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ArticleInfo ABSTRACT

Article history: This paper discusses about design of hollow-rotor Brushless DC (BLDC)
. motor. A conventional BLDC motor has more leakage flux circling at the end

ReC?'Ved Feb 6, 2015 of the permanent magnet that will limit torque. To overcome this problem, a

Revised Apr 22, 2015 new BLDC model known as hollow-rotor is proposed. The objective of this

Accepted May 4, 2016 research is to design a hollow-rotor motor that will have higher torque

density compared to conventional BLDC motor using Finite Element Method

(FEM). In addition, performance analysis of the proposed hollow-rotor has
Keyword: also been carried out. For vaidation, the result of FEM is compared with the
BLDC motor measurement result. It shows that, the simulation result has good agreement

.. with the measurement result. For comparison, hollow-rotor shows higher
Finite element method torque density compared to conventional BLDC motor. As a conclusion, this

Hollow-rotor o paper provides guidelines and analysis in designing high torque hollow-rotor
Leakage flux circling motor.
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1. INTRODUCTION

BLDC motor is widely used in many applications, especially for home appliances such as blender,
fan, mixer and vacuum [1-2]. The rotor of atypical BLDC motor usually has permanent magnets. By using
permanent magnet, no electrical energy is required to excite the field, thus increasing the efficiency, torque
density and power density of the motor [3-4]. Many researchers had focused on improving the torque of
BLDC motor. For instance, Gyu-Hong Kang et al. studied irreversible demagnetization of permanent
magnet. Thisirreversible demagnetization characteristic is analyzed by rotor structure. In aBLDC motor, the
reluctance torque strongly influences the torque characteristics. By considering these characteristics, the
motor performance in terms of magnetic flux density will proportionally increase the torque [5-7]. Another
example is the study by Byoung-Kuk Lee et al., who presented a detailed comparative study of BLDC motor
due to operating condition. In this study, flux barriers are design in order to improve torque characteristics.
By using this method, magnetic flux will be concentrated in the air gap. As a result, flux barrier can
maximize the torque of the BLDC motor compared to conventional types [8-10]. M.R. Mizanoor et al.
presented an analytical model for calculating the back emf and the maximum value of air gap flux density in
both radial and tangential directions for internal rotor topology. The flux density in the air gap region is
derived by considering the stator slot opening [11-12]. Another researcher, K.W. Hyung et al proposed a
method for optimizing torque for developing the neodymium free spoke type BLDC motor. An important
step during motor design is the calculation of the effective air gap flux density. Effective air gap flux density
is contributed from the flux of magnet [13]. In summary, most of the researchers increase torque by applying
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a barrier or decrease the losses of the demagnetization effect. However, it will be better if a new method
could be introduced to solve both problems. For such reason, magnetic flux below the permanent magnet is
essential to minimize the leakage flux. The leakage flux does not contribute to the torque generation.

This paper presents design of hollow-rotor BLDC motor. Severa design parameters for designing
the conventional BLDC motor had been investigated. A new model known hollow-rotor is design to improve
the performance for BLDC motor. Hollow-rotor motor is fabricated and the measurement result is compared
with FEM. The result shows that simulation has shown good agreement with measurement result. The
proposed hollow-rotor motor can be designed for higher rating of BLDC motor up to kW specification.

2. DESIGN OF CONVENTIONAL BLDC
2.1. Design of Stator and Caoil

Before designing hollow-rotor, a conventional BLDC motor is design first. The stator and rotor
design for conventional BLDC motor is shown in Figure 1. In this research, BLDC motor is design for 9 slot
8 pole arrangements. Investigation is made in order to properly design of stator and magnet volume with
reasonable design parameter so that motor performance can be maximized. The rotor and stator is mostly
covered by standard silicon steel grade as J1: 50H800. Futher details about design parameter are shown in
table 1. At this stage, no permanent magnet is applied to the motor.

Figure 1. Stator and rotor design

The fixed parameter for designing BLDC motor is the stator radius r,, inner rotor radius r,, outer
rotor radius rs, coil height ¢y, coil width c,, air gap ag, distance slot opening d, The varied parameter is the
stator tooth height st;, which is change from 1 mm to 2 mm. Stator tooth width s, is change from 2 mm to 4
mm. Stator tooth width t,, is change linearly with the change of s, from 1 mm to 2 mm with the difference
of 0.5 mm as shown in equation (1).

