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ABSTRACT This paper presents a new design concept for interior permanent magnet (IPM) rotor using
the capabilities of additive manufacturing (AM). In conventional laminated IPM topology, the presence of
rotor ribs is essential for maintaining the mechanical integrity of the rotor. However, these pole ribs are a
primary contributor to flux leakage, leading to inefficient utilization of costly rare-earth PMs. Addressing
this challenge, a rib-less IPM rotor is proposed that takes advantage of the AM potential which eliminates
the need for traditional ribs while maintaining the structural integrity of the rotor. Nevertheless, the
additively manufactured cores, in contrast to conventionally laminated rotor cores, demand specific design
considerations, especially in terms of eddy current loss and structural performance. In this regard, a strategy
involving the incorporation of shallow grooves on the rotor surface is employed to mitigate eddy current
loss. The mechanical performance of the proposed topology is carefully examined, and the impact of pole
geometry on rotor displacement induced by centrifugal forces is investigated. To evaluate the performance of
the proposed topology, an optimization procedure based on response surface methodology is conducted for
both the proposed rotor and a conventional IPM rotor. The results indicate that the proposed IPM topology
can offer significantly more efficient utilization of PMs and enhanced torque rating by approximately 8%
compared to the laminated IPM topology.
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I. INTRODUCTION used owing to its enhanced mechanical stability and lower

Rare-earth Permanent Magnet (REPM) machines are now
widely used in the automotive industry. Their superior char-
acteristics such as higher torque density, efficiency and power
factor make them preferable to other types of Electrical
Machines (EMs) specifically, induction and synchronous
reluctance machines (SynRMs) [1], [2]. Among REPM
machines, interior PM (IPM) configuration has been widely
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risk of PM demagnetization with respect to surface-mounted
PM (SPM) topology [3]. However, the high price of RE
materials and their undesirable environmental impact have
raised serious concerns, thereby imposing limitations on their
ongoing utilization. So, addressing these challenges is imper-
ative for the sustainable and responsible integration of REPM
machines in automotive applications.

Some studies have investigated the use of non-RE mate-
rials to replace the RE materials. However, these alternatives
exhibit considerably lower torque density compared to REPM
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machines, which is crucial for several industries, e.g. the
automotive industry [4], [5]. In [6], a pole shaping strategy
involving the utilization of rotor notches is introduced for
RE-IPMs, where both the rotor notch and PM dimensions
are adjusted in the axial direction. This approach lead to
an improvement of approximately 2.5% in PM utilization
compared to the baseline, but with a significant increase in
manufacturing complexity. Axially segmented rotor struc-
tures are proposed in [7] and subsequently investigated
in [8], [9], [10], and [11], where the rotor comprises an
IPM (or SPM) stack and a SynRM stack. These two stacks
are mounted on the same shaft and displaced by a certain
angle to align the PM and reluctance torque components.
The findings indicate about 7% enhancement in torque and
more efficient utilization of REPM. However, unbalanced
axial force, mechanical complication due to the implemen-
tation of two different laminations, and the necessity for a
non-magnetic separator between the IPM and SynRM stacks
are the drawbacks of this topology. Asymmetric rotor struc-
tures are investigated in [12] and [13] to improve torque
characteristics of REPMs by aligning the two torque compo-
nents. It is reported that the total torque can be enhanced by
up to 8% while keeping a fixed PM volume. Nevertheless, the
topologies featuring an asymmetric design exhibit drawbacks
such as high back-electromotive force (back-emf) harmonic
distortion, increased core loss, and reduced efficiency at high
rotational speeds [14].

Additive Manufacturing (AM) is an emerging topic in the
context of EMs which is defined by American Society for
Testing and Materials as ““a process of joining materials to
make parts from 3D model data, usually layer upon layer”.
AM offers distinct advantages, including rapid prototyping,
the potential for simplifying manufacturing processes, and
reduced material usage when compared to conventional man-
ufacturing methods [15], [16]. AM has been employed for all
main components of EMs as illustrated in Fig. 1. Investigation
into PMs using AM is still in its initial phases, with the
printed PMs demonstrating a relatively lower energy den-
sity compared to the conventionally manufactured PMs [17].
In contrast, the fabrication of heat exchangers and wind-
ings using AM has reached a more advanced state and
is well-suited for commercial applications [18], [19]. Soft
magnetic cores produced through AM are currently in the
development phase and have been applied to both stator
and rotor cores of EMs. Currently, the application of AM
to the stator is limited due to challenges associated with
eddy current loss mitigation within the solid stator [20],
[21]. In contrast, rotor core manufacturing using AM is more
advanced owing to experiencing a quasi-DC magnetic field
which induces tolerable -yet still considerable- eddy cur-
rents [22].

