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Abstract—This article presents an experimental setup ded-
icated to the analysis of magnetic noise and vibrations in
radial flux electrical machines. Both electromagnetic excitation
and structural response of the electrical machine are simpli-
fied to provide the first benchmark of the phenomenon of
electromagnetically-excited noise and vibrations. The test bench
properties as well as the magnetic, vibration and acoustic
upcoming extensive measurements are shared to the scientific
community, providing a clear reference case to compare differ-
ent modeling and simulation approaches.

Index Terms—Electric machines, Magnetic forces, Noise,
Vibrations, Experimental, Test bench.

I. INTRODUCTION

The vibro-acoustic performances of an electrical machine
at variable-speed is a key factor in its design along electrome-
chanical and thermal performances. Including the emitted
noise and vibrations level in the design process requires
a dedicated multi-physics simulation which weakly couples
electromagnetic, structural mechanics and acoustic models
[1], as shown in Figure 1. In particular, both electromag-
netic and mechanical models have to be finely detailed to
accurately compute the time and space distribution of the
electromagnetic forces and the resulting vibration level of
the machine’s structure. Besides, for variable-speed machines
such as traction machines, the simulation has to be performed
for several points of the speed cycle to assert potential
resonance issues between magnetic forces and structural
modes of the machine [2], [3].

Therefore, this multi-physics modeling often requires a
high level of discretization over time, space and speed oper-
ating points. Even if numerical models enable to accurately
predict noise and vibrations levels, they are too much time-
consuming to be systematically used at early design stages
[4], especially in presence of high frequency phenomenon
such as Pulse Width Modulation (PWM) [5], [6]. Hence,
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Fig. 1. Multi-physics modeling for noise and vibration assertion in electrical
machines [15].

TABLE I
QUALITATIVE COMPARISON ON PERFORMANCES CRITERIA.

PMMF SDM MEC FEM
Tangential component - + + +
Accuracy versus computation time ++ + +- - -
Local saturation - - + ++
Adaptability to complex geometries - +- +- ++
3D Effects (skewing, end-effect) - +- +- +

analytical and semi-analytical models have been developed to
quickly and accurately estimate the vibro-acoustic behavior
of electrical machines [7]. The main (semi-) analytical elec-
tromagnetic models are the Permeance-MagnetoMotive Force
model (PMMF) [8] and the SubDomain Model (SDM) [9],
followed by the Magnetic Equivalent Circuit (MEC) model.
PMMF, SDM, MEC and Finite-Elements (FE) models are
qualitatively compared in Table I [10].

Concerning the structural mechanics, many analytical
models are applicable to predict the dynamic response of
the machine’s external structure. They mostly consist in
representing the structure as an equivalent isotropic thin
cylindrical shell or thick cylinder whose mass and stiffness
have been pondered to include teeth and windings effect [1],
[8], [11], [12]. The mechanical behavior of the equivalent
structure is assumed to be linear. Then the dynamic response
is obtained using Electromagnetic Vibration Synthesis (EVS),
which consists in the superposition of the contribution of
each harmonic of force pondered by its Frequency Response
Function (FRF) [13]. The FRF are previously computed
using analytical unit-magnitude rotating force waves [14].
The noise level is finally asserted based on the vibration
velocity and the radiation factor of machine’s external
surface [1].

However, several key aspects of the multi-physics mod-
eling are still under investigation in the literature, such as:

1) the interaction between radial and tangential air gap



forces and their influence on yoke’s radial vibrations
[16], especially for electrical machines with few teeth
and a large tooth length to yoke thickness ratio. In many
analytical studies the tangential forces are neglected as
their magnitude in much smaller than the one of radial
forces [1], [3].

2) the spatial sampling effect of tooth on the air gap mag-
netic field. In case of under-sampling, force harmonics
with high spatial orders may excite lower structural
modes due to aliasing effect. This phenomenon exists
in topologies where the number of teeth is close to the
number of poles [17];

3) the computation of magnetic forces applied to a slot-
ted structure, regarding the method formulation which
depends on the electromagnetic model (mainly Virtual
Work Principle for FEM [18] versus Maxwell Stress
Tensor for (semi-) analytical models [1], [10]) and
also on the modeling assumption (either local (or
nodal) forces applied everywhere on the surface or
lumped forces (resultant) applied on each tooth) whose
equivalence is still under discussion [19].

