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METHOD AND MEANS FOR MEASURING THE
TEMPERATURE OF THE POLE WINDINGS
OF THE ELECTRIC MACHINE ROTOR

B.®. I'panax. Metoa Ta 3aci0 BUMipIOBaHHS TeMIepaTypH HOJIIOCHHX 00MOTOK poTopa elekTpH4Hoi Mmamuuu. TemnepaTtypa
TMOJFOCHUX OOMOTOK € OTHHM i3 OCHOBHHX iH(OPMAaTHBHUX MapaMeTpiB, BIIXUICHHS SIKOTO MOXKE CBITYUTH PO HASBHICTb PSAY HOLIMPEHUX
nedekTiB enekTpuyHuX MamuH. [Ipo Te peanmizaiiss BUCOKOTOYHMX 3acO0IB BUMIPIOBAHHS TEMIIEPATYPU IIOJIOCHUX OOMOTOK pOTOpa
@JIEKTPUYHOI MAIIMHU OB S3aHa 3 PSIIOM TEXHIYHMX TPYAHOINIB. Mera — MiABHIIEHHS TOYHOCTI BHMIPIOBAHHS TEMIICPATYPH MOJIFOCHUX
OOMOTOK pOTOpa eJIEKTPUYHOI MAlIMHH IIUIIXOM PO3POOKH OE3KOHTAKTHOIO METOIY Ta 3aco0y BHUMIPIOBaHHS TEMIIEPATypH IMOJFOCHUX
00MOTOK pOTOpa B PEXHUMIi peajbHOro dacy. B poOoTi moka3aHo, 110 iCHYIOYi HaHOUIbII MOMIMPEHI METOAM BUMIPIOBAHHS TEMIIEpATypH
MAalOTh CYTT€BI HEIOJIKH, SKi OOMEKYIOTh MOMIIMBICTB iX 3aCTOCYBaHHS Ul peaiizauii 3aco0iB BUMIPIOBaHHS MOJIIOCHUX 0OMOTOK pOTOpa
@JICKTPUYHOI MAIIMHH. 3aPONOHOBAHO OiCIIEKTPAIBHUI MPOMETPUYHHI METOJ| BUMIPIOBAHHS TEMIIEpaTypH, sIKUi nepeabdadae ogHoYacHe
[IEPETBOPEHHS Y HAMpyry (hyHKI[IOHAIbHO 3alCKHHUX BiJ TEMIEPATypH CHEKTPAIbHHUX I'yCTHH BHIIPOMIHIOBAHHS IS JBOX CIEKTPAIbHO
OJIM3BKHUX ENEKTPOMArHITHOI XBHJIb 3 MOAANBIINM 3HAXODKEHHSAM IX BiJHOUICHHS, IO JO3BOJIMJIO BHJIYYUTH HAHOLIBII iCTOTHI CKJIAJO0BI
METOIMYHOI MOXUOKH, XapaKTepHOI Ul KJIACHYHOTO MiPOMETPHYHOTO METOY BHUMIpIOBaHHS. PO3po0JIeHO KOHCTPYKIIIO peanizoBaHOi Ha
OCHOBI 3aIIPOIIOHOBAHOTO METO/Iy BUMIiPIOBAaHHS OiCTIEKTPaIbHOI HIPOMETPUYHOI BUMIPIOBAIILHOT CHCTEMA TEMIIEPATypH MOMIOCHUX 0OMOTOK
poTopa 00epTOBUX EIEKTPUYHUX MAIIMH, IPUAATHOI U1l POOOTH y PEXUMI PEANBLHOT0 4acy CyMICHO 3 CHCTEMaMM KOHTPOJIIO TEXHIYHOTO
CTaHy Ta JIarHOCTYBaHHSL.
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V. Hraniak. Method and means for measuring the temperature of the pole windings of the electric machine rotor. The
temperature of the pole windings is one of the main informative parameters, the deviation of which may indicate the presence of a number of
common defects of electrical machines. However, the implementation of high-precision means for measuring the temperature of the pole
windings of the electric machine rotor is associated with a number of technical difficulties. The aim is to increase the accuracy of measuring
the temperature of the pole windings of the rotor of an electric machine by developing a contactless method and means of measuring the
temperature of the pole windings of the rotor in real time. The paper shows that the existing most common methods of temperature
measurement have significant disadvantages that limit the possibility of their use for the implementation of means of measuring the pole
windings of the rotor of an electric machine. A bispectral pyrometric method of temperature measurement is proposed, which provides
simultaneous conversion into voltage of functionally temperature-dependent spectral densities of radiation for two spectrally close
electromagnetic waves with subsequent finding of their ratio, which allowed to remove the most significant components of methodical
measurement characteristic of classical pyrometers. The design of the bispectral pyrometric measuring system of temperature of pole
windings of a rotor of rotating electric machines realized on the basis of the offered method of measurement, suitable for work in a real-time
mode together with systems of control of a technical condition and diagnostics is developed.
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Introduction

