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Design and Manufacturing of an Outer-Rotor BLDC
Motor with Integrated Sensorless Drive for
Automotive Cooling Fan Applications

Fazel Pourmirzaei Deylami, Mahdi Akbari, Maedeh Emami, Mohammad Amin Rezaei Gazik, Ali Ashrafian, and
Mohammad Javad Kamali

Abstract—This article proposes a 13.5-volt, 450-watt outer-
rotor brushless DC (BLDC) motor for automotive radiator cooling
fan applications. The design and modeling of the proposed BLDC
motor are presented in some detail. Dynamic-transient analysis of
the proposed motor is performed through finite element method
(FEM) simulations using the ANSYS MAXWELL software. An
integrated sensorless drive system is designed for the proposed
motor which uses the phase voltage zero-crossing to detect the
rotor position using the virtual neutral point scheme. The motor
drive system simulation is performed through the MULTISIM
software and the system's performance is evaluated. Thermal
analysis of the drive system is essential due to the strict automotive
considerations. In this regard, the thermal analysis of the
integrated drive system is performed through the 3D FEM
simulations using the SIEMENS FLOTHERM software. In order
to validate the simulations, a prototype of the proposed motor in
compliance with all automotive considerations is manufactured
and some experimental tests including the functional and wind-
tunnel tests are applied to evaluate the design accuracy. The
results show that the proposed motor can be a good option for
automotive fan applications.

Index Terms—Automotive cooling fan, BLDC motors, Finite
element analysis (FEA), Integrated drive, Outer-rotor, Sensorless
drive, Thermal analysis

|. INTRODUCTION

IRECT current (DC) electrical machines are widely

used in the automotive industry as electromechanical

subsystems. DC motors in the power range of up to 800
watts have been used in various parts of the vehicle, such as the
window lifter motor [1], electric power steering (EPS) [2], the
fuel pump [3] and water pump motor [4], the wiper motor [5],
the radiator cooling fan motor [6] and so on. Due to the
advancement of automotive industry technologies, many other
sub-systems in motor vehicles are also moving towards
electrification. For example, sub-systems such as water pump
and steering system, which used to be completely mechanical
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systems, have moved towards electrification in recent years,
and today the use of electric water pump systems and electric
steering systems is very common and these electrified systems
are widely used in the automotive industry.

Most of the automotive electric motors since the past are
permanent magnet DC motors (PMDC) [7]. The use of these
motors is associated with the mechanical commutation system
(Commentator and brushes). High mechanical losses and sparks
in the mechanical commutation system reduce the efficiency,
increase the acoustic noise and reduce the durability of the
machine [8]. In recent years and with the development of the
electric machine industry, the use of brushless DC motors
(BLDC) as a safe alternative to PMDC motors has become very
popular. BLDC machines can significantly increase the
efficiency due to the elimination of the mechanical
commutation system using the electrical drive system. In
addition, the acoustic noise in these machines is less and their
durability is longer than PMDC motors [9].

One of the most important automotive applications of DC
motors is to use them as a radiator cooling fan motor [6, 7, 10].
These motors are designed in the power range of 80 to 800 watts
and the operational speed range of 2500 to 3500 rpm. Speed
control in PMDC fan motor is mainly accomplished in two
ways. The first method is the double-speed control system
(relay-resistor system). In this method, the motor can only
operates in high or low speed modes. At high speed mode, the
motor terminal is directly connected to the power supply (13.5
volts) and at low speed mode, a resistor is placed in series
between the motor terminal and the power supply, and as a
result, a lower voltage is sent to the motor terminal, which
causes the motor speed to decrease. Using this method, in
addition to high losses in the resistor, it is not possible to
continuously control the motor speed. The second method is to
use a DC chopper to control the motor input voltage [11, 12].
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Using this method can eliminate the wasted power in the speed
reducing resistor and provide the possibility of continuous
speed control. However, the use of BLDC motors can provide
the possibility of continuous speed control along with the
elimination of the mechanical commutation system, which
leads to a significant increase in motor efficiency.

