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Abstract: The paper presents a new cost-effective magnetic circuit structure of a coreless permanent
magnet synchronous motor (PMSM) with 16 poles and 12 coils for a mass production fan drive unit.
2D and 3D numerical models of the coreless PMSM were developed. Optimisation calculations were
carried out using the field model of the machine. Multistage calculations were performed using the
professional FEM package, ANSYS Maxwell and the author’s proprietary finite element method
(FEM) code. On the basis of the conducted tests and analysis of the obtained results, the “optimal”
magnetic circuit structure of the PMSM motor was selected. The prototype motor was subjected to
measurement to verify the developed models and the proposed design approach that takes advantage
of finite element analysis (FEA).

Keywords: permanent magnet synchronous motor; coreless motor; finite element analysis; optimisation;
injection-moulded magnets; verification

1. Introduction

Power density, efficiency and operating costs are key parameters for current trends
in the area of mass production of electrical machines. Due to their compact design and
high power density, coreless machines are being considered in many applications as an
alternative to magnetic core machines. These can include kinetic energy storage systems,
low-power generators in wind and hydroelectric power plants, electric vehicles (EVs)
and aviation [1,2]. These machines, in relation to machines with a core, are characterised,
among other things, by lower unit costs, no cogging torque and low winding inductance.
Furthermore, due to the lack of a laminated steel sheet core, less waste is generated in
the production of these machines, and at the end of their useful life, it is easier to dispose
of and recover useful materials [3,4]. An increasing number of articles, for example [1,5],
have presented the results of research related to the development of new designs of electric
machines for specific applications. The main focus was on both core and coreless permanent
magnet machines [6–9]. For example, research work on axial flux permanent magnet
coreless motors focussed on improving both solutions with classic windings and solutions
with windings of conductors made using 3D printing technology or the techniques used to
manufacture printed circuit boards (PCBs) [3,7,10,11]. The use of windings manufactured
using the technique used to produce PCBs can significantly reduce costs and ensure high
positioning accuracy due to the ease of their spatial shaping [10,12]. The literature suggests
that the application of this technology would solve many of the problems associated with
the mass production of classical windings [12–14]. Unfortunately, 3D printing technology
or the method used to manufacture coils by PCB-type circuits has not yet found a wider
application in the mass production of permanent magnet motors with powers of several
hundred watts. On the other hand, the mass production of classical coils for coreless
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machines from round or profiled copper winding wires requires the use of precision
winding machines, special tooling, a complex process of spatial shaping and fixing of coils
and impregnation or pouring epoxy resin over the windings. It is important to achieve a
high filling factor of the coil side cross-section with copper and to limit eddy currents in
the conductors [15–17]. Despite these disadvantages, classic windings are still commonly
used in many types of coreless electrical machines [18,19]. The development of new soft
and hard magnetic materials, insulating materials or conductive materials, including high-
temperature superconducting materials, has had a major impact on the development of
electrical machines [20–23].

The development of precise numerical models and algorithms for the analysis of the
performance of electrical machines used in the design and optimisation process plays
a special role in accelerating the development of new electric motor designs. Both their
reliability and computational efficiency are important here. In the design process, functional
parameters, e.g., currents in the windings, electromagnetic torque, efficiency or power
factor, are determined on the basis of the adopted model of the phenomena in the machine,
with the initially assumed materials, dimensions and parameters of the magnetic and
electrical circuit. This process is carried out repeatedly with changed dimensions and
parameters of the electromagnetic circuit until the postulated values of the machine’s
functional parameters are obtained. The classical approach usually uses equivalent circuit
models or lumped parameter models based on circuit theory to represent the phenomenon
of the electromagnetic field phenomenon in the machine [24–26]. Unfortunately, circuit
models most often do not provide sufficiently reliable results [27,28]. This is due to problems
in reproducing the complex structure of the magnetic circuit, the phenomenon of saturation
of the ferromagnetic materials or eddy currents induced in the solid elements of the machine.
For these reasons, field models of phenomena that do not have these drawbacks are
currently used more frequently [9,29–31]. However, because of the influence of temperature
on the course of electromagnetic phenomena, a coupled field model of electromagnetic–
thermal phenomena in the machine has been increasingly used. To solve the field model
equations, the finite element method and the time discretisation approach have been the
most commonly used [32]. This approach is implemented in various types of commercial
professional software, such as the ANSYS Maxwell 2021 R1 software package.

