| |
Grenoble INP

Ense3 )} l ,
STAGE PFE
ANNEE 2014-2015

TITRE :
Signal processing applied to power systenasitoring.

Nom et pr ®n o mDEW.LHRS Bntiles di an't

Fi | i QA : n HOE n IEE n IEN A ME
K SEM
SUJET: SPEED ESTIMATION OF INDUCTION MOTOR USING TIME FREQUENCY

ANALYSIS ON STATOR CURRENT

Nom de l'entrepriseLaboratory of Multimedia University of Montenegro

AdresseDgordga Vagingtona bb.
81000Podgorica

Nom et pr ®n o 8agddans Matieprised le l[dboratoire) :
Pr. Srdjan STANKOVIL and Dr. l rena O

Sujet confidentiel Ouin



Signal processing applied to power systems monitoring
University of MontenegreFaculty of Electrical Engineering
Emile Devillers- Internship Rport- 2015

Compressive Sensing

Acknowledgements

First of all, I would like to thank all the teaching staff of Efisend especially the professors
from my specialty'Energy Systems and Markgtdor their investment in buildingwy professional
experience.

Then, | will naturally thank all the staff from the Laboratory of Multimedia at the University
of Montenegro,including my supervisorsPr. Srdjan Stankoki and rBma Orovi |

supportandt hei r advice all along the internehwibp ;
for their help, and especialfgr having taken care of athy accommodation in #dgoricafrom the
beginning.

| would also thank Pr. Cornel loana from the Gipsé in Grenoble, withouvhom | could
not have had this great opportunity in this beautiful country, and also for his support during the
internship.

| will also thank PrGoj ko Joksi movi |, Wwuilding theetdpip ef dhis h u g e
internship, and brought me data, knowledgd references to succeed in resolving the problematic.

Then, | will thank M. Milog Brajovil-for
Method to the class of electrical signals.

Finally, 1 will thank my work and life partner, 84 Rose Mazari, with whom | shared this
unforgettable experience.

51 N
ense3 )

- r0 . RIFURE
DE UENEROIE, UEAUET LU !NVIIONN!"(N?



Signal processing applied to power systems monitoring
X . % University of MontenegreFaculty of Electrical Engineering
=

&

Emile Devillers- Internship Rport- 2015

Compressive Sensing

Abstract

Abstract - Induction motors are widely used in power systems, and fully monitoring
them is essential to improve their efficiency and reliability. As a matter of profitability and
convenience, the challenge consists in gather as much information as possible and minimizes
the number of sensors.

In this report, an analysis of a method thaenables to estimate the rotor angular speed
in a three-phases induction motor by measuring the stator current is presented. This
technique is based on coupling timérequency analysis and the study of the MagnetMotive
Forces (MMF) space harmonics. Depernidg on the number of rotor and stator slots in the
induction motor, the MMF space harmonics may induce Rotor Slot Harmonics (RS$) in the
stator current. Knowing that RSH frequency is proportional to the rotor angular speed, it is
possible to estimate thidatter by only measuring the stator current and extract from it the
RSHs. Time-frequency analysis exactly provides powerful tools such as Time Frequency
Representation (TFR) to study signals with norstationary frequency spectrum. This method
is applied o signals obtained with an highly realistic model of induction motors, and
accurately succeeds in monitoring the rotor angular speed for a certain kind of induction
motor. The scope of application of this method to different kinds of induction motors is ab
discussed regarding the existence of the RSldnd the settings of the TFR.

Index terms- Induction motor, rotor angular speed estimation, sensorless estimation,
rotor slot harmonics, time frequency representation, SMethod.
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Nomenclature

Q Fundamental frequency (50 Hz). Y Electrical torque (N.m)

Q Frequency of the lower RSH (Hz). Y Load torque (N.m)

Q Frequency of the upper RSH (Hz). 1 Rotor angular speed (rad/s)
J -TTATO T £ ET AOOEA ® Stator voltage (V)

ge Harmonic order of the RSH [ Rotor voltage (V)

M Magneto-Motive Force (MMF) (A). Stator magnetic flux (Wb)
p Pole pairs number. Rotor magnetic flux (Wb)
RSH  Rotor Slot Harmonic (Hz). O Stator current (A)

R Number of rotor slots (bars). O Rotor current (A)

s Slip.

