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Abstract: Electric motors with a double air-gap structure offer increased power or torque density
compared to their single air-gap counterparts, achievable through double-stator or double-rotor
configurations. In a previous study, the authors proposed a double-stator permanent magnet syn-
chronous motor (PMSM) with a magnetic screen placed in the middle of the rotor to isolate the outer
and inner motors. However, the analysis of the magnetic screen was not provided in that study,
as the design was arbitrarily chosen. This research focuses on the effects of the magnetic screen
size and selects the appropriate dimensions for optimal motor performance. Finite element analysis
(FEA) is employed to assess the electromagnetic characteristics of the screen. Subsequently, the motor
is manufactured and tested. The results show that the chosen magnetic screen size contributes to
significant efficiency improvements. In particular, the motor achieved an efficiency of 95.2% during
the qualification test, surpassing the efficiency obtained in the previous study.

Keywords: direct-drive applications; dual air-gap SPMSM; efficiency improvement; magnetic screen;
permanent magnet synchronous motor; torque ripple reduction

1. Introduction

The improvement of efficiency in electric motors is crucial and highly advantageous,
considering their substantial contribution to global electricity consumption [1]. In this
regard, researchers have suggested the utilization of permanent magnet (PM) motors to
enhance efficiency by minimizing core losses. PM machines offer the advantage of increased
power-to-volume ratio [2]. Furthermore, permanent magnet synchronous motors (PMSMs)
find extensive use in various industrial applications due to their high torque density and
efficiency [3]. Unlike brushless DC (BLDC) machines, which exhibit trapezoidal EMF
voltage, PMSMs generate sinusoidal EMF voltage [4,5]. Additionally, sinusoidal-type
PMSMs exhibit lower torque ripple compared to their trapezoidal-type counterparts [6].

The incorporation of rare-earth materials such as dysprosium (Dy) in permanent mag-
nets (PMs) is common to achieve high-performance characteristics. However, the cost of
rare-earth materials is significantly expensive [7]. Additionally, these materials are vulnera-
ble to demagnetization when exposed to high temperatures and flux-weakening control
in the machine [8,9]. Consequently, researchers have conducted numerous studies aiming
to maximize the output power per unit magnet volume [10]. One prevalent approach
involves the modification of rotor structures [11–13]. Examples of such modifications in-
clude the utilization of a ferrite magnet-based interior PMSM [12] and of hybrid excitation
motors [13]. These innovations demonstrate remarkable improvements in output power
per unit magnet volume.
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Direct-drive permanent magnet machines (DD-PMMs) have gained attention for their
high output power per magnet volume, torque density, and efficiency in applications such
as wind power generation, hybrid electric vehicles (HEV), and ship propulsion [14,15].
However, DDPMMs have the drawbacks of weight and volume. To address this, researchers
have focused on dual air-gap (DAG) PMSMs, known for their reliability, low noise, and
gearless structure [16,17]. These machines typically employ fewer stator winding poles than
rotor magnet poles to achieve high torque density at low speeds, leveraging the magnetic
gearing effect [18]. While conventional DAG-PMSMs have low torque ripple [19], recent
research has focused on modified DAG-PMSMs to further reduce torque ripple [20]. As
a result, DAG-PMSMs have emerged as a promising alternative for direct-drive applica-
tions [21]. These machines exhibit a double electromotive force (EMF) voltage compared to
conventional permanent magnet synchronous machines due to their flux modulation effect.
Consequently, DAG-PMSMs are capable of generating high torque density [22].

In general, researchers aim to reduce magnet volume and increase the amplitude of
air-gap flux density [23]. To achieve these goals, Halbach-array magnets placed in the slot
opening have been introduced in DAG-PMSMs, resulting in a 43% improvement in torque
density compared to conventional single air-gap PMSMs [24,25]. Other topologies for
DAG-PMSMs have also been proposed to achieve high torque density compared to single
air-gap machines [26–28]. In recent years, yokeless DAG-PMSMs have been developed to
increase torque per magnet volume and reduce costs [27]. While the yokeless DAG-PMSM
structure achieves improvements in torque density and torque ripple reduction, there has
not been a substantial reduction in torque per magnet volume. It should be noted that the
rotor iron in DAG-PMSMs is more prone to saturation compared to single air-gap machines
due to the insertion of magnets in both the inner and outer rotor surfaces. This saturation
leads to distortions in the flux distribution and results in heat generation within the rotor
core [28].

In this paper, we propose a DAG-SPMSM. The construction of the motor was pre-
viously explained in the authors’ earlier work [29]. This radial-type motor features two
stator cores and one rotor core in the middle. At the center of the rotor, a magnetic screen is
positioned with the primary purpose of completely isolating the outer and inner motors,
as previously elucidated in [29]. However, the design of the magnetic screen was not
discussed in the previous study, as its size was chosen arbitrarily based on the flux density
distribution in the rotor. Consequently, this paper aims to explore the effect of the magnetic
screen’s height/thickness on the electromagnetic characteristics of the motor. To validate
the effectiveness of the proposed design, a prototype was manufactured and subjected
to testing. The result demonstrates that the motor passed the qualification test with an
efficiency of 95.2%.

