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Abstract  Öz 

This study investigates the influence of rotor design on the performance 
of interior permanent magnet brushless DC (IPM-BLDC) motors used in 
axial fan applications, which span from industrial cooling systems to 
automotive technologies. Two alternative rotor topologies with a 12/8 
slot–pole configuration were analyzed using finite element analysis 
(FEA). The evaluation focused on key performance metrics, including 
torque ripple, cogging torque, and efficiency. The optimized flux-barrier 
rotor demonstrated a 55.36% reduction in cogging torque, a 1.23% 
improvement in efficiency, and a 2.23% decrease in torque ripple 
relative to the baseline design. Based on these results, the superior rotor 
geometry was prototyped, and the numerical findings were 
experimentally validated through performance testing. The outcomes 
confirm that rotor flux-barrier optimization enhances the overall 
efficiency and operational stability of IPM-BLDC motors in axial fan 
applications. 

 Bu çalışma, endüstriyel soğutma sistemlerinden otomotiv 
teknolojilerine kadar geniş bir kullanım alanına sahip eksenel fan 
uygulamalarında kullanılan içten mıknatıslı fırçasız doğru akım (IPM-
BLDC) motorlarının performansı üzerindeki rotor tasarımının etkisini 
incelemektedir. 12/8 oluk–kutup konfigürasyonuna sahip iki alternatif 
rotor topolojisi sonlu elemanlar analizi (FEA) yöntemiyle 
değerlendirilmiştir. İnceleme; tork dalgalanması, vuruntu torku ve 
verimlilik gibi temel performans metriklerine odaklanmıştır. 
Optimizasyonu yapılmış akı bariyerli rotor, referans tasarıma kıyasla 
vuruntu torkunda %55,36 azalma, verimlilikte %1,23 artış ve tork 
dalgalanmasında %2,23 düşüş sağlamıştır. Bu sonuçlara dayanarak 
üstün performans gösteren rotor geometrisi prototiplenmiş ve sayısal 
bulgular performans testleriyle deneysel olarak doğrulanmıştır. Elde 
edilen sonuçlar, akı bariyeri optimizasyonunun IPM-BLDC motorlarının 
eksenel fan uygulamalarındaki genel verimliliğini ve çalışma 
kararlılığını artırdığını doğrulamaktadır. 

Keywords: IPM, Axial fan, Flux barrier, BLDC motor  Anahtar kelimeler: IPM, Eksenel fan, Akı bariyeri, BLDC motor 

1 Introduction 

Axial flow fans are used in a wide range of applications, from  
air conditioning systems to the cooling of compact electronic 
equipment. These fans play a critical role in HVAC (Heating, 
Ventilation, and Air Conditioning) systems by providing airflow 
[1]. Axial fans operate by pushing air in the axial direction using 
the swirling tangential motion created by the rotating fan 
blades [2]. The geometry of an axial flow fan is shown in Figure 
1.  

Axial fans are widely used in various vehicles for heating, 
cooling, ventilation, and engine cooling purposes [3]. Along 
with technological developments in the automotive industry, 
the required characteristics of motors used in axial fans have 
also advanced [4]. The basic characteristics expected from these 
motors include long life, low noise levels, high efficiency, 
compact design, low cost, and lightweight construction [5]. As 
an alternative to induction motors used in industrial 
applications, brushless DC (BLDC) motors have emerged as an 
ideal solution for fan systems due to their high efficiency, low 
energy consumption, compact size, and speed control features. 
BLDC motors deliver superior performance in terms of 
efficiency due to their high power-to-weight ratio, minimal 
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maintenance requirements, and precise speed-torque control. 
Additionally, low rotor inertia enables rapid acceleration and 
deceleration, making them advantageous for dynamic 
applications [6-7]. 

