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The article addresses the issue of detecting inter-turn insulation defects in the field windings of a
power generator rotor at early stages of their development, which is critically important for ensuring the
reliable and safe operation of power equipment. A new thermal diagnostic method is proposed, based on
measuring the coolant temperature in the end region of the rotor's cooling system. When combined with
correction coefficients for temperature rise in individual excitation windings, this approach enables highly
accurate identification of local overheating zones. This, in turn, serves as an indicator of the presence of inter-
turn insulation defects, regardless of their formation mechanism—whether due to partial discharges,
mechanical damage, or thermal aging. A key advantage of the method lies in its capability to diagnose
insulation defects early, before they reach a critical stage, allowing maintenance to be carried out before
significant deterioration in operational characteristics occurs.

In addition, a structural diagram of a new control device has been developed to implement the
proposed method. A major feature of this design is the non-contact nature of temperature measurement of the
field windings, which eliminates the influence of additional components on rotor balancing and avoids
introducing asymmetry into its mechanical structure. The use of a synchronization system ensures high
precision in spatial positioning and selective temperature measurement at specific monitored points, providing
maximum in formativeness and diagnostic value of the obtained data. The proposed approach can be
effectively integrated into modern condition monitoring systems for power units, thereby enhancing the overall
safety and reliability of the equipment. The research results open new prospects for further development of
thermal diagnostic methods in the field of power engineering, particularly for complex objects with limited
access to structural elements during operation.
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Eq. 5. Fig. 2. Ref. 13.

1. Problem formulation

Monitoring the technical condition of power-generating units during operation is a promising approach
to enhancing reliability and reducing operational costs. These costs are often associated with scheduled but not
always technically justified maintenance work, as well as with production losses due to taking the unit out of
service for repairs. Among the most common defects in the electrical part of a power unit is the inter-turn short
circuit in the field windings [1]. A distinctive feature of this defect is the temperature rise in both the damaged
and undamaged parts of the field winding. Since temperature is one of the key parameters that significantly
influence the chemical and physical properties of materials [2, 3], including the dielectric properties of
insulation, overheating of the undamaged sections results in accelerated wear. Upon reaching a critical
temperature threshold, a runaway effect may occur, leading to rapidly escalating thermal degradation and
substantial material losses.

Detection of such defects at the stage of the runaway process — when the current in the field winding
sharply increases and thermal deviations become pronounced — is ineffective, as it indicates the presence of
significant damage. On the other hand, early-stage detection is technically challenging, since it is difficult to
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distinguish current increases and thermal deviations caused by insulation defects from those induced by other
non-informative factors, such as load fluctuations, the presence of higher harmonics, or ambient temperature
changes. Therefore, the development of diagnostic methods and tools capable of detecting inter-turn insulation
defects during operation at the early stages of their development is a relevant scientific and applied challenge
that requires thorough investigation.

2. Analysis of recent research and publications

An urgent technical task of significant practical importance is the early diagnosis of inter-turn short
circuits in the rotor windings of power-generating units. As demonstrated in studies [4, 5], a promising
approach to the development of such diagnostic systems is the use of rotor winding temperature as an
informative parameter, since its increase invariably accompanies the development of an inter-turn short circuit.
Another advantage of this diagnostic method is the high accuracy of temperature measurement [1], as well as
the high sensitivity of thermal losses to short circuits in part of the winding, since these losses are proportional
to the square of the current.

The rotor windings of synchronous generators — being the most common type of power-generating
electrical machines — have specific characteristics. These include the flow of direct current through the
windings, with current levels regulated within relatively narrow limits (sufficient to ensure minimal generation
of intrinsic reactive power and fully determined by the current load conditions); a relatively small number of
turns in each winding (approximately 200); considerable length of the windings; and minor resistance
variation, primarily due to the thermal dependence of the winding material's resistance [6].

3. The purpose of the article

Based on the above, the development of thermal diagnostic methods and compatible monitoring tools
for assessing the technical condition of the inter-turn insulation in the excitation windings of power-generating
units appears to be a promising direction. Such systems should enable the reliable detection of insulation
defects at early stages of their development during regular operation within the technological process.

4. Results and discussion

The thermal state of the rotor’s field winding, in terms of the average temperature rise above the
temperature of the air passing through the generator rotor, can be approximately described as follows [7, 8]:

AT =Pa )
S,a
where o — conditional heat transfer coefficient from a conditional cooling surface; S, — area of the
conditional cooling surface of the winding; Pe — heat losses on the excitation winding conductors, which can
be calculated using the Joule-Lenz law:

pel = Iszw7 (2)
where |l — the winding current; Ry — active resistance of the winding.

