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Approach to determining the remaining lifetime of power transformers

Abstract: Insulation of the power transformer windings is the main element which determines the
condition and possibility of further operation of the transformer. There is a need to renew the main funds
of the electric power industry. Improving the methods of monitoring the condition of the transformer
to carry out timely repair work and extend the service life is an urgent task. The residual service life of
the transformer is determined based on the combined approach of the probability of failure of the
transformer. The probability is determined by assessing the current state and the factors affecting this
state, like information about the load and duration of work. The study object is a power transformer. The
study aims to develop a fuzzy logic controller for determining the residual life of a transformer based on
the physical modelling of thermal processes in the transformer. The article reflects the approach to
determining the coordinates of the most heated point of the insulation of the power transformer winding,
depending on the mode and temperature of the surrounding environment. Based on this information, a
structural diagram of the device based on the fuzzy logic controller was developed to monitor the
transformer’s residual resource. Transformer load factor, oil temperature and ambient temperature are
accepted as input variables for the fuzzy logic controller. At the output, we get the coordinates of the
most heated point of the transformer and the remaining service life. The proposed approach will make it
possible to determine with high accuracy the remaining service life of the transformer and accordingly
plan the date of repair or replacement.

Keywords: the most heated point of the transformer, remaining service life, fuzzy logic controller, winding

insulation.
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ITiaxiA AO BU3HAUECHHA 3aANIIKOBOIO TEPMiHY €KCIIAYATALil CHAOBHX
TpancgopmMaTopis

Amnomayis: Cunosuit TpaHcOPMATOP € OAHIM i3 HAHBKAUBIIINX T4 HAMAOPOKYHX KOMIIOHEHTIB B
CACKTPOCHEPICTHYHUX CHCTEMAX 1 Mepexax. Isoadria oOMOTOK TpaHcdOpMATOpa € TOAOBHIM
EAEMEHTOM , 334 AKAM BHU3HAYAIOTH CTAH Ta MOKAHBICTB ITOAAABIIOI EKCIIAyaTarii TpaHcdopmaropa i
IIOTIPIIIEHHA CTaHYy AKOI € OCHOBHOIO IIPHYMHOIO BiAMOBH TpaHcdopmaropa. Ha izoadriro obmorox
BIIAHBAIOTH PI3SHOMaHITHI (DaKTOpU, aAC KAIOYOBHM € BIIAMB TEMIICpaTypu. ToMy MOHITOPHUHT
TEMIICPATYPHUX PEKUMIB Ta JAOCKOHAACHHA METOAIB KOHTPOAf CTaHy TpaHCc(OpPMATOpa 3 METOIO
BYACHOIO IIPOBEACHHA PEMOHTHHX POOIT Ta IIPOAOBMKEHHA TEPMIHIB eKcAyaranil € aKTyaAbHOIO
3aAa49€I0, OCOOAMBO B YMOBaX HEOOXIAHOCTI OHOBAEHHS OCHOBHHX (DOHAIB €ACKTPOECHEPIETHKM.
3aAUIIKOBUI TEPMIH eKCIIAyararii TpaHcdOpMaTOpa BU3HAYAETHCA HA OCHOBI KOMOIHOBAHO IIAXOAY
BiporiAHOCTI BIAMOBH TpaHC(OpPMATOpa HA OCHOBI OINHKK FHOTO IOTOYHOIO CTaHY Ta (PAKTOPIB, IO Ha
LIEH CTAaH BIAMBAIOTH: IH(OPMAIIIIO IIPO HABAHTAKEHHA Ta TpHUBAAiCTh pobotu. B crarti Bia0OOpareHo
IAXIA AO BH3HAYEHHH KOOPAMHATH HAHOIABII HArpitol TOYKM I30AAIHl OOMOTKH CHAOBOIO
TparcdOpMaTOpPa B 3AACKHOCTI BiA PEKIMY T2 TEMIIEPATYPU OTOUYIOUOro cepeaoburna. Ha ocrosi aanoi
indopmariii po3pobAEHA CTPYKTypHA CXEMa IPHCTPOIO MOHITOPHHIY 3aAHIIKOBOIO PECypCy
TpaHcopMaTOpa Ha OCHOBI HEUITKOIO AOITYHOIO KOHTPOAepa. B AKOCTI BXIAHUX 3MIHHUX AASl HEIITKOTO
AOTIYHOIO KOHTPOAEPA IPHIHATO KOCPIIEHT 3aBAHTAKEHHA TPAaHC(POPMATOPA, TEMIEPATYPY MACAA T4
TEMIIEPATYPY OTOUYIOUOro cepeAoBuina. Ha BUXOAL OTpruMyeMO KOOpAMHATH HAMOIABIII HATPITOI TOYKH
TpaHcopMaTOpa Ta 3AAUIIKOBUI TEPMIH €KCIIAyaTaril. 3aIIpOIOHOBAHUI IMAXIA AO3BOAHTE 3 BUCOKOFO
TOYHICTIO BU3HAYNUTH 3aAUIIKOBHE TEPMIiH eKciiayaraiii Tpancdopmaropa i BIAIIOBIAHO 3aIIAaHYBATH
AQTy PEMOHTY 20O 3aMiHH, IIPH IbOMY BiH HE TOTPEOY€E 3HATHHUX KAITITAAOBKAGACHD AAS BIIPOBAAKEHHS
1 MOo)xe Oyrd IHTErpOBaHUM B CHCTEMY MOHITOPHHIY BCHOIO E€AEKTPOEHEPIETHYHOIO OOAAAHAHHA