 
Figure 1. Geometry of an axial-flow fan. 
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BLDC motors are commonly used in power transmission, 
electric HVAC compressors, cooling fans, and pumps. The ease 
of speed control, high efficiency, and long life cycle expectations 
make them a frequently preferred option for fan applications 
[8-9]. Generally, these motors are classified as surface-
permanent magnet (SPM) and interior-permanent magnet 
(IPM) designs [10]. Figure 2 shows images of SPM and IPM 
motor structures. 

 
Figure 2. (a): SPM motor.        (b): IPM motor. 

Both motor types are known for their high torque density and 
efficiency. However, IPM motors also feature reluctance torque 
and offer advantages such as an extended speed range [11]. 

In IPM motors, flux barrier designs are crucial for improving 
torque ripple and cogging torque. Various techniques, such as 
adding additional holes or notches to the rotor surface, have 
been documented in the literature [12-13]. Furthermore, 
creating additional flux barriers can reduce leakage flux and 
thus increase the average torque. These modifications to the 
rotor can alter the back EMF waveform and reduce iron losses. 

In general, the primary approach is to reduce reluctance along 
the d-axis and increase it along the q-axis, thereby achieving 
typical characteristics such as the d-axis inductance being 
greater than the q-axis inductance (𝐿𝑑>𝐿𝑞). However, 

excessively increasing the flux barriers along the q-axis can lead 
to saturation in the flux path of the d-axis [14]. The flux paths 
along the d and q-axes are intricately interconnected and are 
directly influenced by the arrangement of the magnets. 
Therefore, the precise positioning of the flux barriers on the 
rotor is crucial [15]. 

The torque produced by IPM motors is fundamentally divided 
into two types: electromagnetic torque and reluctance torque. 
Electromagnetic torque arises from the interaction between the 
magnetic fields of the stator and rotor, while reluctance torque 
arises from the reluctance difference between the d-axis and q-
axis [16]. 

The rotor of an IPM motor consists of permanent magnets made 
of either rare-earth or ferrite materials. Although ferrite 
magnets are more economical than NdFeB magnets, their lower 
remanent flux density (Br), energy density, and coercivity (–Hc) 
restrict their use to low-performance applications [17]. Since 
the present work requires high power density, sintered NdFeB 
magnets may be preferred; however, only sintered NdFeB was 
employed as the rare-earth magnet in this study [18]. 

In a similar study, the total bridge width was reduced by 
removing the two side bridges on the IPM motor rotor and 
leaving only the center bridge; this was shown to improve 
torque production by increasing the air gap flux density. This 
arrangement provided a 7.5% increase in torque and a 0.18% 
increase in efficiency in a comparative evaluation [19]. 

This study presents performance comparisons for axial fan 
applications based on modifying the flux barrier architecture in 
the rotor of a flat-type IPM-BLDC motor. In the first phase of the 
study, a reference motor was selected; the motor design was 
optimized using nominal operating points derived from the 
axial fan load, and preliminary FEA results were compared with 
the initial design. Subsequently, the final design obtained from 
the rotor geometry optimization was prototyped, and the 
measured performance curves were evaluated. The findings 
indicate that significant performance improvements were 
achieved in the Model 1 design for the axial fan motor, thus 
confirming the suitability of the proposed flux barrier 
arrangement for application. 

2 Motor design for axial fans: Finite element 
analysis and comparative evaluation 

A reference axial fan–motor model was utilized to determine 
the initial design parameters. Based on this model, the fan 
operates at approximately 225 W of electrical power at 2850 
rpm, drawing 8.6 A from a 26 V supply, thereby defining the 
nominal operating point. Since the reference axial fan is known 
to draw 8.6 A at 0 Pa pressure, the fan blades were removed and 
the motor alone was subjected to a torque test. To replicate the 
fan load, the current was increased to 8.6 A, and the 
corresponding torque applied to the motor was measured as 
0.64 N·m. From these performance measurements, the nominal 
operating point and the average fan load were derived. These 
results were then adopted as the initial constraints for the 
electromagnetic design of the IPM motor, providing guidance 
for the subsequent design process. 

