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Abstract

In order to design permanent magnets synchronous machines as quiet as possible, we propose a predictive
magneto-mechanical vibration model. This model allows for describing the dynamics of the system under
operating conditions by including a strong magneto-mechanical coupling between the electromagnetic forces
and the dynamics of the motor shaft. The Maxwell pressures are calculated analytically using the subdomain
method, while the rotor dynamics are based on a 1D beam model. The coupling between these two physical
phenomena is solved using time integration. This numerical study aims first at highlighting the strong coupling
regimes and their influence on the harmonic content of the displacement. The second objective is concerned
with the study of the influence of static eccentricity on the spectral content of the dynamic response.

1 Introduction

The dynamic behavior of the rotor plays a key role in the overall response of electric machines. This
requires complex modeling that takes into account two distinct physical phenomena, namely electromagnetism
and mechanics. The question of the coupling between these two fields should be addressed carefully. In this
study, a mechanical model is developed to describe the vibratory behavior of the rotor. The rotor is subjected
to magnetic forces which depend on mechanical displacement. In this framework, a weak coupling is often
made (no magneto-mechanical interaction). The objective of this article is to show numerically the influence
of strong coupling.

1.1 Magnetic model

The magnetic forces acting on the rotor come from different origins: magnetostrictive deformations (inter-
nal forces in the materials) and Maxwell forces (forces at the interfaces of the materials). Several studies have
shown that the magnetostrictive force is negligible in the context of electrical machines (see [[L]). Thus, in this
work, only the Maxwell pressures are considered.

In the case of magnetic misalignment between the rotor and the stator, a residual force acting on the rotor,
without generating torque. This force, called UMP (Unbalanced Magnetic Pull), is source of vibrations. It
depends in particular on the position of the rotor relative to the stator. The objective of the magnetic model is
to model this force accurately.

This force can be calculated from Maxwell’s pressures, which depend on magnetic fields. Several methods
can be used to determine these pressures, such as the Lehmann graphical method [2f], the conformal trans-
form method [3], the permeance function and magnetomotive force method [4], the method of the electrical
equivalent circuit with a reluctance network [3f], or the analytical method of sub-domains [6]. Among these
methods, the subdomain analytical method offers a good compromise between computation time, complexity,
and accuracy, making it an appropriate choice for our magnetic model.



1.2 Mechanical model

The study of a rotating shaft is not a recent subject in mechanics. The first studies were carried out by De
Laval, and later by Jeffcott [7]]. They introduced a simplified shaft model, represented by localized mass and
inertia, subjected to elastic forces that model shaft bending or bearing effects. These studies helped highlight
the gyroscopic effect. This effect results in a separation of eigenmodes into two rotating eigenmodes.

Gyroscopic effects were analyzed in the work of Gmiir [8] and Genta [9], where finite element and contin-
uous models are used, assuming 1D Timoshenko beams. A comparison of both modellings will be made in this

paper.

1.3 Magneto-mechanical coupling

The simplest models assume a weak coupling between the mechanical model and the magnetic model.
The initial approximations involve expressing this coupling at a fixed rotor position [[10]. This approximation
assumes that the shaft deformation is negligible compared to the magnetic displacement. This concept is further
developed by modeling the magnetic force with a negative stiffness (see Merrill [[11]], Han and Palazzolo [12]],
Rosenberg [13]]). In contrast, recent studies simulate the strongly coupled mechanical response using a complete
magnetic model (see [14] and [5]). This article aims to investigate the impact of strong coupling compared to
weak coupling on a highly simplified mechanical structure.

2 Theoretical part

The main objective of this part is to study the influence of the magnetic force on the mechanical behavior
of the rotor. For a better understanding, a complete magnetic model is utilized while the mechanical model is
simplified.

The electrical machine under study is a permanent magnet synchronous machine. The magnets are posi-
tioned on the rotor surface, which has 3 pairs of magnetic poles and 36 open slots in the stator. The shaft is
cylindrical, made of steel, and has a length of L = 0.5m. Mechanical and magnetic characteristics of the study
case are presented in Table

L(m) | R(mm) | p(kg/m*) | E(GPa) | v I, K G A

0,5 30 7850 210 [ 0,29 | wR*/2 [ 5/6 | E/2/(1+V) | nR?