This paper is organized as follows. First, the motor’s structure, which has been
explained in [29], is summarized in Section 2 for the readers’ convenience. Section 3 presents
the simulation results obtained by varying the magnetic screen size as a percentage of the
overall rotor thickness. Subsequently, in Section 4, the experimental results are presented
to verify the effectiveness of the design. Finally, the conclusion is provided in Section 5.

2. Structure of Proposed Motor

The structure of the proposed motor is depicted in Figure 1. The windings for the
outer and inner motors are connected in series for each corresponding phase. The PM
arrangement has been explained in [29], with the red and blue colors indicating north and
south polarity, respectively. As shown in the figure, the proposed design allows the motor
to be effectively separated into two distinct parts, namely the outer and inner motors. This
separation is facilitated by the placement of the magnetic screen in the middle of the rotor
and the PM arrangement, as previously described in [29]. As a result, there is no mutual
flux between the outer and inner motors, and the flux becomes localized with a much
shorter path.
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Figure 1. Structure of proposed motor.

The importance of using a magnetic screen is depicted in Figure 2. The zig-zag
arrangement of the PMs results in a short, localized flux path, minimizing interaction
between the outer and inner motors. However, it is evident that the fluxes meet at the
center and flow in the same direction. Therefore, the presence of a magnetic screen becomes
essential to achieve better isolation between the two sides.
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Figure 2. Illustration of flux path in the rotor: (a) without magnetic screen; (b) with magnetic screen.

The material used for the magnetic screen should be nonconductive or, at the very
least, significantly less conductive than the rotor core material. In this case, stainless steel
SUS304 is selected as the material for the magnetic screen. This choice is based on its poor
conductivity compared to the rotor material, which is the ferromagnetic 27PN1500.

The motor dimensions are provided in Table 1. Originally designed as a traction motor
for a boat propeller, the value of the magnetic screen is derived from the previous results
in [29] and serves as a baseline for subsequent analysis. The motor uses 27PNF1500 for the
stator and core material and NdFe35 for the magnets. It operates as a three-phase motor,
with both the external and internal motors having three-phase windings. The phases of
each motor are connected in series, meaning that Phase A of the external motor is connected
in series with Phase A of the internal motor, and so on.
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Table 1. Specifications of the proposed motor.

Parameters Value

Stator diameters (in/out) (mm) 135/106
Rotor diameters (in/out) (mm) 104/78
Magnetic screen length (mm) 3

Magnet thickness (mm) 2
Stack length (mm) 65

Air-gap length (mm) 1
Number of slots/poles 12 × 2/10

Winding number per pole 13
Output torque (Nm) 7.75
Rated speed (RPM) 3000
Rated power (kW) 2.4

It is important to note that the proposed motor does not fall into the high-power
category, which makes achieving high efficiency challenging. In the previous study, the
experimental results demonstrated an efficiency of 93.57%. However, for propeller appli-
cations, a higher efficiency of around 95% is expected to ensure optimal performance and
energy utilization. As such, further efforts are focused on optimizing the motor design and
magnetic screen characteristics to achieve the desired efficiency level for propeller propulsion.

3. Simulation Results

In this section, finite element analysis (FEA) is utilized to investigate the effect of the
magnetic screen on the electromagnetic characteristics of the proposed motor. Based on
the data provided in Table 1, the thickness/length of the rotor core can be calculated by
subtracting the outer diameter from the inner diameter, resulting in a value of 26 mm.
Moreover, as depicted in Figure 2, the PM is buried within the rotor in the form of a
slot, with a thickness of 2 mm, as indicated in Table 1. The remaining area is available
for accommodating the magnetic screen. As shown in Figure 1, the magnetic screen is
positioned precisely in the middle of the rotor core.

The key question that arises is how much of the rotor core portion should be allocated
to the magnetic screen. To address this, the screen thickness is expressed as a percentage of
the overall rotor length, which is 26 mm. To represent this variable, we use Lsh, denoting
the screen height length. By varying the value of Lsh and observing its impact on the
electromagnetic characteristics through FEA, we can optimize the design of the magnetic
screen for enhanced motor performance and efficiency.

The screen height Lsh is systematically varied from 10% to 40% of the overall rotor
length, with an incremental step of 2%. Based on this calculation, the base value of the
screen height, which is 3 mm, corresponds to a percentage of 11.5% with respect to the
total rotor length. This adjustment process starts from the middle of the rotor core, and
the expansion is evenly distributed to both the internal and external sides. For instance, if
the magnetic screen thickness is increased to 4 mm, this represents an additional 0.5 mm
thickness added equally to both the inner and outer sides from the original 3 mm thickness.