In IPM motors, selecting similar slot and pole numbers 
increases the winding factor, facilitating higher torque 
production. Additionally, slot-pole combinations that are close 
to each other result in lower cogging torque [20].  

Although the motor used in this study has an IPM structure, six-
step BLDC commutation was preferred as the drive method. In 
IPM motors, the total torque consists of the electromagnetic 
torque component as well as the reluctance torque component. 
The torque relationship is given in Equation (1). 

T = 
3

2
 p (𝛷𝑚𝑖𝑞 + (𝐿𝑑 - 𝐿𝑞) 𝑖𝑑𝑖𝑞) (1) 

p is the number of pole pairs, Φm is the magnetic flux, id is the 
d-axis current, iq s the q-axis current [21]. 

In the six-step BLDC drive method, since the current vector is 
not controlled separately on the d–q axis, it is not possible to 
effectively optimize the reluctance torque component. In this 
case, the reluctance torque engages at a limited level and in an 
uncontrolled manner, while the main torque component is the 
electromagnetic torque, also known as the magnet torque. The 
new torque relationship for 𝑖𝑑 ≈ 0 is given in Equation (2). 

T = 
3

2
 p 𝛷𝑚𝑖𝑞 (2) 

Current vector-based methods such as field-oriented control 
(FOC) are required to utilize the reluctance torque contribution 
of the IPM motor most efficiently [22]. However, the reason for 
choosing BLDC drive due to simple control structure, low-cost 
driver requirement, and high applicability, which meet the 
targeted application requirements of the system. 

The rotor design of the NdFeB-based IPM motor has been 
optimized using a multi-objective genetic algorithm (GA). 
During the optimization process, the parameters magnet width 
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(𝑤𝑚), magnet thickness (𝑑𝑚), bridge thickness (𝑤𝑟𝑖𝑏) and flux-
carrier thickness (dpc) were considered. Figure 3 shows the 
visual representation of the optimization parameters, and Table 
1 provides the initial values of the IPM rotor. 

 

Figure 3. Initial geometry of the IPM rotor. 
 

Table 1. Initial design parameters of the rotor. 
Symbol          Parameters            Value 

              𝑤𝑚   Magnet width [mm] 12 

             𝑤𝑟𝑖𝑏  Bridge thickness [mm] 1 

               dpc                Flux carrier thickness [mm] 2 

               𝑑𝑚                Magnet thickness [mm] 3.2 

The leakage factor (𝐾𝑙), is a critical parameter in IPM rotor 
design, representing the portion of the total magnetic flux 
generated by the permanent magnets that effectively passes 
through the air gap to contribute to torque production. In IPM 
motors, the leakage flux is typically higher than in SPM motors, 
since the magnets are embedded within the rotor. The presence 
of iron paths surrounding the magnets causes part of the flux to 
short-circuit without reaching the air gap. For designs targeting 
high torque density, the leakage factor should be as close to 
unity as possible. The leakage factor is defined by the 
expression given in Equation (3). 

𝐾𝑙 = 
𝛷𝑝

𝛷𝑚
 (3) 

Φp is the pole flux and Φm is the magnetic flux. 

The leakage factor can be raised closer to 1 by reducing the 
bridge thickness or enlarging the magnet volume. However, in 
the optimization process, an excessive reduction in bridge 
thickness may compromise the mechanical integrity of the 
rotor [23]. Likewise, increasing the magnet volume may raise 
both the cost and weight of the motor. The variation of the 
leakage factor with respect to the optimization parameters is 
illustrated in Fig. 4, while the final dimensions of the IPM rotor 

are summarized in Table 2. 

 

 

Figure 4. Optimization of IPM rotor leakage factor. 
 

