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Fast Finite Element Based Vibration Response
Calculation Procedure for Permanent Magnet
Synchronous Machines

Mikel Mendizabal, Alex McCloskey, Sergio Zarate, Javier Poza and Gaizka Almandoz, Member, IEEE

Abstract—The vibration of the stator frame due to electro-
magnetic forces is one of the main noise and vibration sources of
electric machines. In some applications, due to the wide variety
of working conditions, magnetic circuit design optimisations 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 vibration estimation for any input conditions.
The proposed model demonstrated the same accuracy as Finite
Element simulations, with a calculation time of several seconds.
The model was validated using experimental measurements,
and it reliably estimated the evolution of the vibration of a
commercial machine under varying current and rotational speed.
Its potential to test harmonic current injection strategies was also
experimentally corroborated. Thus, the model presented in this
work is suitable to be further developed and implemented as a
virtual sensor in a harmonic injection control procedure.

Index Terms—Electric machines, Electromagnetic modeling,
Finite Element analysis, Harmonic current injection, Metamod-
eling, Numerical simulation, Permanent magnet machines, Table
lookup, Vibration measurement, 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 optimise the vibration response of the machines.
Among all the sources of noise and vibration, the vibrations
of the stator frame generated by electromagnetic forces are
among the most critical ones [2].

In literature, several approaches were presented to optimise
the vibration response of PMSMs by design improvements
[3], [4]. However, due to the wide operation range required in
many applications, it is very complex to establish an optimum
design for all working conditions, because excitation frequen-
cies change with the rotational speed, and the amplitudes of
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the harmonics change with the loading conditions [5], [6].
Therefore, an alternative approach is to reduce the vibrations
by means of control.

Most of the control strategies proposed in literature are
based on modifying the current introduced to the machine,
so that certain harmonics of the magnetic pressure, and con-
sequently, certain harmonics of vibrations, are reduced. Har-
monic current injection [5], [7] or current profile optimisation
[6], [8] are some of the most employed techniques.

However, so that the control is effective for any working
condition, the actual vibration state of the machine needs to
be known. Some authors employ measurements provided by
accelerometers as the input of the control [5], [9], [10], but
that 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 as a virtual sensor.

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 mag-
netic forces produced by electromagnetic phenomena, and a
structural model is needed to estimate the dynamic response
produced by those forces [11], [12].

The Finite Element Method (FEM) is a tool that is widely
used to analyse various machine typologies. For instance,
Finite Element (FE) models were developed for Induction
Machines (IM) [13], [14], Switched Reluctance Machines
(SRM) [15], [16], and PMSMs [1], [2], [17], [18], in order to
estimate their vibration and noise response. Despite its high
accuracy, the computational requirements of FEM are too high
to be used in a dynamic control, where a calculation time
below a few seconds might be required.

Analytical models offer faster calculations. In literature,
analytical models were also employed for various machine
typologies, such as IMs [19], [20], SRMs [21] and PMSMs
[22]-[25]. Nevertheless, their accuracy is not high enough due
to the simplifications and assumptions made to obtain the
analytical solution. In order to develop an effective control,
a calculation procedure that offers the accuracy of FEM is
needed, with a computational effort low enough to be used in
real time.

In [26] and [27], FE analyses were performed to estimate the
electromagnetic torque for various current and rotor position
values. The results were saved as Look Up Tables (LUT) and
introduced to the models, avoiding FE calculations when the
control is working.

In this work, a similar approach based on LUTs is proposed
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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
LUTs and implemented in the model, creating a fast and
simple tool that provides the output result for any input
parameters.

This calculation procedure was presented in [28], where
it showed the accuracy of the FE models with a substantial
reduction of calculation time. In this extended paper, the
experimental validation of the model is added to the FE
validation in [28]. The performance of the proposed model
is tested at various working conditions.

As previously mentioned, the model is conceived to be im-
plemented in a control strategy, with the objective of reducing
the vibration response of an electric machine in its entire range
of working conditions. A harmonic current injection technique
could be employed, where the model developed in this work
would work as a virtual sensor, and based on the vibration
estimation it provided, the control would introduce a specific
current harmonic to reduce the most problematic vibration
harmonic.

