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The aim of this paper is to detail the diagnosis o& low
power single phase induction motor with capacitor bsed on the
measurement of the stray magnetic field. However, sathe
magnetic behavior of the studied machine is quite cznplex,
many unbalances exist together and at significantelels. In
order to distinguish them, an analytical study andnodeling are
carried out. The characterization of each unbalances done
using the traditional frequency analysis but also aphic spatial
analysis based on retrieved information from seveldasensors.
As a result, representations of the induction withand without
the unbalances are illustrated in various ways.

Index Terms—
Fault monitoring,
analysis

induction motor, stray magnetic field

I.  INTRODUCTION

Single phase induction motor is widely used in dstige
appliances. It requires a single phase supply, wisieasily
accessible. Additionally, it has a simple consinrgta high
reliability, and an overall low cost. All these asts make it
convenient to home use such as fridge, fans, wasthime,
roller blind and others. The satisfying machinefgmnance
lays on a basic conception. As a consequence,
comportment of the highlighted machine in normaining
mode involves some magnetic unbalances, high setmora
and phase unbalance. Furthermore,
imperfections appear from the industrial process laad to
eccentricity due to the misplacement of axes. Alkse
factors added together make the magnetic behasioplex.
Conjointly, the acoustic spectrum is very rich asmime
mixed unbalances generate disturbing noises thatheae
electromagnetic origins. In order to predict thes
troublesome effects and to assess each machindéygqua
diagnosis is required.

As an electrical machine relies on electric, maignand
mechanical phenomena, numerous diagnosis methodseca
associated to it [1]-[4].

Among them, the stator currents diagnosis is thetraeed.

This provides non invasive technique studied by ymar

authors and led to the identification of some sigres and
warning thresholds for each fault [2],[5]-[7]. Hoves, with
no load or with inaccurate speed values, this amlis
difficult to handle. Moreover, this method has beehoften
applied to single phase induction motors [17].

Vibrations analysis is also widely investigated, [[8]-[10].
This non-invasive method gives information about th
electromagnetic local forces distribution in the cimae.
Various vibrations sources including mechanicalnmelets

displacement can also be detected. They can peddarge
diagnosis, but are faced to considerable frequenayent in
our application.

The air-gap induction is a key-element for eleefrimotors.

Nevertheless, its direct measurement is not eadyequires
the implementation of a magnetic sensor in thegap- An
original alternative is the leakage flux measuretmemieed,
its harmonics spectrum is similar to the one wiflolws in

the air-gap but with a reduced module. This noniBive

method has been under development for the pastedatsy

[2], [10]-[12] and has already applied to synchramonotors
[10] and induction motors [12]. The leakage fluxsalow
amplitude compared to air-gap flux (UT against and its
evaluation needs suitable sensors.

In this paper stray field diagnosis is investigaténl
characterize unbalances. Firstly, unbalanced owsoon
air-gap induction are analytically studied. Secgndby
using numerical simulations, magnetic stray field
compared to air-gap one. After these two stepsangeable
to identify and specify a signature for each unbeda This
task is done using spectral and spatial technigteslly,
the developed technique is applied to different mvees.

the

Il.  ELECTRICAL MACHINE AND EXPERIMENTAL SEFUP

A. . Motor Features

some mechanical

There is some single phase motor design. The main

difference deals with starting systems composed aby

temporally or permanent auxiliary winding. We foaus a

single phase induction motor with permanent capacit

(Fig.1)
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Fig.1 Electrical Diagram of the Motor supply

The actuator characteristics are:
Torque : 6N.m

Supply : 230V/50Hz
Capacitor : 3.3uF{7%)
Power : 90W

2 poles

Air-gap : 0.365mm
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> 12 stator slots
» 16 rotor bars
» 5/6 Winding

B. Numerical Modeling

For simulations, the finite elements method (FEBIused
with Flux software. Due to the 2D
magnitudes of stray field are incorrect, even iecpal
frequency content is correct.

Low frequencies events are one challenge of these

simulations which requires long running time. Farthore,
with mechanical faults machine, symmetry is naha#id. In
addition to airgap region, surrounding air is alsoely
meshed. So even in cases of 2D simulations, coriputa
times are long. For these simulations, machine fonso-
load mode.

C. Sensors and experimental set-up

In stray flux diagnosis, coils are often used toamge the
field [12],[15]. However, in this work, we use flgate
sensors [18] authorizing the measurements of nTmio
range and on a spectrum from DC to a few kHz. Coetha
to coils, they have a good precision for low fremgies
fields. This sensor technology has already beed urs§l0]
for a stray field diagnosis purpose.

