Robust Diagnostic Based on High Frequency
Resonance Measurements

F. Perisse***, D. Mercier**, E. Lefevre**, D. Roger*
*LSEE, ** LGI2A
Université d’Artois
Technoparc Futura, 62400 Béthune, France

x| AEPT
Université Blaise Pascal — CNRS
24 Avenue des Landais, 63177 Aubiere, France

ABSTRACT

The stator insulation breakdown is a major cause ofAC machine failures. Ground
insulation defaults are easily detected by classicaystems based on leakage current
measurements, however the turn-to-turn insulation dgradations are more difficult to
detect. For large machines, on-line methods, basexh partial discharge detection and
analysis, give good results but they cannot be usddr low-voltage machines fed by
adjustable speed drives (ASD). Previously, it hasden shown by some of the authors
that it was possible to estimate the aging of an A@achine winding thanks to HF
measurements of current or magnetic field. In thispaper, it is proposed to exploit
conjointly all these different estimations to obtai a more robust and reliable diagnostic
The merging of the different estimations being reded through the belief functions
framework, this approach is tested on real measureents.

Index Terms — AC machines, life estimation, machine windings, r@tting machine
insulation, power system monitoring, merging infornation, Dempster-Shafer theory of

belief functions.

1. INTRODUCTION

STATOR insulation failures involve about one third of th

total number of AC machines outages in industnsirenment
[1]. The stator insulation failure mechanism is negi-known; it
often begins with a local turn-to-turn breakdowhjch creates a
supplementary thermal stress and an extensiore afainage that
may reach the ground wall insulation, if the posepply is not
switched-off [2]. For many industrial applicatiomaptor failures
cause unforeseen production stoppages, which rexgensive.
To avoid such problems, preventive maintenancedsired for
crucial machines. Several classical methods carudeel for
ground insulation testing [1], but it is more diflt to evaluate the
quality of the turn insulation which is the onlyyv detect the
very beginning of an insulation problem, particiyldor inverter
fed machines. Until now, very few methods are atsél. It is
possible to perform an impulse testing on an o#-linachine [3],
or to follow the PD activity on a high voltage wioid machine [4,
5] or with off-line PD testing systems [6].

This paper presents an on-line monitoring systela tabgive
information on the aging of the turn insulatiorA®¥ machine. The
system is based on the indirect measurement ofutheto-turn
capacitance followed by an information fusion methResults of
the measurements made on a typical magnet wireffilgh shows
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that the specimen capacitance increases with sisation aging.
Correlations between the variations of this capac#, the

reakdown voltage and the cumulative probabilityfaifire are
established. The first part of this document dbssrihow to
observe the aging of an ac machine winding andotiéne

monitoring system, based on high frequency measntsnon the
windings of a machine in service. The second pasemts the
decision-making process regarding the aging ofrthehine. This
process is based on the fusion of information plexviby HF
measurements of current and magnetic fields. Wheeasure is
precise and certain, no other measure is neceddaryever,
such a measure is rarely obtained in real worldiegtons.

Information fusion consists then in merging, or lekmg
conjointly, several imperfect sources of informatim make
proper decision. Various frameworks can be usedddel the
fusion, e.g., probability theory, possibility thgorbelief
functions [8, 9]. In the second part of the paplee, different
measurements of the aging of an AC machine windirg
combined in the latter frame. This method is tesiaddata
resulting from measurements on a 4 kW invertemfiedhine and
allows us to obtain a more robust and reliablerdiatic.



2. AGING OF AN AC MACHINE AND 30

MONITORING SYSTEM 2 /ﬁ
2.1 INFLUENCE OF AGING ON TURN-TO-TURN * //‘
CAPACITANCE 24 .

Thermal accelerated aging was performed in a puosvio 2} 1
study on specimens made with a polyesterimide (THEI
magnet wire according to the IEC 60851-5 stand&rdlp].