A distinctive feature of inter-turn insulation defects is that their occurrence does not lead to changes
in the effective cooling surface area or the effective heat transfer coefficient, as these are fully determined by
the size and shape of the rotor and winding, as well as the parameters of the cooling system and the inlet
temperature of the coolant [8]. Considering the fact that the transit time of the coolant along the winding is
significantly longer than the rotation period of the generator rotor, the coolant flow, due to the rotational
movement of the rotor, will interact uniformly with all field windings. Therefore, at the early stages of defect
development, the temperature increase of the coolant caused by a single winding will not significantly affect
the overall coolant temperature, which, under identical conditions, can be considered constant. At the same
time, the relatively short length of the rotor ensures a small time constant for the temperature response of the
coolant in the end part of the rotor, enabling the prompt detection of temperature changes, should they occur.

Analyzing the progression of known inter-turn insulation defects reveals that two extreme cases of
additional heat source distribution can be identified: inter-turn short circuits with low and high transition
resistance. In the case of a short circuit with low transition resistance (i.e., the fault resistance is much smaller
than the resistance of a single turn), the heating of the winding will be general, without a distinctly localized
hot spot. This is due to the increased current in the winding, caused by the reduction in overall coil resistance.
Conversely, in the case of a high transition resistance (i.e., comparable to the resistance of a single turn), a
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significant increase in current is not observed, but the specific portion of the winding where the fault occurs
will exhibit localized overheating.

It is important to note that, in real-world defective equipment, both types of heating mechanisms
typically coexist, though their relative contributions may vary significantly [9]. Therefore, in the absence of
prior information about the specific defect type, thermal diagnostic systems must be designed to detect both
extremes and any intermediate cases.

In the event of an inter-turn short circuit with low transition resistance, the current in the affected winding
will increase. Since the relative temperature rise in the early stages of the defect will not exceed a few degrees
Celsius, the temperature-induced change in the winding’s electrical resistance can be neglected. Thus, assuming
a constant applied voltage, the new current value in the defective winding can be determined as follows:

N
|y = 'W(ﬂj’ @)

where N — number of winding turns; k — number of turns shunted due to inter-turn short circuit.

Given the relatively small number of turns in the rotor winding (approximately 200), it becomes
evident that a short circuit involving a single turn will lead to an increase in excitation current of approximately
0,5%. Taking into account equations (1) and (2), and assuming that the heat transfer conditions between the
winding and the coolant remain unchanged, the resulting temperature rise of the winding above the coolant
temperature will be around 1%. This value does not exceed the permissible range of temperature variation for
the winding [10]. However, the temperature increase caused by such a defect will be localized. Considering
the poor heat transfer between different windings and the relatively small absolute temperature difference, this
effect will only concern a single winding, and such a localized rise will not be observed in cases where the
temperature increase is caused by other factors.

In the case of an inter-turn short circuit with high transition resistance, the increase in excitation current
can be considered negligible. Nevertheless, a hot spot will develop in the affected coil. Since the thermal
conductivity of the winding’s metal is several orders of magnitude higher than that of the inter-turn insulation
[11], itis clear that heat transfer along the winding will be significantly more effective than in other directions.
Taking this into account, along with the axial design of the rotor winding (winding slots are aligned parallel to
the rotor shaft axis) [6], it can be concluded that heat from the overheated zone will effectively spread toward
the end and frontal parts of the winding.

In physical terms, such a heat transfer system essentially behaves like a complex multilayer heat
transfer model with an extended thickness of the initial section. The temperature field in this case will be
characterized by a set of initial functions of the following type [8, 12]:

1-n 2

T:Alx—JrBl—L if x, <x<x,,
1-n 22,(n+1)
1-n 2
T:Az—X +BZ——q2X if X, <X<X,,
1-n 24,(n+1)
........................................................................ (4)
1-n NG
T=A, X - 9 it X, <X<X,,
1-n 22,(n+1)
1-n 2
T:AkX—Jer—L if X, <X<Xp,,
1-n 22, (n+1)

where x — spatial coordinate associated with the origin at the center of the overheated zone; A1, By, Aq,
By, ... Ak, Bk — integration constants; qi, gz, ... qx — established specific power of internal heat sources of each
section of a complex system; A1, A2, ... Ak — average thermal conductivity of sections of a complex system.

When solving equation (4) for the considered complex system, the following expression for the heat
flux density can be obtained:

T1 _Tz
Ky
2.7,

where T, — temperature of the center of the overheated zone; T, — temperature of a certain section of
the winding.

Q=

: (%)
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As seen from (5), the excess temperature rise at a given point of the winding is linearly related to the
overheating at the center of the abnormally heated zone. Moreover, considering that the thermal conductivity
of the winding metal is orders of magnitude higher than that of the inter-turn insulation, the determining factor
in the sensitivity of heat transfer reduction will be the thickness of the insulation coating rather than the axial
distance from the defective zone. Based on this, it can be concluded that in the event of such an inter-turn
insulation defect, temperature monitoring at multiple spatially distributed points on the winding surface is
ineffective, since the measured excess temperature rise will not significantly differ.

