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Abstract
The search for cheaper bring the industry to consider permanent magnet less or even free electrical ma-
chines. However extremely high and prohibitive level of acoustic noise might occur from these designs due
to the large magnetic forces acting on their stator, essentially due to stator core resonance phenomena. Being
axially laminated, the stator core shows non trivial mechanical behavior. The frictional contacts between
laminations play a significant role in the energy transfers inside the entire core. Hence they give the pos-
sibility to tune the manufacturing and stacking process of the core to dissipate this energy. Firstly, a novel
lamination stacking technique is thoroughly hypothesized. Then experimental validations jointed with result
significance evaluations are carried out and show damping capabilities of critical modes responsible for high
vibrations and acoustic noise of electric machines. The hypotheses made earlier to motivate the implemen-
tation of the novel stacking technique are finally validated and confirm the potentials of the technique.

1 Introduction

The growing interests in electrification of transportation to cope with the new regulations imposed, bring the
need for cheaper designs. In particular the powertrain has lately been extensively studied to that purpose.
Eventually rare-earth free electrical machines are good candidates to reduce manufacturing cost, and research
activities follow this trend [19]. However, those designs might show higher levels of acoustic noise compared
to conventional designs already used in current Electric Vehicles (EV). Several noise categories define the
signature of an electric machine noise: aerodynamic, mechanical, electronic and magnetic [8, 26]. But
because of its tonal characteristic, the latter is often considered to be the major contributor to unappreciated
sound.

It is caused by an electro-magneto-mechanical phenomenon, largely studied in literature [8, 24, 7]. The
rotating magnetic flux density induced at the air gap of the machine produces magnetic forces acting on the
stator teeth. These time-varying forces excite the stator that consequently vibrates and generates acoustic
pressure waves that travel outwards through the air, i.e. sound is produced. Hence the signature of this
noise depends directly on the force profile and the vibrating transfer structure. Design optimization for noise
mitigation can therefore be addressed from the source side (force) and/or from the transfer side.

Important features of the radiated magnetic noise typically include order lines and resonance phenomena
[12]. The order lines represent high amplitudes which frequency vary with the rotational speed. They are
directly related to the current profiles which fundamental and sub-harmonics are affected by several features
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such as machine geometry, topology, number of phases, etc. The resonance phenomena however show high
amplitudes at fixed frequencies, independently of the rotational speed, which indicates a correspondence to
structural mode vibration of the system [15]. Any structure can be decomposed in an infinite set of orthogonal
modes that have unique shape (space distribution) and frequency (time distribution). In the case when both
space and time distribution of the magnetic forces and modes match, large levels of vibration and acoustic
occur, one refers to as resonance phenomenon. From a psycho-acoustic point of view, these induced high
tonal noises can be perceived quite annoying [13].

Several solutions can be adopted address this problem. Part of which, one has degrees of freedom on the
current waveforms that can be optimized [21, 22] through control refinements and/or machine topology op-
timization. Optimum number of rotor poles and stator slots can also change drastically the acoustic behavior
of a machine [10]. Rotor/stator skewing are common methods to reduce acoustic noise; in the first case
it shapes the forces such that the modes are not excited, and in the second case it affects the mode shapes
which are not activated by axially-independent forces [30, 6]. Furthermore machine efficiency is reduced by
skewed designs, which has to be avoided in general. Overall, these techniques can be beneficial but with the
high constraint of re-optimizing the control algorithms due to changes in machine concept design.

In this paper, an alternative solution to resonance mitigation is proposed and benefits from not changing
the concept design of the electric machine, thus not increasing design costs. It proposes a novel lamination
stacking technique that permits to reduce resonance vibration of targeted modes from the laminated stator
core. It essentially uses a different distribution of welds that permits to enhance vibration damping phenom-
ena. Section 2 explains and formulates hypotheses why this technique should improve structural damping.
Section 3 describes the experimental campaign carried out to prove the concept, and Section 4 presents the
experimental results, with a particular emphasis on validating and/or invalidating certain hypotheses priorly
made.

