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ABSTRACT

In this study, it is aimed to design a Brushless Direct Current Motor
(BLDC) with higher efficiency, speed and torque stability compared to
asynchronous motors in applications such as fans, propellers, pumps,
drills, lathes, ventilation, where asynchronous motors are generally used.
The basic sizing parameters of the design were determined analytically,
magnetic analysis and optimization of the dimension parameters were
carried out through the ANSYS Maxwell program using the Finite
Element Method (FEM). Since the designed BLDC is intended to be for
general use and does not need additional cooling equipment, the output
power is chosen as 1.5kW. The rated speed is determined as 1500 rpm in
order to reduce switching losses. The design was tested by simulating
different groove and pole numbers in the ANSYS Maxwell program and
the highest efficiency was obtained with 9 grooves — 8 pole matches.
Therefore, the motor is designed with 9 grooves and 8 poles.
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1. Introduction

The Brushless Direct Current Motor (BLDC) first
appeared in 1955 when Brailsford patented the first
direct current motor without a Commutator.
(Brailsford, 1955) [1]. The structure used today was
formed in 1962 when Wilson and Trickey developed
the first Hall sensor BLDC [2].

BLDCs are used in many areas today due to their
features such as being easy to manufacture, robust,
having a high moment-to-volume ratio, showing high
efficiency per unit volume, speed stability and ease of
maintenance. [3]. For this reason, many studies have
been conducted on the use of BLDC in different
fields. In one of these studies, Yildiz conducted a
study on the speed control of an BLDC's PI
(proportional integral) controller and the Matlab
simulation model for use in an underwater research
robot. The design was carried out in the MATLAB
Simulink program, and the torque and velocity
changes of BLDC in both loaded and unloaded states
were examined. It has been stated that with the
increase in the amount of load on the motor shaft, the
time for the motor to reach the reference speed is
delayed, the motor works more stably at high speeds,
and BLDC can be used in the underwater search robot

[4].

Rahideh et al. designed an BLDC structure in the
form of a non-grooved stator for use in medical
devices. In this design, they used a genetic algorithm
instead of FEM, which is commonly used in
optimization processes. Using a genetic algorithm,
they optimized the size, cost, and output power
parameters of the engine. Demonstrating the
effectiveness of the Genetic Algorithm in motor
design, they stated that this method produced
successful results in calculating the design parameters
of high-efficiency motors [5].

BLDCs are also used in cooling and fan systems.
However, the high cost of permanent magnets in the
rotor increases the cost of BLDC production
compared to the induction motor. Giiney has made an
BLDC design study with 12 grooves and 8 poles 250
W external rotor for use in smart cooling fan systems.
A 250 induction motor has also been designed in
order to compare the designed BLDC in terms of
efficiency and cost. The sizing studies of both designs
were carried out with the Ansys Maxwell RMxprt
program and the magnetic analysis studies were
carried out with the Maxwell 2D program. The
designed BLDC and induction motor were compared
in terms of efficiency and cost. As a result of the
study, it was seen that it was more advantageous than

the BLDC induction motor in terms of winding and
production cost. However, it has been observed that
the production cost is higher than the induction motor
of BLDC due to the fact that the cost of magnets
increases the total cost [6].

The stator structures of BLDCs are very similar to the
stator structures of alternating current machines. Due
to this similarity, there are also designs in which
alternating current machines’ stators are used as
BLDC stators. Kandemir et al. manufactured an
BLDC by placing position sensors on the stator of a
550W,1.64,380V,1390 rpm 24-groove, 4-pole,
star-connected asynchronous motor and permanent
magnets of appropriate sizes on the rotor. They
examined the change of phase current and phase
voltage over time under 1 Nmand 1.5 Nm load
conditions of the produced BLDC both in the
simulation environment and in real time. The changes
of phase current, phase voltage and output power
obtained from simulation and experimental studies
over time were compared. As a result of the study, it
was shown that the structure obtained by using an
asynchronous motor stator with a rotor of appropriate
dimensions placed with permanent magnets can be
used as BLDC [7].

BLDCs are widely used in electric vehicles today. In
a study conducted for the development of BLDC
designs that can be used in electric vehicles, Ocak
designed a motor with a three-stage stator structure
with a power of 1kW, each with an external rotor.
Dimension, magnetic  analysis, simulation and
optimization studies of the design were carried out
with Ansys Maxwell RMxprt, Ansys Maxwell
Simplorer and Maxwell 2D programs. The rotor
magnets are placed on a single rotor pulley that wraps
around all of the stators, with each group of rotors and
stators working alone, two by two, or three together.
It has been stated that the changes of the output
power, input voltage and input current measured in
real time after the motor production is carried out and
the changes of the output power, input voltage and
input current obtained as a result of the simulation
made in ANSYS Maxwell are similar over time [8].