This paper presents conceptual work on the development of a low-cost, permanent
magnet synchronous motor design suitable for mass production. It is envisaged that this
type of motor will find a wide range of applications, e.g., in the drives of fans used in
heating, ventilation and air-conditioning (HVAC) systems. On the basis of the advantages
of coreless machines outlined above, it was assumed that there is no magnetic core in
the armature and the motor has a cylindrical structure. The proposed design solution
for a double-rotor electromagnetic circuit is shown in Section 2. Two design variants are
presented and analysed. The first was applied to sintered neodymium magnets, and the
second was applied to multi-pole magnetised ring plastic-bonded magnets manufactured
by injection or compression moulding. A field model of magnetic phenomena and the finite
element method were used to analyse the double-rotor motor. The results of multivariate
calculations to select the optimum magnetic circuit structure with sintered magnets are
presented in Section 2, where it was assumed that the optimum motor meets the specified
functional requirements with the lowest cost of the magnetically and electrically active
materials used and labour. In order to verify the design and optimisation calculations, ex-
perimental tests were carried out on a purpose-built double-rotor coreless motor prototype.
The results of these tests are included in Section 3. The results of the study on the use of
ring plastic-bonded magnets manufactured by injection moulding, on the other hand, are
presented in Section 4. The resulting conclusions are summarised in Section 5.
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2. Analysis and Optimisation of the Magnetic Circuit of a Coreless Motor with
Sintered Magnets

The first structure of the magnetic circuit of a permanent magnet coreless synchronous
motor developed as part of this study is shown in Figure 1. The motor is assumed to
be powered and controlled by a controller integrated into the motor. In the three-phase
stator winding, it is possible to distinguish an arrangement of coils attached to a stationary
motor body that is not visible in the figure. The rotor consists of two mechanically coupled
ferromagnetic rings with sintered neodymium magnets bonded to them. The magnets on
the outer and inner rings are magnetised in the radial direction.
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Figure 1. Structure of the magnetic circuit of a double-rotor motor.

According to the assumptions, the motor considered dedicated to the fan drive
should be characterised by the following data: 790 watts of maximum shaft power
with continuous operation, 2150 rpm of maximum speed, 3.51 Nm of maximum torque
with continuous operation corresponding to 2.33 Nm torque and 1780 rpm speed of
AHRI rating point requirements and 80% efficiency at AHRI rating point (AHRI—Air-
Conditioning, Heating and Refrigeration Institute). The average temperature in the
motor winding should not exceed 80 degrees Celsius under operating conditions with
maximum power. The outer diameter of the motor is 143 mm. This dimension was deter-
mined according to the requirements specified by the industrial partner. The multistage
research into the development of a cost-effective new magnetic circuit structure of a
coreless PMSM motor for a fan drive unit was carried out within the framework of a
long-term cooperation with an industrial partner.

A parametric 3D numerical model of the motor was developed in the Ansys Maxwell
environment. The model enables analysis of the effect of changing parameters that describe
the structure of an electromagnetic circuit, such as the number of pole pairs p, the coil pitch
span c, the coil height hc, the magnet pitch span PM, the magnet height hPM, the thickness
and length of the motor hy1 and hy2 yokes Li of motor-on-motor performance—Figure 2.
An exemplary field distribution determined using a 3D field model of electromagnetic
phenomena is shown in Figure 3.
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Two parameters were proposed to assess the quality of the different motor design
variants under consideration. The first parameter, Price in [$], determines the total cost of
the motor, including estimated value based on prices, masses, machining and assembling
overheads of electromagnetically active materials, such as permanent magnet (PM), back
iron steel (Fe) and copper (Cu).

Price = PMm·PMk·PMp + Cum·Cuk·Cup + Fem·Fek·Fep (1)

where PMm, Cum and Fem are the total mass of magnets, coils and yokes; PMk, Cuk and Fek
are the coefficients of processing and assembly costs of electromagnetically active materials;
and PMp, Cup and Fep are the prices of materials in $/kg. Machining and assembly costs
were taken into account approximately using additional coefficients related to the unit costs
of the materials used.

