space between
coils. Figure 9a shows the magnetic flux density of the original geometry. Both the stator modules and
the rotor poles were sub-divided by factors nseg = 2 (Figure 9b), 4 (Figure 9c) and 8 (Figure 9d).

(a) (b)

(c) (d)

Figure 9. Magnetic flux density distribution of the HM3D machine at no-load; (a) original geometry,
(b) nseg = 2, (c) nseg = 4, and (d) nseg = 8.
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In order to perform a fair comparison, the PM ring thickness lm was kept fixed at 4 mm.
The dimension wm was varied accordingly in order to keep similar volume of the PM material
in the four cases. The main PM dimensions are illustrated in Figure 10.Additionally, the dimensions of
the modules selected for the analysis are according to Figure 8b: A = 16 mm, B = 20 mm, C = 70 mm.
The dimension D varies according to the number of sub-divisions. The results of torque increment
along with additional parameters, and main dimensions are summarized in Table 1.

As it was described previously, the increment of the factor nseg yields a reduction of the thickness
of the stator modules, for the same air-gap diameter. Given that the surface of the stator modules
facing the air-gap is flat, and the circumference of the rotor is kept constant, the result is a reduction of
the equivalent air-gap length. In order to illustrate such hypothesis, a detailed view of the air-gap is
shown in Figure 11. The air-gap of the HM3D machine with nseg = 1 is shown in Figure 11a, whereas
the air-gap of the HM3D machine with nseg = 8 is shown in Figure 11b. In consequence, the PM flux
linked by the stator modules in un-aligned position increases with the number of segments, as it is
observed with the transition to warmer colors in the stator modules that are not aligned from Figure 9a
to Figure 9d.

Figure 10. PM ring main dimensions.

(a) (b)

Figure 11. Zoomed view of the air-gap of the HM3D machine; (a) original and (b) with nseg = 8.

Table 1. Calculated values of main parameters of an HM3D machine with nseg= 1, 2, 4, and 8.

Parameter Original nseg = 2 nseg = 4 nseg = 8

Rotor inner radius rri [mm] 62.2 76.6 83.8 87.4
Rotor back radius rback [mm] 38.4 58.9 68 72.4
Dimension D of the module [mm] 36 18 9 4.5
Ld per turn [µH] 0.84 1.11 1.30 1.43
Total Ld [mH] 3.88 0.93 0.22 0.05
Ψm per turn [mWb] 0.98 0.95 0.71 0.37
Total Ψm [mWb] 66.6 27.6 9.2 2.2
Power factor [-] 0.34 0.26 0.17 0.08
Torque @ 6.6 A/mm2 [N·m] 17 31 44 47
Fundamental frequency @ 1000 rpm [Hz] 133 267 533 1067
Iron losses @ 1000 rpm [W] 91 152 369 1086
Number of turns 68 29 13 6

PM mass [kg] 0.45
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Preliminary conclusions may be drawn from the results obtained so far:

• As anticipated, the increment of torque is not directly proportional to the increment of
sub-divisions.

• For the same amount of current, the power factor decreases dramatically.
• The fundamental frequency is increased with number of sub-divisions. Hence, the iron losses

increases substantially.

The use of amorphous laminated material was expected to improve the level of iron losses of the
HM3D machine. Therefore, having a machine with a high fundamental frequency was not a concern.
In addition, a higher priority was put on torque production rather than on power factor. Hence,
the structure with nseg = 4 was selected for the manufacturing of a prototype. Further parameters are
analyzed for such configuration in Section 5.

3.1. Estimation of the PM Losses in the HM3D Machine

The reduction of the PM losses due to slotting effect was the main motivation for investigating
a hybrid rotor machine. Hence, the PM losses were estimated on the selected model with nseg = 4
(Figure 9c). Various considerations were adopted in the calculation of the PM losses:

• The rated speed of the machine in “performance” mode was specified as 2300 rpm.
• The conductivity of the PM ring was set as 1.25 MS/m.
• Only PM losses due to slotting effect were calculated. That is, the contribution of the PM losses

by the time and space harmonics is not evaluated.