In another BLDC design study for electric vehicles,
Aslan conducted a simulation study with BLDC's
Ansys Maxwell program with an external rotor,
1.5 kW, 24 grooves and 20 poles for an electric
vehicle with a weight of 90 kg with its driver.
Magnetic  flux  distribution, current density
distribution, output moment — velocity, output power
— velocity, input current — velocity, efficiency —
velocity changes of the designed BLDC were
examined. It was stated that the BLDC designed as a
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result of the study was suitable for the prototype
electric vehicle [9]. In one study, Virlan et al.
proposed a 1.68 kW brushless direct current motor
design with an in-wheel direct drive for electric
vehicles with a 24-groove and 22-pole outer rotor.
The design was carried out using the Ansys Maxwell
RMxprt program and the magnetic two-dimensional
analysis was performed through the Maxwell 2D
software. It has been stated that the designed BLDC
is an engine that can be used in electric vehicles [10].

When BLDC design is made for different usage areas,
some engine design parameters need to be changed.
Changing the value of any of the parameters selected
for the design causes many features of the design
characteristics to change. The values of the
parameters used in the engine design are the values
specific to that design. Motor designs with different
numbers of grooves and poles for constant power also
change the motor characteristics. Yetgin proposed an
BLDC design with an inner rotor of 1.5 kW, 48V and
500 rpm with stator inner/outer diameter of 110mm
and 210mm, respectively, and rotor inner/outer
diameter of 40mm and 108mm, respectively. In the
simulation studies of the proposed BLDC, four
different groove count values such as 18, 24, 30 and
36, were used and motor flux densities at pole
numbers ranging from 8 to 34 were examined for each
groove number. Stator and rotor yoke flux densities,
magnet flux density, air gap flux density and stator
female flux densities were analyzed with the Ansys
Maxwell program for each number of grooves and
each pole number. As a result of this study, it was
stated that the design parameters and efficiency of the
motor changed for each groove pole matching [11].

BLDC has the uniform velocity and torque
characteristic of conventional direct current motors.
BLDCs are more efficient than direct current motors
because they do not contain brush-collector
equipment, which is a disadvantage for traditional
direct current motors . It has higher efficiency, less
drive cost and a more stable speed-torque
characteristic than BLDC induction motor [12-14].

Additionally, studies have been conducted examining
the effects of different rotor structures on the output
parameters of the BLDC. Cineli investigated the
effect of the asymmetric rotor structure on the
characteristics of the BLDC, such as cogging torque,
back emf waveform, torque ripple, and motor
efficiency. In this study, simulations were conducted
using the ANSYS Maxwell program for three
different designs: two BLDCs with different magnet
thicknesses, one with a symmetrical and one with
reduced magnet thickness, and one with a

symmetrical structure but reduced magnet thickness.
The study demonstrated that the asymmetric rotor
structure was effective in reducing cogging torque,
eliminating harmonic distortion in the back emf, and
reducing torque ripple. It was observed that the torque
constant increased with increasing magnet thickness
in both symmetrical and asymmetrical rotor
structures. [15]

In this study, it is aimed to make a general-use BLDC
design that combines the superior aspects of
asynchronous motors with the superior aspects of
direct current motors, does not require additional
cooling equipment, and has higher efficiency and
speed sensitivity.

2. Material and Methods

BLDCs have structurally similar properties to other
electric motors. Radial flux BLDCs are manufactured
with an inner rotor and an outer rotor. In addition,
BLDCs can also be manufactured with axial flux. In
applications where low speed, constant speed or
cogging moment is not desired, axial flux and low
power BLDCs are used. In applications that require
high torque and low speed or low inertia, BLDCs with
internal rotors are preferred. In applications that
require high speed and high inertia, BLDCs with
external rotors are used [3].

In this study, it is aimed to design a general-purpose
BLDC that can be used for general purposes with an
internal rotor with 1500W, 1500rpm and 220V
inputs, which can be driven in a single phase by
means of an BLDC driver with 1500W three-phase
output, and which does not require additional cooling,
in a completely closed form and more efficient than
induction motors.

Analytical calculations in the sizing studies of the
design were made through a program prepared in
MATLAB. The calculated design parameters
constitute the input parameters of the ANSYS
Maxwell program. Using these parameters, sizing
studies and magnetic analysis studies of the design
were carried out. In general, the quantities that need
to be determined/calculated for the design of an
BLDC are presented below [3].

