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Fast and Accurate Vibration Response Calculation
Procedure for Permanent Magnet Synchronous
Machines

M. Mendizabal, A. McCloskey, S. Zarate, J. Poza

Abstract — The vibration of the stator frame due to
electromagnetic forces is one of the main noise and vibration
sources of electric machines. In some applications, due to the
wide variety of working conditions, design optimizations are not
enough, and the control of the machine is needed to reduce
vibrations. Therefore, this work presents a reduced model, to be
used during the control, which is able to estimate the stator frame
vibrations of a Permanent Magnet Synchronous Machine. Finite
Element calculations are performed, and the results are saved in
Look-Up Tables and implemented in a calculation procedure,
allowing a fast and accurate vibration estimation for any input
conditions. The proposed model is validated using Finite Element
simulations, and it is concluded that it offers high accuracy with
a calculation time of a few seconds. Thus, the model developed is
suitable to be further developed and implemented in a control
procedure.

Index Terms— Electric machines, Electromagnetic modeling,
Finite Element analysis, Metamodeling, Numerical simulation,
Permanent magnet machines, Table lookup, Vibrations.

I. INTRODUCTION

ERMANENT Magnet Synchronous Machines (PMSM)

are used in a wide variety of applications, due to their high

torque density [1], [2]. In most applications, the comfort
of the users is becoming a critical requirement, and thus, it is
essential to optimize the vibrational response of the machines.
Among all the sources of noise and vibration, the vibrations of
the stator and the frame generated by electromagnetic forces
are one of the most critical ones [2].

In literature, several approaches were presented to optimize
the vibration response of PMSMs by design improvements
[3]. However, due to the wide operation range required in
many applications, it is very complex to stablish an optimum
design for all working conditions [4], [S]. Therefore, an
alternative approach is to reduce the vibrations by means of
control.

Many control methods performed in literature act based on
measurements provided by accelerometers or other external
actuators [6], [7], which increases the cost and complexity of
the control. In order to avoid the use of additional elements, a
model to estimate the vibration of the machine can be used,
instead of measuring it.

In order to obtain an accurate estimation of the vibrations
of the stator, a multi-physical model needs to be developed.
An electromagnetic model is needed to estimate the radial
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forces produced by electromagnetic phenomena, and a
structural model is needed to estimate the dynamic response
produced by those forces [8].

In [9], a Finite Element (FE) model of a permanent magnet
DC motor was presented, and the structural vibrations and
acoustic noise generated by the motor were estimated. In [10]
and [11], a similar methodology was implemented for
induction motors, and in [12] for a switched reluctance motor.
In [1], [2] and [13], numerical models to estimate the
vibrations and noise of PMSMs were presented and validated.

As demonstrated in those works, Finite Element Method
(FEM) is a very accurate tool that can be used for any machine
typology, but its computational cost is too high to be used in a
dynamic control.

On the other hand, analytical models offer fast calculations.
In [14] and [15], analytical expressions for the
electromagnetic forces in PMSMs were presented. In [16], an
analytical model to calculate the vibrational response of an
electrical motor was developed.

However, despite their fast response, the accuracy of
analytical models is, generally, not high enough, due to the
simplifications that are performed.

In order to develop an effective control, the accuracy of
FEM is required, with a short enough calculation time. None
of the calculation procedures found in literature offers the
accuracy of the FE simulations with a low computational time.
Therefore, a new procedure to estimate vibration is needed, to
obtain the accuracy of the FE models, but with a
computational effort low enough to be calculated in real time.

In this work, a new calculation procedure employing
surrogated models is proposed to fulfil the mentioned
requirements. Complex FE models were created, and
simulations were performed in a wide range of conditions. The
results of the simulations were gathered in Look-Up Tables
(LUT) (and implemented in the model), creating a fast and
simple tool that accurately provides the output result for any
input variables.

In [17] and [18], FE analyses were performed to estimate
the electromagnetic torque for different current and rotor
position values. The results were saved as LUTs and
introduced to the models, avoiding FE calculations in the
control procedure.