As explained in [29], the addition of the magnetic screen results in a reduction in
torque. Figure 3 illustrates the static torque reduction for different values of Lsh, ranging
from 10% to 40%. Here, the term “static” refers to the simplified 2D simulation, where a
three-phase sinusoidal current is injected into the phase windings. The RMS current for
each phase is constant at 10A, based on the value provided in [29].
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Figure 3. Static torque according to the variation in magnetic screen height.

When Lsh is set to 10%, the average torque is measured at 8.36 Nm. However, as Lsh
increases to 40%, the average torque is significantly reduced to only 6.46 Nm, representing
a decrease of approximately 22.7%.

To further analyze the effects of varying Lsh on motor performance, it is essential to
consider the torque ripple. The torque ripple can be calculated using the following formula:

Trip =
Tmax − Tmin

Tavg
× 100% (1)

As observed in Figure 3, the torque ripple exhibits an increasing trend as the magnetic
screen size becomes thicker. The smallest torque ripple is attained when the screen size
is 10%, measuring at 6.96%. Conversely, the highest torque ripple is recorded when the
screen size is 40%, reaching 10.44%.

Similar phenomena can also be observed regarding the back-electromotive force (back-
EMF). As the thickness of the screen increases, there is a corresponding reduction in the
back-EMF, as illustrated in Figure 4.
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For clarity, Figure 5 provides the average torque value and torque ripple for each
magnetic screen size. The results illustrate that the torque smoothly decreases as the
magnetic screen size increases. However, the behavior is different for torque ripple. When
the screen size is small, the torque ripple appears to be relatively unaffected. However, as
the screen height reaches 26%, the torque ripple starts to increase notably.
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The reduction in torque and back-EMF can be explained by observing the flux dis-
tribution as depicted in Figure 6 below. As the screen height increases, the rotor core
area decreases. This disrupts the flow of flux in the air gap, thereby affecting the torque.
As shown in the figure, the flux density actually decreases as the screen height increases.
Indirectly, it also impacts the torque ripple, although not in a linear manner as with torque.
The influence of changing the structure on torque ripple is extensively explained in [30].
This phenomenon is related to the harmonics of air-gap flux. Depending on the motor’s
structure, the harmonics that affect torque ripple differ, and further analysis of this matter
is beyond the scope of this paper.
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Figure 6. Magnetic flux density according to the variation in magnetic screen height: (a) 10%;
(b) 20%; (c) 30%; (d) 40%.

In Figure 5, a circle mark on the graph designates the selected point for the screen
height, which is at 22%. This specific choice corresponds to a screen height of 5.7 mm,
and it appears to be the optimal point, balancing torque reduction and torque ripple. This
indicates that, for this particular motor design, a screen height of 22% achieves the best
compromise between reducing the torque and maintaining a tolerable level of torque ripple.
Selecting an appropriate screen height is crucial to achieve the desired motor performance,
taking into account the trade-offs between torque reduction and torque ripple.

As is well known, energy conversion in the motor occurs in the air gap, and the
distribution of flux across the air gap significantly influences torque generation. Figure 7
provides an insight of how the flux is distributed along the air gap. The x-axis denotes the
circumference of the outer and inner diameter for Figure 7a,b, respectively.
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Figure 7. Flux density in the air gap: (a) outer air gap; (b) inner air gap.

It is evident from the figures that, in general, the flux density in the outer air gap is
lower than that in the inner air gap. This disparity is primarily due to the overall larger
area on the outer perimeter of the rotor. However, the overall shape of the flux distribution
is similar for both air gaps. Additionally, the analysis reveals that the average air-gap flux
density decreases with increasing screen length. For the outer air gap, the shortest screen
length generates the highest flux density at an average of 0.52 T, while the longest screen
length generates the lowest at only 0.35 T. Similarly, for the inner air gap, the shortest
screen length results in the highest average flux density at 0.56 T, while the longest screen
length generates the lowest at 0.39 T. These findings emphasize the significant impact of the
magnetic screen length on air-gap flux distribution, which, in turn, influences the torque
generation and motor performance.

The presence of the magnetic screen indeed leads to a reduction in both the average
and peak values of air-gap flux density. As a result, it can be suspected that the motor’s
torque output is affected and more current is required to produce the same torque as that
with no magnetic screen. This suspicion is validated by comparing the static torque, as
depicted in Figure 8.

According to the information presented in Table 1, the initial output torque of the
motor is 7.75 Nm. When the motor operates without a magnetic screen, it requires 9 Arms
of current to generate the necessary torque. However, when the magnetic screen is imple-
mented, the torque output is reduced and, as a result, an increased current of 10 Arms is
necessary to maintain the torque output at 7.75 Nm.

