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Abstract: In this paper, a single-phase BLDC motor is applied to a cooling fan motor and a Drive IC
integration analysis method of the single-phase BLDC motor is proposed. Single-phase BLDC motors
have a simple structure, are easy to manufacture, and are low cost, so they are used in applications
where low outputs and low costs are advantageous. Single-phase BLDC motors use a full-bridge
inverter (Drive IC), and this inverter (Drive IC) has dead time due to switching. Therefore, in order
to consider dead time when analyzing a single-phase BLDC motor, analysis through integration with
Drive IC is necessary. This paper compares the types of single-phase BLDC motors, designs a model
that satisfies target performance, and conducts research on Drive IC integration analysis through
FEA. A prototype motor was manufactured and tested, and the validity of the Drive IC integration
analysis was verified.

Keywords: single-phase BLDC motor; radial flux permanent magnet motor; full-bridge inverter;
drive IC integration analysis

1. Introduction

The existing microwave oven (MWO) cooling fan motor uses a 5W-rated shaded-pole
induction motor (SPIM), as shown in Figure 1. The SPIM is characterized by a structure
where the main concentrated winding is wound around the stator core, resulting in high
losses in both copper and core, leading to low efficiency. However, due to its low cost, it is
mainly used in low-power applications [1]. Although this type of induction motor has low
efficiency and is unable to control variable speeds, it has the advantage of being simple
to manufacture and having a stable structure. Accordingly, research has been conducted
on design optimization for high performance and stable structure, as well as on cooling
methods for high-loss induction motors [2] and on the accurate prediction of the stator
winding temperature [3]. In the household appliance market, cost reduction has been
prioritized over efficiency concerns, leading to the adoption of induction motors with low
efficiency but competitive pricing. However, previously used SPIMs lacked speed control
capabilities, requiring the use of different motors for fan applications that require different
torque levels at different speeds. This resulted in an increase in fan motor management
and operating costs. In this regard, research is needed to apply permanent magnet motors
with high torque density, efficiency, and variable speed control to cooling fan motors. By
replacing the existing SPIM with a permanent magnet motor, the use of variable speed
control allows for the utilization of a single motor, thereby reducing management and
operating costs. In addition, the higher output density in comparison to induction motors
leads to a reduction in the use of magnets, windings, and cores.
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Figure 1. Existing cooling fan motor (SPIM): (a) cooling fan motor (SPIM); and (b) cooling fan motor
(SPIM) size.

Permanent magnet synchronous motors are classified into radial flux motors (RFM)
and axial flux motors (AFM), depending on the direction of the magnetic flux. AFM
is a motor that is advantageous for applications where a short axial length is crucial,
especially in fields where high output density is important. However, unlike the RFM,
which has a small difference in torque density depending on the number of poles in the
same volume, AFM has the characteristic of increasing torque density as the number of
poles increases, so RFM is advantageous with its small number of poles [4]. RFMs are
largely divided based on the magnet’s position into interior permanent magnet motors
(IPM) and surface permanent magnet motors (SPM). An IPM has magnets positioned inside
the rotor core, resulting in a higher magnetic flux density compared to SPM [5]. However,
IPMs present challenges in aligning the centers of the rotor and stator due to the magnet’s
location inside the rotor core, and this eccentricity leads to difficulties in manufacturing
and generates magnetic saturation [6,7]. On the other hand, SPM has magnets positioned
outside the rotor core toward the stator, and has a simple structure, which makes it easier
to manufacture, more convenient to maintain, and more cost-effective to produce [8]. In
this regard, research has been conducted to reduce the costs of permanent magnet motors,
especially surface permanent magnet motors (SPM), which are easier to manufacture and
have lower production costs. Studies have focused on reducing the cost of magnets as
a means of general costs reduction. Research has been conducted on hybrid magnets
aimed at reducing the cost of magnets, resulting in a 37.9% reduction in torque cost [8].
In addition, studies have been conducted to explore magnetic shapes that allow for a
reduction in magnet usage and save processing time, thereby reducing both raw material
and processing costs [9].

Permanent magnet motors are mainly used in three phase or single phase. Three-phase
motors are driven by a rotating magnetic field and have a high power density, high power
factor, and high output density. On the other hand, single-phase motors are driven by
an alternating magnetic field and have a lower output density and higher torque ripple
than three-phase motors. However, they have a simple structure and are cost-effective.
Furthermore, single-phase motors have the advantage of low controller costs and simple
manufacturing requirements, making them suitable for mass production [10–14]. As a
result, three-phase motors are preferred in applications that require high output, while
single-phase motors are preferred in household applications where low output and cost-
effectiveness are advantageous. This paper focuses on the research of a single-phase surface
permanent magnet BLDC motor, which has a simple manufacturing process, is cost effective
and suitable for low output applications.