The second parameter, Costs, determines the cost of the motor per 1 Nm.

Costs = Price/Torque (2)

where Torque is the minimum value of the electromagnetic torque generated by the motor
during rotation of the rotor.

The Costs parameter makes it easy to compare the manufacturing costs of motors
differing in electromagnetic torque and in material, machining and assembly inputs. It is
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assumed that the best (optimum) solution is the one for which the lowest manufacturing
costs expressed in the Costs parameter are obtained when the functional requirements and
constraints are met.

In the design calculations, a constraint was imposed regarding the outer diameter,
Do = 143 mm, of the motor. On the other hand, in order to take thermal requirements into
account in an approximate manner, it was assumed that the permissible current density
in the winding does not exceed 3.5 A/mm2. It was further assumed that the magnets
are made of the material N38SH. At the initial stage of the design calculations, due to
the high computational cost of the 3D FEA, the authors decided to develop and exploit
a 2D numerical model of the proposed coreless motor assuming planar symmetry of the
magnetic field distribution. The 2D models of coreless machines of different configurations
of poles and coils were developed, that is, 8 poles/6 coils, 12 poles/9 coils, 16 poles/
12 coils, 20 poles/15 coils—Figure 4.
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Several different design variants were analysed to find the optimum motor electro-
magnetic circuit structure characterised by the lowest manufacturing costs, meeting the
set functional requirements and constraints. The calculations were carried out in stages
using a systematic review method. Variations included the height hc and the span αc of the
coils, the length PM and the height hPM of the magnets, the number of pairs p, the thickness
hy1 and hy2 of the steel rings in the outer and the length of the inner rotor and motor Li.
The calculations were carried out assuming that the price of magnets is equal to $105 per
kilogramme, the price of steel is equal to $1 per kilogramme and the price of copper is $7.9
per kilogramme.

Due to the extensiveness of the study, only selected results of the calculations are
included in the paper in the form of graphs. A comparison of material and labour costs of
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magnetic circuit variants characterised by a different number of poles for the three selected
coil heights hc is shown in Figure 5. It can be seen from the graph that the lowest costs for
a motor with a maximum torque of T = 3.51 Nm are obtained for a magnetic circuit with
16 poles and 12 coils at a coil height of hc = 7.6 mm. The results presented in the following
part of the work concern only the selected motor structure with 16 poles/12 coils.

Figure 5. Comparison of cost per 3.51 Nm of torque for all considered coreless motor designs.

The calculated dependencies of the electromagnetic torque Torque on the αc/αcmax
parameter determining the coil side span and on the αPM/αPMmax parameter describing
the magnet pitch span are presented in Figure 6a and Figure 6b, respectively. In doing
so, it was assumed that for αPM = const (Figure 6a), the side span varies from 7 to 14
every 1 deg, where αcmax = 14 deg. In contrast, in Figure 6b, the span of the αPM magnet
varies from 13 to 20 every 1 deg, where αPMmax = 22.5 deg is equal to the polar pitch of the
motor. Figure 6c,d summarise the dependence of the Costs parameter on the coefficients
αc/αcmax and αPM/αPMmax, respectively. On the other hand, in Figure 6e,f, the dashed
lines indicate the estimated motor costs for the industrial partner’s required maximum
motor torque value of T = 3.51 Nm. In summary, based on the analysis of the calculation
results, it was found that the lowest cost of materials and labour is $52.80, and the mag-
netic circuit with such manufacturing costs has the following dimensions: hc = 7.6 mm,
hPM = 6 mm, h y1 = hy2 = 10 mm, αc = 14 deg, αPM = 15 deg. The calculations further show
that the axial length of the magnetic circuit Li = 60 mm and the masses of copper, magnets
and steel are 1.51 kg, 0.375 kg and 1.61 kg, respectively. The number of turns in the coil is
equal to 62.
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To verify the validity of the functional parameter calculations carried out for the lowest
cost motor variant, a prototype was built, and a comparison of the calculation results with
the experimental results is provided in Section 3, while an analysis of the second of the
coreless synchronous machine structures with magnets made using die-casting technology
developed by the authors and mentioned in the introduction is provided in Section 4.

