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Abstract: Obtaining an optimal motor design is not always a simple task, considering that
it involves designing a model with many interrelated parameters, where each modification
significantly affects the motor’s performance characteristics. This paper analyses numerous
synchronous motor models with embedded magnets of spoke-type, obtained by varying
several parameters (magnets and motor length, magnets width, and number of conductors
per slot) within defined limits in a software module optimetric analysis. Each combination
of these varied parameters results in a different motor model with corresponding perfor-
mance characteristics. From the obtained models, the best solutions are identified, i.e.,
combinations of parameters that result in high efficiency while simultaneously minimiz-
ing the consumption of magnetic material and reducing cogging torque. The conducted
analysis revealed that there is more than one model that can be considered as optimal,
especially when considering multiple objectives, such as high efficiency, low magnetic
material consumption, reduced dimensions, and low cogging torque. The application
of optimetric analysis also enables the execution of a sensitivity analysis, examining the
impact of each varied parameter on the corresponding objective function. The presented
methodology offers the designer a range of solutions that can be identified as optimal,
providing greater flexibility in the construction of appropriate prototypes.

Keywords: permanent magnet synchronous motor; efficiency; cogging torque; optimal design

1. Introduction

The advancement of material technology has significantly contributed to the develop-
ment of synchronous motors, which have emerged as a superior alternative to induction
squirrel cage motors that dominated the industry for decades. While three-phase squirrel
cage motors are known for their simple design and robust operation, they have inher-
ent drawbacks due to their operating principles, including lower efficiency, poor power
factor, and high material consumption. Additionally, achieving higher efficiency with
these motors requires increased size, yet their efficiency still remains lower compared to
that of synchronous motors. Synchronous motors, on the other hand, are widely adopted
across various industries due to their high efficiency, constant speed, and precise control [1].
They are commonly used in industrial applications such as compressors, pumps, fans, and
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conveyor systems, where maintaining a consistent speed is crucial. Another key application
is in electric vehicles (EVs), where they serve as a core component of electric and hybrid
drivetrains, offering superior energy efficiency and enhanced regenerative breaking. The
motor designer often faces challenges in achieving the optimal design that meets specific
operational requirements, such as high efficiency, while also minimizing production costs
and material consumption. This task becomes even more challenging for synchronous
motors with magnets in the rotor instead of windings, as rare earth magnets—commonly
used in designs with embedded magnets in the rotor—are expensive and have limited
availability. Motor design is a complex, multivariable problem where numerous parameters
influence operating characteristics. Often, enhancing one characteristic may negatively
impact another due to changes in one or more design parameters. Finding the optimal
combination of these parameters can be a time-consuming process, and achieving the
best balance between cost and performance is not always possible. The development of
software tools enables the calculation of numerous motor models by defining variation
boundaries for selected parameters while simultaneously computing key operating charac-
teristics. The choice of parameters to vary and the performance characteristics to evaluate is
guided by the designer’s experience and the specific motor application. With the growing
importance of synchronous motors over the past decade—driven by their high efficiency
and favourable power factor—many manufacturers have responded to the strict EU ef-
ficiency regulations by adopting a simple redesign approach. This involves converting
asynchronous squirrel cage motors into synchronous motors by replacing only the squirrel
cage rotor with a permanent magnet rotor. It is important to analyze the optimal and most
cost-effective approach to this redesign, ensuring that modifications to the remaining motor
components—such as motor length or the number of turns in the stator winding—are
minimal and practical.

In this paper, a spoke-type synchronous motor is designed based on an asynchronous
squirrel cage motor, incorporating rare-earth magnets on the rotor. The study aims to
explore various motor models derived from different combinations of design parameters,
varied within predefined boundaries. By presenting several motor models out of many
possible variations, this study highlights the importance of carefully selecting design
parameter values. Each parameter significantly influences motor performance, and the
resulting output characteristics can vary within a wide range, ultimately affecting the
motor’s application and operating conditions.

The spoke-type IPMSM was derived from a 2.2 kW, 1410 rpm three-phase asyn-
chronous motor, a product of the company Koncar (Zagreb, Croatia), by replacing the
rotor. Replacing the rotor of the asynchronous motor with a permanent magnet rotor is a
technique widely adopted by many manufacturers due to its lower production costs and
the simplicity of modifying existing rotors. Ansys software, 17.1 along with its optimetric
module, was used to create two parametric models of the motor. In the first model, three
parameters were varied: magnet thickness, magnet length, and the number of conductors
per slot. In the second model, an additional parameter—motor length—was included.
The combinations of these four varied parameters resulted in numerous models, from
which the most optimal solution was identified based on high efficiency, low cogging
torque, and reduced consumption of permanent magnets. The analysis of these models
and their comparison with the asynchronous motor revealed that the second model, with
various combinations of the four parameters, outperformed the first model in terms of
smaller dimensions, lower consumption of permanent magnets, higher efficiency, and
reduced cogging torque. This model also showed superior performance compared to the
best results from the parametric analysis of the first model as well as of the asynchronous
motor. Although motor design is a challenging task, often requiring a compromise between
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cost and performance, the presented analysis highlights that a careful evaluation of each
combination of critical design parameters and their impact on the design objectives can
lead to promising solutions that address multiple design goals simultaneously.

The paper is structured as follows: Section 2 provides a literature review, presenting
relevant references on the analyzed topic. Section 3 outlines the methodology used to
develop the optimetric models. Section 4 presents the results of the optimetric analysis,
highlighting comparisons between selected designs from the first and second optimetric
models. Finally, Section 5 discusses the results and analyses the impact of each varied
parameter on the selected optimal design, leading to relevant conclusions. Section 6
provides concluding remarks based on the presented analysis, highlighting the advantages
and drawbacks of the proposed methodology. Additionally, it suggests possible directions
for future research.

