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Abstract

This study investigates the primary electromagnetic sources of acoustic noise in single-
phase induction motors and proposes design-oriented strategies for noise reduction. A
370 W, four-pole, 80-frame single-phase induction motor was designed, analyzed, and
experimentally validated. Finite Element Method (FEM) simulations were conducted using
Ansys Maxwell 2D to examine the effects of magnetic field distortion, magnetic saturation,
and rotor eccentricity on torque ripple and inductance variation. The results demonstrate
that these factors significantly increase electromagnetic force harmonics acting on the stator
teeth and frame, leading to vibration and acoustic noise generation. In addition, induc-
tance fluctuations caused by interphase magnetic coupling and air-gap harmonics were
found to increase current harmonic content and potentially excite structural resonances.
The influence of capacitor selection and winding configuration on magnetic saturation,
phase displacement, and torque ripple was systematically evaluated. Prototype motors
were manufactured and acoustic noise measurements were performed to experimentally
validate the simulation results. Unlike previous studies that often investigate these pa-
rameters separately, this work presents a coupled analysis that explicitly links capacitor
selection, winding configuration, and rotor eccentricity to inductance variation, torque
ripple, and acoustic noise generation. The findings provide practical design guidelines for
the development of low-noise single-phase induction motors and contribute to reducing
electromagnetic vibration and acoustic emissions in electric machine design.

Keywords: single-phase induction motor; finite element method (FEM); electromagnetic
noise; torque ripple

1. Introduction
Single-phase induction motors have been widely employed in numerous industrial

sectors since their invention. These machines are extensively used in washing machines,
compressors, refrigeration and kitchen appliances, heat circulation pumps, electric hand
tools, fans, sewing machines, grain dryers, and many other industrial, agricultural, and
residential applications [1]. Although their manufacturing process has become relatively
straightforward with modern production technologies, their theoretical analysis remains
challenging. The winding configurations, the presence of capacitive components, and
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the inherently elliptical magnetic field distribution make the operating principles and
performance calculations of single-phase induction motors more complex. Understanding
the interactions among different design parameters and their combined influence on motor
performance is therefore nontrivial. Consequently, precise design studies are required to
ensure both user satisfaction and compliance with international standards.

In applications where low noise and vibration are critical, special attention must
be paid to motor design considerations. In this context, Zhu and Howe investigated
the effects of magnetic circuit saturation and stator–rotor eccentricity on vibration and
acoustic noise levels in single-phase induction motors [2]. Patxi Gonzalez et al. presented
a comprehensive review of noise sources in electrical machines, addressing mechanical,
aerodynamic, and electromagnetic noise components [3]. Sabin Sathyan et al. proposed a
numerical computation technique based on the Finite Element Method (FEM) and Boundary
Element Method (BEM), which provides insight into machine deformation and vibration
behavior and reveals the principal frequency components in the vibration spectrum, thereby
demonstrating how electrical energy is converted into acoustic noise [4].

In single-phase induction motors, electromagnetic noise and vibration primarily orig-
inate from deviations of the air-gap magnetic flux density distribution from its ideal
sinusoidal form. Magnetic field distortions may arise from stator slot harmonics, nonlinear
magnetic behavior due to saturation, rotor bar structure, and stator–rotor eccentricity. These
distortions generate radial and tangential force pulsations in the air gap, leading to time-
varying electromagnetic force harmonics acting on the stator teeth and frame. Similarly,
frequency variation directly influences the magnetic circuit; therefore, in variable-frequency
motor applications, it is of great importance to investigate the magnetic properties of stator
core materials under different temperature conditions and harmonic contents. Studies
considering magnetostriction effects in the calculation of vibration and noise in variable-
frequency motors have also been conducted, providing valuable guidance for motor design
optimization [5]. Recent studies have investigated electromagnetic noise in induction
machines by analyzing air-gap flux harmonics and the resulting radial forces that con-
tribute to vibration and acoustic noise. In some cases, structural modifications such as
lamination design and geometry optimization are also used to reduce noise levels [6,7].
While these approaches can provide effective noise mitigation, they often require signif-
icant changes in motor geometry and manufacturing processes. In contrast, the present
study focuses on design parameters such as capacitor selection and winding configuration,
which can be adjusted without altering the core structure, providing a more practical and
cost-effective approach.