Monitoring the technical condition of rotating electric machines in the process mode is a promis-
ing area to increase reliability and reduce operating costs associated with both scheduled repairs and
technological downtime due to the withdrawal of the latter during the repair process. Among the most
common defects of electric machines, the lion’s share are defects, the presence of which can be detect-
ed during the operational control of the temperature of the pole windings [1]. In particular, the results
of statistical analysis of the distribution of defects that occur during the operation of synchronous mo-
tors, make it possible to distinguish the following the most probable types of defects of this type of
equipment [2]:

— mechanical damage to the insulation of the pole windings of the rotor — 30 %;

— electrical breakdown of interturn insulation — 15 %;

— damage to bearings — 12 %;

— mechanical damage to the insulation of the stator windings — 11 %;
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— mechanical deformation of rotor or stator structures — 9 %;

— operation of the electric motor on two phases — 8 %;

— breakage or weakening of the rotor winding mounting — 6 %;

— weakening of fastening of stator windings — 3 %;

— motor rotor imbalance — 3 %;

— non-alignment of shafts — 2 %;

— other defects — 1 %.

It is obvious that in the presence of such defects as mechanical damage to the insulation of the
pole windings of the rotor, electrical breakdown of the interturn insulation, mechanical damage to the
insulation of the stator windings and two-phase motor operation, the temperature of individual wind-
ings of the electric machine will deviate from normal. Defects such as mechanical damage to the insu-
lation of the pole windings of the rotor and electrical breakdown of their interturn insulation (more
than a third of the total number of cases) will be accompanied by abnormal overheating of the pole
windings of the rotor. It is also obvious that defects associated with damage to the insulation of the
rotor windings will occur during the operation of other types of electric machines (DC electric ma-
chines, induction motors with a phase rotor, etc.).

It should be noted that these defects will be characterized by an increase in temperature of both
the defective and undamaged part of the pole winding, as a consequence of a sufficiently high thermal
conductivity of the latter. Since temperature is one of the main parameters that determine the chemical
and physical properties of the substance [3, 4], including the dielectric properties of insulation, long-
term operation of an electric machine in the presence of relevant defects will lead to rapid wear of in-
tact insulation. And when the critical temperature is reached, such operation can lead to the launch of
an avalanche effect, which will result in almost instantaneous destruction of most structural elements
of the electric machine.

Therefore, given the above, it is obvious that the development of high-precision methods and
means of measuring the temperature of the pole windings of the rotor of rotating electric machines,
suitable for real-time operation, which can be used to build highly efficient systems for monitoring and
diagnosing rotating electric machines scientific and applied task, which has significant practical value.

Analysis of existing methods of temperature measurement

The choice of the optimal method of temperature measurement is determined, first of all, by the
required measurement range, allowable accuracy and speed [5]. Typical approaches to automated tem-
perature measurement in the average range of values, which corresponds to the typical operating con-
ditions of the windings of rotating electric machines (from 40 °C to 180 °C) [6], are the use of contact
measurement methods that involve the use of resistance thermometers as primary measuring transduc-
ers. or thermocouples. However, when measuring the temperature of the polar windings of the rotor,
the use of contact sensors has significant limitations associated with the need to add extra weight to
the rotating part of the electric machine, which will inevitably lead to its unbalance. In addition, the
placement of contact sensors on the rotor windings is associated with technical difficulties in establish-
ing communication between the latter, which will be on the moving part of the electric machine, with
the measuring system [5, 7], which in combination with the above limitation makes these methods in-
sufficient effective for implementing a means of measuring the temperature of the polar windings of
the rotor.