The design of BLDC motors is largely similar to permanent
magnet synchronous machines (PMSMs), except that the back
electro motive fore (BEMF) characteristic is sinusoidal in
PMSM machines and trapezoidal in BLDC machines.
Therefore, the design methods of these machines are very close
to each other. Analytical methods for the design of brushless
machines are presented in references [13, 14]. Numerical
optimization methods with the aim of achieving the highest
efficiency and limiting the torque ripple are among the topics
that are considered in the field of optimal design of brushless
motors. In these studies, the dimensional and geometrical
parameters of the motor are selected in such a way that the
motor has the highest efficiency and the lowest ripple torque.
For example, in references [15, 16], the effects of choosing the
number of poles and teeth as well as the effects of the shape of
the slots on the operating parameters of the motor have been
evaluated.

BLDC drive structures and methods are very diverse. In
general, 6-switch drive structures are the most common BLDC
machine drive methods, which are discussed in references [17]
and [18], respectively. Estimation of the rotor position is critical
to determine the switching times. In order to determine the
position of the rotor, Hall Effect sensors can be used in the
stator [19]. In addition, there are several sensorless drive and
control methods for BLDC machines. These methods are
usually used to determine the position of the rotor based on the
internal characteristics of the machine, such as the BEMF
characteristic [20], the flux linkage characteristic [21], the
inductance characteristic [22], etc. Start-up process of BLDC
motors is another challenge to be considered. Soft start of the
motor should be accomplished by determining the initial
position of the rotor and then gradually increasing the voltage
and frequency. In reference [23], the i-f method is used to start
the BLDC motor, and in reference [24], a starting method is
presented to avoid the reverse rotation of the rotor.

In this paper, a 450 W outer-rotor BLDC motor equipped
with a modular sensorless drive system is proposed for radiator
cooling fan application. In this 8-pole motor, the zero-crossing
of the stator phase voltage is used to determine the position of
the rotor and create a switching signal to continuously control
the speed of the motor. According to the automotive application
of the motor, the use of the simplest and least expensive
methods, materials and equipment is considered for
manufacturing of the proposed prototype.

Il. BLDC MOTOR STRUCTURE

Figure 1 shows the proposed BLDC motor structure. The
proposed outer-rotor BLDC motor has 8 surface-mounted
permanent magnet poles located on the inner surface of the

rotor. The stator core has 12 teeth/slots, where the concentrated
three-phase winding with delta connection is placed inside the
slots. After winding the stator core, the stator is placed inside
the rotor space and connected to the drive terminals through the
terminals located behind it. The board designed for the drive is
placed inside the heat sink housing and the heat sink is
connected to the stator through three screws. As shown in
Figure 1, the proposed motor/drive system has a modular and
integrated structure that easily enables connecting and
disconnecting the drive and motor from each other. Figure 2
shows the complete automotive radiator cooling fan module
(CFM). As shown in this figure, the fan module has 7 blades
with a diameter of 370 mm. Detailed dimensional and
operational parameters of the BLDC motor and fan module are
presented in Table I.
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Fig.1. Structure of the proposed BLDC motor. (a) Drive system, (b) Rotor, (c)
Stator, (d) Assembled motor.
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Fig.2. Automotive radiator cooling fan module (CFM).

TABLE |

OPERATIONAL AND DIMENSIONAL PARAMETERS OF THE CFM
Operational Quantities Symbol Value
Rated Voltage (DC) Ve 135V
Rated Current lac 33.33A
Rated Power Pin 450 W
No Load Speed Nni 4200 rpm
Full load Speed N 3000 rpm
Nominal Torque Te 1.2 Nm
Operating Temperature Top 110 °C
Fan Quantities Symbol Value
Number of Blades No 7
Outer Diameter Dot 370 mm
Hub Diameter D¢ 136 mm
Shroud Length Lsh 580 mm
Shroud width Weh 420 mm