PO3IOAIABYOTrO IPUCTPOIO IACTAHII.

Krouosi cr06a: HatOIABII HaTpiTa TOUKA TPAHC(POPMATOPA, SAAHIIKOBHUH TEPMIH €KCIIAYATALI], HEYIITKIIH
AOIYHUN KOHTPOAEP, 130A411iA OOMOTOK.

Abbreviations:

TLGU is transformer load graph unit,

RSL is residual service life,

MHPC are the most heated point coordinates,

FLC is fuzzy logic controller,

FOTOTS is fiber-optic transformer oil temperature sensors,
OPC is operatot’s personal computer,

ATU is ambient temperature unit.

Introduction
Power transformers are a significant part of power transmission and distribution networks,
and their condition directly affects the network’s reliability and stability. The process of operating

the transformer is undoubtedly accompanied by a change in its technical condition and a



decrease in its physical and structural properties. Today, many power transformers in Ukraine’s
energy facilities have exceeded the standard service life.

Maintenance and replacement of failed transformers can be time-consuming and capital-
intensive. Considering the market conditions of power companies, a system for diagnosing the
state of the transformer and its residual life with minimal monetary investment is necessary.

The remaining life of a power transformer is the actual time it can operate at a particular
load until it is repaired or replaced. Analysis of static information about transformer failure
indicates that most equipment failures are related to wear, humidity, and/or insulation
contamination (Rogwodynk & VVdovichenko, 2019). In this case, the main reason for the
deterioration of insulation is the temperature effect due to the overload of the Transformer
(Palanink, 2022).

According to the research conducted (Rubanenko et al., 2017), detecting the development of
a defect at the initial stage reduces the cost of repair work by 75% and losses from under-
discharge of electric energy by 63%.

A transformer’s residual life is usually assessed based on several factors, such as its service
life and mode, insulation condition, and wear level. Cellulose insulation is a crucial resource-
defining element of a transformer, and its service life depends on many factors, such as
temperature, humidity, and the quality of transformer oil. It was found that with increasing
temperature, the rate of ageing of cellulose insulation increases (e.g., at a temperature of 98°C —
ageing occurs in 20 years, and at a temperature of 110°C — the rate of ageing will be 4 times
higher and the operational life of the insulation will work out in 5 years) (Tenboblen et al., 2016).
It can be concluded that their replacement after the established service life may not be justified
under the regular operation of power transformers.

The scientific community has developed many methods and mathematical models for the
diagnostics of power transformers: chromatographic analysis of gases, measurement of partial
discharges, analysis of the thermal state, determination of the state of high-voltage transformer
inputs, etc. (Pritiskach, 2017; Cao et al., 2024), which have a different set of the number of detected
defects and means of measuring transformer parameters. However, the most significant
parameter during transformer insulation ageing is the temperature of the most heated point of
the winding. To date, various approaches to determining the thermal parameters of a transformer
have been proposed. For example, in (Grabko et al., 2027), a mathematical model is formed based
on the law of thermal conductivity and a mathematical formula for determining the temperature
of the most heated point of the transformer winding. However, to accurately analyse the state
of the transformer, you need to use an actual thermal model of the transformer.

One of the leading international standards for determining the residual service life of a
transformer is IEC 60076-7 (2005). This standard sets out recommendations for determining
the residual service life of a transformer based on monitoring its condition, diagnostics and
analysis of test results. The basic model of the standard assumes that the most significant ageing
of the insulation will be on the side of the winding with the maximum temperature. The
temperature of the most heated point on the insulation surface of the power transformer winding
0}, is determined as follows:

0 = 0, + A8y, + AB,,,

where:



6, is ambient temperature;
ABy,; is excess of the oil temperature over 8, at the bottom of the tank at a time t;
AB,, is exceeding the temperature of the hottest point above Afp;.