Figure 9 presents a comparison of the air-gap flux density in the proposed motor. As
observed in Figure 5, it was speculated that increasing the magnetic screen height reduces
the air-gap flux, subsequently leading to a reduction in torque. While this concept holds
true in general, it is interesting to note that, when comparing the base model (without the
magnetic screen) with 9 Arms of current to the proposed model with the selected magnetic
screen height and 10 Arms of current, the air-gap flux density in the proposed model is still
lower than that in the base model. This observation remains consistent for both the outer
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and inner motors. Surprisingly, as shown in Figure 8, it was confirmed that the torque
output is the same for both the base model and the proposed model with the selected
magnetic screen height and increased current. This raises questions about the actual effect
of the magnetic screen on torque.

Energies 2023, 16, x FOR PEER REVIEW 8 of 16 
 

 

 

Figure 8. Static torque comparison. 

According to the information presented in Table 1, the initial output torque of the 

motor is 7.75 Nm. When the motor operates without a magnetic screen, it requires 9 Arms 

of current to generate the necessary torque. However, when the magnetic screen is imple-

mented, the torque output is reduced and, as a result, an increased current of 10 Arms is 

necessary to maintain the torque output at 7.75 Nm. 

Figure 9 presents a comparison of the air-gap flux density in the proposed motor. As 

observed in Figure 5, it was speculated that increasing the magnetic screen height reduces 

the air-gap flux, subsequently leading to a reduction in torque. While this concept holds 

true in general, it is interesting to note that, when comparing the base model (without the 

magnetic screen) with 9 Arms of current to the proposed model with the selected magnetic 

screen height and 10 Arms of current, the air-gap flux density in the proposed model is 

still lower than that in the base model. This observation remains consistent for both the 

outer and inner motors. Surprisingly, as shown in Figure 8, it was confirmed that the 

torque output is the same for both the base model and the proposed model with the se-

lected magnetic screen height and increased current. This raises questions about the actual 

effect of the magnetic screen on torque. 

 
(a) 

Figure 8. Static torque comparison.

Energies 2023, 16, x FOR PEER REVIEW 8 of 16 
 

 

 

Figure 8. Static torque comparison. 

According to the information presented in Table 1, the initial output torque of the 

motor is 7.75 Nm. When the motor operates without a magnetic screen, it requires 9 Arms 

of current to generate the necessary torque. However, when the magnetic screen is imple-

mented, the torque output is reduced and, as a result, an increased current of 10 Arms is 

necessary to maintain the torque output at 7.75 Nm. 

Figure 9 presents a comparison of the air-gap flux density in the proposed motor. As 

observed in Figure 5, it was speculated that increasing the magnetic screen height reduces 

the air-gap flux, subsequently leading to a reduction in torque. While this concept holds 

true in general, it is interesting to note that, when comparing the base model (without the 

magnetic screen) with 9 Arms of current to the proposed model with the selected magnetic 

screen height and 10 Arms of current, the air-gap flux density in the proposed model is 

still lower than that in the base model. This observation remains consistent for both the 

outer and inner motors. Surprisingly, as shown in Figure 8, it was confirmed that the 

torque output is the same for both the base model and the proposed model with the se-

lected magnetic screen height and increased current. This raises questions about the actual 

effect of the magnetic screen on torque. 

 
(a) 

Energies 2023, 16, x FOR PEER REVIEW 9 of 16 
 

 

 
(b) 

Figure 9. Air-gap flux density comparison: (a) outer motor; (b) inner motor. 

Indeed, the direction of flux in the air gap can be categorized into two main compo-

nents: radial and tangential. The radial flux is often associated with undesirable effects 

such as vibration and noise, making it less desirable in motor designs. On the other hand, 

the tangential flux is the component responsible for generating torque in the motor. This 

means that even if two motors have the same air-gap flux density, the one with a higher 

quantity of tangential flux will produce a higher torque output. The tangential flux is the 

crucial factor in determining the motor’s torque-generating capability, and optimizing it 

is essential for achieving the desired motor performance. Therefore, in the context of the 

magnetic screen’s impact on torque, it becomes vital to examine how the screen affects the 

distribution of tangential and radial flux in the air gap. 

According to the limitations of the FEA tool utilized by the authors, measuring the 

radial flux is easier than measuring the tangential flux. Consequently, the radial force can 

be used as an indirect indicator to assess whether the magnetic screen affects the tangen-

tial flux in the motor. The results are illustrated in Figure 10. 

 

Figure 10. Radial force comparison. 

As anticipated, the radial force of the proposed model with the magnetic screen is 

lower compared to the base model, even with the higher current. The average and peak 

radial forces for the base model are 3.0 N and 3.53 N, respectively, while the average and 

peak radial forces for the proposed model are 1.84 N and 2.04 N, respectively. 

Based on these findings, it can be concluded that the presence of the magnetic screen 

leads to a significant reduction in the radial force compared to the base model. This re-

duction in radial force implies that more tangential flux is produced when the magnetic 

screen is implemented with higher current. Therefore, the magnetic screen’s effect on the 

Figure 9. Air-gap flux density comparison: (a) outer motor; (b) inner motor.