The thermal accelerated aging of magnet wire shtwves
correlation between the specimen capacitance i@rgatand 16
the quality of the insulation between wires. It yes that the

capacitance variations can be used as an indig#tdhe
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thermal stress of 250°C. A model developed in [&jves that Figure 2. Mean value of the specimen capacitance for 250 °C.
such capacitance variations yields significant ateohs of
resonance frequencies in machine windings. In bcaese, the 2.2 ON-LINE MONITORING SYSTEM

turn-to-turn.capacitancg cannot be measured on oshimg The synopsis of the monitoring system is preserited
However it is possible to measure the capacitangggyre 3. The spectrum of the measured signal ounaing
corresponding to the equivalent RLC parallel circthat  machine has many low frequency spectrum linespugeveral
represents the winding first resonance. For a &Bay range jiohertz, corresponding to the slotting effectavkéver, it has
up to 10 MHz, a simple parallel RLC equivalent Gitc o npatural lines in the range of 100 kHz — 2 MHzick
represents roughly the machine winding frequendyab®r  corresponds to stator winding resonances [7, 1, Thildetect
[11]. The global capacitance Cg, defined for theCRlarallel  g,ch phenomena a high frequency low-level voltage i
equivalent circuit, includes the turn-to-turn capawe Ci and superimposed to the stator supply, and the corretipg HF
the turn to core capacitance Cm : current and magnetic fields are measured. Thetiojesystem
Cg= f(Ci,Cm (2) contains an inductance i}, which yields a series resonance

The numerical value of Ci is much higher than Cmdependlng on winding global capacitance Cg. Global

consequently, the global capacitance Cg is thenhrmore tapacitance Cg is determined by an identificatibfiemuency

influenced by turn-to-turn capacitance Ci. The ation of Cg response of three ph'ases of Fhe AC machine .W'trRlaﬁ
. L . circuit. The 4 kW studied machine has a global cdapace of
corresponds approximately to the variation of Cd ahe

_ ; ) 272 pF. The inductance Lin allows us to tune thdese
variation of the first parallel resonance can bestiered as an resonance frequency at a frequency higher tharogmallel
indirect effect of the degradation of the turn ilasion. q Y g y g i

one, in this application Lin is chosen equal tou4h Figure 4
250 °C shows series resonance with and without the imgecti
‘ inductance measured with a precision impedanceyzeral
ol | Agilent 4294A between 100 kHz to 3 MHz; it can leserved
that the series resonance induced by Lin is cleddgtifiable.
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Figure 3. Synopsis of the monitoring system.



When the global equivalent capacitance varies, dbges
resonance varies in the same way as the parafiehamce.

The coupling capacitor (& function consists in providing working,

large impedance at inverter switching frequencyk@2) and
a low impedance at series resonance frequertWHz). A
10 nF/2 kV polypropylene film capacitor is choseits
impedance is 1.6k at 10 kHz and 1& at 1 MHz.
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Figure 4. Impedance of AC machine with and without Lin.

In an industrial context, these measures woulddrgexd out
continuously or during chosen periods. While thechivze is
the on-line monitoring system injects anF H
sinusoidal signal around the resonance frequencythef
machine. These measurements allow one to deterthime
variation of resonance frequency of the AC machimaling.

In the next section, these three estimations ofésenance
frequency provided by the impedance and magnetidiare
combined in the framework of belief functions inder to
improve the decision-making process regarding theding

aging.
3. AGING ESTIMATIONS FUSION

In this paper, the problem of information fusioraddressed
using the Dempster-Shafer theory of belief fundif8, a rich
and flexible framework for representing and reasgnivith
various forms of imperfect information and knowled@elief
functions were first introduced by Dempster as al tior
statistical inference [13], and were later propobgdShafer
[8] as a general formalism for representing partifdrmation
and reasoning under uncertainty. Since then, @iftemodels
based on the basic mathematical apparatus of batiefions

signal generator coupled with a HF amplifier. Thignal

generator is controlled by the decision procesteaysnd can

apply a sinusoidal signal up to 2 MHz. Current roeasient is

performed by a passive current probe Tektronix R602

Magnetic field is measured near the end-windinghgldwvo
axes, denoted H1 and H2, described in Figure 5{wibeaxis
magnetic sensor used is a Honeywell HMC1022 wiffeld
range up to 6 gauss and a sensitivity of 1 mV/ussq12].
The first step consists in applying a sinus waveveen
100 kHz to 2 MHz to determine for a sound AC maehin
series resonance frequency deduced of impedanaeritand
voltage measurement) and magnetic fields H1 and THi2n
the frequency range is reduced around this firsbrance
frequency. For this study, a limited number of nueesents
have been realized for each stage of the agingeofmachine.

