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Abstract: The paper presents an evaluation of MV/LV power transformer damage risk due
to the impact of ambient temperature at their operation location. It features a presentation
of the method of evaluating the power structures’ reliability in the conditions of the struc-
tures’ variable durability and exposure values. Based on perennial observations of ambient
temperature and failure rate of MV/LV transformers, it was demonstrated that temperature
is a factor that causes damage or is jointly responsible for the damage caused in all of the
devices’ other failures.
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1. Introduction

A contemporary consumer of electricity has very high requirements concerning the quality
and continuity of electricity supply. The systematically increasing unit power rating of power
stations and lines increases the danger of higher power value shutdowns in the case of their
failure, thus leading to increasing limitations in electricity supply for consumers. This causes
substantial material losses and in extreme cases can result in health or life hazards. In order to
avoid the aforementioned threats, design engineers must know the principles applicable to power
device reliability and strive to select optimally the structural materials and device parameters that
ensure their reliable operation. The timeliness of the aforementioned aspects and the necessity of
conducting further research on the reliability of power structures are confirmed, among others,
by numerous publications on the subject matter [2,6,9, 13].
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According to the definition presented in [8, 12], reliability is the ability of elements (objects)
to perform the set functions in specific conditions and in a specific time, with simultaneous
adherence to the acceptable loads. Usually, “specific conditions” are adopted as constants, while
reliability is considered only in the operation time function. Meanwhile, it is necessary to note
that time does not directly affect the structures’ reliability. Any changes in the elements’ ability
to perform the set functions are an effect of internal and external (environmental) exposure.
Exposure changes in time and the changes are usually random. An additional simplification in the
conducted analysis is the assumption of the studied structures’ constant durability. Meanwhile,
durability is also random for any population. The problems of the relations between the structure’s
instantaneous durability and the exposure take place at the same time. This notion is most often
omitted in power device reliability analyses.

Environmental impact on the behaviour of structures has been known for a long time. Many
years before the development of the reliability theory, standardisation acts concerning environ-
mental studies were established with the aim of checking whether a given structure is able to
perform its task if specific environmental exposure is to affect the structure with specific inten-
sity and for a specific time period. When designing structure reliability, two components are
often taken into consideration: temperature impact and total impact of other environmental expo-
sure [7,8]. Unfortunately, the literature features a relatively low number of up-to-date elaborations
on the ambient conditions’ impact on the operation of power devices and structures. The only
publications known to the Author of this paper, published in the last five years are [2,11]. It is more
often possible to find publications concerning the impact of weather on the variation of electrical
loads or energy production in renewable sources (photovoltaic power plants, wind power plants),
e.g. [1,5, 10]. Furthermore, in most reliability studies, ambient temperature is not considered
at all as the cause of power device damage [14, 15]. Electricians that remedy power distribu-
tion grid failures usually do not have sufficient knowledge to recognise the temperature-related
mechanism of the device’s damage. They therefore specify “Ageing processes” or “Unknown
reasons” as the cause of damage on the failure sheet. Only specific visual inspection of the
damaged transformer by the Author of this elaboration (and other researchers) allows for the
assumption that the transformer was damaged due to long-term ambient temperature impact.
The temperature impact is indirectly taken into consideration in the failure rate statistics, e.g.
by specifying icing and soot, strongly correlated with negative temperatures, as the cause of
failure.

In the paper, the author presents the evaluation of MV/LV power transformer damage risk
due to the impact of ambient temperature on the devices at their operation location. The author
demonstrates that temperature is a factor that causes damage or is jointly responsible for the
damage caused in all of the devices’ other failures.