Table 2. Final design parameters of the rotor. 
Symbol          Parameters            Value 

              𝑤𝑚   Magnet width [mm] 12 

             𝑤𝑟𝑖𝑏  Bridge thickness [mm] 0.6 

               dpc                Flux carrier thickness [mm] 1.85 

               𝑑𝑚                Magnet thickness [mm] 3 

As a result of the optimization study, the design with the highest 
leakage factor and the most suitable dimensions for 
manufacturability was selected, yielding a leakage factor of 
0.7494. The rotor was then operated at a speed approximately 
20% above the nominal value and subjected to static strength 
analysis, which confirmed its mechanical integrity [24]. 
Furthermore, an additional locking groove was introduced into 
the magnet bearing to prevent magnet displacement caused by 
centrifugal and electromagnetic forces during operation. The 
static strength analysis results of the final rotor design are 
presented in Fig. 5. 

 

Figure 5. Final IPM rotor geometry static structural analysis. 

The core material properties of the M470-50A electrical steel 
sheet were defined, the rotor was rotated at 3600 rpm, and the 
analysis outputs were examined. The results showed that the 
maximum stress was concentrated in the bridge regions. This 
stress, which reached a maximum level of 7.089 MPa, was 
confirmed by the analysis to pose no risk to the mechanical 
integrity of the rotor, as it remained within safe limits. 
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The final design Model 1 and initial design Model 2 2D finite 
element models of the IPM-BLDC motors are presented in 
Figure 6. Both machines have a 97 mm outer stator diameter, 20 
mm stack (axial) length and a 12/8 slot-pole topology. The 
performance of the two different rotor types was compared 
through a comprehensive electromagnetic analysis.  

    

                           (a)                                                       (b)  

   

                            (c)                                                     (d)  

Figure 6.  2D models and rotor designs of Model 1 and Model 2 
motors. (a): Model 1 2D motor model. (b): Model 2 2D motor 

model. (c): Model 1 2D rotor model. (d): Model 2 2D rotor 
model. 

Although both designs have similar dimensions and magnet 
types, the fundamental difference lies in the additional flux 
barriers integrated into the outer surface of the rotor 
laminations in Model 1. Due to these design differences, Model 
1 reached a nominal speed of 3025 rpm during the analysis 
phase, while Model 2 reached 2950 rpm. Table 3 shows the 
design parameters of these IPM-BLDC motors. 

Table 3. Design parameters of ipm-bldc motors. 
Parameter   Model 1          Model 2 

Stator Outer Diameter [mm] 97 97 

Stack Length [mm] 20 20 
Air Gap [mm] 0.7 0.7 

Nominal Speed [rpm] 3025 2950 

Phase Resistance [ohm] (at 60°C) 0.082 0.082 
Magnet Type NdFeB NdFeB 

Magnet Flux Density (Br) [T] 
1.21 1.21 

Air Gap Flux Density (Bav) [T] 
0.461 0.445 

The designs were analyzed using Ansys Maxwell 2D 
electromagnetic simulation software within the scope of 
transient finite element analysis (FEA). Each motor model was 
run for a 150 ms simulation process, and the current/torque 
waveforms reached a steady state at approximately 40 ms. In 
similar studies, the average transition time to steady state has 
been reported as 70 ms [25]. 

 

 

According to FEA results: 

•    Model 1 rotor motor operated at 26V, with a phase current 
of 10.2A and reached a speed of 3025 rpm. It consumed 
250.26W of electrical power and provided 202.7W of 
mechanical power. 

•    Model 2 rotor motor operated at the same voltage, with a 
phase current of 11.15A, reaching a speed of 2950 rpm. It 
consumed 249.88W of electrical power and provided 197.75W 
of mechanical power. 

 

Figure 7. Phase current graphs for Model 1/Model 2 designs. 

Under a constant load of 0.64 Nm, the electromagnetic torque 
value was determined to be 0.6921 Nm (red curve) for the 
Model 1 design and 0.6907 Nm (blue curve) for the Model 2 
design. Analysis of torque ripple revealed that the torque ripple 
ratio was 11.95% for the Model 1 design and 14.18% for the 
Model 2 design. In the speed graph, it was observed that the 
nominal speed under load reached 3025 rpm for the Model 1 
design (shown in red) and 2950 rpm for the Model 2 design 
(shown in green). Figure 8 shows the torque and speed 
characteristics of both motor designs under nominal load. 
These findings highlight the performance differences between 
the two designs and provide a comprehensive and reliable 
comparison of their operational capabilities. 