Taking into account the fact that an actual defect is typically characterized by features of both types
discussed above, it can be concluded that the most effective location for monitoring the temperature of the
excitation windings is their end-winding area. This area is the farthest from the inlet of the cooling system and
is the most convenient (considering the generator's design) for measuring the temperature of the excitation
pole windings.

An additional complication in detecting inter-turn insulation defects is the presence of temperature
variation between identical point positions on different windings. For non-defective equipment, this variation
lies within the range of 4.5-8.2% [8], making it ineffective to directly compare the temperature of a specific
winding to the average value. However, as shown in [1, 13], the relative temperature excess at a specific point
on a particular winding remains constant regardless of the operating mode. This makes it possible to account
for such variation by introducing appropriate correction coefficients for each coil.

Taking this into account, the method for monitoring the condition of the inter-turn insulation of synchronous
generator windings can be represented in the form of an algorithm shown in the block diagram (Fig. 1).

C sm D .

Measuring the temperature of the i-th

winding
System initialization, taking into account l
correction factors for the i-th winding . . .
Making a decision on the suspicion of an
l interturn insulation defect
Initial temperature measurement of all
windings
le 0 There i icion of a def 1
Ve I ere is a suspicion of a defect
Calculation of the arithmetic mean value of
the winding temperature ¥
l Indication of a message about the possible
development of an interturn insulation
Measurement of the temperature of the defect
coolant of the cooling system in the area I

of the front part of the windings
I
Fig. 1. Block diagram of the implementation of the method for monitoring the development of
defects in the interturn insulation of the windings of a power generator

The structural feature of implementing this method is the limited possibility of placing additional
technical devices on the surface of the excitation windings, which necessitates the use of non-contact
temperature measurement methods. In this case, an important task, considering the rotational movement of the
rotor and the need to monitor the inter-turn insulation condition in both steady and transient operating modes
of the unit, is the spatial synchronization of the sensor with the selected controlled positions of the points on
each of the windings. Any deviation from these positions can introduce significant measurement errors.
Therefore, to ensure synchronization of the rotor’s angular position with the moment of starting the
measurement conversion, it is advisable to introduce an additional channel for measuring the rotor’s angular
position into the monitoring system. The temperature measurement of the cooling medium in the front part of
the unit can be carried out using contact measurement devices, and, given the inertia of the temperature change
process, it does not require additional synchronization.

Thus, for the implementation of the proposed monitoring method, a device is suggested, the structural
diagram of which is shown in Fig. 2.

The device presented in Fig. 2 works as follows: The non-contact temperature sensor 1 converts the
temperature of the designated position of the excitation winding into a proportional voltage value. The signal
from the output of the non-contact temperature sensor 1 is fed through the first informational input of the
multiplexer 4 to the input of the analog-to-digital converter.
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Fig. 2. Structural diagram of a means of monitoring the condition of interturn insulation of an
electric generator

The special feature of the multiplexer 4 is that its first informational input is connected to its output when
a logical zero signal is applied to the address input. The second informational input of the multiplexer 4 is supplied
with the voltage value from the output of the contact temperature sensor 3, whose output signal is proportional
to the temperature of the cooling medium in the front part of the unit. When the rotor of the unit turns to the next
position, the output of the angular position sensor 5 generates a signal, which is sent to the input of the delay line
6, the second input of the OR logic element 7, and the synchronization input of the server 9. The output of the
OR logic element 7 sends the signal to the control input of the analog-to-digital converter 8, which, on its rising
edge, initiates the measurement conversion process of the signal proportional to the temperature of the excitation
winding. After the analog-to-digital conversion is completed by the converter 8, the delay line 6 generates a high-
level logical signal that lasts for the time sufficient for the conversion process to be completed. The high-level
logical signal from the output of the delay line 6 switches the multiplexer 4 and initiates the measurement
conversion process of the analog-to-digital converter 8, which then measures the signal from the output of the
contact temperature sensor 3. The results of the temperature measurements of the excitation winding and the
cooling medium are transmitted via a communication line to the server 9, where they are processed and, if
necessary, displayed.

5. Conclusion

A new thermal method for diagnosing defects in the inter-turn insulation of the rotor windings of a
power generator has been proposed. This method, by measuring the temperature of the coolant in the front part
of the rotor and introducing correction factors for the temperature excess of each individual excitation winding,
enables the early-stage diagnosis of inter-turn insulation defects, regardless of their formation type.