1. Determination of application requirements

2. Deciding whether the motor will have an inner
rotor, outer rotor or axial flux

3. Determination of magnet type
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4. Determination of the number of poles
5. Determination of the number of grooves and phases
6. Rough sizing of the motor

7. Determination of air gap width and magnetic
charge

8. Design of the rotor and determination of the
amount of flux per pole

9. Determination of stator dimensions

10. Calculation of winding diameter, inductance and
resistance per phase

11. Calculation of yield

12. Calculation of temperature rise, current and flux
density

13. Evaluating the results and optimizing the design
parameters until the desired level is reached.

2.1.Determination of Starting Motor Parameters

for Motor Design
2.1.a. Determination of Application Requirements

In this study, an BLDC design with an internal rotor
is planned for general use, does not need additional
cooling equipment, can be supplied as a single phase
and will not require a starting capacitor or auxiliary
winding and centrifugal switch like single-phase
induction motors, more efficient than induction
motors, with a rated output power of
1500W and 1500 rpm and an internal rotor.

2.1.b. Deciding Whether The Motor Will Have An
Inner Rotor, Outer Rotor or Axial Flux

In this study, the BLDC design with an internal rotor
was preferred. The reason why this design is preferred
is that the internal rotor design has lower inertia,
higher torque and the connection with the shaft can be
made easier than the outer rotor type compared to the
outer rotor design. In addition, since the engine
planned to be designed is for general use, mechanical
connections can be made much more easily.

2.1.c. Determination of Magnet Type

Ferrite, AINiCo, SmCo, and NdFeB magnets are
generally used as permanent magnets in BLDCs.
Because the permanent magnet value of ferrite

magnets is much lower than that of NdFeB magnets,
the magnet size and motor size must be increased to
achieve the desired magnetic flux density. Because
this would increase motor size, weight, and
efficiency, NdFeB 35 type magnets were used.
NdFeB magnets have higher permanent magnet
strength and physical strength than SmCo and
AINiCo magnets. As permanent magnets, rare earth
magnets are widely used today in parallel with
advances in technology. Among rare earth magnets,
NdFeB N-35 type magnets are one of the most widely
used magnets in BLDCs. Due to their high energy
density, these magnets were preferred in the design.
[16]

2.1.d. Determination of The Number of Poles

In motor design, the determination of the number of
poles is directly related to the motor size and magnet
size. In the BLDC design, the opposite emf waveform
is in trapezoidal form, which is a characteristic feature
of BLDC. In the BLDC design, it is seen that the
opposite emf change occurs closer to the trapezoidal
waveform as the groove number/pole number ratio
approaches 1. For this reason, when determining the
number of grooves and poles, the number of
grooves/poles ratio is selected at values close to 1 and
the windings are formed in the form of a condensed
winding. The type of magnet and motor cooling used
is directly effective in determining the size of the
motor. For this reason, choosing a high number of
poles and grooves for the determined motor size may
cause a decrease in the groove and tooth width and
magnetic saturation in the teeth. On the other hand,
by selecting a low number of grooves and the number
of poles, motor output torque and efficiency may
decrease. First of all, a groove and pole number are
selected as a start, and after the analysis, if necessary,
the number of grooves and poles is changed and
optimized. The mechanical frequency of a rotary
machine at a speed of n rpm is f,,, given by Equation

(1.
fn =25 @)
fo =22 = pfm )

In equation (2), the expression of electrical frequency
is f, given. As seen in equation (2), the number of
poles is inversely proportional to the number of
revolutions. An increase in the number of poles at a
constant electric frequency causes the number of
revolutions to decrease. Choosing a high number of
poles for a motor that is required to operate at a
constant speed will increase the electrical frequency
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and cause the switching frequency to increase.
Increasing the switching frequency increases
switching losses, reducing motor efficiency and
shortening drive life [12,3].

In this study, an 8-pole design was used for the
calculated motor size and an N-35 type Smm thick
NdFeB magnet was used for the poles.

2.1.e. Determination of The Number of Grooves and
Phases

The number of grooves and phases is directly related
to the properties of the steel material used in stator
lamellas, the number of poles, the size of the motor
and the permanent magnetism value of the magnet. In
this study, M350-50 type silicon alloy steel, which
can give a flux density of 1.76 T without saturation at
10000A4/m magnetic field strength, was used [17].
For this steel, a 9-groove design was chosen
according to the size of the motor and with N-35
grade NdFeB magnets for 8 poles and 3 phases. While
determining these values, simulations were made for
different groove pole numbers with the ANSYS
Maxwell program and the most appropriate values
were tried to be obtained.

