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Abstract

A study and performance analysis of magnet positions in different topology on the surface of rotor in permanent magnet synchronous
motors (PMSMs) based on finite element method is observed here. A 3-phase interior PMSM is numerically simulated with ANSYS
Maxwell 2018.1. Differently positioned permanent magnets improve the performance of PMSMs. Apart from handling nonlinear
equations, FEM is used for simulation. ANSYS is used to analyze PMSM performance under variable conditions. This proposal
examines a three-phase, 0.55 kW PMSM at 220V, 50 Hz. Here rotor topologies of five types, namely, (i) spoke/tangential, (ii) saturable
bridge / u-shape, (iii) V-shape, (iv) radial, and (v) segmented bridge permanent magnet rotor are taken for observation. The motive
of this study is to analyze the performance of PMSMs in different rotor designs with different magnet positions. All topologies have
been modeled and simulated with ANSYS. Each topology is compared in terms of electromagnetic and mechanical parameters. The 2D
model is used to model the distribution of magnetic fields and the performance of operating parameters under transient and steady-
state conditions. Magnetic flux, and efficiency are heavily influenced by the rotor shape with the volume of magnet. A study of radial
force distribution and mechanical stress across rotor surface is also discussed. Motor performance is affected by the design of PMs.
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1 Introduction

A pillar of industrial application, induction motors (IMs)
are considered to be the most widely used, but perma-
nent magnet synchronous machines (PMSMs) are get into
prominence, which have controlled over all kinds of mar-
kets, including industry, electric vehicles and hybrid elec-
tric vehicles, aircraft, and so on. In comparison to other
traction motor technologies, its high efficiency, high value
of power density, extended flux weakening region, and rug-
ged construction all contribute to its high performance [1].
It was shown that PMSM has an extremely crucial role in
the development of aircraft motors [2]. The cooling sys-
tem of an IM is less robust than that of a PMSM, but its
design is robust in comparison. As a result of the excitation
windings in induction motors, maintenance is more com-
plex and more power is required. Due to that, the motor
is more complex to operate. Additionally, synchronous
reluctance motors (SRMs) are the most widely used motor,
because they are able to operate under harsh conditions

and are fault-tolerant. But, it has low power factor and high
acoustic noise. With advanced design, like magnetic gears,
PMSM overcomes the limitations of IM and SRM for trac-
tion applications [3, 4]. Motor size and cost can be reduced
by replacing excitation windings with permanent mag-
nets (PMs). PMSM's high performance at low cost makes it
an ideal choice for electric vehicle applications [5]. Further,
PMSM has high value power factor and power density in
low-rated applications compared to IM. In addition to IM,
the DC motor was also replaced. PMSMs have greater heat
transfer capacity, longer lifespan, and less audible noise
than DC motors [6]. The motor was made simpler in terms
of operation and design. Two kinds of PMSM exist:

1. surface mounted PM (SPM) and

2. interior PM (IPM).

A limitation of the earlier model is the inability to pro-
duce torque [7]. Most EVs use interior PM because of its
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higher efficiency and variable speed [8]. SPM and IPM are
compared in [9] in relation to dual rotor axial flux. Interior
permanent magnet machines (IPMSMs) are required in
hybrid electric vehicles for traction applications because
they must have a higher power density with higher torque
density, and a wide constant power speed range (CPSR)
that is efficient, among other things [10]. A comparison
between SPM and IPM rotors is made in [11]. SPM rotors
run at higher speeds because of higher mechanical
strength factor than IPM. In the other side, [IPM mitigates
the flux weakening ability of SPM motors with their rela-
tively large physical airgap length. So, researcher has been
focused on IPM. The CPSR is heavily influenced by rotor
design of IPMSMs. The numerical analysis of these prop-
erties is carried out using a variety of techniques. In order
to understand composite domain structure, numerical
methods have been extensively employed. FEM is one
of these techniques, and is capable of accurately calcu-
lating 2D/3D problems with complicated geometries.
In [12], FEM has chosen for solving a standard benchmark
problem. The ANSYS Maxwell software is employed to
observe the operation of a three phase PMSM in [13]. This
platform can analyze all conditions in direct way, such as
transient states, steady states, magnetostatic conditions,
etc. A 2-D FE analysis (FEA) was used in addition to a 3-D
FEA to reduce computation time. 2D FEM is therefore
termed as vital tool in the primary analysis of electrical
machines. A FEM analysis requires detail about the geom-
etry, the type of use, and the boundary conditions [14].
Power factor, phase current, output torque, and efficiency
are some of the factors that effect on due to rotor design
variables. Advances in PM based electric machines, which
utilize many optimization techniques and modification of
stator mechanical parameters, have been discussed in the
literature [15, 16]. A major focus of this study is to under-
stand how the PM's position on the rotor affects the out-
put parameters of IPM. There are several key parameters
in the stator, including the slot fill factor, lamination fac-
tor, slot width, and tooth height. To improve power effi-
ciency, the maximum slot filling factor for high frequency
applications is 0.75 [17]. The same is considered in this
study for theoretical analysis. A low frequency applica-
tion requires a lamination factor of 0.9. This study consid-
ers the same, which decreases eddy currents. Hence, the
PM cannot affect the air-gap magneto-motive force distri-
bution under the same projection when placed within the
rotor core, so it can be moved to get different motors based
on the PM position within the core part of rotor [18]. Rotor