4) the noise and vibrations reduction strategies including
passive reduction (such as rotor and/or stator skewing
[20], [21], rotor and/or stator notching [22], [23],
magnetic wedges [7], flux barriers [24], etc.) and
active reduction through control strategy (current
injection [25], [26], effect of stator current load angle
[27], damper winding [28], etc.).

Therefore, this paper deals with the design of an electrical
machine prototype which aims at illustrating and answering
all of the above research axes about noise and vibrations due
to magnetic forces in electrical machines. This is the first part
of a benchmark project on vibro-acoustics of electrical ma-
chines which wishes to improve the scientific comprehension
on the topic by sharing publicly all data (including design,
materials etc.) and deeply discussing the results.

As a first part of the project, this paper mainly focuses
on the choice of the prototype’s design to achieve the bench-
mark purposes. The adopted design is a Surface-mounted
Permanent Magnet Synchronous Machine (SPMSM) with 12
stator slots and 5 pole pairs (12s10p). This choice results
from several considerations on how to generate noise and
vibrations in electrical machines, resulting from a pre-design
based on the analytical multi-physics modeling presented in
the introduction.

Then, all the prototype’s characteristics are detailed in-
cluding geometry and materials properties. The final design
is validated with a simulation study performed on MANA-
TEE [15], a simulation software specialized in the integrated
electromagnetic and vibro-acoustic design of electrical ma-
chines. The last section describes the test bench and the
different steps of the experimental benchmark, including
magnetic, vibration and noise measurements.

II. DESIGN APPROACH AND SPECIFICATIONS

The main design constraint imposed to the prototype
is the ability to magnetically excite several modes of the
external structure in the audible frequencies. The different
modes should occur at distant natural frequencies so that each
resonance phenomenon can be clearly isolated and identified.

Another constraint concerns the magnetic forces produc-
tion. For the sake of clarity, the prototype’s design is inten-
tionally simplified to only tackle the intrinsic complexity of
magnetic forces and structural interaction. As said previously,
this complexity mostly resides in the computation, projection
and superposition of magnetic forces on a slotted structure in-
cluding tangential and under-sampling effects (see objectives
1)-3) in the Introduction). It is easier to study these physical
aspects if the harmonic content of the magnetic forces is
finite, discrete, sparse and unambiguously identifiable.

Then, the slots must be sufficiently deep and large to
place accelerometers on the teeth sides to observe tangential
vibrations. In fact, this constraint agrees with the objective of
observing tangential effects, as long teeth should emphasize
the yoke displacement due to the tooth bending induced by
tangential forces. Likewise, assuming large slots naturally
limits the maximum number of slots hence it increases the
under-sampling effect for a given number of poles.

Besides, the air gap has to be large enough to insert a
network of eddy-current coil sensors and measure the time
and space distribution of the air-gap flux density. To the
author’s knowledge, such measurement has not been carried
out yet inside the air gap of electrical machines and is one
of the benchmark’s main original features. The influence of
a large air gap on the previous constraints is mitigated. The
larger is the air gap, the more spatial harmonics with high
wavenumbers are filtered, but the lower are the tangential
forces applied on teeth, as a direct consequence of filtering
slotting harmonics.

Finally, the chosen design must comply with the assump-
tions of the (semi-)analytical magnetic and acoustic models
presented in the introduction, in particular:

• the SubDomain Method (SDM) for electromagnetic field
computation, which implies polar geometry and mag-
netic linearity of ferromagnetic parts ;

• acoustic analytical radiation factor including the radia-
tion of the support frame ;

Concerning the structural modeling, investigating the in-
teraction between magnetic forces and slotted structures is
obviously contradictory with validating the structural mod-
els based on slotless equivalent cylinders. Hence the main
contribution on the structural side consists in investigating
and pushing the limits of the analytical structural models to
estimate natural frequencies and tangential effects.