S Number of stator slots.

Y Phase angle in rotoreference frame

Y Phase angle in stator reference frame

TFR  Time Frequency Representation.

0 Harmonic order of the MMF

Glossary

Stator Slot and Rotor Slot :RSH are related to the number of slots in the stator and rotor.
These slots arempty places where is set the electrical circuit of the rotor and stator. It depends on
the technology, but for the example of a squirrel cage induction motor, the rotor slots are filled with
aluminum or copper bars in short circuit, while stator slotgiléed with copper windings.

On thescheme below is presented a simplified ciessional view, orthogonal to the axis
of rotation of an induction motor :

Stator Slot

Stator Laminations

Alr Gap

Rotor Laminations

Rotor Slot

Figure 1 Rotor slots and Stator slot$

! hitp://electricalengineeringportal.com/wpcontent/uploads/figuré-statorandrotor-laminations1.gif
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|. Introduction

In this part, we will first present the laboratory and its missitimsn we will present the
context of the subject and the state of art.

1. The Laboratory of Multimedia in the University of Montenegré

The Laboratory for Multimedia Sigis and Systemswithin the
Faculty of Electrical Engineering, University of Montenegro, is dedicated to
the highquality fundamental and applied research and education mostly in

the field of Multimedia representing the future of modern life. The research
A
*-_&.”

has been also oducted within several related fields, such as radars,
communications, biomedical signal analysis and applications, closing a circle
t{:s of stateof-the-art technologies. Our aim to strengthen the research, education,
innovation and development in Montenegithe focus is made on

fostering fruitful collaborations with faculties and universities
worldwide, through the joint scientific publications and projects, as well
as the knowledge and researchers exchange. Regarding the educational activities, ous anntist
professors covers different area of multimedia systems, information systems, web programming and
applications, Internet technologies and services, etc.

Compressive Sensing

The laloratorypublishes in average betweena® scientific papers per year (most of them
in the leading scientific journals in the field of electrical engineering). We are proud to boast the
"Award for the Best Leader of the National Project in Montenegro®, in 2011.

The laboratory's research objectives are to:

Develop innovative techniques for gealized signal processing
Develop advanced techniques for thinequency signal analysis, filtering and classification

Develop the algorithms for multimedia signals processing: audio, image and video
processing algorithms

Develop the algorithms for multiedia data protectionDigital Watermarking
Contribute to the theoretical foundation of modern Compressive Sensing concepts
Develop the innovative techniques for Compressive Sensing data reconstruction

= =4 -4

= =4 -4

We worked with Pr. Srdjafn tShenlkalvod at owrhy, i
and Andj el a Dragani [ Thidwas annogporanity to appiyi treir knowtedge n s h
in signal processing to the field of power systems, as these latter require more and more signal
processing to run propgrl

2. General Context

Power system is the integrity of the generation, transmission, distribution and the load. This
interaction in a same grid is very complex because it results in many kinds of phenomena, which
have to beletected, monitored and controlléd case of fault, the most importaisttime response
in terns of detection, decision making and resolution. Future Smart &pidied to power system

% This presentation comes from thelvsite of the laboratoryhttp://www.multimedia.ac.me/about.php
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must challenge these objectives through connecting a large number of measurement instruments, a
communi@tion infrastructure and intelligent software for the analysis of gathered Jighals.

The software part is at the core of the smart grid. One of its purpose is to extract as much
information as possible from the collected data from as less as possible sensors on the field by using
postprocessingalgorithms These algorithms may extract wable data tanonitor power quality
disturbancesaging in power devices, transients state on the grid, etc only from the current signals
for example. The idea is to set only basics sensor on the field and to develop algorithms besides to
get the full sebf data, because hardware is usually far more expensive than software.

