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1 Abstract—Permanent magnet brushless DC motors are 
used for various low-power applications, namely domestic fans, 
washing machines, mixer grinders and cooling fan 
applications. This paper focuses on selecting the best 
laminating material for the interior permanent magnet 
brushless DC (IPM BLDC) motor used in the cooling fan of 
automobiles. Various laminating materials, namely 
M19-29GA, M800-65A and M43, are tested using finite 
element analysis. The machine’s vital performance metrics, 
namely the stator current, torque ripple, and hysteresis loss 
were analyzed in selecting the laminating material. The 
designed motor is also modelled as a mathematical model from 
the computed lumped parameters. The performance of the 
machines was validated through electromagnetic and thermal 
analysis. 
 

Index Terms—Finite Element Analysis, IPM BLDC, 
Laminating Material, M19-29GA, M800-65A, M43.  

I. INTRODUCTION 

OSTLY, Permanent magnet (PM) motors suffer from a 
common problem called cogging torques. Carious 

cogging torque reduction strategies like skewing, pole pitch 
optimization, pole shape optimization, and usage of fractional 
slot/pole were proposed by [1]-[2]. A new stator and rotor pole 
design for BLDC motor to reduce torque fluctuation. The 
improved stator and rotor profiles have improved the air gap, 
thereby reducing the torque ripples [3]-[4]. A Neodymium free 
spoke-type BLDC motor was proposed to minimize the cost of 
the motor and maximize the torque by using ferrite magnets [5]. 
A reshaped rotor with modified symmetrical poles was 
proposed by [6], as modified asymmetrical poles and magnetic 
poles with grooves to reduce the cogging torque. A comparison 
between the outer rotor BLDC and BLAC motor to estimate the 

 
Manuscript received February 16, 2023; revised May 15, 2023; accepted 

August 01, 2023. Date of publication December 25, 2023. Date of current 
version August 25, 2023. 

A. Infantraj and M. Augustine are with Department of Electrical & 
Electronics Engineering, Loyola-ICAM College of Engineering & Technology, 
Chennai, Tamil Nadu, India (e-mail: infantt@gmail.com; 
gnanaugus@gmail.com).  

E. Fantin Irudaya Raj is with Department of Electrical and Electronics 
Engineering, Dr. Sivanthi Aditanar College of Engineering, Tiruchendur, 
Tamil Nadu, India (e-mail: fantinraj@gmail.com).  

M. Appadurai is with Department of Mechanical Engineering, Nehru 
College of Engineering and Research Centre, Thrissur, Kerala, India (e-mail: 
appadurai86@gmail.com). 

(Corresponding Author: E. Fantin Irudaya Raj) 
Digital Object Identifier 10.30941/CESTEMS.2023. 00048 

torque ripple using numerical analysis was proposed by [7].  
Analytical procedures to design high-speed ferrite-based 

BLDC motors for electric vehicle applications to limit the 
demagnetization effects in permanent magnet rotors were 
proposed by [8]. A novel ferrite semi-modular dual stack 
BLDC motor for bore well application to reduce the flux 
leakage in the rotor without using a nonmagnetic hub was 
proposed by [9]. A comparative study on three types of ironless 
BLDC motor. Ironless BLDC motors have very little magnetic 
saturation, very less cogging torque and reluctance torque [10]. 
A modified stator tooth with T-shaped bifurcation was 
proposed by [11] for the reduction of cogging torque in BLDC 
motors. 

A hybrid rotor made up of Neodymium and Ferrite 
permanent magnet was proposed to improve the output 
characteristics and reduce the effect of demagnetization by 
retaining the Torque per Rotor Volume (TRV) of neodymium 
permanent magnet motors [12]. Analysis of four different stator 
slot shapes was done by retaining the slot area and its 
performance on electromagnetic torque, efficiency, and flux 
density was assessed [13]. A two-dimensional (2D) analysis 
technique was proposed to make improvements in the stack 
length and thickness of PM in outer rotor BLDC motors [14]. 
The cogging torque reduction was achieved by implementing 
different skewed slot configurations for BLDC motors in small 
electric vehicle applications introduced [15]. To minimize the 
cogging torque in medium-powered PM motors, the rotor 
magnets of surface permanent magnet (SPM) are shifted, and 
its effect on variation in cogging torque was observed [16]. The 
stator dimensions, skewness, and magnet thickness were 
optimized for improved efficiency [17]-[18]. Various structural 
variations in the stator were made, and its influence on 
magnetic loading was observed [19]. 