1
$h =35 (Sw) @

Number of turn, nis set from 26 until 10 accordingly to the coil size, ¢s of coil slot space. The coil turn can
be calculated by;

N = (C—Wj[c—hj «70% @
CS CS

Figure 2 shows selection of coil. Firstly, 3 set of models with different size of s,, and s, is been modeled. For
each model, different number of turn is set based on equation (2). Firstly, coil, ¢sis set 0.2 mm and current |
is 2 A. Result for flux density is recorded. The procedure is repeat for ¢s 0.4 mm until 1.0. Next, current is
change to 4 A and 6 A and the procedure is repeated again. The entire model will be ssmulated by using
Finite Element Method (FEM) with applied current 2 A until 6 A. Result for flux density at stator pole for
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each model is recorded for analysis process. Figure 3 shows analysis result for flux density for all model.
This analysisis done in order to choose coil size for winding purpose. The result of flux density is determine
at stator pole when no magnet is applied in the model. Figure 3 (a) is flux density result for model A. Figure
3 (b) isflux density result for model B while figure 3 (c) is flux density result for model C. The entire model
has the same value of flux density when coil sizes are set to minimum size 0.2 mm whichis2.2 T at 6 A, but
when coil size is set to maximum value 1.0 mm, only model B and model C has the same value at maximum
current of 6 A whichis 0.8 T while model A is 1.3 T. When coil 0.6 mm is apply, the maximum stator flux
density isnear to 1.5 T for model A, B and C. For further analysis process, coil size of 0.6 mm is selected at
maximum current 6 A, based on result for stator pole flux density for all three models where when using 0.6

mm coil, maximum flux density at stator pole will be from range 1.6 T to 1.75 T. Beside that, coil size 0.6
mm is the middle value for coil size range 0.2 mmto 1.0 mm.

Table 1. BLDC specification

Parameter Value
Stator tooth height, sn [mm] 1152
Stator tooth width, sy [mm] 2,34
Stator radius, rq [mm] 25
Inner rotor radius, r, [mm] 124
Outer rotor radius, rs [mm] 3
Coil height, ¢, [mm] 25
Coil width, cy [mm] 7
Coil size, ¢ 0.2,0.4,0.6,0.8,1.0
Air gap, ay [mm] 05
Distance slot opening, d; [mm] 1
Num of turn, N 262,65,29,16,10
Current [A] 24,6
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Figure 3. Analysisresult for stator and coil
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2.2. Design of Permanent M agnet

For selecting the permanent magnet height, my, is varied from 2 mm to 4 mm while magnet width m,,
is set either 2 mm or 4 mm as shown in figure 4. Figure 5 shows selection of magnet volume. After suitable
coil size is selected as shown in previous analysis, another analysis is conducted for selecting reasonable
magnet volume. Selection of volume is from 160 mm? until 480 mm?. Magnet is included in model A, B and
C. The model is again simulated by using FEM. At this point, the source current will be set to zero so that
result recorded for flux density will fully focus on permanent magnet energy.

Figure 4. Permanent magnet design
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Figure 5. Selection of magnet volume
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Figure 6. Analysisresult for magnet volume
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Figure 6 (a) shows magnet flux density for each model when different volume of magnet is inserted in rotor.
The result is recorded when there is no current source. The flux density appears is due to permanent magnet
energy. Maximum magnet flux density occurs when magnet volume is 160 mm? which is 1.23 T while
minimum flux density occurs at magnet volume 320 mm? which is 1.2 T. All three models have the similarity
increament and decrement point for all magnet volume. Figure 6 (b) shows result for stator pole flux density
when magnet is included. During this process, there is current source included which is 6 A and number of
turn N is 29. N is calculated according to equation (2) with the ¢ selected is 0.6. Maximum flux density is
1.229 T for permanent magnet volume 160 mm? while minimum flux density is 1.14 T for permanent magnet
volume is 320 mm?. The entire model has the same point of flux density for the same permanent magnet
volume.

2.3. Selection of Field M odéel for Conventional BLDC M otor

Figure 7 shows the final process for the sturucture design. The number of turn is set to the best value
which is29 and 6 A respectively. Flux density at stator pole will be recorded and analyze. The best model for
BLDC moator will be selected and other analyzing process will be conducted.