Fig.2 Actuator and sensor

Two sensors positioning are used for stray fiel e
measurement. Near to the end-winding with a recafer

axial component [12], taking advantage of a machme
typically less armored axially and be more permeablthe
field. Another sensor position is in front of thtater and
associated to radial component measurement, wlashhe
advantage of being more easily studied in modelirgy.
these reasons, sensors are put like the seconijaifon,
to recover the radial field of the machine.

Fig.3 illustrates the way of measure, with sensorthe air
region and motor produces stray magnetic field. &dirst

representation,

AIR

Machine

Sensor 1

®-

Sensor 3

%

Sensor 2

Fig.3 lllustration of measurements method

Each sensor is numbered in order
comprehension in the following part.

D. Analyze

Some signal processing techniques are used. Tdtedithe
classical Fourier transform which allows us to smal
frequency effects. Sampling frequency is chosef &Hz,
authorizing us to see effects under 1kHz. This iadtth
contains the principal magnetic effects existing this
machine. Due to its design with several
frequency spectrum of stray field in simulation resevery

complex (Fig.4), furthermore some effects act amesa
frequency.
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Fig.4 Spectrum of stray field with faults in siratibn
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The difficulty of Fourier analysis leads us to depenew
original representation technique in order to brimgre

approach, we decide to use three sensors. Eaclersco understandable information.

radial, tangential and axial components. Two sensoe
positioning on a machine diameter (sensor 1 andasehin
Fig.3), to facilitate the identification of somefaxts like
static eccentricity. A third sensor positioningd@f helps us
to identify the difference of current feeding betnehe two
90° phases. Distance between our sensors and reachin
be changed.

As the machine is long (size / diameter ratio)itsnmiddle
the axial field is minimal. Then the measured maigrfeeld

is mostly radial and tangential. By combining thes®

components in one plane, we are able to plot trextibn of
magnetic field vector and its magnitude. As a rtesel get a
picture of our rotating field at a point in spad@dis kind of
representation is equivalent to a Lissajou curig. (), and
permits to see the fields’ nature (rotating or ptilgy) and
their actions.

to simplify the

unbalances,



x10° where

M
p(t,o).= 0 (2): Air —gappermeanc(aVVb.A'l)

S 9(t.9)

o(t, 6) : Air -gap(m)

£(t,6) : Magnetomatcesforcesactingonairgap
‘ With £0 the air permeability

For a machine without any unbalances and consiglenity
the first spatial harmonic, induction can be expees

B(t,8) = B, cos@7f t — pb) (3)
Frequency content can be express in this way:
{fsp}&)

where Bythe amplitude of the rotating inductionfsthe
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Fig.5 Lissajou of stray rotating field for an elfuiate and unfaulty
machine in simulation

In the case of a perfect motor (no fault, no saiomaand
no unbalance) like Fig. 5, field is purely rotatirand
describes a circle in the Lissajou curve. With éipparition
of unbalances, this circle will be distorted. Irethase of
faulty motors with saturation, eccentricity and gda variations take place around the motor and theitbatys of
unbalance this curve become as shown in Fig.6 sensors position related to the considered unbalasca
3 critical point.

supply frequencyp the number of poles pairs.

Equation (4) used in [16], permits to express gagilatial
and temporal frequencies of the field. Knowledge of
magnetic spatial behavior is necessary for stratd fi
diagnosis. Each sensor located in a spediiosition, some

A. Unbalanced currents

Electrical unbalance occurs when the currents figwn the
different phases have not the same amplitude, mateal
phase shift or identical shape. It usually appdavsn a
power failure or a short circuit between turns ofiiading.
In our case, the auxiliary winding capacitor causeis
unbalance. The amplitude, shape and phase of tsiraea
different. Magnetomotive forces (MMF) change. U$ual
MMF produced by each winding are designed to obgain
global rotating field. In unbalance case, some elam of
one phase do not recombine with the second and tlead
parasitical pulsating fields.

B(t,6) = B, * cosyt— pb) +> B, * cosit)cospb + ¢, ) (5)
K

B radial(T)

.}(1073

Fig.6 Lissajou of stray rotating field for a unimated supply, saturated and

faulty machine in simulation whereBpk is the pulsating field magnitudebk the phase of a

wPulsating field, k the number of pulsating fields.
Under pulsating fields influence, machine doesmtdme
spatially balanced as it can be seen in Fig.7 sdtime time

In the following part, we will see step by step ho
machine unbalances can change Lissajou curve firggn %)

to (Fig.6). This rotating field representation ieall AR . . .
. ( 9.6) 9 ) Tep sally acquisition in simulation with two different sensgsensor 1
intuitive and helps for characterization of unbaks Some and 2)
tools will be developed using this curve.
x107°
[ll. UNBALANCES STUDY =

In the studied machine, these unbalances existaigne

Unbalanced current
Static eccentricity
Dynamic eccentricity
Saturation

We try to identify them except saturation. This meiic
phenomenon complexes the study, but doesn’'t adiisen
specific harmful behavior in machine. Test-bedwiiay low
current supply; saturation will be excluding of #tady. Slot

effects are neglected too.