2. Impact of environmental conditions represented by ambient temperature
on the operation of power devices

The range of temperatures occurring on Earth is very large. The maximum air temperature in
the shade, in open space, is around 60°C (the highest observed temperature amounted to 56.7°C —
Death Valley, USA — 10.07.1913). On the other hand, the lowest temperatures reach nearly “90°C
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(the lowest observed temperature amounted to —89.2°C — Vostok Research Station, Antarctica —
21.07.1983). The range of occurring temperatures obviously depends on the latitude. The highest
temperature observed in Poland amounted to 40.2°C (Prészkéw near Opole —29.07.1921), while
the lowest observed temperature reached —41.0°C (Siedlce — 11.01.1940). The above data are
derived from the databases of the World Meteorological Organization of Arizona State University
as well as the Institute of Meteorology and Water Management.

High temperature can be the cause of numerous forms of damage in power devices and struc-
tures, because it degrades the properties of their structural materials by causing their softening,
melting, sublimation, evaporation, reduction in viscosity, changes in sizes and thermal ageing.

Mechanical deformation caused by material expansion is especially large in the case of
combining materials with various expandability factors or uneven heating of a structural element
made from a single material, but with substantial dimensions. Mechanical deformation is the
cause of numerous forms of mechanical damage and leads to changes in the devices’ electrical
parameters. Softening and melting of plastic materials leads to structural weakening or damage,
and to resin filling leaks. On the other hand, the thermal ageing of materials leads to their shortened
durability. For electric devices, the impact of high temperatures is substantial in terms of the
following [7]: reduction in the vertical and surface electrical resistivity of dielectrics, reduction
in the withstand voltage of dielectrics, change in the dielectric constant of all dielectrics, increase
in the dielectric loss and resistivity of metals.

It is necessary to note that the surface temperature of electric devices placed in open air,
without covers, can substantially exceed the air temperature in the shade and reach above 100°C.

On the other hand, negative temperatures cause increased material fragility, increased liquid
viscosity and solidification, reduced mechanical durability and material shrinking. Dimensional
changes cause mechanical damage based, among other things, on the jamming and seizure of
interoperating moving parts. The shrinking of materials, and simultaneously of the devices’
structural elements, can cause the weakening of joints as well as fractures and cracks. Most
materials become hardened and more fragile in negative temperatures. The change in the seals’
hardness and dimensions can cause the devices to become unsealed. The viscosity of lubri-
cants and oils is increased, thereby hindering the operation of moving parts and their damage
if the lubricants free. Negative temperatures also lead to changes in the materials’ electrical
parameters, such as electrical conductivity, dielectric loss, dielectric constant and magnetic per-
meability. It is also necessary to note that the temperature of the surfaces of devices placed
in open air can reach values significantly below the ambient temperature as a result of heat
radiation [7].

Rapid temperature changes are also a factor that can cause power structure damage. Changes
in temperature are a result of daily changes in air temperature, varying insolation, sudden wetting
of the device, etc. The highest daily temperature amplitude observed on Earth amounts to 55.5°C
(Browning, USA).

Sudden temperature changes affect devices subjected to the direct impact of solar radiation
(surface temperature above 100°C) and then wetted by rain (in the case of hail, the temperature
amounts to approx. 0°C).

Changes in temperature can cause dangerous mechanical stress in structural materials. Fast
expansion and shrinking of materials lead to the weakening of joints, cracks and fractures. Sealed
devices can become unsealed [7].
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3. Analysis of reliability in the conditions of the structure’s variable
durability and exposure values

The analysis of the power structures’ durability and their environmental loads (exposures)
occurring in their operation location allows for distinguishing three specific cases of the mutual
relation of their probability density function (Fig. 1):

£.(0) A
f (W)

f (O)A

o

fu (W)

f,(0)A
f (W)

o W o,W
(©
Fig. 1. Probability density functions for loads (exposures) fo(O) and element durability fw (W)
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1. Relatively low load dispersion
oo < Oow . (D

2. Relatively low durability dispersion

oo > oW . 2
3. Comparable dispersion of load and durability

oo R oW, 3)

where oo stands for the standard deviation of load, and oy stands for the standard deviation of
durability.