TABLE Il
PREDETERMINED PARAMETERS OF THE BLDC MOTOR

Quantity Symbol | Value
Air Gap Length g 1 mm
Average Flux Density Bav 03T
Magnet Residual Flux Density Br 0417
Teeth Flux Density Bt 18T
Stator/Rotor Flux Density Bys/Byr 16T
Electric Loading A 10000 At/m
Aspect Ratio Kdim 0.6
Shape Factor Ks 14
Winding Factor Kw 0.866
Reluctance Factor Kr 1.1
Leakage Factor Ki 0.9
Fill Factor Kl 0.3
Magnet Covering Factor Gm 0.95
Current Density J 6 A/mm?
Number of phases m 3
Number of Poles P 8
Number of Slots/Teeth sit 12
Number of Magnets Niag 8
Number of Slot/Pole/Phase q 0.5

I11. MOTOR DESIGN PROCESS

In this section, the design process of a radial-flux outer-rotor
brushless DC motor is described in some detail. This machine is a
450 Watt, 13.5 Volt, and 3000 rpm motor with a nominal torque of
1.2 Nm. The design algorithm is based on the well-known methods
of designing permanent magnet synchronous machines (PMSMs)
[25, 26]. The predetermined values in the proposed BLDC motor
design are given in Table II.

A. Main Dimensions

The main dimensions of the machine include parameters such
as outer diameter, axial length, air gap length, pole pitch, and slot
pitch, which are determined at the beginning of the design through
the power equation [25, 26]. The outer diameter of the motor can
be calculated as follows:

1
PxP, 3
D= o (1)
Kdim ><C><nrps X7

Where, P, is the rated output power, nyps is the rated speed
(revolution per second), and other parameters can be obtained
as follows:

T, 0)

Where, L is the axial length and z;, is the pole pitch. The stator
slot pitch and rotor pole pitch can be defined as Equation (3)
and the axial length of the proposed motor can be obtained from
Equation (4):
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B. Stator and Rotor Design

In order to calculate the dimensions of stator and rotor
components, it is necessary to first calculate the flux passing
through different parts of the motor. The total flux of the motor, the
magnetic flux per pole and the magnetic flux per tooth can be
calculated as follows:

Drot =BavX”XDXL

%
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After calculating the magnetic flux in the stator and rotor, the
thickness of the permanent magnet can be obtained from
following equation [25, 26]:

— BavxlurXGmXKrXleg

My
Gy x Ky x B, =By,

(6)

By assuming the appropriate maximum allowable flux in the
teeth, rotor yoke, and stator yoke, the teeth width and the
thickness of the stator and rotor yoke can be obtained as
follows:
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In order to obtain the length of the stator teeth, it is first
necessary to design the stator winding and determine the area
required for the placement of the winding. The number of turns
of the stator winding can be calculated from the equation of the
induced voltage in the winding [25, 26]. The number of turns
per phase, and the number of turns per coil, can be calculated
as follows:

B 0.5xVy,
ph KS X I‘<W X (DtOt X 2 X nl’pS (8)
meme
Neoil = f

After calculating the winding turns, the cross section of the
wire and the minimum slot area required for the windings can
be obtained as follows:

o Icoil
ANII’E - J (9)
Asl = Ncoil X ANire
0
KfiII

The last dimensional parameter of the stator core is the length
of the stator slots. According to the trapezoidal shape of the
slots, the length of the slots can be calculated as follows, where
bs1 and bs; are the top and bottom width of the slot [25, 26]:

hs _ 4Aslot (10)
bsl + sz
Using the above-mentioned equations, the dimensional
parameters along with the material grades of different parts of
the designed machine are presented in Table IlI.

