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Abstract—Single-phase brushless DC machines find extensive
application in automotive auxiliary drives due to their cost-
effectiveness. However, compared to their three-phase counter-
parts, these machines exhibit higher levels of noise and vibration.
Typically, single-phase brushless DC drives require a Hall-effect
sensor to determine the motor’s position to facilitate motor con-
trol. However, due to inherent manufacturing imperfections, the
position signal may deviate from the zero-crossing points of the
back-electromotive force, potentially affecting the switching angles
and increasing the vibration of the machine. This paper identifies
the optimal switching angles to mitigate vibration in single-phase
brushless DC fan drives through analytical, numerical, and exper-
imental investigations. To assess the position signal error, 56 fan
drives have been experimentally analyzed to evaluate the sources
of the error and its subsequent impact on vibration. Furthermore,
through a comprehensive analysis, an optimal area of operation is
proposed to minimize vibration at the critical frequency, ensuring
robust performance against position signal error.

Index Terms—Single-phase brushless DC machines, vibration,
position signal error, hall-effect sensor.

I. INTRODUCTION

S INGLE-PHASE brushless DC (BLDC) machines are often
favored over their three-phase counterparts in automotive

auxiliary applications, specifically in systems like fans and
pumps. This preference arises primarily due to cost consider-
ations, which is the key design consideration in mass-produced
fractional horsepower drives [1], [2]. However, single-phase per-
manent magnet machines possess inherent characteristics such
as high cogging torque and torque ripple, which can make them
more audible in comparison to the three-phase BLDC machines.
Given the positioning of auxiliary drives in close proximity to
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passengers, even minimal levels of noise and vibration have the
potential to cause disruption [3].

Several noise and vibration mitigation techniques have been
proposed for single-phase BLDC machines, as documented in
the existing literature [4], [5], [6], [7], [8], [9], [10]. These
techniques typically require rather complicated control strate-
gies, which may not be suitable for cost-effective applications.
Among these strategies are methods to reduce torque ripple
through modified control techniques that regulate phase cur-
rent [4] and incorporate additional voltage regulation circuits [5].
Control strategies targeting the reduction of commutation torque
ripple have also been explored [6]. Furthermore, investigations
have been conducted into modifying switching angles and avoid-
ing current conduction when back-EMF is very low, with the
objective of enhancing noise and vibration performance [7],
[8]. Concurrently, structural modifications designed to mitigate
noise and vibration have been examined [9], [10].

While BLDC machines offer advantages such as high power
and torque density, low maintenance, and excellent controllabil-
ity, effective control of BLDC motors typically necessitates the
use of position sensors. It is worth noting that sensorless control
schemes have also been developed with the aim of reducing the
number of components required for position detection. However,
these sensorless strategies tend to be more intricate and may lack
the precision offered by sensor-based approaches [11], [12].

The choice of position sensor between resolvers, encoders,
and Hall-effect sensors in speed variable drives depends on
the application requirements. For instance, in robotic appli-
cation, resolvers are preferred because of their resolution and
robustness [13]. However, in low-cost single-phase BLDC drive
systems, a simpler approach is adopted to employ only a single
Hall-effect sensor to provide essential position information.
This Hall-effect sensor is commonly mounted on the printed
circuit board (PCB) and functions by detecting the leakage
magnetic flux of the permanent magnet within the rotor [14].
Therefore, manufacturing imperfections within the permanent
magnets, such as non-uniform magnetization, have the potential
to compromise the precision of the position signal. Additionally,
achieving precise sensor positioning on the PCB during the man-
ufacturing process can prove challenging, further contributing to
inaccuracies in position detection [15]. Although manufacturing
imperfections can directly manifest as unbalanced magnetic
force, thereby leading to noise and vibration concerns [16], [17],
they may indirectly affect motor performance by introducing
inaccuracies into the position signal.
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The impact of misaligned and unbalanced position signals
on the performance of three-phase BLDC machines, as well as
techniques for diagnosing and compensating for these errors
have been investigated [18], [19], [20]. It has been highlighted
that error in the position signal can decrease efficiency and in-
crease low-frequency harmonics in the electromagnetic torque.
These studies emphasize the impact of imprecise positioning of
sensors, resulting in unbalanced Hall-effect sensor signals that
are not in a 120◦

elec relationship with each other. However, in
single-phase BLDC machines, which utilize only one Hall-effect
sensor, the main error is misalignment between the position
signal and back electromotive force (back-EMF) zero-crossing
points which has received comparatively less attention in the
literature.

