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Abstract: Drones are used in agriculture and external control, utilizing cameras, various sensors, and autonomous flight
functions. However, it is difficult to fly for a long time because of flying with heavy equipment. Therefore, it is necessary to
increase the flight time through lightening of the drone itself and efficient control of the BLDC motor. That is, it is necessary
to improve the motor itself, which accounts for most of the energy consumption in drone flight. Stator fabrication of existing
BLDC motors is done by winding copper wires through individual processes on the stator core through an automated
process. However, in the case of an ultra-small BLDC motor, the stator core has a small size and is manufactured using a
thin-diameter copper conductor, and thus has a lot of problems in the automation process. Therefore, in this paper, the multi-
division coupling structure method of individual teeth of the stator was applied through a new type of BLDC motor stator
design. That is, the cartridge type BLDC motor stator was applied to improve and reduce the BLDC motor stator method.
Through this, the performance limit of the BLDC motor was improved by combining individual teeth with multiple
cartridges. The cartridge type BLDC motor is manufactured by stacking several cartridges on each tooth. Therefore, various
performances can be produced according to the connection state of the cartridges
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1. Introduction

Mission drones used for agriculture and external control are increasing, utilizing cameras, various sensors,
and autonomous flight functions. However, due to the characteristics of having to mount and fly heavy
equipment, many problems have occurred in long-time flight[1]. Recently, technology development has been
applied to increase the flight time as much as possible through lightening of the drone itself and efficient control
of the BLDC motor. However, the improvement of the motor itself, which accounts for most of the flight energy
consumption, is insufficient. If a drone crashes due to motor damage that occurs during a drone flight, financial
damages occur enormously, so there is an urgent need to prepare countermeasures and develop related
technologies[2-3].

Drones are in the spotlight recently due to their mechanical simplicity, and are already widely used in fields
such as aerial photography with a small mission weight. Research has also been actively conducted to increase
the drone size and carry large-scale mission weights such as courier and pesticide spraying. Recently, drones are
used in various industries such as logistics, agriculture, and surveillance[4]. The drone delivery service is
capable of cost reduction and rapid delivery, and is expected to be actively introduced into the logistics industry
in the future. In addition, in the field of agriculture, it is a trend to utilize drones as a core technology of
precision agriculture that maximizes the efficiency of agriculture by collecting and analyzing various data
through drones, beyond simply spraying pesticides[5-6]. Stator fabrication of existing BLDC motors is done by
winding copper wires through individual processes on the stator core through an automated process. Therefore,
in the case of an ultra-small BLDC motor, the automation process is difficult because the stator core is small and
is manufactured using a thin diameter copper conductor. In addition, the stator core material and the copper
conductor are materials that do not change in most motor manufactures, and must be solved to improve motor
performance.

Therefore, in this paper, the multi-division coupling structure method of individual teeth of the stator was
applied through a new type of BLDC motor stator design. That is, the cartridge type BLDC motor stator was
applied to improve and reduce the BLDC motor stator method. Through this, the performance limit of the
BLDC motor was improved by combining individual teeth with multiple cartridges. Existing stator production
method is a method to make one lump at a time[7]. However, by applying the method designed and developed
in this paper, it is possible to conveniently create a cartridge-coupled stator manufacturing method like
assembling a LEGO block. Through this, it is possible to easily manufacture a cartridge by combining a copper
wire with a pre-winded wire and an outer frame without winding the copper wire in a complicated and narrow
shape. In addition, since the cartridge is variously combined, it is easy to change the number of poles of a motor
and the number of copper windings of a single tooth, so it can be applied to various products using a single
platform.

2. BLDC motor
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2.1 BLDC motor concept

The BLDC (Brushless Direct Current) is compact and has little electrical and mechanical noise. In addition,
since there is no wear of the brush, it can be used for high-speed rotation permanently. BLDC has high
mechanical density and high efficiency by using magnet as well as high reliability because there is no
mechanical contact. Due to this high efficiency, it is widely used in various industrial fields including home
appliances, automation equipment, air conditioning systems, and automobiles[8]. These BLDC motors can be
divided into those with and without a sensor for detecting a rotor, such as an encoder or hall sensor. Recently,
various studies have been conducted such as BLDC motor driving research using back EMF, sub-feedback
design and PID control research for position control, BLDC motor control research using Simulink, and speed
and position control research using fuzzy and neural networks[9-10].

Most of the motors for air conditioning and blowing systems currently in use employ induction motors
driven by direct induction, and there is a need to improve efficiency to increase energy consumption efficiency
for these motors. Some high-efficiency home appliance systems use a built-in inverter or a BLDC motor, but a
DC input type BLDC motor with an ADC converter separated is mainly used. In particular, BLDC motors for
single-phase direct-operated ventilation are generally used for small-sized ventilation such as household
bathrooms, kitchens, and other electric devices[11]. However, in recent years, high-efficiency and
environmentally-friendly products are being favored, resulting in changes to BLDC motors. Figure 1 is a
schematic diagram of the principle of a BLDC motor.