2 Methodology

2.1 Fundamentals of structural dynamics

A linear vibrating structure transferring energy from an exciting source to the surrounding medium (e.g. air)
can be uniquely characterized by three modal characteristics: the mode shape {Xk}, the natural frequency
ωk and the modal damping ratio ξk. A finite number of Frequency Response Functions (FRF) representative
of vibration paths relating an input source to output vibrations, permit to build the transfer function matrix
[H(ω)] derived as [9],

[H(ω)] =
N∑

k=1

[Ak]

jω − λk
+

[Ak]
∗

jω − λ∗k

where λk =− ξkωk + j
√

1− ξ2kωk

(1)

where the terms [Ak] and [Ak]
∗ are the residues which depend on the scaling factorQk and the modal vectors

{Xk},
∀k ∈ [1..N ], Ak = Qk{Xk}{Xk}t (2)

The output displacement X(ω) which is the forced response to harmonic excitation is simply derived from
the multiplication of the FRF matrix [H(ω)] with the excitation force vector {F (ω)}. First it is clear that
in the case of harmonic excitation F (ω) at frequency ω = ωk, a large response X(ω = ωk) is generated
when damping is low: referred to as resonance. Second, it is interesting to note that the columns of [Ak] are
proportional to each other, i.e. each column j is sufficient to reconstruct the full matrix, except if this column
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coincides with a null modal coefficient {Xk}j [9]. The corresponding row and column of [Ak] will then be
zero. This presupposes that a mode cannot be detected if the excitation is applied at a node point (null modal
vector coefficient) of a mode. Generally the modal participation factor matrix [L] is defined,

[L] = [Q1{X1} ... QN{XN} Q∗
1{X1}∗ ... Q∗

N{XN}∗]t (3)

It is a measure of the excitation efficiency of each DOF for each mode, and can be used extensively to
know the best excitation location to (de)activate certain modes. Ultimately, the resonance effect coming
from the match of the force distribution with the modal characteristics of the structure is attenuated by large
modal damping values. As such, dedicated damping strategies are welcome for reducing the acoustic noise
radiation.

2.2 Application to the laminated stator core

Resonance phenomena that occur in rotating electric machines essentially come from structural mode exci-
tation and can be particularly annoying due to their tonal characteristics at high frequencies, i.e. at the order
of a few kilo Hertz. In general, it is agreed that the modal characteristics of an electric machine for EV
application are dominated by the laminated stator core [8, 29, 28, 18].

As being very close geometrically to thick cylinders, the stator cores have similar modal characteristics,
including mode shapes. They are commonly defined by particular combinations (nr, nz) of radial mode order
nr and axial mode order nz . Besides there exist modes with azimuthal, torsion, shear and axial deformations
but usually do not contribute significantly to the acoustic noise of a machine. For instance, the first flexible
mode shapes (nr, nz) are illustrated in Fig. 1. Two sets of highly recurring modes are referred to as the
pure radial A(nr, 0) and radial with transverse anti-symmetry B(nr, 1) modes. For the sake of consistency,
symmetries are defined as follows: the axial symmetry represents the symmetry around the z axis, and relates
to the independence of the object parameter upon azimuthal direction θ, the radial symmetry represents
the condition of having similar object parameter parts regularly arranged around the central axis z, and the
(perpendicular) transversal symmetry is the symmetry related to the middle plane parallel to the cross-section
of the stator core.

r

z
r

z

(a) Undeformed stator
core

(b) B(0, 1) (c) A(2, 0) (d) B(2, 1)

(e) A(3, 0) (f) B(3, 1) (g) A(4, 0) (h) B(4, 1)

Figure 1: Illustration of the typical modes of an stator core (nr, nz)

Because of their occurrence at the lowest frequencies, their transversal symmetry similar to the force exci-
tation and the fact that they are acoustically efficient, the pure radial modes A(nr, 0) are generally the most
critical modes responsible for high acoustic noise from resonances. However, for the exact same stator ge-
ometry, reducing the stator vibrations at the corresponding resonances is not trivial. Damping which plays
a significant role in the output vibrations and acoustic pressure of the system, is hard to be estimated by
computational means since it involves a variety of unquantifiable phenomena e.g. friction, viscous damping
[1].