Electronic noise associated with switching harmonics is also an important factor influ-
encing vibration and acoustic noise in induction machines. Flux harmonics in the air gap
generate radial forces acting on the stator structure, which may excite structural resonances
and increase vibration and noise emission. In general, the harmonics of the air-gap flux
originate from three main sources reported in the literature: spatial harmonics caused by
the non-sinusoidal distribution of stator and rotor windings, permeance harmonics related
to slot geometry and magnetic circuit characteristics, and harmonic currents flowing in the
stator windings [8].

Magnetic saturation becomes particularly pronounced under near-rated load condi-
tions and during startup, causing localized increases in flux density at tooth roots and
back iron regions. This phenomenon contributes to time-varying differential inductance
and, consequently, to torque ripple. Torque ripple can induce torsional vibrations in
the shaft, periodic variations in bearing loads, and ultimately an increase in acoustic
noise. In particular, the double-frequency torque component (2f component), inherently
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present due to the nature of single-phase operation, is of critical importance for vibration
and noise performance.

Rotor eccentricity may occur in static, dynamic, or mixed forms, resulting in a cir-
cumferential variation of the air-gap length. This leads to angular modulation of air-gap
permeance and the generation of sideband harmonics. The effects of eccentricity on both
vibration spectra and acoustic noise have been demonstrated in the literature through
experimental investigations and FEM-based analyses [9,10]. Furthermore, eccentricity pro-
duces characteristic frequency components in the current spectrum, making it significant
for fault diagnosis purposes.

Inductance fluctuations, particularly in auxiliary-winding and capacitor-run single-
phase induction motors, are influenced by the time-varying magnetic coupling between
phases. When evaluated together with air-gap harmonics, these fluctuations increase
current harmonic content and broaden the electromagnetic force spectrum. If these force
components coincide with the natural frequencies of the stator stack, resonance-induced
noise amplification may occur.

Within the scope of this study, the effects of magnetic field distortion, magnetic sat-
uration, and rotor eccentricity on torque ripple, inductance variation, and the resulting
acoustic noise in single-phase induction motors are comprehensively investigated. Both
electromagnetic and structural improvement methods applicable at the design stage are
evaluated. Unlike previous studies that typically address these parameters separately, this
work adopts a holistic approach, aiming to provide practical design recommendations
for the development of low-noise single-phase induction motors. Previous studies have
primarily focused on individual parameters or detailed numerical modeling approaches,
whereas the present study provides a combined and experimentally supported interpreta-
tion based on practical design variables. Unlike conventional studies that treat capacitor
selection, winding configuration, and rotor eccentricity independently, this study analyzes
their coupled interaction and links their combined influence to inductance variation, torque
ripple, and acoustic noise generation. This study fills this gap by providing a unified and
experimentally supported interpretation of noise generation mechanisms.

2. Operating Principle and Structure of Single-Phase Induction Motors
The primary difference between single-phase and three-phase induction motors lies in

the asymmetrical winding structure of single-phase machines. A single-phase induction
motor consists of two stator windings, namely the main winding and the auxiliary winding.
These windings are spatially displaced by approximately 90 electrical degrees and typically
have different impedance values. In single-phase induction motors, the main winding
is generally located at the bottom of the stator slots (near the stator yoke), while the
auxiliary winding is positioned at the upper part of the slots (near the air gap). The
slot leakage inductance also varies depending on the position of the winding within the
stator slot. Furthermore, in concentric coil winding structures, the number of turns in the
inner, intermediate, and outer coils may differ, which affects both the total resistance of
the windings and the harmonic content of the rotating magnetic field [11]. To create the
required phase shift in the auxiliary winding current, a phase-shifting capacitor is connected
in series with the auxiliary winding. The auxiliary winding–capacitor combination is then
connected in parallel with the main winding, which is directly supplied from the motor
terminals [12].