This paper provides a comprehensive expansion of the initial
findings previously introduced in [1] and aims to propose a
straightforward modification of the switching angles as a part
of the control strategy to mitigate vibration in the drive system
without incurring additional costs. It also extends the analysis
of the impact of misaligned position signals on the performance
of the fan drive beyond just two operating points to encompass
the entire range of interest. This extended analysis involves the
utilization of both finite element analysis (FEA), implemented
through JMAG [21], and experimental measurements.

II. METHODOLOGY

This study initially investigates the existence of position
signal errors arising from different sources in an example case
single-phase BLDC fan drive system. Therefore, Section III
provides a brief introduction to the operation of the example
case drive, and Section IV experimentally investigates position
signal errors as provided by the Hall-effect sensors in 56 fan
drives. The potential impact of these errors on the vibration arises
from calculation of the switching angles, as this calculation relies
on information from the Hall-effect position signal. Section V
presents the results of the experimental investigations into the
effect of position signal errors on vibration.

The following part of the paper, Section VI, comprehensively
examines the effect of the switching angles on the vibration
of the drive system and proposes an approach for determining
the optimum switching angles to minimize the critical vibration
harmonics. Furthermore, the effect of the position signal errors
on the optimal area of operation is investigated to identify the
resilient optimum switching angles.

III. EXAMPLE CASE SINGLE-PHASE BLDC FAN DRIVE

Two main topologies of single-phase BLDC machines, i.e.,
salient-pole and claw-pole stator structures, are introduced for
use in low-cost automotive applications [22], [23], with the
choice between outer and inner rotor structures depending on
the specific application requirements. The example case motor
is shown in Fig. 1, which is a four-pole outer-rotor permanent
magnet (PM) motor featuring a four-slot salient-pole stator with
bifilar winding used in a radial fan for automotive auxiliary
applications. The motor parameters are detailed in Table I.

Fig. 1. (a) Example case radial fan drive equipped with a single-phase salient-
pole BLDC machine, and (b) a prototype of the example case machine (stator
and windings).

TABLE I
PARAMETERS OF THE EXAMPLE CASE FAN DRIVE

Fig. 2. Schematic of a single-phase BLDC machine with tapered air-gap
profile and two winding configurations.

Details on the dynamic and steady-state operation of this drive
can be found in [22].

Single-phase BLDC machines typically have the same num-
ber of slots and poles, resulting in a pulsating magnetic field
that renders them incapable of generating starting torque [22],
[23], [24]. To overcome this inherent limitation, an approach in-
volving the introduction of an asymmetric magnetic flux density
distribution along the airgap is used. This asymmetry facilitates
the generation of starting torque in a desired direction [9], [25].
In the single-phase BLDC machine illustrated in Fig. 2, a tapered
asymmetric air-gap profile is implemented, which generates
starting torque in the counterclockwise direction.

Two distinct winding configurations are introduced for these
machines, as illustrated in Fig. 2. Monofilar winding entails
the use of one coil per stator tooth. In contrast, bifilar winding
involves two sets of coils per stator tooth, wound in opposite
directions. The required inverter for these configurations is
determined by the fact that torque production in these machines
relies on sequentially alternating the stator poles between north
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Fig. 3. Equivalent circuit of a single-phase BLDC motor with monofilar
winding.

Fig. 4. Inverter circuit of a single-phase BLDC motor with bifilar stator
winding.

and south poles by changing the current polarity in the winding
over time. Consequently, a full bridge inverter is necessary
to inject positive/negative current in the motor in the case of
monofilar winding. However, bifilar winding only requires two
power switches, as the injected current in the switches for both
phases flows in the same direction, and the change in polarity
is achieved through oppositely wound windings. Despite bifilar
winding utilizing only half of the copper in the stator during
each current conduction period, it is sometimes preferred over
the monofilar configuration due to cost considerations arising
from the reduced number of power electronic switches.