Number of | Number | Outer rotor | Inner stator | Magnetic

pole pairs | of slots | radius (mm) | radius (mm) | stacks size
3 36 31,05 32,5 L/3

Table 1: Mechanical and magnetic data of the machine

2.1 Mechanical model

The rotor shaft is modeled using a 1D Timoshenko beam model that takes gyroscopic effects into account.
We assume a constant rotation speed of the shaft, denoted as Q. The magnetic forces are applied to the beam’s
center over a length of AL = 0.02m. The expression for the linear force is presented in the next subsection.

We denote (x,y,z) as the fixed reference frame relative to the stator, and (x7,y,,Z>) as the rotating frame
fixed on the rotor. An intermediate frame (X;,y;,Z;) is used to define the two rotations between the fixed and
the rotating frame (see Figure ).

We define u, and u, as the displacements along the x and y axis respectively. The angles ® and ‘¥ represent
the degrees of freedom associated with rotations around the x and y, axes, respectively (see Figure [Ta)and[Tb).
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(a) Rotation of the frame (x,y, z) around x axis by an angle (b) Rotation of the frame (x1,y;,2;) around y; axis by an
P angle W. The frame (xy,y,,2>) is associated with the de-
formed rotor
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(c) 1D Timoshenko beam of length 50 cm supported at
ends A and B, with a constant rotational speed of Q, and
magnetic forces applied to the center of the beam over a
length of 2 cm.

(d) Sectional view, representing the rotor in green and the
stator in orange. C, the magnetic axis of the stator, C,
the axis of rotation of the shaft, and C,, the magnetic axis
of the rotor. The values & and €&, the static and dynamic

eccentricities, respectively, representing the distances be-
tween the C; and C, axes, as well as the C, and C,,, axes. Q
constant speed of the rotor around C,. F; and F, the pro-
jected magnetic resultants.

Figure 1: Diagram illustrating the rotations of the reference frame in (a) and (b), the modeled beam model in
(c), and the cross-sectional diagram of the electrical machine in (d)

Let us recall the expressions for a continuous Timoshenko beam subjected to gyroscopic effects (cf. [15]):

PA dzux — GAk/ azux ¥

ar? 92~ Jz
pALY — Gar (%4 + 22 0
pL, 2 1 2p1,Q4Y — _GAK (%% + @) + EI, 22
pL, LY +2p1,Q9® = —GAK (%% + W) + EL,% ¥

with A representing the cross-sectional area, p the density, £ the Young’s modulus, G the shear modulus,
k' the Timoshenko shear coefficient, and / » the polar moment of inertia about the axis of rotation. We observe
the following effects: shearing effect (terms involving GAK’), rotational inertia of the section (terms involving
pl,), and gyroscopic effects dependent on the rotation speed (terms involving 2p1,Q).

In the following two models are used to get the equations of motion : a finite element model, and an
analytical model. The modes are then obtained from the boundary conditions. Then, two mehtods are used to
solve these equations in time from initial conditions : either with a time integration scheme, or with a direct
approach in the frequency domain.



2.2 Magnetic model

In this article, the magnetic fields are calculated in a cross-sectional plane of the shaft using the subdomain
method. This method involves dividing the machine into different "subdomains" where the magnetic induction
are analytically calculated.

Let B be the magnetic field. Neglecting edge effects and assuming an infinitely long cross-sectional plane,
we can define the magnetic potential A, as follows:

1 0A,
Br=37%q ’
_0A. (2)

Bo = ~ o

Using Maxwell’s equations, we obtain the following differential equation (in polar coordinates):

%A, 10A. 1 9%A,
o2 " ar TR =" ®

We can analytically obtain the general solution of the differential equation in each subdomain:
Z (Cr'+Dr7")(Acos(va) + Bsin(vat)) 4)

The motor is divided into three regions (see Figure [2): the magnets, the air gap, and the slots. The conti-
nuity conditions between these domains couple the previous equations. By adding the source terms induced by
magnetization and stator currents (perfect three-phase currents of 12A), and projecting these terms onto each
previous solution, the particular solution is obtained.

