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Abstract: Eccentricity faults are one of the main causes that significantly affect the perfor-
mance of permanent magnet synchronous machines (PMSMs). Monitoring eccentricity
in real time could prevent failures by adapting operation conditions and maintenance
schedule when early signs of deterioration are detected. This article proposes making a
circuit-type model of a permanent magnet machine with an easily configurable eccentricity
for simulations and real-time analysis of signals under different operating conditions. The
basis for the construction of the circuit model will be the simulation of the PMSM with
49 different coordinates of the rotor center, using the finite element analysis (FEA). The
presence of eccentricity causes a variation in the inductances, the no-load flux and the
expansion torque depending on the position of the rotor. The model proposes the use
of bilinear interpolation (BI) to estimate the inductance matrix, the no-load flux vector
captured by the stator winding and the cogging torque due to the presence of the magnets
in the rotor, all of them for each rotor position. The validation is done by comparing
the precision in the results of the machine’s self-inductances, the torque and the voltage
waveform at the PMSM terminals and the static torque of the PMSM. The circuit model
results are validated in two ways: (1) through experimental simulation, comparing the
same results obtained using FEA and (2) through practical experimentation, producing
a dynamic eccentricity in the machine of 0.3 mm. The results show that the proposed
model is capable of accurately reproducing the behavior of the PMSM against eccentricity
faults and presents computational time savings close to 99% compared to the response time
obtained using FEA. This rapid PMSM model, parameterizable according to the degree of
eccentricity, is the basis for the real-time simulation of the main machine waveforms, such
as voltage, current and torque.

Keywords: permanent magnet synchronous machine; fault diagnostics; eccentricity modeling;
coupled circuits; finite element method; bilinear interpolation

1. Introduction

Electrical machines are very important components in production processes. Depend-
ing on the application, different types of machines can be considered. For example, in
traction applications, permanent magnet synchronous machines (PMSMs) are widely used
due to their high efficiency and power density. Due to their essential role, the appearance
of faults in PMSMs leads to an unacceptable loss of production. Many of these faults are
progressive, that is, the degradation gradually increases and affects the performance of
the machine. These faults can cause several consequences on electrical machines, such as
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distortion of the magnetic field, overheating phenomena, risks of electric arcs, vibration
effects, high and unbalanced currents, electromechanical torque oscillation and noise. If
they are not detected in time, these faults can become catastrophic by causing the machine
to stop.

Generally speaking, and in accordance with the nature of the fault, three types of
common faults can be found in PMSMs [1]: electrical faults, demagnetization of magnets
and mechanical faults. Electrical faults on the stator account for 38% of all machine faults [2].
These involve incorrect connection of machine windings, grounding errors, short circuit
of stator phase windings and open circuit of one phase [1]. Demagnetization of magnets
can be caused by high temperatures, high stator currents or aging of the magnets [3].
Demagnetization causes oscillations in the machine’s torque and increases the temperature
if the same torque level is maintained. This leads to abnormal operations of the PMSM
and reduces its efficiency [1]. Mechanical faults include excessive vibration, shaft bending,
loose fasteners, bearing defects, rotor eccentricity and permanent magnet breakage [1].
Bearing defects alone represent more than 40% of electrical machine defects [2]. They can
be caused by many factors, the most common of which are fatigue, wear, the flow of
zero-sequence currents through bearings, plastic deformation and corrosion. Defects in
the bearings lead to torque oscillations, rotor eccentricity [4] and variations in the air gap
thickness between the rotor and stator. It can be static eccentricity, dynamic eccentricity
or mixed eccentricity [5]. Eccentricity is also considered as one of the mechanical sources
of electromagnetic vibrations [6]. An eccentricity fault with 10% severity is probably
the only existing fault in a brand new healthy electrical machine that is acceptable as a
manufacturing tolerance [7].

Normally, eccentricity modeling in PMSMs is carried out using computational software
that presents great precision in its results, such as finite element analysis (FEA) [8,9].
It is based on magnetic field calculations and considers the geometry and material of
the machine.

FEA modeling is very accurate and flexible, but due to its complexity, for dynamic
modeling of a PMSM, the algorithm needs to solve for a lot of elements/variables and
requires a lot of computational time. FEA-based software can calculate magnetic field
distribution in any electrical machine. From here, it is possible to easily obtain all the
parameters and characteristics of the machine, such as magnetic flux density, inductances,
electromagnetic torque and even voltages and currents in the windings [10].

The review of the literature details that it is possible to simulate a PMSM and consider
the presence of an eccentricity fault, but no models are found that are easily configurable
and that allow different types of physical quantities to be observed simultaneously. An
important point of using fast and easily parameterizable models based on eccentricity is
the generation of databases that are conducive to training intelligent eccentricity diagnosis
models. The results of [11] indicate that Al-based methods outperform traditional methods
for fault diagnosis in PMSMs, demonstrating their effectiveness in an industrial condition
monitoring application. The integration of Al in eccentricity diagnosis represents a step
towards improving the reliability and performance of PMSMs, highlighting the importance
of leveraging cutting-edge technology in the diagnosis of these machines.

