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Abstract— In this work, we detected the defects of the
asynchronous electric machine under normal conditions and
without load by installing multi-layer sensor active materials at
the stator (Terfenol-D and PZT-5H). The magnetic field in the
stator deforms the magnetostrictive layers and this distortion in
turn affects the piezoelectric layer, which leads to the
polarization of this layer and the appearance of a potential
difference between their terminals. We chose the finite element
method for the numerical solution. This method is a more
powerful and versatile numerical technique for handling
problems involving complex geometries and inhomogeneous
media.
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I. INTRODUCTION

For the modeling of piezoelectric active materials, we
returned to our work [1]-[3] where we modeled these
materials in the static regime and the frequency regime, for
the magnetostrictive materials we returned to our work [4],
where we also modeled these materials at the frequency
regime also the work of K. Azoum and all[5], and Claeyssen
F[9].

The work of [10] used an electrical circuit model. In this
model, the currents in the broken bar are canceled and the
flow currents in the adjacent bars are increased. However,
these bars can be only degraded but not completely broken
and this state can be modeled with a low electrical
conductivity of the corresponding bar [11] or by a high
resistance in which increases the resistance of the rotor bar
[10]. Secondly, they are definitely broken by zero electrical
conductivity [11]. We also defined the breaking of the bars in
the rotor on the basis that the electrical conductivity is zero
[11].

We are using magnetostrictive material Terfenol-D,
whoever is capable of providing a positive magneto-strain of a
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typical range of 800-2000 ppm at 50-200 kA/m in bulk
materials [12] and about 4000 ppm at mechanical resonance
frequencies and at high magnetic fields [13] [14].

We have installed a piezoelectric layer in the stator to
detect stator faults[1]. The result that we acquired was
satisfactory but in the case of detection of broken of the bars
in the rotor, we could not, because the difference of potential
obtained is very low, so we installed a sensor in the rotor,
which led to the problem of recovering the potential
difference across (collector brooms), This is the reason why
we first excluded the magnetostriction phenomenon in the
rotor and the stator and replaced it with two layers of giant
magnetostrictive material in order to obtain a large
deformation, then separated by a piezoelectric layer in order to
obtain a measurable potential.

The magnetic field in the stator deforms the
magnetostrictive layers, and in turn deforms the piezoelectric
layer, resulting in the creation of a potential difference
between the two ends thereof. By comparing these results with
those in which the machine is healthy, we can determine the
fault, whether it was cut at the stator or broken bars at the
rotor. In addition, this technique makes it possible to obtain
the potential difference directly between the ends of the
sensor, unlike the technique which consists in measuring the
magnetic field in air gap and then processing the signal[15]-
[17], which takes time.

Il. THE SYSTEM COMPONENTS (MACHINE AND SENSOR)

Our system consists of an asynchronous electric machine
equipped with a sensor as shown in Figure (1), The machine
consists mainly of FerSi3% (stator and rotor) and copper (36
notches carry electrical conductors in the stator), as well as
aluminum (28 aluminum bars at the rotor) and air separates
the stator and the rotor. The sensor consists mainly of two
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layers of giant magnetostrictive material (Terfenol-D)
separated by a layer of piezoelectric material (PZT-5H).

Fig.1. Geometry of asynchronous machine

I11. LAWS OF BEHAVIOUR

Since the rotor and the stator of the electric machines are
often made of iron alloy such as the iron FerSi3% their
relative elongation is maximum of 60 ppm, we excluded this
elongation and replaced by the elongation of two layers of
materials having a considerable elongation up to 2000 ppm
[18] [19], for this reason the magnetic phenomena remain at
the stator and the rotor only:

B= Holly H (1)

With:
B: magnetic induction, H: magnetic field, uo: permeability
of a vacuum and w,: relative permeability.

With regard to the copper, vacuum and aluminum bars, the
magnetic induction is proportional to the magnetic field:

B = uH )
Aluminum rods cause an induced electric current:
Jing = E ?3)

With:
Jing: induced electric currents, E: electric filed and §:
electrical conductivity.

The sensor consists of Terfenol-D. This material is the
place of coupling of magnetic phenomena and mechanical
phenomena. It is mainly about the coupling between the
magnetic induction and the deformation and we express it by
the following system equations [20] [21]:
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}5}: [SH]{O'}+[d JH} ()

With:

g strain, o stress, H: magnetic field and B: magnetic
induction.

47 magnetic permeability tensor of material under a
constant mechanical stress.

SH: mechanical elasticity tensor under a constant magnetic
field.

d: magneto-mechanical coupling tensor under a stress and a
given magnetic field.

The ceramic PZT-5H which is the place of coupling
between electrical phenomena and mechanical phenomena. It
is mainly about the coupling between the electric induction
and the deformation and we express it by the following system
equations [22] [23]:

fe}= [S - ]{O'}+ [e}E} (5)
(D}=[e] {o}+[¢"JE)

With:

. strain, o: stress, E: electric field and D: electrical
induction.

SE: tensor of mechanical elasticity under a constant electric
field.