3. State of Art non-exhaustive

In this part is presented a few examples found in the literacy to illustrate some applications
of signal processing to power systenasmid which are highlyelated to our subjectThe first
example deals with power quality analy&]s so it is timefrequency analysis for detection and
monitoring. The next is about detiieg transients in wind energy systd2is so it is more about
detection and control.lie last one explainsnathermethod to estinta the speed of an induction
machine from the ator current6], to monitor and control.it

Detection of harnonics pollution in power grids with time -frequency analysis

In recent years, the increasing wfepower electronic systems and tiw@&iant nonlinear
loads in industry has also increased the generation of power harmonics, inducing voltage fluctuation
which have become a problem for utility and customeatied PQ disturbanceshese harmonics
resut in power losses, voltage drops, devices damages, vibrations etc. To prevent power systems
from premature aging and outages, it is necessary to limit these PQ disturbances. The first problem
is thus to detect and extract harmonics from the power sigichkck the health of a power system.

Time-Frequency analysis is a powerful tool to analyze a signal spectrum over the time. It
gives the whole spectral content of the signal at each instant. It will therefore give information
about the kind of disturbaas, and when it happened. ThiReequency algorithm are quite specific
to the class of signals for which they are desigmedhis case, a new algorithm was develgped
called null space pursuitHilbert transform (NSFHT), to obtain the instantaneous fuemcy and
amplitude of each harmonics in the current signal. This-NSRalgorithm is no more no less a
decomposition of the original signalmore relevanbase than Fourisy according to thauthors

Here are the results when detecting harmonics enstgnal atv f©doriginally with two
components ab f©Odandp v @dsuch as

io ATOzva MATOzwn ™AIT O zp vat

i | = (a)
- ey |
of J =
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< | - o --data3
0.

Voltage(pu)
Voltage(pu)

................................................................
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Fig. 1. The waveform of voltage signal with harmonics and
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On the figure 2 is shown the STIBT the $gnal, which is the basic tiraeequency analysis'
tool using Fourier's domairNo relevant information concerning frequenciesxcept the main
frequency av fOg- can beextraced from the picturebecausét has a very low accuracy. On the
figure 3, the NSFHT method manages to isolate the three components, giving their frequency and
their amplitude over the timedata 1 matches with data 4, data 2hwdata 5 and data 3 with data 6
Therefore, this timdérequency method enables an accurate detection of harmonicsna@mtbrs
voltage drop or frequency drop as well.

Monitoring transients in wind energy systems with timefrequency analysis

The study of transients in wind energy systems is very relevastitnate the power quality
that is produced. Transients in these systeften happenas the wind is a strongly neatationary
resource. This example is very instructive as it mixes one fast algorithm simply to trigger a transient
incoming and one algohitn of timefrequency to go further in details. The fast algorithm is named
shorttime harmonic distortion of voltage, and the timegquency algorithm is Smoothed Pseudo
Wigner Ville. The Wigner Ville distribution is another basic algorithm for tifrequency analysis.

Here are the results when characterizing the transients :

Figure 4 Three-phase
voltages on the first row
currents on the second row, an
their respective Wigner Ville
‘ : algorithm on the two next
152 184 Tise 82 184 156 5 2 15 rOWS_[Z]

time (3) time (s) ime (3.
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The Wigner Ville algorithm brings on a same picture all the characteristics to define the
transiens : time, frequency, amplitude, and &tes power quality analysis.

Speed estimation of an induction machine witlsignal processingon stator current

This example is very close to the topic of this report, as it deals with another method to
estimate the speed of an induction machine only byyzng the stator current. The signal
processing is based on the Chf@ransformin theeomplex domainsuch as Fourier's Transform
This signal processing is not using tiinequency analysis tools.