2. Literature Review

The spoke-type synchronous permanent magnet motor is well known for its flux
concentration properties, which enable the use of ferrite magnets by generating higher flux
densities in the air gap and achieving greater torque density. Unlike rare earth magnets,
ferrite magnets are inexpensive and widely available but have significantly lower rema-
nence (Br), coercivity (Hc), and energy product (BHmax) compared to rare earth magnets.
The research in [2] found that the type of stator winding, along with the use of ferrite
magnets, has a significant impact on motor performance. In particular, a high number of
stator turns are required in a permanent magnet synchronous motor (PMSM) with ferrite
magnets to achieve optimal performance [2]. The position of the magnets in the rotor also
significantly affects motor performance. In [3], two different rotor topologies—one with
surface-mounted magnets and the other with embedded magnets—are analyzed. The study
found that for electric vehicle compressors, the motor with surface-mounted magnets offers
higher efficiency compared to the motor with embedded magnets. However, the motor
with embedded magnets requires less permanent magnet material, making it more resource
efficient. The impact of various geometric parameters, such as magnet dimensions, ma-
chine diameter, stator tooth height, and the number of poles, has been analyzed to compare
overall torque, power, and torque ripple. This analysis helps identify the optimal design
parameters and their respective ranges [4]. Additionally, the influence of mechanical design
on motor operation and the reduction in mechanical stress is examined in [5,6]. Further-
more, the analogy between the electrical equivalents of mechanical equations is established,
and the mechanical parameters of a PMSM are expressed as electrical circuit elements in [7].
The performance of an interior permanent magnet synchronous motor (IPMSM) can be
optimized by considering multiple operating parameters—such as high efficiency, low
cogging torque, and low harmonic content—as a multi-objective optimization problem,
aided by genetic algorithms [8]. A parametric analysis, involving variations in stator slot
dimensions and magnet sizes, has been conducted for an IPMSM with V-shaped magnets
embedded in the rotor, aiming to enhance efficiency and reduce material consumption [9].
High temperatures hinder optimal motor performance in high-speed applications. The
optimization of the cooling system, designed to reduce the maximum temperature of an
IPMSM, is presented in [10]. This system consists of heat pipes, aluminum fins, and potting
material installed in the end winding. Several studies have explored efficiency optimization
for IPMSMs using different approaches. In [11], one approach assumes that variations in
the g-component of the stator current have a negligible effect on the stator flux. Based on
this assumption, IPMSM losses are categorized into load-dependent and load-independent
losses. By properly balancing these losses—ensuring they are equal in a steady state—total
losses are minimized, leading to improved efficiency. The minimization of iron losses
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through the design of magnets, slot geometry, and the number of poles is presented in [12],
while the impact of magnet type on motor efficiency is discussed in [13]. The loss and effi-
ciency characteristics of the surface permanent magnet synchronous motor (SPMSM) and
IPMSM machines are comprehensively compared in [14], especially considering the driving
cycle for the EV. According to [14], an IPMSM with V-type rare-earth magnets embedded
in the rotor exhibits superior overload and torque capability while achieving the highest
driving cycle efficiency. Apart from efficiency, smooth motor operation at various speeds is
equally important, especially in low-speed applications. Cogging torque, also known as
“no-current” or detent torque, arises from the interaction between the motor’s permanent
magnets and stator slots. At high speeds, its effect diminishes due to the motor’s moment of
inertia. However, in the operation of synchronous motors, cogging torque and its effects are
undesirable. In [15], it was found that rotor configuration significantly impacts flux density
distribution, affecting both the magnitude and frequency of torque ripple. According to [15],
configurations with embedded magnets exhibit higher torque ripple, which can lead to
increased noise and vibrations. In contrast, motors with inset magnets demonstrate lower
vibrations and smoother torque output. The effect of cogging torque is more pronounced
in two-phase PMSMs. As demonstrated in [16], cogging torque depends on the dimensions
and geometry of the magnet placement in two-phase synchronous motors. The reduction
in cogging torque, as demonstrated in [17], can be achieved through techniques such as
tapering skew angles, inserting asymmetric air holes, and adding steel plates into barriers
and bridges for IPMSMs with V-shaped magnets. Unlike the frequently analyzed IPMSM
with embedded V-shaped magnets, the spoke-type IPMSM has not been as thoroughly
explored. Only a few publications address issues such as efficiency optimization, cogging
torque reduction, or permanent magnet reduction in spoke-type IPMSMs. The spoke-
type IPMSM offers good flux-weakening capability and high-power density. It enhances
the utilization of ferrite magnets, although their commercial application is limited due
to low remanent magnetization and relatively lower intrinsic coercivity. The spoke-type
permanent magnet topology enables magnetic flux concentration in the rotor, resulting
in higher magnetic flux density in the air gap and increased torque density [18]. Three
cogging torque reduction techniques for spoke-type IPMSMs were implemented in [19]:
rotor skewing, notching, and pole pairing. The first two techniques lead to more complex
designs and higher production costs. The mechanical strength of spoke-type permanent
magnet rotors can be improved by wedges and flux barriers along with improvements in
air gap flux density waveform, back EMF waveform, and output torque [20]. The design
of the spoke-type synchronous motor with ferrite magnets and concentrated winding can
be improved by the modification of the rotor into a flared-shape structure with several
C-shaped ferrite magnets arranged in a flared shape in the rotor. The flared-shape structure
of the ferrite magnets maximizes the utilization of the ferrite magnets in the rotor core but
also improves efficiency and reduces the cogging torque [21]. The use of ferrite magnets
and their potential to reduce rare-earth magnets by modifying rotor design and adding
permanent magnets to the ferrite magnets in the hybrid structure was analyzed in [22].
The application of a spoke-type synchronous generator for driving low-capacity wind
turbines was explored in [23], where an asymmetric rotor barrier design was proposed
to reduce cogging torque. This paper addresses several design parameters and operating
characteristics of the spoke-type synchronous motor with rare-earth magnets, including
efficiency, cogging torque, and magnet weight. The goal is to achieve high efficiency,
low cogging torque, reduced magnet mass, and good overloading capability, ultimately
increasing the maximum output power. This is achieved through simple modifications to
the motor design, such as selecting the optimal combination of magnet length and width,
motor length, and the number of conductors per slot. The paper illustrates that through
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these simple design modifications to the synchronous motor, significant improvements
can be achieved in terms of operating efficiency and reduced cogging torque, along with a
decrease in the mass of rare-earth permanent magnets, ultimately contributing to lower
production costs.