In this paper, a single-phase BLDC motor is applied to a MWO cooling fan motor,
that requires a low output and low cost characteristics in a limited volume. To meet the
performance requirements in a limited volume, this paper compares four types of single-
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phase BLDC motors: R-Type, C-Type, internal rotor type, and external rotor type. The
performance characteristics and cost comparisons between C-Type and external rotor types
are analyzed, and a proposed external rotor type that satisfies cost savings is presented. In
the design of a single-phase BLDC motor, an asymmetrical air gap structure was applied to
ensure the starting torque by creating a phase difference in the cogging torque according
to the characteristics of the single-phase motor driven by alternating magnetic fields. In
addition, to account for the impact of dead time in the full-bridge inverter (Drive IC), a
design using a Drive IC was assessed to ensure the accuracy of the analysis.

This paper consists of a total of five sections. In Section 2, the design considerations
of a single-phase BLDC motor are discussed, including the torque equation, Drive IC
integration analysis, and the structure required for starting torque. Section 3 compares four
types of single-phase BLDC motors and designs a motor to meet the target performance for
C-Type and external rotor single-phase BLDC motors that are advantageous in satisfying
the target torque. Additionally, a performance comparison is conducted through analysis
of integrated Drive IC. Section 4 selects the motor that meets the desired performance
and cost-saving standards, and validates the Drive IC integration analysis through the
production of a prototype motor. Section 5 summarizes the conclusions of this paper. The
design and integration of the Drive IC in this paper were performed using Ansys 2022
Maxwell software and the validity of the proposed Drive IC integration analysis is verified
through finite element analysis (FEA) and the production and testing of a prototype motor.

2. Considerations in the Design of a Single-Phase BLDC Motor
2.1. Torque Equation for a Single-Phase BLDC Motor

A single-phase BLDC motor is a maintenance-free motor due to the use of an electrical
commutating mechanism instead of a commutator and brushes. It is widely used in
applications that require compactness due to its less complex design in comparison to
three-phase motors. In a BLDC motor, the torque varies because the magnetic resistance of
the air gap varies depending on the rotor’s position due to the stator teeth. Equation (1)
represents the torque constant as a function of rotor position, Equation (2) represents the
voltage equation for a single-phase BLDC motor, and Equation (3) represents the torque
equation [15].

ke = n× ∆λ

∆θ
(1)

where λ is flux linkage of a coil, θ is the rotor position in radian, n is the number of coils in
the series.

eb = ke(θ, i)×ω

vio = i× R + L× di
dt + eb

(2)

Tm = ke(θ, i)× i + Tcg(θ) (3)

where eb is back EMF, ke is EMF constant which is the function of the rotor position, i is
winding current, ω is angular velocity, vio is inverter output voltage, Tm is motor torque,
and Tcg is cogging torque as a function of rotor position θ.

2.2. Single-Phase Drive IC Integration Analysis

For motor control, a single-phase BLDC motor can use either a single-phase half-bridge
inverter or a single-phase full-bridge inverter. The half-bridge inverter circuit generates
AC voltage for single-phase motors. The operation of the half-bridge inverter involves
alternating the switches on and off at every half-cycle of the required AC voltage frequency
period T. Equation (4) represents the fundamental and harmonic components of the inverter,
and Equation (5) provides the root mean square (RMS) value of the fundamental voltage.
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Based on Equation (5), the inverter can deliver 45% of the DC input voltage to the load in
terms of the RMS value of the AC voltage.

vp =
2Vdc

π

∞

∑
n=1,3,5···

sinnωt
n

(n = 1, 3, 5, · · · ) (4)

Vp1−rms =
1√
2

2Vdc
π

= 0.45Vdc (5)

Due to its inefficient utilization of DC voltage, the single-phase half-bridge inverter
is not a suitable option for generating effective single-phase AC voltage. Therefore, the
full-bridge inverter is used. Figure 2 represents the circuit and output voltage of the single-
phase full-bridge inverter. In order to obtain an effective single-phase AC voltage, each
voltage must be switched with a phase difference of 180 degrees. Therefore, switches
D1, D2, and switches D3, D4 alternate between on and off states. The fundamental and
harmonic components during that period are represented by Equation (6). The single-phase
full-bridge inverter is predominantly used because it can obtain twice the AC voltage
compared to the half-bridge inverter, all under the same DC voltage. The output voltage of
the single-phase full-bridge inverter is provided in Equation (7), where the H Pole and L
Pole represent the sections of switches as shown in Figure 2, with the H Pole corresponding
to switches D1 and D4, and the L Pole corresponding to switches D2 and D3. VH denotes
the pole voltage for H Pole, VL represents the pole voltage for L Pole, SH is the switching
function for H Pole, and SL is the switching function for L Pole [16].