2.1.f. Motor Rough Sizing

In order to make the motor rough sizing, the basic
motor output power, mechanical angular velocity
(wy,), electrical angular velocity and number of
revolutions (n), as well as power (P),, torque (1),
mechanical angular velocity (w,,), electrical angular
velocity (w,), are given in Equation (3), Equation (4)
and Equation (5), respectively.

P=1.w, 3)
2

o = 2 )

We = Py (5)

The nominal torque value required for the output
power and number of revolutions determined by
equation (3) is calculated. Then, according to the
intended use of the motor, the ratio of the rotor radius
to the rotor length (A,;) and the ratio of the rotor
radius to the stator radius (4,.) are determined. After
determining these ratios, it is applied to Equation (6)
for the torque value calculated by empirically
determining the torque value per unit rotor volume
(Torque Per Rotor Volume = TRV) obtained in
previous studies and applications according to the

magnet, lamination steel and motor cooling type and
included in the literature, and the rotor volume (V) is
found [13].

T

V=g (6)

Ly =3* ()
3 |Vr Ay,

Tro = TI ()

Tso = 7;{_: )

In these equations, V. is the rotor volume, T output
torque, TRV amount of torque per unit rotor volume,
L, rotor length, 7., rotor outer radius, 4, ratio of rotor
radius to stator radius, 4,; ratio of rotor radius to rotor
length, 75, stator outer radius. In fully enclosed and
naturally air-cooled engines, its value varies between
20 kN/m3 and 42 kN/m3. In this study, M350-50
type silicon alloy steel with average properties was
used. The B-H curve for this steel is shown in Figure

(1.

Figure 1:M350-50 Type Steel B-H Curve [19]

0 2001 4000 oo00 sLOC 1000¢

Figure 1:M350-50 Type Silicon Alloy Steel B-H
Curve.[21]

The A, and A,; ratios are specific to the design and
are determined by the designer based on the intended
use of the design. The slot cross-section and stator
tooth cross-section will be formed according to the
stator radius determined by these ratios. Therefore,
the slot cross-section must provide sufficient space
for the wire cross-section to be used in the stator
windings. Furthermore, the stator tooth cross-section
must be wide enough to carry the magnetic flux
density generated in the stator tooth cross-section
without magnetic saturation. In this design, an
optimum rotor radius/stator radius ratio of 0.5 was
adopted to ensure that the winding provided would
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provide the required cross-section, based on the TRV
value and rated power, and that the stator tooth cross-
section could also carry the resulting magnetic flux
density.

The properties of M350-50 type steel from three
different manufacturers are shown in Table (1).

Minimum  Magnetic  Polarization
Manufacturer | Y2lue (T)
2500 A/m 5000 A/m | 10000 A/m
Isovac 1.58 1.66 1.78
Thyessenkrupp 1.50 1.60 1.70
S1J Acroni 1.50 1.60 1.70

Tablo 1: Minimum Polarization Values for M350-Type
Steel at Magnetic Field Intensities of 2500 A/m,
5000 A/m and 10000 A/m from 3 Different
Manufacturers [18-20]

When more than one manufacturer's catalogue is
examined for M350-50 type steel, it can be seen that
its magnetic properties are at average values.
Therefore, the TRV value was taken as 30 on
average. Selecting a high TRV value results in a
higher torque value per unit rotor volume. This, in
turn, will create a need for more magnetic flux
density.

However, the design made according to the steel
material used and the rotor and stator volumes
calculated according to the TRV value may not
provide some desirable features. Due to the low
volume of the calculated groove, the current carrying
capacities of the conductors to be placed may not be
sufficient for the planned design. In addition, the low
stator tooth cross-sectional area may cause the
magnetic flux density to bring the core to magnetic
saturation. Therefore, when selecting the TRV value,
the flux density of the magnet used and the winding
filling rate in the stator windings should be taken into
account.

While the winding filling rate is between 35% and
45% in double-layer full mold windings, this rate can
be between 60% and 75% in single-layer mold
winding or hand wrapping [14,16]. Equation (7)
determines the rotor radii, and Equation (8)
determines the stator radii. Equation (9) finds the
rotor and stator lengths. In this study, and was taken
as and A, =1/2 21, =1/2 the rotor radius was
calculated as 40 mm, the stator radius was 80 mm,
and the rotor and stator lengths were 80 mm.