Transient simulations were run and the current density in the PM ring at 2300 rpm, and t = 0.68 ms
is illustrated in Figure 12. In addition, the PM losses were estimated during an electrical cycle.
At 2300 rpm, the electrical frequency of the machine with nseg = 4 is 1226 Hz. The behavior of these
with time are illustrated in Figure 13.

Figure 12. Current density in the PM ring @ 2300 rpm, nseg = 4 at t = 0.68 ms.

0 2 4 6 8

·10−4

4

8

12

time [s]

L
o
ss

[W
]

PM losses

PM loss

Figure 13. PM losses in the PM ring at 2300 rpm.
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As it is observed, the PM losses oscillates with a frequency three times larger than the fundamental
frequency, as a result of the PM ring seeing six variations during a complete electrical period.
In addition, the maximum values of eddy currents are concentrated in the regions between coils,
where the largest air regions in the stator are located (Figure 12). The PM losses in the PM ring reached
a value of approximately 6 W, which might be highlighted as an advantage of adopting a hybrid rotor
structure similar to the one described in Figure 1.

4. Assembly of the Demonstrator

4.1. Stator Assembly

The main components of the HM3D machine, rotor, stator bracket, modules, and end-shield are
described with the CAD geometry in Figure 14. During the definition of the mechanical design, major
changes in the stator structure were required. Initially, the HM3D machine was conceived for using
amorphous laminated material. However, there were difficulties with the lead time of the suppliers
due to the complexity of the fixing mechanism of the modules to the stator bracket. In an attempt
to modify the modules to obtain the dimensions and shape required, the cut of one of the C-shaped
amorphous modules was tested. Figure 15a illustrates the module as supplied by the manufacturer.
After the milling process, the module tested suffered significant damage, as it is depicted in Figure 15b.
The lamination stack separated in various regions, and the external laminations were damaged as it is
shown in Figure 15c.

Figure 14. CAD drawing of the final prototype.

(a) (b)

1 
 

 

(c)

Figure 15. Stator modules amorphous material; (a) original module, (b) processed modules , and
(c) zoomed view.

Consequently, stator modules manufactured with electrical sheet M300-35A were used instead.
The supplied modules are illustrated in Figure 16, where a general view is presented in Figure 16a.
Figure 16b shows a detailed view of the stacking of the laminations in the module. Nevertheless,
the modules were expected to be stacked in the opposite direction, that is, as in the amorphous
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C-shaped cores in Figure 15. In addition, the use of welds, as illustrated in Figure 16b, have a negative
impact in the performance of the machine, since it is creating a path for eddy currents to flow. Although
the models developed did not account for such issues, the effect of the welds on the production of
back-EMF is investigated in Section 5.

(a) (b)

Figure 16. Stator modules; (a) geometry, and (b) zoomed view of the stack.

Figure 17 describes both the assembly of the coils with Figure 17a, and the complete stator
assembly with Figure 17b. Despite the modular approach adopted for the stator, it was possible to use
standard materials, such as fibre-glass wedges for holding the coils in place, as in a standard machine.
On the other hand, the slot fill factor k f ill achieved was approximately 0.25.

(a) (b)

Figure 17. Assembly of the stator, (a) coils assembly, and (b) complete assembly.

4.2. Rotor Assembly

Similarly to the stator assembly, significant changes were performed to the rotor structure. The PM
rings used during the definition of the model, were replaced by PM blocks. Such PM blocks correspond
to sintered NdFeB material protected by a sprayed layer of epoxy. The grade of the PMs corresponds to
F40SH, with a remanence Br = 1.31 T, according to the data-sheet [18] of the manufacturer. The assembly
of the rotor structure is depicted in Figure 18. The electrical sheet used for the rotor were of M600-50A
quality. First, the PM blocks were placed around one of the stacks, as in Figure 18a. The assembly of
the rotor was completed with a lathe, due to the resulting large attractive forces when assembling two
rotor stacks together. Figure 18b shows the assembly of the complete rotor. The implementation of
PM blocks instead of a single PM ring might have a negative impact when evaluating the recyclability
from the assembly and disassembly perspectives [19]. In theory, having least PM pieces, would be
convenient since the time for assembly of the rotor would be reduced. However, the use of PM
blocks might be convenient since having simple PM shapes reduces the complexity in the selection
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and manufacturing of the PM blocks. Regardless of using either a complete PM ring, or PM blocks,
the rotor configuration allows the assembly of the PMs without the requirement of glue, which may be
highlighted as one of the main advantages of the HM3D machine.