Superiority of the additively manufactured soft magnetic
cores over the conventionally laminated cores can be regarded
from two viewpoints. 1) Increasing the Silicon content to
6.5%: It is well-known that increasing silicon content to
around 6.5% in soft magnetic Fe-Si cores leads to higher
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FIGURE 1. Application and current maturity index of additive
manufacturing for various components of electrical machines.

magnetic permeability and lower eddy current losses, which
is ideal for EMs. However, 6.5% silicon content in Fe-Si
laminations is challenging to process by cold rolling due
to its highly brittle feature. Consequently, the silicon con-
tent in conventional Fe-Si lamination used in EMs is kept
around 3.5% [23]. On the contrary, metal AM avoids the high
stress during printing, thereby enables manufacturing of Fe-
6.5wt%Si cores with significantly enhanced permeability and
resistivity as reported in [24] and [25]. Notably in [24], a Fe-
6.7wt%Si core was successfully prototyped and achieved a
maximum relative permeability of 31,000 and an electrical
resistivity of 82 w.cm, surpassing the characteristics of
conventional steel grades (i.e. 35A300 with a maximum per-
meability of 8,200 and a resistivity of 51 u<2.cm). 2) More
design flexibility: The freedom in the geometrical design
of conventionally laminated cores is primarily restricted to
the 2D plane. In contrast, for additively manufactured cores,
complex 3D configurations can be fabricated, allowing for
more creative designs. In [26], an advanced EM with a conical
air gap and 3D flux path was designed offering two-times
power density compared to its baseline. In [27], a new line-
start SynRM was designed with the axial length of the
line-start core smaller than that of the SynRM core, resulting
in a more compact structure. An additively manufactured
stator for an axial flux PM machine was presented in [20]
and [28] utilizing Fe-6.7wt%Si powder as its core material.
A special Hilbert shape was adopted to limit the eddy current
losses in the stator. The results indicated an approximately
4.5% improvement in torque density. Developments in rotor
cores of EMs, reported in [29] and [30], involved shape
optimization aimed at achieving enhanced torque density and
reduced torque fluctuations.

In summary, the research on additively manufactured EMs
is moving forward to improve performance of EMs. Despite
notable progress, addressing eddy current loss in solid cores
remains a significant challenge. Furthermore, previous stud-
ies on additively manufactured rotors of EMs lack structural
analysis, particularly at high rotational speeds. In this regard,
the contributions of this study are as follows: 1) Introducing
a new rotor structure by leveraging the capabilities of AM to
enhance torque density and achieve a more efficient utiliza-
tion of REPMs. The proposed structure is not only efficient
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but also features a straightforward manufacturing process.
2) Carrying out performance optimization and eddy current
loss mitigation methodology for the solid rotor which is
challenging in additively manufactured cores. 3) Conducting
structural analysis on the new rotor concept enabled by AM
and addressing design considerations aimed at optimizing its
structural performance.

In this study, a new concept of rib-less IPM rotor rely-
ing on features of AM is proposed and compared to its
conventional laminated counterpart. To achieve an optimum
design, Response Surface Methodology (RSM) is used as
the optimization technique to achieve the highest torque per
PM volume with the desired torque ripple. Due to solid
structure of the additively manufactured cores, an effective
eddy current loss mitigation technique is adopted and inves-
tigated in details. To investigate the mechanical performance
of the proposed topology, structural analysis is carried out,
and corresponding design considerations are addressed. The
proposed rotor structure and concept is discussed in section II.
Then, the design optimization procedure based on RSM is
carried out for both laminated and proposed IPM rotors in
section III. Next, investigation on eddy current loss mitigation
for the solid rotor is presented in section IV. In the final
section, mechanical analysis of the proposed topology is
presented.

Il. PROBLEM STATEMENT AND TOPOLOGY CONCEPT
Cross sectional view of the conventional IPM topology is
depicted in Fig. 2(a) in which PMs’ main and leakage flux
paths are denoted by black and red lines, respectively. The
main flux enters the air gap and contributes to torque pro-
duction while the leakage flux closes its path via the pole
ribs without any useful contribution. The flow of leakage flux
continues until the pole ribs are fully saturated resulting in
waste of REPMs volume. Notably, presence of the pole ribs
is essential in laminated IPM rotors to maintain mechanical
integrity of the rotor at the expense of the extra REPM
volume. The integration of special support structures could
potentially eliminate the need for pole ribs in the laminated
IPM rotor. However, this approach may lead to increased
rotor cost and complexity, coupled with a potential decrease
in structural reliability, factors that might not sufficiently
justify the elimination of pole ribs.

A. ANALYSIS OF CONVENTIONAL IPM ROTOR VIA
MAGNETIC EQUIVALENT CIRCUIT
Equivalent reluctance network of the conventional IPM
machine is calculated and presented in Fig. 2(b), with the
corresponding geometric parameters given in Fig. 3. In this
regard PMs are modelled by an ideal current source (Fp)
shunted by a leakage reluctance (Ry,) as follows [31].
T

Fpm = Bi’meLL‘s Rpm = W (D
where, L., B, and 1, are the core axial length, remanent
flux density and permeability of the PM, respectively. The
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FIGURE 2. Conventional IPM machine. (a) Cross sectional view and flux
paths. (b) Equivalent (net) reluctance network.

reluctances corresponding to rotor pole (R,,), rotor yoke
(Ryy), and stator teeth (Ry) and yoke (Ryy) are calculated as
follows.

