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Abstract

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 fa
applications.

o %

Bu ¢alisma, endiistrifel tha sistemlerinden  otomotiv
teknolojilerine kadar [

anst lizerindeki rotor tasariminin etkisini
-kutup konfigiirasyonuna sahip iki alternatif
rotor  topgl& dnlu elemanlar analizi (FEA) ydntemiyle
Inceleme; tork dalgalanmasi, vuruntu torku ve
temel performans metriklerine odaklanmistir.

Oplhgi u yapilmis aki bariyerli rotor, referans tasarima kiyasla
un rkunda %55,36 azalma, verimlilikte %1,23 artis ve tork
da masinda %2,23 diistis saglamistir. Bu sonuglara dayanarak

#listiin performans gdsteren rotor geometrisi prototiplenmis ve sayisal

bulgular performans testleriyle deneysel olarak dogrulanmigstir. Elde
edilen sonuglar, aki bariyeri optimizasyonunun IPM-BLDC motorlarinin
eksenel fan uygulamalarindaki genel verimliligini ve ¢alisma
kararlihgint artirdigini dogrulamaktadir.
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1 Introduction

Axial flow fans are used in a wide ra
air conditioning systems to the cool
equipment. These fans play a cri
Ventilation, and Air Conditionin|
[1]. Axial fans operate by pushin

cations, from
cdmpact electronic
e’in HVAC (Heating,
s by providing airflow
in the axial direction using
cfeated by the rotating fan

the swirling tangential
blades [2]. The ge e% n axial flow fan is shown in Figure

1.

Axial fans are e ed in various vehicles for heating,
cooling, venti n\and engine cooling purposes [3]. Along
with tgch evelopments in the automotive industry,
acteristics of motors used in axial fans have
also ahce|4]. The basic characteristics expected from these
mot8 clude long life, low noise levels, high efficiency,
compagt’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.



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 alo
the d-axis and increase it along the g-axis, thereby achfeyi
typical characteristics such as the d-axis inductanc %
greater than the g-axis inductance (Ly>Lgd® e

excessively increasing the flux barriers along thesmg- ad
to saturation in the flux path of the d-axis [14]° aths
and are

along the d and g-axes are intricately ir%ter nect
directly influenced by the arrangeme he magnets.
Therefore, the precise positioning of t "\ rriers on the
rotor is crucial [15].

The torque produced by IPM mot% ndamentally divided
into two types: electromagnetid t and reluctance torque.
Electromagnetic torque arise the interaction between the
magnetic fields of the stat@r otor, while reluctance torque
arises from the reluctal erence between the d-axis and q-
axis [16].

The rotor of an %0 consists of permanent magnets made
of either rg r@ or ferrite materials. Although ferrite
0 onomical than NdFeB magnets, their lower
sity (Br), energy density, and coercivity (-Hc)
puse to low-performance applications [17]. Since
t work requires high power density, sintered NdFeB
may be preferred; however, only sintered NdFeB was
employed as the rare-earth magnet in this study [18].

0

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 improveme were
achieved in the Model 1 design for the axial fan nigtom,thus
confirming the suitability of the proposed % rrier

arrangement for application.
c1@e ement

luation

analysis and comparati
A reference axial fan-motor mode utilized to determine
the initial design parameter:@ on this model, the fan
p

2 Motor design for axial fans:

operates at approximately electrical power at 2850
rpm, drawing 8.6 A fro ply, thereby defining the
nominal operating poingShace*the reference axial fan is known
todraw 8.6 Aat0P ‘%e, he fan blades were removed and
the motor alone jected to a torque test. To replicate the
fan load, the ‘% was increased to 8.6 A, and the
correspond %1 applied to the motor was measured as

0.64 N- 'se performance measurements, the nominal
operati oifffand the average fan load were derived. These
then adopted as the initial constraints for the

I
lec gnetic design of the IPM motor, providing guidance
fonthe)subsequent design process.

#n 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=2p @miq + (La -Lg) iai) (1)

p is the number of pole pairs, @, is the magnetic flux, iq is the
d-axis current, ig s the g-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 iy = 0 is given in Equation (2).

3 .
Tzzpcbmlq (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



(W), magnet thickness (d,;,), bridge thickness (w,;;,) 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
Wi Magnet width [mm] 12
Wyip Bridge thickness [mm)] 1
dpc Flux carrier thickness [mm)] 2
M t thick 2
dm agnet thickness [mm] ‘8\
The leakage factor (K;), is a critical parameter in, IP: 0
design, representing the portion of the total Y flux
generated by the permanent magnets that effectiv sses
through the air gap to contribute to torque productign. In IPM
motors, the leakage flux is typically highér t in motors,
since the magnets are embedded within tordThe presence
of iron paths surrounding the magnet; rt of the flux to
short-circuit without reaching the ai r designs targeting

ould be as close to
r is defined by the

high torque density, the leaka
unity as possible. The lea
expression given in Equati

%QZJ o 3)

@, is the pole g{ m is the magnetic flux.
The leeka a an be raised closer to 1 by reducing the

s?or enlarging the magnet volume. However, in
ation process, an excessive reduction in bridge
) may compromise the mechanical integrity of the
. 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.

Leakage Factor (KI)
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Figure 4. Optimization of IPM rotor leah@‘
r.
9

Table 2. Final design parameters ({Lﬂg

Symbol Parameters Value

Wi, Magnet wi ] . 12

Wrip Bridg&thick 0.6
dpc Flux carri ickness [mm] 1.85
dm, Ma A ness [mm] 3

As aresult of the optim% tudy, the design with the highest
leakage factor a most suitable dimensions for
manufacturabilj lected, yielding a leakage factor of
0.7494. The ro&r| s then operated at a speed approximately
20% above inal value and subjected to static strength
analysis, w. confirmed its mechanical integrity [24].
Furt n additional locking groove was introduced into
th bearing to prevent magnet displacement caused by

tr I and electromagnetic forces during operation. The
sta trength 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.