Fig. 3 provides a visualization of the equivalent circuit of a
single-phase BLDC machine with monofilar winding featuring
a trapezoidal-shaped back-EMF waveform, where R represents
the phase resistance and Lm and Lσ denote the main and
leakage inductances, respectively. The equivalent circuit for a
single-phase BLDC motor with bifilar winding is depicted in
Fig. 4, where the coupling between two coils is modeled with a
mutual inductance, M . Due to the winding process wherein two
windings are wound together, the coupling factor is between 0.8
and 1 [26]. Fig. 4 further illustrates the electronic circuit essential
for commutating the phase current. The inverter components
comprise a constant supply voltageUDC, a diodeD implemented
to prevent the flow of regenerative energy back into the power

Fig. 5. Illustration of Hall-effect position signal in relation to back-EMF zero-
crossing points and phase current.

Fig. 6. Measured misaligned Hall-effect sensor signal respect to back-EMF
of th example case drive system with 3◦mech misalignment.

source, a DC link capacitance C, and the commutation switches
SA and SB.

IV. POSITION SIGNAL ANALYSIS

As illustrated in Fig. 5, the Hall-effect sensor detects the
zero-crossing points of the back-EMF by generating a rising
or falling voltage edge. These edges serve as references for
calculating the advanced turn-off angle, αa, and delayed turn-on
angle, αd. These angles are typically implemented to enhance
the efficiency of the motor. However, the position signal may
exhibit error when recognizing the zero-crossing points, like an
example illustrated in Fig. 6. It demonstrates the misalignment of
3◦mech between Hall-effect sensor signal and zero-crossing points
of the back-EMF.

The error in the position signal can be attributed to vari-
ous sources, including signal analysis error, Hall-effect sen-
sor inaccuracies, or manufacturing imperfections. However, in
mass-produced sub-fractional horsepower electric drives, where
manufacturing imperfections are virtually unavoidable, this er-
ror can typically be traced back to two primary factors: sensor
mispositioning and the non-uniform magnetization pattern of
the permanent magnets within the rotor.

A. Sensor Mispositioning

Achieving an accurate position signal requires precise posi-
tioning of the Hall-effect sensor on the PCB to detect polarity
changes of the magnetic flux at the back-EMF zero-crossing
points. Consequently, determining the sensor’s location should
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Fig. 7. Simulated back-EMF waveforms of two cases of the single-phase
BLDC motors with symmetric and asymmetric air-gap profiles.

Fig. 8. Measured magnetic flux density along circumference of a ring perma-
nent magnet of the example case motor.

take into account the stator’s topology and the characteristics of
the air-gap profile.

The rotor position in Fig. 2 is considered as θ = 0, where θ
represents the rotor angle with respect to the defined reference.
If the air-gap profile is symmetric, a zero-crossing point of the
back-EMF occurs after a 45◦mech rotation of the rotor, as depicted
in Fig. 7. In this scenario, if the Hall-effect sensor is positioned
at the middle of the slot opening, i.e., θ = 45◦mech, it detects
the polarity change of the magnet poles simultaneously with
the zero-crossing point of the back-EMF. However, in the case
of a single-phase BLDC machine with an asymmetric air-gap,
the zero-crossing points of the back-EMF waveform are shifted
compared to the machine with symmetric air-gap, as shown in
Fig. 7. Therefore, if the sensor is located at the same position as
in the machine with a symmetric air-gap, a misalignment error
in the position signal occurs.

B. Non-Uniform Magnetization

As an illustration of imperfections in magnetization, Fig. 8
displays the magnetic flux density measured along the circum-
ference of an example ring permanent magnet where ϕ is the
angular coordinate. The flux density of the permanent magnet
is measured using a Hall-effect sensor mounted on a plastic
cylinder which is positioned within the rotor, replacing the stator.
Then, the rotor is rotated by an external mover and the signal
of the Hall-effect sensor is recorded. In this depiction, there
is an evident discrepancy of approximately 3◦mech between the
magnetization of two consecutive poles. This magnetization
error directly impacts the signal generated by the Hall-effect

Fig. 9. Three example cases of single-phase BLDC machines with different
positioning of the Hall sensor (marked by red circles) on the PCB.

TABLE II
MEASURED POSITION ERROR FROM 3 PCBS, EACH OPERATING 18 DIFFERENT

ROTORS

sensor, given that one pole is longer than the other, leading to
variations in the sensor’s output signal.

The variation in magnetization between different poles does
indeed impact the position signal detection, resulting in asym-
metry within the signal. However, this asymmetry is not reflected
in the back-EMF of the machine as proved in the Appendix,
leading to misalignment between the Hall-effect sensor signal
and zero-crossing points of the back-EMF.

