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With the increasing use of electric motors as the primary propulsion system in vehicles, vibrations from the main
drive have decreased, making those from auxiliary drives more prominent. As a result, addressing audible noise and
vibration in the design of auxiliary motors for automotive applications has become increasingly important. These
compact drives, often located near passengers, are more audible compared to the main drive system. Consequently,
they may produce vibrations that can excite neighboring structures or components, leading to noise-related concerns.
Accurately measuring the structure-borne noise of permanent magnet motors presents a significant challenge. This
paper introduces an innovative approach to enhance the precision of vibration measurement and differentiate between
electromagnetic and mechanical sources of vibration, making it suitable for vibration measurements in sub-fractional
horsepower motors. Furthermore, the proposed measurement methodology provides valuable information on the
influence of design variations on vibration characteristics.
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1. Introduction

Electromagnetic forces are a primary source of vibration
in electric motors, generating various harmonics that can ex-
cite the mechanical structure of the motor(1). The increasing
demand for high-performance electric machines has inten-
sified research efforts to optimize the vibration behavior of
electric motors, with a particular focus on mitigating electro-
magnetic vibration sources to enhance acoustic performance.
Several studies have investigated the impact of electromag-
netic forces on mechanical vibrations in permanent magnet
motors as well as magnetic gears. For instance, research
on magnetic gears highlights how cogging torque and elec-
tromagnetic forces contribute to vibration and noise gener-
ation, necessitating advanced modeling techniques such as
finite element analysis (FEA) for accurate prediction and mit-
igation strategies(2). Similarly, in permanent magnet syn-
chronous motors (PMSMs), rotor eccentricity has been iden-
tified as a major source of increased radial electromagnetic
forces, leading to undesirable mechanical vibrations(3). This
phenomenon affects system performance by introducing har-
monic distortions that can amplify structural resonance ef-
fects. Additionally, in robotic applications, mechanical vi-
brations in actuators and joints can significantly degrade pre-
cision and motion stability. Techniques such as final state
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control and inertia compensation have been explored to sup-
press residual vibrations and improve response times(4). De-
spite these advancements, effectively decoupling mechanical
and electrical vibrations remains challenging, particularly in
systems where electromagnetic interactions are closely cou-
pled with mechanical dynamics. Yoshiura et al.(5) explored a
full-closed control system, introducing an anti-resonance vi-
bration suppression technique to overcome limitations caused
by anti-resonance frequencies in position feedback systems.
Their innovative approach significantly enhanced system sta-
bility by effectively suppressing unwanted vibrations. Hara
et al.(6) addressed electromagnetic noise in PMSMs through
synchronous PWM control, strategically shifting carrier wave
phases relative to modulated waves. This method neutralized
vibration-inducing ripple frequencies caused by space and
time harmonics, effectively reducing electromagnetic vibra-
tions. Soeda and Haga(7) specifically targeted the suppres-
sion of 12th-order torque ripple and radial force vibrations
in double-star PMSMs. Through harmonic current super-
position, they effectively mitigated both torque ripple and
radial vibrations simultaneously, achieving substantial reduc-
tions in vibration amplitudes. Rotor eccentricity in PMSMs,
a significant source of radial electromagnetic forces, has been
extensively studied due to its role in amplifying mechani-
cal vibrations and harmonic distortions(8). Addressing these
issues requires precise modeling techniques such as finite ele-
ment analysis (FEA), which have been increasingly utilized to
accurately predict and mitigate vibration-induced effects(9).

In a three-phase pulse-width modulation (PWM) inverter,
the sum of the phase voltages is inherently nonzero. Conse-
quently, the inverter produces a common-mode (CM) voltage,
which can lead to various forms of electromagnetic interfer-
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ence (EMI) within motor drive systems. One notable example
is the degradation of motor bearing life due to shaft voltage,
potentially causing mechanical vibrations(10). The order of
electromagnetic forces harmonics is related to factors such as
synchronous speed, the number of poles and slots, and the
excitation method (12), (13). In small motors, these forces are
relatively minor, typically on the order of one hundredth of a
Newton, requiring precise measurement methods (14). Mea-
surement becomes more challenging when vibrations from
the load are present, as they intertwine with electromagnetic
forces, complicating analysis. To investigate electric motor
vibrations, it is essential to understand how design changes
impact measurement outcomes. However, this task is com-
plicated further when electromagnetic and mechanical vibra-
tions mix, making it difficult to isolate and evaluate each factor
individually.

