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(57) Abrégée/Abstract:
A method for non-intrusive determination of an internal temperature of a given area of an electrical machine stator, comprises
obtaining a temperature gradient between an internal wall of the stator and an external wall of the stator, obtaining temperature
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(57) Abrege(suite)/Abstract(continued):
measurements at locations on the external wall of the stator, and using the temperature gradient and the external temperature
measurements to extrapolate corresponding internal temperatures of the stator.
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ABSTRACT

A method for non-intrusive determination of an 1internal
temperature of a given area of an electrical machine stator,
comprises obtaining a temperature gradient between an
internal wall of the stator and an external wall of the
stator, obtaining temperature measurements at locations on
the external wall of the stator, and using the temperature
gradient and the external temperature measurements CO
extrapolate corresponding 1internal temperatures of the

stator.
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NON-INTRUSIVE METHOD FOR EXTRAPOLATING AN INTERNAL STATOR
TEMPERATURE

TECHNICAL FIELD

\
Thie application relates to stator bars. More specifically,

it relates to the field of stator bar defect detection.

BACKGROUND OF THE INVENTION

Several problems have been associated to the operation of
stators of .rotating machines, the effects of which can be
detrimental to their vyield and operating life. The most
important problems have been identified to be: the gathering
of deposits that obgtruct cooling ducts of stator bars, the
logg of insulation between elementary conductbrs (atator
winding) that constitute a stator bar, the loss of quality of

the connections of stator bars, and the lopa of insulation of

stator laminations.

Detection of defects, guch as obstructive deposits 1in a
cooling duct of a stator bar, may however be problematic. The
liquid circulation cooling system plays a crucial role an the

life span of rotating machines. An obstructlion, even a very

amall one, of the cavities of the stator bars causes a

considerable elevation of temperature, because the electrical

current that circulates therein is very high. A large amount

of thermal energy must then be dissipated by the stator bar.
The quantity of heat to be dissipated in the stator bar 1is
proportional t¢ the square of the.current that circ¢ulates
therein and ig given by the following relationship:

(1) P, o I* xR
where

Pp,= Heating load to be dissipated by the stator bar (Watts)
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I= Current (Amperes)
R= Ohmic Resgistance of stator bar (Ohms)

To allow heat to be dissipated, cavities 1inside of which a
liguid circulates are provided in the heart of each stator
bar. Heat transfer between the ligquid and a radiator allows

heat to be evacuatedq.

One of the major problems with machines that are cooled by

liguid circulation 1s the accumulation of

a deposit on the
internal walls of these cavities. This undesirable situation
causes a decrease of liquid flow, causing the temperature of
the gtator bar to increase even more, which can lead to a
machine breakdown as a result of a destruction of the
insulating material.

p—

Another problem associated with the operation of rotating

machines having stator bars 1s the loss of insulation between

conductors (for example: Roébel bars) of the stator bar.

Each stator bar i1s made of a plurality of conductors that are
insulated from one another (multicore cables) to decrease
skin effects. Skin (or pellicular) effects result from an

electrical current that does not circulate uniformly 1in a
cross-section of a conductor, but rather on its peripheral

portiOn. Segmentation of a stator bar into a plurality of

conductors has the effect of 1i1ncreasing the effective cross-
section of the stator bar and, by the same token, decreasing

the resistance of the conductor.

Subdividing a stator bar 1nto a plurality of insulated
conductors, as seen 1n Fig. 2, allows for a decrease of skin

effects. However this decrease 1is directly related to the

P

- the 1nsulant

-

good operating conditions of the insulations.
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becomes deteriorated, there 1s an 1increase of skin effects,

as well as an 1lncrease in electrical resistance and

temperature. This loss of 1nsulation takes place mainly at

the extremities of stator Dbars because of the possible

movement produced by a leverage effect.

Yet another problem associated to the operation of stator

pr—

bars 1s the loss 1n quality of the connections between stator

bars. Stator bars are connected to one another through silver
welds. Any deteriloration of a connection causes a decrease 1in
machine efficiency. A deteriorated connection point causes an

g—

increase of the resistance of the conductor, vielding a

Cemperature 1ncrease at the deteriorated site.