For that purpose, the model needs to reliably predict the
vibration response of the machine under varying working
conditions. The main objective of the model is not a high
accuracy in amplitudes, but predicting the evolution of the
vibration harmonics when varying the rotational speed and
load of the machine. As it will be part of a real-time control,
the prediction of the model needs to be fast enough. A
calculation time about 100 times slower than real time would
be reasonable to validate control strategies. In order to use the
model in the control, the calculation time should be close to
real time.

In Section II, the calculation procedure is described. A
detailed explanation of the electromagnetic and structural
models is given. In Section III, the calculation procedure is
validated employing both FE simulations and experimental
measurements. In Section IV, the main conclusions of the
paper are summarised.

II. MODEL OF THE MACHINE

The PMSM analysed in this work is a machine employed for
elevation systems. Its main characteristics are summarised in
Table I. In this application, there are rather strict regulations re-
garding the maximum allowable vibration level of the electric
machines, as the vibration and noise that is transmitted to the
environment is amplified through the structures the machines
are mounted in.

TABLE I: Machine Characteristics.

Number of slots 36
Number of pole pairs 15
Number of winding layers 2
Rated power 7 kW (9 HP)
Rated rotational speed 300 rpm

According to the ISO 20816 standard [29], a limit of around
1 mm/s (rms) is established for low-power machine vibrations.
Generally, the vibration level of the PMSM analysed in this
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work is below that limit, but there is a significant variability
among different machine units and buildings they are mounted
in. In addition, the standard is focused on total vibration
energy, but certain machine units show specific vibration
harmonics with excessive amplitude, which is also harmful.

The model of the machine was developed in the Mat-
lab/Simulink simulation platform [30]. Fig. 1 shows an
overview of the workflow of the model. The inputs are the
rotational speed of the machine (w) and the current in dg
axes (Iq and I,). First, with the electromagnetic model, the
electromagnetic pressure (q) on the stator teeth surface is
obtained. Then, the pressure is used as the input of the
structural model to calculate the vibration (ii) at the surface
of the stator frame.

[
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Fig. 1: Overview of the developed reduced model.

A. Electromagnetic Model

The electromagnetic model is a surrogate model, which con-
sists in a LUT that relates the rotor position and the current
introduced to the machine with the magnetic pressure on the
stator teeth. The radial (g,) and tangential (¢;) components of
the pressure are obtained using Maxwell’s tensor [31]:

B2 B
gr = ———-1L
B, B,
q =
Ho

where B, and B; are the radial and tangential components of
the magnetic flux density and 11 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
[31]. Thus, in order to simplify the model and reduce the
computational cost, only the radial pressure was considered in
the calculation procedure.

In order to build the LUT, the magnetic flux density on
the surface of the teeth needs to be known, for any rotor
position and current value. For that purpose, a FE model of the
machine was created using FLUX software [32], following the
procedure explained in [33]. Using that model, a simulation
sweep was defined, consisting of the following current values:

o I4:[-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).
o Iy [-13.3;-9; -6.5; -4; -2; -1.5; -1; -0.8; -0.6; -0.4; -0.2;
0; 0.2; 04; 0.6; 0.8; 1; 1.5; 2; 4; 6.5, 9; 13.3] A (rms).

A total of 345 simulations were performed, each of them

using one of the previous Iy and I, values as inputs. Then,
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the magnetic flux density obtained in all the simulations was
gathered to build 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. Thus, a 2D FE model was defined.

Assuming the machine ideal, it is not necessary to perform
the simulations for the entire geometry. To reduce the com-
putational 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 angular position of the rotor (6). The
resolution of the rotor position is defined by the maximum
temporal electric order (rp,,x) that can be correctly analysed
without aliasing. Thus, the number of rotor positions (Ny) can
be defined according to:

Ny = rmaxpk 2

where p is the number of pole pairs and %k the number of
points per period needed to correctly define each frequency
order. In accordance with (2), in order to represent the 30t
temporal electric order and considering 6 points per period,
2700 rotor positions would be needed in the entire machine.
But being an ideal machine, it is not necessary to simulate
an entire mechanical period, one electrical period is enough.
Thus, 180 rotor positions were defined.