designs of different types have been discussed in [19].
The alignment of PM on the surface of the rotor results
different rotor designs. There is a limitation to this rotor
design analysis and it is not applicable to all parameters
of all rotor topologies. A permanent magnet in a rotor and
teeth on a stator must be aligned magnetically when the
electromagnetic torque (7 ) is to be generated. Ripple in
T, increases when magnetic flux distribution is non-si-
nusoidal, when it is saturated, when slots are incorrectly
selected, etc. These damaging effects will also decrease
start-up and stability of the motor. Due to their use in elec-
tric vehicles, which contain many high/low level voltage
electrical components, IPM motors need to be highly care-
fully selected for their electromagnetic environment [20].
Thus, all machine topologies must be understood with
SPM
and IPM types having different magnet position are com-
pared. In [22, 23], V-shaped IPMSM is discussed due to
its high speed quality, its modified topologies and pro-

regard to electromagnetic compatibility. In [21],

jected a comparative study with extracted three topol-
ogies. In [24], five topologies are compared which con-
sists of spoke, U-shape, V-shape, straight shape rotors but
V-shaped and spoke-shaped IPMSM are more focused due
to its high torque and efficiency factor.

This paper presents a comparative study of five com-
mon IPM rotor topologies:

1. spoke/tangential,
. saturable bridge/u-shape,
. V-shape,
. radial, and

[ SNV I

. segmented bridge permanent magnet (PM) based on
their designing and performance.

All literature described here are focused on single
with multi-layer comparison. Before considering multi-
layer, it is necessary to know the basic characteristics of
all kinds of single layer designs. Selection of topologies
are based on considered literatures and previous studies
in [4, 5, 19, 21-24]. Basic design includes spokes and radi-
als, and the rest three topologies modify them. Here, only
single layer topologies are considered for comparative
study. Moreover, restricted basic design is discussed with
examples in the literature. It is also possible to implement
precise magnetic circuits in [PMs using multilayered mag-
net configurations or multi-segmented magnet configura-
tions. Before modifying a more basic design under tran-
sient and steady state states, it is important to observe its
characteristics. Manufacturers will be able to reduce costs



and timeliness by doing this. Electromechanical, electro-
magnetic, and PM demagnetization capabilities are taken
for the performance analysis of these basic rotor designs.
It is clear from these parameters that they are used for
a variety of purposes. According to the following struc-
ture, this article is organized. PMSM modeling in ANSYS
MAXWELL is covered in Section 2, specifically IPMSM
using mathematical expressions for electromagnetic anal-
ysis. Section 3 discusses the five topologies of IPM motors
as well as their designing. A comparison of the electro-
magnetic and electromechanical properties of all five
topologies is presented in Section 4 to confirm their mer-
its and demerits. Results and conclusions of the numerical
experiments are presented in Section 5.