The performance of the modified switched reluctance motor 
(SRM) in terms of torque density, torque ripple, and efficiency 
was investigated by implementing different laminating 
materials like M19, M850-65A, M890-50d, and M43 are 
compared with the conventional CR-10 steel material [20]. 

The influence of Sheet molding compound (SMC) material 
in the electrical drives enhances the performance by reducing 
the torque ripple. The analysis of SRM with different 
non-oriented steels has been explored [21]. The analysis of 
doubly salient permanent magnet SRM with different 
laminating materials has been illustrated [22].  The analysis of 
the literature reveals the importance of selecting the appropriate 
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laminating materials for the motor and motivates the analysis 
for segmented rotor SRM. 

II. MOTOR DESIGN AND MODELLING 

Brushless permanent magnet DC motors are special 
electrical motors with a three-phase star/delta connected stator 
and permanent magnet rotor. The rotors are available in two 
structures, namely the surface permanent magnet (SPM) and 
interior permanent magnet (IPM) rotor. The interior permanent 
magnet offers better performance than SPM in terms of high 
torque density, greater speed range and better efficiency 
[23]-[24], making the motor most suitable for traction 
application.  The IPM motors are available in various 
topologies, namely inset radial, IPM lateral, IPM curved, 
V-shaped and variable orientation. This paper focuses on the 
analysis of IPM radial inset topology.  

 
Fig. 1.  2D FEA Model of IPM BLDC Motor. 

TABLE I 
DIMENSIONS OF THE IPM BLDC MOTOR 

Specification Dimension 

Supply voltage in volts 12 

Rated current in amps 40 

Rated speed in revolution per minute 1000 

Outer diameter in mm 74.9 

Air gap thickness in mm 0.5 

Stack height in mm 74.9 

Rotor Inner diameter in mm 34 

Rotor Outer diameter in mm 41.2 

Magnet thickness in mm 2.5 

Magnet width in mm 6.83 

Stator Inner diameter in mm 42.2 

Stator Outer diameter in mm 74.9 

The proposed motor is designed based on the basic design 
equations [23] for 12 V and 500 W Cooling fan applications. 
The output power equation represented in equations (1) and (2) 
is used to determine the outer diameter and the stack length of 
the motor. The following parameters, namely the stator inner 
and outer diameter, rotor inner and outer diameter, the number 
of stator slots, the number of turns per phase, the number of 
rotor poles, length, and thickness of the magnet, are determined 
using the equations (3) to (9).is 

 2 310 KVAo stQ C D L    (1) 

 2
av1 11o mC . k B ac   (2) 

where, 
Q  –  Output power in KVA. 
Co  – Output coefficient. 
D – Stator outer diameter in mm 
Lst – Stack length in mm 
Bav – Average flux density in Wb/m2 
ac – Specific electric loading. 
km – Stacking factor. 
The number of stator slots (𝑆௦) is determined through 

 sS m p q     (3) 

where, 
m – Number of phases. 
p – Number of rotor poles. 
q – Integer. 
The total air gap flux ( tot ) is given as 

 tot avB DL     (4) 

The emf(Eph) is given as 
 ph ph w4 44E . f N k      (5) 

f – Frequency of the power supply in Hz. 
Nph  – NNumber of turns per phase in the stator coil 
kw  – Winding space factor. 

p   – Flux per pole in weber. 

Back emf (e)is given by 
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where, 

g – Flux in the air gap. 

m – AAngular speed in rad/sec. 

N – Total number of turns. 
The electromagnetic torque (T) is given by. 

 2 g st mT NB L R i   (7) 

where,  

gB – Air gap flux density. 

mR – RRadius of the rotor. 

I – Stator current. 
The air gap inductance ( gL )nd the flux concentration factor 

( C )are calculated using the equations (8) and (9), 
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where, 

0 – Absolute Permeability of the free space. 

r – Relative permeability of the medium. 

m gA , A is the area of magnet and airgap, respectively. 