& tensor of electrical permittivity of material under a
constant mechanical stress.

e: Electro-mechanical coupling tensor under a stress and a
given electric field.

IV.FINITE ELEMENTS FORMULATION

A. PDE for piezoelectric material

The elastic behaviour en equilibrium and Gauss Law of the
solid are described by following system equations:

eVeVU —£°VA =0 ©)
pw’U +VestVU +e'VV =0 %
With:

V: Electric potential.
After the discretization and the assembly we can write the
system of algebraic equation as follows:

k1 ki) o 0

B. PDE for magnetostrictf material
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For piezoelectric material the elastic behaviour en
equilibrium and Ampere Law of the solid are described by
following system equations:

joa)A+V><iG(Vx A—dISH718)= Jet
" ©)

po’U +V0.LH{8—%BJ=O
S H

(10)

With:

A: Magnetic vector potential, Jex:: external current density,
and U: displacement vector.

After the discretization and the assembly, we can write the
algebraic equation system as follows:

[S T A

C. Numerical modeling

We have developed a computation program under the
Matlab environment capable of solving a system of equations
in the following form:

(11)

o

d,—5 - VCyVU +aU = f, (12)
ot

a

With:

da: mass coefficient, Ciw: diffusion coefficient, a;:
absorption coefficient and f; : source term.

For the 2D piezoelectric system described above, the
general solution vector is:

\
v
Where:

V: Electric potential, u: displacement component along the
x-axis and v is displacement component along with the y-axis.

For the 2D magnetostrictif system described above, also the
general solution vector is:

A

U=|lu (14)
v

Where:

A: Magnetic vector potential, u: displacement component
along the x-axis and v is displacement component along with
the y-axis.
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Each of the coefficients: da, Ciw, & and fi from equation
(12) depends on the laws of behaviour in the studied region;

we can synthesize them in the following table (1):

TABLE |
COEFFICIENTS OF THE SYSTEM EQUATIONS (12) [02] [03]
coefficients | stator | copper Aluminum | Air-
and | (Electric (rotor gab
rotor | conductor) bars)
da 0 0 -00? 0
Cijut popr | Ho 1o 1Mo
fi 0 Jextsin(wt) 0 0
Jextsin(wt+27/3)
Jextsin(wt-2m/3)
Terfenol-D PZT-5H
da | -ptw? -ppo?
[T Tl T e
NESHISRS
fi 0 0
Where:

[K“] is the magnetic stiffness matrix and is defined by the
following relation:

[<*]=-[[B,][«"IB.Jov (15)

[K®] is the mechanical rigidity matrix and is defined by the
following relation:

[*]= [ [B,T[s" I, Jav (16)

[KY is stiffness magneto-mechanical coupling matrix
given by

(k] [[B.]ld]B,Jav

[K¢] is the matrix of electrical stiffness and is defined by
the following relation:

(17)

[k ]=~[[B. 1" I8, Jov (18)
[K®] is electromechanical coupling matrix given by:
[k¢]=[[B,}[e]B, Jav (19)

D. Boundary conditions:

The boundary conditions of the external electric machine
are Dirichlet, and the boundary conditions of the sensor are
illustrated in Figure (2):
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We chose the location of the sensor in light of the previous

\ '
Dirichiey Supply Winding | study in which we found that it was best positioned as shown
w=v=0)"Q | Stator in Figure (3), which also represents the total displacement of
G /- ' the sensor.

rrournd:
V=0 - Time=0.02  Swrfoce: Total dislacement fw] Max: 137108
02 | IIO-‘
<= R 12
/ Rotor Ll
Rotor bar i
[ \ w8
Fig.2. Boundary conditions in the sensor 0058 —_ v
2
V. RESULTS AND DISCUSSIONS - | 2
Initially, you should take a look at the magnetic card of our T T R T R

three-phase asynchronous machine that has four poles. Figure
(3.a) shows the equipotential lines of the electric potential A,
and shows that these lines close and create four alternating
poles. Figure (3.b) shows the magnetic flux density
distribution in the machine is shown that under these
operating conditions the machine is not saturated.

Fig.3. Total displacement in the sensor
Figure (4.a and b) show the displacement component u
along the x-axis and the displacement v along the y-axis
respectively allow choosing the material polarization. It is
clear that u is greater than v so we must polarize our materials
along the ox axis consequently the coupling matrix of
piezoelectric material will be:

Sawcfoe e Mugnetlc potential Az [HD w) M Tl
o i
LE)
e i d, d, O
0 ' ” Where di2 and dz are the electromechanical coupling
) : coefficients.
M g
Y v
: 4 Tome-0.02  Swurfoce: x-diglocemend fm) Max: 0
o 2 0os? m.o
Al 012 B8 A8 0 0 M 00 el Min T ISed s
@ 02
Swefure: Magnetic flux dewityy (1] M 2044 o8
oM o 0.089 o4
14 | -
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L] ! 0086 r
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bl e AL 0001 6T 0005 Q00T Ge0%  00Il Min L1598
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o | & Q)
RO Y M F B ) L oW o en 006 Miw: To80ed
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Fig.3. Distribution in the machine: (a) Magnetic potential A,(b) Magnetic
flux density

We will study two possible configurations to have a well
amplified electric potential, the first is for a sensor in a
horizontal position and the other for a sensor in a vertical
position to arrive at the best fault detection configuration.