EMF constant method, BLV method and Tooth Flow
Method are used to determine the number of turns
[13]. The BLV method was used in this study. The

magnitude of the opposite emf to be induced in the
windings is given by Equation (10), where By is the
flux density of the air gap, m is the number of phases,
N is the total number of turns in a phase, ®mis the
mechanical angular velocity, Lg; is the stator length
(motor axial length),ry; the inner radius of the stator
[21].

e = 2pByNLg7siwm (10)

Equation (10) can be used to find the number of turns.
The total number of windings per phase at this
number of revolutions is given by Equation (11) by
equalizing the induced emf for the rated number of
revolutions to the source voltage [21].

e

(11)

2pBgLstTsiwm

The value of N found by equation (11) is the value of
the number of turns per phase. To determine the
number of turns in a groove of a phase, the total
number of windings is divided by the number of coils
per phase. The number of coils per phase varies
according to the type of winding used and the number
of layers. In this study, full mold winding was used.
In full die winding, the total number of coils is equal
to the number of stator grooves. C, the number of
coils per phase; S, the number of grooves; where m is
the number of phases; The number of coils per phase
is calculated by Equation (12) [21,13,22].

C= (12)

s
m
In this case, the number of turns per phase in a groove
is determined by Equation (13).

N
N, =—
S ¢

(13)

For the calculation of the input current, the Biort-
Savart Law is applied. If the force acting on the wire
on the armature is multiplied by the inner radius of
the stator F, the value of torque induced in the motor
for a coil edge is found. A coil consists of two coil
edges. Therefore, the torque value found for a coil
edge is multiplied by two to find the torque value
induced in a winding. If this value is multiplied by the
number of turns per phase, the torque value per phase
is found. In the BLDC study, since only two phases
are energized in each case, the torque induced in the
motor will be equal to the torque value induced in two
phases. F = BIL Sin (6). In this case, the torque
value produced in the BLDC rotor is given by
Equation (14) |21, 14].
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T = 4B, INLgy; (14)

Using equation (14), the input current I can be
calculated. For this, Equation (14) is changed and
written as in Equation (15). If the torque value
calculated by Equation (3) is substituted in Equation
(15), the current value I is obtained.

T
T 4BgNLgry; (15)
In this study, 9 grooves, 8 poles, 3 phases, 1 coil step
Double Layer Lap Winding was used. In this case,
there will be a total of 9 coils in the motor stator, and
there will be 3 coils per phase.

In equation (15), Bg I, N, Ly, L,., 75; shows the air gap
flux density, line current, total number of turns in a
phase, stator and rotor length, stator inner radius,
respectively. In this study, the rotor length and the
stator lamella package length were taken equally.
With equation (15), the input current was calculated
approximately and the conductor cross-section was
selected according to the current density value.
6.85 A] = 5A/mm? [13].

2.1.g. Determination of Air Gap Width and Magnetic
Charge

For medium and large size motors, it is generally
accepted that the air gap is 0.5mm or 1mm [12]. In
this study, it was selected as 1 mm for reasons such
as ease of manufacturing, magnet thickness and
efficiency.

In order to determine the air gap flux density, it is
necessary to know the internal reluctance of the
magnet, the air gap reluctance and the permeability
coefficient of the magnet for the accepted temperature
of 75°C, the leakage coefficient, the reluctance
coefficient and the permanent magnetism value of the
magnet used. For this, the required quantities can be
calculated using Equations (16), (17), (18) and (19),
namely t,,, magnet thickness, g air gap thickness, 4,
magnet surface area, Ay air gap area, [, relative
magnetic permeability of the magnet, yy; magnetic
permeability of the cavity, P, magnetic permeability
constant, K; leakage coefficient, K, reluctance
coefficient, R,, magnet reluctance, R, air gap
reluctance and By air gap flux density [12].

tm

™ prptoAm (16)
g

e (17)

tmAg

P
¢ 9Am

(18)

) = e (19)

Pc
In equation (18), i# K, takes values in the range 1 <
K, < 1.2, K; inthe range of 0.9 < K; < 1 and takes
its value for N35 grade magnets u, = 1.05.
(Hanselman, 2009). The magnetic flux density in the
air gap is calculated to be approximately 0.9 T.

2.1.h. Design of The Rotor and Determination of The
Amount of Flux Per Pole

In this design, the rotor is designed with surface
magnets in order to increase efficiency and provide
ease of production. The width of the magnet is taken
as 0.9 of the width of the pole. In NdFeB magnets, the
residual magnetism value is B, = 1.2 T(W/m?). In
surface magnet motors, the ratio of air gap flux to
magnet flux varies between 0.85 and 0.95 [13].

2.1.i. Determination of Stator Dimensions

When determining stator dimensions, the proportions
A rand Aqare determined by the designer. These ratios
are then substituted in Equation (7), Equation (8) and
Equation (9) to find the stator radius and motor
length. In this study, the rotor length for the preferred
ratios was found to be 80 mm. The rotor length is
taken to be equal to the stator length. The stator radius
was found to be 80 mm.