TABLE Il

DESIGN VALUES OF THE PROPOSED MOTOR
Quantity Symbol | Value
Outer Diameter Do 100 mm
Axial Length L 30 mm
Tooth Width Wi 4.5 mm
Slot length hs 17 mm
Stator/Rotor Yoke Width Wys/ Wyr | 3.8 mm
Magnet Thickness hm 6 mm
Number of Turns/Coils Neoil 17
Number of Parallel Branches | N, 2
Winding Connection A (Delta) | -
Part Material | Grade
Stator Core Steel M700-50A
Rotor Yoke Steel ST37
Magnet Ferrite Y35
Winding Copper 1.25mm/180°C

IV. DRIVE SYSTEM STRUCTURE

Figure 3 shows the structure of the proposed BLDC drive
system. This system consists of a 6-switch three-phase inverter
that supplies three-phase trapezoidal voltage to the motor
terminals. Estimation of rotor position is necessary to determine
switching sequences. This can be performed by placing Hall
Effect sensors in the stator or by using sensorless methods. In
this study, sensorless control of the motor is accomplished
using zero crossing of the stator phase voltage. For this purpose,
a virtual neutral point is created through three resistors and a
low-pass filter is applied to the phase voltage in order to remove
high frequency components and achieve a smooth waveform.
The generated signal is sent to the microcontroller for
processing and creating switching sequences. Motor speed
control is performed through controlling the voltage level of the
motor terminals. This can be applied by changing the duty cycle
of a 25 kHz PWM signal created by the microcontroller. In
order to reduce voltage and current ripple and manage
electromagnetic interference (EMI), an LC low-pass filter is
installed at the input terminals of the inverter. In addition, some
sub-circuits are included in drive system for overcurrent and
reverse voltage protection. Figure 4 shows the different parts of
the designed drive system. The specifications of the
components used in the drive system are presented in Table IV.
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Fig. 3. Structure of the BLDC drive system.
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Fig. 4. Designed BLDC Sensorless Drive system.
TABLE IV
SPECIFICATIONS OF THE DRIVE SYSTEM

Quantity Symbol | Value
Rated Input Voltage Ve 135V
Operating Voltage - 6-18 V
Rated Input Power Pin 450 W
Switching Frequency fs 25 kHz
Communication Signal - 100 Hz PWM
Input LPF Inductor Lin 4.5 uH
Input LPF Capacitor Cin 2x2200 uF
Power MOSFETSs - 6xIRLR7843
Microcontroller - STM32F030A6T6
VZC Circuit VNP Resistor | R, 3x10 kQ
VZC Circuit LPF Resistor | R 3x2.2 kQ
VZC Circuit LPF Capacitor | C 3%300 nF

V. PROTOTYPE MANUFACTURING

In order to confirm the simulation results of the designed
motor and drive, a prototype of the proposed system is
manufactured. Prototype manufacturing of the BLDC motor-
drive system can be divided into two separate processes. The
first is the manufacturing of motor parts, and the other is the
manufacturing and assembly of the printed circuit board (PCB)
of the drive system. Motor parts include stator core laminations,
shaft, bearings, stator winding, winding insulators, stator
terminals, rotor housing and permanent magnets. The drive
system consists of a PCB board placed inside the heat sink
housing. The integrated and modular design of the system
allows easy installation and separation of the drive from the
motor. Figure 5 shows the manufactured prototype along with
the different parts of the motor and drive.

V1. DISCUSSION AND RESULTS

In this section, the accuracy of the designed BLDC motor-
drive system is evaluated through detailed electromagnetic and
thermal finite element (FE) simulations. In addition, the results
of some experimental tests on the manufactured prototype are

presented in this section to validate the accuracy of the
simulation results.

A. Electromagnetic Analysis

The electromagnetic modeling and FEM simulation of the
proposed BLDC motor is performed in this section to evaluate
the performance of the motor. The results of the
electromagnetic simulations are compared with the results of
some fictional tests applied to the motor prototype. The FEM
simulation is performed using ANSYS MAXWELL software
using 2D model of the BLDC motor. Figure 6 shows the 2D
model of the BLDC motor. As shown in this figure, due to the
geometric symmetry, only 1/4 of the motor geometry is
considered for modeling the 8-pole BLDC motor. This can
significantly increase the speed of calculations in FE
simulation.