vo =
4Vdc

π

∞

∑
n=1,3,5···

sinnωt
n

(n = 1, 3, 5, · · · ) (6)

vH = Vdc

(
SH − 1

2

)
vL = Vdc

(
SL − 1

2

)
vo = vH − vL = Vdc(SH − SL)

(7)
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Figure 2. Single phase full-bridge inverter: (a) circuit; and (b) output voltage.

A single-phase inverter experiences shoot-through time during the intervals when
switching occurs. In this case, there is a momentary period when all switches are simulta-
neously conducting, which can lead to a short circuit incident. To prevent such accidents
during switching transitions, the switching time of the switches is intentionally delayed by
a certain amount of time, referred to as ‘dead time’. During the dead time, an error occurs
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in the output voltage, and the average error voltage is provided in Equation (8). Where,
tdead represents the dead time, and fsw represents the switching frequency [16].

Verr = tdeadVdc fsw (8)

Furthermore, this dead time decreases the fundamental component of the output
voltage and generates harmonics in the output voltage. A study has been conducted to
reduce dead time [17].

The conventional design and analysis methods for single-phase BLDC motors did not
take into account the inverter’s dead time and assumed the inverter’s output voltage to
be ideal. When analyzing without considering the inverter’s dead time, it is impossible
to accurately account for the decrease in the output voltage’s fundamental components
and the generation of harmonic components due to dead time. Therefore, when analyzing
single-phase BLDC motors, it is necessary to integrate a single-phase full-bridge inverter.

Figure 3 represents the circuit of the integrated single-phase full-bridge inverter. To
integrate the single-phase full-bridge inverter, four elements are required: the inverter
input voltage (Vdc), diode specifications, switch resistance (Ron), and two signals for the
switches On and Off. The input voltage and diode specifications can be obtained from the
inverter’s specifications. Switch resistance can also be determined through the inverter’s
specifications, and it may vary depending on the circuitry of each Drive IC. Typically, the
resistance or the switch is represented as the sum of the resistances for the two switches
(S1 and S4 in Figure 3). When designing the motor, it is essential to match the inverter’s
current limit. The current value is influenced by the voltage drop component resulting
from the switches. Thus, it is necessary to take into account the switch resistance. Finally,
two signals are required for controlling the switching of the switches on and off. Figure 4
represents the waveform of the node voltage. Signal1 is connected to switches S1 and S4,
while Signal2 is connected to switches S2 and S3. When the node voltage of the signals is
greater than 0 V, the switches are ON, and when it is less than 0 V, the switches are OFF. To
prevent the inverter from shoot-through, the ON and OFF times of each switch need to be
delayed, and therefore, Tr and Tf in Figure 4 must be greater than 0.
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Figure 4. The Tr and Tf in the node voltage waveform.

The Drive IC’s output voltage and current undergo rising segments during the dead
time, which happens when the switches are toggled on and off. The soft ON and soft OFF
function are used to prevent such rising phenomena. In the case of a Drive IC with the soft
ON and soft OFF function, the angle of the registers can be adjusted to generate a smooth
waveform for output. Figure 5 illustrates the voltage and current waveforms with and
without implementation of the soft ON and soft OFF function. Where VOUT1 and VOUT2
represent the voltages when switches S1 and S4 are on and when switches S2 and S3 are
on, respectively, in Figure 3. The rising portion of the output voltage is generated due to
dead time, which affects the overall output. Therefore, when using a Drive IC with soft
ON and OFF functionality, additional analysis is required. When using the soft ON and
OFF function, the current waveform is smoothly regulated through the adjustment of the
register angle. Therefore, in order to conduct an analysis, it is imperative to anticipate the
scope of control. In this case, the lower magnitude of the current within the predicted range
is chosen (1.63 A in Figure 6). This can be observed from the current waveform in Figure 6.
Additionally, when considering the soft ON and soft OFF function, it is important to take
into account the current limit of the Drive IC, which is based on the predicted current range
(1.63 A to 1.71 A; shown in Figure 6).
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In this paper, the final selection of the Drive IC with Switch ON and OFF functionality
was made considering the voltage drop due to switch resistance and motor current limita-
tions. When selecting a Drive IC, the maximum value of the switch resistance and current
limit should be considered according to the performance and specifications of the motor.