3. Electromagnetic and Thermal Tests of a Prototype Coreless Motor with
Sintered Magnets

To verify the suitability of the developed 2D model of the coreless motor with sintered
magnets and the effectiveness of the proposed design approach, experimental tests of
the built motor were performed. The design of 16 poles/12 coils was adopted for the
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development of the prototype motor. It was further assumed that the main dimensions
of the magnetic circuit of the prototype motor are those of the least-cost motor variant
indicated in Section 2. The main functional parameters determined in Section 2 for this
motor variant are summarised in Table 1. The structure and cross-section of the constructed
prototype motor are shown in Figure 7, while photographs of selected motor components
are included in Figure 8.

Table 1. Selected functional parameters of the coreless motor.

Poles/Coils Pm Iph U n η Tmax

– W A V rpm – Nm

16/12 790 4.25 152 2150 0.80 3.51
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Figure 8. Description of components of the prototype motor: (a) stator, (b) external rotor with
magnets and (c) completed prototype of coreless motor.

These tests were carried out on a specially designed and built test stand—Figure 9.
The developed stand consists of a B&R 8LSA servo drive, an MT5 torque sensor, a pro-
grammable power supply and a high-end digital oscilloscope as a data acquisition system.



Energies 2024, 17, 1664 9 of 17Energies 2024, 17, x FOR PEER REVIEW 9 of 18 
 

 

 
Figure 9. The test stand: 1—torque sensor, 2—drive control system, 3—oscilloscope, 4—program-
mable power supply, 5—measured interface of torque meter, 6—servo motor, 7—prototype motor. 

In the first stage of laboratory tests, selected values of the motor’s functional param-
eters, such as open-circuit induced voltages at the motor terminals (E12, E23, E31), as well as 
torque–angle characteristics, were measured and compared with results obtained during 
simulation tests. A comparison of the measured (meas) and calculated (calc) voltage wave-
forms for the rotor speed n = 2150 rpm is shown in Figure 10. On the contrary, Figure 11 
shows a comparison of the calculated (calc) and measured (meas) characteristics of the 
electromagnetic torque as a function of the angular position for current values equal to 
1.5, 3 and 4.5 A, respectively. It should be noted that, due to the lack of slots, there is no 
cogging torque in the motor. 

 
Figure 10. Comparison of the calculated and measured line-to-line beck electromotive force (BEMF) 
waveforms, where ω = 225.15 rad/s. 

Figure 9. The test stand: 1—torque sensor, 2—drive control system, 3—oscilloscope, 4—programmable
power supply, 5—measured interface of torque meter, 6—servo motor, 7—prototype motor.

In the first stage of laboratory tests, selected values of the motor’s functional parame-
ters, such as open-circuit induced voltages at the motor terminals (E12, E23, E31), as well as
torque–angle characteristics, were measured and compared with results obtained during
simulation tests. A comparison of the measured (meas) and calculated (calc) voltage wave-
forms for the rotor speed n = 2150 rpm is shown in Figure 10. On the contrary, Figure 11
shows a comparison of the calculated (calc) and measured (meas) characteristics of the
electromagnetic torque as a function of the angular position for current values equal to
1.5, 3 and 4.5 A, respectively. It should be noted that, due to the lack of slots, there is no
cogging torque in the motor.
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To determine the relative difference between the measured and calculated results, the
factor ∆d% was introduced,

∆d% =
|dmeas − dcalc|

dmeas
100% (3)

where dmeas and dclac are the results obtained from the measurements and calculations,
respectively.

By analysing the values shown in Figures 10 and 11, it can be seen that the percentage
difference (3) between the results of the calculations and measurements does not exceed
6.19% for electromagnetic torque and 5.40% for line-to-line voltage.

The differences between the calculated and measured values are mainly due to the
replacement of the ring-shaped magnets in the prototype motor with a set of many small
perpendicular magnets. The use of multiple cubic magnets in the motor resulted in a
lower magnetic flux than that produced by the ring-shaped magnets. In addition, a second
important reason for the discrepancy between calculation and measurement results is the
use of a two-dimensional instead of a three-dimensional model of magnetic phenomena in
the motor in the calculations.