In [12], FEA is used to model a PMSM with static, dynamic and mixed eccentricity;
however, the model is not easily parameterizable, that is, each type and severity of eccen-
tricity must be reproduced using FEA, which would require high computational calculation
times. It is important to reduce these models to speed up calculation time. However, it
is also necessary to maintain good precision in the results so as to not compromise the
analyses and make their integration into real-time calculation platforms possible, as has
already been shown in other studies [13-15]. Because the dynamic eccentricity (DE) and
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mixed eccentricity (ME) have a time-varying air gap length, its analysis requires a full time
step FEA, which is slow compared to the static finite element method that can be used for
static eccentricity (SE). Furthermore, the finite element method cannot provide analytical
mathematical relationships between the variables in question and the degree of eccentricity,
especially in the case of the ME. Therefore, the finite element method has often been used
to verify the other methods [11].

In the same order of ideas, Ref. [16] proposed a real-time model that allows detecting
dynamic eccentricity in PMSM. Their methodology is based on monitoring the motor
speed and the back-electromotive force induced in an additional winding. After deriving a
mathematical equation of the back-electromotive force (EMF) induced in a toothed winding,
they proposed a fault detection signal, which is the EMF in the additional winding divided
by the rotation speed. The validation of their method was performed using 2D FEA and
experimental validation with dynamic eccentricities of 0, 25% and 50%. However, although
the method proved to be effective for the detection and diagnosis of dynamic eccentricity in
PMSM, it presents a major disadvantage, namely the requirement of an additional winding.
In addition, there are no results associated with the presence of other types of eccentricity
such as static or mixed. To help analyze the electromagnetic characteristics of PMSMs
due to rotor eccentricity, such as electromagnetic torque and back electromotive force,
ref. [17] propose an analytical model to analyze the influence of rotor eccentricity on the
electromagnetic characteristics of a PMSM, specifically the effect on magnetic flux, induced
back EMF and torque. Their method was validated using FEA and experimental tests.

Beyond electrical measurements, mechanical aspects associated with eccentricity have
also been considered. In [18] is presented a model and experimental verification of a four-
degree-of-freedom rotor considering combined eccentricity and electromagnetic effects,
demonstrating the complexity of the interactions involved. The dynamic response is
verified by experiments where the results agree well in terms of the rotor trajectory shape
compared to the dynamic model results.

This work builds on these previous efforts by developing a new real-time model
for a PMSM that incorporates static, dynamic and mixed eccentricity effects, based on
knowledge of their geometry and the materials that compose them. The proposed model
will have the three types of eccentricity and will be easily configurable to modify their
degree of severity, and it will be validated through FEA and practical experimentation.

2. Eccentricity Fault in PMSM

Eccentricity represents a condition of a non-uniform cylindrical air gap between the
stator and the rotor. As shown in Figure 1a, when the rotor symmetry center (OR), stator
symmetry center (OS) and rotor rotation center (OW) coincide, indicating that the air gap is
uniformly distributed, the machine may be considered without the presence of eccentricity.
Eccentricity occurs when one of these axes is separated from the other two, or when all
three axes are separated. Specifically, OS separating from OR and OW is called SE; dynamic
eccentricity DE occurs when OR separates from the other two centers, and ME is the
separation of the three centers [19].

At static eccentricity (Figure 1b), the rotor rotates around its own geometric axis. In
dynamic eccentricity, the rotor rotates with the same geometric axis of the stator (Figure 1c).
The third category is mixed eccentricity, which refers to the coexistence of static and
dynamic eccentricity in the machine. Dynamic eccentricity is mainly caused by rotor mass
imbalance. Radial centrifugal force occurs when the machine rotates, resulting in an uneven
air gap between the stator and rotor [6]. Bearing (outer ring) wear leads to static eccentricity.
The presence of a defect in a ball causes a dynamic eccentricity.
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Figure 1. Graphic representation of eccentricity on the machine. (a) Healthy machine; (b) Static
eccentricity; (c) Dynamic eccentricity.

3. Modeling-Based Approaches

Fault modelling is one of the most significant and vital steps for the fault diagnosis in
machines [20,21]. The idea of modeling is to measure the deviation between the output of
an analytical model and the actual output of the machine, then predict a potential failure
signature which allows a diagnosis of the fault. According to the literature, modeling-
based approaches for PMSMs include equivalent electric circuit (EEC), magnetic equivalent
circuit (MEC) and numerical methods (NMs) [22]. Those based on EEC use a mathematical
approach to calculate the electrical quantities of the machine based on geometry. Machine
parameters such as inductance can be calculated using machine geometry and winding
configuration. EEC-based models can be subclassified into coupled circuit (CC) modeling,
winding function theory (TFE)-based modeling, and modified winding function theory
(TMFE)-based modeling [22]. Furthermore, methods are reported in the literature that allow
the diagnosis of eccentricity in PMSMs based on the analysis of the frequency components
that are present in the machine current spectrum, which can be included in models based
on EEC.