C. Experimental Position Signal Analysis

In order to analyze the position signal error related to sensor
mispositioning and non-uniform magnetization, 56 combina-
tions of three distinct PCB layout designs, as shown in Fig. 9,
each featuring a Hall-effect sensor positioned slightly differently
and 18 different rotors are examined.

In this experiment, the fan impeller is rotated by an external
mover to generate back-EMF in the terminal of the motor, and it
is measured simultaneously with the output signal of the Hall-
effect sensor. An example of the measurement results is shown
in Fig. 6, and quantitative results are summarized in Table II.

The findings indicate that error in the placement of Hall-effect
sensors lead to an offset error up to 7◦mech or 14◦

elec in the results
depending on the sensor’s position. However, variations in the
magnetization of the permanent magnet across different rotors
induce a varying error in the position signal of approximately
3◦mech. While the error associated with sensor mispositioning can
be minimized through precise PCB design, the error arising from
magnetization imperfections is randomly distributed.
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Fig. 10. Vibration measurement setup.

V. THE EFFECT OF POSITION SIGNAL ERROR ON THE

VIBRATION

In single-phase BLDC machines, conducting close to the
back-EMF zero-crossing points not only does not generate a
significant amount of torque but also increases current peaks
which raises electromagnetic forces and reduces efficiency. Con-
sequently, modified switching strategies have been introduced to
enhance motor performance. These strategies involve advancing
the turn-off angle and delaying the turn-on angle of the switching
[see αa and αd in Fig. 5] to mainly reduce copper losses and
improve overall motor efficiency [7], [8], [27].

In this section, the impact of variations in these switching
angles resulted from position signal error on the vibration of the
example case drive system is investigated.

A. Vibration Measurement Setup

The measurement setup involves two triaxial force sensors,
260M36 model from PCB Piezotronics [28], and the fan system
is mounted on a rigid support that is significantly heavier than
the fan drive, as depicted in Fig. 10. This vibration measure-
ment set-up is based on the VW 82469 standard [29], which
is one of the few industrial standards for noise and vibration
of small electric drives. The sensors’ data are collected with a
high precision data recorder cDAQ-9174 [30] and two NI-9232
measurement cards [31] from National Instruments. As per the
standard’s specifications, measured forces from all attachment
points are summed up and presented in one-third octave band
analysis.

Furthermore, the standard defines three limitation curves for
force, depending on the application of the drive system, within
the frequency range of 10 to 1000 Hz as follow
� Limit 1: passenger-operated auxiliary drives which are

activated when the combustion engine is on.
� Limit 2: passenger-operated auxiliary drives which are

activated when the combustion engine is off and those
which operate automatically when the combustion engine
is on.

� Limit 3: automatic auxiliary drives when the combustion
engine is off.

Fig. 11. Extraction of natural frequencies through (a) run-up and (b) cast-down
tests.

B. Natural Frequencies of the Drive System

Resonance between electromagnetic forces and the natural
frequencies of the mechanical structure is one of the main
sources of noise and vibration in electric machines. To identify
the natural frequencies of the example case fan drive, vibration
measurements are conducted during the motor’s run-up to the
speed of 6000 rpm and subsequent cast-down to standstill. The
results of this experiment are presented in the spectrograms
shown in Fig. 11, where dashed lines indicate the approximate
times of resonance occurrences.

The measurements are performed at a standard sampling
frequency of 51.2 kHz, and spectrograms are generated using
a Hanning window with a 75% overlap. Three significant reso-
nances around 500, 1100, and 2500 Hz are consistently observed
in both experiments, resonating with multiple magnetic force
harmonics upon crossing these frequencies.

C. Vibration Analysis

To assess the impact of position signal error on vibration
performance, four different error cases including e = ±2◦

mech
and ±4◦

mech, representing lagging and leading position signal
error, are applied to the fan drive. For instance, for a given
operating point (αd, αa), a lagging error of 2◦

mech shifts the
switching angles to (αd + 2, αa + 2), while a leading error of
2◦

mech shifts them to (αd − 2, αa − 2).
Fig. 12 compares the one-third octave band analysis of

the measured forces with the example switching angles of
(αd, αa) = (9◦mech, 74◦

mech) and applied errors at a nominal speed
of 5000 rpm.
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Fig. 12. One-third octave band analysis of the vibration of the example case drive for an operation point considering leading and lagging position signal error.