This paper proposes a method for measuring vibration in
sub-fractional horsepower motors, specifically those with an
output power of approximately 1 Watt. In such motors, de-
coupling vibrations caused by the load (e.g., an impeller) or
mechanical defects, such as bearing degradation, is challeng-
ing during post-processing due to the small amplitude of these
forces and the limited repeatability of tests. To overcome this
challenge, the proposed method mechanically isolates the mo-
tor’s load side from the stator. In this configuration, there is
no direct mechanical connection between the rotor and the
stator, which is the point of vibration measurement. As a re-
sult, the only forces transmitted to the measurement point are
electromagnetic, precisely the type of forces motor design-
ers aim to evaluate during the design phase. This practical
approach allows testing with various loads on a single motor
design or comparing different motor designs under a fixed
load, facilitating analysis of vibrations attributable solely to
electromagnetic forces.

The rest of this article is structured as follows: Section 2
describes the motor structure used as an example to illus-
trate the proposed vibration measurement method. Section 3
presents both conventional and proposed measurement meth-
ods. Section 4 analyzes the measurement results in two sce-
narios: first, by comparing the conventional and proposed
methods, and second, by demonstrating the effectiveness of
the proposed method through comparisons of sample cases
in healthy and non-healthy conditions arising from manu-
facturing imperfections. Finally, Section 5 summarizes the
findings.

2. The Example Case Motor Structure
The case study is an axial flux permanent magnet (AFPM)

motor with a ferrite core using printed circuit board (PCB)
winding (15). This motor is specifically designed to drive a
small radial fan for automotive applications, with a rated out-
put power of 1.15 watt. This motor was selected because,
in the actual application, the blades are directly connected to
the rotor and rotate via the same shaft and bearing as shown
in Figure 1. As a result, mechanical and electromagnetic
sources of vibrations combine. These combined forces are
then transferred either to the structure in real applications or
to force sensors for vibration measurements. This makes it
an ideal example for investigating both vibration sources to-
gether. Figure 2 shows the different parts of the motor, which
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Fig. 1. Exploded view of the case study; The PCB wind-
ing motor with a ferrite core.

Ferrite Core PCB Winding PMs

Fig. 2. Prototyped PCB winding motor components.

comprise a ferrite core, a PCB winding, ferrite magnets, and
the impeller. As illustrated, the stator core includes 24 slots,
while the rotor has 28 magnet poles. The stator teeth feature
a circular cross section, simplifying the assembly process and
reducing costs in PCB production. Table 1 presents the motor
specifications in detail.

Table 1. The Motor Specifications
Quantity Units Values
Rated average output torque [mN·m] 2.2
Rated power [W] 1.15
Air-gap length [mm] 0.3
Number of Pole pairs (𝑝) [-] 14
Number of slots (𝑍𝑠) [-] 24
Motor axial length [mm] 10
Motor outer diameter [mm] 50
Supply voltage [V] 12.8
Input current peak [A] 0.162
Rated speed [rpm] 5000
Magnet thickness [mm] 4.5
Magnet residual flux density [mT] 275

The prototype PCB incorporates a multilayer winding struc-
ture consisting of eight layers and a total of 24 coils. The
winding configuration is divided into three phases, with eight
series-connected coils per phase. The phases are connected
in a delta configuration. Inter-layer electrical connections are
established using vias, allowing current to flow between dif-
ferent PCB layers to complete each coil’s geometry. Figure 3
shows the overall winding layout and details the implementa-
tion of individual coils within the PCB structure. Each coil is
distributed across four PCB layers, with nine turns per layer,
resulting in a total of 36 turns per coil. This layered distribu-
tion enables a compact winding design while maintaining the
required turn count within the limited board area.
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Fig. 3. PCB winding layout showing multi-layer coil
structure and phase distribution.

3. Measurement Methods and Setups

3.1 Conventional Vibration Measurement Method
The conventional vibration measurement setup consists of
three-axis force sensors and follows the VW 82469 standard
(16). The force sensors are mounted on a stainless steel cylin-
der, which is decoupled from the bottom support. Due to
the cylinder’s mass significantly exceeding that of the system,
it is considered a rigid abutment according to the standard.
The measured data are collected via the 3-channel sound and
vibration measurement modules (NI-9232) from National In-
struments. As specified in the standard, the measured forces
from all attachment points are summed and presented in a
one-third octave band analysis. The standard defines three
operating limits based on different auxiliary application sce-
narios commonly found in the automotive industry. These
limits distinguish between:

• Auxiliary devices that operate only when the combustion
engine is running.