In the second stage of the study, a motor load test was carried out. The voltages at
the winding terminals (U12, U23, U31), the currents in the winding (I1, I2, I3) and input
power (Pin) were measured. Based on the results obtained from the torque and speed, the
nominal power value on the motor shaft (Pout) was calculated, and the efficiency of the
motor (η) was determined. During the measurements, the rotor rotated at 2150 rpm and
was loaded with a torque of 0 to 3.51 Nm. The test bench for the motor load test is shown
in Figure 12, with a converter (1) to supply the motor under test (2), an MT5 torque sensor
to measure torque and speed (3) and an eddy current brake (4). Measurements of electrical
quantities were performed using a class A power quality analyser. The results obtained are
summarised in Table 2.
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Table 2. Selected functional parameters.

Torque U12 U23 U31 I1 I2 I3 Pin Pout η

Nm V V V A A A W W –

0 139.0 142.0 140.4 0.71 0.63 0.65 48 – –
0.52 141.3 143.4 141.2 1.07 0.96 0.99 159 117 0.736
1.00 145.6 144.6 143.2 1.62 1.45 1.51 278 225 0.761
1.50 144.7 146.7 144.4 2.13 1.90 1.99 413 338 0.818
2.00 146.7 147.4 146.9 2.71 2.44 2.54 544 450 0.828
2.50 149.8 149.7 148.0 3.29 2.98 3.11 696 563 0.809
3.00 149.7 150.6 151.9 3.92 3.52 3.68 848 788 0.769
3.51 153.8 153.8 152.2 4.50 4.07 4.25 994 790 0.795

In the next stage of tests, selected motor thermal tests were carried out. First, the
temperature course was determined at selected points on the motor during the machine
heating test. These points are highlighted in colour on the motor cross-section shown
in Figure 10. The temperature at these points was measured using resistance sensors PT
100 and a high-precision data acquisition system by National Instruments. The course of
temperature rises in the motor under maximum load (3.51 Nm) are shown in Figure 13.
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During the heating test, the surface temperature of the motor was also monitored using
a FLIR T62101 thermal camera. The recorded temperature distributions obtained for a load
torque value of Tmax = 3.51 Nm and a speed of 2150 rpm are shown in Figure 14a (t = 0) and
Figure 14b (t = 42 min), respectively. For time t = 42 min, the temperature stabilised.
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The waveforms obtained show that after 41 min of operation, the temperature of
the motor components begins to stabilise. It was found that after 42 min, the average
temperature of the coils is about 78 ◦C, while the hottest spot of temperature on the frame
surface of the motor is equal to 35.5 ◦C. The temperatures obtained do not pose a risk to
the electro-insulation system and permanent magnets.

Tests carried out on the built prototype motor confirm the suitability of the developed new
concept of a double-rotor magnetic circuit for use in coreless synchronous motors. Moreover,
the good agreement between the experimental and simulation results confirms the reliability
of the two-dimensional model of electromagnetic phenomena used in the calculations.

4. Analysis of the Magnetic Circuit of a Coreless Motor with Plastic-Bonded Magnets

At the suggestion of an industrial partner, an attempt was made to estimate the impact
on motor manufacturing costs of replacing sintered magnets with magnets made using
die-casting technology. The motivation for the study was the aim to reduce costs in the
series production of motors. A modification to the magnetic circuit of the coreless motor,
shown in Figure 4c, was proposed. This consisted of replacing the steel rings with bonded
sintered magnets with rings made entirely of hard magnetic materials. The structure of
the magnetic circuit of the double-rotor motor made of ring magnets is shown in Figure 15,
where it was assumed that the ring magnets would be made by die-casting [33]. The
undoubted advantage of this technology is that there is virtually no waste and no need
to machine the rings. In addition, there is no need for steel rings and no magnet bonding
process. The disadvantage, however, is the larger volume of hard magnetic material used.

In the considerations, the starting point was assumed to be an electromagnetic circuit
with the dimensions and parameters optimised in Section 2. It was further assumed
that the lengths in the axial direction of the ring magnets are 60 mm. Comparisons of
motor manufacturing costs were carried out for two selected grades of hard magnetic
materials for pressure-forming magnets, i.e., material TROMADYM 8480 (Max Baermann
GMBH, Germany) based on neodymium and material TROMADUR 1525 PA12 (Max
Baermann GMBH, Germany) based on ferrite magnets. The basic magnetic properties of
these materials are summarised in Table 3, while detailed information on magnetic, thermal
and mechanical properties is given in, among others, [33].