Indeed, the direction of flux in the air gap can be categorized into two main compo-
nents: radial and tangential. The radial flux is often associated with undesirable effects
such as vibration and noise, making it less desirable in motor designs. On the other hand,
the tangential flux is the component responsible for generating torque in the motor. This
means that even if two motors have the same air-gap flux density, the one with a higher
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quantity of tangential flux will produce a higher torque output. The tangential flux is the
crucial factor in determining the motor’s torque-generating capability, and optimizing it
is essential for achieving the desired motor performance. Therefore, in the context of the
magnetic screen’s impact on torque, it becomes vital to examine how the screen affects the
distribution of tangential and radial flux in the air gap.

According to the limitations of the FEA tool utilized by the authors, measuring the
radial flux is easier than measuring the tangential flux. Consequently, the radial force can
be used as an indirect indicator to assess whether the magnetic screen affects the tangential
flux in the motor. The results are illustrated in Figure 10.
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Figure 10. Radial force comparison.

As anticipated, the radial force of the proposed model with the magnetic screen is
lower compared to the base model, even with the higher current. The average and peak
radial forces for the base model are 3.0 N and 3.53 N, respectively, while the average and
peak radial forces for the proposed model are 1.84 N and 2.04 N, respectively.

Based on these findings, it can be concluded that the presence of the magnetic screen
leads to a significant reduction in the radial force compared to the base model. This
reduction in radial force implies that more tangential flux is produced when the magnetic
screen is implemented with higher current. Therefore, the magnetic screen’s effect on
the motor design can be indirectly verified by observing the changes in the radial force,
providing valuable insights into its impact on the tangential flux distribution and ultimately
the motor’s torque output.

Finally, the comparison of back-EMF characteristics is presented in Figure 11. The
dotted lines represent the base model without the magnetic screen, while the solid lines
represent the proposed model with the magnetic screen. From the graph in Figure 11a, it is
evident that the back-EMF waveform of the proposed model is much closer to a sinusoidal
shape compared to that of the base model.

To further quantify the improvement in waveform quality, a Total Harmonic Distortion
(THD) analysis is performed on the back-EMF waveforms. The results are displayed in
Figure 11b as well. It is apparent that the proposed model exhibits significantly lower third
harmonic content compared to the base model, with a remarkable reduction of 67%.

The improvement in the back-EMF waveform, with reduced harmonic distortion and
closer resemblance to a sinusoidal shape, is a positive indication of the benefits of the
magnetic screen in the motor design. This improvement has implications for smoother
operation, reduced noise, and potentially improved efficiency of the motor.
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Table 2 provides a breakdown of the weight distribution among some motor compo-
nents, as determined through the 2D simulation. The components considered for weight
calculation are cores, magnets, magnetic shielding, and windings, with their combined
weight totaling 5.84 kg. Notably, the outer stator emerges as the heaviest component,
closely trailed by the windings. The outer stator winding alone constitutes approximately
64% of the total winding weight. Simultaneously, the outer stator core comprises roughly
60% of the total stator core weight. In contrast, the rotor exhibits a somewhat more bal-
anced weight distribution. Specifically, the outer rotor core accounts for around 53% of
the total rotor core weight, and the outer PMs contribute approximately 56% of the overall
PM weight.

Table 2. Weight per motor part.

Parameters Value

Outer stator (kg) 1.71
Inner stator (kg) 1.13
Outer rotor (kg) 0.57
Inner rotor (kg) 0.49

Permanent magnets (kg) 0.45
Magnetic shield (kg) 0.40

Windings (kg) 1.09
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4. Experiment Results

To validate the proposed design, a physical prototype was manufactured, as depicted
in Figure 12. Figure 12a shows the stator and winding of the motor, with a hollow area
where the rotor will be inserted. In Figure 12b, the rotor of the motor is displayed. Figure 12c
shows the rotor and stator cores. There are four distinct core parts: the inner and outer
stator, as well as the outer and inner rotor cores. The space between the outer and inner
rotor cores is designated to accommodate the magnetic screen. Figure 12d shows the
assembly of windings within the housing. The upper picture corresponds to the outer
stator, while the lower image pertains to the inner stator. Figure 12e depicts the insertion
process of the rotor into the stator. Lastly, Figure 12f shows the final assembly of the motor.
The windings are all pulled to the rear for easy connection to the controller.
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Figure 12. Prototype motor: (a) stator; (b) rotor; (c) stator and rotor cores; (d) winding connection;
(e) rotor insertion process; (f) final assembly.

Figure 13 provides an overview of the motor assembly. The cores are securely affixed
to the frame through the use of bolts. Bearings are strategically positioned at both the
front and back of the motor, with the rotating shaft situated exclusively at the front. This
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configuration, while structurally straightforward, does present the potential challenge of
rotor balancing if the precise alignment of the rotor or bearings is not achieved.
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Figure 13. Motor assembly illustration.