. _.7‘ = >
Magnetic field se
Figure 5. AC machine and magnetic field sensor position.

(TBM) [14] which is adopted here. A discussion bkde
interpretations of belief functions (TBM, Dempstgerhodel,
Hints model, random sets) can be found in [9].

The Transferable Belief Model (TBM) is a model of
uncertain reasoning and decision-making based onevels:

- the credal level, where available pieces of infdromaare
represented and manipulated by belief functions;

- the pignistic or decision level, where belief fuoos are
transformed into probability measures when a degisias to
be made.

The basic concepts of this model are exposed iméx
section.

3.1. BELIEF FUNCTIONS: BASIC CONCEPTS

3.1.1. CREDAL LEVEL

LetQ = {wy, ..., ax}, called the frame of discernment or the
universe, be a finite set of the possible answers given
question Q of interest.

Information held by a rational agent Ag regardirte t
answer to question Q can be quantified by a masgitn m
defined onQ, which is an application from“2to [0,1]
verifying:

Y mA=L )

The quantity m(A) represents the part of the undasm
allocated to the hypothesis that the answer totmure® is in
the subset A of2, and to no strict subset. The mas€in(
represents then the degree of total ignorance degarthe
answer to the question Q of interest.

Let us remark that the mass on the empty sét)mfay be
positive. This mass plays a role of alarm in theM[Bhe
sources being conflicting [15].

Once each piece of information represented by #&fbel
function, an aggregating operator can be used deroto



synthesize and capture all the relevant informationtained

individually in each piece of information. '
Two distinct mass functions jymtand m can be combined o8
using the conjunctive rule of combination defingd b @
1=
mlnmz(AZZ m(B (¢ O AQ. ©)) S8
BnC=A n
This combination is associative and commutativejcivh fw,
ensures that the order the sources are combinednidaffect @
the combination result. =0
For example, let us consider a univef3e= {w;, W, W3},
and two sources of information;Sand $ providing 0
respectively the pieces of evidence and m such that
m{w,wp}) = 0.8, m({w}) = 0.2, m({wy,ws}) = 0.3, and Resonance frequency
my(Q) = 0.7. Their combination can then be computed aFigure 6. Mass assignment method allowing one to convert oreasent
illustrated by table 1. on the esonance frequency of a winding, into a piece dbrinatior
regarding the necessity to substitute this winding.
Table 1. Conjunctive combination of gand m regarding the winding aging, which can be expressechass
my \ my { oz,008} Q functions defined of.
! 0.3 o.7 The mass assignment used in this paper, is basdduon
{ownon} | {onoe} N{wpwsl={wg} | {wiwe} N Q={wnun) thresholds (Tioa23.4 depicted in Figure 6. For example, it
0.8 0.6x0.3=0.24 0.6x0.7=0.5€ be ob 4 in this f that if th b
(s} (o} N{ncos}=1 020} (@2} N Q = {as} can be observed in this figure, that if the meabuesonance
0.2 0.2x0.3=0.06 0.2x0.7=0.14 frequency is lower thafy, the total part of the unit mass is

allocated to the answer “yes, the winding has to be
The resulting mass function, denoted m, is theeeftafined substituted”.

by m({w,}) = 0.24 + 0.06 + 0.14 = 0.44, and mifw}) = Let us note that the resonance frequency measutemen
0.56. The mass supporting the state of the univerbas been based on the impedance and magnetic fields, arerajgn
reinforced with this combination. associated with different vectors of thresholds. e Th

determination of these thresholds can be realized buman
3.1.2. DECISION LEVEL expert or a learning set composed of labeled resmna
When a decision has to be made regarding the ar®werfrequencies, that is, resonance frequencies assdcwith a
question Q, a strategy [14, 16] consists in tramsiiog the known winding aging.
mass function m, resulting from the fusion procésg) the Thanks to this conversion, at each time t, the oreasents
following probability measure BetP, called thggnistic of resonance frequency based respectively on inmueda
probability and defined by: magnetic fields K and H, provide different pieces of
_ m( A information, expressed respectively by, m; and m,
BetR{4) —aﬂAzAﬂﬂlAl(l—_rnCl)), HwbQ (4) regarding the winding substitution necessity.
The chosen de;:ision is then the one that maxinide¢B. ane computeql, these mass _fungtions can b_e combined
The resulting pignistic probability associated withe using the conjunctive rule of combination (equaii)):