The method based on the CC model requires very good precision to reproduce all
the magnetic couplings between the circuits, and the performance of the model directly
depends on the precision of its parameters. Also, the best approach is to calculate the
model parameters with another model based on finite elements. As with CC, TFE requires
machine geometry and design data to calculate inductances, but it uses an analytical
approach. The calculation time required is less than CC but the precision is low. TMFE
uses the same approach as TFE but considers spatial effects, such as air gap non-uniformity
and harmonics, when calculating inductances. MEC-based approaches model the magnetic
circuit using sources of magnetomotive forces (MMFs) and reluctances; the output variables
are electrical quantities as for CEE. For the study of this modeling approach, the geometry
of the machine, the magnetic parameters of the material and the winding distribution are
considered [22].

Finally, NMs are based on solving Maxwell’s equations using the FEA. They require
more computing resources and large calculation times. However, these methods provide
more accurate results [22-24].

Seeking to reduce the computational cost to diagnose faults, hybrid techniques are
also found in the literature that combine two conventional approaches, such as the hybrid
analytical-numerical method (EEC-NM) presented in [25] and Ref. [26] for the study of
winding and demagnetization faults.



Machines 2025, 13, 120

50f24

4. PMSM Modeling in FEA

FEA is considered the most precise in terms of results obtained and requires a lot
of computational time. Maxwell’s equations, which describe the behavior of electric
and magnetic fields in space, are the foundation for PMSM simulation using FEA. They
represent a set of four coupled partial differential equations that govern electric and
magnetic fields as a function of time and position in space.

To incorporate Maxwell’s equations in the FEA, specific formulations are used for the
simulation of electromagnetic problems. Domain discretization is performed by considering
finite elements in which unknown variables, such as magnetic and electric fields, are
approximated by shape functions. These shape functions allow variation in these variables
across the domain to be efficiently represented. The modeling includes all the geometric
complexities of all the parts of the machine, including the stator, the rotor and the magnets
mounted on it. In addition, the spatial distribution of the stator windings, the non-uniform
air gap for modeling eccentricity, the physical conditions of the stator conductors and the
rotor are considered. The input is a three-phase sinusoidal current represented as three
currents injected into the machine windings, one for each phase. The transient equations of
the external circuit and the circuit elements are combined with the magnetic field equations.

In 2D simulation, the electromagnetic equation analyzed by FEA is represented as

in [8]:
0 1[0A 01 /0A
—— —_— —— — = 1

It should be noted that there is only one non-zero component for the vectors A and |
along the z axis for a 2D simulation that we denote A and J. A is the vector potential, and
u is the magnetic permeability. Jy is the current density related to the applied voltage, J. is
the current density related to the time variations of the magnetic flux and J, is the current
density related to the motional voltage.

If we consider that [y = fa%, Jo = U%—‘? and J, = 0v x V x A =0 (v is equal to zero
with the application of a fixed reference frame), then (1) is rewritten as:

ox u \ ox ayul\ay ) ¢ ot
where ¢ is the electrical conductivity, ¢ is the machine length along the z-axis, V; is the

applied voltage per phase and v is the speed of the conductor against magnetic flux density.
The electric circuit equation is given by the following:

Vs =Rsi+ N 49 3)
dt

where R; is the resistance in each phase of the winding, i is the current that circulates
through the winding, N is the number of turns and ¢ is the flux links captured by the coil.
Starting from an initial condition (generally A and ¢ are set to zero), Equations (2) and (3)
are solved by FEA through a modeling of steps in time (or steps in the rotor position) to
obtain the potential vector A and the stator current i. Once the vector potential is obtained,

the magnetic flux distribution can be obtained as follows:

— —
B=VxA (4)

FEA can calculate the magnetic field distribution in any electrical machine. From
here it is possible to obtain all the parameters and characteristics of the machine, such
as magnetic flux density, inductances, electromagnetic torque and even the voltages and
currents in the windings.
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5. PMSM Modeling in Coupled Circuits

An electrical machine can be represented by the classical voltage equations of the
stator and rotor as well as the electromagnetic torque equation in the frame abc. These
equations are represented in terms of resistance, self-inductance and mutual inductances.
The design of this model is mainly based on the basic geometry and winding arrangement
of the arbitrary phase machine. In such a model, the parameters are considered to vary
over time and depend on the position of the rotor.

For a PMSM the coupled circuit model can be written as

d{[LO)]I] + [An(O)]}

V| = [R]|I
V] = [RJI] + - 6
where

[V] 1 Voltage vector [nx1],in V.

[I] : Current vector [nx1], in A.

[R Resistance matrix [nxn], in Ohms

Inductance matrix [nxn], in H.
Vector of the fluxes produced by the permanent magnets and captured by
the phase windings of the stator [nx1], in Wb.
6 : Rotor angular position, in degrees.
n:  Number of circuits.
If we introduce the mechanical speed (£2) of rotation of the rotor in rad /s, Equation (5)
can be expressed as (6)

V] = [R][1] + d{[L(;t)HI]} n Qd{[zg(f’)]} ©)

If in Equation (6) we solve for the current derivative, we find (7):

% = L0 |- (1)) + 0% in - o) 7)

To solve Equation (7), it is necessary to identify the PMSM model, that is, knowing
[R], [L(0)], [An(0)]. If we consider that the voltage [V] is imposed, the one unknown is the
stator current vector [I].