3. Parametric Models

A three-phase asynchronous squirrel-cage motor, 2.2 kW, 1410 rpm, produced by
Koncar, was modelled in Ansys software 17.1 with satisfactory accuracy when compared
to the available data from the manufacturer [24,25]. In modelling the spoke-type IPMSM,
the stator of the asynchronous motor remains unchanged, while the rotor with the squirrel
cage winding is replaced with a spoke-type permanent magnet rotor. The stator winding
is a distributed winding, and samarium—cobalt magnets are used in the rotor. The motor
dimensions remain the same as those of the asynchronous motor, apart from the motor
length. Figure 1 presents the cross-section of both motors.

Figure 1. Motor’s cross-section (a) asynchronous motor (b) spoke-type synchronous motor.

Mathematical model of an IPMSM consists of the equation of voltage balance (1), the
equations of flux linkage (2-3), and the torque Equation (4) [11].

Usg _ Rs 0 ) Z'sd + i Faa +w, 0 -1 ) Fsa )

Usg 0 Rel| |isg|  dt |¥sg 10| |¥sy
Yoa = Laisa + ¥Yrm 2
‘Psq = Lqisq (3)

3 . ..
mep = §P (¥ pumisq (Lg — Ly)isgisq] 4)
The torque balance equation is
dw

J d_tr = Mg — 1M ®)

where w; is the electrical angular speed, R; is the stator resistance, L, is direct axis stator
inductance, L, is a quadrature axis stator inductance, ¥pys is the permanent magnet flux,
] is the inertia, and m; is the load torque. The expression for torque (4) contains both
synchronous and reluctant components. According to the available data from Ansys
software 17.1, the core losses are calculated according to

Prg = ki, f B2, + ke fB2, + ke f-°BL3 (6)



Machines 2025, 13, 375

6 of 22

By, is the amplitude of AC flux component, f is the frequency, k, is the hysteresis
core loss coefficient, k, is the eddy current core loss coefficient, and k, is the excess core
loss coefficient.

The copper losses are calculated at operating temperature of 75 °C, considering
the value of the stator winding resistance at an operating temperature of 75 °C in
accordance with )

Py = 3R I (7)

R; is the phase resistance of the stator winding at operating temperature. I is the
stator winding phase current.

The output mechanical power P; is

Py=D - (PPE + Peu + wa) ®)

Py is the input electrical power and Py, are the friction and windage losses. In further
analysis, they are adopted to be 1% of the motor output mechanical power.
The efficiency can be found from

1= (P2/P1)-100 (%) )

The power factor cos¢ can be found from

cosp =P/ (\@-Urll) (10)

where U] is the line voltage and I; is the line current. In further analysis, the motor operates
in a star connection of the stator winding with a supply voltage of 380 V.

An optimetric analysis, where multiple parameters are varied simultaneously within
prescribed limits, is adopted for the analysis of the synchronous motor. Two models
are created through this approach. In Model M1, magnet thickness (MT), magnet width
(MW), and the number of conductors per slot (CPS) are varied, resulting in 3542 param-
eter combinations, with each combination representing a different motor. From these
3542 combinations, six motors were selected based on efficiency—specifically, those with
the highest and lowest efficiency—to illustrate the impact of parameter variations on key
design objectives: high efficiency, low cogging torque, and material consumption. The
maximum output power of the motors was also considered during the selection of models.
In the second model, referred to as model M2, motor length (ML) was added as the fourth
varied parameter. This model resulted in 16,698 parameter combinations. Among these
16698 combinations, four combinations were identified as optimal, achieving the highest
efficiency, low cogging torque, reduced permanent magnet consumption, and good over-
loading capability. However, the selection of these four models is performed based on the
highest efficiency as the main criteria. The ranges of variation in motor parameters are
presented in Table 1.

Table 1. Ranges of variation in motor parameters for models M1 and M2.

Parameter M1 M2 Step
CPS (/) 80 =~ 100 80 + 85 1
MT (mm) 3+52 3+52 0.1
MW (mm) 20 =30 20 =30 1
ML (mm) / 90 = 100 1

One combination of parameters from model M2 was identified as the most optimal
solution, outperforming all other parameter combinations and motor models based on
the highest efficiency as decisive criteria. The parameters from this model—namely, the
number of conductors per slot (CPS), magnet thickness (MT), magnet width (MW), and
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motor length (ML)—are applied to the model of the asynchronous motor, referred to as the
model AM. Finally, a comparison between the selected optimal model and AM is conducted,
highlighting the advantages of synchronous motors, particularly of the selected motor from
model M2, as a cost-effective solution with reduced permanent magnet material, smaller
dimensions, and lower overall material consumption, while maintaining high efficiency,
low cogging torque, and good maximum output power.