Among the harmonics in the one-third octave band, those
at frequencies of 79 Hz, 1000 Hz, and in the range of 300 to
500 Hz exhibit the highest amplitudes. The 79 Hz harmonic
closely aligns with the first harmonic of the magnetic forces, with
an actual frequency of 83.33 Hz, representing the unbalanced
magnetic force in the machine, which is typically elevated in
these machines due to manufacturing imperfections. On the
other hand, the fourth harmonic of forces at 333.33 Hz, which
is the main harmonic of the magnetic forces due to the slot/pole
combination of the machine [3], and a resonance around 500 Hz
contribute to high measured forces in the 300 to 500 Hz range.
Additionally, the side-band effect of the unbalanced magnetic
force amplifies adjacent harmonics around the fourth harmonic,
i.e., the third and fifth harmonics, influencing the force values
in this frequency range. Also, the force harmonic at 1000 Hz
corresponds to the 12th harmonic of the magnetic forces at the
nominal speed and is in the proximity to the natural frequency
of the system around 1100 Hz.

It can be observed from Fig. 12 that the maximum force
variation resulting from applying position signal error occurs at
the frequency of 1000 Hz, approaching the maximum allowable
value per the standard. This highlights the importance of the
variations in the electromagnetic forces due to position signal
error, although the adjacent resonance close to this frequency
can also impact the force amplitude. The results indicate that a
+2◦

mech position signal error decreases this force harmonic by
1.3%, whereas a +4◦

mech error increases the force by 16.3%.
Moreover, −2◦

mech and −4◦
mech errors raise the force by 23.8%

and 26.3%, respectively.
Fig. 13 displays the input current waveform of the drive

system at switching angles of (9◦mech, 74◦
mech) and the afore-

mentioned four other error cases. The figure illustrates that
the current waveform and its peak change with the switching
angles. Leading position error increases the first peak of the
current, while lagging position error increases the second peak,
altering the harmonic content of the current and also affecting
the efficiency of the drive system [32].

The measurement results underline that even a minor mis-
alignment between the position signal obtained from a Hall-
effect sensor and the back-EMF can lead to a significant increase
in vibration at the critical frequency of 1000 Hz. However, the

Fig. 13. Measured input current for an operation point considering leading
and lagging position signal error.

relation between vibration and error in the switching angles
cannot be identified by only a few sets of switching angles.
A comprehensive analysis covering a wide range of switching
angles has been conducted and is reported in the next section of
this paper.

VI. SWITCHING ANGLES OPTIMIZATION

To extend the initial experimental investigations in previous
section to a wider range of switching angles, a complementary
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Fig. 14. Measured forces at different harmonics for the example case drive with variation of the switching angles.

experiment is performed involving a change in the turn-off angle,
αa, ranging from 60◦

mech to 90◦
mech, and a variation in the turn-on

angle, αd, from 5◦mech to 15◦mech. This limitation for αd arises
from the fact that, at the nominal speed of the machine, the used
low-cost microprocessor cannot operate below 5◦

mech due to its
processing speed constraints.

Fig. 14 presents the measured forces at four frequencies within
the one-third octave band spectrum which are close to main
harmonics of the magnetic forces. These frequencies include
316, 630, 1000, and 1258 Hz, which are the closest frequencies
to the 4th, 8th, 12th and 16th harmonics of the forces at nominal
speed, respectively. It is worth noting that while the 16th har-
monic falls outside the standard’s range of interest for the fan
at nominal speed, this harmonic can be shifted to frequencies
below 1000 Hz as the speed decreases.

The results reveal that variations in switching angles
lead to significant changes in the amplitudes of dominant
force harmonics. Among these harmonics, the 12th harmonic
exhibits the most significant variation in amplitude, potentially
causing the force to exceed the specified limit in the standard,
which is around 30 mN for Limit 3. The measured data for
the 12th harmonic demonstrates that the fan drive can only
meet the standard’s requirements within a limited range of
operational switching angles. However, the amplitudes of the
other harmonics remain below the allowable values for all three
limitation curves across the entire operational range.

To analyze the sources of 12th harmonic of the mea-
sured forces, contours of this harmonic of torque from the
3-dimensional FEA of the machine and measured phase current
are depicted in Fig. 15. In the FEA, the turn-off and turn-on
angles vary from 60.5◦mech to 86.5◦mech and 5.5◦mech to 13.5◦mech,
respectively.