=3 > 1144 72Hz

Induct

g rotor slot harmonics, considering the
. Induction motor used in this experiment
L sampled with 10 kS/s

Figure 5 Speed estimation through harmonics analysi®][9]

The figure on the righis the speed estimation which is obtained by tracking the variation of
the biggest harmonic gt T & O Gon the figure on the left. The interests of such methods are
presented in the nepart below, as it is the object wfy work during the internship

ll. Presentation of the subject and theory

1. Context of the subject

Inductionmotors are widely used in power systems, and fully monitoring them is essential
to improve their controllability and reliability. As a matter of profitability and convenience, the
challenge consists in gatimg as much infamation as possible and optimizinige number of
sensors. In some circumstances, processing data acquired by one kind of sensor provides
information that is usually directly given by another kind of sensor. phienzation problem has
to determine whether executing the process is more profitable than using two different kinds of
sensas, andoften turns out to be true.

Knowledge of the induction motor operating speed, in some circumstances, is essential. For
exanple, if the instantaneous motor speed is known, it is possible to infer the operational speed, at
any point, on the mechanical pumping units used forhaalyaulicgrid, or it is also possible to use
the speed data as an identification tool of pumping uniialance. In addition, the slip of an
induction motor can reveal when it is working as a generator, for production p{gpose.

As regards on monitoring imdtion motors, it has been proved that, under certain
conditions, the rotor angular speed may be estimated by only measuring and analyzing the stator

10 |
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current and its harmonics. Among themgt&® Slot Harmonis are current harmonics which are
induced by theMMF space harmonics, themselves created in the stator when the rotor is rotating.
For this reason RSH are directly proportional to the rotor speed. In this case, post signal processing
applied to the stator current thus avoids to implement a speed $&ntwr rotor. Lots of methods
relying on RSH tracking to estimate the spesdst and they mostly differ on the choice of the
signal processing algorithms. In thisportis presented a new approach of tracking the RSH by
using TFR and the-Slethod algoithm.

The three following parts aim to bring to the reader the required knowledge to understand
this report In the first paris explained thenodeling of induction motors, and the theory which is
behind. The second part deals with tiphysical existenceof such RSH due to MMF space
harmonics. Then, the third part briefly introduces the purposes of time frequency analysis, and
explains its principlesThe chosen algorithm is calledMethod and is very efficient to study
highly nonstationary signals.

2. Presentation of the model

All signals studied in this paper are exclusively obtained from a realistic model of induction
motor. This model takes into account the dynamic behavior of the machine by coupling mechanic
and electromagnetism models. This enablesiraulate harmonics and noises in the stator current,
which features the RSHE5]

The mathematical model of induction machineadsset of differential equations that are
solvad in an iterative numerical procedure. The modelexpressedn the natural frame of
referencewhich meanghere are no variable transformations as it is the case in, for examipk
"dg" model-or Park's Transformfor the synchronous machmhérhe main parameters of the model
are inductances between various machine windings. Somesef ithductanceare constant values
such as leakage inductanc&ke others aranductances between stator phases and rotor lowgs
rotor bars with appropriate gnsegments anddepend on rotor positigrandare so timevarying,
according to the winding function the@4y. Before numerical integration afet of differential
eguationssuch inductances are pealculated and stored in loalp tables.

Fluxes and currents could be calculated after that, in, once again, an iterative numerical
integration procedure of set of differential equatis®se matrix iss follows[ 8] :

VI
w YO 0o (1)
ey
00 0O (3)
00 0O (4)

where the matrix is the transpose of the matiix , and:

O Q Q8 10 (5)

O 1 M8 10 (6)

W V] 0 8 0 (7)
®Cours sur | a mod®l i satViimm echa s DeEneged8tdehs reeynchrones
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In a case of symmetrical squirehge machine,w T and0 0 . With this
formulation, the currents in thie stator cicuits anck rotor loopsare assumed as independent. The
eguations describing the mechanical pdthe system are :

v 0 ) TU_ 0 (8)
Q p . "

oo o ' " ()
o

5(‘) ] (10)

where"Y is the éectromagnetic torqu€)Y is the load torquey is the combined rotor and
load inertia,—is the rotor angleand] is the rotor angular speed

Inductances are calculated using winding function between rotor bars and stator circuits, but
it will not be detailed in this part. Information aboutaincbe found i4][8].