T, pTry
Ry=—2— Ry= Y )
HrpWpoteLe T[Mrch(Dri + Try)
wDgH g sty
Ry =———, Rsy =
MsthWpole Wt Le T Msch(Dso - Tsy)
(3)

Here, p and N; are the number of poles and stator teeth,
Wips Mrys Mst» Mgy denote the iron permeabilities corre-
sponding to the rotor pole, rotor yoke, stator teeth and
stator yoke, respectively. Next, reluctances associated with
air gap (R,) and rotor pole rib (R,j) can be written as
follows.

L W,

Rg = ’ Rrib =

H“o WpoleLc MribTrLe

where, uy and g, are the permeabilities of air and iron rib
respectively. After that all reluctances are calculated, the flux

per pole (¢pm) generated by PMs can be determined as in (5).

“

o — RomFpm
P Ry + Rym + 0.5(Ryy + R')
R = Ryp|l(2Rg + 2Ry + 0.5Ryy) (5)

According to Fig. 2, @, is split into the leakage flux(¢;e)
and air gap flux (¢,) where their ratio can be calculated by
the following equation.

@le 2R, +2Ry + 0.5Ry,

Opm = QPle + Yg, — =
o T g Ryip

(6)

Accordingly, the leakage and air gap flux components can be
calculated as in (7) and (8), respectively.

1

_ 7

Ple = @pm7 + Ryip/(2Ry + 2Ryt + 0.5Ry) @
1

0 (®)

8 = P (2R, + 2Ry + 0.5Ry) /Ry
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FIGURE 3. Geometric parameters of IPM topology.
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FIGURE 4. 3D view of the IPM rotor topologies. (a) Proposed rotor
enabled by AM. (b) Conventional laminated rotor.

B. PROPOSED IPM ROTOR ENABLED BY AM

In the previous part, a reluctance network for the laminated
IPM rotor was developed and the corresponding reluctances
were calculated. Then, the net flux per pole consisting of
leakage and air gap components was determined. As it can
be understood from (6), the ratio of leakage flux to air gap
flux can be minimized by increasing the reluctance associated
with the rotor pole ribs (R,;). This approach leads to the
transfer of almost all the PM flux to the air gap, actively
contributing to torque production and resulting in optimal
utilization of the PM volume.

In order to minimize the PM leakage flux and achieve
an efficient utilization of PMs, a rib-less IPM rotor struc-
ture is proposed and compared to the laminated topology
in Fig. 4(a). The proposed rotor can be printed on a
non-magnetic base plate which ensures mechanical integrity
of the IPM rotor. After the part is printed, appropriate heat
treatment should be carried out to relief stress and increase
grain size of the soft magnetic core. This enhances both
the mechanical and magnetic properties of the ferromagnetic

VOLUME 12, 2024

TABLE 1. Optimization variables of RSM.

Optimization variable | Symbol [Variation range|Optimal value
Rotor pole width (mm) | Wpole [15,25] 16.5
Rotor pole depth (mm) Tip [1,5] 3
PM width (mm) Wom [4,14] 12
PM thickness (mm) Tom [2,3.5] 2
Rib width (mm) Wr [1,2.5] 1.8

core [32]. Next, PMs are inserted into the rotor cavities and
the shaft is installed in the rotor.

Apart from the benefits gained by eliminating the rotor
ribs, employing Fe-6.7wt%Si powder for the 3D printing of
the IPM rotor brings forth further advantages. Substantial
enhancement in relative permeability, electrical resistivity
and yield strength compared to the laminated structure are
achieved as reported in [24] and [33]. Nevertheless, despite
the increased electrical resistivity, eddy current loss in the
printed rotor can be significantly higher than the lami-
nated rotor caused by time and space harmonics. Moreover,
mechanical performance of the proposed rib-less rotor needs
to be evaluated carefully specially at high rotational speeds.
These challenges are comprehensively addressed in this
paper. In the next section, design and optimization proce-
dure of both conventional and proposed IPM topologies is
discussed.

