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High-Speed BLDC Motor Design for Suction Fan and Impact  
on the Loss caused by Core Welding 
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Abstract – This paper deals with the effects of welding, which is done to fix the stator stack, on a 
motor in case of fabricating a prototype motor that is manufactured in a small quantity. In the case of a 
small motor, the stator is designed and fabricated with the segmented core as a way to raise the fill 
factor of winding wire to the utmost within a limited size. In case of fabrication by welding both inside 
and outside of the stator in order to fix the segmented-core stator, the effects of stack are ignored, and 
the eddy current loss occurs. This paper performed the no-load test on an IPM-type BLDC motor for 
driving the suction fan of a vacuum cleaner, which was manufactured by using a segmented-core 
stator. As a result of the test, it was found that input power more than expected was supplied. To analyze 
the effects of welding by using the finite element analysis method and verify them experimentally, a 
stator was re-manufactured by bonding, and input power supplied during the no-load test was compared. 
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1. Introduction 
 
The qualification of a motor manufactured for R&D of 

better motors is a very important stage. Unlike motors 
having lines constructed for mass production, however, 
prototype motors created by R&D are manufactured in 
small quantity. Therefore, the manufacture process of a 
prototype will be different from that of mass-produced 
motors. In the case of a prototype, welding is commonly 
used to fix laminated cores, given the characteristics of a 
motor manufactured as a structure made up of laminations 
of thin electric steel (hereinafter, "core"). In case of 
welding like this, however, the material of a welding rod 
and a welding area may influence the performance of a 
motor [1]. Particularly, for the stator which is designed in 
consideration of magnetic flux density saturation and in 
which most of core loss occurs, the influence of welding 
will be not a few [2-4]. 

The prototype motor developed from R&D of this 
paper is an interior permanent magnet-type (hereinafter, 
"IPM") brushless direct current (hereinafter, "BLDC") 
motor designed to drive the load of a suction fan for a 
vacuum cleaner. It is a premium motor that is applied to 
the cordless vacuum cleaner and the robot vacuum cleaner, 
and was designed to have high efficiency and high output 
power density under the conditions of limited size and 
current density. In particular, the stator core was segmented 

so that the fill factor might be raised to the utmost in 
order to reduce copper loss that arises in the winding 
wire. In general, the stator is manufactured in such a way 
that thin electrical steel having one side is laminated and 
that the outside of the stator is welded. In case of 
manufacturing a stator by using segmented electrical steel, 
however, both inside and outside of each joint portion are 
welded to make one stator [5]. The model developed from 
the R&D of this paper was also fabricated in the same way. 
BLDC motors have gained popularity due to their high 
efficiency, compact form, reliability, and low maintenance 
[6, 7]. As a result of a no-load test performed to verify the 
designed motor, it was found that non-ideally excessive 
input power was supplied. Compared with the 500 [W] 
output power at the rated rotating velocity of 80000 [rpm], 
the no-load test showed that the motor input power 
measured was 20% of the rated power, and thus it was 
found that a very high loss occurred. Various analyses 
were performed to detect the cause of the problem, and the 
finite element analysis method (hereinafter, "FEM") revealed 
core loss (eddy current loss) additionally arising from 
welding. To verify this by experiment, a secondary 
prototype was fabricated by using the bonding method, 
not welding the stator. The no-load test was performed 
with the primary prototype and the secondary prototype 
under the same environment, and the results of FEM 
analyses were comparatively verified by comparing electric 
energy inputted in the BLDC motor at each driving speed. 

 
 

2. Design of a High-speed BLDC Motor for 
Driving the Suction Fan of a Cleaner 

 
This chapter introduces general matters on calculating 
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and designing the load of a high-speed BLDC motor for 
driving the suction fan. Section 2.1 contains the detailed 
calculation of load for the suction fan of a cleaner, and the 
required specification of the motor. Section 2.2 shows 
general matters on BLDC motor design for driving at 
80,000 [rpm] and the results of finite element analysis. 