2.3. The Asymmetric Air Gap Structure of a Single-Phase BLDC Motor

A single-phase brushless DC motor operates through the use of a mechanically gener-
ated alternating magnetic field, which occurs via the winding of coils on the stator. This
differs from a three-phase brushless DC motor, which utilizes a rotor in its operation.
Therefore, the stator typically has an equal number of poles and slots in a 1:1 ratio. When a
single-phase brushless DC motor is in operation, the interaction between the rotor magnets
and the stator teeth produces cogging torque. Additionally, the interaction between the
stator current and the rotor magnets results in magnetic torque. A single-phase brushless
DC motor with an equivalent number of poles and slots may produce magnetic torque that
matches cogging torque. Additionally, at the point where the cogging torque becomes zero,
the magnetic torque can exhibit negative torque. This creates a zero-torque region referred
to as the “dead point”. Due to the dead point, a single-phase BLDC motor becomes unable
to start its operation [14]. Therefore, for single-phase motors utilizing the alternating field
mechanism, it is essential to verify the availability of starting torque. To eliminate the
dead point, it is common to apply an asymmetric air-gap shape. When an asymmetric
air-gap shape is applied, a phase difference occurs in the cogging torque, preventing the
occurrence of zero-torque regions. Research has been conducted to propose various shapes
for asymmetric air-gap and analyze their performance characteristics [18–20].

To ensure the starting torque of the single-phase BLDC motor, this design utilized
an asymmetric air gap shape. Figure 7 illustrates the shapes of the symmetric air-gap
model and the model with an applied asymmetric air-gap, while Figure 8 displays the
cogging torque waveforms and no-load phase voltage waveforms for both the symmetric
and asymmetric air-gap models. In the cogging torque waveform of Figure 8, it is clear
that applying an asymmetric air-gap creates a phase difference compared to a symmetric
air-gap, generating regions with no zero-torque for both the cogging and magnetic torques.
However, it is noteworthy that the application of an asymmetric air-gap causes a change in
the phase of the phase voltage waveform, requiring adjustment of the current phase angle
to 0 degrees.
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Table 1 presents the torque values for the symmetrical and asymmetrical air gap
models. When comparing the load torque values of the two models, the symmetrical air
gap structure has a torque of 25.8 mNm, whereas the asymmetrical air-gap structure has a
torque of 23.2 mNm, signifying an approximate drop of 10% in torque value. Therefore,
this paper aims to review the symmetrical air-gap structure when designing a single-phase
BLDC motor, including a 10% margin in the load torque, before exploring the application
of the asymmetrical air-gap structure.

Table 1. Torque comparison between the symmetrical and asymmetrical air-gap models.

Parameter Symmetrical
Air-Gap

Asymmetrical
Air-Gap Unit

Torque 25.8 23.2 mNm

3. Designing a Single-Phase BLDC Motor That Meets the Target Performance
3.1. Comparison of Single-Phase BLDC Motor Types

There are four types of single-phase BLDC motors applied in this study: C-Type, R-
Type, internal rotor type, and external rotor type. C-Type and R-Type have angular shapes
instead of the traditional cylindrical shape, which can reduce manufacturing costs by
reducing scrap during production. In the C-Type configuration, the magnetic flux crosses
each pole on a singular path, whereas in the R-Type configuration, the magnetic flux crosses
each pole on a split path [21]. Due to C-Type’s higher magnetic flux per pole compared to
R-Type at the same output, less coil is required to achieve similar results, thereby reducing
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costs. As a result, C-Type was chosen for the design to meet the performance target. Figure 9
illustrates the magnetic flux patterns for both C-Type and R-Type motors.
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Figure 9. Magnetic flux path comparison: (a) Magnetic flux path of C-Type BLDC motor; and (b) mag-
netic flux path of R-Type BLDC motor.

The internal rotor and external rotor types feature a cylindrical design, resulting in
reduced stator core material usage. According to Equation (9), the external rotor design
outperforms the internal rotor design in terms of performance. In Equation (9), ac repre-
sents the specific electric charge divided by the total electric charge from the void to the
circumference, k represents the winding factor, and ˆBg1 is a fundamental component of the
magnetic flux density in air gap [22]. The design of a model that meets target performance
parameters necessitated the selection of the external rotor type from among both internal
and external rotor types. Figure 10 illustrates the variations in air-gap diameters observed
between the two types.