2 Modeling of IPMSM using FEM

As shown in Fig. 1, a flowchart is presented that illus-
trates the entire process of designing and analyzing PMSM
machines. Several steps were followed to design the [PMSM
machine, including choosing the properties of required
materials, resizing the geometry of design parameters in
the stator slots and rotor surface sections such as width of
slot (W), height of slot (#,), opening base width (B ), sta-
tor teeth slant height (£ ,), and positions of PM relative to
the shaft band. The position of magnet with respect to shaft
and stator parts and in rotor region are resulting variety of
IPMSMs types. Including that, stator winding property and
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its insulation details, poles details, design of shaft, number
of slots with motor rating are involved as a fixed param-
eters a in generation of motor model. If these settings are
incorrect then the motor model is impossible to validate
itself for FEM analysis. So, value of each design parameter
is important. Maxwell's partial differential equations have
been discussed in [1], and magnetic field distribution over
the motor model is determined by using numerical meth-
ods in the processing section. The equilibrium equations
are calculated by integrating the phase currents of the rotor
with the flux density and all other electromagnetic perfor-
mance parameters of motor. It is necessary to include the
equilibrium equation of each component in order to make
equations for the whole model, which ensure continuity at
each node. IPMSM in ANSYS Maxwell is analyzed using
Maxwell's equations for magnetostatic and magnetotran-
sient analysis. The electromagnetic torque expressed in
Eq. (1) can be determined by using the factors such as num-
ber of pole pairs of stator and rotor parts ( p), PM's flux den-
sity ('¥,,,) and quantities like current and inductances along
g- and d-axis as given in Eq. (1) [3]:

3 ) ..
T:Ep(‘PPqu+(Lq —L,)id, )- M
Basic three phases a, b, and ¢ quantities are determined

the inductance (L, and Lq) and current (i, and i) along g-
and d-axis.
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Fig. 1 Methodology of IPMSM designs and comparative study of different parameters
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3 Different topologies of IPMSM rotor

The design parameters for the motor are restricted within
the limits to include 24 slots for the stator and 4 poles for
the rotor. A total of five topologies were designed for PM
rotors of IPM motors, as illustrated in Fig. 2 (a) to (e).
In Fig. 2, it can be seen that magnet topologies differ based
on magnet block numbers and magnetization directions
for each pole. Fig. 2 (a) and (d) illustrate how these two
basic topologies are used in other designs. Fig. 2 (b), (c),
and (e) show a multi-segment motor with high fabrication
complexity and optimal magnet segmentation in order to
increase cogging torque and average air gap flux density.
Various ancillary geometric parameters, including thick-
ness, and width, are examined for each topology in order
to determine its location, the flux barrier bridges, and
their distance from it. D1 determines the radius of expan-
sion of the magnet in the rotor region, which is measured
from the circumference of the rotor. In all PM topologies,
02 defines as the vertical distance between midpoints of
magnetic poles and circumference of motor shaft. Except
spoke-shape, rest topologies of motors use Rib to represent
the closest distance between two adjacent poles. Rib is
a measure of how far the magnet pole sits from the shaft
of a motor in spoke-type motors. With u, v, and segmented
topologies, Ol is defined as the bridge length between
each pole. A spoke magnet topology uses Bl as the diam-
eter from which the magnet expands. Meanwhile, a radial
magnet topology uses the same parameter to explain the
width of the flux barrier bridges. All topologies consid-
ered in this study have a 65 mm diameter shaft (D-shaft).
Geometric features are being included in more and more

circuit designs, which is resulting in a more complex
designing process. Hence, the preliminary design stage
predicts each quantity's maximum and minimum permis-
sible values. Following that, each topology is analyzed
using a 2D parametric finite element (FE) model. An anal-
ysis of the machine's performance based on the sensitiv-
ity and post-processing shows that the above parameters
have an impact on its overall performance. Designed to
reach a variety of constant powers, all five topologies uti-
lize the stator having same single-layer distributed-wind-
ing. A wide range of operating speeds at constant power is
required to achieve the performance necessary for hybrid
electric vehicles, which is why all of the topologies rep-
resented in Fig. 2 (a) to (¢) have been considered suitable
candidates for operating at a wide operating speed.

The five machine designs were limited by the same
nominal voltage and current. Motor rotors are designed
to have an outer diameter of 74 mm and an air gap of
1 mm. The lower price of ferrite permanent magnets has
led to the appearance of these magnets on rotor surfaces
in many PMSMs. Ferrite PM, however, has been found
to have a lower energy product, leading to increased
dimensions [14]. In this design, neodymium—iron—boron
(NdFeB35) PMs exhibit high remanences and have
an increased coercive force in comparison with conven-
tional permanent magnets [25].