Figure 14a shows the experimental setup for the motor test bed, with the motor
connected to a load and a torque sensor (CSA-5KM-SP from CASKOREA, Gyeonggi-do,
Republic of Korea) capable of measuring up to 5 kgf·m or 49 Nm. Worth noting, the “SP”
designation in the model name signifies the incorporation of an internally attached speed
sensor. Figure 14b shows the use of a single power analyzer (WT1600 from Yokogawa) to
measure the motor’s output power.
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Figure 14. Experimental setup: (a) test bed; (b) measurement process.

Prior to sending the motor for formal testing, we conducted a basic evaluation of the
motor’s back-EMF in our own laboratory. In this assessment, the motor was rotated using
a servo motor in a generator mode, and the results are displayed in Figure 15. Notably, the
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waveforms for all three phases exhibit remarkable similarity, featuring closely matched
maximum and RMS values.
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The motor underwent testing not in a conventional laboratory but in a specialized
facility that specializes in qualification tests for the market. These tests were specifically
conducted at the motor’s rated speed and torque point, aiming for operation at 2.5 kW and
3000 RPM. In total, five tests were carried out, as shown in Figure 16, where the dotted
black line represents the average value. It is noteworthy that, despite some slight variations
in results between runs, the target operating point was consistently achieved. The motor’s
performance was officially verified through the qualification test, confirming its suitability
for practical applications.

As observed in the simulations, the phase current required to achieve the rated torque
is 10.5 Arms. However, the actual torque output during testing exceeded the design target,
measuring at around 8.5 Nm. This indicates that the motor performed better than expected,
delivering higher torque than initially anticipated. Moreover, the efficiency of the motor is
shown to be 95.2%, which is 1.6% higher than the previous results in [29]. This improvement
in efficiency can be attributed to the optimization of the motor’s design, especially with the
inclusion of the optimized magnetic screen. The comparison between the simulation and
experiment results are shown in Table 3 below.

Table 3. Motor performance comparison.

Parameters Simulation Experiment

Output power (W) 2425 2425
Rotating speed (RPM) 3000 3000

Copper loss (W) 30.0 36.9
Core loss (W) 51.9

79.0PM loss (W) 15.0
Efficiency (%) 96.2 95.4
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5. Conclusions

In conclusion, this research presented a novel Dual Air-Gap Surface Permanent Magnet
Synchronous Motor (DAG-SPMSM) with a strategically placed magnetic screen in the
middle of the rotor. The magnetic screen effectively isolated the outer and inner motors,
leading to several noteworthy findings.

Firstly, through extensive finite element analysis (FEA), it was demonstrated that
the magnetic screen reduced the air-gap flux density, resulting in a decrease in torque
output. However, it was also observed that this reduction in torque was compensated
by a substantial decrease in torque ripple, making the motor’s operation smoother and
more stable.

Secondly, experimental tests conducted in a specialized qualification test facility pro-
vided practical validation of the proposed design. Surprisingly, the motor surpassed the
design target, producing a higher torque output than expected, while also exhibiting an
improved efficiency of 95.2%—a 1.6% increase compared to previous nonoptimized results.

Furthermore, the magnetic screen influenced the back-EMF waveform, leading to
a back-EMF profile that closely resembled a sinusoidal shape with reduced harmonic
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distortion. This improvement in waveform quality contributes to smoother motor operation
and potentially lower noise levels.

Overall, the successful implementation of the proposed DAG-SPMSM with the mag-
netic screen offers promising advantages in terms of reduced torque ripple, enhanced
efficiency, and improved back-EMF characteristics. These results make the motor a strong
candidate for various applications requiring high torque density, smooth operation, and
increased energy efficiency.

Author Contributions: Conceptualization and methodology, K.-I.J. and D.-H.K.; software, K.-I.J.
and G.F.L.; validation, T.-J.A. and D.-H.K.; formal analysis, R.H., K.-I.J. and D.-H.K.; writing—
original draft preparation, R.H.; writing—review and editing, G.F.L.; visualization, K.-I.J. and G.F.L.;
supervision and project administration, G.S.P. and J.-W.A. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the Basic Science Research Program through the National
Research Foundation of Korea (NRF), funded by the Ministry of Education (2020R1G1A1012756),
and the Leaders in the INdustry–University Cooperation 3.0 Project, supported by the Ministry of
Education and National Research Foundation of Korea.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bianchini, C.; Bisceglie, G.; Torreggiani, A.; Davoli, M.; Macrelli, E.; Bellini, A.; Frigieri, M. Effects of the Magnetic Model of

Interior Permanent Magnet Machine on MTPA, Flux Weakening and MTPV Evaluation. Machines 2023, 11, 77. [CrossRef]
2. Soreshjani, M.H.; Ghafari, A.; Heidari, R. The Application of Classical Direct Torque and Flux Control (DTFC) for Line-Start