T =
π

4
(
k ˆBg1accosβ

)
D2

gLstk (9)
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3.2. Derivation of the Target Performance-Satisfying Model for an C-Type Single-Phase BLDC
Motor

Table 2 presents the target performance and specifications of the C-Type single-phase
BLDC motor. The symmetrical air-gap model will be used in this design, with consideration
for a torque margin of 10% due to the asymmetric pole.
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Table 2. C-Type single-phase BLDC motor target performance and specifications.

Parameter C-Type Single Phase BLDC Motor Unit

Poles 2 -
Slots 2 -

Rated Speed 2950 rpm
Rated Power 5 W
Rated Torque 15 mNm
Stack Length 11.2 mm

Fill Factor 50 %
Current Density 8 Arms/mm2

Ron 1.7 Ohm
Current Limit 1.5 A

Maximum Outer Size 61 × 60 mm
Core Material 35PN440 -

Permanent Magnet Material HMG-12L (Nd-Bonded) -
Coil Material Copper -

The single-phase C-type BLDC motor has a configuration comparable to the conven-
tional SPIM. Accordingly, the initial design was carried out with the same dimensions as
the induction motor represented in Figure 1. Figure 11 illustrates the configuration of the
designed C-Type single-phase BLDC motor. The number of turns per phase required to
meet the target torque was calculated. Table 3 presents the performance of the initial design
model.
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Table 3. Performance of the basic design model of the C-Type single-phase BLDC motor.

Parameter C-Type Basic Design Model Unit

Power 6.3 W
Torque 19.3 mNm

Number of Turns 495 -
Current 0.486 A

Copper Loss 2.1 W
Iron Loss 0.164 W
Efficiency 75.5 %

In the case of the initial design model, performance exceeding the target was achieved,
and the stator did not saturate. Therefore, a design was conducted to increase the magnetic
loading and decrease the electrical loading. Additionally, a design was carried out to reduce
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the stator size based on the saturation characteristics, resulting in a model that satisfies
the target performance. The use of magnets in this target performance satisfying model
increased (from a previous magnet thickness of 1.2 mm to 1.9 mm), while the amount of
winding and core material usage decreased.

Furthermore, in order to improve the precision of the analysis, an analysis of Drive
IC integration was performed. During this process, current limitations were established,
taking margins into account. When integrating the Drive IC with the model designed to
meet the desired performance criteria, it was observed that due to dead time, the current
limitations were exceeded, and performance exceeding the desired goals was achieved.
The voltage input method utilized in the analysis of Drive IC integration leads to a decrease
in current and torque as the number of turns increases. Therefore, an examination was
performed on the current and torque for varying numbers of turns, and the number of
turns(184Turns) that met the current constraints and the desired torque was chosen for the
ultimate design. Figure 12 represents the current and torque graphs for different numbers
of turns, and Figure 13 represents the configuration and magnetic flux density at saturation
of the final model that meets the target performance of the C-Type single-phase BLDC
motor. Figure 14 represents the current and torque waveforms of the final model during
the Drive IC integration analysis. Table 4 presents the performance of the final model of
the C-Type single-phase BLDC motor.

Machines 2023, 11, x FOR PEER REVIEW 11 of 21 
 

 

satisfying model increased (from a previous magnet thickness of 1.2 mm to 1.9 mm), while 

the amount of winding and core material usage decreased. 

Furthermore, in order to improve the precision of the analysis, an analysis of Drive 

IC integration was performed. During this process, current limitations were established, 

taking margins into account. When integrating the Drive IC with the model designed to 

meet the desired performance criteria, it was observed that due to dead time, the current 

limitations were exceeded, and performance exceeding the desired goals was achieved. 

The voltage input method utilized in the analysis of Drive IC integration leads to a de-

crease in current and torque as the number of turns increases. Therefore, an examination 

was performed on the current and torque for varying numbers of turns, and the number 

of turns(184Turns) that met the current constraints and the desired torque was chosen for 

the ultimate design. Figure 12 represents the current and torque graphs for different num-

bers of turns, and Figure 13 represents the configuration and magnetic flux density at sat-

uration of the final model that meets the target performance of the C-Type single-phase 

BLDC motor. Figure 14 represents the current and torque waveforms of the final model 

during the Drive IC integration analysis. Table 4 presents the performance of the final 

model of the C-Type single-phase BLDC motor. 

 

Figure 12. Current and torque graphs for different numbers of turns. 