Ill. DESIGN AND OPTIMIZATION VIA RESPONSE
SURFACE METHODOLOGY

To ensure a meaningful comparison between the proposed
and conventional IPM topologies, it is crucial to conduct
a thorough design and optimization process. This process
initiates with the general sizing of the machine to deliver the
rated power of 450 W at 750 rpm. Subsequently, the armature
design is executed utilizing classical design equations [34].
This involves determining various armature parameters such
as the stator outer diameter (Dy,), stator inner diameter (Dy;),
number of stator teeth (Ny), stator yoke thickness (7yy), sta-
tor tooth width (W), and height (Hy). The air gap length
is (Lg) set at 0.3 mm, ensuring a minimum safe clearance
between the rotor and stator in the motor of this size. Moving
to the rotor parameters, the pole width (W), pole depth
(Typ), PM width (W,,,,) and thickness (1},,), and the width
of the rotor pole cavity (W,) are identified as the primary
rotor parameters and thus selected as optimization variables.
Notably, the rotor yoke thickness (7}y) is excluded as an
optimization variable since it is intentionally oversized in the
optimization stage to maintain low magnetic flux density in
that region. Therefore, five key rotor parameters are desig-
nated for optimization, as outlined in Table 1 and Fig. 3. The
following objective function and constrains are used for the
optimization procedure.

61039



IEEE Access

A. M. Ajamloo et al.: Design Considerations of a New IPM Rotor With Efficient Utilization of PMs

TABLE 2. Main specifications of the IPM topologies.

TABLE 3. RSM'’s required samples.

Parameter Unit Value Optimization variables (mm)
Sample No.
Rated Power w 450 Whpole Trp Wom Tpm W
Rated Speed rpm 750 ; ;g 1 j ; 21-5
Stator outer diameter mm 131 3 15 5 2 5 1
Stator inner diameter mm 86 4 25 5 4 2 2.5
5 15 1 14 2 1
tack length 50
Stack leng mm 6 25 1 14 2 2.5
Number of poles - 7 15 5 14 2 25
Current density A/mm? 5 8 25 5 14 2 1
Number of stator slots - 36 190 ;z i 3 gz 215
Number of coil turns per phase - 696 11 15 5 4 3.5 2.5
Air gap length mm 0.3 12 25 > 4 3.5 1
13 15 1 14 3.5 2.5
14 25 1 14 3.5 1
15 15 5 14 3.5 1
.. . . 16 25 5 14 3.5 2.5
1) Objective function: Maximum torque per PM volume. 17 15 3 9 275 175
2) Constraints: 18 25 3 9 2.75 1.75
. 19 20 1 9 2.75 1.75
¢ 6 N.m < Nominal torque < 6.2 N.m 20 20 5 5 275 175
« Torque ripple < 25% of the rated torque. 21 20 3 4 275 175
o Armature parameters given in Table 2. 22 20 3 14 2.75 1.75
o The optimization variables given in the next 23 20 3 9 2 1.75
section 24 20 3 9 3.5 1.75
’ 25 20 3 9 2.75 1
26 20 3 9 2.75 2.5
A. OPTIMIZATION OF THE CONVENTIONAL 27 20 3 2 275 | LT3
IPM TOPOLOGY as follows.
Although there have been some analytical approaches Sy
towards modelling of EMs, Finite Element Analysis (FEA) R*=1- 35 (10)
T

is the most popular tool for precise modelling of complex
geometries as well as non-linear behavior of iron core.
However, high computational effort is a considerable factor
associated with FEA, especially in FEA-based optimization
problems. In this regard, RSM stands out as an efficient and
yet reliable optimization approach, with a demonstrated track
record in the field of EM design [35].

Central Composite Design (CCD) is used to generate the
optimization sample points, which are presented in the form
of an orthogonal array in Table 3. After performing the FEA
simulations, the responses (average torque, torque per PM
volume) corresponding to each sample point are extracted.
Then, a quadratic regeneration model based on the least
square method is established between responses and opti-
mization variables as in (9).

n n n—1 n
Y =ap+ Zam + Z bix? + Z Z cijxixi (9)
i=1 i=1

i=1 j=i+1

Here, Y, x; and n are optimization response, i optimization
variable and number of variables respectively. The coeffi-
cients ao, a;, b; and c;; correspond to the average, linear,
quadratic, and interaction terms, respectively.

The precision of the regression model is assessed by
the coefficient of determination, denoted as R?, defined
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where, SSt is the total sum of squares, and SSE represents the
sum of squares of the error, respectively [36]. R? value closer
to unity indicates a model with higher accuracy.

According to the aforementioned discussion, regression
models corresponding to the average torque (7. ) and torque
per PM volume are determined, with R2 value for both
responses being approximately 0.98. This indicates a very
high accuracy of the fitted models. Therefore, meeting the
objective function and adhering to constraints is accom-
plished by selecting the optimal values for the variables as
specified in Table 1. The influence of pole width (W,e) and
PM width (W),,,) on average torque, torque ripple and torque
per PM volume is illustrated in Fig. 5(a)-(c), respectively,
with the remaining variables fixed at their optimum values.
It is observed that the main factor influencing average torque
and torque per PM volume is associated more with the PM
width (W,,;,) rather than the pole width (W,.). Conversely,
torque ripple is mainly affected by W, rather than W,
with the optimal choices for W), being 16.5 mm, 20 mm,
or 24.5 mm, resulting in the minimum torque ripple.