Permanent Magnet Synchronous and its Comparison with Permanent Magnet Synchronous Motor. J. Electr. Eng. Technol. 2014, 9,
1954–1959. [CrossRef]

3. Wei, W.; Zhang, J.; Yao, J.; Tang, S.; Zhang, S. Performance Analysis and Optimization of Power Density Enhanced PMSM with
Magnetic Stripe on Rotor. Energies 2020, 13, 4457. [CrossRef]

4. Zhao, J.; Liu, X.; Wang, S.; Zheng, L. Review of Design and Control Optimization of Axial Flux PMSM in Renewable-energy
Applications. Chin. J. Mech. Eng. 2023, 36, 45. [CrossRef]

5. Raza, M.; Zhao, W.; Lipo, T.A.; Kwon, B. Performance Comparison of Dual Airgap and Single Airgap Spoke-Type Permanent-
Magnet Vernier Machines. IEEE Trans. Magn. 2017, 53, 8106604. [CrossRef]

6. Liu, X.; Zhong, X.; Du, Y.; Chen, X. A Novel Triple-Permanent-Magnet-Excited Vernier Machine with Double-Stator Structure for
Low-Speed and High-Torque Applications. Energies 2018, 11, 1713. [CrossRef]

7. Wei, L.; Nakamura, T. A Novel Dual-Stator Hybrid Excited Permanent Magnet Vernier Machine with Halbach-Array PMs. IEEE
Trans. Magn. 2021, 57, 8101705. [CrossRef]

8. Luongo, C.; Masson, P.; Nam, T.; Mavris, D.; Kim, H.; Brown, G.; Waters, M.; Hall, D. Next Generation More-Electric Aircraft: A
Potential Application for HTS Superconductors. IEEE Trans. Appl. Supercond. 2009, 19, 1055–1068. [CrossRef]

9. Mahmouditabar, F.; Vahedi, A.; Marignetti, F. The Demagnetization Phenomenon in PM Machines: Principles, Modeling, and
Design Considerations. IEEE Access 2023, 11, 47750–47773. [CrossRef]

10. Chen, Z.; Ma, H.; Li, Z. Rotor Parameter Analysis for Surface-Mounted and Interior Hybrid Permanent Magnet Synchronous
Machine. In Proceedings of the 2016 19th International Conference on Electrical Machines and Systems (ICEMS), Chiba, Japan,
13–16 November 2016; pp. 1–5.

11. Önsal, M.; Cumhur, B.; Demir, Y.; Yolacan, E.; Aydin, M. Rotor Design Optimization of a New Flux-Assisted Consequent Pole
Spoke-Type Permanent Magnet Torque Motor for Low-Speed Applications. IEEE Trans. Magn. 2018, 54, 8206005. [CrossRef]

12. Baoquan, K.; Chunyan, L.; Shukang, C. Flux-Weakening-Characteristic Analysis of a New Permanent-Magnet Motor Synchronous
Motor Used for Electric Vehicles. IEEE Trans. Plasma Sci. 2010, 39, 511–515. [CrossRef]

13. Mörée, G.; Leijon, M. Overview of Hybrid Excitation in Electrical Machines. Energies 2022, 15, 7254. [CrossRef]
14. Jiang, W.; Feng, S.; Zhang, Z.; Zhang, J.; Zhang, Z. Study of Efficiency Characteristics of Interior Permanent Magnet Synchronous

Motors. IEEE Trans. Magn. 2018, 54, 8108005. [CrossRef]
15. Liu, Z.; Chiba, A.; Irino, Y.; Nakazawa, Y. Optimum Pole Number Combination of a Buried Permanent Magnet Bearingless Motor

and Test Results at an Output of 60 kW With a Speed of 37,000 r/min. IEEE Open J. Ind. Appl. 2020, 1, 33–41. [CrossRef]
16. Dubois, M.R.; Trovao, J.P. EMF waveform optimization using the permanent magnet volume-integration method. CES Trans.

Electr. Mach. Syst. 2017, 1, 189–198. [CrossRef]
17. He, C.; Wu, T. Analysis and design of surface permanent magnet synchronous motor and generator. CES Trans. Electr. Mach. Syst.

2019, 3, 94–100. [CrossRef]

https://doi.org/10.3390/machines11010077
https://doi.org/10.5370/JEET.2014.9.6.1954
https://doi.org/10.3390/en13174457
https://doi.org/10.1186/s10033-023-00868-8
https://doi.org/10.1109/TMAG.2017.2669105
https://doi.org/10.3390/en11071713
https://doi.org/10.1109/TMAG.2020.3012193
https://doi.org/10.1109/TASC.2009.2019021
https://doi.org/10.1109/ACCESS.2023.3274701
https://doi.org/10.1109/TMAG.2018.2832076
https://doi.org/10.1109/TPS.2010.2076355
https://doi.org/10.3390/en15197254
https://doi.org/10.1109/TMAG.2018.2847328
https://doi.org/10.1109/OJIA.2020.2975852
https://doi.org/10.23919/TEMS.2017.7961341
https://doi.org/10.30941/CESTEMS.2019.00013


Energies 2023, 16, 6969 16 of 16

18. Yoon, A.; Yi, X.; Martin, J.; Chen, Y.; Haran, K. A high-speed, high-frequency, air-core PM machine for aircraft application. In
Proceedings of the 2016 IEEE Power and Energy Conference at Illinois (PECI), Urbana, IL, USA, 19–20 February 2016; pp. 1–4.