 

(a) 

 

(b) 
Figure 8. (a): Torque graph of Model 1 and Model 2 motors 

under nominal load. (b): Speed graph of Model 1 and Model 2 
motors under nominal load. 

A transient analysis was performed without energizing the 
stator windings to analyze the opposing EMF signals of the 
motors. The rotor was freely rotated around its axis using a 
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drive motor at no-load speed. The EMF induced in the phases 
was observed on an oscilloscope. 

The schematic diagram of the applied system is shown in Figure 
9, while Figure 10 shows the simulation results of the phase-to-
phase back EMF signals for the motors. 

 

Figure 9. Schematic of back EMF signal measurement. 

 

Figure 10. Back EMF waveforms of Model 1 and Model 2. 

The sinusoidal nature of the back-EMF signal indicates that the 
motor will have lower torque ripple [26]. Based on the back-
EMF waveforms, it was observed that the signal of Model 1 
motor is closer to a sinusoidal shape. This indicates that Model 
1 will have lower acoustic noise and vibration levels under load 
compared to Model 2. Additionally, when torque ripple 
percentages are considered, Model 1 exhibits approximately 
2.23% less torque ripple than Model 2. 

While cogging torque can be beneficial in some stepper motor 
applications, it is generally detrimental for permanent magnet 
(PM) motors [27]. Cogging torque is the source of harmonic 
magnetic forces in the stator and causes radial vibrations. This 
problem is particularly undesirable in medium and low-power 
PM motors because it causes vibrations and acoustic noise [28]. 

In the cogging torque analysis performed for two rotor 
geometries, 14.55 mN·m was obtained for Model 1 and 32.61 
mN·m for Model 2. By adding additional flux barriers to the 
rotor geometry, the cogging torque was optimized and reduced 
by approximately 55.36%. The cogging torque waveforms and 
peak values for both designs are presented in Figure 11. 

 

Figure 11. Simulation graph of cogging torque for Model 1 and 
Model 2. 

To prevent saturation in the stator and rotor cores, the 
magnetic flux density must be maintained within a specific 
range [29]. The analysis results indicate that the maximum flux 
density reached 2.25 T in Model 1 and 2.16 T in Model 2. In both 

models, the flux density in the stator teeth was approximately 
1.61 T. Although localized core saturation was observed at the 
rotor edges, which may adversely affect efficiency, it also 
provides a flux-leakage inhibiting effect. The distributions of 
magnetic flux density (B) and current density (J) for both 
models are illustrated in Fig. 12. 

 

(a) 

 

(b) 
Figure 12. (a): Magnetic flux density (B) and current density 

(J) simulation results for the Model 1 motor. (b): Magnetic flux 
density (B) and current density (J) simulation results for the 

Model 2 motor. 

When examining the current densities of the two motors, the 
maximum current density for Model 1 is 5.45 A/mm², while for 
Model 2 it is 5.87 A/mm². A comparison of the copper losses 
specific to the designs, as can be understood from the current 
density values, shows that Model 1 has lower copper loss than 
Model 2. These results highlight the effect of the designs on 
energy efficiency and show that Model 1 has an advantage in 
terms of copper loss. 

3 Final design and prototype production 

The performance comparison of two different BLDC motors was 
performed using 2D transient analysis in Ansys Maxwell 
electromagnetic simulation software. The solutions are 
summarized in Table 4. 
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Table 4. Comparison of output characteristics for two different 
ipm-bldc motors. 