2

Figure 2: Diagram of the different subdomains: magnet in 1, air gap in 2, and slots in 3

Once the magnetic potential is expressed in each subdomain, the radial field B, and tangential field B; is
written using equation (2)).
The Maxwell surface pressures are then obtain using the following expression:

B2 - B? o p _ BB
2o Ho

&)

By integrating these pressures around the rotor, the magnetic forces is deduce, both in terms of resultant
force and moment, acting on the rotor. Assuming a constant velocity, the angular description of the forces can
be replaced with a time desciption. The force is finally written as follows:

- fx(x,y,t))
fmag - <fy(x,y7t) (6)

with (x,y) the position of the rotor magnetic center C,,. These coodinates write:

Xo
@ - gs\/% +a (Z?j((gf)) ) + (Z) %)



where (xg,yo) denote the coordinates of the center of rotation Cy, (uy,u,) the displacement induced by the

deformation of the shaft, & = x(z) —{—y(z) , static eccentricity correspond to the distance between the magnetic

center of the stator Cs and the center of rotation C,, and &; dynamic eccentricity correspods to the distance
between the center of rotation C, and the magnetic center of the rotor C,,.

A Taylor expansion around the center of rotation (xo, o), leads to:

Uy + €5cos(Qt)

uy + & sin(Qt)) +HOT (x.3,1) ®)

fmag(xayat) = f0<x07y07t) +Kmag(t) (
with fy and K, the zero order term and the magnetic stiffness link to the first order term in the taylor expan-
sion and HOT Higher Order Term of the taylor expansion with respect to the displacement. When performing
simulations with weak coupling, only the first-order term fy is considered. Section 4 specifically addresses the
contribution of these higher order terms.

Figure3ashows the magnetic force component fy during one revolution of the shaft with a static eccentricity
of 10% of the air gap along the x axis. We observe a higher average component for the force Fy, which is
consistent with the imposed direction of eccentricity.

A discrete Fourier transform is computed in Figure [3b] It highlights a high amplitude for the 6th order
harmonics, which is consistent with the number of poles, as well as the 36th order harmonic which comes from
the number of slots.

The magnetic model has already been confronted with finite element methods and validated (see [16]). The
displacement response of the rotor is studied in the following part.
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(a) Linear magnetic forces fi(xo,y0) and fy(xo,y0) with a (b) Amplitude spectrum of the linear forces f(xo,yo) and
static eccentricity & of 10% of the air gap along the x axis fy(x0,¥0), forces generated by a machine with 3 pairs of
as a function of the rotation angle poles and 36 slots

Figure 3: Linear magnetic forces in (a) and spectrum of these forces in (b) with 10% eccentricity along the x
axis



3 Comparison of simulations with static eccentricity in weak coupling

To solve the couple differential equation system, two types of analysis are performed. We solve the equation
in the time domain and the frequency domain.

In this paragraph, we compute our simulations in weak coupling, considering only fy(xo, yo,?), with a modal
damping of 1% and a static exccentricity of 10% along x axis.

3.1 Comparison of the Semi-Analytical and Finite Element Models

To study the coherence of the two models, maximum displacement of the shaft compare as a function of
the assumed constant operating speed. The problem is solved algebraically, based on mode expansion.

In Figureda] the maximum displacement over one cycle is shown for both the finite element (FE) and semi-
analytical models. The deformation peaks occur at the same frequencies. The response is slightly higher away
from the peaks. This difference is due to the static influence of higher truncated modes (40 modes considered)
for the analytical model, and potential numerical errors introduced by the FE method (100 elements). In Figure
Mb] the harmonic content of the time response at 2000 rpm from both models : the result exhibit similar
harmonic content. Therefore, we conclude that models are equivalent and provide the same information.
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(a) Maximum displacement during one cycle on the shaft, (b) Displacement of the center of the shaft over time at

solved by mode superposition in weak coupling using the 2000 rpm, and Fourier transformation of u, and u, using
finite element model (100 nodes) and the semi-analytical the semi-analytical and finite element models
model (40 modes)

Figure 4: Comparison of analytical and finite element models in terms of maximum displacement (a) and
harmonic content (b)

From a physical point of view, two resonance peaks are observed, one at 900 rpm and one at 4790 rpm. To
understand their origin, a Campbell diagram is used. In Figure[5] the natural frequencies are represented in blue
and red as a function of rotational speed. Under the gyroscopic effect, the frequencies of direct modes in red
and indirect modes in blue separate, increasing or decreasing, respectively, depending on the rotational speed.
The different harmonics present in the magnetic excitation force are plotted as dashed lines. The intersection of
these harmonics with the previous frequencies indicates critical speed where a resonance. We therefore deduce
than the peak of displacement at 900 rpm is excited by the 36th harmonic, while the peak at 4790 rpm is excited
by the 6th harmonic.
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Figure 5: Campbell diagram, direct modes in red and indirect modes in blue, of a rotating Timoshenko beam
(see Table , with the main orders of magnetic excitation 1, 6, 18, and 36 (see Fig @)

3.2 Comparison of the a time integration scheme with a direct approach in frequency

In this section, we perform simulations using the semi-analytical model and compare two methods for
solving the time differential equations. The first method involves transforming the equations into the frequency
domain and solving the problem through modal superposition. The second method involves directly solving
the problem in the time domain using the ode15s integration scheme.