A. Horizontal configuration
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Tiwe- 1 Surface: y-isplar ement fu] May: 883609 decreases the electrical potential between the electrodes of the

s w0 sensor [01], while the Figure (8) clearly shows what we said
about the potential decrease between the sensor electrodes
ant , ‘ when two phases break at the same time.
‘J» ’V n.‘”‘ s
| [ Healily Machine]
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(b) 4
Fig.4. Displacement in the sensor: (a) vertical displacement (b)

horizontal displacement. REN

Figure (5) shows the distribution of the electrical potential
obtained to the ceramic material PZT-5H which reaches 0.92

005 061 00IS 002 NS A A0S NO/

Tiwe [
Fig.7 Voltages created in the sensors with the different cuts of the
phases

mvolts. Figure (6) shows the variation of this potential is

produced between their electrodes as a function of time when f.',{:,':’} 2’:‘;{,,,,,!
the machine is healthy. B’ s d mid € O
ks Phases C awd B Cut Off
_ Time-0.02 Swfue: Eleckic prientiad[V] ____ Mes: 9.1954
anses Eos
o e a a
0.0595 ‘
0.089 1 : Mo woes anr ams am w2t oa ams o
ansas L Time [8)
0088 Fig.8 Voltages created in the sensors with the different cuts of the
00578 two phases
0087 Figure (9) shows that the comparison of the potential

difference produced in the case of the machine is healthy with
the potential obtained in the case of a broken bar in the rotor,
two non-adjacent bars and two adjacent bars. We clearly note
that the significant potential difference of 0.15 mvolts even
though the sensor is installed in the stator.

05 1152253385445 5554665 778885008
w10 Min: 113603
Fig.5 Distribution of the electrical potential

Etectric Potential = (Time)
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Fig.6 Potential produced between their electrodes of sensor as a
function of time when the machine is healthy

. . . . Fig.9 Voltage created in the sensors with the different BRBs
Figure.7. shows a comparison of the potential differences

in the case of a supply phase broken down with the potential
difference when the machine is healthy. We note here a
decrease of this potential, which explains that the energy
given to the machine decreases when a phase breaks and thus
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B. Vertical configuration (@)

This configuration is illustrated in Figure (10) that is layer
of piezoelectric  material between two  transverse
magnetostrictive layers.

this second configuration allows us to increase the total
displacement expected almost five times higher than the
previous configuration as shown in Figure (11), the U and V
displacements allow us to choose the polarization of our
materials and as in the previous case we choose it according to ‘ ,
the axis which has a higher displacement, in this case, the onsiaszassassassasanscosans 0,
chosen axis is the axis of the x-axis as shown in Figure (12). NI Mini 453508

This last configuration also allows us to increase the ®)
potential value generated in the piezoelectric material up to Fig.12. Displacement in the sensor: (a) vertical displacement (b)
nearly four times compared to the previous potential as shown horizontal displacement.
in Figure.13.

We notice that there is a decrease in potential when there is Time- .03 _ Sarface: Flectric posensiet[V] candadiend
a phase cut off as shown in Figure (14) or two phases cut off st '
at the same time as shown in Figure (15) and all these o '5»7, R

quantities larger than in the previous configuration. ‘
aase |

In the end, we look forward to detecting broken rotor bars — R :
better than the previous configuration and it is illustrated by ass Py e
the Figure (16).
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Fig.13 Distribution of the electrical potential
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Fig.14 Voltages created in the sensors with the different cuts of

the phases
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Fig.15 Voltages created in the sensors with the different cuts of
the two phases

I Min: 13472

WWW.IJASCSE.ORG DOS: APRIL 10, 2022 n



INTERNATIONAL JOURNAL OF ADVANCED STUDIES
IN COMPUTER SCIENCE AND ENGINEERING
IJASCSE VOLUME 11 ISSUE 4

04/30/202

Electede Patentiad 11 Twe)

L A New Alwcoms BRNY

Fig.16 Voltage created in the sensors with the different BRBs

V1. CONCLUSION

In this paper, we have proposed the use of a multilayer
sensor of active materials, which allowed amplifying the
resulting electric potential, and also allowed us to detect rotor
failures and exclude the sensor in the rotor to detect them. We
additionally compared the results obtained with results where
the machine is healthy in order to determine the phase breaks
in the stator or broken of the bars in the rotor.

VII. FUTURE scoPE

In the future, we aspire to take into account the saturation
of the motor because in this case the magnetic reluctivity and
the relative displacement will change according to the applied
field, therefore we have a non-linear relationship between the
inductance and the magnetic field in the motor carcass on the
one hand and on the other we have a non-linear relationship
between relative displacement and constraint. Which will
definitely reflect positively on the results obtained.
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