A 2D finite element methods (FEM) model is developed 
using Simcenter Magnet, as shown in Fig. 1. The design 
specification is mentioned in Table I. M19-29GA, M800-65A 
and M43 are used as the stator & rotor laminating material and 
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NdFeB is used as the permanent magnet material. The 
three-phase stator has four coils per phase, and each coil is 
wound with 17 turns per coil according to the layout 
represented in Table II.  

TABLE II 
WINDING LAYOUT OF IPM BLDC MOTOR 

Phase Coil No Go Return No of Turns 

Layout of phase A 

1 1 2 17 

2 4 5 17 

3 7 8 17 

4 10 11 17 

Layout of phase B 

1 2 3 17 

2 6 6 17 

3 8 9 17 
4 11 12 17 

Layout of phase C 

1 3 4 17 

2 6 7 17 

3 9 10 17 
4 12 1 17 

III. ELECTROMAGNETIC ANALYSIS 

To analyze the operating performance of the proposed motor, 
2D electromagnetic analysis is performed using Finite Element 
Analysis (FEA) tool. The material properties in terms of core 
loss coefficients are tabulated in Table III [20]. The rotor 
magnets are assigned with radially inward and outward 
permanent magnets. The motor is excited with a 12 V dc supply 
through a six-switch voltage source inverter. The flux lines of 
the permanent magnet and its interaction with the ac-excited 
stator are shown in Fig. 2. A maximum flux density of 2.5 
Wb/m2 is observed in the air gap during the interaction of flux 
between the stator and rotor. The leakage flux between the 
permanent magnet, stator back iron and the inner rotor are 
minimal. The simulation is run in constant velocity mode, and 
its variation on various performance metrics was observed by 
replacing the stator and rotor laminating materials.  

TABLE III 
CORE LOSS COEFFICIENTS FOR LAMINATING MATERIALS [20] 

Laminating 
Material 

Hysteresis 
Coefficient (W/kg) 

Eddy current 
coefficient (W/kg) 

M19-29GA 0.02703 0.5e-6 
M43 0.0566 0.1e-6 

M800-65A 0.0632 2.58e-5 

 
Fig. 2.   Flux function of proposed SPM BLDC motor. 

The performance parameters, namely the stator current, 
torque measured, and flux linkage of the proposed motor, are 
shown in Fig. 3 to 5, respectively. In terms of stator current, 
very less increment in current is observed for M800-65A over 
M43 and M19-29GA.  

Similarly, the maximum torque observed for different 
materials is shown in Fig. 4. Not much improvement is 
observed in the flux linkage for the above-listed laminating 
materials.  

 
Fig. 3.  Stator current waveforms of IPM BLDC. 

 
Fig. 4.  Torque characteristics of IPM BLDC. 

 
Fig. 5.  Flux Linkage of IPM BLDC. 
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The proposed design exhibits trapezoidal flux, validating 
that this topology of the machine matches the typical flux 
pattern of BLDC motors. The change in the laminating material 
influences the performance efficiency of the IPM BLDC motor 
but does not provide any significant contribution to the torque 
ripple minimization, as reported in Table IV. 

TABLE IV 
PERFORMANCE COMPARISON 

Laminating Material 
Maximum Efficiency 
(%) 

Torque Ripple 
(p.u) 

M19-29GA 90.56 0.973 
M43 90.4 0.973 
M800-65A 85.49 0.973 

IV. THERMAL MODEL 

During electric motor running, the thermal energy is 
generated inside the stator slot, end windings, laminations, and 
rotor magnets because of the energy losses. Also, in special 
cases such as overload, and unsteady power conditions, the heat 
is generated enormously. This inducted heat is transferred 
throughout the electric motor components [25]. Proper disposal 
of heat is a crucial element while designing the electric motor. 
So, the generated waste heat inside the motor stator windings is 
transferred to air is a critical process that affects the 
performance and lifespan of the motor. Stator windings in 
electric motors generate heat due to electrical resistance during 
operation, and this heat must be dissipated to the surrounding 
air to prevent overheating and damage to the motor [26]. 
Overheating can lead to reduced performance, thermal stress, 
insulation breakdown, and, eventually, motor failure [27]. 
Effective heat transfer from the stator windings to air is 
important to ensure the reliability and longevity of the electric 
motor. The generated heat inside the stator winding is 
transferred to the air through two modes of heat transfer, 
namely conduction and convective type [28].  