B. OPTIMIZATION OF THE PROPOSED RIB-LESS IPM
TOPOLOGY

So far, design and optimization of the conventional IPM
topology has been discussed. To ensure a fair comparison,
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FIGURE 5. Variation of optimization responses with Wy,,/e and Wpm. (a) Torque. (b) Torque ripple. (c) Torque per PM volume.
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FIGURE 6. Proposed algorithm for design and optimization of the conventional rotor and the rib-less rotor

enabled by AM.

the proposed topology incorporates identical PM dimensions
and adheres to the parameters outlined in Table 2. The only
changes made involve the modification of the rotor pole
geometry through a new round of optimization, along with a
change in the rotor core material to Fe-wt6.7%Si. Figure 6
displays B-H and wu-H curves of the proposed IPM rotor
(printed Fe-6.7wt%Si), highlighted in red. The curves are
then compared with those of the conventional laminated

VOLUME 12, 2024

topology (lamination grade: 35A300), showcased in black.
Accordingly, the utilization of 6.7% silicon contributes to
achieving the highest permeability of 31,000 A/m and elec-
trical resistivity of 82 pQ.cm for 3D printed cores. This
is accompanied by a reduction in saturation flux density,
as expected due to the increased silicon content.

The proposed design and optimization algorithm for the
under-study IPM topologies is presented in Fig. 7. The steps
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FIGURE 8. Sensitivity of the average torque and torque ripple of the
proposed rib-less rotor to W,je-

related to each topology are distinguished by different col-
ors. Accordingly, after completing optimization steps for the
conventional IPM topology, the optimization steps corre-
sponding to the proposed rib-less rotor are initiated. In this
regard, rotor ribs are removed from the previously optimized
rotor. Subsequently, the electromagnetic and structural char-
acteristics of the printed Fe-6.7wt%Si sample core are used
for the rib-less rotor. Since torque ripple is highly sensitive to
the rotor geometry, removal of the ribs results in an increased
torque ripple. Consequently, a sensitivity analysis is essential
to attain a tolerable torque ripple. In this regard, a sensitivity
analysis is conducted to determine a new optimal value for
pole width (W) and pole depth (7,,) while maintaining
other parameters fixed, including dimensions of the PMs. The
optimal value for W), is determined according to electro-
magnetic requirements, whereas the optimal value for T,,
is determined based on structural considerations, which will
be elaborated in Section V. Accordingly, the average torque
and torque ripple are calculated with respect to W), for the
rib-less IPM machine, and the results are depicted in Fig. 8.
As evident from the results, there is a notable variation in
torque ripple at different values of Wy, with the minimum
value being 23% observed at Wy, = 17.5 mm. Afterwards,
special measures should be adopted for eddy current loss
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reduction in the rib-less rotor, followed by structural analysis
which will be presented in the upcoming sections.

IV. ROTOR EDDY CURRENT LOSS MINIMIZATION
The issue of eddy current loss in 3D printed cores exposed
to AC magnetic field is a major concern even with high
electrical resistance achieved by increased silicon content.
Several studies have addressed the mitigation of eddy current
loss in 3D printed cores by incorporating especial geomet-
ric patterns. However, the case studies focused on simple
toroid with wound primary and secondary windings [37],
[38]. The limitation of these studies is evident in the fact
that the majority of the investigated geometric shapes are
applicable only to toroid cores, rather than EM cores. Con-
sequently, the potential for 3D printing in stator cores which
are exposed to high-amplitude AC magnetic field is currently
limited due to excessive eddy current losses. On the contrary,
eddy current loss in the rotor of IPM synchronous machines
which experiences a quasi-DC magnetic field, is relatively
low. Nevertheless, this can still lead to temperatures rise
beyond the allowed limit for REPMs, resulting in irreversible
demagnetization [39]. In this context, the mitigation of eddy
current losses for IPM rotor is addressed here to cover the
insufficiency of practical solution for this issue.

According to Bertotti loss theory in [40], iron loss in a
magnetic core is divided into hysteresis 10ss (Ppys), classical
eddy current loss (P,;), and excess loss (Pey) asin (11).

Piron = KnysfB2, + Kaf *B2, + Kexof '°BL (11)

where, Kjy; is the hysteresis loss coefficient, By, is the ampli-
tude of magnetic flux density, and K. and K,y denote the
coefficients corresponding to classical eddy current loss and
excess loss, respectively.

In the rotor of a synchronous machine, iron losses arise
from high-frequency magnetic field components, commonly
referred to as time and space harmonics. While hysteresis
and excess losses are solely influenced by the micro-structure
properties of the core, classical eddy current loss is also
dependent on the core’s geometry. In this regard, the coef-
ficient K is notably higher for a solid core compared to a
laminated core. Consequently, in a printed IPM rotor with a
solid structure, the predominant contributor to the majority of
iron losses is the classical eddy current loss.