The expression for the electromagnetic torque T, may be written in machine variables
as the partial derivative of the coenergy W, with respect to the angular position of the

rotor [27]: P\ oW,
I <2> aec )
in which 1
We = (L) + 7 A (6)] + Wi o

Wpm is the energy in the coupling field due to the presence of the permanent magnets
and P is the pole pairs number.

5.1. Coupled Circuit Model Parameterizable as a Function of Eccentricity

Equation (7) represents the solution that describes the behavior of the PMSM un-
der its different operating conditions. The coupled circuit model is completed in the
Simulink/MATLAB R2022a environment to generate programmable faults capable of
quickly reproducing the effects of an eccentricity fault on the electrical and mechanical
quantities of the machine. To do this, it is necessary to identify inductance matrices linked
to each of the faults to be simulated. To simulate the eccentricity, inductance matrices
will be identified numerically according to the position x, y of the center of the rotor and
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its angular position 6. This identification procedure will be repeated as many times as
necessary by imposing new values of x, y and 6. Matrix processing will then be carried
out in Matlab to produce fully configurable faults of eccentricity by making, for example,
interpolations between results for sets of discrete values of x, y and 6. This will make it
possible to reconstruct an inductance matrix suitable for the eccentricity fault situation
under study.

In the presence of eccentricity defined by rotor center coordinates (x, i), we propose to
carry out a bilinear interpolation (BI) to estimate all the parameters of [L(0)] and [A,,(6)]
for each rotor position. The mathematical interpolation is made knowing the parameters in
the coordinates, (x1,y1), (x2, y1), (x1, y2) and (x2, y2). The expression which corresponds
to any eccentricity (x,y) for x; < x < xp and y; < y < y, can be derived from Figure 2.

Y

A Ly(x1,y2) Li(x,y2) Li(x2,y2)
Y: - @ Q- @
. “”-ij(x v)

A
Vi b- e
_,‘ Li](xllyl) ?Li][xlyl) ?Lij[xbyl)
| 1 1 .
X1 X X2 X

Figure 2. Graphical representation of bilinear interpolation.

For each position 0 of the rotor, we can start for an interpolation in the X axis

Xy — X X — X1
Lij(x,y1) = P Lij(xn, 1) + — P Lij(x2,y1) (10)
X2 — X X — X1
Lij(x,y2) = ﬂLij(xlfyZ) + Pog Lij(x2,y2) (11)
Next, we do an interpolation in the Y axis
Y2—-Y y—hn
Li(x,y) = L;i(x, + L;i(x, 12
l]( ]/) v2— 1]( ]/1) v2— 1 1]( ]/2) (12)

By replacing (10) and (11) in (12), we obtain

Lij(x,y) = gy (W2 — ) ((x2 = 0)Lyj(x1, y1) + (x — x1) Lij(x2, y1))

Ty =) (x2 — 1) Lij(xn,2) + (x — 1)L (x2,72))] (49

For the case of DE, where the x; and y; coordinates change with the rotor position 6,
the x and y coordinates are given as

x = x4 = rgcos(6) (14)
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Y =yq = rgsin(0) (15)

where r; is the degree of dynamic eccentricity. In the case of ME, the component of SE (xs,
ys) are added to the components of DE to obtain the x,, and y,,, components

X= Xm = Xs + X4 (16)

Y=Ym=Ys+Yd (17)

The same approach is applied for the estimation of the no-load flux captured by the
stator windings and for the cogging torque due to the presence of the permanent magnets
in the rotor.

5.2. Model Identification

To calculate the currents, torque and other machine variables, it is necessary to have
previously identified the resistance matrices [R], inductance matrices [L(#)] and the no-
load flux vector [A,;(0)] using the Flux2D field calculation software, as a function of the
angular position of the rotor (6). Based on the knowledge of the geometry and construction
material of the machine, field calculation software (linear and magnetostatic) will be used
to identify the model parameters (collected in high-order matrices). Figures 3 and 4 show
the procedure to follow to obtain [L(6)] and [A,,(0)] using the Field calculation software.

Suppress the magneti-

zation of the magnets

v

the winding i

v

Increase the rotor posi-

A

tion 6

=

Inject a current only into

For the winding i

the winding i

D

g I(0)#0; 1(j)=0

é + No

g

] Resolution

= > 0-0

& Lii(6)=i(6)/Ti " = Yes

\ /

Figure 3. Procedure for the identification of [L(8)] of given machine excentricity x;, y; with FE model.
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Remove the power
source from the n wind-
ings.
[=0;i=1,2..n

v

Increase the rotor posi-

tion 6

)\

Measure the flux captured

for the n windings

/ For a rotor position 6 \

¢ No
Resolution
@i(6) 8=0ena > Exit
Yes
=1,2..n /

Figure 4. Procedure for the identification of [A,,;(0)] of given machine excentricity x;, y; with FE model.