Nowadays, single-phase induction motors, which are widely used in industry, can be
classified according to the type of capacitor employed. The first type is the permanent ca-
pacitor motor, used in applications where low starting torque is sufficient, such as impeller
fans. The second type is the start-permanent capacitor motor, employed in applications
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requiring high starting torque, such as cranes, mixing machines, and compressors. In
permanent capacitor motors, the capacitor is connected in series with the auxiliary winding
and, consequently, in parallel with the main winding, remaining in the circuit during
continuous operation.

In start-permanent capacitor motors, a high-capacitance starting capacitor is connected
in parallel with the permanent capacitor and is disconnected when the motor reaches
approximately 75% of its rated speed. The disconnection of this capacitor is typically
achieved using a centrifugal switch or an electronic relay [13]. The schematic diagram of
the permanent capacitor motor is shown in Figure 1.

Figure 1. Permanent capacitor single-phase induction motor schematic diagram.

Consequently, torque pulsations occur at twice the stator frequency [14]. The pulsating
torque arises from the interaction of the forward and backward rotating magnetic fields,
which causes the instantaneous power and electromagnetic torque drawn from the supply
to vary with time [15]. The pulsating torque produces a humming effect, which causes
single-phase motors to operate with higher noise levels compared to polyphase motors [14].

3. Impact of Design Parameters on Acoustic Noise in Single-Phase
Induction Motors

In three-phase induction motors, the air-gap flux distribution is nearly circular due
to the symmetrical winding structure. However, in single-phase induction motors, it
should be noted that the phase displacement between the main and auxiliary winding
currents is not exactly 90◦ under most operating conditions. Therefore, a perfectly circular
electromagnetic flux trajectory cannot be expected [16].

This asymmetric flux distribution in the air gap may lead to the generation of magnetic
field harmonics and localized magnetic saturation. Furthermore, in order to establish
a phase difference between the main and auxiliary windings, the number of turns is
intentionally designed to be different, and the conductor diameters are selected accordingly.
As a result, the currents drawn by the two windings (Im and Ia) are not identical. Whether
the magnetic core reaches saturation and the magnitude of torque ripple are directly related
to these winding parameters.
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In addition to design optimization, certain manufacturing-related factors also directly
influence motor performance. One of the most critical factors is stator–rotor eccentric-
ity. Parameters such as efficiency, starting performance, thermal behavior, noise, and
vibration levels are significantly affected by these factors. In this study, these perfor-
mance parameters are examined particularly in terms of their contribution to noise and
vibration characteristics.

3.1. Effect of Capacitor Selection

In order to evaluate the effect of capacitor selection on motor performance, all motor
parameters were kept constant and FEM analyses were conducted using 15 µF, 20 µF, and
25 µF capacitors. Based on these analyses, the winding inductances and the torque–speed
characteristics under nominal operating conditions were examined and interpreted. Table 1
presents the influence of capacitor variation on selected motor parameters. Here, Im, Ia, Vc,
and α represent the main winding current, auxiliary winding current, capacitor voltage,
and transformation ratio, respectively. The transformation ratio is defined as given in
Equation (1):

α =
Ny

Na
(1)

Table 1. Influence of capacitor variation on selected motor parameters.

15 µF 20 µF 25 µF

Im (A) 1.6 1.05 0.72
Ia (A) 1.31 1.88 2.48
Vc (V) 275 294 311
α 0.95 0.95 0.95

Stator Teeth Flux Density (T) 1.47 1.55 1.58
Rotor Teeth Flux Density (T) 1.61 1.69 1.73

Torque Ripple (%) 56 68 151
Main Winding Inductance Ripple (%) 4 6 9
Aux Winding Inductance Ripple (%) 7 17 36

Main Winding Current Density
(
A/mm2) 6.92 4.85 2.9

Aux Winding Current Density
(
A/mm2) 3.3 4.7 6.23

Phase Shift (Degrees) 81 82 84

In this context, Ny, and Na represent the number of turns of the auxiliary winding,
and the number of turns of the main winding, respectively. Figure 2 illustrates the variation
in the torque–speed curves under nominal operating conditions as a result of capacitor
changes in the motor with a transformation ratio of 0.95. The phase differences between
the main and auxiliary winding currents are presented in Table 1.