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.

() (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 rogor

model. ®

Although both designs have similar dimensions @n, %
types, the fundamental difference lies in the iti ux
barriers integrated into the outer surface %otor
laminations in Model 1. Due to these desi.gn ifferences, Model
1 reached a nominal speed of 3025 rpm % the analysis
phase, while Model 2 reached 2950 r % 3 shows the
design parameters of these IPM-BLD 0

Table 3. Design parameters -bldc motors.

Parameter Model 1 Model 2

Stator Outer Diameter [ 97 97

Stack Length [m 20 20

Air Gap 0.7 0.7
Nominal Sp 3025 2950
Phase Resistance {gh 60°C) 0.082 0.082
Ma NdFeB NdFeB

Maghe sty (B.) [T] 121 121
3 ensity (By,) [T] 0.461 0.445

signs 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:

e 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.

e 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.

Model1 and Model2 Phase Current Ansys

E
— Model1_CurrentiPhaseA) 10.1925
\____Model2_Curres 11.1610)

o 1915 1005 1028 1o urs 00
Tima fms]

Figure 7. Phase curren a@Model 1/Model 2 designs.
Under a constant load ‘f 0. m, the electromagnetic torque
value was determifed e 0.6921 Nm (red curve) for the
Model 1 desig d0,6907 Nm (blue curve) for the Model 2
design. AnalysiSiof tarque ripple revealed that the torque ripple
ratio was 1 or the Model 1 design and 14.18% for the
Model 2(des n the speed graph, it was observed that the
ngmj under load reached 3025 rpm for the Model 1
de sifewn in red) and 2950 rpm for the Model 2 design
0 n green). Figure 8 shows the torque and speed
chara€teristics of both motor designs under nominal load.
hese findings highlight the performance differences between

the two designs and provide a comprehensive and reliable
comparison of their operational capabilities.

Modelt and Model2 Torque Ansys
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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



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.

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.

Dri Phase A
rive
E| tri | IPM-BLDC Phase B Name X Y Z B
eciric
Motor mi 25 825 11 531 -0.000 1.610e+00
Motor Phase C
m2 28.822 18.506 -0.000 1.502e+00
m3 16.221 18.982 0.000 1.978e+00
Measuring Device I '
(Oscilloscope) B [tesla] J [AImA2]
Max: 2.258 Max.5450E+06
Figure 9. Schematic of back EMF signal measurement. 2300 6.0E+06
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Figure 10. Back EMF waveforms of Model 1 and Model 2. -(\ (a)
The sinusoidal nature of the back-EMF signal indicates that the Name X ¥ z 8
motor will have lower torque ripple [26]. Based on the back- \ m2 35.371 20674 | 0.000 16112400
EMF waveforms, it was observed that the signal of Model 1 \ m3 16.172 20.233 -0.000 20256400
motor is closer to a sinusoidal shape. This indicates that Model il 2623 1272 | 0,000 1.7012+00
1 will have lower acoustic noise and vibration levels under load y — T
s . esla
compared to Model 2. Additionally, when torque ripple [testa] [A/m?2]
. o . Max: 2.159 Max_5.879E+06
percentages are considered, Model 1 exhibits approkaat 5500 S OEI0E
0, 3 2.2
2.23% less torque ripple than Model 2. Q : . 1,980 . 4 8E+06
While cogging torque can be beneficial in some stgppe 1760 3.6E+06
applications, it is generally detrimental for per, net 1540 2 ‘:E‘gg
. . . ] 2E+
(PM) motors [27]. Cogging torque is the sou onic :?og (lmaoo
magnetic forces in the stator and causes gad' vibrations. This Hg'm - 405
problem is partlculafrly unde51_rabl§ in me d ow-power 0.660 2 4E+06
PM motors because it causes vibrations ic noise [28]. 0440 -3.6E+06
In the cogging torque analysis ormed for two rotor .° 220 l S
geometries, 14.55 mN-m was obt Model 1 and 32.61 0.000 ! 005408
Min: 0.002 Min: -5.879E+06

itieflal flux barriers to the

s optimized and reduced

gging torque waveforms and
ré presented in Figure 11.
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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

(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/mm?, while for
Model 2 it is 5.87 A/mm?. 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.



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 [A] 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.

»
@ OV

(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.

¥ IPM-BLDC
Servo Motor Motor { l

Measuring Device(Oscilloscope)
—
-

32V

-16V

24V

-32 V

—36 v
—Tms 5 fims -4 2ms -28ms  -14ms 0.000s 1.4ms 28ms 42ms 56ms Tms

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.
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Figure 17. Performance curves 08 h }M-BLDC motor.

From the torque/speed,
current/speed performance e
be observed that as the ap dl0ad increases, the current draw
and output power also(ingrease, while the speed decreases. The

test data shows tl esagminal operating values of the IPM-
BLDC motor werégbtaimed at aload of 0.65 Nm, a speed of 2965
rpm, a current% , and an efficiency of 80.8%.
. l\,
.

4 Conclusion
o IPM-BLDC motor rotor designs (Model 1 and

Mode were compared for improving the performance of
ans 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.

chanical power, and
own in Figure 17, it can

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 applicatio@tbe

automotive industry.
°
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