To follow the procedure for identifying [Ls(0)] of a PMSM with an FEA model shown
in Figure 3, with the magnetization of the magnets suppressed, a simulation in steps of
0.5 degrees will allow identifying [Ls(6)], for the x; and y; eccentricity coordinates. By
supplying the winding with a direct current of 1 A, it can be deduced that the measured
inductances will be equal to the flux captured for the coils. A similar procedure is carried
out in Figure 4 to determine the no-load flux captured by the stator coils when the current
flowing through them is zero.

The use of an electrical machine model based on coupled circuits is shown to study the
effect of static, dynamic and mixed eccentricity. It is a three-phase star-connected PMSM,
with magnets mounted on the rotor surface. The machine has a fractional number of slots
per pole per phase structure with eight poles and nine slots, as shown in Figure 5a). To
consider the effect of eccentricity on the machine, a database was created with the help
of FEA, simulating the machine with 49 different coordinates (x,y) of the rotor center
between —0.3 mm and 0.3 mm in steps of 0.1 mm to simulate static eccentricity, as shown in
Figure 5b. The complete information detailing the test machine is derived from the previous
characterization carried out by [28]. Table 1 lists the key parameters and construction
aspects. A parameter identification technique based on impedance measurements is used,
similar to that described in [29], which allows obtaining precise parameters of the PMSM.

Figure 6 shows the PMSM in the FEA environment. The meshing was performed
using an automatic mesh generator. A relaxation factor can also be specified to densify or
disperse the mesh, as shown in the figure.
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Figure 5. (a) PMSM used for the study and (b) the rotor center coordinates.

Table 1. Key parameters and construction aspects for the PMSM.

Parameter Value Unit
Rated power 5 kW
Rated speed 5000 RPM
Number of phases 3
Number of rotor pole pairs 4
Number of stator slots 9
Connection Star
RMS phase current 23.5 A
Fundamental frequency 333.333 Hz
Slot diameter 155 mm
Stator outer diameter 180 mm
Armature (airgap) diameter 90 mm
Airgap thickness 3 mm
Armature length 70 mm
Magnet thickness 4.5 mm
Permanent magnet arc ratio 0.55
Winding factor 0.945
Number of turns per coil 17
Phase inductance (one turn) 3.46 uH
Magnet remanence at 20 °C 1.35 T
Phase resistance 0.040 (@)
RMS no-load flux per phase 0.0488 Vs

The number of mesh nodes has an impact on the computation time and the accuracy of
the simulation results. From Figure 6, it is possible to observe the geometry of the machine
with an average mesh for most of the surface regions. The air gap has a denser mesh to
estimate with better accuracy the captured flux for the stator winding.

Figure 7 shows the behavior of the self-inductance of phase A and the no-load flow
captured by the winding in the same phase in the presence of a static eccentricity when the
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center of rotation (CR) is CR1: x = 0.3 mm and y = 0 mm; CR2: x = 0 mm and y = 0 mm;
CR3: x = —0.3 mm and y = 0 mm.

Figure 6. Geometry and meshing of the PMSM with an FEA model.

—CRI  —CR2  —CR3 —CRI —CR2 —CR3
0.001015 - 0.05 -

T 000101 ANNANANANANANAN 003 |

= —

2 0.001005 - £ o001 4

i ANANANANNANN < v

2 o LAAAAAAAN 200

& 0.000995 A = 003
0.00099 T T T T T T T 1 -0.05 T T T T T T

0 45 90 135 180 225 270 315 360

0 45 90 135 180 225 270 315 360
Rotor position (degrees)

Rotor position (degrees)
(@) (b)
Figure 7. Parameters of phase A in the presence of static eccentricity as a function of the rotor position

for 3 different CR positions. (a) Self-inductance; (b) no-load flow captured by the winding.

Figure 8 shows the block diagram of the command method implemented for the
simulation of the PMSM in the MATLAB/Simulink R2022a environment.

Iq- axis

regulator
Ig-ref Error Iq V SE DE
1 > »| PI > dq0 Xy Xy

J | |
- Yy Yy ¥y
Self- No-load Cogging
09| Inductances | 0=  flux 0- torque
Database Database Database
Id-ref abc
BI
1k— Id- axis l l l

regulator

1q_[dq0 ia, ib. ic [L(®)] [4n(0)]  [C.(0)]
Id
abc \
PMSM
6 =fwmdt 9 Position

measurement;
®n ——— Imposed speed

Figure 8. Block diagram of command method implemented in MATLAB/Simulink.

Figure 9 shows the details of the internal blocks in Simulink to carry out bilinear
interpolation, the command diagram and the coupled circuit model described in this article.
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Bilinear interpolation

Inductances estimation

No-load flux estimation
Angular position of the rotor |t >

L
Y coordinate of eccentricity D B @
2
r

X coordinate of eccentricity | x >

Cogging torque estimation

N

Figure 9. Bilinear interpolation carried out in the Simulink environment.