A comparison of the 12th harmonic in the force, torque, and
input current, as illustrated in Figs. 14 and 15, reveals that the
force variation exhibits a closer resemblance to current than to
torque variations. Notably, force variations nearly track torque
variations within the range of approximately αa = 60◦

mech to
75◦mech. However, beyond this range, while the amplitude of the
12th harmonic of torque continues to decrease, the measured
forces at the same frequency experiences an increase.

The reduction in torque harmonic, concurrent with an increase
in current, can be attributed to the phenomenon that current near
the zero-crossing point of the back-EMF does not significantly
contribute to torque production. Additionally, as the conduction
period from αd to αa widens, the torque waveform approaches
a constant value, leading to a reduction in the amplitude of all
harmonics.

In essence, while the 12th harmonic of current at higher αa

switching angles may not directly impact the torque harmonics,
it can generate magnetic forces in the machine, resulting in
vibration. Consequently, the reduction in current harmonics can
contribute to vibration reduction at the desired frequency.
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Fig. 15. Simulated torque and measured current at 1000 Hz (12th harmonic) with variation of the switching angles.

Fig. 16. 2-dimensional contour of measured 12th harmonic of the forces.

A. Current Harmonics Mitigation

If the typical current waveform of single-phase BLDC ma-
chine, like current waveform in Figs. 5 and 13, is considered as
a constant current A between the switching angles of αd and αa

within a 90◦
mech period, it can be expressed as follows

ip(t) =

{
A, αd ≤ α ≤ αa

0, otherwise,
(1)

The Fourier series of the current can be written as

ip(t) =

∞∑
n=0

In cos(nωt+ φn). (2)

Where the amplitude of each current harmonic, In, can be
written as

In = 2
A

nπ
sin(2n(αa − αd)). (3)

This equation illustrates that variations in αd − αa can lead to
the cancellation of certain harmonics in the current waveform.
For instance, if αd − αa =

kπ
6 , the third harmonic of current, I3,

becomes zero. Since these equations are derived to describe the
current function in (1), and there are four consecutive instances
of this waveform in each rotation of the rotor, the third harmonic
in this function corresponds to the 12th harmonic of the phase
current.

This analysis elucidates the approximate region where the
12th harmonic of both vibration and phase current in Figs. 14
and 15 are minimized, which occurs whenαd − αa ≈ π

3 . Similar
behavior is observed for the 4th and 16th harmonics of forces
in Fig. 14, where αd − αa approaches π

2 and 3π
8 , respectively.

However, because the conduction period in the experiment does
not fully cover the range of αd − αa ≈ π

4 , which is necessary
to minimize the vibration of the 8th harmonic, and because the
frequency corresponding to this harmonic in the one-third octave
band analysis is not an exact match with the harmonic frequency,
this effect is not visible for the 8th harmonic. Additionally, as the
amplitude of this harmonic is significantly lower compared to
other harmonics, the influence of side-band harmonics resulting
from unbalanced magnetic forces can dominate the measured
force values [16].

Based on these analytical investigations, it can be concluded
that the optimized switching angles to minimize challenging
vibration frequencies at any operating point in a single-phase
BLDC fan drive can be calculated from (3). However, it is
important to consider other effects resulting from the variation
of switching angles, such as efficiency. For instance, when
αd − αa =

π
6 , the 12th harmonic of the current is still theoret-

ically minimized, however, the efficiency is significantly lower
in this case compere to αd − αa =

π
3 due to the need for a much

higher current in a shorter current conduction period to produce
the same amount of torque.
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A comprehensive study on the impact of varying switching
angles on the efficiency of single-phase BLDC fan drives has
been conducted in [32]. This study can be combined with the
findings presented here to select the optimal switching angles
for achieving the desired drive performance while considering
both vibration mitigation and high efficiency.

B. Switching Angles Selection Considering Position Signal
Error

Fig. 16 presents a 2-dimensional contour plot of the measured
12th harmonic of the forces in Fig. 14, making it easier to
visualize the effect of position signal error. The operation points
that meet the requirements of Limit 3 of the standard are colored
in green, while those that do not are colored in blue. Among all
investigated switching angle sets, only three sets can stay below
the limit of the standard with ±4◦

mech position signal error which
are (7◦mech, 74◦

mech), (9
◦
mech, 74◦

mech), and (13◦mech, 76◦mech). These
switching angles are the most resilience operation points against
the maximum varying error measured in Section IV.