Finally, loss of insulation in stator laminations 1is another

problem assoclated with stator bar operation. The stator

g

nucleus of a machine 1s made of piles of sheet 1ron plates

that are separated from one another by means of an insulating
material. Such an assembly allows for reducing to an
acceptable level Foucault currents that are induced by the

intense magnetic field generated by the poles of the rotor.

If the 1insulation material i1is lost in some places, the
Foucault currents will intensify in the degraded zone and the

local temperature will 1ncrease. Such a temperature increase

will be harmful to the performance of the machine and may

even cause a breakdown following the metal melting.

Whenever one of the above-mentioned problems occurs, the

local temperature inside the stator rises at the defective
sites. A solution suggested 1in order to detect the above-
mentioned problems has been the mounting, inside the stator,
of a large number of temperature probes capable of producing
a thermal mapping that covers the whole of the inside of the

stator. Such a thermal mapping would allow to determine the
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probable cause o0of a defect by detecting an abnormal
temperature rise at one or more given points of the thermal

cover,

Unfortunately such a theoretical solution 1s difficult to

implement 1in an actual stator bar environment. It 1s well-
known that strong currents are 1induced by the elevated
currents and the electro-magnetic fields that circulate 1in
stator bars. Therefore, the number of temperature probes
inside a stator will be limited by the fact that care must

taken with respect to the wiring of these probes.

Furthermore, the amount of wiring that 1s reguired could
constitute a safety hazard for the machine operators, as well

as hinder the good operation of the machine itself.

While a limited number of such temperature probes may be

installed at manufacturing time, the later addition of even a
single probe requires major works at a prohibitive cost. For
example, such additions would involve the opening of the
stator and could, 1n certailn cases, have the added

undesirable effect of cancellation of the manufacturer

warranty.

There exists therefore a need for a system and method

allowing to detect a 1local elevation of temperature

representative of stator defects in a cost-effective manner.

There exists furthermore a need for a system and method
allowing early detection of stator defects in a non-intrusive

manner so that corrective measures may be administered.

SUMMARY OF THE INVENTION

The proposed system makes it possible to measure and diagnose

all of the above-identified problems in an exhaustive manner,
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by means of a plurality of distributed probes. This system 1s
possible by reason of the restricted quantity of wilring and
material that 1s reqgquired to put 1t 1nto operation at an

acceptable cost.

The system gives users reassurance as to the good operation

of the machine and allows for monitoring its good operation
over time and while the gsystem 1s 1n operation. This
continuous monitoring allows users to make an intervention at
the appropriate moment, thereby limiting important and costly
damages. The machine profits from a better vield, and the

safety of people i1is thereby increased.

As seen 1n Fig. 1, 1t then becomes conceivable to 1nstall at

g

least one probe on each of the stator bars of a machine and

thus to detect an obstruction 1n a cavity of each of the
stator bars of the machine, and to detect a deterioration of
the insulation' between the conductors of a stator bar by
measuring 1ts temperature when the machine 1s 1in operation.

This detection 1s designed for a machine in normal operation.

According to a first broad aspect of the present invention

there 1s provided a method for non-intrusive determination of

—

an 1nternal temperature of a given area of an electrical

machine stator, comprising: obtaining a temperature gradient
between an internal wall of the stator and an external wall

of the stator; obtaining temperature measurements at

locations on the external wall of the stator; and using the
temperature gradient and the external temperature

measurements to extrapolate corresponding 1nternal

Cemperatures of the stator.

i~

According to another broad aspect of the present invention,

there i1s provided a system for non-intrusive determination of
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p—
p—

the 1nternal temperature of a given area of an electrical

machine stator, comprising: a plurality of temperature probes
to be i1nstalled on an external wall of the electrical machine
stator for measuring an external temperature thereof;

a processing unit, 1i1ncluding a memory unit for storing a
gradlent temperature, an analysis module for receiving the
external temperature data and calculating, using the
temperature gradient, the 1internal temperatures; and a
communication module for receiving the external temperature

data from the plurality of temperature probes.