As stated previously, stray magnetic flux and apg
induction have the same frequency spectrum. Inrotde
study faults analytically, we purpose to analyze #ir-gap

0.5

B ortho(T)
o

-0.5}

-0.5
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Fig.7 Simulation results of pulsating unbalancéddfieariation with two
sensors at 90°(blue sensor 1 and green sensan Bdi rotating field of
machine without unbalance.

induction B.
B(t,0) =pt.0)s(t,0) inTesla(l)



A simple way to analyze this is to observe the igpat This air-gap variation is:

variations of rotating field magnitude (Fig. 8).

1.05 L L L :
0 150 200 250 350 400
Angle (degrees)

Fig.8 Simulations results of Lissajou magnitudeatan for two sensors at
90°(blue sensor 1 and green sensor 2), in red:ajogsmagnitude of
machine without unbalance.

50 100 300

Pulsating field existence shine in Fig.8. Spectaaélysis
enable quantification of unbalances with the apjoariof

g=0gpt Oexc_stat COSE + Pexc_stat) (6)

According to (2), permeance changes. [15] has shbamit
can be expressed in this way :

g exc_stat

H,
Pt 6) = = L+ ——=c0SO + Py giar)) (7)
9 Y
Where (Qexc_stat is the amplitude of the eccentricity,
Pexc_stat is the phase between eccentricity and angular

position reference.
Additional frequencies appear:

{ f5:26} (8)

{ f5:03 (9)

New frequencies are only spatial one, thus withetim
frequency decomposition, we cannot provide inforomat
Spatial comportment recognition can detect static
eccentricity using differential method. With two gmeetic
poles, the magnetic behavior of machine is the sama
diameter at mechanical unbalances clasdlis can be

harmonic two corresponding of the time-variation ofPserve on Lissajou curve in simulation (Fig.11)

pulsating field.
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Fig.9 Frequency content of Lissajou magnitude
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However this criterion is sensitive to the positiminsensor
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Fig.11 Stray field Lissajou: simulation of sta@ccentricity(20%) two
sensors opposite by a diameter

A simple criterion to identify this phenomenon fie

related to the winding and unbalances orientatiogompare the area of the two opposite Lissajou cufe

Robustness of diagnosis depends on this sensitiifyture
study to consider this sensitiviy and sensors @ositng is
planned. The ultimate objective is to be free imsses
positionning. For the moment, we need to put themai
favored position.

B. Static eccentricity

Static eccentricity is a mechanical unbalance spawading
to a displacement of the rotor and axis of rotatelative to
the stator. Spatial variation of air-gap happens.

Spatial thickness of air-gap Temporal thickness of air-gap

A

Os t

Fig.10 Variation of airgap during static eccerityic

eccentricity variation is sinusoidal; theoreticallye three
sensors are able to identify this comportment. his t
simulation, sensors are located in the best positio see
eccentricity.

C. Dynamic eccentricity

Dynamic eccentricity corresponds to a misplacenadrihe
rotor axis compared at rotation axis. This mechanic
unbalance comes out during the actuator assemntiyinigs
tiredness of different elements and can createifspeocises
particularly troublesome for users. Airgap modulate
spatially and temporally according to the rotatipeed.

Spatial thickness of Temporal thickness of air-

Tﬁww

| >
‘ Os | t

Fig.12 Variation of airgap during dynamic eccegityi



g(t,0) = 9 * Gexcd COS@rt -6+ ¢exc_dyna) (10)

Where Qo mean of the airgap, Jexcdamplitude of
eccentricity, & speed of rotationgexc_dynaphase between
eccentricity and angular position reference.

H g
p(t,8) = g—o a- a—xocd COSEt =6+ Poe gyna) (11)
0
In permeance equation, eccentricity fault frequerisy
expressed in this way

{ 1} (12
We have the relation:

1-s
p
with s the slip
When dynamic eccentricity occurs,
acquires the following frequencies:

induction speutru
2-s
{—— 1520} (14)
p
S
{ E f5,0} (15)

Additional temporal frequencies appear and can ibkepd
up in spectrum. Knowing that p=1 spectrum is (F3y.1

1027

(2-s).fs/p

I

i
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Fig.13 Low frequency in stray field by EFM simudat

Lower frequency has a singular interest in stragidfi
analysis. It takes the advantage of being few attesd by
eddy currents; furthermore low-energy frequencayge is
almost empty facilitating its measurement. Finalthis
frequency carries the slip information. With
measurement, average rotation speed is known.
According to (10) modulating air-gap acts as a nhatiten
of induction at rotation speed. This can be obsdiye
Lissajou analysis, with the thickness of the cuiig.14)

its

x10°

B ortho(T)

1

0 15
B radial(T) %1073
Fig.14 Stray field Lissajou: simulation of dynarneiccentricity (30%)

"5 9 s 05

The thickness informs us about the eccentricityityaNote
that the outer and inside contour of the curveespond to
fault-free representation with a minimum and maximair

gap.