Model A
Srw = 2
Sy = 1
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yp= 1.5

No of turn. N =29
Current, /=6 A

Flux
density

Model C
Sy = 4
Sy = 2

Figure 7. Selection of model

With the result from analysis for stator pole and permanent magnet volume, model B with magnet volume
320 mm? is choosen for design of BLDC motor and further analysis for back emf, flux linkage and torque for
analyzing motor performance. Figure 8 (a) shows three-phase back emf, E for the conventional BLDC motor.
The peak value of back emf is 1.04 V for all the three phases. Figure 8 (b) shows flux linkage of the
conventional BLDC motor. The peak value of flux linkage is 2.3mWhb. The graph for flux linkage is in
positive cycle with time, t from 0 ms until 4 ms. Figure 8 (c) shows static torque waveform with the peak
value of torqueis 0.19 Nm. Thiswaveform is simulated using DC current mode.
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Figure 8. Final model analysis
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3. DESIGN OF HOLLOW-ROTOR

After all the process for designing canventional BLDC motor is done, conventional BLDC motor is
converted to hollow rotor by changing the magnet arrangement and replacing area below magnet completely
wilth air. Figure 9 shows design of hollow-rotor. The basic structure of conventional BLDC motor is shown
in Figure 9 (a). In this research, BLDC motor is designed for 9 slot 8 pole arrangements. The permanent
magnet volume and coil turn is 320 mm® and 29 turns, respectively. The stack length and diameter of the
BLDC is 40 mm and 50 mm, respectively. The rotor and stator is mostly covered by standard silicon steel
grade as J1: 50H800. As rotor is covered by silicon steel material, it will influence flux of magnet to pass
through the area below the ferromagnetic material. As aresult, there is more leakage flux circling at the end
of the permanent magnet. To reduce leakage at the end of permanent magnet, area below rotor is changed to
hollow as shown in Figure 9 (b) known as hollow-rotor BLDC motor. The arrangement of magnet in a
hollow-rotor is different with other BLDC motor where magnet is arranged to maximally reduce leakage
flux. Hollow which consists of an air, has higher reluctance, thus channeling al flux to the nearest
ferromagnetic material. In a hollow rotor spoke type BLDC motor, all flux will go around stator where it will
maximize the usage of flux in the motor. Figure 9 (c) shows generated flux for conventional BLDC motor.
Asrotor is covered by silicon material, it will influence flux of magnet where most of magnetic flux passing
through the area will passes near the ferromagnetic material. There is more leakage flux circling at the end of
the permanent magnet thus less flux is being used in the air gap. Figure 9 (d) shows generated flux for
hollow-rotor BLDC motor. The arrangement of magnet in a hollow-rotor is different with conventional
BLDC motor where magnet is arranged to maximally reduce leakage flux. Hollow which consists of an air,
has higher reluctance, thus channeling al flux to the nearest ferromagnetic material. In a hollow rotor spoke
type BLDC motor, all flux will go around stator where it will maximize the usage of flux in the motor. Figure
9 (e) shows comparison torque by using FEM analysis for BLDC motor and hollow-rotor. When hollow-rotor
is used, torgque increases maximumly from 0.19 Nm to 0.39 Nm. For validation purpose, a prototype of rotor
spoke BLDC motor is fabricated as shown in Figure 9 (f).
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Figure 9. Design of Hollow-rotor
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4. EXPERIMENTAL SETUP

To verify simulation result the static and dynamic torque measurement is carried out for the
fabricated model. The static torque of the measurement result is compared with the simulation result.
Meanwhile, the dynamic torque (torque and speed characteristic) of the measurement result also conducted.
This experiment is to indicate maximum speed and torque when motor are operates.

4.1 Static Torque Characteristic

Figure 10 shows equipment setup for static torque experiment. After torque sensor had been
calibrated, the handle is connected towards torque sensor. This handle will be rotated to rotate the gear and
rotor shaft by 1:10. Shaft torque sensor is connected to fabricated motor and the gear. Current source is set
for motor input current. Torque sensor is connected to dynamic strain amplifier which will amplify the output
signal of the torque sensor which consists of measure torque, acceleration, load, pressure and others. Output
of dynamic strain amplifier is connected to oscilloscope for data presentation. When handle is rotated in a
positive and negative circle, torque will be produced. Data from oscilloscope will be saved into USB drive
and analyze by using a laptop.