In the context of electromagnetic field theory, the ampli-
tude of a magnetic field that penetrates a conductive material
diminishes to approximately 37% of its surface value at a
specific depth known as the skin depth (§). This skin depth
is influenced by the frequency of the magnetic field (f,;,), the
electrical resistivity (o), and the relative permeability (u.)

of the core [41].
§= [P (12)
TT O Mcfm

So, the eddy currents induced by high-frequency magnetic
field tend to concentrate on the surface of the solid rotor, a
phenomenon known as the skin effect.
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FIGURE 9. Cross-sectional views of eddy current path (schematic) in
(a) non-grooved core, and (b) shallow grooved core. Note that the
grooves are in z-direction, i.e. they are circular grooves at several
positions along the axis of the machine.

In this regard, a technique based on shallow grooving the
rotor surface is proposed here as an effective solution to miti-
gate eddy current loss. Fig. 9 represents cross-sectional views
of grooved and non-grooved rotors with their respective eddy
current paths. Accordingly, the eddy current follows a straight
path along the axial direction in a non-grooved rotor. Utilizing
shallow grooves serves as a barrier, causing a deviation in the
path of eddy current flow. This leads to an elongated path and
increased resistance, consequently reducing the induced eddy
currents.

To mitigate eddy current losses in the proposed rib-less
IPM rotor, a finite number of shallow grooves (denoted as N)
has been introduced, each characterized by specific length
(Cy) and depth (Cy), as depicted in Figure 9 (b). The choice
of the minimum groove length, set at 0.2 mm, aligns with
practical considerations related to the 3D printing of fer-
romagnetic cores [21]. The optimization of two variables-
namely the number of grooves and their depth- is essential for
achieving the minimum rotor eddy current loss. To systemat-
ically address this optimization, a comprehensive parametric
study has been conducted using 3D FEA, wherein the eddy
current loss in the rotor is meticulously calculated. To ensure
accurate computations without an excessive computational
burden, a skin depth-based mesh has been implemented in
Ansys Maxwell. The rotor’s eddy current loss is calculated
at the rated speed of 750 rpm under full load condition,
investigating various numbers of axial grooves (Ng) ranging
from O (representing a non-grooved rotor) to 20. Addition-
ally, groove depths (Cy) ranging from 0.5 mm to 2 mm are
examined for each N,. The obtained loss data is normalized
based on the eddy current loss of the non-grooved rotor, and
the findings are illustrated in Fig. 10. This figure presents
a graphical representation of the variation in eddy current
loss across different depths and numbers of shallow grooves
in the rib-less IPM rotor. This visualization allows for a
clear understanding of the impact of groove parameters on

VOLUME 12, 2024

0.9
0.8
0.7
0.6
05
0.4 -

0 5 , ~ 1.5

10 : 1
15 20 05

Groove depth, Cd (mm)

Per-unit eddy current loss

Number of grooves, Ng

FIGURE 10. Effect of number of grooves and groove depth on the eddy
current loss for the rib-less IPM rotor.
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FIGURE 11. Contour plot of eddy current in the rib-less IPM rotor, (a) with
optimal shallow grooves and (b) without grooves.

mitigating eddy current losses, aiding in the optimal design
of the rotor for improved performance. Accordingly, there can
be seen a noticeable inverse correlation between eddy current
loss and the number of grooves. This inverse relationship
suggests that the impact of extra grooves on eddy current loss
decreases as the number of grooves increases. The impact
of groove depth on eddy current loss is less prominent than
the effect of the number of grooves. Deeper grooves lead
to a decrease in eddy current loss. However, the effect of
additional groove depth diminishes as the grooves become
deeper, a trend similar to the observed pattern with the num-
ber of grooves. According to the analysis, the rib-less IPM
rotor is configured with 10 grooves, each having a depth of
1.5 mm, as depicted in Fig. 11, illustrating the distribution of
eddy current density. A noticeable reduction in surface eddy
current is observed in the grooved rotor compared to its non-
grooved counterpart. As a result, the eddy current loss in the
rotor decreases from 5 W to approximately 2.2 W after the
implementation of shallow grooving, indicating a significant
reduction of more than 50% in the eddy current loss.

To gain a more comprehensive understanding of the effec-
tiveness of the proposed method, the rotor eddy current losses
for the solid rotor (non-grooved) and the rotor with optimal
shallow grooves are calculated, under open circuit and full-
load conditions. These calculations are done for a wide range
of rotational speeds, extending up to four times the rated
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FIGURE 12. Rotor eddy current loss in the solid rotor and the rotor with
optimal shallow grooves at open circuit and full-load conditions.

speed of 750 rpm and presented in the Fig. 12. In open-circuit
conditions, eddy current losses in the rotor is induced by
the slotting effect caused by the stator slot openings, while
under full-load conditions, the eddy current losses stem from
both the slotting effect and the high-frequency magnetic field
components generated by the armature current. The investi-
gation reveals that the proposed shallow grooving technique
substantially reduces eddy current losses in the rotor, both
at no-load and full-load conditions, across a wide range of
operating speeds.