Figure 7 shows the no-load and full-load distribution of the
magnetic flux density in different parts of the motor. According
to this figure, the maximum flux density occurs in the stator
teeth. The maximum no load flux density obtained about 1.5 T
and the maximum full load flux density reaches up to 1.7 T.
Figure 8 shows the amplitude and the radial component of the
flux density in the air gap. As shown in this figure, the average
value of flux density in the air gap is about 0.31 T and the peak
value reaches to about 0.49 T. In addition, the peak-to-peak
variation of the radial component of the flux density is obtained
about 0.9 T. Due to the FEM simulation results, the values
obtained for the flux density distribution confirms the selected
values for flux density at the beginning of design.

0 —©
Fig. 5. Manufactured Prototype. (a) Different parts of the Prototype, (b)
Assembled BLDC machine, (c) Motor and Drive.
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Fig. 7. Flux density distribution. (a) No load, (b) Full load.
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Fig. 8. Gap flux density. (a) Magnitude, (b) Radial component.

The operational characteristics of the proposed BLDC motor
the obtained from FEM simulation are reported in this section.
Figure 9 shows the no load characteristics of the motor at the
speed of 3900 rpm. As shown in Figure 9(a), the no load voltage
has a trapezoidal profile with a peak value of about 13 V. Figure
9(b) shows the ideal no load current is close to zero whithout
consideration of the mechanical rotational losses. The no load
torque of the proposed BLDC motor is presented in Figure 9(c).
This figure shows that the peak-to-peak value of the no load
torque is obtained about 0.26 Nm that can be mentioned as
cogging torque. The cogging torque ripple percentage value is
about 10.5 % of the rated torque value of the motor.
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Fig. 9. No load characteristics. (a) Induced no load voltage, (b) no load current,
(c) no load torque.

The full load characteristics of the motor are presented in
Figure 10. The full load simulation is performed at the load
torque of 1.2 Nm and the ideal acceleration of the motor is
reported in this section. The time required to reach the steady
state under the above mentioned load application process is
about 150 ms. Figure 10(a) shows the torque profile of the
proposed BLDC motor during the acceleration process. The
peak torque reaches to more than 7 Nm and the average torque
in steady state abviously reaches to 1.2 Nm and equals to the
applied load torque. The peak-to-peak torque ripple is abtained
about 0.4 Nm and the torque ripple obtained about 16.6 % of
the average torque. The full load power supply current profile
is shown in Figure 10(b). The peak current of the power supply
during the ideal acceleration can reach to about 800 A and the
average current reaches to about 34 A. The current ripple is
obtained about 44 %. The ripple of the input current. Figure
10(c), and 10(d) show the line and phase current profiles of the
delta connected three-phase winding of the BLDC motor,
respectively. Due to these figures, the peak line current in
steady state reaches to more than 50 A and this value is 32
times of the phase current. The speed profile of the BLDC
motor is shown in Figure 10(e). As can be seen in this figure,
the rated speed of the motor reaches to about 3000 rpm at the
rated mechanical load. In addition, it can be seen that the speed
profile is very smooth and the speed deviations around the
average speed value is very low.
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Fig. 10. Full load characteristics. (a) Torque, (b) Input currrent, (c) Line
currents, (d) Phase currents, (e) Speed profile.

Figure 11 shows the main output characteristics of the
proposed BLDC motor. Figure 11(a) and Figure 11(b) show the
torque-speed and current-speed characteristics, respectively.
The constant torque/current area of the motor is specified in a
speed range of zero to 3000 rpm and the constant power area is
specified in a speed ragne of 3000 to 3900 rpm. According to
the mentioned values, the speed regulation of the proposed
motor can be obtained about 30 %. Figure 11(c) shows the
torque-current characteristic of the motor. According to this
figure the torque-current profile has an almost linear profile
with a slop of about 35.29 mNm/A.