The next section explains the choice of the SPMSM
12s10p topology based on a pre-design using the classic ana-
lytical structural regarding the previous constraints. The pre-
design follows a reverse engineering methodology, starting



Fig. 2. Spatial harmonics of the air gap radial pressure for the adopted
SPMSM 12s10p topology at no-load and computed with SDM.

from the vibro-acoustics considerations, deducing the best
electromagnetic excitation thus giving the final topology.

III. DISCUSSION ON THE PROTOTYPE DESIGN

A. Magnetic Forces Specifications

In this analytical pre-design, the slotted structure is trans-
formed into an equivalent cylindrical structure. As the mag-
netic force is continuously applied on the interface between
the air gap and the cylinder, the excitation can be equivalently
seen as a force or a pressure. Furthermore, the tangential
pressure is neglected as it cannot induce a radial displacement
of the cylinder. The harmonic content of time and space
distribution of the radial magnetic pressure prad(t, θ) is
determined by performing a 2D Fourier Transform :

prad(t, θ) = <(

n=+∞∑
n=−∞

r=+∞∑
r=−∞

P̄ radn,r e
j(2πnft−rθ)) (1)

where:
• P̄ radn,r is the complex magnitude of the harmonic (nf, r),

with the magnitude: P radn,r = |P̄ radn,r | and the phase:
φn,r = arg(P̄ radn,r ). As prad(t, θ) is a real signal,
conj(P̄ radn,r ) = −P̄ rad−n,−r which reduces the relevant
harmonic content only to the positive frequencies.

• (nf, r) is the couple of frequency and wavenumber for
each harmonic. f is the synchronous frequency. n is a
positive integer for synchronous machines and is real
positive for induction machines. r is a relative integer;

¡
Fig. 2 shows the first spatial harmonics of the air gap

radial pressure at a specific instant, for the adopted SPMSM
topology. The real slotted geometry is represented in blue
dotted line and the equivalent cylinder is the continuous
external black ring. It can be seen that the main spatial
harmonics of pressure are at r = 0, r = 2p = 10 and

r = Zs = 12. However, these pressure harmonics interact
differently with the structure. In fact, the induced vibration
level generally depends more on the frequency order and the
wavenumber of the pressure harmonic than on its magnitude
in case of resonance effect. The next subsection qualitatively
explains the influence of the mode order and the geometrical
parameters on the induced vibration level.

B. Vibration Specifications

The complex vibration level V̄ dn at a given frequency
derives from the dynamic displacement Ūdn of the external
structure:

V̄ dn = j2πnfŪdn (2)

The dynamic displacement Ūdn is obtained from the
Electromagnetic Vibration Synthesis (EVS), which consists
in summing each harmonic of pressure P̄ radn,r=m weighted by
the corresponding spatial FRF of mode order m:

Ūdn =

r=+∞∑
r=−∞

FRF (nf, r)P̄ radn,r=m (3)

The Frequency Response Function (FRF) can be actually
defined as the dynamic displacement of the external structure
subject to a unit-magnitude rotating force waves (meaning
P̄ radn,r=m = 1) with a certain frequency nf and wavenumber
r. The FRF can be computed using analytical models of
equivalent cylinders [3], [11], finite-element models [29] or
experimental modal analysis. The FRF accounts for potential
resonances between each force harmonic P̄ radn,r=m = 1 and
structural modes of order m associated to their natural
frequency fm. Under the common assumption of neglecting
under-sampling effect, the resonance occurs when:

r = m & nf ≈ fm (4)

For m ≥ 2, the classical analytical models as in [3] show
that natural frequencies increase according to the mode order
m at the power of 2. f0 and f1 are usually much higher than
the first natural frequencies fm, due to the cylinder’s stiffness.
Natural frequencies also increase with the dimensionless
geometrical ratio Rsy/hsy , where Rsy is the cylinder outer
radius and hsy its thickness.