combined mass function m depicted in table 1 imeefby: m(A=mn mn (A D' AIQ. (?)
m 0.56 The resulting mass function m can then be transddrinto
BetR{w}) = 1((2_61)2}3)+ r({za()ll_a%)) =0.44+——=0.72; the pignistic probability (equation (4)) to makee thinal
decision.
BetR{a}) = m{a, @) - 0'56:0.28 _ For example, let us consider that the followingssa
2 (1-0) 2 functions have resulted from the mass assignmept st
It follows a decision in favor a. - mz({yes})=0.6 and m(Q)=0.4 (from the resonance

frequency = measurement based on the impedance, the
3.2. FUSION MODEL FOR AC MACHINE WINDING substitution of the winding is rather necessary);
AGING ESTIMATION - m(Q)=1 (from the resonance frequency measurement

In the present fusion problem, the question Q tfrest is  based on the first magnetic, there is a total ignoe regarding
the following: “Has the AC machine winding to beaclged?” the necessity to replace the winding);
The universeQ of the possible answers to question Q is then - my({no})= 0.1 and m(Q)=0.9 (from the resonance
composed of two element@={yes,no}. frequency measurement based on the second madeédtic

As mentioned in Section 2, the resonance frequefcy the substitution of the winding is not really nesay).
winding, obtained by impedance or magnetic fiettb;reases  Then, the conjunctive combination denoted m gfim and
over time. The measurements of resonance frequeasgd on m; verifies:
these different techniques, constitutes then diffeopinions mQ)=0.4x1x 0.9= 0.36 ;m (fes})= 0.8 & 0.8 05

m{nd =04>1x0.1=004; m{ ¥ 08 £ 02 0.0 ®)



- for each measurement where the winding has to

The pignistic probability is thus given by: changed, BetP({yes})>0.5.
_ 1 0,3(‘3 _ _ Thus, on this particular test, this fusion madeozerror
BetR({ yes “1-0 060'54+ 2 =0.77; whereas each individual decision process made aat lene
1' 0.3 (6) error, which fulfills its purpose.
BetR{ nd :1_0 0b{O.O4+ 2% =0.23. Let us note that in this same application a sinfpkon
. : . based on a majority vote leads to zero error as Weinore
In this example, as BetP({yes})>BetP({no}), the wing ]
has to be changed. g.sf‘l‘i y ‘ T, (sound winding)
3.3. APPLICATION ool TTount
At fifty different steps of the aging of the machiwinding, = . T H+++++ A
three measurements of the winding resonance freguesve i’ o4r + ++
been realized from the three measured parametepgdiance, g + T Ty
two magnetic fields). The ground truth is knowre fhist forty ol +
measurements correspond to a winding which hasadte E oF + + + T2
changed, while the last ten are associated withiralimg @
which has to be changed. S sal T
The Figure 7 illustrates the different resonanegjdiencies 2 &7
obtained for each measurement technique, as welthas L T —— +
ground truth. A winding associated with a resondneguency
lower than95% of the resonance frequency obtained when the  *“% 10 20 % a0 50 5
winding is sound, is generally considered as tochanged. Measurement number

This limit is represented for each measurementnigcle as a Figure 8. Thresholds used to build the mass function provigethe firs
horizontal line in Figure 7. maanetic fielc
From Figure 7, it can be observed than an individus

decision process: i St aanes R TR
- based on the impedance commits one error (measntrem os O BetP(inop © o ’

number 45); 08l | ¥ BetP(yes) o o i
- based on the first magnetic field commits two eror 2.7} 6 o 1

(measurement numbers 35 and 38); £ .l o *
- based on the second magnetic field commits thregser S

(measurement numbers 40, 41 and 42). S 087 7
The goal of the fusion consists in improving thessults by B o4t * 1

making fewer errors. S 4. * ¥ o ]
The Figure 8 illustrates the thresholds used ttlibe mass - ¥

functions provided by the first magnetic field. o2 * Ty |
Thresholds used for the impedance and the secogdetia 0.1r j* ]

field are not detailed in the same figure for thkesof clarity. %XXW@***%*W mz*ﬁ**z*s%% L creRareR)