But in the case of the stator core, the structure is composed of hundreds of thin lamination (steel sheets)
that are attached through different stacking techniques. One common approach is to glue the laminations
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together [5]. A second approach consists in welding the sheets along different lines to attach them together
[5]. These manufacturing techniques can affect the output vibration responses, as it was shown in [23].
Based on physical insights and engineering thinking, three hypotheses are formulated here to explain the
phenomenon when comparing glued stators with welded stators.

Hypothesis 1: a change in stiffness distribution. The welding event during manufacture of the core in-
volves very high temperatures, hence inducing residual stresses σres at the welding locations. These residual
stresses tend to attract the core yoke back to its equilibrium position. Fig 2 shows these effects for pure ra-
dial deformations of modes A(2, 0) and A(3, 0), while Fig. 3 shows the phenomenon for the anti-symmetric
mode B(2, 1). The residual stresses have a stiffening effect which depends on the welding distribution, and
thus can generate vibration amplitude reduction if large stiffness variations are developed.
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Figure 2: Residual stresses effects on mode A(2, 0) (a) and A(3, 0) (b)
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Figure 3: Residual stresses effects on mode B(2, 1)

Hypothesis 2: a change in inter-laminar contact nature. When comparing welding to gluing, there is
a significant difference in the contact properties of neighboring laminations, referred to as inter-laminar
contact. Viscous damping is induced within the contact area for glued stators, as depicted in Fig. 4a, and
glue compound is subjected to shear, thus inducing vibration damping. For the welded stators, Coulomb
(or friction) damping is activated via sliding friction between laminations [14], as shown in Fig. 4b. It is
important to note that these phenomena should only happen when there is relative motion of the neighboring
laminations, i.e. mainly accentuated for (nr, 1) modes. On the other hand for (nr, 0) modes, the laminations
deform in phase with each other such that it does not activate this friction, as depicted in Fig. 5.

Hypothesis 3: a change in mode shape. The change in stiffness distribution due to welding events, (related
to hypothesis 1), also has a direct impact on the mode shapes, which immediately affects the transformation
of the exciting force wave to the modal domain. This relates to variations in the modal participation factor
from Eq. (3), ultimately translated as vibration reduction at resonances.
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Figure 4: Illustration of viscous (a) and Coulomb (b) damping in the case relative displacement occurs
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Figure 5: Illustration of the damping occurrence for specific modes - NB: Vector amplitudes are informative

2.3 Alternative solution description

Based on the three hypotheses formulated in the previous Section 2.2, and recognizing the importance of
reducing resonance from pure radial mode vibrations as mentioned in Section 2.2, an alternative solution can
be expressed further. Since the ultimate purpose is to damp resonance phenomena coming from vibrations
of pure radial modes (which are transversally-symmetric), the idea of the proposed technique is to introduce
manufacturing asymmetry to the geometrically symmetric laminated stator core. Although it might involve
different attachment techniques (gluing, welding, interlocks), skew welding lines along the shaft axis of the
machine are proposed and implemented in this paper as it is an interesting and alternative manufacturing
example of bringing asymmetry, yet holding the laminations together. This original stacking technique is
pictorially compared to the common welding approach in Fig. 6.

This stacking technique is expected to reduce vibrations of A(nr, 0) modes for the three reasons enumerated
previously. The skewed distribution of stiffness brought by diagonal welding lines are directly related to
hypotheses 1 and 2, and sliding friction may be introduced for A(nr, 0) modes with this technique as can be
seen in Fig. 7, which was not the case for common welding approaches, see Fig. 5,

The advantages of this technique are three-fold:

• Keep the same cross-section geometry, such that changes on the electromagnetic properties nor housing
designs have to be adapted. The stator core stays axially, radially and transversally symmetric.