One of the principal reasons why the phase displacement deviates from 90 degrees is
that a single-phase supply produces two magnetic field components in the stator, namely
forward and backward rotating fields. Each of these oppositely rotating fields induces
torques in opposite directions on the rotor conductors [13]. Consequently, the magnetic flux
distribution in the air gap is not symmetrical as in a three-phase motor, but rather exhibits
an elliptical pattern. This asymmetry leads to torque pulsations even under nominal
operating conditions. The asymmetric flux density in the air gap, which is converted
into electromagnetic force, generates non-uniform radial forces on the stator teeth. These
forces, together with torque ripple, constitute a significant source of increased noise and
vibration [17]. The selection of the capacitor directly affects the phase difference between
the two windings and, consequently, the flux distribution. Therefore, among three motors
with identical windings, the motor equipped with a 15 µF capacitor is expected to exhibit
a lower noise level. The disadvantage of using a 15 µF capacitor is the reduced starting
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torque; however, since a start-and-run capacitor motor configuration is employed, the
reduction in starting torque has been disregarded in this study.
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Figure 2. The variation in the torque–speed curves under nominal operating conditions as a result
of capacitor changes in the motor with a transformation ratio of 0.95. (a) 15 µF capacitor; (b) 20 µF
capacitor; (c) 25 µF capacitor.
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3.2. Impact of Main–Auxiliary Winding Configuration on Motor Performance

As previously stated, the magnetic field and winding structure of a single-phase
induction motor are inherently asymmetric. Therefore, the selection of the number of turns
in the main and auxiliary windings, as well as the transformation ratio (α) representing
the relationship between them, has a significant influence on the motor characteristics.
Understanding these effects facilitates approaching an optimal motor design during the
design stage.

In this study, in order to examine the influence of the number of turns, the torque–
speed and winding inductance characteristics of two different motors with transformation
ratios of 0.95 and 1.17 were compared. Table 2 presents several characteristic parameters of
the motor for two different winding configurations and various capacitor selections. The
corresponding characteristic curves are illustrated in Figure 3.

Table 2. Several parameters for two different winding configurations and various capacitors.

α1 = 0.95 α2 = 1.17

15 µF 20 µF 25 µF 15 µF 20 µF 25 µF

Im (A) 1.6 1.05 0.72 1.62 1.34 1.16
Ia (A) 1.31 1.88 2.48 1.53 2.16 2.81
Vc (V) 275 294 311 321.8 341 357

Stator Teeth Flux Density (T) 1.47 1.55 1.58 1.65 1.70 1.77
Rotor Teeth Flux Density (T) 1.61 1.69 1.73 1.81 1.86 1.93

Air-gap Flux Density (T) 0.68 0.71 0.73 0.71 0.79
Torque Ripple (%) 56 68 151 20 94 173

Main Winding Inductance
Ripple (%) 4 6 9 21.2 25 28

Aux Winding Inductance
Ripple (%) 7 17 36 29 50 66

Main Winding Current
Density

(
A/mm2) 6.92 4.85 2.9 6.95 5.4 4.65

Aux Winding Current Density(
A/mm2) 3.3 4.7 6.23 4.3 6.07 7.95

Phase Shift (Degrees) 81 82 84 94 102.1 113

An examination of Table 2 indicates that, for constant winding turns, increasing the
capacitance of the run capacitor leads to an increase in the auxiliary winding current, while
the main winding current decreases. This directly results in an increase in the starting torque
of the motor. However, it also causes an increase in the magnetic flux densities in both the
stator and rotor teeth. The increased flux density, particularly evident in the rotor teeth,
initiates local saturation in the narrow tooth-tip regions. These local saturations reduce the
magnetic permeability and consequently lead to a relative distortion of the air-gap flux
distribution compared to the low-flux-density condition. As the flux densities at the stator
and rotor tooth roots continue to increase, the magnetic reluctance becomes dependent on
the rotor position. As a result, the variation in reluctance gives rise to increased ripples
in the inductance characteristics. This behavior is numerically demonstrated in Table 2.
Such ripples in the inductance and torque characteristics generate radial electromagnetic
forces and, consequently, acoustic noise. As the relative torque and inductance increase, a
corresponding increase in noise levels becomes inevitable.
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Figure 3. Torque-Speed curves: (a) 15 µF capacitor; (b) 20 µF capacitor; (c) 25 µF capacitor.