In order to obtain the spatial distribution of the pressure for
every rotor position, a path was defined along the stator teeth.
The number of points per tooth (Vi) defines the maximum
spatial electric order (syax) that can be correctly estimated
without aliasing:

N, = Ot SmaxPk 3)
27

where oy is the angle of a tooth. According to (3), in order
to represent the 30" spatial electric order, and considering 6
points per period, 40 points per tooth were defined.

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,.(I4, I, 6, ) and
B:(14,1,,0, ), where 6 is the rotor position and « is the
spatial angular position. Then, applying Maxwell’s tensor,
the radial pressure matrix q,(I4,I,,0,«) was obtained and
implemented as LUT 1 in the electromagnetic model (Fig. 2).

LUT 1
® 40T
o Wy B d
s LR | D
I u.
q
@ =
I
&

Fig. 2: Overview of the developed electromagnetic model.
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B. Structural Model

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

The calculation procedure was developed in accordance
with the equation of the motion of the mechanical system
[34]:

Mii+ Ct+ Ku = 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 de-
coupled applying the modal superposition method [34], which
considers that the motion is the sum of the contribution of the
vibration modes of the system. In accordance with this method,
the response of the system is the product of the mode shape
matrix (U) and the modal amplitude vector (n):

u="Up ®)

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

U™™Uij + UTCUyp + UTKUyp = UTF (6)

Assuming that the damping of the system can be modelled
with modal damping, equation (6) can be rewritten using the
modal mass, modal damping and modal stiffness matrices:

Mpij + Cpn+ Kpn = fp (7

where Mp, Cp and Kp are diagonal matrices, being all the
non-diagonal elements equal to zero. The k-th elements of the
diagonals (my, cg, ki), correspond to the modal mass, modal
damping and modal stiffness of mode k.

Therefore, the equation system is decoupled, and a set of
differential equations, equal to the number of modes consid-
ered in the analysis, is obtained:

meik + ceMk + ke = fr ®)

By dividing all the terms by the modal mass, and knowing
that ¢, = 2&wrmy and k = w,%mk , the equation is rewritten
as:

ik + 28pwitie + wink = fi/mu; )

where & and wy are the damping ratio and the natural
frequency of mode k, and fj, is the effective force on mode
k.

The effective force is the scalar product of the modal shape
of a mode and the spatial distribution of the force vector, as
shown in equation (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.

Jr = Ut (10)
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Fig. 3: Overview of the developed structural model.

The differential equation is solved for each mode and the
modal amplitude vector is obtained. Equation (5) is used
to obtain the vibration response of the system. Multiplying
the mode shape matrix with the modal amplitude vector, the
displacement at any point of the machine is obtained.

Fig. 3 shows the structural model developed in this work,
which is divided in four steps. The model was 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 using ABAQUS software [35]. The
FE model was defined as explained in [36].

Step 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 that corresponds to each of
the points of the structural mesh:

f =q,RALA« (11)
where R is the inner radius of the stator, and AL and A« are
the axial and angular dimensions of the mesh.

Step 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 fp.

When the modal superposition method is used, it is con-
venient to calculate the modes in a higher range than the
frequency range of interest for the response, as higher fre-
quency modes may also have a considerable impact on lower
frequencies. In this work, the upper limit for the response is
the 30" electric order. A typical reference is to consider twice
the frequency range of the response, but in order to ensure that
no relevant modes are neglected, it was decided to calculate all
the modes within 5 times the frequency range of the response.

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

As mentioned in Section II-A, the number of points per
tooth defines the maximum spatial order that can be correctly
estimated without aliasing. According to (3), 40 points per
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tooth were also defined for the structural FE model, in order
to reach the 30" spatial electric order.

The pressure is constant along the axial direction of the
stator, but the machine is not axially symmetrical, and the
modal shapes vary in that direction. Therefore, 5 axial sections
were defined in the stator, and for each axial position, a path
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.

Step 3) Resolution of the Differential Equation: Equation
(9) is solved, and the modal amplitude vector 5 is obtained.
The modal mass vector, which is divided to the effective force,
was also exported from the FE calculation.

Step 4) Calculation of the Vibration on the Stator Frame:
Finally, the vibration on the external surface of the stator is
calculated using (5). In this step, the mode shape matrix on the
outer surface of the stator is required, which was also exported
from the FE calculation.