(a) (b)

Figure 18. Assembly of the rotor (a) PM assembly, and (b) complete assembly.

Quality issues were spotted in the components supplied by the manufacturer. For example,
the stacking, and cutting of the rotor might be improved, as it is shown in Figure 19. Furthermore,
the irregular stacking of the stator might lead to an irregular air-gap length. In addition, the use of
welds on the surface of the rotor shall be avoided.

Figure 19. Details of the rotor stack structure.

5. Experimental Results

5.1. Measurement of Back-EMF

The set-up for the measurement of no-load parameters is shown in Figure 20. As a start,
the prototype was driven as a generator coupled to a servomotor through a torque transducer.
The waveforms of the back-EMF phase to neutral at a speed of 500 rpm are shown in Figure 21.

Figure 20. Test set-up as generator.



Energies 2020, 13, 1342 13 of 22

0.52 0.71 0.89 1.08 1.26

·10−2

−10

−5

0

5

10

time [s]

B
a
ck
-E

M
F
[V

]

Back-EMF vs. time

Phase A

Phase B

Phase C

Figure 21. Back-EMF at 500 rpm.

It might be noticed that the peak values in each phase do not have identical magnitude, with
a maximum deviation between phases of approximately 4%. Such deviations might be a result of
eccentricities as a result of having a stator with a modular structure. The variation of the back-EMF
with speed was also investigated. Ideally, the back-EMF should follow a linear trend, as it is depicted
by the calculated 3D-FEM plot in cyan color in Figure 22. However, the measured values in dark
blue start reducing as the speed increases, showing a deviation of approximately 16% at 300 rpm
and a deviation of 40% at 1500 rpm. As it is observed, such deviation is speed dependent, which
is an indication that the reduction is due to frequency dependent phenomena and not due to the
nonlinearity of the materials (i.e., saturation)—specifically eddy currents. Hence, an initial hypothesis
is that such deviations are generated by eddy currents due to the welds on the surface of the stator
modules. In order to verify such hypothesis, the FEM model was modified so it accounted for the
welds. Hence, conductive volumes surrounding the stator modules in one phase were built as it is
shown in Figure 23, with the conductivity of iron (i.e., σFe = 1.12 MS/m). The calculated values with
the stator modified are included in red in Figure 22. As it is observed, the calculated values with the
modified model follows a similar trend. In addition, both deviations at 300 and 1500 rpm were reduced
to approximately 5% in both cases.

The short circuit coil produced by the welds on the stator modules facilitates the circulation of
currents once the time varying flux starts flowing in the stator. Such currents generate a flux which is
opposing the main flux circulating in the stator modules. Hence, as the speed increases, such currents
increase and yield a larger deviation as it was described in Figure 22.
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Figure 22. Back-EMF at various speeds rms values.
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Figure 23. Modified 3D-FEM model.

5.2. Measurement of Inductance

The inductance per phase was measured with a Precision Magnetics Analyser R©. At various
frequencies, the inductance profile is illustrated in Figure 24. The results of both the DC resistance and
inductances are summarized in Table 2.
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Figure 24. Variation of inductance with frequency.

Table 2. Summary of inductance and resistance measured and calculated.

Parameter Calculated Measured

d-axis inductance Ld [µH] 170 152
q-axis inductance Lq [µH] 153 144
Phase Resistance [mΩ] @ 20◦ 7.8 7.6

Regarding the calculated values with FEM, the deviation in the calculation of Ld and Lq was of
approximately 11% and 6%, respectively. Similar deviations would be expected, but, as it was pointed
out in Section 4, the quality issues of the rotor might be reflected in the measured values. In addition,
the saliency of the HM3D machine according to the measurements is of approximately 5%.

5.3. Measurement of Temperature Distribution

The thermal behavior of the HM3D machine was of concern during the definition of the
mechanical design due to both the modular structure of the stator and the fixing mechanism of
the coils to the modules. For testing, the windings were connected in series, and a DC current was
applied to the available terminals, as it is described by the circuit in Figure 25. The maximum current
density for the prototype with air natural convection was defined as 6.5 A/mm2. Hence, a DC current
of IDC = 100 A was applied until the temperature was stabilized.
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+‐

Figure 25. Equivalent circuit for thermal testing of the HM3D machine.