3. MMF Space Harmonics

Space Harmonics

Threephase induction motors generally contains tplease stator winding in slots,
supplied by the threphase stator current at the fundamental frequencysuedr configuration, it is
known that the resultant rotating MMF wave shape is stepveisd depends on the position
between the rotor and the stator. As the MMF wave shape is stepwise and not sinussidal, it
contains the fundamental frequency and higr@monics in the Fourier transform domaiimese
harmonics are called space harmonics since they depend on the geometry of the nvhokme,
parameter ighe rotor angle— Let "Q— now be the periodic function representing the MMF.
"Q— can be expresas a Fourier series, and for the three phases the following set of equations is

obtained 3]:
N— 80 0k - o i @— e+ Oi Q— .+ E (11)
Q— 01 Q& - — Oi Q— - Ol Qop— - — E
o o (12)
O— & 0 Ui aie 5 1 0b < ok
— o — o (13)

As "Q—is a odd function, only odd orders arenremual to zeroThe third harmonitaslost
the property of a threphase systerso is ignored whenusnming the three phaseghe result for
the fifth order is far more interestinghis set of equation is written at a given instant of time when
unit current flows Assuming that the current shape is a sinusoidal in time at pulsatidhe
resultant fothe fifth harmonic is given by :

—

QF— 51 MG Dio - B WO cc (14)
Oi Qe o — 1 Qop— - —
o o
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Upon simplification, we get :

(15)

o o ~ o
Qoh— -6 AT100 v—
The fifth opposite therefore rotates opposite to the direction of the fundamental at a speed
which is onefifth of the fundamental. The opposite rotation is due to the plus sign in the argument

of the cosine
Similarly, if theseventh harmonic is considered, the resultant is as follows :

. O, ~. ..
"Q oh— Eb Al1100 x—
This time, as there is a minus sign in the argument, the seventh harmonic rotates in the same
direction as the fundamental, at one selvafithe speed.
This specific exampléeadsto a general conclusion. Effectivelipeseharmonics are among

the most prominent harmonics in the MMF space harmaauck theirseries is defined by the
following expressiofv] :

(16)

O ¢Q ph "Q mh ph ¢B (17)

wherev is the harmonic order of the MMF.

Rotor slot harmonics

RSHs result from the rotor cage reaction to these stator slot harmonics contained in the
MMF of the stator. These are the three series of MMF waves from the rot¢rjside

0 0 AT o v# (18)
. Y

0 0 AlIQ o ? 0 nN— (19)

N ., =Y

0 0 AliQ _F 0 N— (20)

where_ plt 8 . RSHs are the most prominent for p andi is the slip of the MMF
uth-order harmonic :

i p LUp i, (22)

These MMF in the rotor interact with the stator and induce the three following magnetic flux
density waves in the stator, with the same shape :

6 6 AT o 0@/ (22)
- _Y . N

0O 0 welip Fp i 10 W U N— (23)
- Y =Y

0O o0 Al Op _Fp O1 o0 _F U N— (24)

There are three distinct magnetic flux densities, one at the fundamental frequency and the
two others depending on the slip, which is proportional to the speed. These two harmonics are
called RSHs.

eﬁgsé,} I
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The frequency of the upper RSH is :
Q p——_p i *f (25)
and the frequency ohe lower RSH is :
Q p —_p |1 *f (26)

These magnetic flux density waves create electromotive forces in the stator windings which
induce currents at frequenci@spending on the speed in the three stator currents. This explains why
RSHs enable to estimate the speed of the rotor without sensor.

Existence of the RSH

The following explanation is done from the rotor's point of vidve RSHs given by (25)
and (26 mayonly exist if they check the condition of belonging to the series oVl space
harmonics given by (377]. For the lower RSH, it means that the additional phase te) v
in (23) must belong to the groupf the space harmonic® ¢Q p h"Q mh ph ¢/8 . as in

17).
Therefore :
='Y; 0 @Q ph
n
by ez Q Q ¢nANQ m ph ¢BNQ mh ph ¢iB
by ¢ ¢nANé mnphhos (27)