In this work, a similar approach is proposed, and FE
simulations are performed to generate a LUT that relates the



electromagnetic pressure on the teeth with current and rotor
position.

Another reduced model is used to describe the mechanical
behaviour of the machine. FE simulations are performed to
calculate the natural frequencies and vibration modes of the
machine. The results are saved as LUTs, in order to allow a
fast estimation of the vibration of the stator due to the pressure
on the teeth.

In section II. , the calculation procedure is described. A
detailed explanation of the electromagnetic and structural
models is given, and the FE simulations performed to obtain
the LUTs are described. In section III. , the calculation
procedure is validated, by comparing the vibrational response
estimated by the model to the response obtained in FE
simulations.

II. MODEL OF THE MACHINE

The model of the PMSM described in Table I is developed
and implemented in the Matlab/Simulink simulation platform.

TABLE I
MAIN CHARACTERISTICS OF THE MACHINE

Number of slots  Number of pole Number of
pairs winding layers
36 15 2

Fig. 1 shows an overview of the workflow of the model.
The inputs are the rotational speed of the machine and the
current in dgq axes. First, in the electromagnetic model, the
electromagnetic pressure on the stator teeth surface is
obtained. Then, the pressure is used as the input of the
structural model to calculate the vibration at the surface of the
stator frame.
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Fig. 1. Overview of the whole model

A.  Electromagnetic Model

The electromagnetic model consists on the creation of a
LUT that relates the rotor position and the current introduced
to the machine with the magnetic pressure on the stator teeth.

The radial (P ) and tangential ( £ ) components of the

magnetic pressure are obtained using Maxwell’s tensor [19]:

p BB
2u, (1)
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where B and B, are the radial and tangential components of

the magnetic flux density and 4, is the magnetic permeability

of the air.

It is assumed that the vibrations of the frame mainly occur
due to the radial component of the pressure, and that the
tangential component does not have a considerable impact
[19]. Therefore, in order to simplify the model and reduce the
computational cost, only the radial pressure is considered in
the calculation procedure.

To apply Maxwell’s tensor, the magnetic flux density in the
internal surface of the teeth needs to be known, for any current
and rotor position. In order to do so, a 2D FE model of the
machine was created in a FE software, and a simulation sweep
for different working conditions of the machine was
performed.

The model is defined as explained in [20]. The simulations
were performed in the following working conditions:

o J,:[-3;-2;-1;-0.8; -0.6; -0.4; -0.2; 0; 0.2; 0.4; 0.6; 0.8;
1;2; 3] A (rms)
e [,:[-13.3;-9;-6.5; -4; -2; -1.5; -1; -0.8; -0.6; -0.4; -0.2;

0;0.2;0,4;0.6;0.8; 1; 1.5; 2; 4; 6.5; 9; 13.3] A (rms)

Assuming the machine ideal, and as it has three winding
periodicities, it is not necessary to perform the simulations for
the entire machine. To reduce the computational cost, just one
winding periodicity was considered, which corresponds to the
third part of the machine, and the results were then repeated
three times to complete the entire machine.

As it is a magnetostatic calculation, each time increment
refers to a certain position of the rotor (&). The resolution of
the rotor position is defined by the maximum temporal
electrical order (7, ) that can be correctly analysed without

ax

aliasing.
The minimum amount of rotor positions (N,) can be
defined by equation (2).
N, =r_ pk (2)

where p the number of pole pairs and & the number of points

per period needed to correctly define each frequency order. In
accordance with equation (2), in order to represent the 30%
temporal electric order and considering 6 points per period, a
minimum amount of 2700 rotor positions was defined.

In this work, the harmonics introduced by PWM were not
analysed. PWM introduces high frequency components to the
current, up to several kHz, resulting in much higher temporal
electric orders than the maximum stablished. Therefore, a
much higher resolution would be necessary for the rotor
position, which would considerably increase the required time
to perform the simulations and obtain the electromagnetic
LUT.

Apart from that, the sample time used in the reduced model
would need to be much smaller in order to consider the high
frequency harmonics of the current, which would make the
calculation much slower.