Iron-based materials with good magnetic field captur-
ing capabilities are selected for the stator and rotor designs.
The coil size and wire gauge of the coil in a stator should be
chosen properly to achieve 75% of the fill factor. IPM motor
stators have an outer diameter of 120 mm. A design iteration

(d)

Fig. 2 Topologies of rotor of IPMSM; (a) spoke shape/tangential shape; (b) saturable bridge/ U-shape; (c) V-shape; (d) radial; and (e) segmented bridge

(e)



of machines is determined based on their overall perfor-
mance, including mechanical and electromagnetic perfor-
mance. This study examines underrated speed in terms of
output torque, torque ripple, demagnetization ratio, cu-loss,
eddy current loss, efficiency, and magnetic flux density.
Simulations and analyses are used to estimate designs,
which are refined and adjusted continually. A comparison of
torque and speed characteristics has been conducted accord-
ing to the design specifications, in order to confirm that each
motor operates within its intended speed range. A compar-
ison is also made between all five topologies based on flux
linkage, flux density of airgap, and inductance.

4 Performance comparison of five IPMSM topologies
2-D FE models are utilized to analyze the performance of
all five IPMSM topologies. In Table 1 [26], the stator design
specification for the [PM motor is shown. For all topologies
in the study, the stator design specification is used.

The stator is designed with distributed windings to
produce a sinusoidal back electromotive force (BEMF).
Due to the symmetry of the model, one fourth section of
each motor is considered for comparison. In this study,
all calculations are conducted at a temperature of 75 °C.
The electromagnetic parameters of motors are measured
using static FEA at operating temperatures and excitation
with a d-q current. The first step in the analysis is to con-
duct a statistical comparison of parameters, followed by an
analysis of each parameter separately. For traction opera-
tions, the static torque determines the required torque [27].

During rotor design, the volume of PM utilized in the
rotor greatly influences the airgap flux density. PM rotor
magnet thickness is closely related to air-gap flux density
and rotor yoke flux density. It is the magnet's volume that
defines its magnetic force. According to Fig. 3, the airgap
flux density escalates with magnet width.

Table 1 Design parameters of the stator of 0.55 kW IPM motor [26]

Parameters Value
Rated output power 550 W
Rated output torque 3.0l Nm
Line voltage rating 220V
Resistance of stator 2.16 Q
Synchronous speed 1500 rpm
Operating frequency 50 Hz
Phase current (in rms) 1.6 A
Peak phase current 24A
Relative permeability of NdFeB35 1.099
Width of PM 3.5 mm
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Fig. 3 Air gap flux density deviations with respected to magnet width
of considered rotor topologies

Assume a slot-less magnetic field under air gap con-
ditions. The V-shaped IPMSM has a higher flux density
than other designs, as can be seen in Fig. 3. As a func-
tion of the magnet's width, the value of the air gap flux
density increases. Depending on the inner diameter of
the rotor, the magnet width varies. A range of 2 to 7 mm
was considered in this study. Contour plots of the mag-
netic flux lines and it's density for each of the five topol-
ogies is presented in Table 2. All five topologies consider
the magnet thickness to be the same. Among five mod-
els designed for low rating machines under no load con-
ditions, the magnetic flux density does not differ signifi-
cantly among the five topologies. Due to the reciprocity of
stator and rotor magnetic fields, maximum magnetic flux
density generates between the stator teeth during full load.
When a spoke shape magnet rotor has a large number of
flux lines, the magnetic flux density is highest there. There
are also fewer flux lines attracting to magnetic shafts due
to the presence of magnetic shaft. The rotor shaft area ben-
efits from this factor from increased magnetic flux density.
The magnetic shaft has improved the performance of the
machine overall [28]. The maximum flux density is expe-
rienced by both end edges of the saturable bridge mag-
net. In the middle area of single poles, the flux density
is reduced by saturable bridges with small flux barriers
in the lower region. Since V-shaped rotors have the least
amount of leakage flux, they provide the highest flux den-
sity of radial and spoke rotors. There is less flux barrier
volume in V-shaped magnets. Shaft leakage flux occurs
in spoke structures, whereas rotor leakage flux occurs in
radial structures. Furthermore, magnetic flux is repul-
sive here with a single segment of PM. This will result in
a lower flux density. The region of dense flux lines is the
region in which all types of IPMSMs have the maximum
flux density. According to Table 2, segmented bridges
have the highest magnetic flux density compared to all
other rotor topologies.