A structural diagram of a new device for monitoring the state of the inter-turn insulation of the pole
windings of the power generator has been developed. This device, implementing the proposed monitoring
method, is characterized by non-contact temperature measurement of the pole windings, which does not
introduce asymmetry in the mechanical part of the rotor, while providing increased measurement accuracy
through the use of a synchronization system. This system allows for temperature measurement at selected
controlled positions of the windings.
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METO/ TA 3ACIb KOHTPOJIIO TEPMIYHOI'O CTAHY OBMOTOK POTOPA EJIEKTPOI'EHEPATOPA

Y cmammi pozenanymo npobnemy eusenenns 0eghekmis MidHceumrosoi i301ayii NOIOCHUX 0OMOMOK
30Y00iceHHs pOMOPA CUN0BO20 eNleKMPOo2eHepamopa HA PAHHIX emanax ix po3eumky, wo € KpumuuyHo
sagiciusum O 3abe3neueHHs HAOiHOI ma  0e3asapilinoi  pobomu  enepeemuynHo20 O0ONAOHAHHS.
3anpononosano nosuti mepmiunull Memoo 0iacHOCMY8aHH s, AKULL OA3YEMbC HA BUMIPIOBAHHT MeMnepamypu
MenIoHOCIA CUCeEMU OXONI0O0XHCEHHSA Y 10D06IL YaCmUHi pomopa, wo y NOEOHAHHI 3 Y8eOeHHAM NONPABOYHUX
Koegiyicnmie Ha NepesuUeHHs MeMNepamypu OKpemux 0OMOMOK 003608€ 3 GUCOKOI0 OOCHOBIPHICMIO
i0denmughixysamu noxanieHi 30U nepezpigy. Lle, ceoe€to uepzoio, € iHOUKAMOPOM HAABHOCMI Oeghekmis
MIdNHC8UMKOBOT  [3071AYil, HE3ANeIHCHO 6i0 MEXAHI3MY IX YMBOPeHHA — HYACMKOGI pO3pA0U, MeXAHIUMi
NOWKOOJICeHHsL abo mepmiuHe cmapinua. Baxcaueoio nepesazoio memody € 1020 30amHicms 00 paHHLOI
OdiaeHOCMUKY [301AYIUHUX Oehekmis we 00 MOMeHmY iX KpUmu4Ho20 po38umKy, wo 003801A€ NPOBOOUMU
MexHiuHe O00CHY208y6aHHA azpe2ama HA emani, Koau uje He Gi0OYIOCA CYMMEBO20 NOSIPUIeHHS]
EKCHITYAMAayiuHUX Xapakmepucmux.

Kpim mozo, pospobneno cmpykmypHy cxemy HOB020 3acoby KOHMPOIO, AKUU peanizye
3anpononosanuti memoo. OcnoeHolo ocobaugicmio yiei cxemu € Oe3KOHMAKMHUU Xapakmep SUMIDIOBAHHS
memnepamypu nOIIOCHUX 0OMOMOK, WO YCY8A€ 6NAUE 000AMKOBUX eleMeHmi8 Ha OaNaHCy8aANHA POMOpA U He
BUKTUKAE ACUMempItl y 1020 MexXauiunitl yacmuHi. 3a80aKU BUKOPUCMAHHIO CUCMEMU CUHXPOHI3aYii
00¢A2a€EMbCsL 6UCOKA MOYHICIb NPOCMOPOBO20 NOZUYIIOBANHA MA BUOIPKOBO2O GUMIPIOGANHS MeMnepamypu
Y KOHKPEmHUX KOHMPOIbOBAHUX MOUKAX, WO 3a0e3neywye MaKCUMAanbhy ingopmMamuericms OmpuManux OaHux
ma ixHio diacnocmuury yinnicms. Ilpedcmasnenuil nioxio modxce Oymu eghekmueHo IHMe2posanuil y Cy4acHi
cucmemu MOHIMOPUHSY CMAHY EeHepeemUYHUX azpe2amis, NiosUWyIouU 3a2anbHull pigeHb 0Oe3nexu ma
Haodiunocmi obnadHuanus. Pesyrbmamu 00CaiodiceHHs 8i0Kpusaroms HoO8i nepcneKmugu 0as noOAIbUL020
PO3BUMKY MemOo0ie mepMoOiacHOCTNUKY 8 2AIY3T eHepeemUUH020 MAWUHOOYOY8aHHS, 30Kpema — OJisi CKIAOHUX
00'ekmis 3 00MedHceHUM OOCYNOM 00 eJleMeHi6 KOHCMPYKYII 8 YMOBAX eKCHIyamayii.

Krouo6i cnosa: midiceumrose Kopomxe 3aMUKAHHS, 2eHEPAMOop, HA2PI6, 0OMOMKa, I301AYis, memnepamypa.
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