In Figure [6] we observe that in the case of weak coupling, both computation methods lead to similar
results. However, the use of the odel5s function result in a slight decrease in the amplitude of resonance
peaks (reduction of the amplitude of the resonance peak at 4785 Hz for the 6th harmonic by 2.24%). We also
encounter some convergence issues with residuals at speeds below 850 rpm, due to a convergence error. Thus,
we validate the odel5s time integration scheme compared to the solution based on modal expansion.

I I I
22+ - - —
Time domain resolution

| |——Modal method

1.6 |-

Maximum displacement [um]

1.4 f
|4
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| | | | | | | | | ‘
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Rotation speed [rpm]

Figure 6: Spectrum of max displacements during one cycle on the shaft, resolved using modal method and the
odel5s time integration function (Matlab) in weak coupling with the semi-analytical model

Now that the models and the methods conform well to each other, the semi-analytical model with the ode15s
time integration method only are used in the next part.



4 Influence of strong coupling with static eccentricity

With 10% of eccentricity along the x axis, this time we consider the entire force f,,4,(x,y,t) instead of
just the zeroth-order term fy(7). In Figure |7, we plot the maximum displacement response as a function of
rotation speed for weak and strong coupling. We observe a shift of the maximum response peak towards lower
frequencies. For example, the peak located at 4790 Hz in weak coupling is now at 4770 Hz in the case of strong
coupling. This is due to the negative magnetic stiffness. The maximum displacement is also slightly higher in
the case of strong coupling, but it remains of the same order of magnitude.

22 [ ]
—— Weak coupling

- = Strong coupling

Maximum displacement [um]

l l l l l l l l l
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Figure 7: Maximum deformation during one cycle on the shaft, comparison between strong coupling and
truncation to the zero order of the magnetic (weak coupling) force

In Figures [8a and [8b] we compare the harmonic content of displacements in the case of weak and strong
coupling at 2000 rpm (off-resonance) and 4770 rpm (resonance of the 6th harmonic). At 2000 rpm, we observe
a similar harmonic content, except for the 12th harmonic which shows a much larger response (130 times
larger). In Figure [8b]at 4770 rpm, we observe even more significant differences for the 12th harmonic (250
times larger), as well as the appearance of the 48th harmonic.

In both cases, the vibrational response is modified. The change in the harmonic response becomes more
noticeable as the displacement increases.
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Figure 8: Harmonic content of displacements at 2000 rpm and at 4770 rpm in weak coupling (in red) and in

strong coupling (in blue)



5 Conclusion

The initial static eccentricity simulations first ensure the numerical convergence of the models (semi-
analytical and finite element) as well as the simulation methods (time integration and mode superposition).
By using the Campbell diagram and analyzing the harmonic content of the injected force, we were able to
conclude that static eccentricity induces resonances in the beam displacement, mainly caused by the 36th and
6th harmonics of the magnetic force. The other lower amplitude harmonics do not have a significant effect
on the maximum displacement amplitude. However, they do influence the overall harmonic content of the
displacement.

The simulations under strong coupling revealed a slight shift in resonance frequencies and spectral differ-
ences in the response compared to weak coupling. This phenomenon is more pronounced when the maximum
displacement is significant, especially in the presence of resonance of the 36th and 6th harmonics. However,
outside of resonance situations, weak coupling remains valuable and provides a consistent overall approxima-
tion, with the exception of a few harmonics, such as the 12th harmonic, which sometimes reaches levels of
similar magnitude as the main ones.

These displacement harmonics may not play a major role in the rotor dynamics, but could induce a higher
vibratory response of the stator. Projecting these efforts onto the stator modes, along with a thorough study
of the spatial orders of the P. and P, fields, would allow to assess the importance of these harmonics and
subsequently compute acoustic radiation.
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