  

(a) (b) 

Figure 13. C-Type single-phase BLDC motor final model: (a) final model configuration; and (b) final 

model magnetic flux density at saturation. 

Figure 12. Current and torque graphs for different numbers of turns.

Machines 2023, 11, x FOR PEER REVIEW 11 of 21 
 

 

satisfying model increased (from a previous magnet thickness of 1.2 mm to 1.9 mm), while 

the amount of winding and core material usage decreased. 

Furthermore, in order to improve the precision of the analysis, an analysis of Drive 

IC integration was performed. During this process, current limitations were established, 

taking margins into account. When integrating the Drive IC with the model designed to 

meet the desired performance criteria, it was observed that due to dead time, the current 

limitations were exceeded, and performance exceeding the desired goals was achieved. 

The voltage input method utilized in the analysis of Drive IC integration leads to a de-

crease in current and torque as the number of turns increases. Therefore, an examination 

was performed on the current and torque for varying numbers of turns, and the number 

of turns(184Turns) that met the current constraints and the desired torque was chosen for 

the ultimate design. Figure 12 represents the current and torque graphs for different num-

bers of turns, and Figure 13 represents the configuration and magnetic flux density at sat-

uration of the final model that meets the target performance of the C-Type single-phase 

BLDC motor. Figure 14 represents the current and torque waveforms of the final model 

during the Drive IC integration analysis. Table 4 presents the performance of the final 

model of the C-Type single-phase BLDC motor. 

 

Figure 12. Current and torque graphs for different numbers of turns. 

  

(a) (b) 

Figure 13. C-Type single-phase BLDC motor final model: (a) final model configuration; and (b) final 

model magnetic flux density at saturation. 

Figure 13. C-Type single-phase BLDC motor final model: (a) final model configuration; and (b) final
model magnetic flux density at saturation.



Machines 2023, 11, 1003 12 of 21Machines 2023, 11, x FOR PEER REVIEW 12 of 21 
 

 

  

(a) (b) 

Figure 14. Waveforms during Drive IC integration analysis: (a) current waveform; and (b) torque 

waveform. 

Table 4. Performance of the final model of the C-Type single-phase BLDC motor. 

Parameter 
C-Type  

Single Phase BLDC Motor 
Unit 

Power 5.1 W 

Torque 16.5 mNm 

Number of Turns 184 - 

Current 1.25 A 

Copper Loss 1.86 W 

Iron Loss 0.31 W 

Efficiency 68.3 % 

3.3. Derivation of the Target Performance-Satisfying Model for an External Rotor Single-Phase 

BLDC Motor 

Table 5 presents the target performance and specifications for the external rotor sin-

gle-phase BLDC motor. In this design, the initially considered model is a symmetrical air-

gap model, taking into account a torque margin of 10% due to asymmetric air-gap. Addi-

tionally, the limitations of the selected Drive IC were used to account for current limita-

tions. 

Table 5. External rotor type single-phase BLDC motor target performance and specifications. 

Parameter 
External Rotor Type 

Single Phase BLDC Motor 
Unit 

Poles 2 - 

Slots 2 - 

Rated Speed 2950 rpm 

Rated Output 5 W 

Rated Torque 15 mNm 

Stack Length 11.2 mm 

Fill Factor 50 % 

Current Density 8 Arms/mm2 

𝑅𝑜𝑛 0.71 Ohm 

Current Limit 1.8 A 

Maximum Outer Diameter 39 mm 

Core Material 35PN440 - 

Permanent Magnet Material 
HMG-4 (Nd-Bonded Magnet) 

HMG-12L (Nd-Bonded Magnet) 
- 

Coil Material Copper - 

Figure 14. Waveforms during Drive IC integration analysis: (a) current waveform; and (b) torque
waveform.

Table 4. Performance of the final model of the C-Type single-phase BLDC motor.

Parameter C-Type
Single Phase BLDC Motor Unit

Power 5.1 W
Torque 16.5 mNm

Number of Turns 184 -
Current 1.25 A

Copper Loss 1.86 W
Iron Loss 0.31 W
Efficiency 68.3 %

3.3. Derivation of the Target Performance-Satisfying Model for an External Rotor Single-Phase
BLDC Motor

Table 5 presents the target performance and specifications for the external rotor single-
phase BLDC motor. In this design, the initially considered model is a symmetrical air-gap
model, taking into account a torque margin of 10% due to asymmetric air-gap. Additionally,
the limitations of the selected Drive IC were used to account for current limitations.

Table 5. External rotor type single-phase BLDC motor target performance and specifications.