4. Results

The optimetric analysis is applied to two optimization scenarios for the IPMSM. In
the first model, three parameters—magnet length, magnet width, and the number of
conductors per slot—are varied within the boundaries defined in Table 1. The motor’s op-
erating characteristics are calculated for each combination of these parameters, resulting in
3542 unique configurations, each with its corresponding performance metrics. From these
3542 combinations, six motors are selected, exhibiting significant variations in efficiency,
maximum output power, cogging torque, and magnet material consumption. The motor
selections presented in Table 2 are based on efficiency, which serves as the key criterion.
To highlight the importance of properly combining the varied parameters, we present the
models with the highest and lowest efficiency. These models were selected based on the
designer’s experience, as the parametric analysis generates many motor configurations
by exploring all possible parameter combinations. The designer determines which output
performance metrics to extract from the calculations in the optimetric analysis module
within Ansys 17.1. For this study, the selected outputs include efficiency, cogging torque,
maximum output power, magnet mass, and line current. Among these five output char-
acteristics, the highest efficiency and the lowest efficiency is the criteria for selecting the
motors in Table 2. These parameters enable the designer to assess the relative importance
of each characteristic based on the specific application requirements. Consequently, the
designer can either identify the optimal motor configurations or make informed trade-offs
between competing performance metrics, as enhancements in one parameter (e.g., effi-
ciency) may adversely impact others (e.g., cogging torque or magnet weight). The data
presented in Table 2 for all motor models correspond to the rated operating conditions:
a rated speed of 1500 rpm, rated load, supply voltage of 380 V, frequency of 50 Hz, and
an operating temperature of 75 °C. The operating temperature is considered when calcu-
lating stator winding resistance and copper losses. All motors utilize rare-earth SmCo28
magnets, characterized by a residual flux density of Br = 1.038 T and a coercive field of
Hc = —820,000 A/mH. The selected models, referred to as M1-1 to M1-6, along with their
key operating parameters, are presented in Table 2.

The results presented in Table 2 indicate that the operating characteristics of the motors
vary significantly depending on the design parameters. For example, efficiency ranges from
91.13% to 94.6%, influenced by magnet dimensions and the number of conductors per slot.
This highlights the importance of careful parameter selection during the design process, as
even small changes can lead to substantial differences in performance. For comparison, the
Toshiba internal permanent magnet synchronous motor (IPMSM), rated at 2.2 kW, six poles,
1800 rpm, with frame size 100L and a rated current of 3.65 A, achieves an efficiency of
92.5% [26]. This motor is comparable to model M1-4. Since all motors presented in Table 2
are derived from a common computational model—where only the magnet dimensions
and the number of conductors per slot are varied—the results generated using Ansys
software 17.1 can be considered sufficiently accurate for assessing and comparing motor
performance across different design configurations.
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Table 2. Models M1-1 to M1-6 and their operating parameters.
Parameter Mi1-1 M1-2 M1-3 M1-4 M1-5 M1-6
CPS (/) 80 80 81 87 91 93
MT (mm) 3 4.3 5 52 51 52
MW (mm) 20 20 20 29 30 30
Motor length (mm) 100 100 100 100 100 100
Rated voltage (V) 380 380 380 380 380 380
Output power (W) 2200 2200 2200 2200 2200 2200
Input power (W) 2325.8 2322.48 2322.97 2378 2389.9 2412.64
Stator winding phase resistance at 75 °C () 1.91 1.91 1.93 2.32 243 2.79
Line/phase current (A) 3.67 3.52 349 3.79 39 3.99
Copper losses (W) 76.85 71 70.65 100.23 111.2 133.78
Core losses (W) 26.81 30.2 314 56.16 57.9 58.14
Friction and windage losses (W) 22 22 22 22 22 22
Efficiency (%) 94.6 94.7 94.66 92.5 92 91.13
Maximum output power (W) 3913 5288 5879 6868 6563 6346
Cogging torque (Nm) 0.519 0.574 0.599 1.07 1.11 1.11
Permanent magnet weight (kg) 0.199 0.286 0.332 0.5 0.51 0.52
Power factor (/) 0.95 0.99 0.99 0.93 0.91 0.89
Torque angle (degree) 77.1 67.7 64.5 49.2 47 46.8

The data presented in Table 2 are supported by Figure 2, which comparatively illus-
trate the characteristics of efficiency, cogging torque, and line current for motors M1-1 to
M1-6, respectively.

Motor length was added as the fourth varied parameter, in addition to the three
previously mentioned, resulting in 16,698 unique motor configurations. Four motors were
selected based on their highest efficiency. The selected models, referred to as M2-1 to
M2-4, along with their operating parameters, are presented in Table 3. To illustrate the
influence of the four varied design parameters on motor operating characteristics, model
M2-5—selected for having the lowest efficiency of 92.5%—is included in Table 3. However,
this model is not further analyzed in the paper due to its relatively high cogging torque and
large permanent magnet mass, which render it less favourable for practical implementation.
The data presented in Table 3 for all models correspond to the rated operating conditions: a
rated speed of 1500 rpm, rated load, a supply voltage of 380 V, a frequency of 50 Hz, and
an operating temperature of 75 °C. The operating temperature of 75 °C is considered in
calculating the stator winding resistance and copper losses. All motors use rare-earth magnets,
SmCo28, with residual flux density Br = 1.038T and coercive field Hc = —820,000 A/m.

The data presented in Table 3 are supported by Figure 3, which comparatively illus-
trate the characteristics of efficiency, cogging torque, and line current for motors M2-1 to
M2-4, respectively.

Based on the analysis of all the models presented in Tables 2 and 3, and considering
the operating parameters such as high efficiency, low cogging torque, minimal permanent
magnet material consumption, and good maximum output power, the motor M1-2 from
the first model in Table 2 is selected as the optimal solution.

From the second model presented in Table 3, two candidates—M2-2 and M2-4—are
considered for the optimal solution. The M2-2 motor exhibits low permanent magnet
consumption, relatively high efficiency, and low cogging torque. However, its drawback is
a relatively low maximum output power. Similar analysis is valid for the M2-1 motor.
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Figure 2. Comparative characteristics of models M1-1 to M1-6.

Table 3. Models M2-1 to M1-5 and their operating parameters.