372 | Naik et al.
Period. Polytech. Elec. Eng. Comp. Sci., 68(4), pp. 367-380, 2024

Table 2 Under no-load condition comparisons of magnetic flux density and flux lines
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A SPM motor's inductance tends to be low, and the
inductances of both axes are equal, which means it does
not provide reluctance torque like an IPM motor. Working
with an IPM motor involves large inductances in the d-axis,
as well as the g-axis and on the d-axis. SPM machines are
limited in terms of constant power speed range. There is
a strong influence of inductances in the d-g axis on the
behavior of PMSM. In addition, Lq is greater than L,
and they are highly correlated to i and i . The torque of the
motor is a good indicator of the motor's efficiency. There is
only a slight difference between L_and L, for spoke shape
rotors. In order to improve performance with power factor,
their calculations are critical in terms of accessing torque
and field attenuation powers [29].

An analysis of IPMSM parameters which involved
inductance along the d- and g-axes under transient con-
ditions is described in Table 3. According to Table 3,
the spoke-shaped magnet has the highest d-axis induc-
tance. The magnet rotor shaft and air gap end also leak
flux, resulting in lower flux linkage. Thus, it is better
suited for applications with wide speeds. The flux link-
age of a radial shape rotor is the lowest, similar to that of
a spoke type. There is a flux leak in the rotor in this case,
as previously mentioned. All types of rotors have more
flux linkage than saturable bridge shaped magnets. In the
rotor part, there is less flux barrier due to less flux bar-
rier region. Saliency ratio is used to calculate the torque
capacity of a motor related to its power factor [30]. This is
calculated as L, /'L, CPSR, a vital parameter of traction
applications, is also enhanced by it. Machine flux weaken-
ing capacity is greatly affected by it. Saturable bridge and
segmented magnet rotors have good saliency ratio as com-
pared to the other three topologies, as shown in Table 3.

4.1 Losses and efficiency

The lamination cutting and punching process, the manu-
facturing process, the welding process, and stacking are
played a significant role in iron loss. It is explored in this
paper how these manufacturing processes impact each
component of iron loss, including magnetization under
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saturation and coercive field strength. The five optimized
IPMSM motors are compared in Fig. 4 under transient
condition in terms of core loss and eddy current loss.
In terms of core loss and eddy current loss, radial motors
have the highest values. As a result of ferromagnetic mate-
rial M36 being used for the manufacturing of the cores
of the rotors and stators, these losses are obtained in low
power applications. Designed machines are considered to
have a zero lamination factor (i.e., without lamination of
ferromagnetic material).

A significant difference between eddy current loss and
hysteresis loss can be analyzed. Hence, eddy current losses
and core losses are considered when comparing results.
According to Fig. 4, core loss and eddy current losses are
greater in motors with radial shapes. Core loss is 40.5%,
42.87% higher, eddy current loss is 55.09%, 58.66% higher
than segmented and spoke rotors, respectively. Because of
the less amount of magnet interaction between the rotor
and stator tooth, there is less loss from eddy currents.

In this study, all topologies are affected by losses in
terms of efficiency. As illustrated in Fig. 5, each rotor topol-
ogy produces the same overall efficiency. With 86.6355%
efficiency, spoke shape has a higher efficiency than other
rotor topologies, due to the proportional relationship
between efficiency and losses in the motor. Motors are
considered in steady state here. As a result of this state,
spoke shapes produce maximum torque output and have
maximum airgap flux density average. Additionally, slot
effect isn't taken into account when calculating efficiency.

B Core loss(W) Eddy Current Loss(W)

3; 312527 316601 32.'?439 [ )
% 25 185355 19.8605 192763 _ 20%
- 4875 -
T 20 | 187045 194825 | 15 3
S g
PERY . - 10 E
B S
S 101 o6 :
c =
2 =
=
0 0
Spoke  Saturable V-shape  Radial Segmented
Shaped Bridge Shape Bridge