Simulation studies of the considered two-rotor motor design with die-cast rotor were
carried out using in-house software developed in the Borland-Delphi environment [34].
The software developed allows the magnetic field distribution, electromagnetic torque
waveforms or induced electromagnetic forces to be calculated, taking into account the set
temperature of the magnets. The calculation results obtained in the in-house programme
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were verified with those obtained using the Maxwell-Ansys package. The discrepancy
between the results did not exceed 4%. Figure 16 shows a view of the user interface of the
in-house software.
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A comparison of the electromagnetic torque characteristics as a function of rotor
angular position for the motor designs under investigation is shown in Figure 17, while
Figure 18 shows the induced line-to-line BEMF waveforms.
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Based on the results obtained, it was found that the highest values of both the elec-
tromagnetic torque value and the induced BEMF in the winding of the considered motors
were obtained for the motor with a rotor made of TROMADYM 8480 material.

In the next stage, studies were conducted to estimate the length Li of the motors with
die-cast magnets, for which the same value of the maximum torque Tmax = 3.51 Nm was
obtained as in the reference motor with N38SH magnets. To this end, in the calculations
carried out using in-house developed software, the Li parameter was selected so that, at
Iph = 4.25 A, a torque of Tmax = 3.51 Nm was obtained. The values obtained for the length
Li for the considered are reported in Table 4.
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Table 4. The estimated values of motor length.

N38SH Tromadym 8480 Tromadur 1525PA12

Iph T Li Li Li

A Nm mm mm mm

4.25 3.51 60 46.5 112.5

In the last stage, the cost of the motor components was estimated, assuming the lengths
of the machines listed in Table 4. The quantities of materials used to produce the motors
and their cost estimation are reported in Table 5, where the price per kilogram of Tromadym
8480 is $105 and Tromadur 1525 is $15.

Table 5. Statement of mass and cost estimation.

Copper Mass Copper Price Magnet Mass Magnets Price Total Costs

kg $ kg $ $

Tromadym 8480 0.66 5.21 1.74 182.70 187.91
Tromadur 1525PA12 1.105 8.73 3.65 54.75 63.48

Due to the difficulty in estimating the cost of casting the magnets, labour costs were
not included. Nonetheless, the cost of making a motor with N38SH magnets of $52.80 (cost
of materials and labour) is several times lower than the cost of the materials used to build
die-cast magnet motors.

To reduce the cost of the materials used in the production of motors with ring magnets,
it would be necessary to carry out optimisation calculations of the magnetic circuit similar
to those presented in Section 2. In addition, a major disadvantage in the production of
motors with magnets formed by die-casting is the very high price of the hard magnetic
materials used for this purpose.

5. Conclusions

On the basis of requirements and work tasks specified by the industrial partner, a
cost-effective magnetic circuit structure for a fan-driving unit was proposed. The coreless
motors with sintered neodymium magnets of numbers of poles equal to 8, 12, 16 and 20
were analysed. Performed optimisation calculations using 2D field model of the machine
allowed for the unit cost to be reduced significantly in relation to the initial designs.
The performed FEA simulations showed that the most cost-effective design is a 16-pole
coreless motor with sintered neodymium magnets. The selected motor was designed,
manufactured and assembled, and it has been preliminary tested. The presented results
show good concordance between the measured and simulated torque characteristics. It
was found that the efficiency of the elaborated motor in both the rated operating conditions
(AHRI) as well as the operating conditions with maximum power was equal to 79.5%, i.e.,
according to the industrial partner guidelines. The average value of temperature in the
motor winding for maximum operating conditions (T = 3.51 Nm and n = 2150 rpm) did not
exceed 80 degrees Celsius.

Coreless motor structures with N38SH sintered magnets, which were compared with
dual-rotor motor structures with plastic-bonded magnet rotors using numerical models
of the considered structures in a 2D space, were developed. The study used the author’s
finite element method (FEM) code. The obtained results showed that the highest value
of electromagnetic torque can be obtained for a motor with a rotor made of Tromadym
8480 material. However, on the basis of cost estimates of the motor designs under consid-
eration, it was found that the cost of producing rotors from materials of type Tromadym
8480 and Tromadur 1525PA12 is much higher than the material costs for the motor with
neodymium magnets and steel rotor.
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