The results were gathered in the LUT 2 of Fig. 3, which
contains the mode shape matrix for any tangential (f¢) and
axial (z¢) position of the surface. 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 stator frame is obtained.

III. VALIDATION OF THE MODEL

First, the accuracy and the response time of the model pro-
posed in this work was compared to FE calculations, in order
to validate its performance compared to the conventional FE
calculation procedure. Then, the prediction of the model was
validated using experimental results, in order to ensure that it
provides a realistic estimation of the behaviour of the machine
under various working conditions.

A. Finite Element Simulations

The first part of the validation was performed by comparing
the vibration response obtained in 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, as shown in Fig. 4.
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Fig. 4: Reference point in the structural FE model.

The rated working point of the machine was selected for
the comparison, consisting in a rotational speed of 300 rpm
and an I, current of 9 A (rms). The response until 0.5 s was
calculated, with a time increment of 5 ps, both in the FE
simulations and the reduced model.

The FE simulation consisted in a coupling between FLUX
and ABAQUS. First, the selected current and rotational speed
were introduced to FLUX, and a magnetostatic calculation was
performed. The spatial distribution of the pressure on the teeth
was exported for every time increment. Then, the pressure was
introduced to ABAQUS, and a modal dynamic calculation was
performed, in order to obtain the vibration response of the
machine. The same spatial mesh was used in both FE models,
in order to minimise errors when transferring the pressure.

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

Fig. 5 shows the vibration velocity spectrum in the transient
region. The estimation of the general trend and the peak fre-
quencies is highly accurate, except for several low-frequency
amplitudes that are underestimated by the reduced model.
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Fig. 5: Comparison of the reduced model prediction and FE
simulations in the transient region.

Fig. 6 shows the vibration velocity spectrum in the steady-
state region. The amplitude of the frequency components is
estimated very accurately. The most significant differences are
observed at high-order harmonics.

Those differences in amplitudes might be due to an error
made in the transition between the two FE software, when
applying the electromagnetic pressure into the structural FE
software. 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.
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Fig. 6: Comparison of the reduced model prediction and FE
simulations in the steady-state region.

The electromagnetic FE model has 75000 elements and
160000 nodes, and the simulation required a computational
time of 12 hours in a 12 core and 96 GB RAM computer.
The structural model has 2500000 elements and 3100000
nodes, and the simulation required 36 hours. In contrast, the
calculation was performed in 50 seconds by the reduced model
in Simulink.

B. Experimental Measurements

The reduced model shows highly accurate results compared to
FE calculations, but it is necessary to validate if its prediction
is close to the experimental behaviour of real machines. For
that purpose, two mass-produced commercial machines (two
units of the same model, hereinafter referred to as M1 and M2)
were tested in operation under various working conditions. The
main characteristics of the tested machine model are shown in
Table 1.

1) Experimental Set-Up: The set-up for the experimental
measurements is shown in Fig. 7. The machine under test was
fixed on a test bench and coupled to a secondary machine that
was used to apply the necessary load. An accelerometer was
placed on the machine, in order to measure the vibration on
the center of the upper surface. The current of the three-phases
and the rotational speed of the rotor were also measured.

Fig. 7: Set-up for the experimental measurements.

The following equipment was used for the measurements:

o Acquisition system Pulse Briiel & Kjar Front-end type
3560C and a laptop with Pulse Labshop software.

o ICP triaxial accelerometer of PCB 356A16. Frequency
range: From 0.5 Hz to 5000 Hz. Sensitivity: 100 mV/g.

o Three Fluke i310s AC/DC current clamps.

o Rotational transducer (encoder).
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To be a reliable control strategy, the model needs to be
valid for various working conditions. The following tests were
performed, to check if the model is able to estimate the
evolution of the vibration response with respect to the working
conditions:

o Constant speed measurements at no load.

o Constant speed measurements at variable load.

o Variable speed measurements at no load.

o Harmonic current injection tests.

In order to replicate the same working conditions cor-
responding to the experimental tests, the current and the
rotational speed signals of each test were used as the inputs
of the model.

2) Constant Speed Measurements at No Load: In this test,
the machines were rotating at 150 rpm, which is half of their
rated speed, at no load. The vibration response was measured
during 30 seconds, which corresponds to 75 revolutions. With
this, the average of the spectrum was obtained in order to
reduce the experimental variability.