On the other hand, when the transformation ratio is increased at the same capacitance
value—meaning that the number of turns in the auxiliary winding exceeds that of the
main winding—the phase difference between the two winding currents exceeds 90◦. For
instance, when two different motors equipped with a 20 µF capacitor are examined, it
can be observed that the inductance ripple increases by approximately three to four times,
while the torque ripple increases by nearly 40%. Under these conditions, an increase in
electromagnetic vibrations is expected, which in turn physically manifests as increased
acoustic noise. Similar increases in inductance ripple are also observed for the motor
equipped with a 25 µF capacitor. In the previous section, the importance of the correlation
between the main winding, auxiliary winding, and capacitor was emphasized. When two
motors with different winding configurations but both employing a 15 µF capacitor are
analyzed, an increase in inductance ripple is again observed. However, unlike the other
cases, a reduction in torque ripple is obtained. In this study, the electromagnetic torque is
expressed using a conventional formulation based on inductance variation with respect to
rotor position, as given in Equation (2).

T =
1
2

i2m
dLm

dθr
+

1
2

i2a
dLa

dθr
+ imia

dM
dθr

(2)

In this context, T, im, ia, Lm, La, M and θr represent torque, main winding current, aux-
iliary winding current, main winding self-inductance, auxiliary winding self-inductance,
mutual inductance between the main and auxiliary windings and rotor position, respec-
tively. As indicated by this relationship, the torque is influenced not only by the position-
dependent variation of inductance but also by the square of the current. Since the current
levels are relatively lower in this case, the torque characteristic becomes smoother. From
this perspective, ensuring the proper correlation between the windings and the capacitor
is beneficial for suppressing the harmonic components of torque. Even if the inductance
ripple increases, acoustic noise is physically more sensitive to torque ripple than to in-
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ductance variations alone. In addition to this qualitative interpretation, the relationship
between inductance variation, torque ripple, and acoustic noise can be described through a
simplified coupling mechanism. As indicated by Equation (2), the electromagnetic torque
is directly influenced by the rotor-position-dependent derivative of inductance, showing
that torque ripple is governed by the angular variation of inductive coupling. The resulting
air-gap flux-density harmonics generate radial electromagnetic pressure acting on the stator
surface, which can be expressed as

pr =
B2

2µ0
(3)

where pr is the radial electromagnetic pressure, B is the air-gap flux density, and µ0 is the
permeability of free space. Since the air-gap region has permeability close to free space, this
formulation provides a valid approximation. These force components excite the structural
vibration modes of the stator, and the resulting vibration manifests as acoustic noise. This
provides a semi-quantitative framework linking electromagnetic design parameters to
noise generation.

3.3. Effect of Stator–Rotor Eccentricity

As discussed in the previous sections, in addition to electromagnetic noise originat-
ing from the magnetic field in the air gap, acoustic noise also includes mechanical noise
generated by bearings, stator–rotor eccentricity, and mechanical imbalances [3]. Andrei
Negoita et al. [18] conducted a detailed study investigating the effect of stator–rotor eccen-
tricity on the sound level of a single-phase induction motor. Their results demonstrated
that, in a motor with static eccentricity, the radial force (expressed in Newtons) increases,
leading to a corresponding rise in noise level. The variation of inductance in the air gap
depends on the magnetic permeability of the air-gap region, which in turn is directly
related to changes in the air-gap length. For this reason, eccentricity must be taken into
consideration [13]. In other words, stator–rotor eccentricity resulting from manufacturing
tolerances or faults leads not only to magnetic noise due to air-gap distortion but also to
mechanical noise caused by unbalanced forces acting on the bearing assemblies. In order to
observe this effect, the designed motors were manufactured under two different conditions:
with minimum eccentricity and with intentionally introduced eccentricity of approximately
30%. The experimental results obtained from these two cases were then comparatively
evaluated. Figure 4 illustrates representative stator–rotor relative positions under static
and dynamic eccentricity conditions.