(27) givesthe conditionon the number of rotor slots so that the lower RSH exists. This
condition is only depending on the paioles number. By applying the same reasoning with the
upper RSH, it gives the condition below :

Y ¢ cnn ¢ pcfos (28)

To have both harmonics :

'Y . !Y . lY .
and so, by adding (27) and {28
Y . @M ¢ pihos (29)

(27), (28), and (2Pprovide necessary conditisron the number of rotor slots observe
RSHs in the stator current spectrudow we need to define the conditions on the number of stator
slots. If the problem is seen from the stator point of view, RSH are of ordér p, and by
following the same path we obtain exactly the same results as (27), (28) and (29) for theafumber

14 |
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stator slotg7]. These information are essential to determine whether the method using RSH tracking
is applicable or not to any induction motor.

After having defined all the tloey behind the space harmonics and RSHs, it is now time to
present the signal processing tools that will be used in the afterwards.

4. Signal processing and -Method

Time-Frequency analysis and $/ethod

FastFourier Transform(FFT) is the basic algorithm to obtain a representation of a signal
frequency content, called spectrulinthe signal is stationary, the spectrum remains the same over
the time. Hence this representation is the best to describe this class of signan-Bationary
signals, the spectrum changes over the time. Therefore the representation provided by FFT is
actually the superposition of all spectrums at each instant. It is necessary to take into account the
time dimension in the representation.

Time-frequency analysis enables¢ompute the spectrum of a signal at every instant of this
signal. It gives a Time Frequency Representation (TFR) on which every variation of every
harmonic can be seen. However, timesquency analysis accuracy is limited by theidénberg
Gabor principld9]:

yoya £
T

(30)

This dualitymeans that ahort resolution in time compulsory induces a large resolution in
frequency, and reciprocally. Tirfeequency analysiss always a compromise between having a
high concentration around a frequency peak and having the exact time location of this peak.

There are many algorithms to computdR, such as the Shefime Fouier Transform
(STFT) and the Wigner Ville Distribution (WVD)as we saw them beforéhe STFT is really
simple to computebut itis limited by the Heisenberg Gabor principle. It computes the FFT of the
signal through a sliding window. It is not well &tt to highly norstationary signals, because if a
very short resolution in time is needed to observe prompt variations, the frequency resolution will
be poor.

The WVD overcomes the uncertainty principle and is very fitted to stwigponent
signals. For mlti-components signals, it brings interferences in the TFR due to-teross
products between the different components of the signal. WVD is also not fitted to the stator current
signal, because it contains lots of higher frequencies which will interéerd induce artifacts on
the TFR.

The SMethod is another TFR algorithm which improves the STFT, by adding properties
from the WvO5][5]. It was designed in the Multimedia LaBor an electrical signal at f©g the
S-Method will give an horizontal line much more concentrated aroui@dathan the STFT. The-S
Method is also highly adapted to nstationary sigals such as the stator current signal.

Here is the expression of theM&thod in continuous forf8] :

3

YO oh c% 0 —0O "0 oh Q— (31)

13
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where’Odh is the STFT of the signab 0 using the sliding window 6 of length{ :
gele} 0 two TQ Qf (32)

and0 is the kernel of the-Method distribution, and can be arbitrary chosen.

The benefits of the -$Method are strongly linked with the kernel definition that is chosen.
For example, if0 1 , Where] a Dirac distribution centered on, the SMethod is
equal to the spectrograif0 ‘Odh SO 9 so theS-Method will have the same properties
as the STFT.

If O p, thenYO oh is equal to the Wigner Ville Distributio® 'O ¢h  as follows :

wO M 0

N —+
N

t t
0° — w0 — & O (33)
C C

In conclusion, the kernel term enables thé&hod to get the STFT and the WVD
properties. If a suitable kernel is chosen, thle&&hod improves the concentration thanks to the
WVD properties and removéasterferences thanks to the STFT ones.