Parameter M2-1 M2-2 M2-3 M2-4 M2-5
CPS (/) 80 81 81 80 85
MT (mm) 3 3.3 3.8 47 52
MW (mm) 20 21 20 20 30
Rated voltage (V) 380 380 380 380 380
Motor length (mm) 90 90 90 90 100
Output power (W) 2200 2200 2200 2200 2200
Input power (W) 2323 2323 2321 2318.2 2376.5
Stator winding resistance () 1.82 1.84 1.84 1.82 2.27
Line/phase current (A) 3.76 3.65 3.6 3.57 3.79
Copper losses (W) 771 73.6 72.6 69.3 98.1
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Table 3. Cont.

Parameter M2-1 M2-2 M2-3 M2-4 M2-5
Core losses (W) 241 27.5 26.2 27.8 58.1
Friction and windage losses (W) 22 22 22 22 22
Efficiency (%) 94.7 94.7 94.8 94.86 925
Maximum output power (W) 4068 4451 4875 5903 7220
Cogging torque (Nm) 0.47 0.53 0.49 0.53 1.1
Permanent magnet weight (kg) 0.18 0.2 0.22 0.28 0.52
Power factor (/) 0.93 0.96 0.96 0.98 0.93
Torque angle (degree) 78 74 72.4 67.8 46.5
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Figure 3. Comparative characteristics of models M2-1 to M2-4.

Therefore, considering the highest efficiency, good maximum output power, the lowest
cogging torque, and relatively low permanent magnet consumption, the M2-4 motor is



Machines 2025, 13, 375

11 0f22

selected as the most optimal candidate. For the M2-4 motor, the flux density distribution in
the air gap is presented in Figure 4.

0.60 —--

0.40 3

Air-Gap Flux Density

0204}

Flux Density (T)

& o o

S N o

o o o
Il L

-0.60 1

0.00 375.00

1%\5w'pgap Position (elec. degzrgg's?u
Figure 4. Air gap flux density distribution at M2-4.

The M2-4 design is analyzed using finite element analysis (FEA) to determine the
magnetic flux density distribution in the motor cross-section. Over the years, FEA has
proven to be a valuable tool in machine design, enabling the detection of areas within the
ferromagnetic core that are prone to saturation. This helps identify weak points in the

motor construction and contributes to the overall improvement of machine design. Figure 5
presents the flux density distribution in the cross-section of the M2-4 motor.
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Figure 5. Flux density distribution at M2-4.

The developed output power is presented in Figure 6 to illustrate the maximum power
that can be generated by this motor model.

The spoke-type permanent magnet synchronous motor is derived from an asyn-
chronous motor by replacing the rotor while keeping the rest of the construction unchanged.
The derived M2-4 synchronous motor model, with a shortened length, is compared to the
original asynchronous squirrel cage motor, which has a length of 110 mm.

Additionally, the asynchronous motor model, referred to as the model AM, is compared
with the manufacturer’s catalogue data, i.e., motor type ESAZ 100LA-4 of IE2 class. Notably,
the same number of conductors per slot is used in both the synchronous and asynchronous
motors. The only difference between them, aside from the rotor construction—where the
squirrel cage winding is replaced with permanent magnets—is the machine length.
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Figure 6. Output power of M2-2 model.

Table 4 presents a comparison of the operating parameters of M2-4, AM, and the
manufacturer’s data.

Table 4. Comparison of M2-4, AM, and E5AZ 100LA-4.

Parameter AM E5AZ 100LA-4 M2-4
Speed (rpm) 1461 1435 1500
Output power (W) 2200 2200 2200
Efficiency 100 (%) 84.4 84.3 94.86
Efficiency 75 (%) 83 83.9 /
Efficiency 50 (%) 79.5 81.5 /
Power factor (/) 0.77 0.72 0.98
Line current (A) 5 5.2 3.6
Rated torque (Nm) 144 14.7 14
Break-down torque ratio: 4.4 3.7 /
Locked-rotor torque (N.m): 33 34 /
Locked-rotor current ratio: 8.5 6 /

The operating characteristics of the model AM, including efficiency versus motor
output power, torque versus speed, and power factor versus output power, are shown in
Figure 7. This figure supports the data presented in Table 4, providing a visual representa-
tion of the motor’s performance. The model of the asynchronous motor and its comparison
with the catalogue data provides verification of the created models, i.e., their similarity
with the physical machine.

Furthermore, finite element analysis (FEA) is performed on the AM model, and
the resulting magnetic flux density distribution in the motor’s cross-section is shown in
Figure 8. The latter serves as the basis for comparing the designs of both the asynchronous
and synchronous motors.
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5. Discussion