The instantaneous values of the current and the rotational
speed signals were introduced to the model, and the resulting
vibration was calculated for every time increment. The calcu-
lation was carried out for two revolutions. As the calculation
is in time-domain, a transient response is obtained, and thus,
a long enough time needs to be simulated in order to reach
the steady-state condition response, which is the working
condition that is analysed in this section.

The rotational speed of the machine and the current in dg
axes should be constant during the tests, but some variations
will occur in reality, which might affect the estimation of the
model. Thus, the influence of using the experimental input
signals, in comparison to ideal constant values, was analysed.
The signals corresponding to machine M1 were selected.

Fig. 8 shows that the amplitude of the main integer vibration
harmonics remains almost unchanged regardless of the input
definition. The only effect of considering the experimental
signals as inputs is that noise between even harmonics is
obtained.

Thus, it is demonstrated that the current and rotational speed
ripples generate a nearly-uniform noise between the integer
harmonics, without producing notable additional harmonics.
When considering the experimental signals as the inputs, the
model is able to predict the experimental noise with a high
accuracy regarding the amplitude, making the estimation of
the model very similar to the measured vibration level.

However, the main frequency components of the vibration
are the integer harmonics. Those are the only frequency
components that an ideal machine will have, and thus, they
are generally the predominant harmonics. Thus, for control
purposes, the rotational speed and current reference values
assigned by the control would be enough to predict the
behaviour of the machine, without the need of measuring the
actual instantaneous values.

Therefore, the comparison between the experimental and
estimated vibration spectra at constant speed can be performed
using Fig. 8b. The general trend of the integer harmonics is
predicted well by the reduced model. The most significant
differences are observed in electric orders 6 and 12, which
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Fig. 8: Vibration spectra at 150 rpm employing different input
definitions.

are underestimated with respect to the experimental results.
However, the amplitudes of electric orders 2, 4, 8 and 10 are
close to the experimental values.

In the experimental results, there are several fractional
harmonics (around 2.4, 4.8, 7.2 or 9.6) with significant ampli-
tudes, which are not predicted by the reduced model. These
fractional harmonics are produced by the imperfections or
tolerances of the commercial machines.

Every part has dimensional tolerances; when manufacturing
a machine, the real dimensions of its components will deviate
in some extent from the ideal values. Thus, all machines will
have a certain amount of eccentricity and imperfections in the
rotor and stator, which will modify the shape of the magnetic
flux in the air gap, producing additional harmonics of the
pressure at any mechanical order [37]-[39]. In particular, the
tolerances of the permanent magnets and the rotor produce
vibration harmonics at mechanical orders multiple to the
number of stator slots [37], which correspond to electric orders
multiple to 2.4 for the analysed PMSM.

The model in this work was defined for an ideal machine,
and thus, it cannot show any effect of the imperfections or
manufacturing tolerances of the machine. Therefore, all the
harmonics that arise due to tolerances are not predicted by the
model, and that is why those harmonics cannot be compared.
If fractional harmonics were harmful or significant for the
machine or application of interest, the FE model would need
to be developed considering manufacturing tolerances.

It is also worth mentioning that there is certain variability
between the two machine units. The general trend is very
similar in both cases, but there are notable differences at some



This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIA.2024.3472647

harmonics, mainly at the fractional ones, due to the particular
imperfections of each machine unit.

3) Constant Speed Measurements at Variable Load: In this
case, the machines were also rotating at 150 rpm, but a
different load level was introduced in each test. For each load
case, the vibration was measured during 30 seconds in order
to obtain the steady-state response.

From these tests, the evolution of the even integer vibration
harmonics (up to electric order 12) with respect to the load was
studied. As mentioned previously, the amplitudes of several
harmonics were not accurately predicted by the reduced model,
but its main purpose is to correctly estimate the evolution
of the harmonics, rather than their precise amplitudes. For
that reason, the relative variation of the harmonic amplitudes,
taking the zero-load value as a reference, was studied in this
section, as shown in Fig. 9.
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Fig. 9: Evolution of each vibration harmonic over load.