A separate promising non-contact method designed to measure temperature in the middle range
of values is the method of measurement based on the effect of temperature attenuation of the phos-
phor, described in [7]. The measuring instruments based on it, although characterized by high sensitiv-
ity, have a narrow measuring range, which corresponds to the linear section of the temperature atten-
uation of the luminescent material (the width of the measuring range for different phosphors is in the
range of 50...70 °C), characterized by a rather complex design and low energy efficiency, as they re-
quire an additional source of excitatory radiation. An additional disadvantage that limits the wide-
spread use of this method is that it involves the application of a special fluorescent coating on the ob-
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ject of measurement, which is characterized by a fairly rapid aging [7]. Therefore, given the above, we
can conclude that it is limited to apply it to solve the problem.

The classical pyrometric method of temperature measurement, based on the analysis of the inten-
sity of its own thermal radiation of the object of measurement is mainly adapted for the measurement
of high temperatures (up to 3000 °C and above) [5, §]. The limitation of the application of this method
in the average range of temperature change is due to the low energies of thermal radiation from the
object of measurement. This leads to a significant component of the error due to the influence of ex-
ternal non-informative factors and different radiation coefficients of materials [9], the presence of
which will significantly impair the accuracy of the measuring instrument.

Therefore, it is obvious that the task of implementing a high-precision means of measuring the tem-
perature of the pole windings of the rotor of an electric machine will require the development of a new or
further development of an existing measurement method, which would be characterized by non-contact
and increased accuracy in the above range. Therefore, it can be concluded that the development of a
high-precision instrument for measuring the temperature of the pole windings of the rotor, suitable for
operation in conjunction with technical monitoring and diagnostic systems, will involve two scientific
and applied problems. This is the development of a high-precision non-contact method of temperature
measurement and the development of a high-precision measuring instrument based on it.

The aim of the work is to develop a non-contact method and means of measuring the
temperature of the pole windings of the rotor of an electric machine, suitable for operation in
conjunction with technical condition monitoring and diagnostic systems.

Development of non-contact methods of temperature measurement

As shown above, the most informative parameter related to temperature and which can be ana-
lyzed in the absence of direct contact between the sensor and the object of measurement is thermal
radiation. The spectral density of radiation for an absolutely black body can be calculated on the basis
of Planck’s law of radiation [10]:

2
e T _1
where 4 — Planck's Constant; ¢ — speed of light propagation in vacuum; & — is the Boltsman constant;
A —is the length of the analyzed electromagnetic wave; T — absolute temperature.

According to Van’s law of displacement, the length of the electromagnetic wave at which the

maximum of thermal radiation is observed can be determined from the relation [11]:

~0.002898
max T
Since the maximum radiation for objects with a temperature in the studied range of values falls
on the infrared region of the spectrum [10], for which the relation:
he >> kAT,

then the dependence (1) taking into account the simplification of the law of Wine radiation [10] with a
sufficiently high accuracy can:

b(A,T) =

> ke
b(k,T)zziz—f-e b

In this case, for a real object of measurement, which is not a completely black body, the spectral
density of radiation will be determined:

b,(h, T)=b(A,T) (A, T), )
where €(A, T) — the coefficient of emissivity of the measurement object.

Given that the analyzed electromagnetic wave on the way from the measurement object to the
photodetector must overcome the air environment and the optical system located at the inlet of the

EHEPTETHUKA



ISSN 2076-2429 (print) . . L 81
ISSN 2223-3814 (online) Proceedings of Odessa Polytechnic University, Issue 1(63), 2021

photodetector, and provided that the inlet of the latter is close to the ideal circle, the voltage at the pho-
todetector output taking into account (2) can be found as [11]:

27 2

u(M,T) =Mzi-5 (A, T)-1,(A)-b(A, T)-T,(N), 3)

where 1.(A) — air permeability coefficient; 1o(A) —coefficient of transmittance of the optical system; A, —

sighting coefficient; D, — the diameter of the inlet of the optical system; S — sensitivity of the photodetector.