However, the standard’s model has several assumptions that do not fully reflect the reality
of the transformer’s physical processes. For example, the model contains a linear profile of
changes in the oil temperature in the middle and along the winding; the sinusoidal dependence
of the ambient temperature over time indicates a difference in the maximum and minimum
temperatures in the range of 12 hours, which is not valid. There is also an underestimation of
the effect of transformer loading.

The temperature of the windings’ most heated points determines the reduction of their
service life. Data on the temperature of the most heated points at any given time of the
transformer’s operation under changing load and environmental conditions can be used to
perform diagnostics of the transformer’s actual exact state.

Most use the methods described in regulatory documents IEEE and IEC), but equations
and methods do not accurately consider processes. Existing regulatory documents are based on
statistical data on the maximum load of each day and the average monthly or average daily
temperatures during operation. At the same time, significant short-term overloads are not
considered.

Therefore, to determine its service life, it is necessary to consider all the features and factors
of a particular type of transformer and its operating conditions and use more accurate models
and techniques that reflect the actual physical processes occurring in the transformer. You also
need to be able to assess the transformer’s condition online. M.P. Bolotnyi (2079) notes that
today, there is a problem of inconsistency in the methods of processing diagnostic information
received from monitoring, information measurement, and control systems.

The study object is a power transformer.

The study aims to develop a fuzzy logic controller for determining the residual life of a
transformer based on the physical modelling of thermal processes in the transformer.

Based on the purpose of the study, the following tasks were set and solved:

—  create a power transformer model in the SolidWorks software environment;

— perform a simulation study of thermal processes in the transformer under different loads
and obtain the trajectory of movement of the most heated point of insulation of the
winding;

— create an adaptive knowledge base and a fuzzy logic controller to define and fix.

The results of the study
To correctly predict the reduction in the transformet’s service life, changes in the
transformer’s most heated point under various operating conditions were modelled and
researched using the SolidWorks computer-aided design software package.
The transformer simulation was performed for the following parameters: the load of the
transformer windings varied from 50% to 200% (in increments of 10%), the ambient
temperature — from -15°C to +40°C, which corresponds to the actual physical conditions of

transformers in Ukraine. As a result of modelling and thermal calculation, it was found that



depending on the load factor of the transformer, the ambient temperature, and the presence of
symmetry or non-symmetry of the load, the coordinates of the most heated point move. At the
same time, for symmetric modes, this point is located on the low-voltage winding, and for
unbalanced loads on the high-voltage winding side and at the same time starting from the
transformer load by more than 150% and the temperature above 10°C, the coordinates of the
most heated point remain unchanged.

Practical approaches to diagnosing electric power system equipment have been widely
developed and implemented. These approaches include expert systems, fuzzy logic, and neural
networks.

Many scientific papers use neural networks to predict and determine transformer
parameters. For example, in the work of Vasylevskyi et al. (2079), the neural network is used to
predict the humidity of transformer oil in power oil-filled transformers.

As a tool for organising a system for monitoring the technical condition of the transformer,
an ANFIS adaptive neural network of neural output is used. This five-layer neural network of
direct signal propagation of a particular type has a structure that works as a system of fuzzy
logical output Sugeno with appropriate settings for the base of rules and functions of belonging
(Subbotin & Oliinyk, 2019).

The results obtained from modelling the thermal process and the dependence of the
movement of the most heated point of the power transformer are the basis of the neural network
model. The appendix (Figure 7) shows the dependences of the coordinate displacement of the
most heated point of the transformer (KorX, KorY, KorZ) on the ambient temperature and the
load factor of the transformer.

Due to the obtained thermal calculation, the value of the coordinates of the most heated
point of the transformer is obtained. The corresponding temperature value depends on the
transformer load and ambient temperature (Figure 2). Thermal modelling of the transformer
condition makes it possible to identify internal defects in the windings by installing local heating
in the transformer tank, which is associated with local overheating of individual transformer
coils. Thanks to the obtained result, it becomes possible to monitor the spent and remaining life
of the transformer. When using the proposed approach, it becomes possible to determine the
residual service life of the transformer with high accuracy, make an objective forecast of the date
of exit from operation, and accordingly plan repairs or replacement.

According to the simulation, the service life of the transformer corresponds to the rated
value of 25-30 years (depending on the type of transformer) when the transformer is loaded by
no more than 140%, while the temperature value of the most heated point will not exceed 98°C.
When the transformer is loaded more than 140%, the temperature of the most heated point
increases, and the insulation’s thermal ageing rate increases.