An analytical study also enables to show the influence
on mode order and geometry parameters on the FRF. FRF
maximum peak increases with the dimensionless geometrical
ratio Rsy/hsy and decreases with the mode order at the power
of 4 for mode orders m ≥ 2. The structure acts like a low-
pass filter on the wavenumbers, as displacements for m = 10
and m = 12 are much smaller than for low modes such as
m = 0 (”breathing mode”) and m = 2 (”ovalization mode”).
The FRF for m = 0 and m = 1 have naturally their maximum
peak higher than for low modes as they appear around their
corresponding natural frequency.

It is worth mentioning that mode m = 1 can be excited
in presence of Unbalanced Magnetic Pull (UMP), due to



the existence of force harmonics with wavenumber r = 1
(induced by eccentricity, irregular magnetization, fractional
winding etc.). Exciting this mode should be avoided for the
prototype because it creates mechanical eccentricity and lots
of parasitic forces.

As a conclusion, the prototype should generate noise and
vibrations due to the excitation of low-order structural modes,
in order to increase the vibration level and have the lowest
values of natural frequencies. The ovalization mode (for m =
2) has the lowest natural frequency and is the easiest one to be
excited for the benchmark purposes. Its naturally frequency
can be adjusted in the audible range by setting properly the
stator dimensions. Consequently, the magnetic field should
create force harmonics of wavenumber r = 2 to excite the
ovalization mode.

C. Magnetic Field Specifications

The aim is to produce force harmonics of wavenumber
r = 2. The magnetic force waves are created by the
interaction of rotating magnetic field waves. In fact, a single
rotating field wave is sufficient to create a rotating force wave
and excite the structure as it is shown thereafter. The pressure
distribution is given by the Maxwell Stress Tensor, such as:

prad(t, θ) =
Brad(t, θ)

2 −Btan(t, θ)
2

2µ0
[N.m−2] (5)

ptan(t, θ) =
Brad(t, θ)Btan(t, θ)

µ0
[N.m−2] (6)

where prad and ptan are the radial and tangential compo-
nents of the magnetic pressure, Brad and Btan are the radial
and tangential components of the flux density and µ0 is the
void magnetic permeability.

The same Fourier transform as in Eq. (1) can be done to
the tangential forces and tangential flux density distributions.
It is worth mentioning that both components have the same
harmonic content, only the complex magnitudes differ [16].
For the numerical computation of Fourier transform, the
series are truncated to a finite number of frequency and
wavenumber values, respectively N and R. Using the con-
volution approach, the complex magnitude of the exciting
pressures is related to those of the radial and tangential flux
densities as follows [30]:

P̄ radn,r =
B̄radn,r ∗ B̄radn,r − B̄tann,r ∗ B̄tann,r

2µ0
(7)

P̄ tann,r =
B̄radn,r ∗ B̄tann,r

µ0
(8)

where P̄ tann,r is the complex magnitude of the tangential
force harmonics, B̄radn,r and B̄tann,r are the complex magnitude
of the radial and tangential flux density harmonics and ∗ is
the convolution operator such as:

X̄n,r ∗ Ȳn,r =
1

4NR

l=N∑
l=−N

k=R∑
k=−R

X̄l,k ∗ Ȳn−l,r−k (9)

In conclusion, due to the convolution product, a flux
density harmonic either interacts with itself if X = Y ,
l = n − l and k = r − k, or it interacts with another
harmonic with different frequency order and wavenumber. A
force harmonic with a low non-null wavenumber is obtained
as soon as two different flux density harmonics with close
wavenumbers combine themselves, even if they are flux
density harmonics with high wavenumbers. This implies that
the flux density spectrum should not actually be sparse to
have harmonics with close wavenumbers.

Besides, force harmonics with odd wavenumbers only
exist if there are both even and odd wavenumbers in the
flux density spectrum. Therefore, the flux density spectrum
should exclusively contain either even or odd wavenumbers
to avoid exciting odd orders of structural mode, in particular
m = 1.

Finally, Eq. (9) also shows that X non-null harmonics of
flux density create exactly 2X − 1 components in the pres-
sure’s spectrum. Therefore, reducing the harmonic content
of the flux density reduces twice as much the one of the
magnetic forces.