The Figure 9 depicts the pignistic probabilitiesadted for Measurement number

each measurement. It can be observed _thajt: Figure 9. Pignisticprobabilities at fifty different steps of the aginfjthe
- for each measurement where the winding has no&to tmachine windingafter combining the three measurements based «

changed, BetP({n0})>0.5;

. 0Q% %0
x 10 Ly ¥ " " * Impedance 0.9+ O O B
%*M* * **m;f T N ‘ +  Magnetic fied 1
*x * %% %* . K% Magnetic field 2 0.8r O BetP({no}) 00 o R
+ * * * *
FET + E 07 ¥ BetP(fyes)) |
T i +okk Rk ok i o
oy + 4+ o% T 0.6 o O *%
O e & R SR N * , = o
o Impedance
=] =
s + + HHFK S 05 B i
= + %) *
8 Field 1 + 4+ ﬁ 04 |
S |Field2 n b s = * %5& [0]6)
g
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é of T +] a 038
95% limit lines 0.2 * ¥ * i
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Figure 10. Pignistic probabilities at the sarfiéty different steps of th
aging of the machine winding after combining theamgements based

Winding
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Figure 7. Resonance frequencies obtained5@t different steps of tl
aging of the machine winding

be
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Nevertheless some interesting points of this fusibeady [10] P. Werinski, “ Vieilissement des diélectriquessatveillance in situ des

appear: machines électrique Thesis of Artois University " July 2006
- This fusion method based on belief functions pregi@ [11] F. Perisse, D. Roger, C. Saligot, “Online testifgAC motor for
degree of reliability in addition to its decisions predictive maintenance”Electromagnetic Fields in Mechatronics,

it al I t bi v t f Electrical and Electronic Engineering “Studies in Applied
) also allows oneé to combine only two sources o Electromagnetics and Mechanics”, Vol. 27 10S Preasgust 2006,

information which is more difficult to realize with voting ISBN: 1-58603-627-0.
system. Let us suppose the failure of a sensogXample the [12] F. Perisse, D. Roger, S. Duchesne, J-P. Lecoirtggh" Frequency
current measurement. The Figure 10 represents itrestic resonance of AC Machine Winding, Analyse of Curreand

- . S Electromagnetic Fields, Application to predictiveaimtenance” |SEF
probability resulting from the combination of theot masses 2007 - XIlIl International Symposium on Electromatime-ields in

m; and m coming from the two magnetic fields. It can be  wechatronics, Electrical and Electronic EngineagirPrague, Czech
observed that no error are committed, however theran Republic, September 13-15, 2007. -
ambiguity on the measurements 40 and 41, where(@efy=  [13] A. P. Dempster, “Upper and lower probabilities ioed by a
BetP({yes})=0.5. This last fusion can also be iggting if we Tguét;\’?)';egzg'_%%%ng Annals of Mathematical Statisticd/ol 38,
consider a price for the measurements. The valu@dney [14] Ph. Smets, R. Kennes, “The Transferable Belief Modartificial
may be better by not measuring the resonance fnegueom Intelligence Vol 66, 1994, pp. 191-243.

the impedance, the gain in terms of robustness aHg§! l':h- t_Sme"tsl-f "A”at',yz"}g ,th?/ l%O’Ebi“Zti%O?Of ng‘;i‘éﬂge"ef
[ . unctions’.Information fusion Vol o, NO. 4, , Pp. — .
performance remaining sufficient. [16] T. Denceux, “Analysis of evidence-theoretic decisiakes for pattern
classification”. Pattern RecognitionVol. 30, No. 7, 1997, pp. 1095-
1107.
4. CONCLUSION [17] D. Mercier, B. Quost, T. Denceux, “Refined modelin§ sensor
i . . reliability in the belief function framework usingcontextual
The_ paper has presented_ an on-line dlagnostlcmyn_ite_é\c discounting”.Information fusionVol 9, No. 2, 2008, pp. 246-258.
machine based on the fusion of HF measurementsdimgv
evidence regarding the winding aging. This systas $hown
a reliable and robust diagnostic on a “real worest. The
next step of this study consists in implementinig gystem in
an industrial application to validate this approaoh more
experimental data. Further studies can also bertaldm to
develop the fusion model by taking into account th
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