Fig. 4 Comparison of core and eddy current loss

Table 3 Comparison of motors parameters in the IPM motor designs

Rotor of topology L L, Saliency ratio of rotor Flux linkage Magnet weight
Spoke shape 11.1721 mH 19.2916 mH 0.5791 0.3201 Wb 0.1212 kg
Saturable bridge 16.7925 mH 13.5611 mH 1.2573 0.3283 Wb 0.2693 kg
V-shape 14.7743 mH 13.4591 mH 1.0977 0.3215 Wb 0.2693 kg
Radial shape 14.9057 mH 14.4326 mH 1.0327 0.3193 Wb 0.2693 kg
Segmented bridge 16.8859 mH 13.5554 mH 1.2456 0.3291 Wb 0.2693 kg
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4.2 Characteristics of starting and running state
Under rated condition, motor's performance characteristics
have a higher value. The torque of each motor under rated
conditions is illustrated in Fig. 6. In this graph, the spoke
shape is more torque-intensive than the other shapes. It has
high efficiency as well. Validating the PMSM design pro-
cess requires a stable and dynamic model as well as sim-
ulation of the machine. Additionally, it eliminates unin-
tended design errors that can occur in the construction
and testing of machine prototypes [15]. In order to ver-
ify PMSM's starting and running torque for electric vehi-
cles, it must be tested. At the beginning of Section 4, it is
discussed as ripple torque. According to Fig. 6, all rotor
designs under transient conditions achieve their maximum
running torque. As shown in Fig. 6, there is nearly equal
torque for the saturable bridge, V-shaped, and segmented
bridge rotor designs. The spoke-shaped rotor had the min-
imum running torque, measuring 16.2522 Nm for all types
of motor under study. As mentioned above, it has a lower
value magnetic flux density as well. Under magnetic field
analysis, spoke shape lacks a flux-intensify region.

When it comes to torque angle, the V-shaped rotor topol-
ogy has the highest running torque. When the electrical

30 26.4342
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26.2837
235051

20 | 162522
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v

Spoke Shape Saturable
Bridge Shape
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Bridge

Fig. 6 Maximum electromagnetic torque (7, ) comparison under
running conditions

torque angle is 80°-110° of steady-state, there is a run-
ning torque around this angle. Furthermore, as part of the
design process for all types of rotor machines, torque is
also simulated directly under transient conditions under
the ANSYS Platform. The current study considers voltage
source windings with armature resistances of 2.6573 Q.
Fig. 7 shows a comparison and plot of the results. In com-
parison with all other rotor shapes, the radial one has the
highest starting torque.

When the rotor is not loaded, it has a nearly equal start-
ing torque due to the presence of a saturable bridge and
a V-shaped permanent magnet. It takes 20-25 m for the
motor to synchronize from the start time. There is an atmo-
spheric magnetic field that interlinks to stator armature reac-
tion for producing electromagnetic torque. Because of the
non-symmetric magnetic circuit of the d- and g-axes, the 2™
harmonic component is reluctance torque. It has already
been explained why IPMs have a higher saliency ratio.
IPM's power density and overloading ability are highly
affected by reluctance torque. Reluctance torque opposes
magnet torque, which is always negative. Depending on
both magnetic and reluctance torque components, electro-
magnetic torque increases with current excitation angle.

The electromagnetic torque of an accelerating motor is
always less than the magnetic torque of the same motor
when the motor is running. Magnetic torque and reluc-
tance torque are both defined by electromagnetic torque
in Fig. 7. Table 4 illustrates the separation of electromag-
netic torque. This segregation takes into account the aver-
age torque values.

Mechanical loading condition is used to analyze elec-
tromagnetic torque. It is shown in Fig. 8 that torques of all
five topologies are considered for the analysis at 3.5 Nm
load torque with a speed of 1500 rpm and rotation angle
of 30° at starting. The torque angle and driving torque
increase in mechanical transient conditions as the speed
decreases. There is a reduction of ripple in the electromag-
netic torque (TB ) due to the load torque (7). The saturable

Hg(

10 20 30 40 50 60
Time(ms)

— Spoke Shape
------ Saturable Bridge
=-=V-shape

— Radial Shape

- -Segmented Bridge

Tem (Nm)

Fig. 7 Electromagnetic torque comparison under starting conditions



Table 4 Electromagnetic torque details in segregation

Electromagnetic Magnetic Reluctance

Rotor topology
torque torque torque

Spoke shape 3.6977 Nm —0.3953 Nm 4.0929 Nm
Saturable bridge 2.7551 Nm —35.6004 Nm  38.3555 Nm
V-shape 4.3341 Nm —0.1110 Nm 4.4450 Nm
Radial shape 6.5906 Nm 7.6920 Nm —1.1074 Nm
Segmented bridge 5.6303 Nm —8.2351 Nm  13.8658 Nm

a
Radial shepe
-Segmented Bridge!

i 1]

! [+

Time(ms)

Fig. 8 Effect of load torque on electromagnetic torque

bridge has a smaller 7, characteristic than the other topol-
ogies. In this observation, the V-shape, radial, and seg-
mented bridge has better characteristics.