Parameter External Rotor Type
Single Phase BLDC Motor Unit

Poles 2 -
Slots 2 -

Rated Speed 2950 rpm
Rated Output 5 W
Rated Torque 15 mNm
Stack Length 11.2 mm

Fill Factor 50 %
Current Density 8 Arms/mm2

Ron 0.71 Ohm
Current Limit 1.8 A

Maximum Outer Diameter 39 mm
Core Material 35PN440 -

Permanent Magnet Material HMG-4 (Nd-Bonded Magnet)
HMG-12L (Nd-Bonded Magnet) -

Coil Material Copper -

Figure 15 illustrates the relationship between torque and cost, as related to the increase
in the number of turns and magnet usage. When the cost of increasing the number of turns
and the magnet thickness is equal, it is more beneficial to increase the number of turns rather
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than the magnet thickness for an increase in torque. The higher residual magnetic flux
density of the HMG-12L Nd-bonded magnet saturates the core, which poses a challenge in
achieving the necessary number of turns to attain the desired performance target. Therefore,
a comparison of the saturation densities between Nd-Bonded Magnet HMG-4 and HMG-
12L was conducted for the purpose of considering a change in magnet material. Table 6
indicates the residual magnetic flux densities of the examined magnets, and Figure 16
indicates the magnet saturation densities attained by applying Nd-Bonded Magnet HMG-4
and HMG-12L Designing with HMG-4 is preferable for securing the required number
of turns, considering the magnet saturation density, compared to HMG-12L. Therefore,
HMG-4 is utilized in the design.
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Figure 16. Magnet saturation density when applying Nd-bonded magnet material: (a) HMG-12L;
and (b) HMG-4.

The magnet material was replaced with HMG-4, and based on considerations of
the stator core saturation characteristics and torque characteristics, a stator back yoke
thickness of 1.65 mm was chosen. Figure 17 represents the torque characteristics with
respect to the stator back yoke thickness. To meet the target performance, it was crucial
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to secure the required number of turns. Therefore, the number of turns that satisfies the
target performance was selected, considering the slot fill factor (50%) and current density
(Arms/mm2 or below). Additionally, the motor outer diameter was determined accordingly.
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The target performance was achieved by selecting a total of 216 turns, taking into
account the current limitation of the Drive IC, current density, and slot fill factor. To
ensure the attainability of a viable phase angle for startup, an asymmetric air-gap was
employed. The application of an asymmetric air-gap results in a shift in the phase of the
cogging torque, allowing the magnetic torque to exceed zero at the point where the cogging
torque reaches zero, enabling the motor to start. Due to the asymmetric air-gap structure,
the voltage phase is changed. Therefore, the adjustment of the current phase angle to
0 degrees is necessary. Figure 18 represents the configuration of the model that meets the
target performance, while Figure 19 represents the cogging torque and magnetic torque
waveforms used to verify the feasibility of motor to start. Table 7 presents the performance
of the target performance-satisfying model. It can be verified by Figure 19 that when the
cogging torque reaches zero, the magnetic torque exceeds zero, demonstrating that the
motor is capable of starting.
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Table 7. Performance of the target performance-satisfying model.

Parameter External Rotor Type
Single Phase BLDC Motor Unit

Power 4.7 W
Torque 15.2 mNm

Number of Turns 216 -
Current 1.3 A

Copper Loss 1.67 W
Iron Loss 0.215 W
Efficiency 69.3 %

Having a low shoe thickness compared to the shoe length in the stator core may
potentially result in manufacturing issues in small motors. Therefore, when designing the
stator for a single-phase external rotor BLDC motor, it is advantageous to have a greater
shoe thickness relative to the shoe length. In designing the final model for the external
rotor single-phase BLDC motor that meets the target performance, the outer diameter was
set at 34.9 mm. Taking into account the maximum outer diameter of the motor as per
target specifications, which is 39 mm, the minimum possible thickness of the shoe was
considered during the design process. The length of the slot opening was increased by
30.4% to reduce the length of the shoe. Additionally, the thickness of the shoe was increased
by 21% to confirm its manufacturability. The magnet’s thickness was determined based
on the torque increase rate to achieve the desired performance. Figure 20 represents the
torque increase rate with respect to magnet thickness. The required number of turns per
phase was calculated to achieve the desired performance. The motor’s outer diameter
was determined by considering the slot fill factor and current density, while increasing
shoe thickness. The design of the external rotor single-phase BLDC motor was finalized by
integrating a Drive IC. Figure 21 represents the configuration and magnetic flux density at
saturation of the final model with applied parameter changes and Figure 22 represents the
current waveform when considering the Drive IC.
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Incorporating the soft ON and OFF function results in reduced current, as seen in the
current waveform in Figure 6. Therefore, further FEA analysis is necessary via additional
current waveforms. During the assessment of the Drive IC integration, the input current
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was estimated by analyzing the current waveform when implementing the soft ON and
OFF features. It was confirmed through finite element analysis (FEA) that the desired
performance is achieved when the input current is implemented as 1.66 A. Figure 23
represents the current waveform and torque waveform when applying the soft ON and
OFF function, and Table 8 presents the performance of the final model of the external rotor
single-phase BLDC motor. Figure 24 represents the operating point of the motor. The
design points have been chosen based on the highest speed and torque values within this
operational region.
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Table 8. Performance of the final model of the external rotor single-phase BLDC motor.