Analyzing the dependence (3), it is not difficult to conclude that in the implementation of pyro-
metric measuring instruments, the most significant component of the methodological error will arise
due to the coefficient of emissivity of the object of measurement e(A, T). It will significantly depend
on the physical properties of its surface, its condition, the degree of contamination and so on. This fea-
ture can lead to a significant difference in the value of the latter for different pole windings of the rotor
of one electric machine and its variability over time. Additional sources of methodological error will
be the transmittance of the air environment t.(A) and the transmittance of the optical system to(A),
which also largely depend on environmental factors.

To remove this methodological component of the error, it is proposed to simultaneously convert
into voltage the temperature-dependent spectral densities of radiation of two narrowband electromag-
netic waves. In this case, the voltage at the outputs of the first u;(A;, 7) and the second u,(),, T) optical
channels, taking into account the above mathematical apparatus, can be defined as:

nD’k,’
ul(x‘l’T):%'S'S(A‘I’T)'Tc(kl)'b(xl’T)'To(y\‘l)’

27 2
0 T) = T 50, T)-7, (1) -5, T) 5, ()

In this case, if as the intermediate measuring value to use the ratio of voltages at the outputs of
the first u;(A;, 7) and the second u,(A,, T) optical channels K(7), then under the condition of spectral
proximity A; and A, the emissivity of the winding surface, the specified coefficient for both waves can
be considered constant. In this case, ensuring the maximum identity of the transmittance of the optical
systems of both optical channels and taking into account the fact that both electromagnetic waves will
propagate through the same air, the resulting parameter K(7) can be defined as:

he
u] (7\‘17T) _x_;.e_“':kT

K= an ’ @
where A, — equivalent electromagnetic wavelength, which can be calculated as:
A A,

As follows from (4), the resulting parameter K(7) will be free from a significant component of
the methodological error characteristic of the classical pyrometric method of measurement while
maintaining its inherent contactlessness and high speed. Based on the above, a bi-spectral pyrometric
method of measurement can be formulated, the implementation algorithm of which is shown in the
block diagram (Fig. 1).

To establish the type of static characteristics of the measuring instrument that implements the
proposed method, we model (4) at the lengths of the studied electromagnetic waves A;=10 um and
Ary=8 pm.

To determine the degree of nonlinearity of the static characteristic shown in Fig. 2, calculate the
relative error of nonlinearity:

K(T)-K,(T)
K(T)

where K/(T) — linearized dependence of the resulting parameter on temperature.

8,(T)= 1100, (5)
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y L
Conversion into voltage of functionally Conversion into voltage of functionally
temperature-dependent spectral densities of temperature-dependent spectral densities of
radiation for electromagnetic wave Al radiation for electromagnetic wave A2
Y y
L]

Calculation of the resulting parameter K (T)
as the ratio of voltages at the outputs of
optical channels
L]

Calculation of the measured value of
temperature T based on the resulting
parameter K (T)

L]

Indication of measurement results

Fig. 1. Generalized block diagram of the algorithm for implementing bispectral
pyrometric method of temperature measurement
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Fig. 2. Static characteristics of the measuring instrument that implements
the bispectral pyrometric method of temperature measurement at the lengths
of the studied electromagnetic waves A; = 10 pm and A, = 8 pm:

1 —real characteristic; 2 — linearized static characteristic
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The simulation results (5) are shown in Fig. 3.

S, (T) ,\

0
310 340 370 400 430 T,K

Fig. 3. Dependence of nonlinearity error on the measured temperature value
at the studied electromagnetic wavelengths A; = 10 pym and A, = 8 um

As follows from the analysis of the dependences shown in Fig. 2 and Fig. 3, for given lengths A,
and A, the static characteristic of the measuring instrument that implements the bispectral pyrometric
method of temperature measurement will be characterized by pronounced nonlinearity.