Three T-type thermocouples were placed on the prototype. Figure 26 describes their locations on
the windings, stator modules, and stator bracket. The temperature evolution in each component with
time is shown in Figure 27. After 14,700 s, the highest temperature corresponded to the windings with
a temperature rise of 90.5 K. The temperature rise in both the stator modules and stator bracket reached
44.5 K. Hence, the measured temperature gradient between the windings and the stator components
was approximately 46 K. The ambient temperature during the test had a constant value of 25.5 ◦C.

Figure 26. Location of thermocouples for temperature measurement.
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Figure 27. Temperature evolution of the components of the HM3D machine with time.

For verifying the thermal capability of the machine, the equivalent convection coefficient heq is
introduced. Such coefficient is estimated with Equation (3):

heq =
1

Rth Ahe
(3)
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where Ahe is the area of the heat exchange surface, Rth = ∆T/pcu corresponds to the equivalent
thermal resistance, with ∆T and pcu as the measured temperature gradient and copper losses. With the
geometry of the HM3D machine, the estimated heq is of approximately 190 [W/m2/◦C], which would
correspond to a machine with air forced convection [20]. Finally, although the prototype was equipped
with water cooling, such option was not tested.

5.4. Measurement of Torque

The measurement of torque was performed with the set-up described by Figure 28a. The prototype
was fed with a VLT R© AutomationDrive FC302 from Danfoss. Readings of torque and speed were
registered. The current measured during the test was applied to the model in FEM.

(a) (b)

Figure 28. Test set-up as motor; (a) drive end, (b) non-drive end.

As it is observed in Figure 29, the deviation between the calculations and the measurements starts
increasing as the speed increases. At a current density of 2 A/mm2, the deviation is of 9.7 N·m. At a
current density of approximately 6.5 A/mm2, the deviation increases to 15.4 N·m. Here, it is worth
noting that neither the effect of the welds in the stator modules nor the harmonics due to the PWM
modulation were evaluated in the FEM calculations. Despite the large deviations obtained in the
measurement of torque, the efficiency was measured at various points of torque and speed, and the
values are illustrated in Figure 30.
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Figure 29. AC steady state torque @ 500 rpm.
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Figure 30. Efficiency vs. current at various speeds.

Due to both the reduction of torque production and the large value of rotational losses,
the efficiency of the HM3D machine is rather low. In order to eliminate the effect of both PWM
modulation and welds on the stator modules, the machine was connected to a DC power source as
described in Figure 31. The shaft was rotated with a metallic lever in order to obtain the maximum
value of torque, when rotating the shaft a complete electrical period. The measured and calculated
values of torque are shown in Figure 32.

+‐

Figure 31. Circuit for measuring torque with a DC power source.
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Figure 32. Measured and calculated values of torque with a DC power source.
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The deviation between both measured and calculated values have a constant value of
approximately 7 N·m. Such deviation might be originated by various factors: the air-gap length
that might not be continuous around the stator circumference. In addition, the laminations in both
stator and rotor might be subjected to degradation during the cutting and stacking processes, which is
not accounted for in the FEM models developed.

5.5. Rotational Losses

Three approaches were used in the measurement of the rotational losses:

1. A spin-out or decay test. Such test consisted in rotating the shaft with an external device,
specifically, a drill. The decaying waveform of the back-EMF is registered [21]. The rotational
losses are obtained with the inertia of the machine J.

2. Running the prototype as a generator, with a servomotor and registering values of torque and
speed. The rotational losses were the product of the mechanical speed and the torque measured
at no-load.

3. Running the machine as a motor, fed with a converter and registering both the output and input
power in order to obtain the rotational losses.

The rotational losses measured with the three methods described previously are illustrated
in Figure 33. In addition, the iron losses calculated with FEM are included. The lowest values
correspond to the simulated losses noting that the mechanical losses are not included in their
calculation. In addition, the calculations of losses with both electrical sheet and amorphous materials,
do not account for the short circuit turn, investigated in the section of back-EMF measurements.
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Figure 33. Calculated and measured no-load losses of the HM3D machine.