Parameter External Rotor
Single Phase BLDC Motor Unit

Power 4.8 W
Torque 15.6 mNm

Number of Turns 228 -
Current 1.66 A

Copper Loss 2.51 W
Iron Loss 0.192 W
Efficiency 62.4 %
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4. Selection of a Single-Phase BLDC Motor That Meets the Target Performance and
Validation through the Production of a Prototype Motor
4.1. Selection of the Final Motor, Considering the Cost, for Both the C-Type and External Rotor
Single-Phase BLDC Motors

Table 9 provides a comparison of the weights and costs of the final models of the
C-Type and external rotor single-phase BLDC motors. The costs have been standardized
based on the same year. For the C-Type motor, the magnetic flux density is higher due to
the single flux path compared to the external rotor motor. Therefore, reduced copper usage
is realized in the windings. However, due to the angular shape characteristics, the use of
the stator core in the external rotor motor increases by approximately five times, ultimately
leading to a higher final cost. Therefore, the oven fan motor requires low output and cost
characteristics, and thus a single-phase BLDC motor was chosen as the optimal model.

Table 9. Comparison of the weights and costs between the C-Type and external rotor single-phase
BLDC motors.

Parameter C-Type
Single Phase BLDC Motor

Outer Rotor
Single Phase BLDC Motor Unit

Stator Core
(35PN440) 0.123 0.025

kg
Rotor Core
(35PN440) 0.017 0.011

Magnet(HMG-12L/HMG-4) 0.009 0.012
Coil

(Copper) 0.015 0.017

Stator Core
(35PN440) 209.4 42.1

KRW

Rotor Core
(35PN440) 29.3 18.5

Magnet
(HMG-12L/HMG-4) 57.6 59.4

Coil
(Copper) 145.3 160.5

Sum 441.6 280.4

4.2. Prototype Motor Production and Validation

A prototype motor of the proposed external rotor single-phase BLDC motor was
produced and tested to validate the feasibility of the Drive IC integration analysis. Soft
ON and soft OFF functionality was utilized during the testing. To account for dead time,
Tr and Tf were set to 10 µdeg. Figure 25 represents the prototype motor’s configuration.
Figure 26 represents the expected current waveform considering the soft ON and soft OFF
function, while Figure 27 represents the current waveform obtained during the testing of
the prototype motor. In Figure 27, the x-axis represents time, and the y-axis represents
current. Table 10 presents the output and torque values obtained through FEA and those
obtained through testing. This demonstrates the validity of the full-bridge inverter (Drive
IC) integration analysis proposed in this paper.
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Table 10. Comparison of the performance between the single-phase BLDC motor at 2950 rpm based
on FEA and the prototype motor.

Parameter FEA Test Unit

Power 4.8 4.7 W
Torque 15.6 15.0 mNm

5. Conclusions

This paper conducted a study on the design and analytical methods or a single-phase
BLDC motor to replace SPIM. The study concentrated on an external rotor single-phase
BLDC motor that meets the target performance and cost savings, enabling variable speed
control. Furthermore, it is crucial to take into account the dead time of the full-bridge
inverter (Drive IC) as single-phase BLDC motors mainly rely on this type of inverter.
To address this concern, a Drive IC integration analysis method was proposed. The
study compared various types of single-phase BLDC motors, designed models that met
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performance targets, and analyzed the integration of the Drive IC. Additionally, a prototype
motor was produced and verified through testing. The analysis of integrating the Drive IC
through FEA and prototype motor testing revealed output discrepancies of about 2% and
torque variances of approximately 4%. The test results indicate that the Drive IC integration
analysis method conducted via FEA is valid.
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