• Devices that can be activated when the engine is off, in-
cluding those that are automatically triggered when the
engine starts.

• Fully automatic auxiliary systems that operate while the
engine is off.

Figure 4 illustrates the test bench setup, including the con-
nected fan and force sensors. In this measurement approach,
mechanical vibrations-originating from sources such as rotor
unbalance or bearing defects are transmitted through the me-
chanical interfaces shown in Figure 5 and propagate through
the motor structure to the sensors. Although it is possible to
distinguish these mechanical vibrations from electromagnetic
ones during post-processing, complications arise when both
types of forces interact within non-linear structural materi-
als. This interaction can obscure the characterization of pure
electromagnetic forces. The challenge is especially signifi-
cant in sub-fractional horsepower motors, where the ampli-
tude of magnetic forces is inherently low, making separation
and analysis more difficult.

PCB Motor
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Rigid Support

Aluminum 

Housing

Mechanical 

Connection

θ 

Fig. 4. Conventional vibration measurement setup.
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Fig. 5. Cross-sectional view of the motor showing the
mechanical connection between the rotor and stator

.

3.2 Proposed Vibration Measurement Method To
accurately investigate the structural noise behavior of elec-
tric motors, it is crucial to evaluate the influence of elec-
tromagnetic design parameters on vibration characteristics,
thereby providing essential feedback for design optimization
and performance enhancement. However, this analysis be-
comes challenging when electromagnetic vibrations are cou-
pled with mechanical vibration sources, such as rotor unbal-
ance or bearing defects. The proposed measurement method
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Fig. 6. Cross-sectional view of the motor showing the
mechanically isolated rotor and stator.
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addresses this issue by mechanically isolating the load from
the sensors, thereby reducing the influence of mechanical
forces on the measured vibration data and enhancing the reli-
ability of electromagnetic force characterization.

Figure 6 shows a cross-sectional view of the motor, high-
lighting the absence of any mechanical connection between
the rotor and stator. As a result, the measurement point is
mechanically isolated from the rotating components.

Load Adjustment 

Point

Cross-Section View

Brake 

Section

Mounting Interface

Rotor Mounting 

Shaft

Fixation 

Section

Fig. 7. Eddy current brake used as the motor load, show-
ing cross-sectional view and mounting points.

Figure 7 illustrates the eddy current brake used as a load
for the motor. This brake was specifically designed for the
experimental setup and selected due to its negligible torque
ripple and torque-speed characteristics that closely match the
characteristics of a fan load, making it well-suited for this
application. Additionally, it offers flexibility in adjusting the
load magnitude, enabling testing under various load condi-
tions. As shown in this figure, different rotors can be mounted
on the eddy current shaft. The structure of the brake also al-
lows the rotor to be supported and rotated using the bearing
located on the eddy current side.

To hold the rotor, the eddy current brake integrated with
the rotor is mounted on a supporting structure, as shown in
Figure 8. This structure allows precise movement in three
directions (X, Y, Z) with a resolution of one-hundredth of a
millimeter. The rotor, aligned with the center of the stator,
is suspended from the top through its connection to the eddy
current brake. The relative positioning between the rotor and
stator is achieved through a one-time setup of the holding
structure. This position is saved in the controller and reused
for all subsequent measurements. The stator remains fixed to
the sensors and the stainless steel cylinder, maintaining the

Stepper Motors

Z-direction

Y-direction

Eddy Current 

Brake

Mounting Interface

Fig. 8. Holding structure used to mount the rotor
and eddy current brake, allowing precise three-axis
positioning.
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Fig. 9. Proposed vibration measurement setup.

same configuration as in the previous setup.
The final test bench, as shown in Figure 9, integrates all

key components necessary for accurate vibration analysis of
sub-fractional horsepower motors. The rotor is suspended
from the top-mounted eddy current brake. This configuration
ensures that only electromagnetic forces are transmitted to the
sensor, eliminating the influence of mechanical disturbances
such as bearing noise or rotor imbalance. The modular design
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Fig. 10. Teeth and poles passing frequencies.

of the setup also allows for easy replacement or modification
of rotor components, making it suitable for a wide range of
experimental conditions.