Stator 

Rotor 

Rotational Center 

Static Eccentricity 

Rotational Center 

Dynamic Eccentricity 

Figure 4. Schematics of rotor eccentricity.
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4. Experimental Validation of Prototype Motors via Acoustic
Noise Measurements

In the previous sections, factors affecting the noise level of single-phase induction
motors were analyzed from both electromagnetic and mechanical perspectives. The in-
fluence of magnetic flux distributions in the air gap on the main and auxiliary winding
self-inductances and on the electromagnetic torque was examined. Additionally, the effects
of capacitor and winding variations on the winding currents, magnetic saturation in the
stator and rotor, and the phase difference between the windings were evaluated based on
the analysis results. In this section, the acoustic noise levels of the manufactured prototype
motors were measured under no-load conditions according to the procedure specified
in IEC 60034-9 [19]. Acoustic noise measurements were performed in a semi-anechoic
laboratory environment using a calibrated Class2 sound level meter (MRC, SL-4035SD) po-
sitioned at a distance of 1 m from the motor surface. Each measurement was repeated three
times and the average value was recorded in order to minimize experimental uncertainty.
The measured noise levels are presented comparatively in Table 3, expressed in decibels
(dB). Two prototypes of the motor equipped with a 15 µF run capacitor were produced:
one with minimal eccentricity (<5%) and the other with approximately 30% eccentricity.
The corresponding noise levels of these two motors are compared in Figure 5, highlighting
the effect of rotor–stator eccentricity on acoustic performance.

Table 3. Measured acoustic noise levels (dB) for different capacitor values and winding configurations,
including standard deviation and measurement uncertainty.

α1 = 0.95 α2 = 1.17

15 µF 20 µF 25 µF 15 µF 20 µF 25 µF

Noise Level (dB) 57 59 62 53 60 68

Uncertainty (±dB) ±1 ±1 ±1 ±1 ±1 ±1

Standart Deviation 0.4 0.5 0.3 0.5 0.6 0.4

53

63

48
50
52
54
56
58
60
62
64

Noise Level

alfa2 15 uf (<5% eccentricity) alfa2 15 uf(~30% eccentricity)

Figure 5. The corresponding noise levels of ideal eccentricity and 30% eccentricity.

The standard deviation of repeated measurements was found to be within 0.4–0.5 dB,
indicating good repeatability of the experimental setup. The overall measurement un-
certainty is estimated to be within ±0.8 dB. The variation between repeated measure-
ments remains significantly lower than the differences observed between test cases. When
Tables 2 and 3 are evaluated together, they clearly demonstrate the coupled influence of
capacitor selection, winding configuration, and rotor eccentricity on torque ripple and
acoustic noise levels. The results show that variations in these parameters simultane-
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ously affect electromagnetic behavior and noise generation, indicating a consistent and
monotonic relationship. An increase in torque ripple is consistently associated with an
increase in the measured noise level, as it reflects the underlying electromagnetic force
harmonics acting on the stator structure. Although the correlation is not strictly linear
due to the influence of structural and mechanical factors, the observed trend provides
quantitative support for the proposed coupling between electromagnetic excitation and
acoustic noise. The primary cause of the observed increase in acoustic noise levels is the
distortion of the air-gap magnetic flux distribution, which leads to torque ripple, combined
with the increased bearing loads resulting from eccentricity. The air-gap flux distribution is
illustrated in Figure 6. The differences between the flux densities at the stator and rotor
tooth roots and those at the regions corresponding to the stator slot openings result in
position-dependent variations in inductance and, consequently, in torque ripple. These
instantaneous variations contribute directly to the increase in noise levels. Furthermore,
as expressed in Equation (2), the torque depends not only on the inductance but also on
the current magnitude. Therefore, by selecting an appropriate combination of winding
configuration and run capacitor, the impact of inductance variations on torque fluctuations
can be minimized, thereby reducing the resulting acoustic noise.