Certain variability is observed between the two tested ma-
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chines. As mentioned previously, the particular imperfections
of each machine have a considerable effect on the vibration
harmonics. However, the evolution of the harmonics with
respect to the load is similar in the two cases, and comparing
the mean value of both tests to the prediction of the model, it
can be said that the trend of all harmonics is well estimated
by the model.

In Fig. 10, the evolution of all the even integer harmonics
is compared. Both in the model and experimentally, electric
order 6 is the most sensitive harmonic to load, followed by
orders 8 and 12. Electric order 2 also shows an increasing
trend, slightly underestimated by the model. Finally, orders 4
and 10 seem to be independent respect to the load, as they
do not show a clear trend neither experimentally nor in the
model.
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Fig. 10: Evolution of vibration harmonics over load.

4) Variable Speed Measurements at No Load: In this test,
a run-up or velocity sweep was performed at no load, varying
the rotational speed of the motors from 0 to 300 rpm (rated
speed). The vibration response was measured during the test,
and the evolution of the main vibration harmonics in function
of the rotational speed was obtained.

The velocity sweep was reproduced in the reduced model,
by introducing the experimental rotational speed of every time
increment as an input. That way, the dynamic behaviour of the
machine was estimated employing a single simulation. In Fig.
11 and Fig. 12, the evolution of electric orders 2 and 4 is
shown.
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Fig. 11: Evolution of electric order 2 of vibration over rota-
tional speed.
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Fig. 12: Evolution of electric order 4 of vibration over rota-
tional speed.

For both harmonics, the experimental trend is unclear at
low rotational speeds. Due to the low vibration level at low
speeds, the harmonics can be hardly distinguished from the
background noise. Moreover, at low rotational speeds, the
control of the machine introduces higher currents to obtain
the torque needed to keep the reference speed. At low speed,
the momentum is low, and the effect of friction is bigger; and
thus, it is harder to keep the velocity at the desired value. As it
can be seen in Fig. 13, higher I, harmonics are introduced at
low speed, which produce higher vibration values. Thus, the
experimental data below 100 rpm is considered unreliable.
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Fig. 13: Spectrogram of ;.

At higher rotational speeds the experimental trend of both
harmonics is accurately estimated by the reduced model. A
linear relationship between the harmonic amplitude and the
rotational speed is obtained, as expected, because electric
orders 2 and 4 do not reach any natural frequency in the
rotational speed range covered.

In Fig. 14, the evolution of electric order 20 as a function of
rotational speed is shown. In this case, a resonance is clearly
observed in the experimental results at around 250 rpm. The
same phenomenon is predicted by the model. Even though
there is a small error on the natural frequency (=~15-20 rpm),
the model is able to predict the significant amplification of
electric order 20 when the excitation frequency is close to a
natural frequency of the machine.
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5) Harmonic Current Injection Tests: Having validated the
performance of the model under varying working conditions,
its potential to be used in a harmonic injection control proce-
dure is analysed in this section.

The harmonic injection technique consists in injecting har-
monics in the current to reduce a certain problematic vibration
harmonic. In order to obtain the reduction of the vibration
harmonic of interest, the optimum amplitude and phase of the
harmonic of the current need to be deduced.

In accordance with the spectra analysed in Fig. 8, electric
orders 2 and 4 are the most significant vibration harmonics
of the machine (both experimentally and in the model). Thus,
two harmonic injection strategies were defined:

o Injection of the 2"¢ electric order of I, with the objective

of reducing the 2°¢ electric order of the vibration.

« Injection of the 4 electric order of I,;, with the objective

of reducing the 4'" electric order of the vibration.

In both cases, a constant speed of 150 rpm at no load was
set as the test conditions.

In order to find the optimum amplitude and phase of the
current harmonics that would result in the greatest vibration
reduction, an optimisation process was carried out using the
reduced model. Simulation sweeps were performed, varying
the amplitude and the phase of the injected current harmonic
between 0-3 A and 0-360°, respectively. Fig. 15 shows the
amplitude of the vibration harmonic respect to the amplitude
and phase of the corresponding current harmonic.
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Fig. 15: Vibration amplitude with respect to the amplitude and
phase of the same I; harmonic.

According to the optimisation process, both vibration har-
monics can be potentially reduced. The optimum values for the
amplitude and phase of the current harmonics are gathered in
Table II.
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TABLE II: Optimum amplitude and phase of the I; harmonics.