According to the reference literature, in the heating range from 80°C to 140°C, an increase
in temperature by 6°C reduces the service life of the transformer insulation by almost half
(Rubanenko et al., 2017).

There are two ways to implement a model for determining the residual life of a transformer,

where the temperature of the most heated point is required as input data:



(1) measurements using fibre-optic sensors (Luxtron, ABB, General Electric Co), which will
reduce the number of calculations and make it possible to obtain real-time information
about the remaining resource;

(2) use the SOLIDWORKS CAD thermal calculation model, which will allow for more
straightforward technical means but provides for an increased amount of calculations
The appendix (Figure 3) shows a block diagram of the transformer residual life monitoring

device, which includes TLGU, RSL, MHPC, FLC, FOTOTS, OPC, and ATU.

For the first method, the operation of the complex involves collecting, processing and
receiving data to the input of a fuzzy logic controller relative to the temperature of the
transformer windings via a wireless communication channel from measuring devices. The
controller input also provides information about the ambient temperature.

For the second option, the controller input must include information about the actual
Transformer load graph and ambient temperature.

As a result of information processing, the fuzzy logic controller provides the operator with
information about the transformer’s residual life, like the coordinates of the point (s) where the
greatest thermal ageing of the insulation occurred. Therefore, first of all, during repair work, it

is necessary to pay attention to these places.

Discussion

Power transformer condition Diagnostics is a process that uses various methods and
technologies based on statistical data and operational experience to determine the transformer’s
technical condition and assess its remaining life. The main purpose of diagnostics is to ensure
the transformer’s reliable and safe operation, such as maintenance and repair.

Despite numerous studies of thermal processes and diagnostic systems for power
transformers, modern trends lead to further improvement of models and the use of the latest
technologies. In order to increase the efficiency of transformer operation, simulation modelling
must be combined with accurate monitoring data. A promising approach is using fuzzy logic
methods, which allow you to get optimal solutions in conditions of uncertainty or
incompleteness of data. Combining simulation results in the SolidWorks software environment
with monitoring data provides a synergistic effect. Simulation results can refine the input rules
of a fuzzy system, improving the accuracy of its predictions, and actual data allows you to verify
the model and improve its parameters. Thus, the proposed approach is the basis for forming
adaptive state control systems for transformers. The research results can be used to develop new
methods for diagnosing the state of a power transformer, considering both static, i.e., design,

and dynamic (operational) factors.

Conclusion
The temperature of the most heated point of the transformer has a significant impact on
the residual service life due to the degradation of materials under the influence of high
temperatures. Temperature overheating and changes in the transformer windings reduce the
service life of insulation, lead to premature failures of power transformers, and cause short

circuits.



An approach to determining the most heated point of a transformer and its movement along
the windings based on the thermal modelling of SOLIDWORKS CAD is proposed. A 3D model
of the transformer was created, considering the geometry and parameters, and thermal modelling
algorithms were used to determine the temperature distribution inside the transformer.

From the simulation results, it is concluded that when the transformer is loaded by no more
than 140%, the temperature value of the most heated point will not exceed 98°C and the service
life, depending on the type of transformer, corresponds to the passport value of 25-30 years.
Under transformer overload conditions of more than 140%, the temperature of the most heated
point increases and the insulation’s thermal ageing rate increases.

In this article, a fuzzy logic controller is formed to analyse the technical condition and
continuously determine the residual life of the transformer, taking into account the transformer
load and ambient temperature. The controller also includes the ability to receive transformer
temperature data from fibre-optic transformer oil temperature sensors, data from which will help
form decisions about the need to maintain the transformer replacement unit. Fuzzy controller
rules are formed by considering experts’ knowledge and analysing 3D modelling data.

The proposed diagnostic method will extend the service life of power transformers and help
personnel obtain complete operational information to make appropriate, timely decisions,

increasing transformer reliability and safety.
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Figure 1. The dependences of the coordinate displacement of the most heated point of the transformer
(KorX, KorY, KorZ) on the ambient temperature and the load factor of the transformer

g 60 180

B 115

2 —70 160
105 m

E c — 80

Ep %5 Bo19071

“w =]

== g5 20 =

2 . g 120 4

287 100 .

e 4

= 65 110 = 100

=

-

B

H

-

=

35 T AR ot 20

Figure 2. Dependence of the corresponding temperature value on the transformer load and ambient
temperature (In Ukrainian)
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Figure 3. A block diagram of the transformer residual life monitoring device (In Ukrainian)