4.3 Analysis of radial force

For all types of machines, radial forces are consid-
ered for estimating vibrations and analyzing acous-
tic noise. Analyzing the magnetic flux density vector B,
obtained from FEA, is a typical method of examining
radial forces (F,). According to [11], F, can generally be
expressed by Eq. (2):

1 2 2
F, = (m)(& -B;), )
where radial force density represented by F,, radial com-
ponent of magnetic flux density is denoted by B, and for
tangential component of magnetic flux density B, is used.
Magnetic flux density vectors have radial and tangential
components that determine radial force density F,. Due to
typical low tangential and axial components of the flux
density, the tangential and axial components are ignored
for simplicity.

This is an observation of radial force for one fourth of
the whole model. For both full and no-load conditions,
Fig. 9 simulates and reports deviations in radial force with
respect to radial distance.

For all topologies, spikes are generated in no-load and
full-load conditions on both sides of the radial distance
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under study. There is no spike in the radial force under no
load condition for any type of PMSM rotor topology except
at the entry and exit points. Despite this, under full load con-
dition, there is an increase in the non-uniformity of distribu-
tion of radial force in different parts of the rotor. Under full
load condition, spoke shape rotors exhibit more spikiness in
radial force at edging points of entry and exit section.

This topology does not have a continuous pulse in the
middle section. Spikiness determines the roughness of
a machine. The characteristics of a saturable and seg-
mented bridge rotor under full load are similar, as shown
in Fig. 9 (b) and Fig. 9 (e). The radial force on these two
rotors is approximately equal under full load and the pulse
patterns after each spike of the edging point are similar.
The pulses are more non-uniform than those produced by
a V-shaped or radial rotor. When it comes to a V-shaped
motor, the magnitude of its radial force is much lower
than when it comes to a cylindrical cylinder, as shown in
Fig. 9 (c) and Fig. 9 (d). As a result of the radial force dis-
tribution, a motor's sensitivity to mechanical load is also
determined. Motor performance is reduced as a result
of this spikiness. When radial forces are not distributed
evenly, the operation becomes imbalanced.

4.4 Characteristics of torque-speed

In all aspects of operation, PM-based machines are
advantageous, including their high value of peak torque,
their best dynamic response, and their low maintenance
requirements [31]. Three different operating conditions
of these motors are constant torque, fixed power, and
decreasing power. As shown in Fig. 10, all five rotor topol-
ogies have torque-speed characteristics under rated con-
ditions when termed as per unit (p.u.). Speed is varied
between 500 and 4000 RPM. At rated speed 1500 rpm,
each motor produces a different rated torque. For this anal-
ysis, per unit measurement is taken into account. A spoke
shape has a torque of 2.18321 Nm under rated conditions.
The per unit value of this motor is also higher than that of

" |—=Spoke Shape

+=Saturable Bridge
= V-shape
—Radial Shape
Vo = Segmented Bridge

0 0.5 1 15 2 2.5 3
Speed(p.u)

Fig. 10 Per unit value comparison of torque-speed characteristics of
IPMSM under different rotor topology

other motors. Other motors have already been mentioned
with torque under rated conditions. IPM rotors with radial
shapes have a wider speed range. Additionally, it has
a better torque-speed performance throughout the entire
speed range, compared to other types. With spoke types,
constant torque is given only up to the rated speed before
torque is reduced. Fig. 10 illustrates the nearly equal range
of speed and similar torque characteristics for PMSM
V-shape, u-shape, and segmented bridge rotors. When
dealing with constant torque situations, spoke shape [PM
motors have higher torque values. High speed causes sat-
uration level to reach faster, so that constant speed ranges
are higher than others.

As the rotor's magnetic field is suppressed, more
d-axis current can be utilized in the armature current,
and decreases the induced voltage. This widens the speed
range of the rotor. As illustrated in Fig. 11, the induced
phase voltage for all five topologies is plotted against the
current excitation angle at 1.6 A and 1500 rpm under tran-
sient conditions. Also, IPM motors with radial shapes have
the highest phase induced voltage, and those with spoke
shapes have the lowest.