In Figure 9, to estimate the PMSM parameters according to the degree of eccentricity
and according to the position of the rotor, the bilinear interpolation model is introduced as
discussed above. The 49 rotor center positions simulated in the field calculation software
are loaded into the MATLAB software R2022a and saved in the workspace. Next, a lookup
table is used to evaluate a sampled representation of a function in N variables; in this
case, we will have nine lookup tables for all the parameters of the matrix [L; (6, y, x)], three
lookup tables for the no-load flux vector [A,;(6,y, x)] and one lookup table for the cogging
torque [C4(6,y, x)]. When an input falls outside the range of a breakpoint data set, the
block extrapolates the output value from a pair of values at the end of the breakpoint data
set. For the bilinear interpolation method, the extrapolation method fits a line between the
first or last pair of breakpoints, depending on whether the input is less than the first or
greater than the last breakpoint.

Figure 10 shows the details of the PMSM command diagram in the simulation environment.

Diagram of command

]

Error Id

]

Error g

)

N

Vabc

Figure 10. Detail of the PMSM command diagram.

From Figure 10, the PMSM will be controlled by the currents of the axes dq0; therefore
we will impose the currents I;, I; and Iy in a regulation loop. We can observe the possibility
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of supplying the machine with a direct current; this is used to simulate the static torque.
The angular position of the rotor theta (0) in degrees is determined according to
180 27
0=— Qdt (18)
pi Jo
An envelopment of cyclic states was considered to take into account the cyclic nature
between 0 and 27 of the PMSM. The abc to dq0 block uses a Park transformation to
transform a three-phase signal (abc) into a rotating frame dq0. The angular position of the
rotating frame is given by the input wt, in rad.

From the knowledge of the current vector [i,], the calculated currents [idqo} will be

2 2 2
ig= 3 (iasin(wt) + ipsin (wt — ;) + i.sin (wt + ;)) (19)
2 2 2
ig = 3 (igcos(wt) + ipcos (a)t - ;) + iccos (wt + ;)) (20)
D
Ip = g(la +ip +ic) (21)

So the error of the control loop is calculated as follows:

Er0r =[iag] g~ [0 &
rror *dq0 imposed dq0 calculated 22)
A PI compensator for each phase will allow the voltage vector [quo} to be calculated.

The compensator formula is P + I % with P = 1 x 10% and I = 1 x 10°. The dq0 to abc
block uses an inverse Park transform to transform a rotating frame dq0 into a three-phase

signal (abc).
Finally, the voltage vector [V,;] is calculated as
Vo = Vysin(wt) + Vycos(wt) + (23)
2 21
Vi, = Vysin (a)t — ;) + Vjcos (wt — 3> + W (24)
2 2
V. = Vysin (wt + 371:) + Vjcos (wt + ;) + W (25)

Figure 11 shows the coupled circuit model of the PMSM implemented in Simulink.

In Figure 11, Is represents the stator current vector [i,,.|, omega represents the me-
chanical rotation speed of the machine, Vabc the voltage vector [V, dfluxdtheta the
vector M"’( I, didtheta the matrix 4L ( U, Ltheta the matrix [Ls(0)] and Rs the matrix
diagonal [RS}. The matrix multiply block allows us to multiply matrices, and the 1/s block
is an integrator which allows us to solve the differential equation of currents. % is the
derivative block which approximates the derivative of the input signal u with respect to
the simulation time t. With this block, we obtain the approximation of d“ ¢ by calculating a
numerical difference 2 A +, where Au is the variation in the input value and At is the variation
in time since the time step of the previous simulation. Flux represents the vector [A,,(0)].
The uT block is a mathematical function that allows us to calculate the transposed matrix
of the signal u. Couple_D is the cogging torque vector [C;(6)] and Couple represents the
electromagnetic torque resulting from the PMSM.
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Figure 11. PMSM coupled circuit model in Simulink block diagram.

6. Results and Discussion
6.1. Validation by Simulated Experimentation

Figures 12 and 13 show the estimation of the self-inductances of the stator windings
and the no-load flux captured by them as a function of the rotor position, using the proposed
method for the three types of eccentricity with different degrees of severity.

From Figure 12a, we can first observe the effect of static eccentricity on the machine’s
self-inductances, which present a variation in their average values. The closer the rotor is
to the winding, the greater its coupling and therefore the greater the average value of the
inductances, as in the case of the inductances of phase A, where the 0.3 mm of SE were
added in the direction of the magnetic axis of phase A. The opposite occurs when the rotor
moves away from the winding. Secondly, from Figure 12b, it can be observed that dynamic
eccentricity introduces low-frequency oscillations in the self-inductances, caused by the
variation in the air gap as the rotor rotates. From Figure 12c, the effect of mixed eccentricity
on self-inductances is shown as the combined effect of static and dynamic eccentricity. A
behavior like the self-inductances present in dynamic eccentricity can be observed but with
a variation in their average values caused by static eccentricity.