In particular, for the stated measurement range, when linearizing the static characteristic, a non-
linearity error will be introduced, the maximum value of which will approach 3 %. This measuring
instrument will be characterized by a relatively high negative sensitivity (from —3.923:107 K" to
—-1.22:10° K ™).

To establish the nature of the change in the shape of the static characteristic from the absolute
difference in the lengths of the studied electromagnetic waves, we model (4) and (5) at A; =10 um and
A =6 pm. The simulation results are shown in Fig. 4 and Fig. 5.
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310 340 370 400 430 T,K

Fig. 4. Static characteristics of the measuring instrument that implements
the bispectral pyrometric method of temperature measurement at the lengths
of the studied electromagnetic waves A; = 10 pym and A, = 6 um:

1 —real characteristic; 2 — linearized static characteristic
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Fig. 5. Dependence of nonlinearity error on the measured temperature value
at the studied electromagnetic wavelengths A; = 10 pm and A, = 6 um

As follows from Fig. 4 and Fig. 5, with increasing difference in the lengths of the studied elec-
tromagnetic waves A; and A, there is an increase in the modulus of sensitivity while maintaining the
nature of its dependence on temperature.

In particular, for the stated measurement range and the lengths of the studied electromagnetic
waves A; =10 um and A,=6 um, the sensitivity of the measuring instrument will be in the range from
~17-107° K" to —2.846-10° K™'. However, with increasing difference in the lengths of the studied
electromagnetic waves, there is a sharp increase in the nonlinearity of the static characteristic. For the
declared measurement range and the selected lengths of the studied electromagnetic waves, the non-
linearity error will approach 12 %.

Development of a means of measuring the temperature of the pole windings of the rotor of
an electric machine

Based on the proposed bispectral pyrometric method of temperature measurement, a bispectral
pyrometric temperature measurement system for the polar windings of the rotor of rotating electric
machines was developed, the block diagram of which is shown in Fig. 6.
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Fig. 6. Block diagram of the bispectral pyrometric measuring system of temperature of the pole windings
of the rotor of rotating electric machines

Listed in Fig. 6 bispectral pyrometric measuring system of temperature of pole windings of a ro-
tor of rotating electric cars works as follows.
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When rotating the rotor of the electric machine at a certain angle, which corresponds to the loca-
tion of the pole winding /;, opposite the first 4 and the second 5 of the filtering lens, the sensor of the
angular position 2 generates a pulse coming to the input of the shaper 3. The duration of the generated
pulse will be different for the zero position (placed opposite the first 4 and second 5 filtering conden-
ser lenses of the first pole winding /,) and other fixed angular positions. In the shaper 3, the pulse sig-
nal from the sensor of the angular position 2 is reduced to a single logic level with steep edges. A sin-
gle logic signal from the output of the shaper 3 is fed to the second inputs of the first /0 and second /7
blocks of analog memory and the second input of the numerical converter /4. Different pulse dura-
tions for the first /; and other 7, — 7, pole windings of the electric machine provide the ability at each
revolution to re-synchronize the actual number of the winding with its number, calculated by the nu-
merical converter /4.

When the pole winding /; is placed opposite the first 4 and the second 5 filter condenser lenses,
an optical beam is formed on them, which is formed as a result of thermal radiation of the pole wind-
ing /;. On the first 4 and second 5 filtering condenser lenses, the narrow spectral ranges of the optical
beam emitted by the pole winding 1i are cut out. There is also a concentration of cut rays on the first 6
and second 7 photodetectors, which convert the intensity of light rays into proportional levels of DC
voltage, which from the output of the first 6 and second 7 photodetectors are received, respectively, on
the first 8 and second 9 amplifiers, where amplified to a level suitable for processing by the digital part
of the measuring system. From the output of the first § and second 9 normalizing amplifiers, the am-
plified signal is fed to the first inputs, respectively, the first /0 and second /] blocks of analog
memory, where they are stored when the signal of the logic unit to their second inputs. From the out-
puts of the first /0 and second /7 blocks of analog memory, the stored voltage level is fed to the first
and second information inputs of the multiplexer /2, the output of which transmits a signal from the
first or second information inputs, depending on the logic signal supplied to its address input from the
second output of the numeric converter /4.