FEA is used to determine the torque characteristics
of five types of PMSM rotors. A 2D transient analysis of
maximum torque and current excitation angle is shown in
Fig. 12. Compared with other topologies, torque for the
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Fig. 11 Characteristics of induced voltage per phase of all five rotor
topologies at base speed
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Fig. 12 Characteristics of electromagnetic torque (7, ) with respect to
excitation angle for all five IPMSM rotor topologies



radial topology is more dependent on excitation angle.
The characteristics of all motors decline as the angle
increases. At zero current exciting angles, torque reaches
its maximum value. During transient conditions, the volt-
age source leads by an angle @ . This prevents the torque
from convergent to zero at 90 degrees.

For all rotor topologies, induced phase voltage charac-
teristics are simulated under transient conditions and their
comparison is presented in Fig. 13 (a). Induced phase volt-
ages are equal for all rotor topologies except segmented
bridges. At the rated speed of each motor, induced phase
voltage is analyzed with FFT and presented in Fig. 13 (b).
There is a greater difference between odd harmonics and
even harmonics, and a fundamental component with the
V-shape rotor topology is the smallest.

4.5 Mechanical stress analysis

Mechanical stress analysis is necessary to determine the
distribution of mechanical stress over the rotor surface and
its total deviation under transient conditions at high speed.
Moreover, it gives a sense of the mechanical strength of
the rotor parts. A motor speed of 3000 rpm is considered
high in this paper. In addition to mechanical stress anal-
ysis, magnetostatic forces are also taken into account at
various parts of a machine. An analysis is conducted using
finite element analysis (FEA) to ensure the rotor integrity.
For five different rotor topologies rotating at three thou-
sand revolutions per minute at 20 °C, Fig. 14 shows the
simulated von Mises stress distributions.
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Fig. 13 Five topologies comparison by considering (a) Waveforms of
induced phase voltage; and (b) FFT spectra of the induced phase voltage

Naik et al. | 377
Period. Polytech. Elec. Eng. Comp. Sci., 68(4), pp. 367-380, 2024

(b)

(e)
Fig. 14 von Mises stress distributions in the rotor under 3000 rpm,
22 °C of (a) spoke shape; (b) saturable bridge; (c) V-shape; (d) radial
shape; (e) segmented bridge results from FEM simulation
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When designing a motor, the flux bridges, which are
buried beneath the permanent magnet on the rotor surface,
are the first factor to consider. It is important to achieve
sufficient magnetic saturation in the flux bridges before
designing them in a machine. By doing so, its magnetic
leakage flux will be minimized in the Rotor part. It is pos-
sible, however, to compromise the mechanical rigidity of
a bridge by reducing the width too much. Additionally,
the rotor surface does not have a uniform distribution of
mechanical stress. In the considered topologies, 4 por-
tions of the rotor are highly susceptible to high mechani-
cal stress distribution. These areas are:

1. the upper bridges between permanent magnet pocket

and rotor surface;

2. the lower section of rotor surface of placed PM;

3. the center bridge of PM in the rotor back iron; and

4. the inner edging surface part of rotor at the zone of

shaft diameter.

As shown in Table 5, maximum stresses and their cor-
responding deformations are calculated under the con-
ditions reported. In comparison with rest topologies, the
V-shape has the lowest concentration of von Mises stress
over the rotor surface. All five designs have one thing in
common: mechanical stress isn't uniformly distributed
across the surface of the rotor.

There is a variation based on specific regions. Fig. 14 (a)
illustrates a high value of stress at the upper edge of the
rotor in spoke shape. The rotor of a saturable bridge can
be seen in Fig. 14 (b). Among the centralized magnets,
the central bridge experienced the maximum von Misses
stress distribution. When a V-shaped rotor is designed,

Table 5 Details of mechanical stress distribution and total displacement
under high speed condition

Rotor of topology von Mises stress Deformation

Spoke shape 461.97 MPa 0.0377 mm
Saturable bridge 2185.30 MPa 1.7309 mm
V-shape 110.33 MPa 0.0095 mm
Radial shape 232.15 MPa 0.0211 mm
Segmented bridge 6847.80 MPa 4.1027 mm
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