The experimental results of the functional tests applied to the
manufactured prototype are presented in this section. Figure 12
shows the experimental setup of the BLDC motor. Figure 13
shows the no load and under load phase-to-phase voltage and
current profiles of the proposed BLDC motor. The under load
measurements performed when the load torque of 0.8 Nm is
applied to the prototype at the speed of 3300 rpm. According to
this Figure 13(c), the average input current under above
mentioned loading condition is about 26 A and the aurrent
ripple is about 11.5 %. Table V shows the camparison between
the simulation results and the measurements at the under load
condition. The results show that the simulations and
measurements are in a good aggrement and the motor can
operate at the expected working points due to the performed
design process.
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Fig. 11. Output characteristics. (a) Torque-speed, (b) Current-speed, (c)
Torque-current profiles.
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Fig. 12. Experimental setup.
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Fig. 13. Measured chatacteristivs. (a) No load voltage, (b) Under load voltage,
(c) Under load current.

TABLE V
COMPARISON BETWEEN MEASUREMENT AND SIMULATIONS
Quantity Simulation Measurement
Voltage 135V 135V
Current 23.6 A 26 A
Speed 3300 rpm 3300 rpm
Torque 0.73 Nm 0.8 Nm
Efficiency 79 % 78.7 %

B. Thermal Analysis

In this section, the thermal analysis of the drive system is
performed through finite element simulation using SIEMENS
SIMCENTER FLOTHERM software and the results are

compared with the experimental measurements using TESTO
thermal imaging camera. This software is powerful enough to
model multi-layer printed circuit board (PCB) details such as
thermal vias and complex traces. In order to increase the
accuracy of the thermal simulation, the entire drive system,
including the covering package and heat sink, along with the
BLDC motor, is placed in front of the air flow created by the
fan module, and the temperature of the different parts of the
drive system is obtained. In this simulation, the power
consumption of power MOSFETS, input capacitors and
inductor, reverse voltage protection (RVP) switch, voltage
regulator and shunt resistor as the main sources of power loss is
calculated in the worst condition and applied as simulation
input in the software. The input parameters of thermal FEM
simulation are presented in Table VI. Figure 14. Shows the
simulation results and the thermal imaging results of the
designed drive system. As shown in this figure, the maximum
error of simulations is obtained about 5.4 % that shows the
acceptable accuracy of simulations.

(d)
Fig. 14. Thermal evaluations. (a) PCB temperature distribution. (b) Heat sink,
(c) PCB thermal measurement, (d) motor thermal measurement.
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TABLE VI
INPUT PARAMETERS OF THE THERMAL SIMULATION (VOLTAGE: 13.5V,
SWITCHING FREQUENCY: 25 KHz, SWITCHING DUTY CYCLE: 0.67)

Quantity Value
Input LPF Inductor Loss 0.6 W
Input LPF Capacitor Loss 2x1.3 W
RVP MOSFET Loss 0.5W
Power MOSFETS Loss 6%2.7W
Voltage Regulator Loss 3.2W
Fan Flow Rate 0.55 m¥/s
Ambient Temperature 25°C
Ambient Pressure 100 kPa
Silicone Pad Conductivity 2 Wim.K
Silicone Cream Conductivity 3 W/m.K
Solder Conductivity 78.4 Wim.K
Plastic Package Conductivity 5 W/m.K

VII. CONCLUSION

This article proposes a 450 Watt, 3000 rpm, 1.2 Nm brushless
DC motor with sensorless controller for automotive radiator
cooling fan applications. The proposed structure is designed as
an integrated and modular motor/drive system that can easily
assembled. The electromagnetic design of the proposed outer
rotor motor and the sensorless drive system are presented in
detail. The sensorless control is performed through zero-
crossing detection of the terminal voltage signal. Performance
evaluation of the proposed BLDC motor is performed through
finite element (FEM) simulations and the operational
characteristics are reported. Thermal simulations of the drive
system are performed through 3D finite element simulations to
ensure that all the components operate in safe thermal
conditions. In order to evaluate the design and simulation
results, a prototype of the proposed motor/drive system is
manufactured and some experimental measurements are done.
The results show that the simulations and experimental results
are in good agreement and the proposed modular system can be
suitable for the automotive cooling fan applications.
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