IV. MEASUREMENTS ANDRESULTS

Measurement conditions are similarly as Fig.2. 8enare
located at 8cm from the machine housing. Recore tisn
5seconds. As we have seen previously, spatial ipositf
sensor is important. In these measurements, thegeitied

in the most favorable position for each unbalance
identification.

A. Unbalanced current

In order to clearly see pulsating field, sensoesprt in front
of windings. Compared to FEM simulation, a problem
appears in Lissajou plotting. In numerical resultslial and
tangential stray field are compute in the same efemBut

in reality, there are a physical separation betwaegential
recover part and radial recover part of the sen3bis
difference deforms Lissajou curve and can attewmuatene
effects. A solution to palliate this is to use eddiomponent
in sensor 1 or 3 and radial component in sens@/e&obtain
the same axis as a radial/tangential measuremanyith an
amplified magnitude. Fig.15 showing pulsating feeld
actions. Nevertheless, this method downside is awchl
unbalances act otherwise, but nonetheless they lsave
smaller action on the field compared to magnetizalances.
Signature can be extract. To test criterion, a nmechs
supplied by three increasingly serious unbalanae®pljitude
and phase shifting) to simulate capacitor influefkig.15)
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Fig.15 Lissajou curve 95° 50/55V supply (blue), 028D/60V

supply(orange) and 105° 50/65V supply (yellow) Fig.17 Contour of Lissajou curve for two diametdfisensors

Lissajou deformation distinctly appears. Harmonio tof ~Area difference can be compute for different motor

this magnitude variation is exposed Fig.16

TABLE |
STATIC ECCENTRICITY ANALYSIS FOR THREE DIFFERENT MOTORS
x10°
o Motor Areal/Area?2

Motorl 0.86

al ] Motor2 0.89

Motor3 0.94

E s

E
o

C. Dynamic eccentricity

2 1 In low frequency spectrum, dynamic eccentricitpésfectly
perceptible Fig.18.
0- :

198 1985 199 1.995 2 2005 201 2015 202
Onde number (1/turn)

10 i
Fig. 16 Harmonic 2 of Lissajou curve magnitude 9655V supply (blue), Eccentrici ty

100°50/60V supply(orange) and 105° 50/65V suppfiéyv)
10
This criterion is very sensitive, and can detecbalance £ sfslp
weight. In a second time it can be linked to a cépavalue. © '
108
B. Static eccentricity
Mechanical unbalances are more problematic to stud "
experimentally. Indeed, in studied machines, this : : I
0] 20

(2-9).fs/p
phenomenon can't be control. The real eccentritdtyel 400
motor is unknown. For measurement, criterion isettn
different motor with balance supply. After findimgaximal
eccentricity position, field is picked up on theamietrical Comparison between the three previous motors can be
sensors (1 and 3). Radial/tangential Lissajou aosv n realized Fig.19
considered, even if some effects can be attenudfed.
improve method and remove dynamic eccentricity otéfe - ,
(thickness of Lissajou), Lissajou areas are conpuia \‘
average of external and internal contour (Fig.17) 10%F

g o

| | MWH

60 80
frequency (Hz)
Fig.18 Frequency Stray field content: Low frequesc

5 10 15 20 25 30 35 40 45 50
frequency (Hz)
Fig.19 Dynamic eccentricity typical frequency fbree different motors



Discrimination between these motors can be provided

In order to reduce spatial variation due to staticentricity,
eccentricity frequencies can be divided by fundamalen
Normalized results are significant in diagnosis gass.
Currently, this step is not yet established.

V. CONCLUSION

Through this study, a stray magnetic field diageaasethod

has been applied to low power single phase inductio
motors.

Several types of unbalances in the machae

been studied analytically and by modeling. For eazh
specific signature has been extracted in aim torinfus
about the unbalance range. Lissajou curve allovixetter
visualization and comprehension of magnetic effe€ten
different signatures are confronted to real mot@easpite
the problem complexity it was possible to collebese

signatures and to know a machine state. Howeveresom
aspects must be improved. This is the case of apati
sensitivity of unbalances.

privileged positions are needed.
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