• Force the structure to behave non-symmetrically, such that the vibration modes are either damped or
deleted. Transversally-asymmetric stiffness is introduced.
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(a) Common welding (b) Novel attachment
method

Figure 6: Illustration of the novel lamination attachment method for welding with four weld lines
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Figure 7: Illustration of the damping occurrence when using skew-weld - NB: Vector amplitudes are infor-
mative

• Use production technique already implemented in chain-manufacturing, e.g. gluing and welding, thus
making it not more expensive to realize than common techniques

3 Experimental campaign

3.1 Testing setup and procedure

Several specimens were built in order to validate the alternative stacking technique. The specimens represent
laminated stator cores without teeth, i.e. simple cylinders, which is not a large assumption stretch since
teeth effects can be neglected in terms of damping []. They stand within the size of stators used in EVs,
i.e. they have an outer diameter of 180 mm, an inner diameter of 160 mm and a stack length of 140 mm,
and are composed of 400 M330-35A steel laminations. Different stacking techniques are implemented for
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comparison purposes. A glued sample, referred to as 180 g, serves as the reference sample, a welded sample
with four welding lines, referred to as 180 w, and a skew-welded samples with four skewed welding lines,
referred to as 180 sw, are constructed and shown in Fig. 8. It is important to mention that the manufacturing
of these specimens were done manually, thus involving uncertainties in the repeatability of the samples.
Hence a statistical analysis was performed in Section 3.2 to allocate for manufacturing uncertainties.

(a) 180 g - 5.31 kg (b) 180 w - 5.34 kg (c) 180 sw - 5.38 kg

Figure 8: Test specimens under study

The modal parameters (natural frequencies, modal damping and mode shapes) of each specimen are collected
experimentally through Experimental Modal Analyses (EMA). A specific test setup is defined to reproduce
free-free conditions in order to capture the intrinsic dynamics of the specimen while eliminating the interfer-
ence of rigid body modes. Flexible ropes hang the test specimen to that end. Output/Input FRFs HO/I are
measured by exciting from a miniature shaker (LMS Qsource SN045) the structure and by measuring at 32
points (PCB Piezotronics SN 356A22 accelerometers): 8 along the circumference and 4 along the stacking
axis. The shaker generates a white noise input from 100 Hz to 8 kHz as a burst random signal (80% burst
time, 0.025 s burst ramp time) and 50 averaged measurements are used to estimate non-noisy FRFs through
H1 algorithm [9]. With this setup, one can ensure consistent, repeatable and coherent measurements up to
5.5 kHz with a frequency resolution of 0.78 Hz.

Every measured FRF HO/I is curve-fitted to the linear mathematical parametric model of Eq. (1) to extract
the modal parameters. The sine qua non condition for this processing step is to have a linear structure. Hence
reciprocity and linearity checks [9] were performed and permit to assume the linearity of every specimen.
PolyMAX [16] implemented in Simcenter Test.lab is the curve-fitting technique used for high quality modal
parameter estimation capabilities. In parallel beside modal damping, another indicator of the vibration reduc-
tion potential from different manufacturing technique can be calculated: the peak amplitude Gk = |SH(ωk)|
of the sum of all acceleration/force FRFs SH at each natural frequency ωk where,

SH(ω) =
1

32× 3

∑

32×3

|<(HO/I(ω))|+ j|=(HO/I(ω))| (4)

Similarly as in the previous Section, the uncertainties in realizing perfectly repeatable experiments is coped
by the statistical analysis of Section 3.2.

3.2 Significance evaluation

Statistical approaches are necessary to define the significance of the different manufacturing processes in
terms of natural frequency, damping and FRF-sum amplitude for each mode. Given that a perfect repeata-
bility of the manufacturing, testing and post-processing are not always guaranteed, a pooled variance σm is
calculated [27]. It represents the variance of different populations when the mean of each population might
be different, under the assumption that each population variance is the same. It is applied to the glued speci-
men 180 g which serves as the basis to deviation calculations for other specimens, under the assumption that
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the variances are equal between manufacturing techniques, and is calculated by,