On the other hand, the measured rotational losses as generator (in blue color) are larger than the
calculated values by a factor of approximately 2. Furthermore, the rotational losses measured with the
HM3D machine running as motor (in black color) are larger by a factor of approximately 4 than the
iron losses calculated with FEM. Such trend may be explained by the presence of the short circuit turn,
the MMF of the no-load current which is altering the waveform of the magnetic flux density in the
different regions of the magnetic system, and the harmonic content due to the modulation of the PWM
of the converter used in the test.

The variation of the rotational losses with increasing current density was evaluated with measured
values during torque measurements. The rotational losses p0 were determined with Equation (4):

p0 = Pin − pcu − Pout (4)
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where Pin is the power measured at the machine terminals with the power analyser, pcu are the copper
losses, and Pout is the power measured in the shaft. The results of the rotational losses are presented in
Figure 34.
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Figure 34. Measured rotational losses of the HM3D machine at various current densities.

As it is observed, there is a significant impact of the MMF and the PWM modulation on the
rotational losses. The increment of these reached a maximum of 10 times the losses at generator mode
where the impact of the current and the PWM are not present. In summary, the high level of iron losses
reached are reflected in the low efficiency of the HM3D machine presented in Figure 30.

5.6. Main Dimensions of the HM3D Machine

Finally, the main dimensions of the HM3D machine are summarized in Table 3.

Table 3. Main dimensions of the HM3D machine.

Parameter Value

Torque density [N·m/L] @ 5.9 A/mm2 4.6
PM mass [kg] 0.9
Rotor iron mass [kg] 8.9
Stator iron mass [kg] 7.3
Copper mass [kg] 3.9
Torque per PM mass [N·m/kg] 33.7
Torque per active weight [N·m/kg] @ 5.9 A/mm2 1.4
Volume [m3] 6.6 × 10−3

Number of turns per phase 22
Back-EMF constant @ 1000 rpm [mWb/rad] 6.3
Iron losses [W] @ 500 rpm @ 5.9 A/mm2 1903
Copper losses [W] @ 80◦, 5.9 A/mm2 247
d-axis inductance [µH] 152
Phase Resistance [mΩ] @ 20◦ 7.6
Power Factor [-] 0.15
PM blocks height [mm] 13.8
PM blocks thickness [mm] 11
PM blocks width [mm] 12.1

6. Conclusions and Future Work

An alternative topology with a hybrid rotor in conjunction with a modular stator was proposed
and studied in this paper. Regarding recyclability, various advantages were identified on the HM3D
machine [19]:
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• The use of glue for assembling the PMs to the rotor is not required, facilitating the extraction of
the PMs for a subsequent recycling process.

• The modular approach of the stator facilitates the access to the rotor, and, consequently, the PM
material in the rotor, allowing the use of materials that are not usually found in rotating
electrical machines.

Finally, a significant reduction of PM losses due to slotting effect is reached with the hybrid
rotor structure.

However, the manipulation and processing of the amorphous laminated cores proved to be
challenging. Additionally, although there are manufacturers able to supply the modules with required
dimensions, the method for fixing the modules to the stator bracket proved to be the main issue.
Therefore, further work might be required in order to improve the assembly of the modules to the
stator. On the other hand, a stator with a modular structure proved to have thermal issues due to the
large temperature rise reached between windings and stator frame. Improving the slot fill factor would
allow a reduction of the losses, and, consequently, the reduction of the temperature rise. Additionally,
alternatives to improve the heat transfer between the coils, modules, and stator bracket (e.g., the use of
casting resins, etc.) are proposed as future work.

Due to imperfections in the manufacturing of both stator and rotor components, the performance
of the machine was rather poor in terms of both torque production and efficiency. Both the use of
amorphous laminated material and improvements on the manufacturing of the rotor would allow the
reduction of the iron losses, and, consequently, the increment of efficiency. Nevertheless, the HM3D
machine proved to have both poor torque density and power factor, which raises questions about the
convenience of such topology.

Lastly, the study of the PM losses shall be extended to the estimation of these accounting for both
time and space harmonics. Furthermore, it would be required to evaluate the behavior of the PM losses
on the PM blocks, given the change of the equivalent resistance, when changing from a complete PM
ring, to individual blocks.
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