Figure 1 Simple BLDC motor principle

2.2 BLDC motor characteristic

In the case of BLDC motor unit, the rated and starting torque is constant from low speed to high speed
range. Torque does not deteriorate at low speed like a general voltage-controlled AC speed control motor. At the
same time, it can be used as a rated torque from low speed to high speed. In the short-time operation area, 1.2
times the rated torque occurs[12]. Therefore, it is very effective when starting the inertia load. At this time, if the
operation is continued for 5 seconds or longer, the overload protection function of the driver operates to stop the
motor naturally. Figure 2 shows the torque characteristics according to the rotation speed [15,16].
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Figure 2 Torque characteristics according to rotation speed

BLDC motor has excellent speed stability compared to general AC motor. It receives the feedback of the
motor's rotation speed and compares it with the set speed to adjust the current flowing through the motor and
affect the stability of the speed. Therefore, it is possible to operate at a stable speed from low speed to high
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speed even when the load condition changes. On average, it has excellent speed stability of 1/10 or less
compared to AC motor. BLDC motors have high efficiency. There is almost no secondary loss of the rotor
generated from the AC motor, the induction motor, by installing a permanent magnet on the rotor. Therefore, it
is more efficient than AC speed control motor, so power consumption can be drastically reduced, saving
energy[13].

AC speed control motor generally has a speed control range of 90~1400rpm for single phase and
100~2400rpm for inverter. However, BLDC motor can control a wide range of speeds from 100 to 3000 rpm
(some products are 100 to 4000 rpm). Therefore, it can be used in the desired range of torque and speed by using
a reducer[14]. Table 1 shows a comparison between the speed control range and the speed ratio of a typical AC
motor and a BLDC motor.

Tablel Comparison of speed control range and speed ratio of AC and BLDC motor

Division Speed control range (RPM) Speed ratio
AC speed control (Voltage method) 90-1600 1:17
AC speed control (Frequency method) 100-2400 1:24
BLDC motor 2-4000 or 80-4000 1:2000 or 1:50

3. Cartridge BLDC motor

In this paper, the multi-division coupling structure method of individual teeth of the stator was applied
through a new type of BLDC motor stator design. That is, the cartridge type BLDC motor stator was applied to
improve and reduce the BLDC motor stator method. Through this, the performance limit of the BLDC motor
was improved by combining individual teeth with multiple cartridges.

The cartridge type BLDC motor designed and developed in the paper has undergone three stages of
development. In the first stage development process, the performance change and process complexity due to the
parallel winding wires were evaluated by dividing the windings of the existing BLDC motor into two. In the
second stage development process, cartridge manufacturing, bonding, application, performance evaluation, etc.
were performed from various angles using materials used in existing BLDC motors. Lastly, in the development
process of the 3rd stage, the magnetic properties of the cartridge, energy efficiency, reliability, etc. were
improved through the application of new materials to the conductor, packaging material, and core magnetic
material based on the contents progressed in the 2nd stage. Figure 3 shows the process of developing a cartridge
of a BLDC motor using a cartridge stator in three stages of development.

Coil 1 Coll 2 Polymer-based

(*LW r,,l,\ /packaglna materials
‘ » \ New material
packaging material
New material conductor
Wired copper wire
Phase 1 of Phase 2 of Phase 3 of
development development development

Figure 3 Development stage of BLDC motor based on cartridge stator

In the first stage of development, it is a verification step for production and control of a multi-coil
configuration, and is composed of multiple coils for an existing stator core. The performance change according
to the connection method of multiple windings was predicted by using the winding method of the existing
BLDC motor and before manufacturing the next generation BLDC motor of the cartridge coupling method. To
this end, the stator winding of the 300W class BLDC motor is divided into two and processed, and an additional
circuit that can variably change the winding connection method between the motor driver and the motor is
produced. In the case of the BLDC motor, the size and shape of the product are varied depending on the
application field, and the desired operating characteristics are different in each application. Therefore, the
development specifications of the cartridge type stator were reviewed through the production of a variable-
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connected BLDC motor prototype. In the case of a control drive used in an existing BLDC motor, a control
drive was newly developed based on a prototype produced because it cannot be used in a cartridge type BLDC
motor. Figure 4 shows the stator fabrication steps for a two-segment variable connection BLDC motor.