σ2m =
(n1 − 1)σ21 + (n2 − 1)σ22 + (n3 − 1)σ23

n1 + n2 + n3 − 3
(5)

where σ2j (j = 1, 2, 3) are the variances allocating for the uncertainty respectively due to manufacturing
(n1 = 2 samples of the 180 g are built and compared), to testing (n2 = 2 tests of the same 180 g are carried
out) and to modal parameter estimation processing (n3 = 10 different EMAs for the same specimen 180 g
and the same test are performed). The interesting variances are applied to the following modal metrics: the
natural frequencies fA(2,0), fA(3,0), fA(4,0), the modal damping ξA(2,0), ξA(3,0), ξA(4,0) and the peak FRF-sum
amplitude GA(2,0), GA(3,0), GA(4,0).

From these pooled variances, an ANalysis Of VAriances (ANOVA) [27] is performed to conclude on the
significance of the different stacking techniques, referred to as factors in ANOVA. In short, the probability
(P-value) of obtaining equal means from all populations is calculated [27] and compared to the maximum
allowed value of 0.05 that suggests that at least one factor is more significant than the others. The ANOVA
assumes that the populations follow a normal distribution, that the population variances are all equal and that
the quantities are taken randomly inside the populations. Here, 9 ANOVAs were carried out: one study that
investigates the significance of skew-welding against welding and gluing strategy, which itself incorporates
analyses on 3 natural frequency variances, 3 modal damping variances and 3 FRF-sum peak amplitude
variances.

4 Results

4.1 Damping improvements

The results of the EMAs together with the ANOVAs are presented in this Section. Table 1 shows the averaged
natural frequencies (in Hz), the modal damping and FRF-sum for every A(nr, 0) modes (which are the only
observable modes within the testable frequency bandwidth), their corresponding pooled standard deviation
and the P-value from the ANOVAs. Fig. 9 illustrates particularly the damping obtained.
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Figure 9: Modal damping comparison for glued, welded and skew-welded cores

It is shown that the natural frequencies are not significantly affected by the stacking technique. However, the
modal damping is greatly impacted when looking at the P-values, and especially for mode A(3, 0). Welding
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180 g 180 w 180 sw

Pooled
standard
deviation
σm

P-value

Natural frequency fk (Hz)

fA(2,0) 856 853 855 0.1 7.77e-8

fA(3,0) 2394 2387 2385 1.0 3.05e-5

fA(4,0) 4530 4519 4526 1.0 7.87e-5

Modal damping ξk
ξA(2,0) 0.0007 0.0011 0.0017 0.0001 4.39e-5

ξA(3,0) 0.0011 0.0022 0.0078 0.0002 2.94e-8

ξA(4,0) 0.0017 0.0024 0.0053 0.0002 1.33e-6

Peak Amplitude Gk (g/N) in dB

GA(2,0) 20.0 18.3 12.5 3.4 7.5e-2

GA(3,0) 20.5 14.5 11.7 3.1 3.2e-2

GA(4,0) 24.7 21.9 15.9 1.9 3.9e-3

Table 1: Significance levels for the samples tested, skew-welding effect

seems to increase damping in comparison with gluing, as suggested by the hypotheses. in parallel, the
developed original technique proposed in this paper, i.e. skew-welding, exhibits the best vibration damping
performances up to 700% of the original damping value (from glued stator) and close to 10 dB reduction
in acceleration FRF at the resonances. It demonstrates the potential of the novel stacking technique for
vibration reduction purposes at resonances of laminated cores.

The natural frequencies are not much impacted by the attachment technique used. However, modal damping
is affected drastically and also significantly given the P-value obtained, especially for mode A(3, 0). From
gluing (180 g) to welding (180 w), there is an overall damping increase, but more important for A(3, 0).
Here, the 4 welding lines are spread such that they correspond exactly to 4 vibration nodes of A(2, 0) while
they bring stiffness to the nodes of A(3, 0). On the other hand from welding (180 w) to skew-welding
(180 sw), one can note a drastic difference of damping values. Actually similarly to the previous conclusions,
the skew distribution of the welding lines adds stiffness to non-nodal points which is translated in higher
damping. In that sense, mode A(3, 0) is 7 times more damped from 180 g to 180 sw compared to A(2, 0)
that is 2.4 times more damped. The FRF-sum peak amplitudes do show significant changes for A(3, 0) and
A(4, 0) but not for A(2, 0). Yet the trend shown on damping previously is strengthened by acceleration
transfer reductions of close to 10 dB for the modal peaks, which is another great indicator that the novel
lamination technique is valuable.