From Figure 13, the effect of eccentricity is also present in the no-load flux captured
by the winding; for case 13a, a variation in the amplitude of the flux captured by the coils
of each phase is observed, being a little more evident for phase C. On the other hand, in
Figure 13b,c, slightly low-frequency oscillations appear in the flux captured by the coils.
However, for the three cases of eccentricity, these variations follow a behavior like that
described in the self-inductances, but it is not very visible.
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Figure 12. Self-inductance variations for (a) SE with x = —0.15 mm and y = 0.1 mm, (b) DE = 0.3 mm,
(c) ME: SE with x = —0.15 mm and y = 0.1 mm + DE = 0.3 mm.
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Figure 13. No-load flux captured by the stator winding results: (a) SE with x = —0.15 mm and
y =0.1mm, (b) DE = 0.3 mm, (c) ME: SE with x = —0.15 mm and y = 0.1 mm + DE = 0.3 mm.

Figure 14 shows a comparison between the proposed fast model and FEA of the phase
A voltage when the machine has a dynamic eccentricity of 0.3 mm. The current control is
set to Iq = —5 A (generator mode) and Id = 0 A and the machine rotates at 900 rev/min.

FEM = = =BI

20 -
15 -
10 -
5 4
0 A
-5 4
-10 4
-15 4
'20 1 1 1 1 1 1 1 1
0 45 90 135 180 225 270 315 360
Rotor position (degrees)

Voltage (V)

Figure 14. Voltage in phase A of the PMSM for a DE = 0.3 mm.

From Figure 14, it is possible to see that the proposed model can reproduce the
voltage per phase. Low-frequency oscillations due to the eccentricity phenomenon are also
observable in the voltage of phase to the machine in both simulations.

Figure 15 shows the torque developed by the machine with static and dynamic eccen-
tricity when the Iq current is set at —5 amperes (generator mode), the Id current is equal to
0 and the machine rotates at 900 rev/min.

The coupled circuit model parameterizable as a function of eccentricity can reproduce
the electromagnetic torque of the PMSM with good precision for SE in Figure 15a and DE
in Figure 15¢, compared to behavior found using the FEA. A maximum error of 5% for SE
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in Figure 15b and 8% for DE in Figure 15d can be observed between both characteristics.
Those little errors may be associated with the interpolation of the cogging torque due to the
presence of permanent magnets. The simulation time necessary to reproduce this scenario
for a revolution of the machine using FEA was around 7 min, whereas the fast model
developed only took 5 s. This represents a saving in calculation time close to 99%.

——FEM ——BI —FEM —BI
_-0.85 .
g &
z -0.9 a
W w
% 0.95 &
g 2

0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360

Rotor position (degrees) Rotor position (degrees)

(@) (©)
5 :
o ot
= =
& &
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
Rotor position (degrees) Rotor position (degrees)
(b) (d)

Figure 15. Torque developed by the PMSM for (a) SE with x = —0.15 mm and y = 0.1 mm. (b) Relative
error for SE; (¢) DE = 0.3 mm and (d) relative error for DE.

6.2. Validation by Practical Experimentation

To produce the static eccentricity of the machine, bushings were placed above and
below the bearings to move the center of the stator or/and the rotor, similar to what was
done in [30]. Added eccentricity in the stator bushings (the outer rings on the bearing)
moves the center of the stator and produces a static eccentricity effect. Dynamic eccentricity
is obtained by adding eccentricity on the inner bushings, under the bearings. These parts
produce a variation in the air gap that varies according to the angular position 0 of the rotor.
Finally, to produce a mixed eccentricity effect, outer rings and inner rings with eccentricity
must be used. Figure 16 presents outer and inner bushings.

(b) (d)

Figure 16. Bushings to produce static eccentricity. (a) Front view, (b) side view and dynamic
eccentricity (c) front view, (d) side view.
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Figure 17 shows the new bearing that will be used for the study of eccentricity in our
PMSM. The dimensions of this bearing are inner diameter 35 mm, outer diameter 55 mm
and thickness 10 mm.

Figure 17. Bearing for the study of eccentricity.

In DE fault, the minimum length of the air gap depends on the angular position of the
rotor and rotates around the rotor. In this eccentricity, the axis of symmetry of the stator
and the axis of rotation of the rotor are the same, but the axis of symmetry of the rotor has
been displaced.

To produce DE, it is necessary to act on the inner ring. One way to do this is to modify
the center of the inner circle of the ring without modifying the center of the outer circle, as
shown in Figure 18 for a DE of 0.3 mm.

e Center outer circle of inner ring
o Center inner circle of inner ring

Figure 18. Production of a dynamic eccentricity of 0.3 mm in the PMSM.

A DE of 0.3 mm was introduced into the machine, and the bushings fixed to the rotor
and stator are shown in Figures 19 and 20.
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Figure 19. (a) Rotor bushings and (b) stator bushings producing a dynamic eccentricity of 0.3 mm.

-

Figure 20. PMSM with a 0.3 mm dynamic eccentricity fault.

The dynamic eccentricity is produced by the rotor bushing, separating the center of
symmetry of the rotor (OR) from the center of symmetry of the stator (OS) and from the
center of rotation (OW).