Limited energy resources highlight the need for efficient electricity usage. Electric motors
are among the largest consumers of electricity, making their continuous improvement—focusing
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on higher efficiency and reduced losses—essential for energy savings. According to the
existing EU regulations, all motors that are in operation in the EU must achieve a cer-
tain efficiency class. IE3 efficiency class is mandatory for all three-phase motors between
0.74 kW and 1000 kW. From July 2023, IE4 class is mandatory for motors between 75 kW
and 200 kW [27]. These strict requirements present new challenges for motor designers; for
example, improving one operating parameter—such as efficiency—can often negatively im-
pact others, such as overloading capability or cogging torque. Moreover, higher efficiency
is often associated with increased production costs due to larger dimensions or the use
of higher-quality materials. Three-phase asynchronous squirrel cage motors are the most
widely used in electrical drives due to their simplicity, low production costs, and minimal
maintenance requirements. However, achieving higher efficiency classes, as required by EU
regulations, with this type of motor comes with increased production costs. This is because
improving efficiency often necessitates larger motor dimensions and an increased number
of conductors in the stator slots, requiring more high-quality materials with low specific
losses. Additionally, it may involve replacing the aluminum squirrel cage winding in the
rotor with a copper one. On the other hand, synchronous permanent magnet motors offer
high efficiency, making it easier to achieve IE3 and IE4 efficiency classes due to their operat-
ing principle. Unlike asynchronous motors, they have no rotor winding, as it is replaced by
a permanent magnet. This eliminates induced voltage and, consequently, copper losses
in the rotor winding, further enhancing efficiency. Advancements in power electronics
have solved the issue of starting synchronous motors, which are not inherently self-starting
and require an inverter for operation. Synchronous motors with embedded magnets in
the rotor are available in various configurations, distinguished by the position and shape
of the magnets within the rotor core. The spoke-type synchronous permanent magnet
motor is known for its excellent flux-concentrating capabilities. In this design, the magnets
are inserted into the rotor in a radial direction. This type of interior permanent magnet
synchronous motor (IPMSM) can be used with ferrite magnets, which are rarely used in
permanent magnet motor applications due to their low remanent magnetism, making it
challenging to achieve high torque densities. The spoke-type topology generates higher
flux densities in the air gap and achieves greater torque density compared to other topolo-
gies using ferrite permanent magnets [18]. Simple design modifications in spoke-type
synchronous permanent magnet motors can reduce the weight of the permanent magnets,
making the design more cost-effective, even when using rare-earth magnets. The first motor
model incorporates three varying parameters related to the dimensions of the permanent
magnets (length and width) and the stator winding parameters, specifically the number of
conductors per stator slot. According to the results in Table 2, different combinations of
these parameters enable a wide range of motor designs, each with significantly different
operating characteristics. The M1-1 motor has the lowest permanent magnet weight but
also lower maximum output power. However, it exhibits the smallest cogging torque
among all the motors presented in Table 2. Cogging torque can be a significant drawback
in permanent magnet motors with embedded magnets, particularly in applications requir-
ing smooth operation, such as electromobility, where it can cause noise and vibrations
during motor operation. According to [28], torque ripple in the machine originates from
three sources:

- Theinteraction between the permanent magnet flux and the varying air gap permeance
caused by the stator slot geometry;

- Distortions in the sinusoidal or trapezoidal distribution of magnet flux density in the
air gap;

- Differences in air gap permeance along the d- and g-axes.

The cogging torque is independent of the stator load and its frequency is
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Z
=— (11)

fe=7
where Z; is the number of stator slots, p is the pair of poles, and f is the supply frequency.
Neglecting the energy stored in the ferromagnetic core the cogging torque can be expressed
as [28]: _ aw _ Dagut AW
ae 2 dx

where 6 = 2x/Dy,,;, where Dy,,;; is the rotor outer diameter, 6 is the mechanical angle, W is

T. (12)

the energy stored in the air gap, and x is the air gap length.

There are several methods to reduce cogging torque, including skewing and shifting
permanent magnets, modifying stator slot shapes (e.g., closed and bifurcated slots, dummy
slots), selecting an optimal number of stator slots and pole pairs, and skewing the stator
slots. However, these design modifications increase motor construction complexity, as
they require redesigning the stator core, new laminations, additional labour for mounting
the stator winding into closed slots, and extra materials for closing the slots with magnet
wedges. Additionally, skewing stator slots or rotor magnets increases both costs and
design complexity. The design analysis in this paper begins with a 2.2 kW asynchronous
squirrel cage motor, with the goal of redesigning it into a synchronous motor while making
minimal modifications, particularly by retaining the same stator lamination. The redesign
primarily focuses on the rotor, minimizing modifications as much as possible. As a result,
the M1-1 to M1-3 motors achieve low cogging torque, high efficiency, and reduced magnet
weight with only minor changes to the rotor design. In contrast, the M1-4 to M1-6 motors
have lower efficiency but offer excellent maximum output power, a higher permanent
magnet weight, and relatively high cogging torque. According to [19], cogging torque
should not exceed 10% of the average torque. All motors presented in Table 2 meet this
criterion. However, these motors differ significantly in terms of efficiency, overloading
capability, and permanent magnet weight. The M1-2 motor is selected as the best candidate
among those presented in Table 2, as it represents a reasonable compromise between high
efficiency, good overloading capability, and relatively low magnet weight and cogging
torque. The drawback of the M1-1 motor is its poor maximum output power, while the M1-
3 motor has a larger magnet weight than the M1-2 motor. According to [29], a synchronous
motor with permanent magnets can outperform an asynchronous motor, even with a
shorter length. The second motor model is computed by adding the motor length as the
fourth variable, resulting in the motors presented in Table 3. These motors are the most
successful candidates from all obtained combinations in terms of efficiency, along with
the other previously mentioned operating characteristics. Although the M2-1 motor has
the smallest permanent magnet weight and cogging torque, it has low maximum output
power and, therefore, cannot be considered the optimal design. Motors M2-2 to M2-4 offer
high efficiency, good maximum output power, low permanent magnet consumption, and
relatively low cogging torque. Evaluating overall motor performance, it can be concluded
that the M2-4 motor offers the greatest overloading capability, along with the highest
efficiency and power factor. The cogging torque is 0.53 Nm, which is 3.8% of the rated
torque. Although the M2-4 motor has the largest permanent magnet weight among all the
motors presented in Table 3, its other operating characteristics outperform the remaining
three motors. Therefore, the M2-4 motor is selected as the most optimal solution among
those presented in Table 3. However, it is interesting to compare the selected motors as the
most optimal designs from both models, i.e., from Tables 2 and 3, the M1-2 motor and the
M2-4 motor. This comparison is presented in Table 5.
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Table 5. M1-2 and M2-4 and their operating parameters.