In the case represented in Fig. 1(a), i.e. for a concentrated load, the reliability of structure R
can be expressed with the following dependency.

(e8]

szfW(W)dW. “4)

o

If we are dealing with concentrated durability values (Fig. 1(b)), then the structure’s reliability
will amount to the following.

w
R = f Fo(0)dO. )
0

For case 1(c), it is necessary to consider the mutual situation of the probability distributions
of adequate structure load and durability values. The probability that the load does not exceed the
structure’s durability values is the probability of the simultaneous occurrence of two independent
events (Fig. 2):

— structure load equal to O,

P(O = 0y) = fo(0y4)dO, (6)

— structure durability of no less than W, = O,
P(W20,) = ffW(W)dW. (7)
Og

Due to the fact that these are independent random events, the probability of their simultaneous
occurrence is equal to the product of the events’ occurrence probability.

R:fO(Og)dO'ffW(W)dW- ®)
Og
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2y

Og=W, W
Fig. 2. Simultaneous occurrence of two independent events: structure load equal to Og and structure
durability higher than Wg = O,

The damage occurrence risk evaluation is conducted in this case by the determination of the
probability of damage to structure F, which is complementary for the probability R to single
digits.

F:1—R:1—f0(0g)d0-ffW(W)dW. )
08

If we analyse power devices, we are usually dealing with case 1(c). This is due to the fact
that these devices are manufactured with precision and care in a homogeneous manufacturing
process. Therefore, they demonstrate a relatively low dispersion of durability features. In practice,
they must resist loads with significantly dispersed values. In the basic scope, we can treat current
and voltage load as the device’s load. However, in a broader range, it is also possible to treat the
device’s mechanical and environmental (temperature, wind, etc.) exposure as load.

The structure’s reliability measure is the probability that its durability will be higher than the
applied load.

R:P(W>0):ffo(0)-ffW(W)de0, (10)
0 o
or
) w
R:P(W>0)=ffW(W)-ff0(0)d0dW. (11)
0 0

In some analyses, instead of analysing the variables W and O, they are replaced by a single
variable, Z.

Z=W-0. (12)
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In such a case, the dependencies (10) and (11) take the following form:
R =P(Z > 0). (13)

Depending on the type of analysed loads, the distributions fo(O) and fw (W) take various
forms. Usually, it is possible to express them with a model in the form of a normal distribution
with relatively good approximation.

If we assume a normal distribution in the form of N (my,, ow) for the structure’s durability
and a normal distribution in the form of N(mo, 0o) for the load, then the random variable Z,
constituting the difference of the random variables W and O, also has a normal distribution in the

following form:
N(mz =mw —mo, Oz =1/0"2V+0'20). (14)

In this situation, the dependency (13) will take the following form:

o)

1 _
—ue
J oz -N2-m

(Z—mZ

oz ) dz. (15)

1
2

R=P(Z>0)=

As result of standardisation of the dependency (15), we obtain the following:

1 f _1l.g2
R = . e 2™ dK, (16)
V2.1
0-myz
oz
where:
Z —
k=2""Z (17)
Oz
ozdK =dZ. (18)

After simple transformation, we obtain.

R:]_q)w, (19)

2 2
0'0+0'W

where ®@(y) stands for the probability function for the cumulative standardised normal distribution,
defined by the following formula:

y
1 u?
D(y) = . ~7 du. 20
Vs l ! o
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4. Analysis of ambient temperature impact on the reliability of MV/LV
power transformers — a case study

The use of the presented model in practice requires the specification of the theoretical prob-
ability density function for the occurring ambient temperatures, which in this case constitute
a threat, as well as the theoretical probability density function for the ambient temperature at the
time of the MV/LV power transformer failure, determining the limit resistance in the analysed
model. The models were implemented by the Author by using parametric and non-parametric es-
timation bases, which are described broadly in the literature on the basis of mathematical statistics
and probability theory. In order to determine the credibility of both models, the posed statistical
hypotheses with the model’s functional form were verified at the significance level @ = 0.05 by
using the Kolmogorov test A, Pearson’s y? and the character test.