 
2.1 Calculation of fan load and the required specifi-

cation 
 
Fig. 1 shows the speed-torque curve for motors by 

capacity according to the suction orifice diameter of a 
cleaner, and the load curve of a suction fan. The load of a 
vacuum cleaner varies with the kind and amount of object 
subjected to suction, and the cleanness of a suction orifice, 
that is, the size of suction orifice diameter. As seen from 
the load curve in Fig. 1, the larger the suction orifice 
diameter, the larger the load. Given that the BLDC motor 
outputs 345 [W], 500 [W] and 720 [W], points A, B, and C 
show torque characteristics by speed according to loads, 
respectively. 

For example, point C may be understood as follows. For 
the motor to be able to rotate at over 100 thousand [rpm] 
near a suction orifice of 30 phi (Φ), which is close to full 
load, a torque of 80 [mNm] and above is required, in which 
case the output power is 720 [W] and above. 

The vacuum cleaner of this study works most with a 
suction orifice diameter of Φ 11. Therefore, the load at this 
time was calculated as the rated load, and the design was 
developed by focusing on the efficiency of the motor unit 
and the efficiency of the system, which includes the 
inverter and the fan, at the rated load. As for the capacity, 
DC voltage of 36 [V] (ten 3.6 [V] battery cells) was used, 

and 500 [W] was selected so that higher output than the 
existing one might be obtained. Therefore, the BLDC 
motor was designed with point B. 

Table 1 shows the required specification and voltage 
limit of the motor. The rated voltage specification of a 
battery that can be used under the limit conditions is 36 [V] 
as mentioned above; and owing to the limitations in the 
internal size of a vacuum cleaner, the design of the motor 
was developed with its external diameter of 43 [mm] and 
below and its shaft axial length of 20 [mm] and below. 

 
2.2 Motor design and the FEM analysis 

 
Fig. 2 shows the designing sequence of the BLDC motor. 

The load characteristics, the design points, and the voltage 
limit were mentioned above, and so are omitted. As for the 
current limit, the design was performed, considering the 
number and diameters of winding wires lest the current 
density exceed 5 [Arms/mm2]. As it rotates at the speed of 
80,000 [rpm], an IPM structure that can prevent permanent 
magnet scattering was selected as the type of the motor. 
As for the pole number, although more poles can increase 
power density, the 4-pole was selected for driving at 
80,000 [rpm], considering the controllability of switching 
frequency, etc. In the design flow, magnetic loading and 
electric loading were properly used to minimize the size, 
and materials were also selected so that they might be able 
to meet the driving temperature and the required output 
power. For the permanent magnet, N38UH of Nd series 
was used; and for the core, the material of 20PN1500 
(based on POSCO company) with the thickness of 0.2 [T] 
was used. 

Fig. 3 shows the structure of the motor designed 
according to the above designing sequence. The windings 
are wrapped in 6 slots as teeth concentrated windings, and 
there is the stator overhang structure at the opposite side of 
load. In general, the stator overhang structure is used to 
increase the power density within a limited size, by 
increasing the use amount of permanent magnet. In the 
case of this motor, however, it is intended to raise the 
stability of control during high-speed driving by detecting 
more correctly the location of a rotator for BLDC control. 
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Fig. 1. Fan load curve of the suction orifice diameter 
 

Table 1. Requirements specification of the motor 

Parameter Value Unit 
Required Torque 56 mNm 

Motor Efficiency(with Inverter) 85 % 
Rated Power 500 W 

Rated Rotating Speed 80,000 rpm 
DC Voltage 36 V 

 
Fig. 2. Design flow of BLDC motor 
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To consider the effects of permanent magnet and core 
lengthened by overhang, 2D analysis and 3D analysis were 
carried out together, using the finite element analysis 
method. The 2D analysis with a small number of finite 
elements can be used for a basic design that meets the 
requirements of the motor within a limited size, but fails to 
consider the structure of overhang to detect the position of 
the rotator and the effects of winding wire end-turn. 
Therefore, as shown in Fig. 3, the 3D model was modeled 
on the basis of a 2D basic model, and analysis was 
performed in consideration of the structure of rotator 
overhang and the end-turn effects of stator winding wire 
[8, 9]. 