BRIEF DESCRIPTION OF THE DRAWINGS

Further features and advantages of the present invention will

become apparent from the following detailed description,

taken i1in combination with the appended drawings, in which:

Fig. 1 1s a schematic illustration showing localization of

.
—

probes on an external wall of a stator according to an

embodiment of the present invention;

Fig. 2 1s a schematic 1illustration of a stator bar with

insulated conductors according to the prior art;

Fig. 3 1s a screen shot of an interface to a system for
temperature mappling according to the present invention;

Fig. 4 1s a schematic illustration showing localization of
the 1internal probes and the external probes in and on the
stator, according to a preferred embodiment of the present
invention;

Fig. 5 1s a temperature mapping for detection of defects in

cocling ducts, 1in which position Y (%) refers to the height

of the stator wall and position X (slot) refers to the slot

number :;
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Fig. 6 1is a temperature mapping for detection of loss of
insulation between conductors, in which position Y (%) refers
to the height of the stator wall and position X (slot) refers
to the slot number;

Fig. 7 1s a temperature mappling for the detection of the loss
of quality of the connections of the stator bars, 1n which
position Y (%) refers to the height of the stator wall and

position X (slot) refers to the slot number;

Fig. 8 1s a flow chart of a method for non-intrusive
determination of an internal temperature of a given area ot

an electrical machine stator according to the present

invention; and

Fig. 9 1s a block diagram of a system for non-intrusive

determination of an 1i1nternal temperature of a given area ot

an electrical machine stator according to the present

1nvention.

DESCRIPTION OF THE PREFERRED EMBODIMENT

Since the outer wall of the nucleus of the stator 1is
accessible and because 1t consists of a highly heat

conductive metal, the invention consists in placing, either

during manufacture of the stator, or after 1i1ts manufacture,
at the location where 1t 1s used, as many heat probes as
desired at predetermined locations and at acceptable costs.
The easy accessibility of the outer wall permits to modify
the stator 1n a few hours only and even without having to

take the machine apart.

These predetermined locations will have to be 1in “heat

correspondence” with the 1nternal points that one wishes to
thermally observe. In other words, the heat correction (or
gradient) to be applied between an internal point of the

stator for which there 1s a temperature probe, and the
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external point on which the external probe is applied, will

be measured. For each temperature of the desired internal

point, there is correspondence with a measurable temperature

for an external corresponding point.

Knowing this temperature gradient, it 1s then possible to
apply the same gradient 1in reverse manner for any external
point of the stator on which there 1s disposed an external

P
=

temperature probe, and to deduce the Y“real” temperature of

the corresponding point or the corresponding internal zone of

the stator.

If a deposit 1s accumulated on the internal walls of a cavity
of a stator bar or 1f some other type of obstruction takes
place, the probes that are 1nstalled at the extremities ot
the stator bars wilill detect a temperature 1ncrease when the

machine 1s 1n operation, as well as the exact location of the

problem.

A corrective measure, when a temperature increase of a stator

gy

bar 1s detected, consists of i1njecting a solvent in order to

dissolve the deposits. The efficiency of the solvent can

thereafter be ensured by checking whether the temperature of

the stator bar returns to a normal level.

If the 1nsulation of a stator bar becomes deteriorated, the

probe that 1s 1nstalled at the extremity of the stator bar

will detect an increase of temperature.

After having detected the problem, it is possible to

determine the necessary corrective measures and to prevent
damages to the machine. Following these corrective measures,

efficiency of the corrective measure can be ascertained by
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checking that the temperature of the stator bar i1s uniform at

all points.

With the proposed system, now that the limit of the number of
probes has reached many hundreds, even a few thousands, the
installation of a probe on each of the connections makes 1it
possible to detect the quality of the welding points 1in each

of the stator bars.

If one of the connection points becomes deteriorated, the
probe that 1s installed on (or near) a connection point will

detect a temperature 1ncrease.

N

After having detected the problem, corrective measures should

be carried out to prevent damages to the machine. Following
these corrective measures, 1t 1s possible to make sure that
the corrective measures are efficient by verifying that the

temperature of this connection point is normal.

With respect to Fig. 4, 1t then becomes conceivable to
1nstall probes 41 on the external stator wall 42 of the
stator nucleus, which comprises magnetic 1ron sheets 43
separated by isolators 44, in order to constitute a matrix

along the entire length of the stator. With such an assembly,

1t 1s possible to take a measurement of the temperature at a

multitude of points of a surface, which permits to detect and

localize undesirable losses by Foucault currents when the

machine 1s 1n operation.