D. Topology Specifications

In real machines, the flux density’s harmonics content is
mainly due to the following factors:
• the discretization of the magnetic sources along the air

gap (winding distribution, magnetization pattern etc.)
which produces non-sinusoidal spatial MMF;

• the variation of the air gap permeance due to stator and
rotor slotting effects, saturation, pole shaping etc. which
modulates the MMF in time and space;

• the voltage control (such as PWM) which generates ad-
ditional time harmonics in the stator current waveform.

• fault situations or manufacturing tolerances, such as
demagnetization, eccentricities, broken bar etc.

Then, the sparsity of the flux density spectrum depends
on the periodicity of the time and space distribution of the
flux density. The spatial periodicity depends on the main
topology’s parameters: number of poles, phases, stator and
rotor slots. The time periodicity depends on the AC supply
periodicity. It also depends on if the rotor mechanical speed
is synchronous or not. In induction machines, the mechanical
slip generates asynchronous harmonics which coexists with
synchronous ones and causes spectral leakage, except for
particular values of slip. Besides, there are naturally more
harmonics in induction machines than synchronous machines
at variable speed due to rotor slotting and local saturation.
Due to these drawbacks, induction machines are eliminated
from the available topologies.

Thus the prototype is chosen among the different topolo-
gies of synchronous machines, which actually mostly differ



on the rotor topology: Surface PM, Interior PM, Wound Rotor
(WR), Synchro-Reluctant (SyRM). The main advantage of
PM and wound rotors compared with SyRM is the ability to
excite the stator only with the rotor field, hence mechanically
separate the magnetic excitation from the excited structure.
Besides, it does not require PWM to generate a rotating field
at variable frequency, which would add many new harmonics
of force. However, the rotor has to be driven by an external
motor which increases the cost and the technical complexity
of the test bench. Indeed, the driving machine must be
vibro-acoustically isolated from the prototype to cancel any
perturbations on the prototype’s measurements.

The SPM rotor topology is finally retained as it is free
from rotor slotting and saturation effects at no-load, which
is not the case of IPM and WR.

The last step of the pre-design consists in choosing the
number of pole pairs p and stator slots Zs of the SPMSM
prototype, which automatically sets the spatial periodicity of
the magnetic field and forces. They must be chosen in oder to
produce at least force harmonics of wavenumber r = 2 and
excite the ovalization mode. In SPMSM at no-load, the lowest
non-zero wavenumber rmin is given by the well-known GCD
rule:

rmin = GCD(Zs, 2p) = 2 (10)

If Zs is even and p = 1, rmin = GCD(Zs, 2) = 2
so the condition is fulfilled. However, it disagrees with the
constraint of choosing a close number of poles and stator
teeth, which is required to study the under-sampling effect.
Besides, increasing the number of poles enables to reduce the
rotating speed N of the driving machine and therefore the
mechanical tolerances of the test bench. The 12s10p design
is finally retained because it is a realistic topology which is
also known to be particularly noisy.

With this topology, there are two harmonics of order
r = 2 at 8f and 10f which can excite the ovalization
mode between N = 2000 and 5000 RPM, depending on
the natural frequency. However, these are not the highest
excitation harmonics of order r = 2. The highest one is
the first stator slot harmonic at (2f, Zs − 2p). It excites the
ovalization mode if 2f ≈ f2, meaning N = 60f/p ≈ 6f2
RPM, which requires a high speed driving machine.

IV. TEST BENCH PROPERTIES AND MEASUREMENTS

A. Setup and parameters

The main parameters of the prototype are detailed in Fig.3
and Table II. The air gap measures 2.5 mm in order to setup
the air gap flux density sensor. The slot is sufficient wide to
stuck tri-axis accelerometers on the side of the tooth in order
to measure radial and tangential vibrations at tooth tips. The
lamination stack is pressurized by two lateral rings joined by
four bolts. The lateral rings have holes to enable passing of
instrumentation wires.

Fig. 3. Prototype SPMSM 12s10p topology description

TABLE II
BENCHMARK PROTOTYPE PARAMETERS.