The permanent magnet was designed to be of the two-
segment structure. As it rotates at the speed of 80,000 
[rpm], permanent magnet loss caused inside the permanent 
magnet has not a few effects in the 500 [W] motor. 
Therefore, for designing a motor of better performance, the 
design was carried out with dividing the permanent magnet 
into two segments, as shown in Fig. 3. 

The dimensions of a BLDC motor designed thus are 
presented in Table 2 below. 

Fig. 4 shows an external circuit linked for the BLDC 
motor periodic model and analysis. The BLDC motor 
rotates by the jumping magnetic field caused by two-phase 
120° commutation, not by the rotating magnetic field 
caused by three-phase 180° commutation. Therefore, voltage 
generator analysis, not current generator analysis that 
applies three-phase sinusoidal alternating current to each 
phase, should be performed in linkage to an external circuit. 

As a result of analysis at the rated rotating velocity of 
80,000 [rpm], the design point, it was possible to obtain 
back electromotive force, torque, loss, and input phase-
current waveform, as shown in Fig. 5 below.  
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3ph Inverter Diode & Switch

BLDC Motor

Switch Control
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Fig. 4. FEM Analysis by using external control circuit 
 

(a) Back EMF

- Avg. torque=0.0565Nm

- Ripple=0.0067Nm

- Avg. CopperLoss=8.2W

- Avg. CoreLoss=22.6W

A B C

A

B C

(b) Torque

(c) Loss (d) Input Phase Current

- Avg. MagnetLoss=1.1W

 
Fig. 5. FEM Results of designed motor 

 
First, it was checked whether the back-EMP waveform 

was sinusoidal in simulation under no-load condition. While 
generally the BLDC motor is designed for trapezoidal back 
electromotive force, IPM-type structure, which can prevent 
permanent magnet scattering, is essential, given the 
characteristics of the motor that drives at high velocity. 
Therefore, the waveform of back electromotive force 
becomes sinusoidal irrespective of the magnetization 
direction of a permanent magnet. Then, it was confirmed 
that a torque value satisfying the required torque came out 
in the simulation under no-load condition, and the motor 
efficiency was calculated using air-gap power, core loss, 
permanent magnet loss, and copper loss. 

The cause for ripple arising in the torque waveform and 
the loss waveform can be explained by the ripple of input 
phase-current waveform. In general, the rise time of current 
is shorter than the fall time due to the inductance element 
of winding wire, and thus input current may be missing as 
much as the difference. In addition, in case of driving at 

Overhang 2-Segment

 
Fig. 3. Structure of BLDC motor 

 
Table 2. Demension of parts 

Part Parameter Value Unit 
Stator Outer Diameter 42.65 mm 

Stator Yoke 3.5 mm 
Teeth Width 3.6744 mm 
Web Width 0.8 mm 

 
 

Stator 

Slot Opening 3.65 mm 
Rotor Diameter 16.9 mm 

Magnet Size 8.25 / 1.2 mm 
 

Rotor 
Shaft Diameter 5 mm 

 Air-gap 0.8 mm 
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high speed as in the designed BLDC motor, the inductance 
element decreases due to increased heat, and the time 
constant increases in proportion to the decrease in 
inductance; and thus the stretching of current becomes 
severer than at the region of low speed. For this reason, the 
element of ripple occurs at the input phase current, and the 
generated ripple element of current also causes ripple 
elements in torque and loss [10-14]. 

The designed motor achieved the target values of torque 
and efficiency, with 56.5 [mNm] and 93.4 [%], respectively. 

 
 

3. Verification by experiment 
 
Section 3.1 shows the structure of the fabricated primary 

prototype motor and the results of no-load test. And 
Section 3.2 analyzed the problem of stator welding, using 
the finite element analysis method; and fabricated the 
secondary prototype motor by bonding, not welding, for 
the verification of experiment, and performed a no-load 
test in the same way as in the primary prototype. The 
results of no-load tests on the primary prototype and the 
secondary prototype were compared; and the effects of 
stator welding on the motor were verified. 