The distribution of the probability density of exposure comprised of the ambient temperature
in which MV/LV transformers are operated was determined based on data received from the
meteorological services. Temperature values were observed in the Swietokrzyskie Province. The
random ambient temperature sample collected during 10 years of observations includes a total of
87 648 samples. The ambient temperature’s empirical distribution is presented in Fig. 3.
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Fig. 3. Empirical and theoretical probability density function for the ambient temperature in the MV/LV
transformers’ operation locations

It was hypothesised that the distribution can be modelled using normal distribution in the

following form:
1 _(T-m)?

— e 20?7 (=00 < T < 400), 21
o-VN2-nm

where m is the expected value of random variable T, and o is the standard deviation of random
variable T'.

The designated distribution parameters amount to: m, = 7.9689 and o, = 8.3051.

The hypothesis was verified at the level of significance @ = 0.05 using the 1-Kolmogorov
tests and y? Pearson’s tests. The following results were obtained: y? = 12.41 < y2 = 16.9;

f(T) =
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A = 1.095 < A, = 1.358. Based on the conducted tests, there is no reason to reject the
hypothesis about the normal distribution N (7.9689; 8.3051) of ambient temperature in the MV/LV
transformer operation locations.

Based on empirical data encompassing a 10-year period of MV/LV transformer observations,
the study also featured testing of the transformers’ failure rate depending on the ambient tempera-
ture in the time period preceding the failure. The research was conducted in the area of functioning
of one of the large electricity distribution companies in Poland. The tests served as the basis for
determining the probability density functions for the MV/LV transformers’ durability (resistance)
against the external factor (exposure) of ambient temperature. For this purpose, the empirical data
required standardisation, because the time intervals for the occurrence of particular ambient tem-
peratures are not identical. The empirical values and the theoretical probability density function
for the transformers’ durability against ambient temperature are presented in Fig. 4.
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Fig. 4. Empirical and theoretical probability density function for the transformers’ durability against load
(exposure) in the form of ambient temperature occurring in the MV/LV transformers’ operation location

It was attempted to implement the theoretical model of the failure probability density func-
tion’s empirical distribution depending on ambient temperature. Based on a detailed analysis of
the obtained results, it was assumed that the function is a superposition of two density functions
f1(T) and f>(T) in the following forms:

J(T) = ki - fr(T) + kz - fo(T), (22)

where k1, k; stand for the shares of failures that took place in negative and positive temperatures,
accordingly, expressed with the following dependencies:
l l
ki =7‘ and k= — (23)
11 is the number of MV/LV transformer failures that occurred in negative temperatures, [/, is the
number of MV/LV transformer failures that occurred in positive temperatures, and / is the number
of all MV/LV transformer failures.
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The normal distribution was adopted as the probability density functions for both the first and
second fractions. The normal distribution’s probability density function is expressed using the
dependency (21).

Based on the analysis of empirical data, the following quantities of particular fractions were
designated: [; = 93, [, = 353, ] = 446 as well as failure shares in particular fractions.

ky = % =0.21 and ko = % =0.79. (24)

The designated normal distributions’ parameters are as follows: m; = 34.8451, o = 4.4108
and my = 50.4698, o, = 4.1776.

After applying the designated values to the dependency (22), the transformer failures’ theo-
retical probability density function takes the following form:

(T'+34.8451)2 T-50.4698)2
3

F(T) = 0.0190 - e~ RS0~ 4+ 0.0754 - ¢~ 55087 25)

The theoretical probability density function for MV/LV transformer failures is presented
in Fig. 4.