Different numbers of grooves/poles can be applied in
stator design, but it is important that the tooth width
and air gap flux density to be formed according to
these groove and pole numbers are at a level that will
not cause saturation in the teeth. Many steel materials
reach saturation after a magnetic flux density of 1.8 T
and 1.9 T. For this reason, it is often desirable in
motor design that the flux density in the stator teeth
does not exceed 1.6 T [3]. In selecting the slot
geometry, the slot type with linear sections and shown
as slot Type 3 in the Ansys Maxwell program was
chosen in order to calculate the slot area, stator tooth
cross-section exactly and, accordingly, the slot
occupancy rate and winding wire cross-section
calculation clearly. Stator groove and thread design
are often processes that need to be optimized by
trying different combinations. In this study, these
procedures were performed using the ANSYS
Maxwell program.
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2.1.j. Calculation of The Diameter of The Winding

Double-layer Lap Winding is widely used in BLDCs
for higher moment. In this type of winding, there are
as many bobbins as the number of grooves in the
machine.

After determining the number of turns, it is necessary
to determine the winding wire cross-section for the
closed and air-cooled motor type. The winding wire
diameter depends on the rated current of the motor,
the current density in the windings, the operating
temperature, the type of cooling of the motor, and the
structure of the winding. The engine designed in this
study is planned to be a closed-form engine that does
not need additional cooling equipment. According to
this type of cooling, the upper limit of the current
density is 5 A/mm? [13].

D,, The bare conductor diameter of the winding wire
is given by Equation (20) for air-cooled motors,
where the bare conductor diameter of the winding
wire is the input current /.

D, = (20)

51

1.2.Motor Efficiency Classification

Engine efficiency classes vary according to standards
that differ according to countries or regions. CEMEP
and IE in the European region and NEMA in the USA
are the main organizations that set these standards.
CEMERP is outdated and the current standards used in
the European Union are IE standards. In our country,
standards based on IE standards are determined by
TSE. TS EN 60034-30-1 standard is still in force.
This efficiency standard is also regulated according to
the IECC 60034-2-1 standard [23,24]. According to
the IECC 60034-2-1 standard, the motor efficiency
table is given in Table (2).

Table 2: IECC 60034-2-1-2014 Standard Motor Efficiency
Classification by Motor Power and Number of
Poles [25]

In this study, the parameters required to be entered
into the Ansys Maxwell Program for BLDC design
were analytically calculated. Rotor outer radius (7;-,),
stator outer radius (75, ), stator tooth width (w;), stator
yoke width (wgy), stator winding wire diameter (D,,)
and number of turns per phase (N) values were
calculated analytically with the MATLAB program.
The parameter values calculated with this program
were entered into the ANSYS Maxwell program and
FEM analysis was performed. The input parameters
calculated for FEM analysis of the designed
1500 W, 1500rpm, 220 V, 9 Groove, 8-pole BLDC
are given in Table (3).

Table 3:Design Parameters for 1500 W 1500 rpm 220 V

BLDC FEM Analysis
Design Parameter Symbol | Value
Engine Power P 1500 Watts
Number of n 1500 rpm
Voltage vV 220 Volts
Number of Grooves S 9
Number of Poles 2p 8
Number of Phases m 3
Torque Value Per Unit Rotor TRV 30 kN /m?
Volume
Stator Outer Radius Tso 80 mm
Stator Inner Radius Tsi 41 mm
Rotor Outer Radius Tro 40 mm
Rotor Inner Radius Tyi 10 mm
Package Length Lyt 80 mm
Number of Windings Per Phase N 102 Tur
Stator Tooth Width Wy 22 mm
Stator Yoke Width Wsp 6.62 mm
Stator Lug Width W 24.62 mm
Default Air Gap Width g 1 mm
Magnet Thickness tm S5mm
Permanent Magnet Permanent
Flux Density B 12T
Air-Gap Flux Density By 09T
Stator-Teeth Flux Density B, 1.22T
Rotor Radius/Stator Radius Ratio A, 0.5
Rotor Radius/ Rotor Length Ratio A 0.5
Stator Lug Height hgo 3mm
Stator Lug Neck Height hg1 2mm
Gutter Height hgy 22 mm
Gap Between Lugs bso 4 mm
Gutter Ceiling Width bs1 10
Gutter Base Width b, 26