Parameter M1-2 M2-4

CPS (/) 80 80

MT (mm) 43 47

MW (mm) 20 20

Motor length-ML (mm) 100 90
Output power (W) 2200 2200
Efficiency (%) 94.7 94.86
Maximum output power (W) 5288 5903
Cogging torque (Nm) 0.574 0.53
Permanent magnet weight (kg) 0.286 0.28
Power factor (/) 0.99 0.98

Line current (A) 3.5 3.6
Torque angle (degree) 67.7 67.8

The M2-4 motor is superior in terms of efficiency, maximum output power, and cogging
torque when compared with the M1-2 motor. Both motors have nearly the same permanent
magnet consumption and almost identical power factors. Additionally, the M2-4 motor has
a reduced length, meaning it has smaller dimensions and less core material. Therefore, the
M2-4 motor is selected as the most optimal design, pending further evaluation through
FEA and sensitivity analysis. Motor M2-4 was selected based on efficiency as the primary
performance criterion. To enable a comparative assessment, the motor was also optimized
using genetic algorithms (GAs), with efficiency defined as the objective function. The
results from the GA-based optimization are compared against those obtained from the
optimetric analysis. To ensure the results from the GA optimization are comparable with
those from the optimetric analysis, the same parameter variation ranges were used for the
four variables—CPS, ML, MT, and MW—as defined in Table 1. The model obtained from
the GA optimization is referred to as M-GA. Similarly, using the same parameter variation
ranges as in the GA optimization, sequential nonlinear programming (SNP) was applied
with efficiency as the objective function, yielding a second optimized model, referred to
as M-SNP. A comparison of the three motors—M2-4, M-GA, and M-SNP—is presented in
Table 6. The results indicate a high degree of similarity among the optimization methods:
the M2-4 motor achieves an efficiency of 94.86%, the M-SNP motor 94.87%, and the M-GA
motor 94.78%.

The optimization methods applied in this study—genetic algorithms (GAs) and se-
quential nonlinear programming (SNP)—utilize a single objective function: efficiency. As a
result, the optimal model obtained through SNP achieves the highest efficiency among all
three models. However, this comes at the cost of a slight increase in cogging torque and
permanent magnet mass compared to the M2-4 and M-GA models. The model obtained
through GA optimization utilizes optimal values for CPS, MT, MW, and ML, which need to
be approximated to practical, rounded values for prototype manufacturing. This round-
ing may lead to deviations from the original optimization results. Future research could
focus on the application of multi-objective optimization techniques to identify optimal
designs that balance multiple objectives—such as maximizing efficiency while minimizing
magnet mass and cogging torque. The results presented in Table 6 validate the selected
optimal design of the spoke-type permanent magnet synchronous motor, obtained through
optimetric analysis (parametric modelling), as sufficiently accurate. Figure 9 shows the
maximum output power for the M-GA and M-SNP models, with noticeable differences
in their respective values. These variations are clearly depicted in the figure. The results
presented in Figure 9 are consistent with the data provided in Table 6.
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Table 6. M2-4, M-Ga, and M-SNP and their operating parameters.
Parameter M-GA M-SNP M2-4
CPS (/) 82.85 80.28 80
MT (mm) 4472 52 47
MW (mm) 20.19 20 20
Motor length-ML (mm) 90.31 90 90
Output power (W) 2200 2200 2200
Efficiency (%) 94.79 94.87 94.86
Maximum output power (W) 5506 6401 5903
Cogging torque (Nm) 0.53 0.546 0.53
Permanent magnet weight (kg) 0.27 0.31 0.28
Power factor (/) 0.98 0.98 0.98
Line current (A) 3.55 3.54 3.6
Torque angle (degree) 68.5 65.8 67.8
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Figure 9. Output power of M-GA and M-SNP.

However, a limitation of the optimetric approach is its heavy reliance on the designer’s
judgement in selecting the optimal design. This is due to the large number of possible
parameter combinations—e.g., with four varied parameters, there are 16,698 possible
configurations—requiring careful evaluation of a vast design space. Selecting the optimal
design can be a time-consuming task, heavily influenced by the designer’s experience and
the thoroughness with which the results are analyzed.

The impact of each varied parameter on efficiency and cogging torque is analyzed by
varying only one parameter while keeping the remaining three equal to the values given
in Table 3. For instance, Figure 10a shows the M2-4 motor with MT, MW, and ML set to
the values in Table 3, while the CPS is the only varied parameter. Therefore, the impact
of the CPS on motor efficiency is presented. Similarly, the same approach is applied to
Figure 10b—d, where the impact of MT, MW, and ML on motor efficiency is presented. In
Figure 9a, efficiency decreases as the number of conductors per slot increases. The curve
shows sharp drops when CPS changes from 82 to 83 conductors. This is due to a change in
the wire diameter, which decreases in the motor with 82 conductors, thereby increasing the
stator resistance. The impact of this increased resistance on copper losses is higher than
the impact of the stator current. The software automatically adjusts the wire diameter to
maintain a good fill factor within the limits of the slot fill factor.

The increase in MT enhances efficiency, a finding also reported in [30]. On the other
hand, the increase in magnet width and motor length has an adverse effect on efficiency.
The designed spoke-type permanent magnet synchronous motor achieves high efficiency
for a 2.2 kW motor, and further reducing the motor length improves efficiency by decreasing
iron core and copper losses. Similar efficiency values for a 2.2 kW spoke-type synchronous
motor can be found in [31]. From the diagrams presented in Figure 10, it is evident that
magnet width has the greatest impact on motor efficiency. The number of conductors



Machines 2025, 13, 375

18 of 22

per slot is the second most influential parameter on motor efficiency. Motor length and
magnet thickness have a minor impact on efficiency. However, it should be noted that
the right combination of all four parameters is critical for achieving an optimal design
with respect to several objectives, i.e., the operating characteristics of the motor. The
optimization with multiple objective functions and the impact of correlated parameters on
these objectives is also presented in [8]. The impact of each of the four varied parameters
on cogging torque is presented in Figure 11. The same approach is followed as in the case
of efficiency, where one parameter is varied while the other three are kept constant and
equal to the values presented in Table 3. According to the results presented in Figure 11,
the number of conductors per slot has no impact on cogging torque. However, increases in
magnet thickness, magnet width, and machine length significantly affect cogging torque.
This conclusion is supported by the findings in [32]. Finally, the comparison between the
selected M2-4 motor and the corresponding three-phase squirrel cage motor is presented
in Table 4. Figure 6 supports data presented in Table 4. Apart from the rotor design (i.e.,
permanent magnets are replaced with squirrel cage winding), the motor length is increased
to 110 mm while the remaining details of motor construction remain the same as in the
synchronous motor.
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Figure 10. Impact of varied parameters on efficiency for M2-4 motor.