The PMSM was mechanically coupled to a speed-controlled test bench with a gearbox
to allow low speeds on the test machine. Once the speed was imposed on the machine
shaft, a direct current of 5.31 A was applied between phases A and B of the machine and the
static torque of the machine, and the angular position of the rotor was recorded analogically
using an oscilloscope. Figure 21 shows the scheme of the experiment carried out.

To compare the practical results with the developed model, signal treatment was
applied to the signal recordings to eliminate the presence of noise. As the mechanical speed
(Q)) was imposed in the model, it was determined as follows:

de

-= (26)

Figure 22 shows the machine speed during the test, calculated using (26).
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Figure 21. Block diagram of the experiment carried out.
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Figure 22. PMSM speed during the experiment carried out.

The average speed of the test was 5.2 rev/min, a value that was imposed in the model.
To validate this, the estimated rotor angular position and that measured in the experiment
were compared as shown in Figure 23, observing a superposition of the curves.
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0 5 10 15 20
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Figure 23. Measured rotor angular position and rotor angular position estimated by the proposed model.
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Figure 24 presents a comparison between the static torque measured experimentally in
the laboratory and the static torque obtained from the proposed model of the PMSM. The
presence of noise is observed in the measured torque, which is expected in experimental
measurements of this type.

3 Measured torque Estimated torque

Torque (N.m)
o

10 20 30 40 50
Time (seconds)

o

Figure 24. Comparison between the static torque measured experimentally and the static torque
obtained from the model proposed.

Despite the presence of noise, it is possible to observe a general agreement between
both curves, which validates the accuracy of the model for representing the motor behavior
under static conditions. The characteristic periodic behavior of the PMSM is remarkable,
with variations in the couple and appreciating its maximum and minimum points, as
well as the general shape of the wave, which resembles a sinusoid with low-frequency
oscillations due to the presence of the dynamic eccentricity fault.

To mitigate the effect of noise on the measurements and obtain a clearer signal, a
moving average filter was applied to the measured static couple data. This filter allows
us to reduce random fluctuations in the signal and highlight the general trend, facilitating
comparison with the proposed model. The statistical results are shown in Table 2.

Table 2. Statistical results of the comparison of the signal measured with noise and without noise
with respect to the signal obtained from the proposed model.

Condition MSE RMSE Mean SST SSR R2
With the presence of noise in the signal 0.65 0.81 —0.0518 5,705,678 1,634,429 0.71
Applying the moving average to the signal 0.50 0.71 —0.0511 4935875 1,254,917 0.75

MSE: Mean squared error; RMSE: root mean square error; SST: total sum of squares; SSR: sum of squares regression;
R?: R-squared.

The improvement in RMSE and R? after applying the moving average filter suggests
that noise was contributing in some way to the discrepancies between the proposed model
and laboratory measurements. The reduction in noise has resulted in a better fit and a more
accurate representation of the PMSM dynamics. With R? of 0.75 the model explains 75% of
the variability observed in the measured static torque data, which represents a significant
portion of the motor dynamics. However, it also indicates that there is 25% of the variability
that is not explained by the model. Figure 25 shows the static torque measured in practice
after filtering, the static torque in FEA simulation and the static torque estimated by the
proposed model when the PMSM has a dynamic eccentricity of 0.3 mm.

Figure 25 shows a superposition of the characteristic obtained with the proposed
fast model and FEA, which validates the proposed fast model through simulated experi-
mentation. Although good overall agreement is observed, small differences can be seen
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References

between the two curves, especially at each half-cycle of rotor rotation. Some important
gaps are shown with respect to laboratory measurements. In the second peak of the curve,
a maximum difference of around 0.8 N.m can be observed, as well as other lighter ones
(less than 0.5 N.m) in the rest of the curve. These differences may be caused by the test
bench used, considering that the machine used in this test is a prototype manufactured
in the laboratory. There are also various mechanical plays in the strain gauge that could
add error or increase variations. The presence of low-frequency oscillations in the torque

can be observed, a characteristic associated with the presence of a dynamic eccentricity of
the PMSM.

Measured torque == = Estimated torque

----- FEA Simulation

WO W

Torque (N.m)

Time(s)

Figure 25. Measured static torque and estimated static torque by the proposed model.

7. Conclusions

In this article, a fast model for PMSM with the presence of static, dynamic and mixed
eccentricity was proposed. The proposed model is capable of accurately reproducing the
behavior of the machine with a saving in computational time close to 99% compared to
the simulation time found using FEA. This saving of simulation time allows us to explore
in detail the effect of eccentricity on other variables of interest in the machine, such as
current, voltage and torque waveforms. Furthermore, the proposed model was able to
accurately reproduce the static torque of the practical experience carried out with the
machine, presenting a dynamic eccentricity of 0.3 mm.

Using rapid models, it is possible to identify the most sensitive parameters facing
the presence of static, dynamic and mixed eccentricity and to build a detailed database.
This is the first step to develop diagnostic strategies capable of detecting, identifying and
determining the severity of an eccentricity fault in the electrical machine.
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