Among these three operation points, (7◦mech, 74◦
mech) has the

highest efficiency at 52.6%, followed by (9◦mech, 74◦
mech) at

52.0%, and (13◦mech, 76◦mech) at 51.7%. However, (9◦mech, 74◦
mech)

exhibits the best vibration performance with its 12th harmonic
force amplitude being 19.2% lower than (7◦mech, 74◦

mech) and
4.6% lower than (13◦mech, 76◦mech). Therefore, the choice between
these switching angles for the drive system depends on the
preference for either better efficiency or vibration performance.

VII. CONCLUSION

This paper builds upon the findings presented in [1] and
extends the analysis to investigate the impact of switching angles
and position signal error in a broader range of operating points.
In the initial part of the paper, experimental investigations are
carried out on a total of 56 fan drive systems to assess the
sources of misaligned position signals related to Hall-effect
sensors. The results reveal two significant sources of error: a
varying error of approximately 3◦mech attributed to non-uniform
magnetization and an offset error of up to 7◦

mech associated with
sensor mispositioning.

In the subsequent section of the paper, a comprehensive
experimental study is conducted to explore the influence of
varying switching angles on the vibration characteristics of the
example case single-phase BLDC fan drive system. The findings
indicate that the most critical frequency in the vibration spectrum
is 1000 Hz, where the amplitude of this harmonic exhibits
significant variability with changes in the switching angles. This
variation has the potential to elevate the force harmonic beyond
the limits defined by an industrial standard.

Furthermore, based on experimental findings and analytical
analyses, an approach is proposed to select the switching angles
with the objective of minimizing specific current and force har-
monics. Additionally, optimal switching angles are identified,
exhibiting greater resilience against potential position signal
error, ensuring compliance with allowable vibration limits as
defined by the relevant standard.

APPENDIX

Assuming a conventional monofilar single-phase winding of
a salient-pole stator with Q slots, like the example with Q = 4
shown in Fig. 17, regardless of magnetization imperfections in
the rotor, the induced voltage in the coil 1 can be written as a
Fourier series as

EC1 =

∞∑
n=0

En cos(nωt+ φn). (4)

If the stator is ideally symmetric, the induced voltage on other
coils can be determined based on their mechanical angle respect
to coil 1 and the winding direction which defines the polarity of
induced voltage respect to reference coil 1 as

EC2 = −
∞∑

n=0

En cos

(
n(ωt+

1
Q

2π) + φn

)
, (5)

EC3 =

∞∑
n=0

En cos

(
n(ωt+

2
Q

2π) + φn

)
, (6)

EC4 = −
∞∑

n=0

En cos

(
n(ωt+

3
Q

2π) + φn

)
. (7)

Therefore, the induced voltage on each coil can be written as

ECi = (−1)i−1
∞∑

n=0

En cos

(
n(ωt+

i− 1
Q

2π) + φn

)
, (8)

which in the case of the example case motor with four slots is

ECi = (−1)i−1
∞∑

n=0

En cos

(
n(ωt+

i− 1
2

π) + φn

)
. (9)

The total induced voltage on the phase is the summation of
the induced voltage of all coils, given by

Etot =

Q∑
i=1

ECi. (10)

By importing (9) in (10), the total induced voltage for the
example case machine is derived as

EC1 + EC3 =

∞∑
n=0

2Ek cos(kωt+ φk), k = 2n, (11)

EC2 + EC4 = −
∞∑

n=0

2Ek cos
(
k
(
ωt+

π

2

)
+ φk

)
, k = 2n,

(12)

Etot =

∞∑
n=0

4Ek cos(kωt+ φk), k = 4n+ 2. (13)

In the example case machine where the fundamental harmonic
of the back-EMF is n = 2, corresponding to the number of
pole-pairs, only odd harmonics can result in unbalanced zero-
crossing points of the back-EMF. On the other hand, the phase
back-EMF equation in (13) shows that in the example case
machine, only even harmonics appear in the Fourier series, while
all odd harmonics are canceled out. Therefore, as long as the
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Fig. 17. Monofilar winding of a salient-pole single-phase BLDC machine.

amplitude of the fundamental harmonic significantly exceeds
that of other harmonics, which is typically the case, the sequen-
tial zero-crossing points of the phase back-EMF consistently
maintain a 180◦

elec phase difference, even if the zero-crossing
points of the magnetic flux exhibit asymmetry like the case
depicted in Fig. 8.
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