The reason for increasing the motor length is to achieve a more efficient asynchronous
motor, comparable to class IE2 and the data provided by the manufacturer [25]. For
instance, an asynchronous motor length of 100 mm results in an efficiency of 79%, which is
comparable to the IE1 class. The comparison of the asynchronous motor model data with the
manufacturer’s data shows good similarity, verifying the design as sufficiently accurate and
providing a solid starting point for designing the synchronous motor. Moreover, it is evident
that the synchronous motor, with smaller dimensions, outperforms the asynchronous
motor in terms of several operating characteristics: efficiency, power factor, and overall
dimensions. However, it should be noted that the optimized model M2-4 is a simulation-
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based design. In practice, the prototype is expected to exhibit a slightly lower efficiency
and power factor due to manufacturing constraints and real-world operating conditions.
The comparison of the data in Table 4 supports well-known advantages of synchronous
motors over asynchronous motors, such as better efficiency, smaller dimensions, excellent
power factor, and lower line current. This allows for smaller cable cross-sections and
associated equipment, as stated in [29], resulting finally in smaller operating costs for
the same application, although the initial price of the synchronous motor is higher than
the asynchronous [29]. Considerable savings can be made in electricity costs due to the
increased efficiency of the synchronous motor. However, each of these two types of motors
is suitable for specific applications. The synchronous motor is commonly used where
constant speed is required, as it operates very efficiently under steady loads and is ideal for
systems that need high precision and speed consistency. On the other hand, asynchronous
motors are inexpensive, easy to manufacture and maintain, and are robust with a long
operating life. These characteristics make them ideal for demanding environments, which
is why they are widespread in industrial automation systems. Using ferrite magnets
and replacing rare-earth magnets can make this type of synchronous motor a more cost-
effective product. Further research could focus on cost-effective solutions for the spoke-type
permanent magnet synchronous motor by utilizing ferrite magnets and improving the
rotor design. However, the rotor’s mechanical strength should also be examined, and any
necessary improvements should be proposed as part of future research.
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Figure 11. Impact of varied parameters on cogging torque for the M2-4 motor.

6. Conclusions

The paper highlights the need for careful evaluation of various parameters when
designing the spoke-type synchronous permanent magnet motor, as there are numerous
motor models derived from various combinations of several design parameters that can
be varied within certain boundaries. The obtained results, which represent various oper-
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ating characteristics, can be examined in terms of several factors, allowing the designer
the freedom to select the most optimal solution. However, this often means the chosen
solution may not be the best in terms of all operating characteristics. The software module
optimetrics are applied in motor design, allowing for the optimal design of the spoke-type
synchronous motor with the highest efficiency, relatively low cogging torque, minimal
permanent magnet consumption, and notable maximum output power to be selected. The
optimization is achieved through simple modifications in rotor design and stator winding,
resulting in lower production costs and unchanged production processes. The designer de-
cides, based on the obtained results, which model is most suitable for a certain application,
or which operating characteristics are of paramount importance, and which are a compro-
mise, as the optimal design is selected from the family of models. The optimal model is
obtained through a two-step optimetric analysis: one with three varied parameters and one
with four varied parameters. As the model becomes more complex, the computational time
increases, which is one drawback of the presented analysis. The selected optimal design
achieves high efficiency, good overloading capability, small permanent magnet weight,
and low cogging torque. The optimal design is based on selection from numerous motor
models, with operating characteristics that vary in wide range and are directly corelated
with the selected varying parameters, therefore highlighting the need for careful selection
of varied parameters and careful evaluation of obtained results. The impact of each varied
parameter—magnet width and thickness, number of conductors per stator, and motor
length—on efficiency and cogging torque is presented and analyzed, providing valuable
insights into the effect of each parameter on the design objectives. Finally, the synchronous
motor is compared with the asynchronous squirrel cage motor, as the synchronous motor
is essentially derived from the asynchronous motor by replacing the rotor and reducing the
motor length. This approach is chosen because it represents a cost-effective solution, reduc-
ing production costs. The comparison highlights several advantages of the synchronous
motor over the asynchronous motor, such as improved efficiency, power factor, and smaller
dimensions. The aim of this paper is to demonstrate that significant improvements in key
operating characteristics of spoke-type synchronous motors with rare-earth magnets—such
as efficiency, cogging torque, and permanent magnet mass—can be achieved through
simple modifications to the rotor design, machine length, and the number of winding turns.
The paper highlights the importance of carefully evaluating the values of each design
parameter—magnet length and width, machine length, and the number of conductors per
slot—since their combinations lead to numerous designs with a wide range of operating
characteristics, which can vary significantly. The simplicity of the presented methodology,
combined with its cost-effectiveness, enables a wide range of applications in the industry
for the production of electric motors. The spoke-type synchronous permanent magnet
motor is selected for the analysis, as this configuration is under research for the use of
ferrite magnets instead of expensive rare-earth magnets. Further research is needed to
justify the application of ferrite magnets and assess their impact on motor operation.
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Abbreviations
The following abbreviations are used in this manuscript:
PMSM Permanent magnet synchronous motor

IPMSM  Interior permanent magnet synchronous motor
SPMSM  Surface permanent magnet synchronous motor

EMF Electro-motive force
EV Electrical vehicles

MT Magnet thickness

ML Magnet length

CPS Conductors per slot
ML Motor length

AM Asynchronous motor
FEA Finite element analysis

M-GA Genetic algorithms model
M-SNP  Sequential nonlinear programming model

GA Genetic algorithm
SNP Sequential nonlinear programming
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