- _

Stator insuia_tor Winding machine  InnerU-phase Inner U-phase InnerV-phase
coupling setting winding start  winding complete winding

Inner stator Outer U-phase Quter V-phase Outer stator Winding machine
winding complete winding winding winding complete Removal & selection

Figure 4 Stator production of 2-segment variable connection type BLDC motor

In the second stage of development, it is related to the manufacture of a cartridge and construction of a stator
using existing copper wire and commercial packaging materials. To this end, a single cartridge was constructed
using copper conductors.  For the 2-division variable connection coil process that was conducted in the first
stage development process, 3D print was used. Figure 5 shows the design and manufacture of the cartridge type
upper and lower parts using a 3D printer, and the design and manufacture of a cartridge type electromagnet
configuration by inserting a copper coil.

Cartridge-type upper

Copper coil

Cartridge-type lower
Figure 5 Design and manufacture of cartridge type electromagnet using 3D printing

In the third stage of development, a cartridge is manufactured and a stator is constructed using a conductor
and packaging material to which a new material is applied. To this end, a single cartridge was constructed using
a new lead wire with a new material. Finally, a BLDC motor stator was manufactured using a multi-layered
structure using a cartridge.

As a result, the stator design and fabrication of a new type of BLDC motor was developed by applying the
multi-division coupling structure of individual stator teeth. Currently, in order to improve or reduce the
manufacturing method of the BLDC motor stator, a method of combining the stators after being divided and
used is used. The cartridge type BLDC motor stator has the same design as the stator, but the design differs from
the existing method by applying a production method that combines a plurality of cartridges for individual teeth.
That is, in order to improve the problems of the existing BLDC motor manufacturing method using a split core,
a BLDC motor was designed and developed by applying a cartridge multi-stack structure. Figure 6 shows the
manufacturing method of the stator using the existing split core (left) and the production of a BLDC motor
stator using a multi-layer structure using a cartridge designed and developed in this paper.
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<BLDC motor stator using <BLDC motor stator using
Conventional split core> multiple stacked structure of cartridge>

Figure 6 Fabrication of BLDC motor stator using multiple stacked structure of cartridge

Since the cartridge type BLDC motor is manufactured by stacking multiple cartridges on each tooth, various
performances can be produced according to the connection state of the cartridges. Further, even in a situation in
which the motor controllability due to the damage of the conductor during motor driving is not good, the driving
reliability can be improved by securing the motor driving stability through individual control of each cartridge.

The BLDC motor designed in this paper is produced by assembling a LEGO block using a cartridge-coupled
stator manufacturing method. This is considerably more efficient than the conventional stator production method
that produces one lump at a time. In other words, it is possible to easily manufacture a cartridge by combining a
copper wire and a pre-rolled copper wire without the difficulty of winding the copper wire in a complicated and
narrow shape. In addition, since the cartridge is variously combined, it is easy to change the number of poles of
a motor and the number of copper windings of a single tooth, so it can be applied to various products using a
single platform. Even in problems such as wire breakage occurring during motor operation, reliability of motor
use can be increased through control that restricts the use of the corresponding cartridge. Through this, it is
possible to develop a next-generation lightweight high-efficiency BLDC motor by utilizing effective space in
the cartridge and changing manufacturing materials in the long term.

4. Conclusions

Drones were the first to be used as targets instead of bandit in the practice shooting of air aircraft, anti-
aircraft guns, and missiles. However, due to the development of wireless technology, it was developed as a
reconnaissance aircraft and penetrated deep into the enemy's interior to operate as a reconnaissance and
surveillance application. In recent years, drones are equipped with various weapons, such as missiles, and are
used as attack aircraft. Drones are being developed with various sizes and performances depending on the
purpose of use. In addition to large aircraft, micro drones are actively being developed and researched. In
addition, many have been developed and commercialized as personal hobby activities, and recently, the scope
has been expanded to be used for transportation purposes.

However, as the scope of use for drones has increased additional equipment and functions such as a camera,
various sensors, and autonomous flight functions must be mounted on the drone itself. After all, as these
peripheral equipment increases, the weight of the drones is bound to increase. Therefore, the flight time of
drones equipped with heavy equipment must be reduced with limited battery capacity. As a result, the drone
itself needs to be lightweight and efficient control of the BLDC motor is essential.

Therefore, in this paper, the multi-division coupling structure method of individual teeth of the stator was
applied through a new type of BLDC motor stator design. That is, the cartridge type BLDC motor stator was
applied to improve and reduce the BLDC motor stator method. Through this, the performance limit of the
BLDC motor was improved by combining individual teeth with multiple cartridges. In the case of a BLDC
motor using a conventional split core stator, a coil is formed for each individual tooth of the split core. This
structure showed a functional difference from constructing one tooth with two or more cartridges in the
cartridge-coupled stator. In addition, since the cartridge type BLDC motor can operate as a single motor, the
coils of each layer can show the results of multiple motors being integrated in a single motor structure, resulting
in efficiency in drone flight time.
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