1.3.Cogging Torque

In BLDCs, the rotor permanent magnets and stator
teeth are aligned at a position where the air-gap
reluctance is minimum. Changing this position causes
the air-gap reluctance in the path of the magnet
magnetic flux to increase. Due to the increased
reluctance in the path of the magnet’s magnetic flux,
the magnetic flux tends to complete the flux path at
the position where the magnetic reluctance is
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minimum. This causes the magnetic flux to generate
a moment in the direction opposite to the moment
forcing the position change. This resulting moment is
called cogging torque. Cogging torque is an
undesirable effect in BLDCs because it creates torque
fluctuations and vibration. Various methods are
available to reduce cogging torque. Examples of these
methods include skewed placement of rotor magnets,
inclined design of stator teeth, and fractional winding.
In this study, fractional winding was used in the
design and the maximum value of the cogging torque
was calculated as 192.935 mNm as a result of FEM
analysis using the ANSYS Maxwell program. [12, 3,
13]

1.4. Finite Element Method (FEM)

The finite element method is a method that goes from
the part to the whole. The finite element, on the other
hand, is a part of the structure to be examined. The
first area of application is stress analysis. Later, it was
also applied to the fields of thermal analysis,
magnetic analysis, and electrical analysis. Due to the
fact that the problems encountered in engineering
fields cannot be fully expressed analytically, the
analyzed object or environment geometries are
divided into smaller parts and a network structure is
created with these elements. This structure is called a
numerical model. The points where the elements that
make up the numerical model come into contact with
each other are called nodes. Each node has x, y, and z
coordinates relative to a specific starting point. The
main purpose of the finite element method is to
represent continuous functions with regional
continuous functions. In the finite element method,
the value of the magnitude to be calculated in an
element is found by interpolation using the values of
that element at the nodes. The fact that the number of
elements is as high as possible allows the feature to
be determined to be calculated with a higher
precision. A representation of the element and
network structure used in FEM analysis is shown in
Figure (2) [26, 27].
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Figure 2: FEM Network and Element Structure [27]

In this study, the FEM analysis of the design was
performed with ANSYS Maxwell program. The
design, which is selected for material selection,
winding arrangement and sizing with the ANSYS
Maxwell RMxprt program, can then be magnetically
analyzed using the Maxwell 2D program. The flow
chart of the design made with the ANSYS Maxwell
program is given in Figure (3).

Figure 3: FEM Analysis Flowchart with ANSYS Maxwell
Program [28]

3. Results and Discussion
3.1 FEM Analysis Results

The designed 1500 W, 1500 rpm, 220 V, 9 Grooves
and 8 Poles BLDC structure is given in Figure (4).
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Figure 4:1500 W 1500 rpm Inner Rotor 9 Grooves 8 Poles
Surface Magnet BLDC Appearance

When the results of the analysis were examined, it
was seen that the values obtained from the FEM
analysis and the values found by analytical
calculation were similar.

Although the number of turns per phase was found to
be N = 118 in the analytical calculations, when the
FEM analysis was performed with this number of
turns, the motor efficiency was found to be n =
95.34% and the rated speed was found to be n =
1282 rpm. For this reason, in order to increase the
number of revolutions to the rated speed, the number
of windings per phase in the design was optimized as
N = 102 and the motor efficiency was calculated as
n.=96.24% in this number of turns.

According to the FEM analysis results, BLDC input
current and velocity change are given in Figure (5).

Figure 5: 1500 W 1500 rpm 220 V BLDC Input Current
and Speed Change

When Figure (5) is examined, it is seen that the BLDC
input current, which is found as 6.85 A for 1500 rpm
velocity by analytical calculation, is compatible with
the 7.06 A current value for 15157rpm velocity
calculated in ANSYS Maxwell FEM analysis.

According to the FEM analysis results, the BLDC
Output Torque and Speed change are given in Figure
(6). It is observed that the change of output torque
over time varies in accordance with the BLDC
characteristics.

Figure 6:1500 W 1500 rpm 220 V BLDC Output Torque
and Speed Change

According to the FEM analysis results, the change in
BLDC Output Power and Speed is given in Figure
(7). When Figure (7) is examined, it is seen that the
BLDC, which is designed at the speed determined for
the design, can provide the desired output power.

Figure 7: 1500 W 1500 rpm 220 V BLDC Output Power
and Speed Change

According to the FEM analysis results, the change in
BLDC Air Gap Flux Density is given by Figure (8).
When Figure (8) is examined, it is understood that the
air gap flux density distribution is uniform and
suitable for the BLDC characteristic flux density
distribution.
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Figure 8: 1500 W 1500 rpm 220 V BLDC Air Gap Flux
Density Change

According to the FEM analysis results, the BLDC
Induced Phase and Line Voltage Shapes are given in
Figure (9). It is observed that the line and phase
voltage shapes of the design change smoothly and are
suitable for the phase order and number.