The rate of heat transfer from the stator to the atmosphere 
depends on several factors, namely the thermal conductivity of 
materials, surface area of the windings, temperature difference 
and surrounding air properties. The thermal conductivity and 
surface area of the windings are the constructional parameters 
which is modified on choosing the proper material [29]. Here, 
three different materials are chosen, and their heat transfer 
characteristics is studied using the finite element packages. 

During the operation of the IPM BLDC motor, the 
magnetization and demagnetization cycle is made in the coil. 
Due to the various losses occurring in the motor, the losses are 
dissipated in the form of heat. The losses that occurred in the 
core of the IPM BLDC motor are estimated using the following 
equations (10) to (12), 
 core hyl edlP P P   (10) 

where, 

coreP – Core loss. 

hylP – Hysteresis loss. 

edlP – Eddy current loss. 

 1 6.
hyl hP k f B m   (11) 

where, 

hk  – Proportionality factor. 

f – Frequency in Hertz. 
B – Maximum value of magnetic flux density. 
m – Mass of Iron core in kg. 

 
2( ( ) )e

edl
k t f BP m

    
 

  (12) 

where, 

ek – Proportionality Factor 

t – Thickness of Laminated steel sheet 
ρ – Resistivity of Laminated steel sheet 
Fig. 6 and 7 illustrate the hysteresis losses and eddy current 

losses of the proposed motor with various laminating material. 
The hysteresis losses in the stator are higher than the rotor since 
this IPM BLDC motor has permanent magnet in the rotor and 
electromagnetic coil windings in the stator. When the stator is 
made of M43 materials, this type of loses is higher when 
compared to M800-65A and M19-29GA materials. The energy 
losses of amount 11 W are released while the stator is designed 
using M43 material.  

 
Fig. 6.  Hysteresis Losses of various laminating material. 

 
Fig. 7.  Eddy current losses of various laminating material. 

The interaction of variable magnetic field and conductor 
induces the eddy current in the electrical machines according to 
Faraday’s law. This induced eddy current does not contribute 
any useful work in the motor and it is further considered as a 
loss. Sometimes it is labelled as an iron loss. While comparing 
the three stator materials, the M800-65A materials have a 
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higher eddy current loss of amount 32.5 W compared to the 
other two materials. The M43 materials have minimum eddy 
current losses while used in the stator and rotor designing. 
When comparing the stator and rotor altogether, the 
M19-29GA material yields better performance by means of 
minimum hysteresis losses and moderate eddy current losses. 

Fig. 8-10 shows the temperature distribution of the stator and 
rotor components for different laminating materials. In this 
IPM-BLDC motor, the stator has copper coil winding, and the 
rotor has a permanent magnet. The heat is also transferred from 
the surface area of the coil windings to the atmospheric air 
through the convective mode of heat transfer. 

 
Fig. 8.  Heat flow and temperature rise of M45. 

In this present work, the numerical analysis is done for the 
IPM BLDC motor made of different materials in full-loaded 
conditions. The proposed motor is mainly used in automobile 
cooling fan applications. The aim of the cooling fan is to 
maintain the radiator coolant in the liquid phase. For this 
purpose, the proposed motor is supposed to be run on an 
intermittent duty cycle. Considering this motor operation, the 
simulations are also carried out in intermittent duty cycles. The 
energy losses from the coil winding are higher with respect to 
time during the starting conditions of the electric motor. This 
energy loss inducted the temperature in the electric motor parts. 
The temperature distribution around the electric motor stator 
and rotor components is obtained from the numerical analysis. 
From the temperature contour, the higher and lower 
temperature region is mentioned and identified.  

The temperature distribution of the electric motor’s stator 
and rotor component made of M45 material is shown in Fig. 8, 
M800-65A material is depicted in Fig. 9 and M19-29GA 
material is illustrated in Fig. 10. From the numerical analysis, it 
is found that the temperature is gradually rising with respect to 
time in transient conditions. Fig. 11 illustrates the temperature 
rise for 60 minutes duration for various materials in transient 
conditions. Initially, the temperature rise in the three materials 
is not much different. After a certain period, the temperature of 
the different materials is varied based on the physical 
characteristics of the materials. In these transient conditions, 
the temperature is increased gradually up to 55 minutes and 
becomes steady beyond this time. The temperature of the 
M800-65A materials is 67.8 οC at 55 minutes, which is the 

highest temperature attained in the numerical analysis. From 
this analysis, it is evident that the M19-29GA material yields 
better result and act as a better laminating material for the stator 
and rotor of the permanent magnet brushless DC motor. 