Discrete SMethod

Here is now the discrete forai the Smethodthat is used in this repdif):
YO ¢hQ 0 QOE¢RQ QO ¢hQ 1 (34)

where the window) "Qis the kernel and hag)+p samples, and the STFD£hQ has this
discreteform :
T
"0 ¢hQ 0 we A Q- (35)
T

If the windowd "Qis rectangular, thethe Smethodmay berecursively omputd as:
YO ¢hQ Y0z ¢hQ ¢l 'O¢hQ 0 "0 ¢ (36)

for0 phchB whered [ Isthnds foreal part, startingvith YO ¢hQ SO ¢hQs 8

Consequently, the-Blethod is initially equal to the spectrogram, which is computed with
the sliding window0 1 . Then the SMethod algorithm (3B changes some values of the
spectrogram values in fiigtion of the kerned . This later is adjusted by an integer parameter,
called lengthd. The lower isb, the more the $lethod looks like STFT, and the higher is L, the
more the SMethod looks like WVD. In conclusion, only a right setting of thepghand the length
0 of 0 1, and ofthe length of 0 is required to apply this method.

engeé,) I,
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Ill. Implementation

This third part will present the work done during this internship to answer to the
problematic.First two study casesthe parameters of the inclion machine and the scenario of
use will be detailed, and then we will explain the practical steps to go from the stator current to the
rotor speed.

1. Study cases

Concerning the parameters, the induction motor is supplied by aphased current whose
fundamental frequency is ¥©g as in common distribution networks. Only the phase A is
represented, as the three phases are supposed to be balanced.

First case : induction motor with one single RSH

In this case,here are two distinct motors with different inertias, one with T ‘Q"& 6
and the other witlh & Q"8 68They both have) ¢ pole pairsand’Y ¢ (otor slots.
For these settings, as regards(®n), (28), and (29)feasible combinations to obtaRSHs

are :
Y p 4 8 N Y p 4 i 8 N
Y Yo 1o ¢8 N Y yho 1o ¢8
Y p&cto@n Y p & to@n

so in this study only the lower RSH will be observed asitlmaber of rotor slots matches.

The simulated scenario consists in starting the induction motor without load first, and then a
load is plugged at®i . Thereare consequently two transiesiates, the first one when the motor is
starting and the second@when a load is plugged.

The pictures below show the speed profile for both inertias :

]0)| e —— ............... ............... ............... ....... A 150 F e ......... .......... ......... ......... .......... ......... ........ ..........
O o s
© p ] : : : © 5 : 4 : : ? : :
= 5 : z : - =100k - £ L . N
5 100 ................ . ............... ............... ............... v o 100 " - -
© © :
o jo ) ;
w w :
R e A R S ey 0 S A o S S R SO e
. ; ; ; ; ; V.l NS NS S NN S IS B
0 0.2 0.4 0.6 0.8 1 0 02 04 06 0.8 1 1.2 14 16
Time (s) Time (s)
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Then the following picturegepresent the stator current signal for both inertias :
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i ; : ; ; i ; . i ;
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The two last pictures below show the statarrent spectrum computed with Fast Fourier
Transform (FFT) for both inertias :

——— |Fundamental — _ |Fundamental 2nd RSH
. [2dRsH :
i 5 . 15tRSH
N S TRSA | o _
K SO 2= N O
< f : <
L] b ]
e =]
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10 R | T e ol [ T I B S . ' TF P I ]
< <
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Figure 10 Stator current spectrum &£ O * E m 8 | Figure 11 Stator current spectrum for J=0.3E C8 1 ¢

The fundamental ai fOdis clearly the prominent peak on the spectrum. On both spectrums
are observed lower RSHs of rapk p and¢. The ratio between the fundamental amplitude and
the first RSH is around 1t,Mmeaning that the TFR algorithm must be accurate enough to represent
this scope.

Concerning the frequency value of the upper RSH in each case, it evolves fi@ato
@ o’@Qafor the ' rank, and fromn #Odto p T pOdfor the 29 rank, as it is given by26) for the
extreme values of the slgfromptomdt ¢ v v
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Second case : Induction machine functioning as a generator wibloth RSH

In this case, the induction maching successively functioning as a motor, then as a
generator. The machine has v T1rotors slots)Y x ¢stator slotandr) 1 pole pairs.
For these settings, as regards on (27), (28), and (29), feasible combinations to obtain RSHs

are :
Y  p@ipwn Y pE&xmpBn
Y. co@msn Y. co@mn
Y ¢t &N Y ¢ fr i @ N

so in this case both RSHs will be observed as the number of stator slots matches.