19. Golovanov, D.; Galea, M.; Gerada, C. High specific torque motor for propulsion system of aircraft. In Proceedings of the
2016 International Conference on Electrical Systems for Aircraft, Railway, Ship Propulsion and Road Vehicles & International
Transportation Electrification Conference (ESARS-ITEC), Toulouse, France, 2–4 November 2016; pp. 1–6.

20. Zhao, L.; Yang, M.; He, Z.; Ma, J.; Lu, Q. Optimization design of outer-rotor permanent magnet synchronous motor. In Proceedings
of the 2021 Sixteenth International Conference on Ecological Vehicles and Renewable Energies (EVER), Monte-Carlo, Monaco, 5–7
May 2021; pp. 1–5.

21. Kasha, A.E.; Sudhoff, S.D. Multi-objective design optimization of a surface-mounted modular permanent-magnet pole machine.
In Proceedings of the 2016 IEEE Power and Energy Conference at Illinois (PECI), Urbana, IL, USA, 19–20 February 2016; pp. 1–7.

22. Alsawalhi, J.Y.; Sudhoff, S.D. Design Optimization of Asymmetric Salient Permanent Magnet Synchronous Machines. IEEE Trans.
Energy Convers. 2016, 31, 1315–1324. [CrossRef]

23. Yang, Y.-P.; Peng, M.-T. A Surface-Mounted Permanent-Magnet Motor with Sinusoidal Pulsewidth-Modulation-Shaped Magnets.
IEEE Trans. Magn. 2019, 55, 8100108. [CrossRef]

24. Ou, J.; Liu, Y.; Doppelbauer, M. Comparison Study of a Surface-Mounted PM Rotor and an Interior PM Rotor Made From
Amorphous Metal of High-Speed Motors. IEEE Trans. Ind. Electron. 2020, 68, 9148–9159. [CrossRef]

25. Lin, Q.; Zhao, X.; Cai, F.; Wu, Q.; Pang, J.; Guo, X. Design of a Dual-Permanent-Magnet Vernier Machine to Replace Conventional
Surface-Mounted Permanent Magnet Motor for Direct-Drive Industrial Turbine Application. IEEE Access 2023, 11, 2291–2302.
[CrossRef]

26. Yoon, K.-Y.; Kwon, B.-I. Optimal Design of a New Interior Permanent Magnet Motor Using a Flared-Shape Arrangement of
Ferrite Magnets. IEEE Trans. Magn. 2016, 52, 8106504. [CrossRef]

27. Siddiqi, M.R.; Yazdan, T.; Im, J.-H.; Humza, M.; Hur, J. Design and Analysis of a Dual Airgap Radial Flux Permanent Magnet
Vernier Machine with Yokeless Rotor. Energies 2021, 14, 2311. [CrossRef]

28. Yoon, K.-Y.; Lee, S.-T. Performance Improvement of Permanent-Magnet-Synchronous Motors through Rotor Shape Optimization
of Marine Blowing System with High-Speed Rotation. Energies 2023, 16, 5486. [CrossRef]

29. Jeong, K.-I.; Heidari, R.; Kang, D.-H.; Ahn, T.-J.; Park, G.S.; Ahn, J.-W.; Lukman, G.F. Electromagnetic Characteristics of
Dual-Air-Gap Surface Permanent Magnet Synchronous Motor. Machines 2023, 11, 717. [CrossRef]

30. Kim, C.; Yun, G.; Lee, S.; Choo, Y.; Lukman, G.F.; Lee, C. Analysis of Vibration and Noise in a Permanent Magnet Synchronous
Motor Based on Temperature-Dependent Characteristics of Permanent Magnet. Energies 2023, 16, 6452. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/TEC.2016.2575138
https://doi.org/10.1109/TMAG.2018.2873773
https://doi.org/10.1109/TIE.2020.3026305
https://doi.org/10.1109/ACCESS.2022.3233870
https://doi.org/10.1109/TMAG.2016.2524505
https://doi.org/10.3390/en14082311
https://doi.org/10.3390/en16145486
https://doi.org/10.3390/machines11070717
https://doi.org/10.3390/en16186452

	Introduction 
	Structure of Proposed Motor 
	Simulation Results 
	Experiment Results 
	Conclusions 
	References