 
3.1 The 1st prototype manufactured through welding 

 
Fig. 6 (a) and (b) shows the stator core fabricated in 

segmentation and welded for fixing in case of fabricating 
the primary prototype. 

Fig. 7 shows a primary prototype finished in this process. 
As a result of designing smaller slot openings so as to 

reduce output ripple, it was inevitable to manufacture the 
prototype with the segmental cores of the stator. Thus, the 

prototype was manufactured with six segmental cores, the 
same number as the number of slots. In addition, as for the 
welded zone, a total of 30 areas including 12 internal areas 
of the stator and 18 external areas of the stator were welded. 
The amount of core loss increases as much as high 
frequency, as in Equation (1), because it is a motor rotating 
at a high speed, and thus thin and expensive electric steel 
was used. And welding was employed in many areas to fix 
the segmented core. 

 
 2 2 3[W/m ]n

i h e h m e mP P P k fB k f B= + = +   (1) 
 
Result of comparison analysis waveform and 

experimental waveform of the back electromotive force for 
design verification production model, as shown in Fig. 8, it 
can be seen that substantially coincide. Back electromotive 
force was measured at a rotational speed of 1090 [rpm], 
the ripple waveform caused by noise is the experiment 
waveform. 

As a result of performing the no-load test, as shown in 
Fig. 9, to verify the manufacturability of the primary 
prototype, it was found that the inverter output power 
increased greatly as speed increased, as shown in Table 3. 

The inverter output power is the same as the motor 
input. Ideally, there is no motor input in case of no load; 
for the motor to rotate actually, however, torque should 

Segmented Core Welding for fixing

(a)                   (b) 
Fig. 6. Stator produced for welding 
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Fig. 7. Primary prototype 
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Fig. 9. No-Load test 
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be produced to overcome the weight of the rotator, 
mechanical friction force, the stator structure having 
saliency, and the cogging force caused by the permanent 
magnet of the rotator. Therefore, in case of rotating only 
the motor without fastening it to a dynamo system, electric 
power should be supplied to the motor. However, it is seen 
that electric energy provided to the motor according to 
speeds becomes very large compared with the capacity of 
the designed motor. 

 
3.2 The 2nd prototype and experiment 

 
As seen in Table 3, during the no-load test of the 500 

[W] small BLDC motor, approximately 110 [W] of DC 
input was measured at the 80,000 [rpm] of rated rotating 
speed. This means that loss caused in the motor is 110 
[W]. Although there may actually be external loss not 
considered during design (bearing friction loss, rotor 
wind loss, etc.), it is problematic that loss exceeding 1/5 
of rated power occurs. Therefore, to find out the cause of 
the problem, the difference between the design model and 
the fabrication model was investigated. It was found that 
the most significant one among fabrication conditions not 
reflected in the design model was welding on the stator. 

As for the method of simulation, a 3D model was 
designed so that the effects of welding might be observed 

in a simplified way. 
As shown in Fig. 10, Pb (plumbum) material was 

applied to the welding zone, and the electrical steel was 
modeled by dividing the height of its stack into 10. In case 
of modeling with dozens of thin electric steel as in the 
actual fabrication model, the difficulty lies in the analysis 
because the number of elements for the finite element 
analysis increases greatly. Therefore, the effects of welding 
were identified by 3D FEM analysis in terms of whether 
current density caused by welding occurred or not. This 
was not a problem because this study aimed to investigate 
the effects of welding, and the analysis was performed with 
a simplified model setting the rotator speed to 80,000 
[rpm].  

As a result, it was found that current density was 
distributed in the direction of lamination along the welding 
zone, as shown in Fig. 10 (b). This means that a magnetic 
closed-loop was formed in the shaft axial direction, and 
thus eddy current loss occurred. 