The distribution hypothesis verification was conducted using the signed-rank test at the level
of significance @ = 0.05. The obtained verification results are as follows:
lo = min({/*, [7) = min(24,16) = 16; [y = 16 > 13 = l,; 1, ¢ R, = (—oo, 13). Based on the
test conducted for the level of significance @ = 0.05, there is no reason to reject the hypothesis
that the probability density function is a superposition of two distributions presented using the
dependency (25).

The discussed case features two danger zones: for high and low temperatures. Exceeding the
positive limit temperature upwards and negative limit temperature downwards can lead to MV/LV
transformer damage or substantially accelerate the damage process. The impact of positive and
negative temperatures can be examined independently. By applying the dependency (19), it is
possible to designate the transformers’ reliability:

— for positive temperatures

7.9689 — 50.4698
V8.30512 + 4.17762

R,=1-079-® ( ) =0.99999807,

— for negative temperatures

~7.9689 — 34.8451
V8.30512 + 4.41082

R =1-021 -(D( ) = 0.99999944.

In this case, the damage occurrence risk measure is the probability of damage to structure F,
which is complementary for the probability R to single digits. The dependency (9) provides the
following:

— for positive temperatures
Fo=1-R,, (26)

therefore,
Fy =1-0.99999807 = 1.93 - 107°,
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— for negative temperatures
F_=1-R_, 27)

therefore,
F_ =1-0.99999944 = 0.56 - 107°.

The total probability of MV/LV power transformer damage due to the impact of ambient
temperature amounts to
F=F,+F_. (28)

After data substitution,
F=193-10°+0.56-10"°=2.49-107.

Based on the results of transformer reliability studies in the available science literature [2—4,
14, 15], it is possible to state that the total probability of MV/LV transformer damage amounts
from 3.56-10"° t0 6.11-107°. Therefore, in the most favourable situation, temperature is the cause
of damage or a factor that facilitates damage in approx. 41% of MV/LV transformer failures (70%
in extreme situations). This points to the necessity of conducting further research on increasing
the resistance of the materials used to build MV/LV transformers against ambient temperature.
Research on combining various structural materials also seems important. Incorrect combination
of various materials, e.g. materials with substantially different thermal expandability, can quickly
lead to transformer damage.

5. Conclusions

Based on perennial research, the author found that despite the substantial progress in material
engineering and many structural changes in transformers, the devices are still insufficiently resis-
tant against extreme ambient temperatures occurring at their operation location. In his reliability
studies based on several thousand failures, the author demonstrated that the MV/LV transformer
damage intensity increases substantially for extreme positive and negative temperatures [2,3]. This
paper features an analysis of the mutual relations of load, represented by the occurring ambient
temperature, and of the durability of a transformer, which constitutes a complex reliable system.
The risk of transformer damage due to the impact of ambient temperature was determined based
on the analysis. For this purpose, the author has determined the probability density distributions
of ambient temperature that occur in the transformers’ operation location and the distribution of
ambient temperature featuring the occurrence of damage, the cause or facilitating factor of which
was the ambient temperature.

The conducted studies demonstrated that ambient temperature is a factor causing damage or
factors jointly responsible for the damage in approx. 41% of MV/LV transformer failures. This
share is very high. It should be emphasized that the impact of negative temperatures is lower than
positive temperatures. The probability of damage to the MV/LV transformer as a result of negative
temperatures’ impact is almost four times lower than as a result of positive ones (0.56 - 107 and
1.93-107%). To a large extent, this should be explained by the overheating of transformers at high
positive temperatures, while at negative temperatures the cooling efficiency is very high.
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The obtained results allow for the statement that the issue of the impact of ambient temperature

on MV/LV transformer damage is not yet sufficiently recognised. It is necessary to conduct further
research in order to use new materials in transformer structures or introduce technological changes
that would reduce the negative impact of ambient temperature in which the devices are operated.

References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

(11]

[12]
[13]

(14]

[15]

Bolzern P, Fronza G., Role of weather inputs in short-term forecasting of electric load, International
Journal of Electrical Power and Energy Systems, vol. 8, iss. 1, pp. 42-46 (1986).