If the 1nsulation is dilapidated, the Foucault currents will
intensify and local temperature will increase. The probes
installed on this part of the stator will detect a
temperature 1increase. Moreover, the interpolation algorithm

identifieslthe location where the temperature is the highest,
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which 18 an i1ndication of a losg of insulation. Inside the

nucleus 45, stator bars 46 are fitted into stator slots 47,
the stator bars 46 having multiple copper conductor strands
48 1nsulated by 1solators 49, the assembled bar 46 being
further 1insulated by a resin impregnated fabric 50 wound
around the bar 46. Semi-conductive material 50 1s wound
around the assembled stator bar for heat transfer and
grounding purposes. Internal probe 51 is inserted between the

4

cartridges to permit the measure of the temperature gradient

with probe 41.

The principle 1is based on the input and analysis by a
computer program for acquisition and processing of a

reconstituted signal originating from a group of temperature

sensors that are connected 1n series. In a preferred

embodiment of the present invention, all the temperature
sensor probes are connected 1in series on a same pair of
wires, to which a third wire is added for power supply. The
3-wire cable has a power supply line, a ground line and a
data communication line. Connection of the temperature sensor
probes 1n series makes it possible to install about a hundred
sensors on the interior or exterior wall of the nucleus of

the stator, to build a matrix of points distributed all

around this nucleus.

One of the extremities of the series of sensors is connected
to an acquisition device that permits reading of the
Cemperature of each of the sensors of the matrix. A
configuration and acquisition computer program makes it

possible to localize the physical site of each of the sensors

and to read their temperatures. Different treatments of these
Cemperatures allow for a wvariety of analyses. It 1is for
example possible to obtain a thermal mapping of the wall of

the stator at various times and under various conditions of a

10
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machine by extrapolating the temperatures of the spaces

between the measurement points.

The result of this mapping will allow the user to localize

the hot points of the stator wall caused by a short circuit

grim
—

between the laminations, which are the signs of a problem of

loss of 1insulation that can possibly lead to a major break.
An early detection of this type of problem will permit to
bring about corrective measures before more important damages
are caused to the machine. Following the application of these

corrective measures, it will be additionally possible to

ensure the efficiency of the corrective measures by verifying

that the temperature of the stator wall has return to uniform

condition throughout the entire points.

The principles of measurement of the temperature gradient and

F

measurement of the temperature of stator bars will first be

degscribed.

In order to measure the temperature gradient G, temperature

should be measured at two distinct measuring points, 1.e.:

Thb(x,tl): temperature measurement of an 1nternal probe
located on the insulating layer of the gstator bar
(x) at a given time (tl) and

Ts(x,tl): temperature measurement of an external probe
located on the external wall of the stator and
opposite the notch of the stator bar (x) at a given

time (tl)

The gradient (G) 1s then calculated in the following manner:

G= Tbh(x,tl) - Ts(x,tl).

11
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Moreover, when measuring Tb(x,tl) and Ts(x,tl), the generated
heating 1load P(tl) should be known. The heating 1load
measurement will allow to deduce the temperature of each ot
the stator bars Tb(x,t) by means of the external probes and

at any given time (t) and under any given heating load P(t):

Th(x,t) = Ts((x,t) + (G x P(t) /P(tl))

The features and advantages of the present invention will
become Dbetter understood from the description of the

following exemplary embodiments.

In a first exemplary embodiment and with respect to Fig. 5,
the detection of defects 1n cooling ducts using the

temperature measurement method of the present invention will

be described.

A complete or even partial obstruction of the cooling ducts

of the stator bars results in a loss of efficiency of the

cooling system, thus producing a temperature rise of the

stator bar.

The system and method of the present 1nvention allow to
detect a temperature increase of a defective bar. This rise

would normally increase over time and would be present along

the entire length of the bar.

Two external probes are installed on each of the bars, one of
them being located in the top‘part of the stator nucleus and
the other one being located in the bottom part of the stator
nucleus. A temperature 1increase of the external probes of a

bar (x) with respect to the other bars means that there is a

defect 1n the cooling ducts.