4. Measurement Results and Analyses
Magnetic forces are characterized by amplitude, spatial

shape, and frequency. Frequency is an important factor for
resonance prediction and is vital for noise, vibration, and
harshness (NVH) analysis (17), (18). This research focuses pri-
marily on the frequency analysis of the forces, as they can sig-
nificantly excite the components connected to the drive. The
force sensors used in the measurement method are capable
of detecting forces in a wide range of frequencies. Pulsating
forces are, by definition, in phase across both the stator and
the rotor. These forces are observed at the same frequency by
both the rotor and stator, similar to torque and counter-torque
interactions. A rotor pole will inevitably experience varia-
tions in magnetic forces at multiples of the stator slot passing
frequency, 𝑍𝑆 𝑓𝑅, where 𝑍𝑆 is the number of slots and 𝑓𝑅 is the
rotor’s mechanical rotational frequency. Conversely, a stator
tooth experiences variations in magnetic forces at multiples
of the pole-passing frequency, 2𝑝 𝑓𝑅, where 2𝑝 represents the
number of poles, as shown in Fig. 10.

As a result, pulsating forces occur in multiples of the
least common multiple (𝐿𝐶𝑀) between 𝑍𝑆 𝑓𝑅 and 2𝑝 𝑓𝑅 (17).
Therefore, the frequency at which these forces occur is given
by:

𝑓 = 𝐿𝐶𝑀 (𝑍𝑠 , 2𝑝) 𝑓𝑅 · · · · · · · · · · · · · · · · · · · · · · · · · · (1)

It should be noted that if there is any asymmetry in the rotor
poles and slots, pulsating forces with frequencies of 𝑍𝑆 𝑓𝑅 and
2𝑝 𝑓𝑅 will appear in addition to the 𝐿𝐶𝑀 between 𝑍𝑆 𝑓𝑅 and
2𝑝 𝑓𝑅. In the following subsections, two different scenarios
are analyzed to show the accuracy of the proposed measure-
ment method.

4.1 Validation of Measurement Precision Using Defec-
tive Components In this subsection, the vibration behav-
ior of the example case PCB motor with a healthy core and
a defective one is compared using the proposed measurement
method to prove its capability to detect and distinguish small
changes.

Figure 11 shows a microscopic view of one of the core’s
teeth, which was damaged during the prototyping process.
The tooth has a diameter of 3 mm, and the broken section is
marked. Although this defect is minor and does not impact
the motor’s overall performance, it introduces asymmetry in
the core. According to the analytical expression at the begin-
ning of Section 4, force at the 2𝑝 𝑓𝑅 frequency is expected to
appear in the measurements. Furthermore, during the pro-
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Fig. 11. Microscopic image showing the defective tooth
of the motor core..

totyping process, segmented rotor magnets were used. Due
to manufacturing tolerances, any asymmetry in the pole pairs
should result in a force with the frequency of 𝑍𝑆 𝑓𝑅 appearing
in the measurement results.

To investigate the impact of the aforementioned asymmetry
on vibration behavior, two tests were performed under iden-
tical conditions, with one test using a defective core. The re-
sulting forces were recorded and analyzed using a Fast Fourier
Transform (FFT), and the frequency-domain results are pre-
sented accordingly.

Figure 12 presents the measured forces along the X, Y, and
Z axes for the healthy core configuration. The figure is orga-
nized into two columns, with each column representing the
data from one sensor and each row corresponding to one of
the three force components. It is important to note that if the
angular separation between the two sensors (denoted as 𝜃 in
Figure 4) were exactly 180 degrees, the absolute values of
the X- and Y-axis forces would be identical for both sensors.
However, in this setup, the mounting angle is slightly less than
180 degrees, which accounts for the differences observed in
the X and Y force components measured by the two sensors.
To ensure accurate force values, the forces from all measure-
ment points—regardless of the number of sensors or the angle
between them—should be summed for each axis (X, Y, and
Z). This summation yields reliable results that can be used for
meaningful comparison between different test cases.

Figure 13 shows the summed forces derived from the data
in Figure 12. As observed, the dominant force component ap-
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Fig. 12. FFT analysis of forces along all three axes at
each measurement point for the healthy core.
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Fig. 14. FFT analysis of forces along all three axes at
each measurement point for the defective core.

pears at the 𝑍𝑆 𝑓𝑅 frequency, accompanied by sidebands—an
indication of unbalanced electromagnetic forces. The pres-
ence of a peak at the 𝑍𝑆 𝑓𝑅 frequency suggests that the rotor
poles are not perfectly symmetrical. Although the degree
of asymmetry is small, it is successfully detected using the
proposed measurement method.