Moreover, in order to obtain the spatial distribution of the
pressure for every rotor position, a path was defined along the
stator teeth.

In this case, when defining the path, the number of points



per tooth (N, ) defines the maximum spatial electrical order (

s, ) that can be correctly estimated without aliasing.
S PR
2z

where ¢, is the angle of a tooth. According to equation (3), in

N =

1

3)

order to represent the 30™ spatial electric order, and
considering 6 points per period, a minimum number of 40
points per tooth is needed.

In each simulation, the radial and tangential components of
the magnetic flux density ( B, and B, ) were exported, for all
the points defined in the path, for each rotor position.

The data was gathered in the matrices B,({,,/ o 6,a) and

B, (Id,lq,é’, @), where @ is the rotor position and ¢ is the

spatial tangential position. Then, applying Maxwell’s tensor,
the radial pressure matrix F.(/,,/,,0,&) was obtained and

implemented as LUT 1 in the electromagnetic model (Fig. 2).
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Fig. 2. Electromagnetic model

B.  Structural Model

Starting with the pressure on the surface of the teeth
obtained by the electromagnetic model, the structural model is
defined to calculate the vibration of the stator frame.

The calculation procedure is developed in accordance with
the equation of the motion of the mechanical system:

(M]{ii}+ [C]{a}+ [K]{u} = {f} (4)
where [M ], [C ] and [K ] are the mass, damping and stiffness

matrices, {u} is the displacement vector and {f} the force

vector.

Solving the previous equation in the matrix form is very
time consuming. However, the equation system can be
decoupled by applying the modal superposition method,
which considers that the motion is the result of the
contribution of the vibration modes of the system. According
to this method, the response of the system is the product of the
mode shape matrix [U ] and the modal amplitude vector {#}:

(W)=} ®

If the transpose of the mode shape matrix is pre-multiplied
to all the elements, the equation of the motion is written as:

w1 it +w1relwi{i} + ©
T {n} = w1 {1}

Assuming that the damping of the system can be modelled
with modal damping, the equation can be written using the
modal mass, modal damping and modal stiffness matrices.

(v, i} + e, {n}+ (5 ){n} = {£.} (7)
where [M,], [C,] and [K,] are diagonal matrices, being all

the non-diagonal elements equal to zero. The £ -th elements
of the diagonals (m, , ¢, , k, ), correspond to the modal mass,

modal damping and modal stiffness of mode % .

Therefore, the equation system can be decoupled, and a set
of differential equations, equal to the number of modes
considered in the analysis, is obtained:

mij, +en, +kn, =1, (8)

By dividing all the terms by the modal mass, and knowing

that ¢, =2& @,m, and k, = @m,, the equation is rewritten
as:

fi, + 28w, +win, =f /m, 9)

where & and wi are the damping ratio and the natural

frequency (in rad/s) of mode k. f, is the effective force on

mode k , and it is the scalar product of the modal shape of that
mode and the spatial distribution of the force vector.

S ={U @} {f(O)} (10)

The closer the spatial distribution of the force is to the
shape of a mode, the higher the contribution of that mode to
the vibration will be.

The differential equation is solved for each mode and the
modal amplitude vector is obtained.

Then, equation (5) is used to obtain the vibrational response
of the system. Multiplying the mode shape matrix with the
modal amplitude vector, the acceleration in any point of the
motor is obtained for each mode. Summing the response of all
modes, the total vibrational response is obtained, for any axial
(x) and tangential ( @) position.

u(z,0.1) = i U.(x,0)n, (1)

Fig. 3. shows the structural model developed in this work,
which is divided in four steps. The model is defined in
accordance with the calculation procedure explained in the
previous paragraphs, and in order to calculate the mode shape
matrices that are necessary for the calculations, a FE model of
the machine was created in the ABAQUS software. The model
is defined as explained in [21].

1)  Calculation of the Force Vector

The pressure obtained from the electromagnetic model is
used as the input of the structural model. The pressure is

converted into the force vector {f}, by considering the area

(11)

that corresponds to each of the points of the structural mesh.