12
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The mapping of such a problem reveals a warmer zone along the

entire length of the defective bar. This zone Dbecomes

increasingly hot as time goes by, as the obstructing deposits
are accumulated and cause the ducts to be less and less

S efficient.

Figures 5, 6 and 7 are temperature mappings for the different

examples 1n which:

position Y (%): means the height of the stator wall, given
10 that 0% = bottom part of the wall, 100% = upper part of the

wall;

position X (slot): is the slot number. In each machine, there
are many slots (for the stator bars) and each of them 1is
numbered from 1 to xXXX.

15 temperature color chart: color scheme vs temperature

Now, with respect to Fig. 6, an example of detection of loss

of i1nsulation between conductors will be described. The loss
of insulation between conductors is usually restricted to the
20 mechanical stress zone of the bar, i.e. at the junction where

the bar penetrates into the stator nucleus.

Therefore the problem may be detected before the damage

becomes major. A proklem of this nature is shown on the

25 thermal map as a warmer zone, at either end of the bar, which

D

" .

ecomes decreasingly warm towards the other end.

Now, with respect to Fig. 7, the detection of the loss of
quality of the connections of the stator bars will be

30 described. The connections of the stator bars are generally

welded joints. When subject to mechanical, electrical,
chemical and thermal stresses, these joints are deteriorated

and may become resistive, thereby causing a local temperature

13
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increase. With this invention, the temperature of each of

these connections may be measured.

Now, still with respect to Fig. 7, the detection of the loss

pr— —

of insulation of the gtator laminationg will be described. In

order to detect a loss of 1insulation of the stator
laminations, an important gquantity of external probes must be
installed at predetermined locations. A loss of stator

insulation thermally causes a warmer zone.

With this invention and by means of a thermal mapping of the

internal stator wall, it becomes easy to detect and localize

the loss of insulation.

With respect to Fig. 8, a method for non-intrusive
determination of an internal temperature of a given area of
an electrical machine stator will be described. In .a first
step 81, a temperature gradient between an 1internal wall of
the stator and an external wall of the stator is obtained. In
a second step 83, temperature measurements at locations on
sald external wall of said stator are obtained. In a 1last
step 85, the temperature gradient and the external
temperature measurements are used to extrapolate

—

corresponding internal temperatures of the stator.

In additional steps, position data regarding the temperature
probes and the extrapolated internal temperature values may

be used to produce a thermal map of the stator. Position data

regarding the temperature probes may be received from a

network communication address for each of the external

temperature probes. A mappling table or other correspondence

relationship Dbetween the network address and the probe

position may be used to determine the probe position, for

each of the external temperature probes.

14
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Now, with respect to Fig. 9, a system for non-intrusive
determination of the internal temperature of a given area ot
an electrical machine stator will be described. A plurality
of temperature probes 9l1la, 91b, 91c, 91d are shown to be
installed on an external wall of said electrical machine
stator for measuring an external temperature thereof. In a
preferred embodiment of the present invention the probes 91
are connected 1n series and are 1n communication with a

processing unit 93. The processing unilt includes a

communication module 95 for receiving temperature data from
the probes 91. The communication module 95 may also receive
other data, such as probe address and/or probe position data

assoclated with the temperature measurements.

The processing unit 93 also i1ncludes a memory module 97 for
storing a temperature gradient between the 1nternal wall of
the stator and the external wall of the stator. In one
embodiment of the present invention, the temperature gradient
may be pre-calculated and then loaded i1nto the memory module
97 through a data communication link. In other embodiments,
the temperature gradient may be calculated from internal and
external temperature measurements gathered with the probes 91
and then stored in the memory module 97. The memory module 97
may also contain other data, such as a normal temperature

range, which may be used by the processing unit 93 1in order

to check the operation of the stator.

The analysis module 99 of the processing unit 93 receives
external temperature data and parameters stored in the memory
module 97 and uses them to calculate internal temperature
data. The analysis module 99 further uses the internal
temperature data to provide, for example, corrective measures
on the basis of measured temperature variations with respect
to a normal temperature range. A control unit 101 in

communication with the gstator, receives corrective measures

15
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from the processing unit 93. The control unit 101 may also
communicate with an alarm generating unit 103 responsive to
control reports of the control unit 101.