4.2 Hypotheses validation

Now that the skew-welding concept was proved experimentally to reduce vibration at resonances, it is im-
portant to understand if the hypotheses formulated previously in Section 2.2 are coherent.

Hypothesis 1: a change in stiffness distribution. As mentioned in Table 1 of the previous Section, the
natural frequencies are not drastically affected by the stacking technique, while the specimen mass is not
changed either. Therefore it is reasonable to accept that, although being skewly distributed, the stiffness is
not significantly affected, especially to the purpose of vibration reduction. Moreover, vibration damping due
to extra stiffness is very limited in general [9], because it would require large differences in stiffness values.
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Hypothesis 2: a change in inter-laminar contact nature. Another explanation to increased damping was
supposedly related to the dry friction occurring between neighboring laminations. Nevertheless it is well
known that friction phenomena are nonlinear, composed of static and dynamic features [17]. When a sliding
force is applied to a lamination, it sticks to the neighboring sheet (static friction) until a threshold is found
and laminations exhibit relative motions (static friction). This threshold depends on hardly determined pa-
rameters alike normal force, surface roughness, etc. Here the hypothesis 2 supposes relative motion between
laminations occur, thus an activation of dynamic friction.

In order to verify this assumption, it is sufficient to justify on the linearity of the test specimens. This check
was actually performed in Section 3, although not presented earlier. For hypothesis validation, an example of
such linearity check is given in Fig. 10 with four different input force levels leading to four different FRFs.
This time, damping ratios are estimated using the half-power technique [9] and shown in Table 2.
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Figure 10: Example of a linearity check for the skew-welded core: (a) input autopower (RMS) spectrum, (b)
FRF results for different input levels, (c-d-e) zooms on the FRF peaks

The linearity checks show that damping is affected to some degree by the level of force input. It eventually
indicates that energy is also lost by friction phenomena as it was hypothesized. Nevertheless the variations
are minor (below 6%) compared to the ones observed by changing the stacking technique (up to 700%). That
is one of the reasons why the structure was previously assumed linear for further EMAs, and it confirms that
nonlinearities from dynamic friction forces are not the major contributor to higher damping values. Yet it
is important to mention that the hardware limitations constrained the linearity analysis: the maximum force
level applicable by the miniature shaker is 2 newtons (here where voltage input to the shaker is 4V), so it
would be valuable in the future to apply larger forces, such as the electromagnetic ones going up to 300
newtons, to activate more effectively dry-friction.

Hypothesis 3: a change in mode shape. The transformation of the exciting force wave to the modal domain
through the modal participation factor of Eq. (3) is done using mode shapes {Xk}. In parallel, it is expected
to see variations in mode shapes coming from the welding lines that distribute uniformly the stiffness of
cores. The comparison of mode shapes is possible by analysing MAC matrix between two mode shapes. The
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Mode Voltage input [V] Modal damping ξn Difference [%]

1.0 0.003162 ref.

A(2, 0) 1.5 0.003185 +0.74

2.0 0.003197 +1.11

4.0 0.003349 +5.93

1.0 0.009852 ref.

A(3, 0) 1.5 0.009998 +1.48

2.0 0.010015 +1.65

4.0 0.010202 +3.55

1.0 0.008310 ref.