P

U= RALrAa

where R is the inner radius of the stator, and AL and A«
are the axial and angular resolution of the mesh.

(12)
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Fig. 3. Structural model

2)  Calculation of the Effective Force Vector
Using the FE model, the vibration modes of the system are
calculated, in order to obtain the mode shape matrix that is

needed to calculate the effective force vector {f,}.

When the modal superposition method is considered, it is
convenient to calculate the modes for at least twice the
frequency range of interest for the response, as higher
frequency modes may also have a considerable influence on
lower frequencies. In this work, the upper limit for the
response is the 30" electric order, and all the modes within 5
times that frequency range were calculated. Even though less
modes would probably be enough for an accurate calculation,
the number of modes chosen allows a sufficiently fast
calculation. However, an analysis of the reduction of the
number of modes considered should be done in the future to
minimize the calculation time.

The vibration modes contain the movement of every single
point of the model, but in order to develop equation (10) and
calculate the effective force vector, only the mode shape of the
stator teeth surface (the area in which the force is applied) is
required.

As mentioned in section II. A. , the number of points per
tooth defines the maximum spatial electrical order that can be
correctly estimated without aliasing. According to equation
(3), a minimum number of 40 points per tooth is needed to
reach the 30™ spatial electric order.

Fig. 4 shows, as an example, the shape of a specific
vibration mode in one tooth. The movement of each node is
obtained as the difference between its deformed and
undeformed position.
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Fig. 4. Shape of a specific vibration mode

In step-skewed rotors, the magnetic pressure is not constant

along the axial direction of the stator. For that reason, a 3D
electromagnetic model would be needed to consider the axial
distribution of the pressure, which would increase
considerably the required time to obtain the electromagnetic
LUT.

As the machine analysed in this work has a non-skewed
rotor, the pressure is constant along the axial direction of the
stator, which is the reason why a 2D electromagnetic model
was used.

However, as the machine is not axially symmetrical, the
modal shapes vary in that direction. Therefore, 5 axial sections
were defined in the stator, and for each axial position, a path
or point group was defined along the edge of the stator teeth.
Then, for every mode, a vector containing the motion of all
the points in each path was exported. Only the radial
component of the motion was exported, as the tangential
component of the pressure was neglected.

The results for the mode shapes of the teeth are organized
as shown in Fig. 5. Each column represents a mode and each
row a tangential (@) and axial ( x ) position.

Vibration modes
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Fig. 5. Mode shape matrix exported from ABAQUS



3)  Resolution of the Differential Equation
In the third step of the procedure, equation (9) is solved,

and the modal amplitude response vector /, is obtained. The

modal mass vector, which needs to be divided to the effective
force, was also exported from the FE software.

4)  Calculation of the Vibration on the Stator Frame

Finally, the vibration on the external surface of the stator is
calculated using equation (11). In this step, the mode shape
matrix of the stator frame is required, and it was obtained from
the same FE calculation of section II. B.

In order to obtain the response at any point of the frame or
to visualize the movement of the entire frame, the matrices for
all the nodes in the external surface of the stator should be
exported. However, in order to lighten the model (to be used
in a control procedure), it would be enough to export the
matrices for a small number of representative points.

Once the results were exported, they were organized to
create the LUT 2 of Fig. 3. The LUT offers the mode shape
matrix of any tangential ( ;) and axial (x; ) position of the

frame. Multiplying the values of the mode shapes at the point
of interest with the modal amplitude vector, and summing the
results obtained for all the modes, the vibration of that specific
point of the frame is obtained.

III. VALIDATION OF THE MODEL

In order to validate the simulation procedure presented in
this work, two cases were simulated by FE calculations.

The validation was performed by comparing the vibration
response obtained in the FE simulations to the response
estimated by the proposed reduced model running in
Simulink. The central point of the upper face of the stator
frame was chosen as the reference point.

Both in the reduced model and in the FE calculation, the
response until 0.5 s was calculated, with a time increment of
5-10%s.

A.  Validation of the Structural Model

First, in order to validate the structural model, an impulse
was introduced to the mechanical system. An instantaneous
unitary pressure (1 Pa) was created and applied to the surface
of all the stator teeth. In this case, the electromagnetic models
are not considered.