Figure 14 presents the force measurements along all three
axes for both sensors in the case of the defective core, while
Figure 15 shows the corresponding summed forces.

In addition to the components observed in the healthy core
measurements, a distinct force appears at the 𝑝 𝑓𝑅 frequency.
The defect also influences the amplitudes of other frequency
components; for example, the amplitude at the 2𝑝 𝑓𝑅 fre-
quency increases slightly, and a significant rise is observed at
the (𝑍𝑠 − 1) 𝑓𝑅 frequency, which is attributed to the presence
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Fig. 15. FFT analysis of forces along all three axes for
the defective core.

of a broken tooth. Overall, the vibration spectrum is notice-
ably affected due to the asymmetry introduced by the defect.
The comparison between Figures 13 and 15 validates the ac-
curacy and sensitivity of the proposed measurement method
in detecting minor structural changes in the motor.

4.2 Comparison Between Conventional and Proposed
Measurement Methods Figure 16 illustrate the mea-
sured structure-borne noise in the one-third octave band for
the PCB motor using both the conventional and proposed vi-
bration measurement methods, respectively, as described in
section three. The motor is excited by a three-phase sinusoidal
voltage and operates at 5000 rpm, with a consistent load of 2.2
mN·m applied for both measurement methods. According to
the Section 4.1, forces from all attachment points are summed
and presented as a one-third octave band spectrum (16).

The primary distinction between these two measurements
lies in the type of load and its connection to the measurement
points. In the conventional method, the load is a fan that is
mechanically connected to the measurement points, allowing
both mechanical and electromagnetic forces generated by the
rotating parts to influence the measurements. In contrast,
the proposed method utilizes an eddy current brake as the
load, which has no mechanical connection to the measure-
ment points. This isolation ensures that only electromagnetic
forces are transmitted and recorded during measurements, ef-
fectively eliminating any interference from mechanical forces
caused by rotating components.

The results are plotted on a logarithmic scale for both force
and frequency, with the limits represented as three distinct
lines. The frequency range is selected up to 1000 Hz, which
is typically the most critical range for vibration analysis. The
comparison reveals that, across all frequencies, the amplitude
of the measured force using the non-isolated method is con-
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Fig. 16. One-third octave band analysis of structure-borne noise measured using both conventional and proposed
methods.

sistently higher than that of the proposed method. In certain
frequencies, the amplitude is more than 100 times greater,
exceeding the specified limits at six points.
Considering 𝑓𝑅, which is the frequency corresponding to the
rotational speed of 5000 rpm, and comparing the forces at this
frequency, it becomes evident that the fan experiences me-
chanical unbalance. While this mechanical issue can be dis-
regarded during the analysis as a non-electromagnetic source,
it is important to note that the amplitudes of all other forces
across different frequencies are influenced by this unbalance.
Moreover, if there is a bearing issue or a fan with varying
levels of unbalance, it can alter the force signatures. These
problems are particularly pronounced in sub-fractional horse-
power motors, where the absolute force values are very small
and can be easily affected.

All of these uncertainties complicate the replication of mea-
surement results and make it challenging for motor designers
to concentrate on structure-borne noise caused by electro-
magnetic forces. In contrast, with the proposed method, the
sensors exclusively measure electromagnetic forces, resulting
in considerably more accurate and repeatable outcomes.

5. Conclusions

This study presents a novel vibration measurement method
tailored for sub-fractional horsepower motors, offering a sig-
nificant improvement in the accuracy of electromagnetic force
characterization. By mechanically isolating the rotor and load
from the stator and sensors, the proposed approach eliminates
interference from mechanical disturbances such as rotor im-
balance and bearing imperfections. This enables a more pre-
cise evaluation of electromagnetic forces, which are critical
for NVH assessments in compact motor designs.

The findings have direct practical implications for motor
designers and engineers. The proposed setup provides a re-
peatable and interference-free environment to evaluate the
vibrational impact of design changes. This allows designers
to optimize rotor and stator geometries with a higher degree
of confidence, leading to quieter and more reliable motor

design,—particularly important in automotive auxiliary ap-
plications where audible noise is a growing concern.

Future work will involve validating the proposed approach
through finite element simulations and comparing these re-
sults with measured data. Additionally, the method can be
extended to evaluate the influence of other factors such as
winding topology, core geometry, and thermal expansion on
vibration characteristics. Ultimately, this work lays the foun-
dation for a standardized measurement approach that supports
the development of low-noise, cost-effective electric drives.
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