 

Fig. 9.  Heat flow and temperature rise of M800-65A. 

 

Fig. 10.  Heat flow and temperature rise of M19-29 GA. 

 
Fig. 11.  Temperature rise for 60 minutes duration for various materials. 

V. ELECTRICAL EQUIVALENT CIRCUIT MODEL 

The lumped circuit parameters were estimated from the 
proposed 2D FEA model and an electrical equivalent circuit 
was modelled using SIMULINK [30] to test the motor for 
various operating conditions with a closed-loop electrical drive 
as shown in Fig. 12. The motor specifications are listed in Table 
V. 
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Fig. 12.  Simulink model of IPM BLDC motor with closed loop control. 

TABLE V 
IPM BLDC MOTOR SPECIFICATION 

Motor Parameters Values 

Rated voltage (V) 12 
Back EMF constant Ke (V/(rad/s)) 14.37 

Torque constant Kt (N·m/A) 0.168 
No-load speed (rpm) 3400 

Stator phase resistance (ohm) 0.2455 
Stator phase inductance (mH) 0.5277 

RMS current (A) 7.0710 

A conventional current controller with hysteresis control 
technique (HCC) [31]-[32] is implemented in this paper for 
testing the proposed IPM motor. The IPM motor is 
mathematically modelled using the phase voltage (Va), back 
EMF (e) and electromagnetic torque (T) represented in 
equations (13) to (15), 

  a a a a

d
V RI ( L M ) I e

dt
      (13) 

where, 
R – Stator phase resistance. 

aI – Phase current. 

L – Self inductance. 
M – Mutual inductance. 

 
  

2
m b abcK f

e
 

  (14) 

where, 

m – AAngular speed.  

bK – Back EMF constant. 

 abcf  – Back EMF shaping function. 

 a a b b c c

m

e I e I e I
T


 

  (15) 

where, 
ea, eb, ec, – Back EMF with respect to phases a, b, c, 

respectively.  
Ia, Ib, Ic – Phase current with respect to phases a, b, c, 

respectively 
The motor starts with no load, and a load torque of 1 Nm is 

applied after 0.8 ms. The stator currents exhibit a smooth 
flat-topped sine wave with a peak current value of 8 A, as 
shown in Fig. 13. The back EMF is modelled as a trapezoidal 
waveform through the shaping function. This shaping function 
is multiplied with speed and back EMF constant (Ke) to 
generate the back EMF signal. The Ke value is computed from 
the 2D FEA simulation. Ripples are observed in the flat portion 

of the back EMF waveform, as shown in Fig. 14, emulating the 
real-time characteristics of the permanent magnet motors. 

 
Fig. 13.  Stator currents of IPM BLDC motor. 

 
Fig. 14.  Back EMF of IPM BLDC motor. 

The motor starts with a starting torque of 0.8 Nm and reaches 
7.1 Nm at 0.8 ms and with a torque ripple of 0.208 as shown in 
Fig. 15. The machine is simulated for a set speed of 2000 rpm 
and the closed loop controller attempts to reach the set speed 
after 1 ms as shown in Fig. 16. 

VI. CONCLUSION 

In this work, the IPM BLDC motor performance was 
investigated for an automotive cooling fan application. The 
fundamental design procedure was followed to design a 2D 
FEA motor model. The influence  of laminating  materials like  

 
Fig. 15.  Electromagnetic torque of IPM BLDC motor. 
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Fig. 16.  Speed of IPM BLDC motor. 

M19-29GA, M800-65A, and M43 on the proposed IPM BLDC 
motor was analyzed.  The electromagnetic losses were fed as 
input to the thermal model as lumped parameters and the 
temperature rises for different lamenting materials were 
investigated. The temperature rise in the laminating material 
M19-29 GA is lesser than in other kinds of laminating material.  
To understand the behavior of control techniques used in the 
IPM BLDC motor, a dynamic simulation was carried out to 
implement the closed-loop speed control of the proposed motor. 
The result reveals better torque-speed characteristics for the 
given controller.  Future work would be oriented towards the 
implementation of different control techniques to drive the 
proposed IPM BLDC motor and perform vibration analysis.  
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