Chojnacki A.L., Chojnacka K.J., Reliability of electric power distribution networks, Publishing House
of the Kielce University of Technology (in Polish), Kielce (2018).

Chojnacki A L., Analysis of operational reliability of electric power distribution networks, Publishing
House of the Kielce University of Technology (in Polish), Kielce (2013).

Chojnacki A., Reliability parameters and properties of MV/LV transformers, Electrical Review (in
Polish), no. 4, pp. 74-77 (2008).

Collins S., Deane P., Gallachoir B., Pfenninger S., Staffell 1., Impacts of Inter-annual Wind and Solar
Variations on the European Power System, Joule, vol. 2, iss. 10, pp. 2076-2090 (2018), DOI: 10.1016/
j-joule.2018.06.020.

Johnson M., Gorospe G., Landry J., Schuster A., Review of mitigation technologies for terrestrial power
grids against space weather effects, International Journal of Electrical Power and Energy Systems,
vol. 82, pp. 382-391 (2016), DOI: 10.1016/j.ijepes.2016.02.049.

Migdalski J., Reliability engineering — handbook, ATR Bydgoszcz i Zetom Warszawa (in Polish)
(1992).

Military Standardization Handbook. Reliability Prediction of Electronic Equipment, MIL-HDBK
217B. U.S. Government Printing Office, Washington (1974).

Narimani A., Nourbakhsh G., Ledwich G.F., Walker G.R., Optimum electricity purchase scheduling for

aggregator storage in a reliability framework for rural distribution networks, International Journal of
Electrical Power and Energy Systems, vol. 94, pp. 363-373 (2018), DOI: 10.1016/j.ijepes.2017.08.001.

Paliwal N.K., Singh A.K., Singh N.K., Short-term Optimal Energy Management in Stand-alone Mi-
crogrid With Battery Energy Storage, Archives of Electrical Engineering, vol. 67, no. 3, pp. 499-513
(2018), DOI: 10.24425/123659.

Panteli M., Pickering C., Wilkinson S., Dawson R., Mancarella P., Power System Resilience to Extreme
Weather: Fragility Modeling, Probabilistic Impact Assessment, and Adaptation Measures, IEEE Trans-
actions on Power Systems, vol. 32, iss. 5, pp. 3747-3757 (2017), DOI: 10.1109/TPWRS.2016.2641463.
PN-N-50191:1993 Terminology of electrics — Reliability, quality of service.

Sousa B.J.O., Humayun M., Pihkala A., Lehtonen M.L., Three-layer seasonal reliability analysis
in meshed overhead and underground subtransmission networks in the presence of co-generation,
International Journal of Electrical Power and Energy Systems, vol. 63, pp. 555-564 (2014),
DOI: 10.1016/j.ijepes.2014.06.026.

Stobiecki A., Analysis of the reliability parameters of medium voltage distribution transformers,
Doctoral dissertation (in Polish), Kielce (2006).

Stobiecki A., Failures of 15/0.4 kV transformers in the power grid, Energetics (in Polish), no. 2,
pp- 89-92 (2004).


https://doi.org/10.1016/j.joule.2018.06.020
https://doi.org/10.1016/j.joule.2018.06.020
https://doi.org/10.1016/j.ijepes.2016.02.049
https://doi.org/10.1016/j.ijepes.2017.08.001
https://doi.org/10.24425/123659
https://doi.org/10.1109/TPWRS.2016.2641463
https://doi.org/10.1016/j.ijepes.2014.06.026

	Andrzej Łukasz ChojnackiAmbient temperature as the reason for MV/LV power transformer damage
	Introduction
	Impact of environmental conditions represented by ambient temperature on the operation of power devices
	Analysis of reliability in the conditions of the structure's variable durability and exposure values
	Analysis of ambient temperature impact on the reliability of MV/LV power transformers – a case study
	Conclusions