-1.5

-1

-0.5

0

0.5

1

1.5

0 50 100 150 200 250

B 
(T

)

Distance (mm)

Air-gap Flux Distribution

Flux at slot opening

Flux at the tooth roots

Figure 6. Air-gap flux distribution. Arrows indicate the regions corresponding to the tooth roots and
slot openings.

In Figure 7, the differences in magnetic flux densities between motors with two dif-
ferent winding and capacitor configurations are clearly illustrated. The simulations were
performed using Ansys Maxwell (Ansys Inc., Canonsburg, PA, USA), version 2022 R2. The
implications of these differences on motor performance have been discussed throughout
this manuscript, particularly in the Discussion section.
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(a) 

(b) 

Figure 7. Magnetic flux density: (a) α1—15 µF capacitor; (b) α2—25 µF capacitor.

5. Discussion
The application scope of electric motors continues to expand, making low noise a criti-

cal design requirement. Unlike three-phase machines, single-phase induction motors are
typically supplied directly from the mains, limiting control-based noise reduction methods.
Therefore, acoustic performance in these machines primarily depends on electromagnetic
design and manufacturing quality.
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The results show that magnetic saturation leads to asymmetric flux distribution in the
air gap, increasing harmonic content. These harmonics generate radial electromagnetic
force components that excite structural vibration modes, resulting in acoustic noise. Torque
ripple reflects this behavior as a consequence of time-varying electromagnetic forces.

Noise generation is strongly influenced by the interaction between capacitor selection
and winding configuration. Improper phase shift increases field asymmetry, harmonic
content, and force amplitudes. In addition, rotor eccentricity introduces air-gap variations
that further enhance harmonic excitation and mechanical loading.

These findings indicate that acoustic noise cannot be attributed to a single parameter
but arises from the coupled interaction between electromagnetic field distortion, force
harmonics, and structural response.

It should be noted that the peak-to-peak torque ripple values obtained from FEM are
influenced by modeling assumptions and numerical sensitivity. However, the simulations
reliably capture the relative trends between different design configurations, and torque
ripple is therefore used as a comparative indicator rather than an absolute measure.

From a design perspective, low-noise operation requires a holistic approach in which
capacitor selection, winding configuration, and geometric tolerances are jointly optimized.
Similar observations regarding electromagnetic noise sources, eccentricity effects, and
mitigation approaches have been reported in previous studies [20–22].

6. Conclusions
Although single-phase induction motors inherently exhibit relatively higher acous-

tic noise levels compared to three-phase motors, this study clearly outlines the design
measures necessary to mitigate noise in such motors. The optimization of winding con-
figurations and capacitor selection, combined with careful attention to manufacturing
quality, is highlighted as an effective strategy to control noise. Even when the magnetic
flux distribution is not perfectly circular, reducing its peak values is essential to minimize
variations in inductance and torque. This work contributes to the existing literature by
providing a systematic approach for correlating winding and capacitor design with acoustic
performance, and by demonstrating how thoughtful design and manufacturing consid-
erations can directly reduce both electromagnetic and mechanical noise in single-phase
induction motors, thereby offering practical guidance for low-noise motor design. The
main contribution of this study is the identification of the coupled influence of capacitor
selection, winding configuration, and rotor eccentricity on acoustic noise behavior. This
relationship is supported by both FEM analysis and experimental results (Table 3 and
Figure 5), demonstrating the combined effect of these parameters on electromagnetic ex-
citation and acoustic response. Furthermore, the study provides a novel framework for
integrating electromagnetic and mechanical design parameters, emphasizing how coor-
dinated design decisions can achieve measurable reductions in acoustic noise, which is
critical for both industrial and household motor applications.
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