V. STRUCTURAL ANALYSIS AND

PERFORMANCE COMPARISON

In this section mechanical performance of the proposed rotor
topology is addressed to evaluate its structural integrity. This
is an important consideration associated with design of the
rib-less rotor, particularly at rotational speeds above its rated
speed. Next, overall performance of the proposed IPM rotor
is discussed and compared to the conventional topology.

A. STRUCTURAL ANALYSIS

According to the algorithm presented in Fig. 7, the structural
analysis is to be conducted as the final stage in the design
and optimization process of the proposed rotor enabled by
AM. The mechanical properties of the rotor core are derived
from measurements conducted on 3D printed Fe-6wt%Si
samples in [33] and listed in Table 4. Accordingly, enhanced
mechanical properties are noticed for additively manufac-
tured Fe-Si core compared to conventional Fe-Si laminations.
For the base plate, stainless steel AISI 316 is chosen due to
its non-magnetic properties and desirable mechanical char-
acteristics. The analysis is carried out at a rotational speed of
4500 rpm, which is six times its rated speed. In this regard,
von Mises stress distribution in the proposed IPM rotor is cal-
culated and illustrated in Fig. 13. Notably, the highest stress is
observed at the base of the rotor cavities. The maximum stress
recorded is approximately 150 MPa, significantly below the
yield strength of the core materials, indicating a mechanically
safe performance.
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TABLE 4. Mechanical properties of materials [33], [42], [43].

Yield Tensile Young’s Poisson
Material strength strength modulus ratio
(MPa) (MPa) (GPa)
Printed Fe-
Cwt%sSi 631 685 190
35A300 393 523 210 ~0.3
lamination
AISI 316 483 656 200

0 150
[ Ml Mises stress (MPa) (c)

FIGURE 13. Von Mises stress distribution in the rib-less IPM rotor at
4500 rpm. (a) Isometric view. (b) Top view. (c) Section view.
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FIGURE 14. Per-unit value of maximum displacement in the rotor versus
rotor pole depth.

In addition to stress analysis, the maximum displacement
serves as another criterion for ensuring the mechanical safety
of motor operation. Excessive displacement poses a risk of
contact between the rotor and stator, potentially leading to
mechanical failure. Given that the rotor poles are supported
only from the bottom side, the highest displacement occurs
at the top side. Consequently, certain measures should be
adopted to limit the maximum displacement. The analysis
indicate that the rotor displacement is predominantly affected
by rotor pole depth (7},,). To have a better insight, maximum
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FIGURE 15. Comparison of open-circuit flux density in middle of air gap.
(a) Waveforms. (b) Harmonic components.

displacement versus 7}, is calculated and presented in Fig. 14.
As it can be noticed, there is a noticeable inverse correlation
between maximum displacement and T},,. As mentioned ear-
lier in Section II1, the rotor pole depth for the rib-less rotor is
set at 10 mm. This choice signifies a decrease in displacement
by more than 75% with respect to the scenario where T}, is
set at 4 mm.

B. PERFORMANCE COMPARISON AND DISCUSSION
Up to this point, design and optimization of both conventional
and proposed rib-less IPM topologies have been conducted.
Then, eddy current loss mitigation and structural analysis
have been carried out for the rib-less IPM. In this part, per-
formance of both topologies is investigated and compared.
To have a clear insight into the performance of the two
IPM topologies, it is necessary to evaluate the distribution
of magnetic flux density in the air gap. Consequently, air
gap flux density distribution along with its spectra is cal-
culated in open-circuit condition and illustrated in Fig. 15.
Notably, fundamental component of air gap flux density in
the rib-less IPM is higher than its conventional counterpart
by approximately 9%. This difference is attributed to the
removal of rotor ribs which serve as the main source of
leakage flux in IPM rotor topologies as illustrated in Fig. 16.
As it can be seen, rotor ribs of the conventional IPM rotor are
heavily saturated, contributing to a deteriorated performance.
In absence of rotor ribs, leakage flux in the rotor is minimized,
leading to higher torque generation and a more efficient
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FIGURE 16. Magnetic flux density distribution in IPM topologies.
(a) Rib-less IPM. (b) Conventional IPM.
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FIGURE 17. Average torque versus current angle at rated load.

utilization of PMs. To gain a better understanding of the
differences in torque performance between the two topolo-
gies, the torque-versus-current-angle is calculated at the rated
armature current and depicted in Fig. 17. Accordingly, a supe-
rior torque characteristic is noticed for the proposed rib-less
IPM with respect to the conventional topology. Instantaneous
torque profile of the IPM topologies at rated load are cal-
culated and presented in Fig. 18. The rib-less IPM exhibits
an approximately 8% higher average torque compared to the
conventional IPM.