After receiving a single signal at its second input, the numeric converter /4 with some time delay
generates a logic unit signal at its first output, which serves as a control signal to start analog-to-digital
conversion of the voltage level from the output of the multiplexer /2. Upon completion of the analog-
to-digital conversion of the signal at the first input of the multiplexer /2, the proportional numerical
code from its output of the analog-to-numer converter /3 is fed to the first input of the numeric con-
verter /4, where it is read into memory. After reading a numeric code proportional to the signal at the
first input of the multiplexer /2, the signal at the second output of the numeric converter /4 connected
to the address input of the multiplexer /2 is changed. After that, the output of the multiplexer /2 is fed
a signal from its second input and repeats the process of analog-to-numeric conversion and reading a
numeric code proportional to the signal at the second input of the multiplexer /2, similarly to the sig-
nal coming to the first input of the multiplexer. Upon completion of analog-to-digital conversions, the
second output of the numeric converter /4 goes to the initial position. And in the numerical converter
14 is the calculation of the temperature of the iy, pole winding /;, which allows you to remove the
component of error associated with the most significant non-informative effects.

The numerical converter /4 through the communication line /5, which is connected to the first
input-output of the numerical converter /4, is connected to the server /6. Through the communication
line /5 from the numerical converter /4 to the server /6 is transmitted measured temperature and
winding number to which it corresponds. Whereas from the server /6 to the digital converter /4 re-
ceives start/stop signals of the measuring system and service commands to control the process of
transmitting measuring information.

Results

1. A bispectral pyrometric method of temperature measurement is proposed, which provides sim-
ultaneous conversion into voltage of functionally temperature-dependent spectral densities of radiation
for two spectrally close electromagnetic waves with subsequent finding of their ratio, which allowed
removing the most significant components of methodical measurement characteristic of classical py-
rometers. A mathematical model is obtained, which unambiguously connects the ratio of voltages at
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the output of two optical channels with the temperature of the object of measurement. It is shown that
this method is characterized by a sufficiently high sensitivity and accuracy when measuring tempera-
ture in the middle range of values.

2. It is shown that the sensitivity module of the measuring instrument implemented on the basis
of the proposed bispectral pyrometric measurement method will increase with increasing absolute dif-
ference between the lengths of the studied electromagnetic waves, this effect will be accompanied by
increasing nonlinearity of its static characteristics. In particular, at the lengths of the studied electro-
magnetic waves A; =10 pm and A, =8 pum and the measuring range from 310 K to 460 K (which corre-
sponds to the typical operating conditions of the windings of rotating electric machines) the nonline-
arity error will approach 3% and the sensitivity will be in the range —3.923-10° K" to —1.22-10° K.
Whereas at the lengths of the studied electromagnetic waves A; =10 um and A, =6 um and the speci-
fied measurement range, the error of nonlinearity will approach 12 %, and the sensitivity will be in the
range from —17-10° K" to —2.846:10° K.

3. The design of the temperature system of pole windings of a rotor of rotating electric machines
realized on the basis of the offered method of measurement of bispectral pyrometric measuring system
is developed. It is shown that the specified bispectral pyrometric measuring system is suitable for op-
eration in conjunction with technical condition monitoring and diagnostic systems.

Conclusions

The proposed bispectral pyrometric method of temperature measurement is characterized by suf-
ficient accuracy and sensitivity in the middle range of values. On its basis, developed a block diagram
of a bispectral pyrometric measuring system designed to work in conjunction with systems for moni-
toring the technical condition and diagnosis of electrical machines. It is shown that the use of the pro-
posed bispectral pyrometric measuring system can increase the efficiency of technical condition moni-
toring and diagnostic systems by increasing the accuracy of measuring the temperature of the rotor
pole windings in real time.
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