The simulated scenario consists irarging the induction motor with full loadand then
switching it to generataait p&i . There are consequently two transients state, the first one when the
motor is starting and the second one when a load is plugged.

The pctures below shows the speed profile for and the stator current for this case :

100 T T ! T T ; T
: 1500 R U SOUPRRTR [T SO J
RO b O ﬂf\,\.—m
Q 100 BHHHHH - 4
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% SO HHH e 4
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; O
: . O BT AT RHG DGR R
: =]
20N s 4 o | .
i O spf : i -
0 i : : :
100 HNHH B 4
=20 i 1 1 i 1 1 ;
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Figure 12 Speed profile

Figure 13 Stator current signal

Here is now the spectrum of the stator current signal :
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Figure 14 Spectrum of the stator current
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On ths spectrum can be@bservedboth lower and upperRSHs of rank_ p and ¢.
Concening the frequency value of tHeSHs, it evolves fromu fOdto v @'@afor the upper RSH
and fromu fOgto @ @' @afor thelower RSH as it is given by (25and (26)for the extreme values
of the slipsfromptor@t ¢ o @

2. Stages of the implementation

Pre processing the signal

The signalsare originally sampled at88'Q"O¢which is a lot. To decrease the number of
samples, signals are under sampte&QOGThe sampling theorem affirms that the maximum
frequency of the stator current's spectrum must be w2 OdThis range is far enough for the
study, because the main frequency content of the stator current isp®@Od harmonics of
rank 2 must be seen.

Settings of theSTFT andS-Method

The choice o) t Ay and{ is not absolute, which means severahfigurations may lead
to the same quality of resptfepending on the priority made for time or frequetieythis part we
detailthe effects on the TFR when varying consecutively h) ando.

i. Choice ofthe shape of thesliding window 0 1 for the STFT:

There existamany sliding windows, whose simplest one is the rectangular window. The
problem of this windows is that it creates lots of noise in the STFT and seMe¢h8d. Here are
some of the most common sliding windows in signal processing :

\ Fotie 5‘/\‘\‘ Potie
Vs ™ — Harrirey ““‘ ““ — Harrirny
Hameming f \\‘ \ Hamemng
e Blackaran [ i\ Batkman | |
al | |
/] |\
| \
osf f \
| ‘
04+ w“
f
0z2r /
\/
‘\\ “'\“‘ [
u|) |l;ﬂ zr;n BC‘ID 4(;0 Ssﬂ SI;U 7(;“ EC‘ID SCIID |‘;ﬂn = - y g — =
Figure 15 Sliding windows in time domain Figure 16 Sliding windows in frequency domain

The rectangular window in blue has the sharpest first peak, but then lots of smaller peaks
which will interferewith other frequencies in the signal.
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Here are two TFR of the same signal with v p gnd0 v, but a different window :

S:method, Blackman Window

Figure 17 TFR with Blackman window Figure 18 TFR with Hanning window

The Blackman window close to the Hamming window brings more accuracy in the
dynamic part than the Hanning windewlose to the Gaussian window, and on the contrary is more
noisy when it comes to the stationary part.

Forevery study cas¢he Blackmanwindowwas chosen.

ii.  Choice of the length of the windowN for the STFT :
Here are two TFR of the same signal with a Gaussian window and, but a different N :

Figure 19 TFR with N=256 Figure 20 TFRwith N=1024

The lengthier is the window, the more accurate is the frequency resolutioi. Fay v hp
pixels are so visible that the picture is impracti@it if 0 p 1 dithen the time resolution is
degraded and the dynamics parts are blurrier.

For the first study case, a windoof length 0 p T ¢is chosen for0 T& Q& &
respectivelyd v pfru T QL& O

For the second study case, p T ¢tao.
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