I; Harmonic  Amplitude Phase
2 3A 200°
4 0.5 A 100°

Experimental measurements were performed to validate if
the current harmonics proposed by the model are effective in
reducing the desired vibration harmonics. For that purpose,
two new constant speed tests (at 150 rpm and no load) were
performed with the machine M1, in each test injecting one of
the optimised current harmonics deduced by the model.

Apart from the harmonic to be reduced, it is also interesting
to analyse how the rest of the vibration harmonics are modified
when injecting the current. For that reason, the variation of all
the even vibration harmonics (up to electric order 12) was
analysed, taking the original (no harmonic injection) vibration
spectrum as a reference.

Fig. 16 shows the variation of the vibration harmonics when
injecting the 2" electric order of I;. A significant reduction
of electric order 2 of vibration is experimentally achieved, as
desired, and the reduction is similar to the one predicted by
the model (87% versus 92%). However, the current injection
produces higher amplitudes in other vibration harmonics. A
particularly significant alteration of electric order 4 is observed
experimentally, with a similar increase as the one predicted
by the model (270% versus 308%). The model also predicts
increments of orders 8, 10 and 12. Only electric order 8 is
increased experimentally as estimated, as order 10 is reduced
and order 12 remains almost unchanged. However, in these
electric orders, neither the alterations predicted by the model
nor the experimental ones have a significant impact on the
general response.
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Fig. 16: Evolution of vibration harmonics when injecting
electric order 2 of 1.

Fig. 17 shows the variation of the vibration harmonics when
injecting the 4*" electric order of I,. A notable reduction of the
desired vibration harmonic (electric order 4) is also achieved
experimentally, the reduction being similar to the one predicted
by the model (78% versus 59%). In this case, the rest of
the harmonics do not undergo significant variations, neither
experimentally nor in the model.
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Overall, the potential of the model to test control strategies
was experimentally corroborated, as the current harmonics
defined by the model proved to effectively reduce the ad-
dressed vibration harmonics. However, it was also observed
that other vibration harmonics may be altered due to the
current injection. As the model also predicts this phenomenon,
it can be employed to test new injection strategies to optimise
the global behaviour of the machine.

IV. CONCLUSIONS

This work presents a reduced model to estimate the vibration
response of the stator frame of PMSMs. 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 proposed model reduces the calculation time of con-
ventional FE calculations from a significant amount of hours
to a few seconds, without compromising the accuracy of the
results. The performance of the model was also validated
experimentally, in comparison to mass-produced commercial
machines.

The results show that the model is able to predict the
evolution of the main vibration harmonics with respect to the
load and rotational speed of the machine. The main differences
between the prediction obtained with the model and the exper-
imental measurements were observed at fractional harmonics
that arise due to imperfections derived from manufacturing
tolerances and eccentricities. However, these differences were
expected, since the model developed was defined considering
the machine ideal. If the machine is considered ideal the LUT
of the electromagnetic model can be obtained with a much
lower computation time, but the complete real behaviour of the
machine is not obtained. Therefore, if the fractional harmonics
are significant or need to be reduced by the control, the model
should consider manufacturing tolerances in order to predict
the harmonics due to imperfections accurately.

The short calculation time of the model makes it suitable to
be employed for the validation of control strategies. Harmonic
current injection tests were performed, and the potential of the
model to test control strategies was corroborated. The model
was employed to estimate the optimum amplitude and phase
of the current harmonics to be injected, and by injecting those
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harmonics, a significant reduction of the addressed vibration
harmonics was achieved experimentally.

The reduced model also predicted an undesired increase
of other vibration harmonics when injecting certain current
harmonics, which was also observed in the experimental
measurements. Even if a specific harmonic is cancelled, the
global vibration behaviour of the machine might be worsened.
Thanks to the model proposed it is possible to calculate
the harmonics that need to be introduced in order to reduce
the desired harmonic without worsening the global vibration
response. These quick calculations can be performed within
an optimisation procedure to find the optimum current to be
injected.

Finally, with further reduction of the calculation time, by
optimizing the electromagnetic LUT, the number of modes
and the integration algorithm, the model could be suitable to
be employed as a virtual sensor in a harmonic current injection
control strategy.
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