Introducing an impulse to the machine, a transient response
is obtained, which is attenuated along the time. Fig. 6 shows
the acceleration obtained in the reference point, both in the
reduced model and by the FE simulation, in the frequency
domain.
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Fig. 6. Vibration response for the impulse case
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The reduced model slightly overestimates the vibration
response calculated in the FE simulation. The frequencies
where the peaks arise are well estimated, and the trend of the
curves is the same. The amplitudes are not the same, but
differences are generally small.

B.  Validation of the Complete Model

A second simulation was performed to validate the
complete model presented in this work. In this case, a real
functioning case was simulated, with a rotational speed of 300
rpmand an [ current of 9 A (rms).

First, the selected current and rotational speed were
introduced to the electromagnetic FE model, and the spatial
distribution of the pressure on the teeth was exported. Then,
that pressure was used as the input for the structural FE model,
where the vibrational response of the machine was calculated.

As the current is maintained in time, once the transient
response is attenuated, a steady-state response is obtained.

Fig. 7 shows the acceleration obtained in the reference
point in the frequency domain, in the transient region. As in
the case of the impulse, the estimation of the general trend and
the peak frequencies is accurate, even though some
differences are observed regarding the amplitudes.
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Fig. 7. Vibration response for the Iq 9 case, in the transient region
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Fig. 8 shows the acceleration in the steady-state region. The
amplitude of most frequency orders is estimated accurately,
even though some differences are observed in several
harmonics.

There may be several reasons to explain the differences in
the amplitudes. On the one hand, regarding the FE
simulations, the electromagnetic pressure calculated in the FE
electromagnetic software is applied to the FE structural model,
and a certain error might be committed in that transmission.
The structural FE software converts the pressure on the stator
teeth surface into forces, distributing it in all the nodes defined
in the mesh of the surface. Depending on the size of the
elements, some information may be lost. For this reason, in
the future, it should be analysed how the vibration response
changes if the mesh is modified.

On the other hand, concerning the reduced model, an error
might be committed due to the axial discretization defined for
the mode shape matrix of the stator teeth surface. If there are
vibration modes with a significant axial deformation,
exporting the modal shape of only 5 sections might not be
enough. Thus, it should be studied how the vibration response
changes considering a higher number of axial sections.
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Fig. 8. Vibration response for the Iq 9 A case, in the steady-state region

The electromagnetic FE simulation requires a
computational time of 5 days in a 12 core and 96 GB RAM
computer and the structural 36 hours. In contrast, the
calculation was performed in 50 seconds by the reduced model
in Simulink.

In order to perform an accurate enough comparison, a very
small time increment was used for the validation. However, it
has to be analysed which would be the optimum time
increment, so that the calculation time is reduced without
compromising the accuracy of the results.

IV. CONCLUSIONS

This work presents a reduced model to estimate the
vibration response on the stator frame of PMSMs in a fast and
accurate way. An electromagnetic model and a structural
model were created, both based on LUTs that gather the
information obtained in complex and time-consuming FE
simulations.

The validation shows that the transient and steady-state
response of the machine are estimated accurately. The same
trend as in FE calculations is observed, and the differences in
amplitudes are generally small. A reason for those differences
might be the error committed in the structural FE software
when distributing the magnetic pressure as a force to each
node of the mesh. Another reason might be that an insufficient
number of axial sections was set to export the modal shape
matrix of the stator teeth. To fully comprehend the reason and
minimize the differences in the results, these two phenomena
should be furtherly analysed.

The model presented in this work reduces the calculation
time of a regular FE analysis from several days to a few
seconds, without compromising the accuracy of the results.
For that reason, this model could be suitable to be
implemented on an active control system in the future. For
that, the model needs to be optimized, as the calculation time
needs to be reduced. There are several parameters that should
be further studied: the time increment of the model, the
number of elements of the LUT used in the electromagnetic
model, the number of vibration modes considered and the
number of representative nodes for the mode shapes.
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