A(4, 0) 1.5 0.008305 -0.05

2.0 0.008354 +0.53

4.0 0.008433 +1.48

Table 2: Modal damping estimations (half-power technique) for skew-welding core and different input volt-
age levels to the shaker (equivalent to force levels)

MAC matrix to correlate two mode shapes {Xr} and {Xs} is derived as [9],

MAC
(
{Xr}, {Xs}

)
=

| {Xr}{Xs} |2(
{Xr}∗T {Xr}

)(
{Xs}∗T {Xs}

) (6)

It varies between 0 and 1 and represents how much two mode sets correlate with each other; a perfect
correlation would show a MAC number of 1, while a 0 value means no correlation. Two different MAC
analyses can be carried out to understand how skew-weld is beneficial in terms of vibration damping. On the
one hand, the MAC analysis can be performed on the full stators where different manufactures are compared.
On the other hand, the influence of the manufacture can be investigated by doing a MAC analysis for different
cross-sections along the stator, referred to as layer.

At first, a MAC analysis is performed for the entire glued, welded and skew-welded cores under study, and
is shown in Fig. 11. Every specimen is compared to the reference glued stator.

A(2,0) A(3,0) A(4,0) A(2,0) A(3,0) A(4,0) A(2,0) A(3,0) A(4,0)
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M
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C

Figure 11: Complete MAC analysis for different stator manufactures - matrices

Auto-correlation between the two same test specimens (left matrix) gives the maximum MAC number of
1 and the cross-correlation values are very low, which confirms the uniqueness of the modes extracted (or-
thogonality of the modal basis). Looking at the middle matrix, the A(2, 0) mode does not correlate between
the glued and welded cores. This is due to the fact that twin modes occur at each natural frequency and
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that measurements cannot distinguish these two modes. For the glued and welded cores, the captured modes
exactly correspond to twin modes, as seen in Fig. 12, which are by essence orthogonal [4] thus leading to
poor correlation. The A(3, 0) mode is not well correlated as well but this is a direct consequence of welding
in comparison with gluing. Last regarding the right matrix, every mode is poorly correlated with the refer-
ence glued mode shapes. In the end, this MAC analysis presupposes that mode shapes are affected such that
vibrations are reduced through modal participation factor variations. However the influence of transverse
asymmetry on the mode shapes is hardly comprehensible by solely performing this analysis.

(a)

Glued core

Welded core

(b)

Figure 12: Illustration of (a) a twin mode in theory for A(3, 0), and (b) the experimentally identified mode
shape for A(3, 0)

As a consequence in order to reinforce the claims, another set of MAC analyses are performed. This time,
the mode shapes for different layers along the stator axial axis are correlated. EMAs were performed to
estimate the mode shapes of each layer. The reference mode set corresponds to the layer 1.

Looking at the two first rows of Fig. 13, the correlation between each layer is acceptable with MAC values
above 0.8. For these two specimens (glued and welded), the transverse symmetry is kept and therefore the
mode shapes are not varying along the axial axis. However when transverse asymmetry is introduced (third
row) in the skew-welded core, significant mode shape discrepancies occur between layers. This suggests
that, originally transversally symmetric, the pure radial modesA(nr, 0) become transversally asymmetric by
skew-welding; thus shaping the modal participation factor presupposing vibration amplitude reduction.

5 Conclusions

An alternative lamination stacking technique of stator cores is developed in this paper for vibration damping
purposes, with the ultimate goal of mitigating noise coming from resonance effects. The technique exploits
the laminated nature of the stator core by connecting the laminations with a skewed distribution of the weld-
ing lines. Based on fundamental physical insights, three hypotheses on the vibration damping occurrence
explanation are formulated and validated experimentally for different test specimens. It is shown that welding
compared to glue-bonding provides slight damping improvements while the novel skew-welding technique
demonstrates impressive damping increases up to 7 times higher than the glues specimen, leading to 9 dB
reduction capabilities. These results mainly confirm the hypotheses that motivated the experimental imple-
mentations. It is principally shown that the mode shape changes are responsible for vibration attenuation at
resonance frequencies, rather than inter-laminar friction or stiffness distribution variations. This work finally
suggests that particular welding line profiles lead to specific modes damping, hence it would be interesting
to investigate optimized skew-welding patterns for particular critical modes damping.
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Figure 13: Layered MAC analysis for different stator manufactures
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