In one embodiment of the present 1i1nvention, the processing

unit 93 may also include a video rendering module (not shown)

for creating a thermal map from internal temperature data and

temperature probe position data. In this case, as an
alternative embodiment, the memory module 97 may store an
address-position map allowing to calculate probe position
data from probe address data and the address-position map.

Additionally, the system may comprise a display unit 105 for

displaying the thermal map generated by the processing unit

93.

It will Dbe understood that numerous modifications thereto
will appear to those skilled in the art. Accordingly, the
above description and accompanying drawings should be taken
as 1llustrative of the invention and not in a limiting sense.
It will further be understood that the description is
intended to cover any variations, uses, or adaptations of the
invention following, in general, the principles of the
invention and including such departures from the present
disclosure as come within known or customary practice within

the art to which the invention pertains and as may be applied

-

Co the essential features herein before set forth, and as

follows in the scope of the appended claims.

16
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The embodiments of the invention 1n which an exclusive

property or privilege 1s claimed are defined as follows:

1. A method for non-intrusive determination of an 1internal

temperature of a given area of an electrical machine stator,

comprising:

obtaining a temperature gradient between an internal wall of
sald stator and an external wall of said stator;

obtaining temperature measurements at locations on said

external wall of said stator; and

using sald temperature gradient and said external temperature

measurements to exXtrapolate corresponding 1internal

Cemperatures of said stator.

2 . A method as claimed in claim 1, further comprising:

providing a set of normal internal temperatures for said
electrical machine stator;

comparing sald extrapolated internal temperatures with said
set of normal 1nternal temperatures in order to
determine a deviation therefrom;

providing a corrective measure to said electrical machine

stator 1f a deviation i1s detected.

3. A method as claimed 1n clalm 1, wherein said obtaining a

temperature gradient comprises the steps of:

installing temperature measuring probes at a plurality of
locations on said internal wall of said stator and
obtalining internal temperature measurements;

installing temperature measuring probes at a plurality of
locations on said external wall of said stator,
corresponding to said internal locations and obtaining

external temperature measurements;

17
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using said internal and external temperature measurements tO

calculate said temperature gradient.

4 . A method as claimed in claim 1, wherein said obtaining
temperature measurements at external locations of said stator
comprises:

providing temperature probes at external locations of said

stator;
measuring temperature at said external locations; and

providing position data of said probe external locations and

sald temperature measurements.

5. A method as claimed in claim 4, further comprising:

using saild position data and said extrapolated 1internal
temperature values to produce a thermal map of said
stator; and

displaying said thermal map.

6. A method as claimed in claim 2, further comprising:

activating an alarm upon detecting a deviation.

7 . A method as claimed in claim 4, wherein salid receiving

probe position data comprises:

-

recelving a network communication address for each of said
external temperature probes;

receiving a correspondence between salid network address and
said probe position; and

determining said probe position using said correspondence and

sald network communication addregs for each of gaid

external temperature probes.

8 . A system for non-intrusive determination of the internal

temperature of a given area of an electrical machine stator,

comprising:
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a plurality of temperature probes to be installed on an

external wall of said electrical machine stator for
measuring an external temperature thereof:
a processing unit having:
a memory unit for storing a gradient temperature;
an analysis module for receiving sald external
temperature data and <calculating, wusing said

temperature gradilent, said internal temperatures;

and

a communication module for receiving sgaid external

temperature data from said plurality of temperature

probes.

9. A system as claimed in claim 8, wherein said temperature

probes are connected through a serial 1link to said

communication module.

10. A system as claimed in claim 8, wherein said analysis
module comprises a video rendering module for Creating a
thermal map from said internal Cemperature data and said

probe position data and further comprising a display unit for

displaying said thermal map.

11. A system as claimed in claim 8, wherein said analysis
module provides corrective measures on the basis of
temperature variations with respect to normal operating
temperatures and further comprising a control unit recelving

sald corrective measures and controlling an operation of said

ma g

stator.

12. A system as claimed in claim 11, further comprising an

alarm generating unit responsive to control reports of said

control unit.

19
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13. A system as claimed 1n claim 10, wherein said memory
unit further comprises an address-position map and wherein

salid probe position data is determined from said address data

and salid map.

20
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