Though in a simplified way, Table 4 shows the 
numerical increase. Owing to difference from actual test 
conditions, however, the analysis value and the measure-
ment value are different, but their tendency is the same. 

The magnetic closed-loop is formed due to the welding 
zone, as shown in Fig. 11. Therefore, this eddy current path 
increases eddy current loss and reduces the core stack 
effects, which results in the performance degradation of the 
motor. 

As shown in Eq. (1), the core loss is separated into the 
hysteresis loss and the eddy current loss. And it is usually 
proportional to the frequency of magnetic field provided 
from the outside, and is in proportion to the square of flux 
density [15, 16]. Moreover, in the case of a small BLDC 
motor driven at high speed, the share of core loss caused 
by welding is great, for the frequency is very high and 
the flux density caused by Nd (Neodymium) permanent 

Table 3. No-Load test results of the 1st prototype 
Rotating Speed  

[rpm] 
DC Voltage 

[V] 
DC Current 

[A] 
DC Input Power

[W] 
10000 35.949 0.2737 9.39 
20000 35.946 0.4751 16.89 
30000 35.941 0.7472 26.54 
40000 35.936 1.1162 39.34 
50000 35.928 1.5702 55.99 
60000 35.916 2.086 74.5 
70000 35.907 2.5435 90.09 
80000 35.897 3.0864 110.47 

 

(a) 

(b) 

Fig. 10. Current density distribution (@80,000rpm): (a) 
Non-welding; (b) Welding 

Table 4. FEM analysis and measurement values of No-load 
(@80,000rpm) 

 Welding 
Condition 

Loss 
[W] 

Rate of Increase 
[%] 

X 16.29 FEM Analysis
Value O 57.02 250 

X 
(1st prototype) 26.65 Measurement 

Value O 
(2nd prototype) 110.47 

315 

 

 
Fig. 11. Eddy current path by stator welding 
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magnet is also high. 
To verify the analysis of FEM and the results of no-load 

test on the primary prototype, the secondary prototype 
was fabricated by using bonding with no welding. The 
secondary prototype motor manufactured was subjected to 
the same no-load test as for the primary prototype motor. 

As shown in Table 5 and Fig. 12, DC input applied to 
drive the secondary prototype motor at the speed of 80,000 
[rpm] was measured to be 26.65 [W], very low compared 
with the primary prototype. This represents the reduction 
of 75% in input power into the motor, that is, loss, 
compared with the primary prototype motor. The interaction 
between the magnetic field flux of the rotator and the 
magnetic closed-loop artificially formed by stator welding 
creates eddy current loss. The results of the above 
experiment show that this phenomenon has very great 
effects on a high-speed rotary machine of high rotator 
frequency. 

For the verification of the performance of the secondary 
prototype motor fabricated without welding, Table 6 shows 
the results of SET test and the results of FEM at the rated 
load. The reasons that error occurred in the results of the 

actual test are manufacturability and the effects of 
mechanical loss under actual driving conditions. For the 
500 [W] small motor, the results of Table 6 show a 
sufficient level for verification regarding the design. 

 
 

4. Conclusion 
 
This paper verified the problem, which may arise in the 

design of 500 [W] BLDC motor for driving a suction fan 
and in the prototype motor manufactured in a small quantity, 
by FEM analysis and experiments with fabrication models. 

There is always a problem that may arise from an R&D 
model, which has no production line because a small 
quantity is manufactured unlike mass production-type 
models. Such a lowered manufacturability is not equal to 
drawing out all performance of the design model. 

The small BLDC motor dealt with by this study also 
showed the problem of the misuse of welding on the stator 
due to a small size, thin electric steel, and segmented stator 
coil. Welding on the inside and outside of the stator formed 
a magnetic closed-loop, which resulted in very great core 
loss. Attention should be given lest not only the BLDC 
motor but also all electric machinery and apparatuses 
fabricated according to electromagnetic principles cause 
such a problem. 

This study verifies and proposes from the FEM analysis 
and the results of experiment that in case of fabricating a 
motor, the welding zone should be selected lest a magnetic 
closed-loop be formed. 
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