Figure 9: 1500 W 1500 rpm 220 V BLDC Induced Phase
and Line Voltages at Rated Speed

According to the FEM analysis results, the change in
BLDC Yield and Velocity is given in Figure (10).
When the change of efficiency with speed is
examined, it is noticed that the design is very close to
the maximum efficiency at the specified speed. From
this, it can be understood that the design is well
optimized for the specified power and speed.

a0 s 30 00099
e

Figure 10: 1500 W 1500 rpm 220 V BLDC Yield and
Speed Change

3.2. 2D Transient Analysis Results

After it was seen that the motor efficiency was at the
desired level from the FEM analysis results
performed with the ANSYS Maxwell program, 2D
magnetic analysis was performed on the stator and
rotor. In the magnetic analysis, it was observed that
the magnetic flux distribution in the stator and rotor
was uniform and there was no magnetic saturation in
the material.

ANSYS Maxwell 2D Transient Analysis Vector
Magnetic Flux Density View for
1500 W, 1500 rpm, 220V, 9 Groove and 8 Pole
BLDC design is given in Figure (11).

Figure 11: 1500 W 1500 rpm 220 V BLDC Vector
Magnetic Flux Density View

ANSYS Maxwell 2D Transient Analysis Magnetic
Flux Density View of 1500 W, 1500 rpm, 220V, 9
Groove and 8 Pole BLDC design is given in Figure

(12).

Figure 12:1500 W 1500 rpm 220 V BLDC Magnetic Flux
Density View
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ANSYS Maxwell 2D Transient Analysis Magnetic
Field Strength for 1500 W, 1500 rpm,220V, 9
Groove and 8 Pole BLDC design is given in Figure

- XY Pt -~y

(13).
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Figure 13: 1500 W 1500 rpm 220 V BLDC Vector
Magnetic Field Strength View

The Ansys Maxwell 2D Transient Analysis Magnetic
Field Intensity Distribution view of the designed
1500W, 1500 rpm, 220 V 9 Groove and 8 Pole
BLDC is given in Figure (14).
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Figure 14: 1500 W 1500 rpm 220 V BLDC Manyetik Alan
Siddeti Dagilimi

The ANSYS Maxwell 2D Transient Analysis
Cogging Moment Graph of 1500W, 1500 rpm,
220V, 9 Groove and 8 Pole BLDC is given in
Figure (15)..
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Figure 15:1500 W 1500 rpm 220 V BLDC Vuruntu
Momenti Grafigi

The average stator tooth flux density of 15000,
1500 rpm, 220 V 9 Groove and 8 pole BLDC was
found to be 1.22T by FEM analysis performed with
ANSYS Maxwell program and the Magnetic Flux
Density Distribution in the Stator Teeth found by
ANSYS Maxwell 2D Transient Analysis of the
design is given in Figure (16).
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Figure 16:1500 W 1500 rpm 220 V BLDC Stator
Dislerindeki Manyetik Ak1 Yogunlugu Dagilim1

When the results of the 2D magnetic analysis are
examined, it is seen that the magnetic flux density is
uniformly distributed on the BLDC geometry, with
low cogging torque oscillation, there is no local
saturation on the geometry and it is below the
saturation limit for the steel material used.

3.3. Efficiency Class of Design

It is seen that the designed 1500 W, 1500 rpm,
220V, 9 Groove and 8 Pole BLDC is in the IE4 class
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high efficiency motors class in IECC 60034-2-1-2014
Standards with n=95.34% efficiency.

4. Conclusion

In this study, an BLDC design of 1500 W, 1500 rpm,
220 V that can be supplied with single-phase mains
voltage and used for general purposes was made. The
analytical calculations required for sizing of the
design were carried out with the MATLAB program,
FEM analyzes and magnetic analyzes were carried
out with the ANSY'S Maxwell program. As a result of
the simulation studies, it was seen that the design had
maximum efficiency and efficiency in the number of
rated revolutions. The design motor is in the IE4
class, which is the highest efficiency class according
to IECC 60034-2-1-2014 Standards. The fact that the
efficiency in the rated speed is very close to the
maximum efficiency indicates that the design is well
optimized for the rated values. The designed BLDC
is suitable for general-purpose use and has high
velocity and torque stability. In the magnetic analysis,
it was observed that the magnetic flux density showed
a uniform distribution on the designed motor
geometry and there were no local saturation zones in
the design. This indicates that the design will work
efficiently and heating will not occur. The design can
be used for general purposes without the need for
additional cooling with single-phase mains voltage as
intended.
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