Parameter Symbol Value
Number of poles p 10

Number of stator teeth Zs 12
Air gap length g 2.5 [mm]

Stator lamination M400− 50A
Stator bore radius Rsbo 48 [mm]
Stator yoke height Hsy 5 [mm]
Stator tooth length Htooth 20 [mm]
Stator outer radius Rsy 73 [mm]
Stator stack length Lst1 140 [mm]
Stator slot width Ws 18 [degrees]

Permanent magnet NdFeB(N42)
Magnet width Wmag 36 [degrees]

Magnet top radius Rmag 45 [mm]
Magnet height Hmag 5 [mm]
Magnet length Lmag 70 [mm]

Magnet sleeve height 0.5 [mm]
Magnetization orientation parallel []

Rotor steel C22(XC18)
Rotor bore radius Rrbo 40 [mm]
Rotor shaft radius Rry 20 [mm]

Rotor length Lst2 140 [mm]

The test bench including the prototype and the driving
machine is illustrated on Fig. 4. The driving machine is a
DC machine for the easy variable speed command. Both
machines are coupled with an axial flux magnetic coupling
to limit the direct torque and axial force ripple transmission.
They are fixed on two independent T-slot tables which are
fixed on a common base frame. Silent blocks are screwed
between T-slot tables and the base frame to reduce the
vibration transmission through the base frame. Hence the
test bench is robust to shaft eccentricity and misalignment
between the two machines and the prototype is vibrationally
isolated from the driving machine.

B. Magnetic simulation and experimental validation

The flux density is computed using the Subdomain
method (SDM) including ferromagnetic parts with linear
finite permeability [31], as shown on Fig. 5. SDM is validated
with finite-element analysis and experimentation. First, the
real magnetization pattern is checked by measuring the flux
density on all the rotor surface using a Hall effect probe and
compared with 3D FEA (not shown in this article). Then,



Fig. 4. Benchmark prototype (without stator) on the right and driving DC
machine on the left. Twelve mono-axis accelerometers are placed on the
stator surface to capture modal and operational deflection shapes.

Fig. 5. Flux density and flux lines at no-load using subdomain model.

the flux density in each tooth is experimentally obtained by
measuring the induced voltage in coils surrounding each tooth
(represented on Fig. 5). The comparison is shown on Fig. 6
for the first tooth at 500RPM and a good agreement is found
between experiment and simulation.

C. Stator modal analysis

The stator experimental modal analysis is performed in
the test bench condition. The lamination stack is pressurized
by four bolts with a tightening torque of 7N.m. The tighten-
ing torque has an effect on natural frequencies (not illustrated
here) and must be known to fit with simulation models. The
mode m = 0, 2, 3, 4 respectively appear at f0 = 7536Hz,
f2 = 720Hz, f3 = 1495Hz, f4 = 2424Hz. The ovalization
mode m = 2 is easily excitable with the surface PM rotor
as explained in Section III-D. The global FRF including all
structural modes is illustrated on Fig. 7 and the experimental
modal shapes are reconstructed on Fig. 8. Other peaks appear
between f4 and f0 due to resonance with both circumferential
and longitudinal modes.

V. CONCLUSION AND PERSPECTIVES

This article presents a test bench for the experimental
study of noise and vibrations due to magnetic forces in
electrical machines. The test bench aims at clearly illustrating
the electromagnetic and structural interactions in electrical
machines, including tangential effects and low-mode vibra-
tion generation due to teeth under-sampling effects.

Fig. 6. Induced voltage comparison between SDM and experimentation.
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Fig. 7. Global FRF including all structural modes of the stator prototype.

Fig. 8. Experimental modal shapes.

The second purpose is to create the first benchmark
of electromagnetic and vibro-acoustic analysis in electrical
machines. This benchmark consists in comparing and vali-
dating the analytical and numerical multi-physics simulations
with the test bench experimental results. In perspectives, the
following measurements will carried out:
• Electromagnetic air gap flux density measurement ;
• Operational modal analysis of the test bench;
• Vibration measurement including teeth radial and tan-

gential vibrations compared with yoke vibrations;
• Acoustic and sound directivity measurement in semi-

anechoic chamber;
• Transfer path analysis of the vibrations in the machine

and its structure.
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