Parameter Model 1 Model 2 

Input Voltage [V] 26 26 

Torque [Nm] 0.64 0.64 
Source Current [A] 9.63 9.6 

Phase Current [Arms] 10.2 11.15 

Pin [W] 250.26 249.88 

Pout [W] 202.7 197.75 
Copper Loss [W] 25.75 30.77 

Core Loss [W] 11.51 12.69 

Efficiency [%] 81 79.77 

According to the comparison of the analysis results, Model 1's 
rotor geometry was found to be 1.23% more efficient and was 
accepted as the final design for the axial fan motor. Figure 13 
shows the stator laminations, rotor laminations, wound stator 
assembly, magnetized rotor assembly, and the final IPM-BLDC 
motor design. 

  

           (a)                                                    (b) 

  

            (c)                                                    (d) 

 

(e) 
Figure 13. (a): Stator lamination. (b): Rotor lamination. (c): 

Wound stator core. (d): Magnetized rotor core. (e): Final IPM-
BLDC motor design. 

Following the completion of the IPM BLDC motor prototype, 
detailed tests were conducted to measure its performance. The 
purpose of these tests was to determine the motor's design and 
technical characteristics, evaluate its performance, and verify 
its suitability for specific application requirements. Prior to the 
performance tests, a system was set up to check whether the 

back-EMF signal was sinusoidal. During this process, the rotor 
was rotated at no-load speed using the drive motor without 
energizing the stator windings. A servo motor was used to bring 
the test motor to its no-load speed of 4000 rpm, and the back-
EMF signal induced in the windings was observed on an 
oscilloscope via probes connected to two phases. Figure 14 
shows the back-EMF signal test systems, while Figure 15 shows 
the measured back-EMF signal. 

 
Figure 14. Back EMF signal test system. 

 
Figure 15. Back EMF signal of the IPM-BLDC motor. 

The testing process was conducted on various operational 
scenarios to understand how the motor behaves under different 
conditions. These comprehensive tests measured critical 
parameters such as speed, torque, current, and efficiency to 
evaluate how well the design met its objectives. The testing 
phase is crucial for validating the motor before moving to mass 
production. The data obtained will be used to evaluate whether 
the motor's performance meets expectations and to make any 
necessary adjustments. A visual representation of the test setup 
is shown in Figure 16. 
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Figure 16. Test system for the IPM-BLDC motor. 

During the tests, the system was powered through a regulated 
supply, and the motor driver was connected via an interface 
card. The IPM–BLDC motor was loaded using a servo motor 
under various load conditions, and its operating performance 
was evaluated with a Dewetron power analyzer. The 
performance characteristics of the tested IPM–BLDC motor are 
presented in Fig. 17. 

 

Figure 17.  Performance curves of the IPM-BLDC motor. 

From the torque/speed, torque/mechanical power, and 
current/speed performance curves shown in Figure 17, it can 
be observed that as the applied load increases, the current draw 
and output power also increase, while the speed decreases. The 
test data shows that the nominal operating values of the IPM-
BLDC motor were obtained at a load of 0.65 Nm, a speed of 2965 
rpm, a current of 9.6A, and an efficiency of 80.8%. 

4 Conclusion 

In this study, two IPM–BLDC motor rotor designs (Model 1 and 
Model 2) were compared for improving the performance of 
axial fans in commercial vehicle HVAC systems. Model 1 
exhibited superior performance under load, characterized by 
lower torque ripple and cogging torque, as well as enhanced 
operational stability through a more linear speed profile. The 
maximum flux density in the Model 1 rotor reached 2.25 T 
locally; although local core saturation was observed, optimized 
flux barriers effectively reduced both iron and copper losses. 

These design enhancements resulted in a 55.36% reduction in 
cogging torque, a 1.23% improvement in efficiency, and a 

2.23% reduction in torque ripple for Model 1 compared to 
Model 2. Consequently, the Model 1 rotor geometry was 
identified as a more suitable and efficient configuration for axial 
fan applications. 

Comprehensive analyses confirm the positive impact of the 
Model 1 design on motor performance, energy efficiency, and 
operational reliability. With advantages including higher 
efficiency, reduced torque ripple, and lower maintenance 
requirements, the Model 1 rotor stands out as a promising 
solution for high-performance axial fan applications in the 
automotive industry. 
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