Laptop Digital B .
Oscilloscope 4ch D.‘f"'dmlC_SIFﬂlll I
(Keysight DS0-X-204A) Amplifier AC 240V 50HZ

USB m H
: IJ V

Handle  Gear |, orque

Fabricated Motor
Sensor

HV DC Supply

N ‘T A _vad
“[:0 ][ O7]

Figure 10. Equipment setup for static torque measurement

4.2 Torque And Speed Characteristic

Figure 11 shows diagram for torque and speed measurement setup. Speed sensor will measure the
speed in rpm which will be shown by digital speed indicator. Torque sensor is connected to dynamic strain
amplifier which alows the data to be presented in oscilloscope. For this experiment, a BLDC driver is used
to operate hollow rotor BLDC motor.

L Digital
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V (Keysight DS0-X-2014A)
'd
m /ﬁ LV DC Supply
°e° e e
i =0 0 0 0
Speed Digital 5585 8585
Dynamic Strain Indicator
Amphtier 7
N\ J BLDC
Torque Driver
Powder Brake Sensor
DC Supply
"
n%l%l %I%I Fabricated Motor|
5585 8565 N N HV DC Supply

Figure 11. Torque and Speed measurement setup
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Voltage 15V is being supply to the BLDC driver to trigging the switching device (MOSFET). Voltage5V is
set for supplying Hall Effect sensor, meanwhile the motor supply is set for 12 V. Then, for next experiment
the supply is changeto 24 V and 48 V. Three phase wye connection is set to BLDC driver. Powder brake is
connected to torque sensor shaft. Other power supply is used for powder brake; the powder brake is being
supply with 0.5V, 1.0 V, 1.5V and 2.0 V to provide different value of braking torque. Figure 11 shows
measurement setup of torque and speed characteristic in the laboratory.

5. PERFORMANCE ANALYSISOF HOLLOW-ROTOR

Figure 12 (a) shows back emf for hollow-rotor spoke type BLDC motor at speed of 1000 rpm. The
maximum back emf for measurement for hollow-rotor motor is 4.5 V while for FEM simulation is 5V.
Percentage difference for measurement and simulation is 10 %. Figure 12 (b) shows the static torque when
the current of 6 A is applied at speed of 1000 rpm. The maximum value of torque during experiment is 0.28
Nm while the maximum value of torque using FEM simulation is 0.3 Nm. The percentage error between
measurement and simulation is about 8 %. The dynamic torque is shown in Figure 12 (c). Measurement
result is compared with FEM when current source is 6 A. The maximum torque for measurement is 0.15 Nm
while maximum torque for ssimulation is 0.12 Nm. Figure 12 (d) shows the torque vs speed for hollow-rotor
spoke type BLDC motor. Result is recorded for input voltage from 12 V to 48 V. The result from
measurement is compared to FEM simulation for verification purpose. For 12 V measurements, the
maximum torque is 0.29 Nm when speed is 500 rpm while the minimum torque is 0.167 Nm when speed is
1092 rpm. By using FEM simulation (12 V), the maximum torque is 0.31 Nm for 500 rpm while the
minimum torque is 0.18 Nm for 1092 rpm. For 48 V measurements, the maximum torque is 0.459 for 900
rpm while the minimum torque is 0.375 Nm for 1722 rpm. For FEM, the maximum value of torque is 0.47
Nm when speed is 900 rpm while the minimum torque is 0.39 Nm for 1722 rpm. Percentage difference of the
result for measurement compared with FEM simulation is 8 %. It can be seen that the torque is inversely
proportional to the speed of BLDC motor.
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Figure 12. Hollow-rotor Analysis
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6. CONCLUSION

In this paper, the design for hollow-rotor motor has been presented. In the beginning, conventional
BLDC motor is designed, and then analysis process for choosing the right model with proper coil size is
chosen. Based on the investigation one BLDC model with reasonable magnet volume is been selected and
analyze in terms of back emf, flux linkage and torque before converted to hollow-rotor BLDC motor. A new
model structure called hollow-rotor is proposed and result for torque is compared with BLDC motor where it
shows increment of torque from 0.19 Nm to 0.39 Nm. For validation, a prototype of hollow rotor spoke
BLDC motor had been fabricated. The percentage difference between simulation and measurement is 8 %.
This shows that the simulation result has good agreement with the measurement result. As a conclusion, the
hollow spoke type topology can be used in designing higher torque to weight ratio of motor.
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