The overall performance of the proposed rib-less IPM
topology is compared to its conventional counterpart and
presented in Table 5. For a fair basis for comparison, both
topologies were optimized based on the discussion presented
in Section III, utilizing the same armature parameters and PM
dimensions. In this regard, it is revealed that the proposed
topology exhibits enhanced torque capability and more effi-
cient utilization of rare-earth PMs by approximately 8%. The
proposed topology demonstrates an enhanced output power,
yielding approximately 520 W, compared to the conventional
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FIGURE 18. Instantaneous torque profile of the rib-less and conventional
IPM topologies.

TABLE 5. Overall performance of the IPM topologies.

Item Conventional IPM |  Rib-less IPM
Torque (N.m) 6.1 6.6
Output power (W) 479.1 518.4
Torque/PM vol. (N.m/cm?) 0.64 0.69
Torque ripple (%) 19 23
Peak cogging torque (N.m) 0.18 0.25
Rotor edd}é ]gu;rgit loss (W)- 12 29
Stator core loss (W) 249 25.1
Efficiency (%) 83.3 84.2
Rated Speed (rpm) 750
Copper loss (W) 70
PM volume (¢cm®) 9.6

IPM, which achieves roughly 480 W, all while maintaining
fixed copper loss and PM volume. Additionally, the proposed
IPM exhibits a commendable efficiency of 84.2%, surpassing
the conventional counterpart, which attains an efficiency of
83.3%. Nevertheless, despite the efforts made to reduce rotor
eddy current loss by introducing shallow grooves, the loss
remains higher than the conventional IPM topology. The
proposed topology exhibits inferior performance in terms of
torque ripple and cogging torque compared to its traditional
counterpart, leading to slightly higher levels of noise and
vibration. Specifically, the torque ripple and peak cogging
torque for the proposed topology are 23% and 0.25 N.m,
respectively, while these values stand at 19% and 0.18 N.m
for the conventional machine. This means that the proposed
topology shows about 18% and 28% higher torque ripple and
peak cogging torque respectively.

Consequently, this implies that the proposed topology is
likely to experience higher vibration and noise levels under
both no-load and full-load conditions in comparison to the
conventional machine. Nevertheless, those values can be
improved by skewing the rotor during the printing process
but this is not considered in the current study.
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TABLE 6. Cost comparison between the IPM rotors.

Conventional rotor Proposed rotor

Mass (kg) Cost (USD)| Mass (kg) Cost (USD)

35A300 lamination 31 40 ) )
(including material waste) ' ’
- Y 1
Fe-6.7wt%Si powder ) ) 13 16
(near-zero waste)
NdFeB magnet 0.071 6.0 0.065 5.5
Base plate (AISI 316) - - 0.15 0.2

In evaluating the cost implications, a comparative analysis
conducted between the proposed rib-less IPM rotor and the
conventional rotor. PM dimensions of both configurations are
adjusted to yield the same rated power of 450 W at 750 rpm.
The findings, detailed in Table 6, reveal a noteworthy differ-
ence in core material usage. The conventional rotor utilizes
approximately 2.4 times more core material compared to the
proposed rotor. This discrepancy arises from the efficiency
of additive manufacturing, where minimal powder material is
wasted, contrasting with the substantial material waste in the
production of the conventional rotor. Consequently, the addi-
tively manufactured rotor core demonstrates significantly
lower material usage compared to its laminated counterpart.
Another cost-efficient aspect of the proposed IPM rotor lies
in its higher torque per PM volume characteristic, leading to
reduced usage of expensive rare-earth PMs with respect to
the conventional topology. This contributes to sustainability
requirements in design and manufacturing of high power
density rare-earth PM machines.

Vi. CONCLUSION

In this study, a new rib-less IPM rotor configuration is pro-
posed, utilizing the capabilities of additive manufacturing
to enhance torque density and achieve a more efficient uti-
lization of PMs. Furthermore, this paper addresses design
considerations associated with electrical machines fabri-
cated through additive manufacturing methods. The approach
involves the application of shallow grooves to suppress eddy
currents in the rotor. Through optimization of the number
and depth of these grooves, a remarkable reduction in eddy
current loss by more than 50% is achieved. Structural analysis
is carried out, examining the influence of pole geometry
on the mechanical performance of the rib-less IPM. The
results reveal a significant decrease in rotor displacement -
caused by centrifugal forces- by increasing the pole depth.
To evaluate the performance of the proposed IPM enabled by
AM, a comparison is made with the conventionally laminated
IPM rotor. In this regard, both topologies underwent the same
design and optimization procedure using response surface
methodology, while keeping the armature parameters, rotor
diameter, and PM dimensions fixed. The findings suggest that
the proposed topology demonstrates a notable improvement,
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offering a higher average torque and more efficient utilization
of PMs by around 8% compared to the conventional topology.
Although there is a slight increase in torque ripple from 19%
in the conventional [IPM machine to 23% in the proposed IPM
machine, this remains within an acceptable limit. Neverthe-
less, conventional torque ripple reduction techniques could be
applied to reduce the torque ripple.
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